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Comprehending the anatomical nature of wood and its role in the

resultant fracture of glued wood products stressed to failure is

paramount in the full, advantageous use of both wood and adhesive in

the production of the strongest possible products. Any relation of

wood structure to a measure of fracture resistance, such as strain

energy release rate (GIc), can only aid in the design of stronger and

better wood-adhesive composites.

A contoured double cantilever beam (CDCB) test specimen config-

uration, manufactured using Douglas-fir (Pseudotsuga menziesii (Mirb.)

Franco) and phenol-formaldehyde adhesive bonds, is utilized and is

shown to be an effective means for evaluating
Ic

The regions of crack arrest and initiation and the path of

failure are described on an anatomical basis in specimens constructed

with sawn and jointed surface preparations and RL and TL systems of

crack propagation- An attempt is made to relate the path of failure

to wood structure and GIc at three structural levels: macroscopic,

microscopic, and ultrastructural.
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Fracture initiation (GI) and arrest (GIa) energies showed no

statistically significant responses (5% level) to modification in

surface preparations or crack propagation systems. However, an

interaction of these two production variables may exist and should

be investigated further.

Failure types and their relative occurrence (ranked from most

common to least common) were wood failures of the intrawall, trans-

wall parallel to the fiber axis, and transwall perpendicular to the

fiber axis types; interphase failure; interface failure; and

adhesive failure. These failures exhibited some similarities to

failures reported for plywood and solid wood, although the frequency

of intrawall failure was higher in this investigation.

Wood-adhesive composite CDCB specimens generally exhibited

higher G1c values than did solid wood CDCB specimens from the same

material. Higher
GIc

values were generally characteristic of wood

failure near the interface/interphase area in the better bonds, while

lower values characterized wood failure away from this area or poor

bonding. This trend of decreasing GIc with increasing distance from

the bondline was more consistent for the TL system than the RL system

fractures. The conclusion was made that a recognizable difference

should be evident in the fracture path or location of the fracture

initiation when
GIc

values differ greatly.

There is a need for the development of improved methods for

pinpointing the crack front location across the entire width of the

test piece, which, at present, is not available for wood. A modifi-

cation of the GIc equation based on strength of materials formulae,

to account for multiple moduli of elasticity (E) is also recommended.
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THE RELATION OF WOOD STRUCTURE AND STRAIN
ENERGY RELEASE RATE IN FRACTURED WOOD-GLUE COMPOSITES

The worst sin in an engineering material is not lack of
strength or lack of stiffness, desirable as these prop-
erties are, but lack of toughness, that is to say, lack
of resistance to the propagation of cracks. One can

allow for the lack of strength and stiffness in design
but it is much more difficult to allow for cracks . . .

J. E. Gordon (1976)

I. INTRODUCTION

Flaws in wood may occur naturally (voids in the structure, knots,

pitch pockets, etcetera), result from material processing (drying

checks, loosened fibers on the surface, etcetera), or appear during

service as a consequence of deterioration by the environment. Voids,

nonbonded regions, and residual stresses at the wood-adhesive inter-

faces are flaws which are common to all composites. The materials

scientist attempts to eliminate such defects from the final composite

structure. This attempt may meet with a higher probability of

success if he better understands the mechanism of failure within the

composite or a simplified model of that composite.

The study of wood-glue composite fracture at the microscopic

level is difficult because of its complexity resulting from its

composition of many wood materials of various shapes, sizes, textures,

orientations, and bonded areas which control the fracture paths.

Therefore, a simplified approach focusing on one to several features

is paramount in providing clarity and understanding of the feature

or features. Once the relationship between fracture and individual

features is understood, it can be used to provide insights into more
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complex interactions within the composite. Understanding the

fracture system within wood-glue composites, therefore, first

requires a simplified, controlled model which approximates the

conditions present in the more complex structure. The simplest

model available is two pieces of wood (Douglas-fir) glued together

with a thermosetting phenol-formaldehyde resin under specific

conditions of temperature and pressure in which fracture surfaces can

be generated and observed.

Study of the fracture mechanism in wood-glue composites is

important because only through a better understanding of the means

of failure can we hope to take full advantage of the material prop-

erties necessary for the strongest combination of wood and adhesive.

The intent of this study, therefore, is to understand the fracture

mechanisms in this simplified model and, thereby, gain insights into

the failure in the more complex structure. From this understanding,

the design of suitable crack arrestors in composite wood products

for the improvement of fracture resistance and strength properties

may be realized.

In the last decade of our history, we have seen many advances

in the field of materials science and structural materials. One of

these advances has been the development and application of linear

elastic fracture mechanics to wood. This new development has allowed

the determination of fracture energy (crack extension force or strain

energy release rate), a material property.

Because fracture energy can also be seen as a measure of the

material's ability to resist the extension of preexisting cracks

(flaws) and the failure of materials in service results from the
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propagation of preexisting cracks, the test method used approximates

the in-service behavior of structural materials with adhesive joints.

The cleavage fracture mode is chosen because it is the most common

in-service failure mechanism and because it simulates the peripheral

stresses encountered by glued wood specimens during fluctuations in

moisture content. These stresses exert a prying or wedging effect.

Research in the areas of failure mechanisms and fracture mechan-

ics in wood products, especially those used as structural components,

will be of primary importance in improving our understanding of the

behavior of wood as a structural material. Hence, this investigation

will look at crack propagation system and surface preparation method

as two of the major factors affecting the fracture energy in the

wood-adhesive composite. This fracture energy will be measured using

a contoured double cantilever beam testpiece configuration which has

been shown by Mostovoy et al. (1967), Mijovic and Koutsky (1979),

and Ebewele et al. (1980) to be a valid specimen for this purpose.

The major goal of this research is finding a relationship

between the fracture energy and the anatomical structure of the

wood, thereby obtaining a better comprehension of the role of wood

structure in the fracture of wood-adhesive composite materials. This

will be accomplished using both light microscope and scanning elec-

tron microscope techniques. In so doing, the wood anatomist may be

able to relate macroscopic, microscopic, and ultrastructural features

of the wood in the region ahead of the crack tip to the quantitative

determination of strength (resistance to fracture). That is, he may

be able to discover what features influence the fracture energy of

the system.



II. OBJECTIVES

To design a suitable test specimen configuration to

simulate a fracture system typical of wood-adhesive laminates upon

which opening mode strain energy release rate (GIc) can be measured.

To describe anatomically the region of initial crack

extension and the predominant paths of failure occurring in the

glueline or adjacent to it as a result of cleavage stress fractures

and as related to surface preparation and the plane and direction of

crack propagation of the wood.

To relate the anatomical descriptions to values of strain

energy release rate.

4



III. LITERATURE REVIEW

Linear Elastic Fracture Mechanics

This literature review will not attempt to summarize the

evolution of the theory of linear elastic fracture mechanics (LEFM).

Those with an interest in its development are referred to the work

of Lei (1978), Ilcewicz (1980), Liebowitz (1968-1972), Broek (1974),

Knott (1973), and others who have presented LEFM development in a

concise survey of the pertinent literature. This survey, however,

will attempt to outline the aspects of LEFM which have been applied

to wood in recent years.

The field of fracture mechanics began with rather limited appli-

cation in glass and metals, but has grown over the past twenty years

to include materials such as polymers, ceramics, composites, rock,

ice, and bone. Smith and Penny (1980) state "fracture mechanics is

mechanics of solids devoted to the development of methods to predict

the failure of cracked structures under the influence of applied

loads." Fracture mechanics theory assimilates factors such as crack

size and shape, structural geometry, stress levels, and material

properties into a useful predictor of failure load. In fact, modern

fracture mechanics allows the measurement of the resistance to the

propagation of cracks for materials under stress and the establishment

of failure criteria. The cracking resistance (toughness of the

material) can be more useful in describing fracture in wood than

the concept of tensile strength (Jeronimidis 1976). The concepts

derived from fracture mechanics can help us understand the role of

5
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cracks and crack-like defects in both wood structures and wood-

adhesive systems (NATO 1975).

The field of fracture mechanics primarily encompasses two

broad divisions: linear and nonlinear. The field of linear elastic

fracture mechanics deals mostly with brittle fracture, whereas non-

linear fracture mechanics considers the influence of large amounts

of plastic behavior (flow) in the crack tip region prior to ultimate

failure. LEFM arises from the linear-elastic stress field around

the crack tip and the description of that field. These two rather

dissimilar divisions both arise from two important concepts: the

Griffith energy-balance concept and the Irwin crack-extension-force

concept.

°rowan (1955) proved that Griffith's energy concept was only

applicable if the plastic flow was confined to a narrow region at

the crack tip and could not be used for describing ductile fracture.

Irwin (1957) also modified Griffith's theory. He introduced

two parameters: the strain energy release rate (G) and the stress

intensity factor (K). Both provided measures of the resistance to

brittle fracture in the vicinity of plastic effects and are readily

determined experimentally. Both G and K depend on the specimen con-

figuration, crack length, and load; both are material constants.

The K value stems from a stress-analysis approach to fracture, while

the G value derives from an energy approach. Both G and K increase

with applied loan until the critical value, K=Kc and G=Gc, is reached

where a previously stationary or slow-moving crack extends abruptly.

Kc
is also termed fracture toughness and is a measure of the resis-

tance of the material to the rapid propagation of a crack. Gc also



has another name, crack extension force, and was interpreted by

Irwin (1960) as the stored energy needed to extend a crack per unit

area. For an isotropic material the values of Gc and Kc are related

in the following manner:

for plane stress (1)

7

G=K v)2 for plane strain (2)

where E is Young's modulus and v is Poisson's ratio. When the value

of
Kc or Gc

is reached during the testing procedure, the crack

begins to propagate in an unstable manner. Irwin's (1957, 1960)

work provided the basis for most of the concepts of fracture mechanics

that are in use today.

Brittle Fracture Modes

Depending on the mode of crack surface displacement (Figure 1)

Kc
and Gc are denoted as KIc and GIc for the opening mode (loading

normal to the crack surface), Kne and GIIc for the sliding or

forward shear mode (crack loading by in-plane shear), and K_ andinc

GIIIc for
the tearing or transverse shear mode (crack loading by

out-of-plane shear). This research is confined to the opening mode,

thus implying KIc and GIc because for a given temperature, strain

rate, and adhesive condition, these two parameters represent the

lower limiting value of fracture resistance (ASTM 1978).



MODE I MODE II MODE III
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Opening Forward Shear Transverse Shear

Figure 1. The three brittle fracture modes.



Application to Metals

The application of both strain energy release rate and stress

intensity factor have provided a measure of the resistance to

fracture in metals as well as other materials. Metals, however,

have received the primary attention as evidenced by the existence

of two standardized testing procedures, ASTM E 399-78 for the

measurement of Klc under plane-strain and ASTM D 3433-75 for the

determination of GIc. Liebowitz (1969) presents a review of metals

applications in his volume VI, entitled Fracture of Metals. Other

publications include Mostovoy and Ripling (1966, 1971), Mostovoy et

al. (1967), and Bascom et al. (1975).

In applying fracture mechanics, it is assumed that all real

structures have initial flaws or cracks, and that failure is caused

by the propagation of the largest of these. In metal-adhesive-metal

bonds, these initial flaws may be dust particles, bubbles, or non-

bonded areas (Ripling et al. 1964).

Attempts to study the failure location in joints using metals,

plastics, or rubber as substrates reveal the failure to be in cohesion

within either the adhesive or the substrate, but not at the bonding

interface (Quirk et al. 1967).

Application to Wood

Modern fracture studies have usually neglected the fracture

behavior in wood; however, some work has been done with cleavage

fracture of wood along the grain (Atack et al. 1961, Debaise et al.

1966, Schniewind and Pozniak 1971). The foresight of these

9
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researchers, as well as Porter (1964), Tomin (1972), Mindess et al.

(1975, 1976) and others, has helped initiate an interest in wood

fracture. These same researchers have verified that fracture

mechanics theory, originally developed to predict the onset of crack

growth in metals, can be applied successfully to predict catastrophic

crack growth in wood.

Fracture toughness (KIc) and crack extension force (GIc) have

been shown to be fundamental material properties of wood by Atack

et al. (1961), Porter (1964), and Johnson (1973). In fact, Johnson

(1973) states that regardless of the material, fracture toughness

has gained universal acceptance as a measure of strength, and it is

approximately independent of specimen dimensions and crack length.

More recent work has dealt with the application of fracture

mechanics to Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco).

Schniewind and Pozniak (1971) studied KIc. Schniewind and Centeno

(1973) investigated various possible crack propagation planes in

Douglas-fir. Schniewind and Lyon (1973) applied fracture mechanics

to dimension lumber. Mindess et al. (1975, 1976) studied slow crack

growth phenomena and predicted time to failure in stressed wood.

Barrett (1976) investigated the influence of crack front width on

Ki
.

Mindess et al. (1978) looked at the rate of loading and duration
c

of load effects.

Since the time this research was undertaken, there has been a

significant increase in the number of studies attempting to apply

the concepts and principles of LEFM to wood-adhesive bonds (Komatsu

et al. 1976a, 1976b, 1976c, Ruedy 1977, White 1977, and others).
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Wood is an anisotropic, orthotropic material as shown in Figure

2. That is, it has unique and independent mechanical properties in

three mutually perpendicular planes of elastic symmetry: longitudinal,

radial, and tangential. The orthotropic nature of wood assumes

critical importance when attempts are made to solve problems in

wood mechanics (ASCE 1979).

As a result of this orthotropic nature, six principal systems

of crack propagation exist (Figure 3) which a pair of indices

describes. The first letter of the pair indicates the direction

normal to the crack surface and the second indicates the direction

of propagation (Schniewind and Centeno 1973). Barrett (1976) states:

Of the six possible systems of propagation, the four
commonly encountered in applications where tensile
stresses are developed in directions perpendicular to
the grain are RL, RT, TR, and TL, where R, T, and L
refer to the radial, tangential, and longitudinal
directions with respect to the annual rings . . .

The application of fracture mechanics theory to wood-based

composites has been confined to studies of wood-adhesive bonds

(White 1977, Mijovic and Koutsky 1979, Milota 1981, and others),

oriented flakeboard (Lei 1978), and particleboard (Ilcewicz 1980,

Milota 1981). The results of these studies indicate that fracture

mechanics may be helpful for the description of the tensile strength

perpendicular to the plane of the board (1B), which is an indicator

used by industry to determine adhesive strength.

Ilcewicz (1980) used nonlocal fracture theory to describe the

behavior of particleboard when subjected to tension perpendicular to

the plane of the board. He found this nonlocal fracture model was

accurate for prediction of the relationship between the dimensions



Longitudinal (L)

Figure 2. The three principal axes in wood.
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Figure 3. Six principal crack propagation systems (opening mode)

for an orthotropic material (solid wood).
Source: Lei (1978), Figure 6, page 33.
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of the substructures (thickness of particles) and the resulting

fracture resistance of the composite fabricated from those particles.

That is, he substantiated the applicability of nonlocal theory to

phenomena dependent on the interactions of the substructures within

the composite. He also predicted that a combination of nonlocal

and micropolar theories of fracture would be extremely useful for

further research into particleboard fracture and fracture in other

wood-adhesive composites.

Factors Affecting Fracture in Wood
and Wood Composites

Fracture initiation, propagation, and arrest in wood and wood

composites are closely related to the characteristics of the wood

substrate, the adhesive, and the configuration of the test specimen.

This section of the thesis will review the literature which relates

to fracture and the factors which affect that fracture.

Wood Structure

Basic wood structure and its biological origin, including

varying geographical locations, soil type, precipitation, etc., are

responsible for the inherent variation in the basic material prop-

erties of wood in use. The anatomical structure of wood is also

responsible for it anisotropic nature; that is, the direction of

an externally applied load controls the bahavior of the wood (Borgin

1971).



Pre-existing Flaws

The tensile strength of particleboard loaded perpendicular to

the plane of the board is approximately 1/3 to 1/2 that of clear

solid wood loaded perpendicular to the grain (US Forest Products

Laboratory 1974). This deterioration in strength results from two

major discontinuities in the structure of the composite which

produce stress concentrations. First, the presence of voids and

nonbanded regions between particles tends to concentrate the stresses

at the sharp corners of these discontinuities. Second, the joining

of two dissimilar materials, wood and adhesive, results in stress

concentrations at interfaces because of a difference in response to

loading, temperature changes, or moisture content changes.

Lei (1980) obtained KIc values for oriented flakeboard, and

indicated they were determined by the length and distribution of

inter-flake voids (flaws). The inherent size of flaws in solid wood

has been determined by various researchers using different techniques.

Findings indicate the inherent flaw size (reportedly due to drying

checks) is approximately 0.10 to 0.15 inch for solid Douglas-fir

wood (Schniewind and Pozniak 1971, Schniewind and Lyon 1973, Mindess

et al. 1975, and Lei 1978). The wood structure, however, does

control the size of some flaws, especially those arising from

processes such as machining or drying. It is these natural and

induced flaws which will generally be the critical ones (Schniewind

and Lyon 1973). Inherent flaw size was also determined for particle-

board manufactured from long, thin particles by Ilcewicz (1981) as

0.34 inch.

15



Stress Concentrations

Identical stress fields in the vicinity of a crack tip indicate

identical
KIc

values as shown by Schniewind and Lyon (1973). When

discussing stress concentration or stress fields, it is necessary to

look closely at the crack tip region.

A smaller crack tip radius produces a more highly concentrated

stress at the tip. Hence, it follows that the sharper the crack

becomes, the nearer the crack tip radius approaches zero, and the

closer the stress approaches infinity. This relationship is visual-

ized in Figure 4 (Ilcewicz 1980, Komatsu et al. 1974).

Debaise et al. (1966) determined that stress concentrations in

localized areas are of sufficient intensity to activate flaw growth

even at low average stress levels. They also found that the growth

of flaws is halted (opening cleavage mode) as the crack extends into

regions of higher fracture resistance or lower stress.

Atack et al, (1961) found that brittle fracture initiates from

stress concentrations occurring at minute flaws in the wood substrate.

The concentration of stress at these flaws causes them to grow

larger and produce cracks. It is the propagation of one of these

cracks which eventually leads to rupture of the solid or the

composite.

Nearn (1965) discovered a considerable difference in the rheo-

logical properties of the wood and the phenolic adhesive which

comprise the structure of plywood. Hence, stress concentrations

are more apt to form at the juncture between these two dissimilar

materials. This same realization occurred to White and Green (1980)

16



DISTANCE FROM CRACK TIP

Figure 4. Stress versus distance from a crack tip of
finite radius.
Source: Ilcewicz (1980), p.8.
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who stated composite structures tend to develop stress concentrations

which may cause slow crack growth and possibly catastrophic failure

when the resistance to crack movement is overridden in the vicinity

of the concentration. They also thought these stress concentrations

may result from various factors such as loading of the structure,

gaps or flaws in the bondline, minute cracks in the wood substrate

adjacent to the bondline, dissimilar or mismatched material properties

between the adhesive and the adherend.

Moisture and Temperature

The
GIc

value increases with an increase in temperature and

also with an increase in moisture content, up to about 18% (Porter

1964). This behavior is quite logical at higher temperatures and

moisture contents because of an increase in the amount of plastic

flow, a phenomena which competes with brittle fracture. The plastic

deformation allows a redistribution of stresses in the vicinity of

the flaw.

Goring (1963) found that hemicelluloses within the cell wall of

wood softened at 50-60°C, while lignin softening does not occur until

temperatures of 90-100°C are reached. Hence, higher temperatures

should result in smoother fracture surfaces due to plastic flow of

the matrix supporting the cellulose chains.

Surface Characteristics

Fractures in composite wood products can be divided into two

general categories. Those formed during surface generation and

those formed during destructive testing of the composite. A brief
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discussion of the first category follows. The second category,

destructive testing, will be discussed in a later chapter.

Surface generation is an important factor because the amount of

damage induced during this process is often the controlling factor

in the fractures resulting during destructive testing. River and

Miniutti (1975) found damage to wood surfaces resulted in a lower

joint strength and a higher probability of failure in use. Quirk

et al. (1967) discovered that surfaces with bent, torn, or frayed

fibers extending from them reduced adhesive wetting and penetration,

thereby creating a weak boundary condition at the wood-adhesive

interface. Wilson and Krahmer (1976) stated the nature of the

surface may affect board strength and concluded the depth of the

surface damage may affect that strength by causing weak zones in the

particles after bonding. Bryant (1968) related surface damage and

wood anatomy to wood permeability. Depth of the damage was

presented by Burrows (1961) as one to two cell diameters; however,

the penetration depth would depend upon the amount and type of

adhesive applied.

Different methods of surface generation have been used in the

past. Marian et al. (1958) tried flat-ground sawing, hollow-ground

sawing, machine planing, hand planing, and belt sanding to prepare

surfaces for gluing. They found the flat-ground saw produced the

roughest joints, but also the strongest joints. Sawing has also been

used by Hayashi and Kishima (1963), Palka (1966), and River and

Miniutti (1975). Other surface generation methods have been tried

such as: rotary cutting veneer by Palka (1966) and Koran and

Vasishth (1972); sanding by Hancock and Northcott (1961); jointing
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and planing by River and Miniutti (1975) and microtoming by Quirk

et al. (1967), White (1977), White et al. (1977), and White and

Green (1980).

Mijovic and Koutsky (1979) found that preparation of the wood

surface by a well sharpened jointer was paramount in obtaining good

adhesive joints. River and Miniutti (1975) also found this to be

true when jointed or planed surfaces of yellow poplar and red oak

provided higher strength in shear than did sawn surfaces. This

response resulted because of the crushing and tearing action of the

saw blade versus the shearing and cleaving action of the planer and

jointer. They also discovered that shallow fibrous failure near the

bondline was a result of damage to the wood surfaces prior to bonding,

while deep splitting failure is characteristic of undamaged bonding

surfaces. Suchsland (1957) investigated Scotch pine (Pinus

sylvestris L.) glued with phenolic adhesive and tested in shear.

He indicated that differences in the profile depth (surface texture)

and the degree of damage influenced the strength value obtained.

White and Green (1980) established a relationship between sanded and

microtomed surfaces compared to planed surfaces in their study. The

sanded and microtomed surfaces were more coarse textured than the

planed surfaces which remained relatively flat. Therefore, the

rougher sanded and microtomed surfaces tended to produce glueline

discontinuities and internal flaws during the bonding phase. This

fact was discovered and shown to reduce the
K_i

value. For example,
c

the
KIc

value of planed southern pine (Pinus spp.) increased signifi-

cantly for earlywood (EW) and latewood (LW) tested in the RT system

when compared to the other surface preparation techniques. In fact,
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planed EW had the highest KIc of all specimens. This indicates EW

is more affected by surface modifications than is LW. A ranked order

of these three surfacing techniques is as follows: EW--planed,

sanded, and microtomed; LWplaned, microtomed, and sanded. The

first preparation in each group had the highest Kic value.

Grain angle

For a wood-adhesive system, grain angle is defined as the angle

between the plane of the bondline and the longitudinal cell axis of

the adjacent wood substrate as viewed on the side surface of the

specimen. Therefore, a 00 grain angle would be parallel to the bond-

line and a 900 angle would be perpendicular to it.

Yavorsky and Brown (1959) established four categories of grain

angle in the wood-adhesive system as seen in Figure 5: converging,

diverging, through, and straight. Converging grain tends to funnel

the crack into the bondline while diverging grain directs the crack

away from it. The movement of the crack path in the through grain

example is dependent on the initial direction the crack takes at

extension. Straight grain allows the fracture to proceed in the

wood or in the adhesive depending upon which provides the path of

"least resistance."

The fracture toughness of wood is affected by many variables,

but growth ring angle and grain angle are perhaps the easiest to

control. Growth ring angle effect has been investigated by Yavorsky

and Brown (1959) and White (1977). The grain angle effects have

also been studied by Northcott et al. (1959) and Yavorsky and Brown

(1959) who showed a relationship to the amount of wood failure. Low
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Figure 5. Grain angle types in wood-adhesive systems.
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wood failure resulted from converging grain and high wood failure

resulted from diverging grain in glued joints. Grain angle has also

been linked to resin penetration. Hancock and Northcott (1961) and

Hayashi and Kishima (1963) found angles of 50 or less had no evident

effect on penetration, but as the angle increased, the number of

cell openings increased and the glue penetrated more easily. White

(1977) discovered a dependency between fracture toughness and resin

penetration, and noted the increase in angle from 2.5 to 45 degrees

increased both penetration and fracture toughness. Ebewele et al.

(1979), using hard maple-phenol resorcinol bonds and varying

converging grain angles between 0 and 900, found that GIc decreased

as the angle increased from 0 to 20°, but increased with increasing

angle between 20 and 90'. Ruedy (1977) investigating yellow-poplar-

polyvinylacetate bonds discovered an increase in GIc with an

increase in angle between 0 and 15', a decrease in GI, with an

increase in angle between 15 and 30°, and an increase between 30

and 90°. Within these ranges, the 30° grain angle had the lowest

GIc
and the 45° angle had a higher GIc than the 15° angle. Ruedy

also found similar results for Douglas-fir where the Kic decreased

with increased angle between 0 and 15°, and then increased with

increasing angle from 15 to 90'. It is interesting to note that

GIc
and

Klc
do not behave exactly alike in his experiment; however,

the species difference may be responsible. Mijovic and Koutsky

(1979) have also surveyed grain angle effects. They found that as

the grain angle increased from 0 to 90' the following pattern emerged.

Initially the GIc values decreased reaching a minimum at about 30°.

From that point as the grain angle increased to 90°, the G1c values
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also increased with the highest value of GIc at 900. They concluded

that the higher GIc values at the 00 orientation compared to those

at 30° resulted because the fibers were parallel to the crack

propagation direction and the moving crack could veer out of the

plane normal to the applied load. This shift out of plane could

cause partial cohesive failure within the wood substrate and, hence,

higher G values.

Density

White and Green (1980) summarized the affect of density quite

well when they stated that the density of the substrate greatly

influences fracture toughness. They showed that an increase in

density resulted in a corresponding increase in Kic.

Crack Propagation System

Klc
has been evaluated for the different systems of crack prop-

agation in wood by Schniewind and Centeno (1973). They indicated

that the TR and RT values were approximately equivalent and greater

than those for the RL and TL systems (Figure 3). The RL system was

shown to provide a greater resistance to cracking than was the TL

system. This result was explained on the basis of the rays in the

RL system acting as crack arrestors. The propagation direction will

then control the Klc and GIc values. This relationship becomes

important when one realizes that natural flaws such as drying checks

are usually found in the RL plane (TL system) as indicated by

Panshin and de Zeeuw (1980).
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Other researchers have found no significant difference between

certain of the cracking systems. For instance, Debaise et al. (1966)

found no significant difference between the TL and RL systems for

solid western white pine (Pinus monticola Dougl. ex D. Don). They

showed the G value was 1.5 in lb/in2 for both the TL and RL
Ic

systems. Lei (1980) discovered no statistically significant

difference between the
KIc

values for RL, TL, TR, and RT crack

propagation systems in the opening mode for oriented flakeboard.

Bondline Thickness

Perhaps the most important factors affecting glueline fracture

toughness are the flexibility and thickness of the glueline. The

thinner and more rigid the glueline is, the higher the stress con-

centration at the crack tip and the lower the fracture toughness in

cleavage (GIc) of the wood-glue bond system for a range of glueline

thickness from 0.1 to 1.5 mm (100-1500 11m) (Takatani and Sasaki

1980). Sasaki and Walsh (1977) using epoxy-eucalyptus bonds and

the uniform double cantilever beam (UDCB) test configuration found

that thicker and more flexible gluelines imply higher Gic, but are

dependent on testing rate for a bondline thickness range from 0.125

to 4.5 imn (125-4500

Strain energy release rate was found to increase with an

increase in bondline thickness for center and edge loaded aluminum-

epoxy-aluminum joints (Ripling et al. 1964). Ruedy (1977) used

maple compact tension specimens, 0' grain angle, polyvinylacetate

adhesive, had a one inch crack length. His bondline thickness

included 53, 70, 100, 125, 225, and 500 im which produced an increase
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in
KIc

with an increase in thickness up to 225 um, then a decrease

at 500 pm.

Ebewele et al. (1979) discovered that GIc values increased

slowly for a decrease in bond thickness from 160 to 100 um, between

100 and 90 um the
GIc

increased sharply, and between 80 and 70 um,

GIc
decreased sharply. This pattern conflicts with the previously

mentioned studies for bondline thicknesses from 80 to 160 pm.

Investigations into flakeboard bond thickness have been limited,

but Lei (1978) and Lei and Wilson (1980) showed flakeboard KIc values

were not increased significantly with the addition of resin solids

above 1.35 lbs/1000 sq ft of flake surface area in the normal spread

range between 1 and 3 lbs/1000 sq ft (4 to 10% resin solids, ovendry

wood-weight basis).

Resin Penetration and Polymer Location

The close relationship of resin penetration to fracture in

plywood was shown by Hancock and Northcott (1961) who found that as

the bond quality improved, the depth of penetration increased.

Penetration depth can also be related to surface damage during

preparation. Fengel and Kumar (1970) indicated that mechanical

damage was responsible for the deep penetration they observed.

Bryant (1968) stated penetration is related to the wood permeability

which is, in turn, related to the anatomy of the wood and the

damage created during surface generation. Hare and Kutscha (1974)

recommended that the adhesive penetrate deeply enough into the wood

surface so that reinforcement of any weakened cells occurred, thus

providing a strong bond. However, they also noted that varying
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penetration may be good because it helps to distribute stresses to

different planes in the wood. White et al. (1977) and White (1977)

established that penetration depth is greater for earlywood than for

latewood, and that fracture toughness depends on resin penetration.

Phenolic adhesives generally do not exhibit good penetration in

wood, except at points where the wood has received mechanical

damage (Hare and Kutscha 1974). Koran and Vasishth (1972), however,

demonstrated that the rays in Douglas-fir allowed penetration to

greater depths.

The location of the polymer within the wood structure has been

observed by Laming (1976). He found that longitudinal tracheids,

ray tracheids, and pit cavities in spruce (Picea abies (L.) Karst.)-

methyl-methacrylate polymer (pMMA) combinations were filled with

the pMMA. Parenchyma tissue was usually devoid of polymer, however.

He also discovered that isotropic shrinkage of the pMMA during

polymerization was responsible for the lack of close contact between

the plastic and the cell wall. The only chance for inter-tracheal

polymer connections was the existence of unaspirated pits. Aspirated

pits prevented movement of the plastic from one tracheid into the

next.

Lastly, as in the instance in the preceeding paragraph, the

anatomical characteristics of the wood influence the resulting

fracture. The next section of this review focuses on the morphology

of the wood and it role in the failure mechanism.

Fracture Anatomy
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ultimate strength and failure type. Variations in the sizes of

internal components can be expected to affect the phenomenological

behavior of the material. Lei (1978) indicated that the anatomy of

wood constituents, the anatomy of the composite, and the adhesion

of the wood components are the determining factors in understanding

fracture or fracture resistance. Hence, the anatomy of a material

may influence the mechanism of failure.

Failure Types

Fracture is one method by which a structural element may fail

to perform during service. If fracture occurs, it may be categor-

ized as either brittle or ductile. The brittle fracture situation

exhibits only a small amount of plastic deformation. Ductile

fracture, on the other hand, is associated with large amounts of

plastic flow at the time of failure. Gordon (1976) states there is

a competitive relationship between these two fracture mechanisms in

the breakage of any material and the material fails due to the

weaker mechanism. It is ductile (plastic) if it yields before it

cracks and is brittle if it cracks before it yields. All materials

have the potential for both forms of failure.

A wood-adhesive joint may be fractured by adhesion failure or

by cohesion failure, but distinguishing between the two is difficult.

Adhesion failure results when the adhesive film and the wood

substrate separate. A cohesion failure implies a separation within

the wood or within the adhesive (McLaren and Seiler 1949, Quirk

1968). Marian and Stumbo (1962) indicate that adhesion is a process

that produces a new cohesive system. Hence, products such as
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plywood or composition board which result from the process of

adhesion should be considered as cohesive systems subsequent to

their fabrication.

In an ideal composite, the strength properties of the com-

ponents must balance, and the components must contribute to the

total strength properties. When the composite begins to fail, all

parts must simultaneously be stressed to their maximum strength.

Under these conditions, the structure will fracture as a homogeneous

material. However, when conditions exist under which single

components fail before the maximum cohesive strength of the other

parts is reached, the structure will fracture as individual com-

ponents (Borgin 1974).

Fractures can be classified according to their location in the

composite: wood failure, adhesive failure (actually cohesive

failure of the adhesive), and wood-adhesive interface failure (a

failure in adhesion), as indicated by Koran and Vasishth (1972) and

Wilson and Krahmer (1976). White (1977) adds another failure

location, the interphase failure which represents an area where the

adhesive has penetrated the cellular structure of the wood to a

depth of one or more cell diameters.

Wood Failure

Wood fails at the point where external stresses exceed the

cohesive strength of the wood (Borgin 1974). Therefore, wood is

characterized by certain failure types. Discussion of these

failure types requires a brief description of the cell wall

structure in coniferous wood. The cell wall of a normal conifer
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tracheid (Figure 6) consists of the primary wall (P) with its

random fibrillar orientation, and the secondary wall with its three-

layered structure. The latter consists of a thin outer layer (S1)

composed of a nearly horizontal helix of microfibrils at an angle

of approximately 50 to 700 measured from the cell axis, a thick

central layer (S2) where the microfibrillar orientation more nearly

parallels the cell axis (angle about 10 to 30°), and a thin inner

layer (S3) containing microfibrils that are roughly parallel (angle

about 60 to 900) with those in the Si layer. Outside the primary

wall and between adjacent tracheids is the middle lamella (ML), a

layer of substance with istropic properties, that joins the cells

together (Panshin and de Zeeuw 1980).

Previous work by Koran on solid black spruce (Picea mariana

B.S.P.) (1967, 1968), Koran and Vasishth on Douglas-fir

plywood (1972), Hare and Kutscha on eastern spruce plywood (1974),

and Wilson and Krahmer (1976) on Douglas-fir particleboard has

categorized the types of wood failure parallel to the fiber axis,

transwall failure perpendicular to the fiber axis, and intrawall

failure. These designations seem to be most accepted, but Debaise

(1972) acknowledges only two: intercellular replaces intrawall and

intracellular replaces transwall parallel and perpendicular.

Transwall failure

A transwall failure, shown schematically in Figure 7, extends

through the cell wall exposing a portion of the lumen surface and,

hence, breaks the tracheid into two pieces. It occurs most often



Figure 6. Schematic of a portion of a conifer

tracheid showing the layered structure

of the cell wall.
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Figure 8. Scanning electron micrograph of transwall failure
parallel and perpendicular to the tracheid axis
(475X).
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across the wall of ray cells either parallel or perpendicular to

their axes (Koran 1967, Koran and Vasishth 1972).

Transwall failure parallel with the tracheid axis (arrows "1"

in Figure 8) designates that the tracheids on the fracture surface

were split into two halves along the length of the cells, thus

exposing the fractured longitudinal walls and the inner lumen

surfaces, the S3 layer.

Transwall failure perpendicular to the tracheid axis (arrows

"2" in Figure 8) indicates a fracture across several cells, thereby

exposing their complete or partial cross section and lumens (Koran

and Vasishth 1972).

Intrawall failure

Intrawall failure, represented schematically in Figure 9, is

characterized by a fracture path which remains within the double

cell wall (composed of all the wall layers of two adjacent cells

plus the ML), leaving the cell intact or exposing the internal wall

structure, the wall layering, indicated by the arrows in Figure 10

(Koran 1967, Koran and Vasishth 1972).

Woodward (1980) observed green ponderosa pine (Pinus ponderosa

Dougl. ex Laws.) fractured at 20°C and found both radial and tangen-

tial surfaces exhibited fractures which remained in one plane. This

phenomenon resulted in transwall failure for structures which were

out-of-plane. Fujita and Takeuchi (1979), investigating drying checks

with the SEM, revealed the failure between adjacent tracheids was in-

trawall. Adjacent ray parenchyma cells, however, showed the failure

to be transwall or rarely a combination of intrawall and transwall.



Fracture plane for intrawall
failure in the middle lamella
region (cell wall intact)

Figure 9. Intrawall failure scheilatic.
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Koran and Vasishth (1972) working with Douglas-fir plywood made

the general statement that areas exposed by transwall failure parallel

with the tracheid axis and by intrawall failure are about equal, and

that transwall failure perpendicular to the tracheid axis is the

least common type of failure.

Adhesive Failure

Fractured surfaces rarely involve failure of the adhesive,

since under normal conditions the adhesive is stronger than the

wood substrate. A glue failure is a cohesion failure where the

fracture occurs within the adhesive film (Koran and Vasishth 1972).

Wood-Adhesive Interface Failure

This fracture type is more common than the adhesive failure and

results from an adhesion failure where the glue and the wood

substrate separate or fail to bond chemically and/or mechanically.

This condition often leaves one surface coated with resin, while

the other surface is virtually free of it. This coating may also

maintain an imprint (cast) of the adjacent surface which has been

removed (Koran and Vasishth 1972, Wellons et al. 1977). Wilson and

Krahmer (1976) found these imaged-surfaces existed on internal bond

(IB) surfaces in Douglas-fir-western hemlock particleboard, and

explained that the wood-adhesive interface failure was the result

of one of two conditions: either adhesion between the wood and

the adhesive never occurred, or there existed a cohesive failure

which was not discernible with their measurement technique.



Interphase Failure

During board pressing, the wood adjacent to the glueline is

absorbing the adhesive. The penetration in this area may be one,

two, or more cells deep, thus reinforcing these cells with adhesive.

A fracture in this area may contact only a shallow section of the

cells adjacent to the glueline; consequently, the failure surface

will be difficult to separate from an adhesive failure, except under

careful examination. This condition is classified as an interphase

(adhesive-reinforced wood) failure.

Fracture Path

Fracture in wood can follow many possible avenues. A descrip-

tion of those paths and the resulting fracture depends upon which

structural level we are investigating. Our examination can occur at

three levels: macroscopic, microscopic, and ultrastructural. Each

of these levels will be reviewed in the following sections.

Macroscopic

The macroscopic domain of wood structure is that level visible

only to the naked eye, exclusive of magnification. A description

of the fracture at this level is, at most, a generalized overview;

however, the important observations that are possible include:

bond quality, failure type, position of fracture within the growth

ring, surface texture, and crack propagation system.

The quality of bonding is readily visible in many wood-

adhesive composites. Good bonds display high wood failure while

36
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poor bonds exhibit little or no wood failure. In fact, the poorest

bonds exhibit no bonding whatsoever, and the adhesive is easily

visible on the fractured surface. However, caution should be used

when attempting to classify the failure into one of the four failure

types: wood, adhesive, wood-adhesive interface, or interphase.

This task is best accomplished using a microscope and, therefore,

is best considered under the realm of microscopic failure.

The position of the fracture within the growth increment is

also discernible. The path of fracture can pass through any portion

of the growth increment: through the earlywood zone, exposing the

tangential faces of earlywood tracheids; through the transition

zone between earlywood and latewood of the same growth ring; through

the latewood, exposing the tangential surfaces of latewood tracheids;

or through the growth ring boundary between the last formed latewood

of one growing season and the first formed earlywood of the next

growing season. Koran (1968) termed these failures tangential

earlywood failure, tangential transition zone failure, tangential

latewood failure, and tangential boundary failure, respectively.

At the macroscopic level, surface texture must be expressed in

very general terms. In fact, relative terms such as smoothness or

roughness are usually chosen. Koran (1967, 1968) indicated that

tangential plane failure (RL system) produced relatively smooth

surfaces which generally remained in the tangential plane of the

wood. Tensile failure perpendicular-to-grain on radial surfaces

(TL system) produces relatively smooth surfaces and, generally

follows the radial plane.
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Determination of the crack propagation system is simple. One

merely observes the growth ring orientation with respect to the

fracture surface and the direction of the crack movement.

It is clear that a more in-depth means of viewing the fracture

path is needed. Hence, microscopic methods of observation are also

used in describing the direction of crack movement.

Microscopic

The microscopic realm of wood structure is that level of organ-

ization visible only with the aid of a microscope, specifically, the

light microscope. Our ability to describe failure at the microscopic

level is greatly improved when compared to that same ability at the

macroscopic level; even though we are still observing the same

phenomena.

Suchsland (1957) found Scotch pine specimens glued with phenolic

adhesive and attaining thin bondlines exhibited fracture which

traveled partly in the adhesive-impregnated layer of wood producing

an uneven surface. The fracture was also seen to jump from one side

of the glueline to the other.

Mijovic and Koutsky (1979) noted that some of their test

specimens exhibited fracture surfaces where the path of failure

began on one side of the bondline, then suddenly moved through and

across the bondline to the adjoining (opposite) interface and

continued there.

Cousins (1974) studied fracture paths in Pinus radiata D. Don

and discovered the path was through areas of minimum tracheid over-

lap, leaving a relatively flat surface. He also stated that the
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likelihood of transwall failure was greater when the amount of

tracheid overlap was high for both earlywood and latewood.

Koran (1968) mentioned that approximately 75 percent of the

fracture surfaces exposed at testing temperatures of -190, -60, 0,

and 25°C were earlywood. Higher temperatures (greater than 25°C)

produced failures at the growth ring boundary which exposed both

earlywood and latewood simultaneously.

On the surface of Douglas-fir veneer (Nearn 1965), the early-

wood tracheids are opened by fracture across the cell wall which

exposes the lumen surface, thus producing a roughened texture. The

latewood, however, fractures within the double cell wall creating

relatively smooth surfaces and little exposure of the lumen surface.

Koran (1967) noted that radial plane (TL system) fracture, even

though not restricted to a single plane of cells, exhibits a predom-

inant cell plane in which the failure occurs, but frequent movements

out of this plane due to tangential transfers by transwall failure

and intrawall failure may result. These transfers may shift the

plane of fracture one or more cell diameters above or below the

original plane.

Ultrastructural

This level of wood structure is beyond the resolving capability

of the light microscope. In the words of W. A. C6te (1981), "...

'wood ultrastructure' describes the structure that is resolvable

using electron microscopy." The term electron microscopy here

relates to both transmission electron microscopy and scanning elec-

tron microscopy.



Cell wall layers exposed

The region of the woody cell wall which is exposed by a par-

ticular fracture path is dependent upon a number of factors such as

moisture content, temperature, position in the growth ring (early-

wood or latewood), propagation system, speed of fracture (stable or

unstable), and others. The following portion of this thesis reviews

each of these factors and their effects on the path of fracture in

solid and glued wood.

Koran (1967) pointed out 19 possible fracture paths within

the radial walls (TL system) of two adjacent tracheids: failure

within the middle lamella region, within the P, Si, S2, S3 wall

layers of either tracheid (8 sites), at the interfaces between these

wall layers (8 sites), or through the cell lumen of either cell.

Recent findings indicate that 19 possible paths were an underestimate

because each of the four cell wall layers is composed of many

individual lamellae and the fracture could pass through the wall

within or between two of these lamellae which compose a single wall

layer.

The fracture formed during surface preparation and the cell

wall layers exposed have been investigated by other authors as well.

Bryant (1968) found that the surfaces exposed are related to the

method of surface generation, and that they generally consist of

the Si, S2, and S3 cell wall layers. He determined that in dense,

thick-walled hardwoods such as hard maple only approximately

fifty percent of a planed surface is S2, and that rotary-cut soft-

wood veneer has a much lower percentage of S2 layers. The veneer's
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latewood surfaces are Si while its earlywood surfaces are mostly S3.

Davies (1968) working with Pinus radiata D. Don showed the failure

to occur in the Si zone usually, but under severe stress, such as

veneer production, the failure shifted to the S2 region.

Influence of moisture content. Cote (1981) summarized the role

which moisture content plays in wood failure and the cell wall layers

exposed. Low moisture contents produce failure within the secondary

wall exposing portions of the Sl, S2, and S3 layers, when tested in

tension. High moisture content specimens reveal tensile failure

which occurs within the middle lamella/S1 region as well as the pull

out of some tracheid end walls.

Influence of temperature. In the RL system at low temperatures

(-190 to 100°C) the fracture path is located primarily in the Si

region, but is also found at the interface between the P and Si and

within the P cell wall region. At a temperature of 25°C the TL

system fracture path shifts from the cell wall of one tracheid to

the cell wall of the complementary tracheid (Koran 1968).

Changes in the appearance of the fracture surface are apparent

as the temperature of fracture increases (-190 to 250°C). Increasing

temperatures correspond with a decrease in transwall failure and an

increase in intrawall failure, especially above 25°C. The surfaces

also appear smoother due to decreased pit border failure and a

reduction in the shifting of the path of fracture between adjacent

tracheids (Koran 1967, 1968).

Woodward (1980) determined that if the failure type was intra-

wall, the fracture path was through the Si layer of the cell wall
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for all temperatures which he tested. At 20°C the fracture path

alternated from the Si layer on one side of the middle lamella to

the Si of the adjacent cell. This shifting of the path of fracture

from Si layer to Si layer of adjacent cell walls results in a

roughened surface. At high temperatures the fracture surface is

smooth because of the plasticizing effect on the middle lamella and

hemicelluloses and lignin in the cell wall.

Influence of position within the growth ring (earlywood or

latewood). The fracture surfaces of the radial walls of earlywood

tracheids in drying checks exhibited failures in the Si region of

the secondary cell wall and in the primary cell wall structure

(Fujita and Takeuchi 1979). Tensile fracture of the later formed

earlywood cells in Juniperus virginiana L. was demonstrated by Mark

(1965) to be primarily within the Si layer of the secondary cell

wall. Nearn (1965) working with Douglas-fir veneer showed the

predominant fracture location occurred in the latewood tracheids

between the 51 and S2 layer of the secondary cell wall where both

the chemical composition and physical arrangement change abruptly.

Influence of crack propagation system. Research findings con-

cerning the system of crack propagation are relatively consistent,

although some difference of opinion does exist. Atack et al. (1961)

found very little difference between fracture phenomena in the RI,

and TL system with comparisons made on the basis of plots of tensile

stress versus E/crack length, where E is Young's modulus. Other

researchers have also found little difference between response in

the RL and TL systems on a statistical basis.
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Debaise et al. (1966) showed fracture in the TL system to be

intrawall failure between the P and Si or between the ML and P cell

wall. This fracture sometimes crossed the ML from P/S1 on one side

to P/S1 on the other side, but was generally stable (slow) fracture.

In the RL system, rapid crack extension (unstable fracture) was

more common and exposed all layers of the cell wall, including the

lumen. They attributed differences in fracture appearance between

the EL and TL systems to longitudinal tracheid alignment. The

tracheids in the TL system were present in radially aligned rows

forming a relatively homogeneous structure for stable fracture.

The RL system, however, exhibited irregular (imperfect) tangential

cell alignment, and a minimum surface area resulted only by

crossing cell walls. For hardwoods, the same behavior as for the

RL system in the softwoods was projected due to irregular cell

alignment in both radial and tangential directions in the hardwoods.

In the TL system, intrawall failure normally occurs as a

separation within the zone of the primary wall and the Si on either

side of the middle lamella (Davies 1968, Koran 1967).

Koran (1967) indicates the path of failure is primarily between

adjacent lamellae indicating one surface shows P wall while the

complementary surface exhibits Si structure. However, the two

complementary surfaces may show both P and Si structure when the

fracture passes through these lamellae rather than between them.

He also discovered that the failure at the blunt tracheid end walls

was always intrawall. Fracture within the rays occurs as either

intrawall or transwall parallel or perpendicular to the tracheid

axis. Transwall failure is the most predominant type for both RL
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and TL systems. Intrawall failure occurs in the RL system, but only

infrequently and at high temperatures. Koran (1968) also observes

that tangential pitting is sparse, but where the intrawall failure

moves through the pitted area both pit margin and pit border failures

are present at low temperatures (Figure 11). Similar results were

indicated by Fujita and Takeuchi (1979). Their examination of

drying checks (TL system) revealed failure in the radial pit region

was one of two kinds, pit margin failure or pit border failure. The

entry of the fracture into the pit chamber occurred most often at

the pit margin; however, occasionally the fracture passed through

the pit border region as Koran (1967) indicated. He also showed

that fracture through a pit leaves the pit membrane attached to one

of the two surfaces. The tangential wall (RL system) exhibits a

predominant failure within the Si region of the pitted areas when

the failure occurs at temperatures below 100°C.

Influence of failure rate (stable or unstable). Mostovoy and

Ripling (1966), working with metal-epoxy composites, produced two

types of load-deflection curves, flat and peaked. The peaked type

corresponded to higher G1c values and faster crack speeds than did

the flat-type curve. Similarly, Ebewele et al. (1979), using maple-

resorcinol bonds, found that load-displacement curves exhibiting a

saw-tooth (peaked) appearance are indicative of unstable crack

extension. The phenomenon producing this appearance can be visual-

ized as follows: the load reaches a critical value where sufficient

potential energy has been stored at the crack tip to overcome the

resistance to crack extension. Addition of more energy (load) causes
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Figure 11. Pit border and margin failure. A) TL system fracture in
earlywood tracheids (1150X). B) Cross-section of an unaspir-
ated bordered pit showing cell wall layering. IPB=initial
pit border, M=pit margin, MA=margo, ML=middle lamella, P=
primary wall, PB=pit border, S=secondary wall, Si, S2, and
S3 layers, and T=torus. C) Cross-section of aspirated
bordered pit showing fracture front (dashed line) at posi-
tion #1 on A (pit margin failure). D) Cross-section of
fracture front at position #2 on A (pit border failure).
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extension of the crack (conversion of potential to kinetic energy)

at a speed exceeding the movement of the crosshead. Hence, the

load drops off because more energy is being released from the

system than added to it, and the crack will continue to extend

until enough energy is lost to slow and halt the crack. After

crack arrest the potential energy is again stored until it reaches

the critical level and the process is repeated. For any portion of

the load-displacement curve which appears as a horizontal or nearly

horizontal line, a stable fracture is suggested. In this instance,

the crack is propagating at roughly the same speed as the cross-

head on the testing machine. Hence, energy is being dissipated as

rapidly as it is added to the system. The crack will not arrest

until an obstruction causes the need for more energy to be added to

the system in order to overcome the resistance to extension.

Debaise et al. (1966) and Debaise (1972) determined that rapid

fracture was most often associated with a minor discontinuity in

tracheid orientation, especially at the end walls and ray crossings.

The failure process is similar to that expressed by other researchers.

A slowly advancing crack reaches a discontinuity where higher

resistance to fracture exists. Hence, the crack arrests until

sufficient strain energy is stored from the motion of the crosshead

to exceed the local fracture resistance and cause rapid crack

extension. At the onset of this rapid, unstable crack growth, a

sudden drop in load on the load-displacement curve was discovered.

Slow, stable crack growth, however, was evidenced by constant load,

and crack arrest was shown by an increase in the load.
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Bach (1975) showed flaws in wood approach the critical size more

rapidly in the earlywood than in the latewood when dealing with slow

fracture growth. Viscoelastic and ductile materials, as well as

composites with weak interfaces are subject to this stable crack

growth. The slow growth phenomenon is generally indicated by a

horizontal line on the load-displacement curve.

Woodward (1980) found the plastic strain associated with stable

growth of a crack to be indicated by a necked-down appearance of

material on the surface of the cell wall.

K._ and G Dependence on Fracture Path
lc Ic

Ebewele et al. (1980) attributed low values of GIc to weak bonds,

crack propagation near the wood-glue interface and alternation of the

fracture from one beam (side) to the other across the glueline.

High fracture energies (GIc) indicated either a failure in the bond-

line or in the wood substrate, that is, the crack moved through the

glueline or through the wood. Ruedy (1977), however, found KIc to

increase with a decrease in percentage wood failure in both the

crack tip vicinity and over the entire fracture surface.

Debaise (1972) and Woodward (1980) related fracture to strain

energy at both low and high temperatures. At low temperatures

fracture was arrested at a discontinuity such as an out-of-alignment

tracheid until enough strain energy was built up by the movement of

the cross-head to continue the propagation of the crack. When

propagation resumed, it advanced through the discontinuity creating

a flat fractured surface. When the crack was halted by a discontin-

uity at high temperatures, localized plastic strains in the cell
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wall matrix served to dissipate strain energy at the crack tip, a

result of the softening of the hemicelluloses and possibly lignin

in the cell wall. As the crosshead continued to move, the fracture

shifted to a location where adequate strain energy for propagation

of the crack was available. Hence, an uneven fractured surface was

produced.

Hypothesis and Goal

The observations of previous research relating KIc and GIc to

the path of failure allows the following hypothesis to be made:

when strain energy release rates for glued wood products differ

greatly (high and low values of GIc), there is a recognizable dif-

ference in the location of the initial crack formation and/or the

path of failure which generates the fractured surface.

This hypothesis, then, is the basis of this investigation into

the affect of wood structure on the strain energy release rate in

fractured wood-glue composites. The primary goal of this research

is the attainment of an understanding of the role of wood anatomy

in the resultant fracture of glued wood products stressed to failure,

and of course, the verification or refutation of the preceding

hypothesis.



IV. PROCEDURE

This investigation was divided into three major phases. The

first was the specimen configuration study which was designed to

determine the most suitable test specimen shape for measuring Gic.

Once a satisfactory specimen was selected, it was used for measure-

ments of GIc. The third phase, the major thrust of this study, was

an investigation into the effects of wood structure on fracture and

the phenomena associated with that fracture. Procedures for each

of these phases are discussed.

Selection of Specimen Configuration

The first step in this study was the location of a suitable

specimen design for the determination of the opening mode strain

energy release rate. The considerations in selecting a suitable

test specimen configuration were ease of fabrication, reproducibility

of initial crack production, and ability for multiple measurements

of GIc on a single testpiece. To achieve this end, an extensive

search of the literature was made relative to fracture mechanics

testing procedures for metal, fiberpolymer composites, and other

materials including wood. Following this literature review, the

most likely testpiece configurations were manufactured and tested,

and the best configuration was chosen and utilized for the final

determination of GIc.

A number of investigators used either single-edge-notch (SEN)

or center-notched (CN) specimens, but the dimensions of these

specimens varied from study to study. For fracture in metals,

49
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however, standardized testing procedures existed and, with the

proper modifications, provided a means of measuring either Kic or

GIc.
These standardized methods utilized a compact tension specimen

(ASTM Designation E 399-78) or a uniform double cantilever beam

(UDCB) and contoured double cantilever beam (CDCB) specimen (ASTM

Designation D 3433-75).

In addition to these standardized techniques, Lei (1978)

developed a SEN specimen that appeared to be suitable for both

solid wood and flakeboard fracture toughness determinations.

Each of the previously mentioned specimens will be discussed

in the following sections.

Possible Test Specimen Configurations

SEN and CN Specimens

The CN specimen, Figure 12a, contains an introduced crack at

the center of the specimen, while in the SEN specimen, Figure 12b,

the crack is introduced at the edge of the testpiece. Because the

CN type essentially has two crack tips, one at each edge of the

notch, the problems associated with accurate crack production and

extension monitoring eliminated this specimen from consideration.

The major advantage of the SEN specimen is the ease and accuracy

(reproducibility) of crack production.

The most prominent disadvantage of these two specimens is

their inherently unstable cracking tendency. Mai (1975) pointed

out that once cracking had begun within these specimen types, it was

no longer controllable. I, too, found this to be true in some
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Figure 12. Schematic representation of A) a center-notched
crack (CN) specimen, B) a single-edge notched
(SEN) specimen, and C) a compact tension specimen.



prepared specimens, and, therefore, did not consider them useful

for this study.

Compact Tension Specimen

This configuration, Figure 12c, is the standardized testpiece

cataloged in ASTM Designation E 399-78 (ASTM 1978). The specimen

was specifically designed for the measurement of plane-strain

fracture toughness (KIc) in metallic materials, but was adapted for

the measurement of
KIc

in solid and glued wood by Ruedy (1977),

White (1977), and White and Green (1980), and others. Because

this testpiece is actually a SEN specimen, its advantages and

disadvantages are the same as those of the SEN design. Hence, the

same inherent difficulties existed with this design, and it was

also eliminated from consideration.

Lei's
K_l

Specimen
c
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The design used by Lei (1978) is a modification of the compact

tension specimen which maintains the same length to width ratio of

two-to-one (Figure 13a). He glued an aluminum loading block to the

*top and bottom of his specimens, and thereby modified the thickness

of the testpiece (Figure 13b). His assumption was that differences

in the thickness of the specimen had no affect on the transmission

of normal tensile stress to the crack plane. Therefore, he used

varying specimen thicknesses for each of the products (flakeboard,

parallel-laminated veneer, and solid wood) in his investigation.

Lei's design is also a SEN specimen. My initial investigation

using his specimen again confirmed Mai's (1975) observation about the
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Figure 13. Schematic representation of Lei's (1980)

KIc
specimen. A) flakeboard with crack,

B) completed specimen configuration after
addition of aluminum loading blocks.
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inherent instability of this testpiece configuration under opening

mode fracture. Hence, a major objection to this design was the

inability of measuring more than one value of KIc or GIc for each

specimen.

UDCB and CDCB Specimens

The UDCB and CDCB specimen configurations are standardized for

metal-to-metal bonding applications in ASTM Designation D 3433-75

(1975), but require some modification for use with another material

such as wood. As Mostovoy et al. (1967) explain, the advantage of

the UDCB and CDCB specimens is that with a fixed displacement the

crack extension force G, decreases with increasing crack length.

Hence, the crack can be arrested prior to the complete fracture of

the specimen. This allows the determination of
GI

for both crack

initiation and crack arrest. Therefore, the major advantage was the

capacity for multiple crack extensions on each testpiece when the

length was sufficient. This ability significantly reduced the

number of testpieces required for an accurate estimate of
GIc.

The UDCB specimen (Figure 14a) is recommended for determining

cleavage fracture strength of adhesives in bonded joints. Although

it is intended for use in metal-to-metal adhesive bonding, it may

be used for measuring adhesive fracture properties using other

materials as adherends, provided the thickness (height) and rigidity

of the adherends are considered. The concern is that the yield

point of the adherend material in flexure is not exceeded during the

test. Therefore, the thickness of the specimen will be determined by

the type of adherend material and the strength of the adhesive.

54
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Figure 14. Two kinds of double cantilever beam specimens.
Uniform double cantilever beam
Contoured double cantilever beam
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Ripling et al. (1964) and Mostovoy et al. (1967) have used UDCB

specimens with aluminum-epoxy joints. Researchers in wood-adhesive

bonding have adapted their specimen configuration to fit wood

adherends (Komatsu et al. 1976a, Sasaki and Walsh 1977, Takatani

and Sasaki 1980, and others).

Although the UDCB specimen had advantages such as ease of pre-

paration and multiple crack extension, Gurney and Mai (1972) pointed

out a disadvantage of the system in their study on crack stability.

They indicated that the UDCB was generally unstable when compared

with the CDCB specimen type. The CDCB proved to be the most stable

configuration which they investigated. Because of their results on

stability of cracking as well as other advantages of the CDCB speci-

men configuration, I decided to utilize some form of the CDCB speci-

men.

Following Griffith's (1921) work with brittle fracture and the

modification of his theory by Orowan (1955) and Irwin (1957),

Mostovoy et al. (1967) developed a CDCB specimen for cleavage fracture

studies. An example of the CDCB specimen is shown in Figure 14b.

The critical strain energy release rate under Mode I (cleavage)

fracture is given by the following formula:

2

G -
Pc (aC)

1c tip da

where
GIc

is the critical strain energy release rate under Mode I

load, P is the critical load required for crack extension, a is the

crack length, b is the beam width, and C is the specimen compliance

(reciprocal stiffness). The compliance is merely the ratio of

(3)
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displacement at a given load to that load (S/P) or the reciprocal

slope of the linear portion of the load-displacement record.

By employing strength of materials formulae for two cantilever

beams of uniform height, h, bending modulus, E, and a span equivalent

to the length of the crack, a, the quantity 3C/3a is given by:

aC 8[3a2 1]=
3a Eb 3 h

By substitution of Equation 4 into Equation 3, we have:

4P 2 [ 2 1
GIc =

c 3a 1

Eb2 h

When employing a beam of uniform height (UDCB), it becomes

necessary to measure both Pc and a for each calculation of Gic. The

CDCB, however, is designed so that by changing the shape of the

countour (varying the specimen height) a linear variation of the

specimen compliance with crack length can be obtained. That is,

9C/pa is constant. Hence, Equation 5 may be written:

2

4PcG c[m]
Eb2

where:

3a2 1
= constant.

h3
h

This linear compliance change means that only Pc needs to be recorded

and greatly simplifies the testing process.
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Equation 3 was derived under the following assumptions. First,

plane-strain conditions must exist throughout the specimen cross-

section; hence, the width (b) must be sufficiently large. Second,

a brittle system is assumed, i.e., there is minimal deformation of

the resin prior to failure. Third, the crack remains in the bondline

(centerline) of the specimen during the fracture. Failure to meet

this assumption negates the symmetry of the specimen and Equation 3

becomes invalid. The fourth assumption was the beams should have an

isotropic bending modulus, or if orthotropic, such as wood, the

beams should have the same grain angle. The fifth and last

assumption was that the uncracked part of the beam should be greater

than 1.5 times the height or the rear of the specimen will tend to

control the compliance, rendering the GIc equation invalid (Ebewele

et al. 1979). Therefore, as long as these assumptions are met, a

valid
GIc

is obtainable.

The two shapes of CDCB investigated in the configuration

selection study are shown in Figure 15. Figure 15a is a modification

of the configuration used by Mostovoy et al. (1967). Their contoured

.

region conformed to Equation 7 where "m" was set equal to 3 In-1 ,

while mine approximated this with a straight-line taper at a 24°

angle from the plane of the glueline. This was the only modification

of their dimensions. My specimen, however, consisted of four

pieces, a central glued-composite beam with a tapered beam attached

above and below, whereas their testpiece was a two-part design (see

Figure 14b versus Figure 15a).

Figure 15b shows my modification of the design used by Ebewele

et al. (1979, 1980) and Mijovic and Koutsky (1979). Specimen
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Figure 15. CDCB specimen dimensions for configuration investigation.
Contoured double cantilever beam (modified from
Mostovoy et al. 1967).
Contoured double cantilever beam (modified from
Ebewele at al. 1979, 1980 and Mijovic and Koutsky
1979).

Note: All dimensions are in inches.
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dimensions were maintained as closely as possible in this modifica-

tion except for contour and loading method. I used a 27° taper

angle to approximate their m=3-1 and utilized pin loading rather

than their knife edge grips. This specimen also consisted of four

pieces glued together, while their original was a two-part testpiece.

Crack Initiation and Measurement

Two major problems in any study which involves fracture

mechanics are the selection of a method for introducing a controlled

crack length into the material and the development of a precise

means of measuring that artificially induced crack. The method

suggested by ASTM resignation E 399 (ASTM 1978) requires introduction

of the crack by cutting a notch into the specimen, then extending

this notch by fatigue cracking. This particular method is not

satisfactory nor convenient for wood specimens because it requires

considerable time to extend the crack, and the crack length which

it produces is difficult to measure.

One popular technique used by early researchers in wood fracture

for the production of the initial crack was the insertion of a slit

into the specimen using a razor blade or chisel-like tool. Porter

(1964) used the chisel method; Atack et al. (1961) employed a

scalpel for this purpose; and Johnson (1973) utilized a razor blade.

This technique has some major difficulties, however. It is only

usable with thin (width) specimens. Another drawback involves the

resultant deformation of the surrounding wood structure due to the

insertion of the razor or chisel tip into the wood. This displace-

ment of the surrounding structures and the stress induced causes the



61

uncontrollable extension of the crack beyond the limits of the tool's

edge. Hence, the length of the crack is quite difficult to control

or measure, although it does closely approximate the fatigue crack

required by ASTM Designation E 399. It is interesting to note,

however, that ASTM Designation D 3433 (ASTM 1975) does not require

the fatigue cracking process prior to actually testing the specimen.

Another technique for crack initiation is sawing a notch into

the specimen. Yavorsky and Brown (1959) sawed their cracks into

the specimens leaving a blunt crack tip. A closer approximation of

a natural crack with a sharp tip was preferred by Mai (1975) and

Barrett (1976) who used a bandsaw to make the initial crack, then

extended it using a razor blade. Lei (1980) used the following

technique: the crack was introduced into the specimens with a two-

step process using a bandsaw blade. The first cut, 0.68 inch deep,

was cut with a normal blade having a thickness of 0.04 inch. The

second and final cut was made with another blade having a thickness

of 0.02 inch and the teeth ground-down to produce a V-shaped kerf.

This process yielded a total crack length of 0.75 inch. Lei did

note however, that the crack did not always propagate directly from

the end of this V-shaped notch, but sometimes from a point above or

below the notch tip.

A more efficient method for introducing the crack into a

specimen containing an adhesive joint (or layered adhesive joints)

was demonstrated by Ripling et al. (1964). They employed a piece

of "Teflon" tape placed on the bond surface prior to application of

the adhesive. This procedure prevented bonding in the area of the

tape and, thereby, created a crack. White (1977) and White and Green
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(1980) used a polyvinyl chloride foil, approximately 12 to 13 pm

thick, greased with silicone vacuum grease and applied to one-half

the specimen prior to layup to deter bonding. Ebewele et al. (1979)

tried a "Mylar" or "Teflon" film, 25.4 pm in thickness, to generate

their initial flaw. For this specimen configuration study, I used

"Mylar" film approximately 13 pm in thickness with a melting point

greater than 400°F. This film was applied to one surface of the

bond prior to layup. Even though I tried other methods such as

coating the surface of the desired crack length with graphite or

greasing the film before application to the surface, the plain,

uncoated "Mylar" was the most satisfactory method of generating the

crack surface.

The measurement of the introduced crack length is equally

important. The metal standard ASTM Designation E 399-78 (ASTM 1978)

indicates that the crack length is measured from the center of the

loading holes to the tip of the crack. Wood fracture studies also

use this convention, however, Barrett and Foschi (1977) mention a

difficulty in measuring the crack length:

Fracture studies in wood have been complicated
by the lack of effective methods for determining the
position of the crack front. On metals, dye penetrant,
staining and etching techniques have been used success-
fully, but these methods do not work as well [if at all]
on wood. Direct observation of the crack front, even
at the surface of the specimen, is difficult, as fibers
often bridge the crack.

As the previous quotation indicates, the measurement of crack

length is a major difficulty in any study where crack propagation is

concerned. Investigators have tried various techniques, such as,

rulers taped to the front and rear of the specimen (Porter 1964),
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microscopic measurement (htack et al. 1961, Mai 1975), and conductive

paint lines (Mostovoy and Ripling 1966, Schniewind 1977). The

conductive paint line method uses a silver paint which when broken

will record a "pip" directly on the load-displacement record.

Ebewele et al. (1979, 1980) measured their crack lengths using a

rear-lighted specimen and a light-colored sawdust powder applied to

the side surface of the testpiece. They assumed that light passing

through the crack from the rear-mounted light source indicated the

position of the crack in the center portion of the specimen at the

time of crack arrest. They also noted that the center portion of

the crack trailed the leading edges by 1 to 3 mm.

One of the limiting factors in wood fracture studies, then, is

the inability to determine the position of the center portion of the

crack front. The back-lighting technique works well if the center

portion of the crack lags behind the rest of the crack front; however,

there is an inherent difficulty if the center portion moves in

advance of the edges of this front. If this is the case, the rear-

mounted light source will indicate the location of the crack on the

rear edge only, not the position at the center of the crack front.

Intuitively it can be deduced that the energy requirements of

creating the new fracture surface vary from point to point across

the surface even for simple fracture. This non-uniform behavior

indicates the crack tip does not move uniformly along the specimen

from one side to the other.

Mai (1975) estimated the crack tip location with a microscope

set up to monitor the movement of the crack. The same problem

exists with this technique that exists with the rear-lighted
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specimen; that is, exact location of the tip is not possible. Only

the position of the crack on the side surfaces of the specimen is

obtainable.

My method was similar to Mai's with some exceptions. I used

a tripod-mounted microscope to monitor the crack tip movement along

the length of the specimen. A 48 mm micro-tessar lens attached to

the end of the microscope body tube, a 10X or 25X eyepiece, and a

camera attachment gave us a magnification of 7X or 17X, respectively,

on the film negative which was sufficient for following the crack

tip motion. The tip of the crack at the front-side and back-side

of the specimen was marked for each crack extension with a finely-

pointed pencil. The crack lengths were measured after the test using

a stereo light microscope to a precision of 0.01 inch. The two

measurements, one from the front-side and one from the back-side were

averaged together to obtain a mean crack length for use in Equation

3 or 5.

Materials Acquisition

The central part of the test specimens for this specimen con-

figuration study was prepared from flat-sawn Douglas-fir lumber

with nominal dimensions of 2 in by 4 in by 6 ft each. The lumber

was clear, straight-grained on both the face and edge, and kiln-

dried. This material was part of a donation by Willamette Industries,

Inc. at Dallas, Oregon for a project undertaken by Lei (1978). The

tapered portions of the testpieces were prepared from Douglas-fir

quarter-sawn and flat-sawn, straight-grained, kiln-dried boards with
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nominal dimensions of 1 in by 6 in by 8 ft. These boards were

purchased from local lumber yards in Corvallis, Oregon.

The phenol-formaldehyde liquid resin, PF T7-80, was donated by

Monsanto Co. in Eugene, Oregon. It contained 42% resin solids, had

a pH of 10.9, and had a viscosity of 155 cps. A two part phenol-

resorcinol adhesive was also used. This adhesive was donated by

Borden Chemical Co. of Springfield, Oregon and was composed of a

liquid phenol-resorcinol, Cascophen LT-75, and a powdered catalyst

(hardener), FM-260.

Prior to construction of the test specimens the boards were

placed in a standard conditioning room at 72°F and 65% R.H. and

conditioned to an EMC between 10 and 12%.

Specimen Design and Construction

The two study variables designed into specimen construction

were method of surface preparation and direction of crack propagation.

Two surface preparation methods were utilized, sawing and jointing.

Examination and comparison of these surface types with surfaces

produced by a flaker indicated the appearance and amount of damage

to the flaked surface fit somewhere between the sawn and jointed

surface. Hence, the sawn surface should represent a more damaged

surface than the flaked surface, while the jointed surface should

be equivalent to or better than the flaked surface. The ease of

preparing the sawn and jointed surfaces, given the specimen dimen-

sions, was also a factor. The RL and TL crack propagation systems

were chosen because they are the most common systems in flakeboard

and some laminates.
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Following the conditioning period mentioned previously, the

lumber was cut according to Figure 16 or 17. Each 2 in by 4 in by

6 ft board was cross-cut into 17 in long segments. The method of

cutting for these segments depended upon the cracking system to

which they were assigned. The TL system segments, Figure 16, were

ripped into six slabs using a 60-tooth, carbide-tipped, circular

saw blade. The first and second slabs were jointed on one edge

(radial surface) prior to sawing them from the segment, thus pro-

ducing jointed surfaces. For the third and fourth slabs the jointing

process was eliminated so that sawn surfaces were produced. These

four slabs, 3/8 in by 1-1/2 in by 17 in, were then cross-cut to form

two pieces, 3/8 in by 1-1/2 in by 6 in and 3/8 in by 1-1/2 in by

10-1/16 in, for use in constructing the glued-composite central beam

of the CDCB specimens in Figure 15 a and b, respectively. The fifth

slab of the segment, 3/4 in by 1-1/2 in by 17 in, was ripped into

two pieces with dimensions of 1/2 in by 3/4 in by 17 in each. One

of these pieces was cross-cut to form two lengths, 1/2 in by 3/4 in

by 10-1/16 in and 1/2 in by 3/4 in by 6 in, for use as the central

(solid) beam in the two CDCB specimen configurations. The second

was reduced to 1/2 in by 1/2 in by 9 in for modulus of elasticity

(ma) determination.

The 2 in by 4 in by 17 in segments assigned to the RL system

received a slightly different treatment as illustrated in Figure

17. These segments were initially ripped into two pieces, 1-1/2 in

by 1-1/2 in by 17 in. One of these pieces was cut into three slabs

which measured 3/8 in by 1-1/2 in by 17 in. Before sawing each of

the first two slabs from the piece, however, the tangential face was
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jointed, producing a jointed surface (J). The third slab was not

jointed, but sawn (S) on both surfaces. The second 1-1/2 in by

1-1/2 in piece was sawn into a 3/8 in by 1-1/2 in by 17 in slab and

a 3/4 in by 1-1/2 in by 17 in slab. All of the 3/8 in by 1-1/2 in

by 17 in slabs were cross-cut to form two pieces, 3/8 in by 1-1/2 in

by 6 in and 3/8 in by 1-1/2 in by 10-1/16 in as in the TL system.

The 3/4 in by 1-1/2 in by 17 in slab was ripped to produce two at

1/2 in by 3/4 in by 17 in each. Cross-cutting one of these yielded

two lengths, 10-1/16 inches and 6 inches, for the solid central

beam CDCB. The other reduced to 1/2 in by 1/2 in by 9 in for use

as a MOE specimen.

Immediately after sawing, the newly dimensioned pieces were

returned to the conditioning room and examined. Only those clear

pieces with face grain parallel to the edges of the piece and an

edge grain angle of zero degrees were accepted for further manu-

facture.

The pieces with dimensions of 3/8 in by 1-1/2 in by 6 in or

10-1/16 in were then glued together with a thermosetting phenol-

formaldehyde resin (Monsanto PF T7-80, 42% solids) at a resin solids

spread rate of 1.5 lb/1000 ft2 of surface area (roughly equivalent

to 5% resin solids on a weight basis).

A four foot diameter drum-type blender with a hinged hexagonal

frame fitted to the interior was utilized for applying the resin.

Four 3/8-inch slabs were attached to the inner face of four of the

frame's six sides using rubber bands near the ends of the slabs.

The resin was applied as a finely atomized spray under an air

pressure of 60 psi from a horizontally mounted air spray gun at the
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center of the drum. The drum rotated at 35 rpm in the vertical

plane during application. The amount of resin applied was con-

trolled by spraying for one minute, the required length of time

determined previously by test sprayings. A check of the amount of

resin applied was made using two strips of oven-dried paper attached

to the remaining two sides of the frame and directly opposite each

other across the drum diameter. After spraying, these resin coated

papers were oven-dried to obtain the actual weight of resin solids

in grams, which was then converted to lbs/1000 ft2 basis. The

resin was applied to only one slab of the two slab composite, hence,

a spread rate of 3.0 lbs/1000 ft2 of surface area was the target.

After spraying was completed, the slabs were removed from the frame.

A piece of "Mylar" plastic, 13 Im thick, was applied to the glued

surface at one end. This created a 1.27-inch crack for the specimen

in Figure 15b and a 1.00-inch crack length for that in Figure 15a.

A matching non-glued slab was placed onto the glued piece, thus

yielding the required resin spread of 1.5 lbs/1000 ft2 and creating

a composite UDCB approximately 3/4 in by 1-1/2 in by 6 in or 10-1/16

in. Groupings of four composites at a time were pressed in a 350°F,

12 in by 12 in hot press at 150 psi for approximately 10 to 12 min-

utes until the glueline temperature (measured by a thermocouple)

reached 240°F.

Following removal from the hot press, the UDCB's were hot-

stacked overnight in an insulated container, then stored in a

conditioning room at 72°F and 65% R.H. for two weeks. At the end

of this conditioning period, all but one of the 1-1/2 inch wide

UDCB's was ripped lengthwise on a table saw to produce a total of
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32 UDCB's with the final dimensions: 3/4 in high by 1/2 in wide by

6 in or 10-1/16 in long. The one UDCB withheld was reduced to 10

specimens of the type used by Lei (1978) (Figure 13a), except the

dimensions were 3/4 in high by 1 in by 2 in.

The 1 in by 6 in nominal dimension lumber acquired for the

tapered parts of the test specimens was first planed to a thickness

of 1/2-inch. For the configuration shown in Figure 15a, the planed

boards were jointed on one edge, ripped lengthwise into two matched

strips 2-1/8 inch wide (the edge of the second strip was also

jointed before ripping), then cross-cut to 6 inches in length. For

the Figure 15b configuration, they were jointed, then ripped to

2-3/16 inch wide and cross-cut to 10-1/16 inch long.

These rectangular pieces were examined carefully for conforma-

tion to the desired grain angle of zero degrees, and selected or

discarded on that basis and on the basis of MOE. The MOE of the

rectangular piece and that of the composite UDCB were matched as

closely a possible before gluing the rectangles to the UDCB.

The attachment of the rectangular pieces to the composite UDCB

was accomplished using the Borden phenol-resorcinol room temperature-

setting resin (liquid-to-catalyst ratio of 5.56-to-1). A 25 minute

assembly time was utilized where 7-1/2 minutes were open assembly

time and 17-1/2 minutes were closed assembly time. A spread rate

of about 75 lb/1000 ft2 of glue joint was attained by applying the

resin with a small brush until a specified weight gain was achieved.

The combined UDCB-rectangular piece specimens were placed under pres-

sure using bar clamps for a period of 5 hours and then removed and

placed in the conditioning room overnight.
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The next step in construction involved cutting the actual taper

into the combined specimen. This was achieved with the aid of a

protractor and a bandsaw. The correct angle, Figure 15, was drawn

onto the specimen and then cut as accurately as possible with the

bandsaw. Once the final configuration was reached, holes were

drilled for the loading pins, and the completed specimen was returned

to the conditioning room to await testing.

Mechanical Testing

A destructive testing procedure was used to gather data for

calculation of
G1c.

A Hewlett-Packard (HP) Data Acquisition System

coupled with a HP chart recorder, a MTS model 632.02C-20 clip-on

(crack opening) displacement gage (COD), and an Instron testing

machine were used for this process. The HP acquisition system read

the load applied from the load transducer of the Instron and the

displacement signal from the COD gage. The chart recorder plotted

a load-displacement curve which was used later for a determination

of compliance.

In addition to the load-displacement plot, the movement of the

crack was monitored via a tripod-mounted microscope (explained

previously under the section "methods of crack formation and

measurement"). The crack tip location was made easier by coating

the sides of the specimen with white chalk dust. As the crack moved,

the chalk dust fell from the side at the crack tip.

The specimen was mounted into the Instron testing machine; the

COD gage was clipped into two knife edges spanning the crack at the

front-end of the specimen; and the load was applied via pins placed
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through the holes drilled near the front of the specimen until the

crack extended (Figure 18).

A loading rate of 0.04 in/min (0.1 cm/min) was applied.

Following crack extension (indicated by a drop in load), the cross-

head was stopped. The load-displacement curve was observed until

the recording pen had halted, indicating crack arrest. At this

point, a fine-pointed pencil was utilized to mark the crack tip on

the front and rear surface of the specimen. The crosshead direction

was reversed until the applied load had dropped below 5 lbs. Load

was reapplied until the next crack extension occurred. This cycle

was repeated until the crack tip had moved out of the tapered region

of the specimen. Once beyond the tapered portion, the specimen was

removed from the Instron and manually separated into two symmetrical

halves. The fractured surfaces were protected to prevent further

damage prior to observing them with the light microscope and SEM.

The procedure outlined above produced between 1 and 11 crack

extensions for each specimen.

Young's modulus of elasticity was determined for each board and

taper corresponding to the components of the CDCB specimens. This

value (E) was to be inserted into Equation 6 along with the critical

load (P ) to calculate a
GIc

for each crack extension. A GIa' crack

arrest value, was also to be calculated by inserting Pa, the crack

arrest load, rather than
Pc.

However, a problem developed regarding

the use of Equation 6 in its present form to calculate Gic. The

problem was the specimen design with two extra gluelines which

resulted when the tapers were glued onto the hot-pressed UDCB's.

Equation 5 and 6 require a single value for Young's modulus. Because



Figure 18. CDCB specimen mounted in testing apparatus with COD
gage attached.
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the tapers did not come from the same board as the UCDB's there was

a possibility of two or three different E values for each testpiece.

The tapers although matched to the UDCB's on the basis of E value,

were still slightly different. This fact might affect the outcome

of the formula. The extra gluelines might also affect the stress

distribution in the testpiece.

Because averaged E was considered inaccurate for purposes of

Ic
comparison, Equation 3 was utilized for calculating G1.

G1a.

This equation requires the determination of the partial derivative

3C/Da, the change in specimen compliance with crack length. This

quantity was obtained by fitting polynomial equations to the crack

length and compliance data using a CDC 3300 computer and the

Statistical Interactive Programming System (SIPS). Polynomial

regression models of the form:

C = 1 + mA + nA2 + pA3 + qA4 full model (8)

where C is the compliance at a given crack length, A is the crack

length, and 1, m, n, p, and q are constants, were set up. A least

squares regression analysis was used to find the equation with the

smallest residual mean square by deleting or adding various powers

of A in the model. The form of the equation having the lowest

residual mean square was chosen and differentiated to obtain X/a

for each specimen. Coupling this value with the critical load in

Equation 3 allowed estimates of GIc with which the various specimens

could be compared.



Specimen Configuration Study Results

As mentioned previously, the major objective of the specimen

configuration study was to find a suitable test specimen shape for

measuring GIc. The conditions for ease of fabrication, reproduc-

ibility of initial crack production, and multiple GIc determinations

on each specimen were highly desirable, but fulfillment of the

assumptions under which Equation 3 was derived, plane-strain loading,

brittle fracture system, cracking through the bondline (centerline),

approximately isotropic bending modulus, and height restrictions

took precedence. It was also desirable to taper the specimen so

that uniform or nearly uniform loads were obtained prior to crack

extension.

Three specific specimen shapes were examined: 16 of the

Figure 15a configuration (8-RL and 8-TL), 16 of the Figure 15b con-

figuration (8-RL and 8-TL), and 6 of the modified Lei (1978) specimen

for a total of 42 test pieces.

The specimen designed by Lei (1980) and modified for this phase

of the study was deemed unsatisfactory because it failed catastroph-

ically after one loading and, therefore, did not meet the condition

for multiple GIc determination on each specimen. Unless the crack

could be extended and arrested 2 or more times, an accurate

understanding of the anatomical reason for fracture resistance and

crack arrest would likely be improbable.

The specimens of Mostovoy et al. (1967), Figure 15a, and Ebewele

et al. (1979), Figure 15b, could be manufactured so that they met

all of the required conditions. The Ebewele-type, however, gave
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more reproducible results based on consistent Pc values in the

tapered region than did the Mostovoy-type specimen. Hence, it was

decided to discard the Mostovoy-type and use only the Ebewele-type

for the controlled study of surface preparation, crack propagation

system, and wood structure effects on GIc. For this specimen, a

modification of Equation 6 to account for the possibility of more

than one modulus of elasticity value for each specimen would be

recommended.

Final Study for &lc Determination

The procedures for our final investigation are similar to

those of the preliminary study. However, some important modifica-

tions were made, thereby improving the cutting procedures, appli-

cation of resin, testing, and
GIc

determination method.

Material Acquisition

The central, glued or solid UDCB of the test specimens was pre-

pared from clear, quarter-sawn (clear-vertical-grain) Douglas-fir

lumber. A total of four boards with nominal dimensions of 2 in by

4 in by 8 ft (two boards) and 2 in by 4 in by 10 ft (two boards)

were selected from a local lumber yard in Corvallis, Oregon. Each

board contained eight to twelve growth rings per inch, was kiln-

dried (moisture contents ranged from 10.4% to 12.2%), and had

relatively straight edge and face grain orientations.

The tapered portion of the CDCB specimens was produced from

Douglas-fir quarter-sawn and flat-sawn, straight-grained, kiln-dried
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lumber with nominal thickness and width dimensions of 1 in by 3 in,

1 in by 6 in, or 2 in by 3 in, and varying lengths.

A fresh batch of phenol-formaldehyde liquid resin (PF T7-80)

was donated by Monsanto Co. of Eugene, Oregon. The specifications

of this adhesive were the same as for the specimen configuration

study. Borden Chemical Cc. was also gracious in replenishing the

stock of Cascophen LT-75 liquid phenol-resorcinol resin and FM-260

powdered catalyst.

As in the specimen configuration investigation, the lumber was

allowed to condition at 72°F and 65% R. H. prior to constructing the

final test specimen.

Specimen Preparation

The two variables, surface preparation (sawn and jointed) and

crack propagation system (RL and TL) were used again during this

phase of the study. The cutting pattern, however, differed from

that used previously. Figures 19 to 21 illustrate the methods used

for the breakdown of the lumber.

The rectangular pieces from which the contoured parts of the

CDCB would be selected and formed were cut according to Figure 19.

The 1 in by 6 in and 1 in by 3 in boards of varying lengths were

first planed to a thickness of 1/2-inch, then ripped lengthwise to

produce pieces 1/2 in thick by 2-3/16 in wide. Next, they were

cross-cut to form the final dimensions of the rectangular piece:

1/2 in by 2-3/16 in by 10-1/16 in. The 2 in by 3 in boards received

a slightly different treatment. These were ripped lengthwise to

obtain pieces 1-1/2 in thick by 2-3/16 in wide. They were then
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ripped again at right angles to the previous cut creating pieces

which measured 5/8 in thick by 2-3/16 in wide. Following this, the

pieces were planed to the desired 1/2-inch thickness then cross-cut

to form rectangular pieces dimensioned exactly as those produced

from the 1 in by 6 in and 1 in by 3 in boards (1/2 in by 2-3/16 in

by 10-1/16 in).

Figure 20 shows the cutting pattern imposed for all four of the

2 in by 4 in boards that produced the glued, central UDCB of the

CDCB for both the RL and TL cracking systems. The first step in

the process was randomly assigning the sawn or jointed surface pre-

paration and the RL and TL cracking system to every other segment

along the length of the board. Once this was accomplished each

board was cross-cut into segments 10-1/16-inch long. Those segments

assigned a surface preparation and a crack system were ripped

lengthwise to produce two pieces 1-1/2 in by 1-1/2 in by 10-1/16 in.

Those not assigned these variables were numbered and set aside for

later manufacture. As indicated in Figure 20, the cutting pattern

from this point onward was dependent upon which cracking system as

well as which surface preparation was desired. If a jointed surface

was preferred, one edge of the piece was jointed prior to sawing

each of the 3/8 in by 1-1/2 in pieces from the block. If, however,

a sawn surface texture was required, the two pieces were only sawn

from the block.

As explained earlier, every other segment in each of the

boards was set aside and not assigned cutting variables in the

first step of Figure 20. These pieces were not assigned a surface

preparation because they were to become the solid, central UDCB's
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of the CDCB's (Figure 21). Hence a GIc value could be determined

from crack propagation within both solid and glued central members

of the CDCB. Matching of the solid CDCB values with those of the

glued CDCB's allowed the determination of the percentage of the

original solid wood value which the glued specimens retained. This

value was referred to as the glued-composite Gic retention of the

original solid wood, or simply the GIc retention. The 1-1/2 in by

3-1/2 in by 10-1/16 in segments were ripped lengthwise to produce

two segments 1-1/2 in by 1-11/16 in by 10-1/16 in. Each of these

received identical treatment. Initially, a 1/2 in by 1-1/2 in strip

was sawn from one edge and reduced to two pieces: one, 1/2 in by

1/2 in by 9 in and another, 1/2 in by 314 in by 10-1/16 in. The

first of these was used to determine Young's modulus, E. The second

piece was later bonded to two tapers which produced the solid,

central part of an RL system CDCB. The remaining piece, 1-1/2 in

by 1-3/16 in by 10-1/16 in, produced two strips, each 1/2 in by

1-3/16 in by 10-1/16 in. One of these was reduced to 1/2 in by 1/2

in by 9 in for determining E and the other to 1/2 in by 3/4 in by

10-1/16 in for producing a TL system solid, central part for the

CDCB.

Immediately after sawing, the newly dimensioned pieces were

returned to the conditioning room and examined. Only those clear

pieces with face grain parallel to the edges of the piece and an

edge grain angle of zero degrees were accepted for further manu-

facture.

One piece from each of the four groupings at the bottom of

Figure 19 (KL-J, TL-J, RL-S, and TL-S), which measured 3/8 in by
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1-1/2 in by 10-1/16 in, was sprayed with a thermosetting phenol-

formaldehyde resin (Monsanto PF T7-80, 42% solids) at the same tar-

geted resin solids spread rate of 1.5 lbs/1000 ft2 of surface area

used in the specimen configuration investigation. The same four

foot diameter drum-type blender with the fitted hexagonal frame

was utilized to spray the resin onto four 3/8-inch strips. Atomiza-

tion of the resin into a fine spray was achieved with 60 psi air

pressure and a horizontally mounted air spray gun at the center of

the drum. A 50-second spray interval was used to control the amount

of resin which was applied. This time period corresponded to a

3.0 Ibs/1000 ft2 spread on the surface of each strip in our spray

trials. After spraying was completed, the four strips were removed

from the blender and a piece of "Mylar," 13 im thick and 1.77 in

long, was placed upon the adhesive surface at one end of the strip.

A corresponding (matching) strip (bottom of Figure 20) which

received no adhesive was placed onto the adhesive coated strip,

sandwiching the "Mylar" between them and creating a non-bonded (flaw

or crack) region at the end of the two-piece composite. The

addition of this non-bonded surface should have created an effective

resin solids spread rate of 1.5 lbs/1000 ft2 of surface area for

each of the four two-piece composites. This spread rate was checked

using strips of oven-dried paper which were placed with the blender

and received the same adhesive coating as the wood strips. After

oven-drying the resin coated paper, the effective resin solids

spread rate was calculated to be an average of 4.0 lbs/1000 ft2 on

the surfaces. This resulted in an effective spread rate of 2.0 lbs/

1000 ft2 of surface area rather than the desired 1.5 lbs.
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The four two-piece groupings were placed into a 12 in by 12 in

hot press at 350°F and 150 psi for approximately 11 to 13 minutes.

This allowed the gluelines to reach a curing temperature of 240°F;

measured via a thermocouple inserted into one of the gluelines. Each

four specimen groupings corresponded to one of the four original

boards from which the specimens were taken. Hence, each press load

contained an RL-J, TL-J, RI-S. and TL-S from a single original board.

Four loadings were pressed creating sixteen 3/4 in by 1-1/2 in by

10-1/16 in glued two-piece composites. Following removal from the

press, these composites were hot-stacked overnight in an insulated

container, then stored in a conditioning room at 72° and 65% R. H.

for two weeks.

These two-piece composites were further reduced following their

conditioning period. Each 1-1/2-inch wide piece was ripped length-

wise to produce two pieces which measured 1/2-inch wide by 3/4-inch

high by 10-1/16-inch long. A total of 32 two-piece composites were

produced in this manner.

The next phase of specimen preparation involved matching the

rectangular pieces for the contoured parts of the CDCB to the two-

piece composite, glued central parts and the solid central parts.

This matching was done on the basis of MOE, grain angle, and number

of growth rings per inch. Since an exact MOE matching was not

possible, the composite and rectangular piece were matched as

closely as possible.

The attachment of the rectangular pieces to these glued and

solid central pieces was achieved using a Borden phenol-resorcinol

room temperature setting resin (liquid-to-catalyst ratio of 5.56-
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to-1). The approximate spread rate of 75 lbs/1000 ft2 or glue joint

was attained by carefully spreading the resin onto the joint surface

with a small brush until a specified weight gain was achieved.

After an open assembly time of 7-1/2 minutes, the central beam was

placed between two matched rectangular pieces. Following a closed

assembly time of 17-1/2 minutes, pressure was applied using bar

clamps for a period of five hours. Thereafter, the pressure was

released and the glued specimens were returned to the conditioning

room to cure overnight.

Once all specimens had been laid-up, pressed, and cured, they

were ready for the final preparation. Pieces were placed into a jig

which held each specimen in position. A drill press with a 1/4-

inch bit was used to bore the two holes for the loading pins at the

front-end of the specimen.

A stencil was manufactured for the exact contour which conformed

to Equation 7, where m was 3 in 1. The stencil facilitated tracing

the contour onto the specimen. This contour could then be cut out

using a bandsaw. Following this process, the completed specimen

(Figure 22) was returned to the conditioning room to await testing.

Solid central-part CDCB's (Figure 23) required further manu-

facture, however. Because the central region is a solid beam bonded

between two tapers, it requires an introduced crack prior to testing.

The introduction of the crack is a two-step process as outlined by

Lei (1980). A bandsaw was utilized to make an initial cut (0.06-

inch kerf) along the centerline of the specimen to a depth of 1.70-

inch. Another blade (0.03-inch kerf) was employed to extend this

initial cut by 0.07-inch to a total depth of 1.77-inch. This second
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blade was ground-down so that the teeth produced a V-shaped kerf.

Hence, a sawn notch was formed which acted as the initiation point

for fracture testing.

Mechanical Testing

The procedures used in this phase of the final study are

exactly like those used in the preliminary study. The equipment

for plotting the load-displacement curve and monitoring crack move-

ment, the method of and speed of loading the specimens, and the

method for measuring the crack length all remained the same.

Young's modulus had been obtained earlier via the standard

procedure outlined in ASTM Designation D 143 (ASTM 1952) for three

point loading in static bending. This method requires a span-to-

depth ratio of 14-to-1 and a fiber strain rate of 0.00153 in/in/min

which, for the standard 2 in by 2 in by 30 in specimen with a span

of 28 inches, requires a headspeed of 0.1 in/min. The MOE specimens

were only 1/2 in by 1/2 in by 9 in with a 7 inch span. Hence, the

ideal headspeed would have been 0.025 in/min (0.063 cm/in) if the

standard fiber strain rate were to be maintained. Fortunately, the

nearest headspeed on the Instron was 0.02 in/min (0.05 cm/min)

which is within 25 percent of the ideal value. Therefore, a head-

speed of 0.02 in/min was used giving a fiber strain rate of 0.00121

in/in/min.
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GIc
Determination

Modification of Equation 6 to accept more than one E value, as

recommended earlier, proved to be a complex problem involving the
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application of strength of materials formulae to variable height

double cantilever beams. However, because the purpose of this study

was to examine anatomical effects on GIc' a GIc value that could be

used for comparing the various specimens tested would be acceptable.

Therefore, a modification of Equation 3 was used for calculating

GIc
and

GIa.
In normal usage this equation requires the determina-

tion of 3C/3a, the change in specimen compliance with crack length.

This value is commonly determined, as in our preliminary study, by

a least squares regression analysis of a polynomial equation relating

C to a; followed by differentiation of the model (equation) with the

lowest residual mean square. Hence, 3C/3a is determined as an

average value for each individual specimen. The method used in this

final investigation, however, substitutes the quantity AC/Aa for

3C/3a in Equation 3, which then becomes:

2

Pc (AC\

GIc 2b kAa)

where
Pc

is the critical load required for crack extension, b is the

specimen width, AC is the actual change in compliance (Cj-Ci, where

j>i), and Aa is the actual change in crack length (a.-a., where
J 1

j>1.). Any calculations using this equation will yield ideal, abso-

lute
GIc

values and, therefore, Equation 9 would fulfill the require-

ment for obtaining a value for comparing the various specimens tested.

The values of compliance used in Equation 9 were determined

using a HP 9825A desktop computer and digitizer. The software which

controlled the digitizing of the data calculated the slope in the

linear region of the load-displacement curve for each crack extension.

(9)
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The reciprocal of that slope was printed as the compliance value for

that particular crack extension and was used in calculating the AC

in the formula.

The crack lengths, as mentioned previously, were measured under

a stereo light microscope to a precision of 0.01 inch. The crack

lengths used to determine Aa were averages of the length on the

front and rear surface of each testpiece.

The
Pc

value was chosen as the maximum load in all cases, even

though the load-displacement curves exhibited some nonlinearity prior

to a rapid drop in load (Appendix II). This rapid drop in the load

is generally considered the point at which rapid crack propagation

begins. ASTM Designation E 399-78 indicates that fracture toughness

should be determined at the "lowest load at which significant

measurable extension of the crack occurs" (ASTM 1978).

A visual estimation of the point on the load-displacement

curve where measurable crack extension occurred was made. Specimens

were observed through a micro-tessar lens attached to a microscope

body tube until a noticeable crack extension occurred. The load-

displacement plot was then examined to see if the curve had deviated

from linearity. It was soon apparent that consistent results were

not obtainable using this method of measurement. In one instance,

the visual crack movement corresponded to a nonlinear portion of

the curve, while in another, the nonlinear region occurred while the

crack tip was still visually stationary. These inconsistent results

might be related to the Komatsu et al. (1976c) conclusion regarding

the phenomenon of extension of micro-cracks in the bondline prior

to any large, measurable amount of crack extension which they felt



caused the nonlinearity in the curve.

Komatsu et al. (1976a) assumed that the nonlinear behavior of

the load-displacement curve was due to nonlinear behavior of the

adhesive, plastic deformation in the vicinity of the crack tip, and

antiplane deflection of the beam arms due to possible asymmetry in

the specimen and loading configuration. Ruedy (1977) thought this

nonlinear behavior might be due to rotation about the loading pins,

crushing of wood cells by the loading pins, or undetected crack

opening. However, his conclusion was that this nonlinearity did

not influence the maximum load.

The conclusions of these researchers and my own observations,

which compared displacement from the COD gage with that determined

from the load-time curve plotted by the Instron chart recorder,

indicated the nonlinearity of the curve might be due to some other

phenomenon besides crack extension. The COD gage displacement was

about 1.5 to 2 times lower than that same displacement determined

directly from the Instron load-time plot. Because of this, the

maximum load was utilized for all applications of Equation 9. The

G values obtained were inflated when compared to values obtained
Ic

from
Pc

values taken at the point where the curve first deviated

from linearity; however, although inflated and, therefore, not

directly comparable to other research, these GIc values allowed a

direct comparison between specimens in this study.

Software was developed and the HP 9825A desktop computer was

used for the calculation of the AC/da values and the GIc and GIa

values for each crack extension. These individual strain energy

values were averaged and a single value of GIc and Gia was
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determined for each specimen. These average values were then

statistically analyzed.

Statistical Design

The statistical analysis compares the GIc, GIa, glued-

composite G1 -retentionof the original solid wood, and glued-

composite Gia-retention of the original solid wood values of the

individual specimens from four Douglas-fir boards at two levels of

surface preparation technique, sawn and jointed, and at two levels

of crack propagation system, RL and TL. The surface preparation

methods, factor A, were assigned at random to the whole plots within

each board (block). The cracking systems, factor B, were assigned

at random to the subplots within each whole plot. The whole-plot

design was a randomized complete block (RCB) design with four blocks

(the four boards); that is, a split-plot RCB with treatments

arranged as a 2 x 2 factorial. Subsampling of the subunits in the

split-plot is also included.

The analyses of variance of the data are computed on a subunit

basis, the unit on which the Gic and Gia values are measured, and

are presented in a later chapter. Computation of these analyses of

variance was accomplished using the Statistical Package for the

Social Sciences (SPSS), Version 8.0, MANOVA subroutine, on the CYBER

70/73 computer at the Oregon State University Computer Center.

Anatomical Study of Fracture

Procedures for this phase of the investigation were designed

to aid in the microscopic and ultrastructural examination of the
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fractured surfaces of the tested specimens using light microscopy,

fluorescence microscopy, and scanning electron microscopy. Prior to

observing the fractured surfaces under the microscope, a visual

survey of each surface was conducted to determine whether or not the

fracture initiated at the end of the "Mylar" insert, remained within

or near the bondline and therefore maintained the specimen symmetry,

exposed resin coated surfaces or wood fibers (shallow or deep

failure), resulted in smooth or rough surfaces, or revealed evidence

of good or poor bonding.

Stereo-Light Microscopy

The fractured surfaces were observed through a Ziess stereo-

light microscope using an incident light source. The examination

began at the tip of the "Mylar" induced crack and proceeded to each

individual crack arrest/initiation point (front and rear side) in

turn. The areas between these points were also observed.

The objective of this examination was to describe the failure

in as much detail as possible and relate the fracture to high and

low values of G and
GIa.

Hence, the fracture location was
Ic

characterized according to the following factors: proximity to

the glueline; earlywood or latewood fracture; relationship to

structures such as pitting, ray tissue, position along the length

of the tracheid; etcetera. An estimation of the type and amount of

failure: wood failure (transwall or intrawall), adhesive failure,

wood-adhesive interface failure, or interphase failure was also

attempted.
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Two techniques were very helpful in achieving this estimation.

One method involved the use of matched surfaces, examining the two

complementary fracture surfaces to determine where the path of

fracture had gone with regard to transwall and intrawall failure, or

the other types of failure. The second method involved a technique

which has been utilized for many years in the fields of photo-

grammetry and metal fractography, the preparation of stereo-pairs.

The ability to view the fractures from a three-dimensional per-

spective at increased magnification provided additional information

for each micrograph. Relatively little is published about the use

of stereo-pairs in wood fracture research. In fact one of the few

references to this technique is Atack et al. (1961) where both

stereo-pairs and matched fracture surfaces were used to study the

morphology of wood failure.

Fluorescence Microscopy

In addition to the stereo-light microscope, a Leitz SM-Lux

microscope equipped with a Leitz-Ploemopak 2.3 fluorescence vertical

illuminator, a Leitz H2 filterblock, and a Xenon light source was

utilized to examine the fracture surfaces with incident illumination.

The 112 filterblock provided wide band blue, high intensity excita-

tion. Since wood auto-fluoresces yellow-green under this type of

excitation, the presence of resin on the surface of the wood will

mask this auto-fluorescence unless the resin also fluoresces.

Fortunately, phenol-formaldehyde resin did not fluoresce at this

wave length; hence, the technique helped confirm the proximity of the

fracture to the glueline observed with the stereo-light microscope.



Scanning Electron Microscopy

A large portion of the investigation utilized an ISI "Mini-SEM"

Model MSM-5 scanning electron microscope, which employed a 15 Kv

electron accelerating voltage. Procedures for preparation of

specimens for viewing under the SEM were as follows. First, the

surfaces were examined with the stereo microscope and areas from

specimens with high and low GIc values selected for more detailed

study. A small rectangular area incorporating the crack arrest/

initiation zone was removed from the fracture surface using a razor

blade and mounted on a 1/2-inch diameter stud for use in the SEN.

After mounting with Duco-cement, silver paint was applied so that

it contacted both the stud and the fracture segment. Following this

procedure, the surface was photographed through the stereo micro-

scope and the film developed and printed so the micrographs might

be used as a reference during SEM viewing of the specimens. These

photographs (Figure 24) aided immensely in determining specific

areas of interest which we wished to observe with the SEN. Following

the photomicrography, the studs were placed in a vacuum evaporator

where a thin layer of gold-palladium alloy was evaporated onto the

surfaces. The specimens were then ready for use in the SEN.

Fracture location followed such the same procedure for the SEM

that it did with the light microscope. Factors of interest were the

proximity of the fracture to the glueline; the location with respect

to earlywood and latewood; and the relation to minute structure such

as rays, pitting, and position along the tracheid. In addition to

these aspects of the fractures, the exposure of cell wall layering
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was investigated. Here again, stereo-pairs were extremely useful

for interpreting the fracture mechanisms involved.

The stereo-pairs for each arrest/initiation point were created

by taking two micrographs of a given surface. Following exposure

of the first micrograph and prior to exposing the second, the

specimen stage was tilted about the horizontal axis by six degrees.

The second exposure was then made. When the two micrographs were

viewed beneath a stereoscope, a three-dimensional image resulted.

This three-dimensional effect, resulting in a better depth perspec-

tive, provided a better understanding of the cell wall layers

exposed.



V. RESULTS AND DISCUSSION

Results and discussion obtained from this investigation are

divided into three sections: Statistical analysis, microscopy,

and relationship of crack propagation and arrest to wood structure.

Statistical Analysis

The G and
GIa

values for each individual crack extension and
Ic

arrest on each specimen were determined for glued- and solid-

central-component specimens using Equation 9. Once obtained, these

individual values (1-11 per testpiece) were averaged to secure a

single value of Gic and Gia for each specimen. These values were

then used in determining GIc- and Gia-retention as the percentage

of the original solid wood value which the glued-composite retained.

In other words, G - and GIa-retention were calculated using the
Ic

following formula:

GI
composite

G n-retentio (%) = x 100

GI
matched solid wood

The resultant percentages revealed that in all but 8 of the 32

specimens, the composite had a higher GIc than did the solid wood.

For GIa all but 4 of the 32 pieces indicated the composite was

higher than the solid wood. Ruedy (1977) and White and Green (1980)

also discovered a higher value for the composite compared to the

solid when measuring Kit. Lei and Wilson (1980) found this same

trend in Douglas-fir parallel-laminated-veneer boards manufactured

with 1/32-inch veneers. However, for oriented flakeboard they

(10)
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discovered the reverse was true, and that KIc for solid wood exceeded

lc
of the flakeboards in all cases. This reversal for flakeboard

may have been due to the discontinuous glueline in the flakeboard

compared with the continuous glueline in the parallel-laminated-

veneer. However, White (1977) and Sasaki and Walsh (1977) showed

the reversed trend toward a lower KIc for a composite with a contin-

uous glueline.

The higher Gic and GIa obtained for the composite compared with

solid wood in our study might be due to the added resistance to

crack propagation contributed by the phenol-formaldehyde resin.

This reinforcing effect, however, would most likely be smaller than

that encountered because of the small quantities of resin applied

(2.0 lbs/1000 ft2). In view of the conflicting results of other

researchers, the pattern exhibited in this study may have been due

strictly to chance. If, for instance, the matched solid wood G/c

is low, it may be the result of the proximity of the crack tip to

inherent flaws in the wood. When the same wood is used as a sub-

strate in the composite, those inherent flaws may not exist in the

same location (may be redistributed with respect to the crack tip)

and, therefore, a higher GIc for the composite may be attained.

Hence, the G1 -retentionwill be greater than 100 percent. If,

however, these flaw are arranged such that they are nearer to the

crack tip, a lower GIc compared to that of the solid will result.

Depending upon which of these arrangements occurs, the glued-

composite may show high G1-retention or low G1-retention. The

occurrence of the specific conditions associated with each arrange-

ment is strictly by chance.
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As indicated in procedures, SPSS was used to compute the

analyses of variance for GIc, GIa-retention, and GIa-retention.

The mean values (average of 1-11 crack extensions or arrests)

obtained for each of the 32 specimens were used as the inputs for

the computer analyses.

The analysis of Gic values (Table 1) revealed no statistically

significant effects due to blocks, surface preparation technique,

crack propagation system, surface preparation by crack system inter-

action, or subsampling. In short, the treatments applied to the

specimens did not produce any statistically significant responses.

These findings correspond with Lei's (1980) findings for flakeboard

and Debaise et al. (1966) for solid wood. They both found no

statistically significant difference between the RL and TL cracking

systems. However, the RL system has been shown by Schniewind and

Centeno (1973) to exhibit higher GIc values than the TL system.

The significance of the F value for the surface preparation by

crack system interaction is nearer the 5% level of significance than

the other sources of variation, except for sampling, when considering

G . For the mean GIc values (Table 2), there seems to be a trend
Ic

toward interaction of the two factors, that is, the sawn and jointed

surfaces (surface preparation factor) appear to behave differently

within each crack system (RL and TL), and the RL and TL systems

(crack system factor) appear to behave differently for each surface

preparation (sawn or jointed). Although, in this instance, these

results can be explained on the basis of chance and the null hypothe-

sis of no interaction, it is interesting to note the possible trend.



Table 1. Analysis of variance (subunit basis) for Gic.

Blocks 3 7.363 2.454 1.035 0.489

ST* 1 0.659 0.659 0.278 0.635

Error (a) 3 7.115 2.372

CS** 1 0.046 0.046 0.093 0.771

ST*CS 1 1.180 1.180 2.398 0.172

Error (b) 6 2.953 0.492

Sampling 16 3.716 0.232 2.121 0.108

*ST = surface preparation technique (Sawn and Jointed).

**CS = crack propagation system (RL and TL).

Table 2. Mean GIc values (in lb/in2).

Surface Crack System Surface Preparation

Preparation RL TL Means

S* 1.437*** 0.977 1.207

J** 1.340 1.649 1.495

*S = Sawn.
**J = Jointed.
***Values represent averages of 8 sampling units (4 experimental

units).
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Significance

Source df SS MS F of F

Total 31 23.032

Crack System 1.389 1.313 1.351
Means



103

The overall mean GIc of 1.351 in lb/in2 agrees relatively well

with published literature for GIc in wood, which records values of

1-2 in lb/in2. However, this value is slightly low for Douglas-fir

which has a reported GIc of 2.03 in lb/in2 in the TL system (Johnson

1973).

The G1-retention analysis (Table 3) also indicated that none

of the treatments produced statistically significant effects.

However, there was a highly significant difference among subsamples.

Therefore, the variation among subsamples was greater than that

assignable to chance.

For the mean G1 -retentionvalues (Table 4), a trend toward an

interaction of the two factors, as with the GIc values in Table 2,

became apparent. This relationship, however, was explainable on the

basis of chance and the null hypothesis.

Lei (1980) found the TL system retained the highest percentage

of the solid wood Klc when compared against the RL, TR, and RT

systems. My findings indicated that this was true for the TL-J

treatment combination mean, but not for the TL-S.

Table 5 displays the analysis of variance for Gia There was,

in this case, a significant response (1.8% level) of Gia to the

blocking factor. That is, GIa responded differently for the various

original boards. The other treatments, however, did not produce

statistically significant effects.

Table 6 presents the mean values of GIa for the treatment com-

binations. Here again, the surface preparation factor and crack

system factor appeared to interact slightly, although the trend was

not significant statistically.



+G -retention is an equivalent term for glued-composite GIc
retention of the original solid wood = (GIc composite/GIc solid

wood) x 100 = %.

**Subsamples were statistically different at the 1% level or lower.

Table 4. Mean GIc -retentionvalues (%).

Surface Crack System Surface Preparation

Preparation RL TL Means

eValues represent averages of 8 sampling units. Expressed as

percentages.
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Table 3. Analysis of variance (subunit basis) for GIc-retention.+

Significance

Source df SS MS F of F

Blocks 3 1160766.07 386922.02 5.497 0.098

ST 1 90333.76 90333.76 1.283 0.340

Error (a) 3 211162.54 70387.51

CS 1 31000.50 31000.50 0.395 0.553

ST*CS 1 140370.51 140370.51 1.790 0.229

Error (b) 6 470490.94 78415.16

Sampling 16 146088.24 9130.52 8.588 0.0003**

Total 31 2250212.57

327.3a 146.1 236.7

314.6 384.8 349.7

Crack System 321.0 265.5 293.2
Means
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*Blocks were statistically different at the 5% level but not at the

1% level.

Table 6. Mean Gla values (in lb/in2).

aValues represent averages of 8 sampling units.

Table 5. Analysis of variance (subunit basis) for Gia

Significance

Source df SS MS F of F

Blocks 3 1.812 0.604 19.484 0.018*

ST 1 0.033 0.033 1.065 0.374

Error (a) 3 0.093 0.031

CS 1 0.274 0.274 2.108 0.197

ST*CS 1 0.314 0.314 2.415 0.171

Error (b) 6 0.779 0.130

Sampling 16 2.911 0.182 0.714 0.644

Total 31 6.216

Surface
Preparation

Crack System Surface Preparation
MeansRL TL

1028a 0.645 0.837

0.765 0.779 0.772

Crack System 0.897 0.712 0.805
Means
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The GIa-retention analysis (Table 7) revealed no statistically

significant response for any treatments. In Table 8, the mean GIa-

retention values for surface preparation and crack system treatment

combinations showed a tendency toward interaction, although no

significant difference in response appeared.

The previously discussed analyses of variance and the treatment

combination means revealed a consistent tendency toward the inter-

action of the surface preparation and crack propagation system

factors. Even though there was no statistically significant inter-

action, there was evidence of a relationship between these factors

which suggested the need for further clarification through experi-

mental investigation. Perhaps an experiment on a larger scale using

more specimens in each of the treatment combinations might resolve

the problem.

Except for the case in Table 5, the blocking factor was not

significant. This would tend to indicate the blocking, at least in

this investigation, was not effective. Therefore, it may have been

advisable to either improve the blocking scheme or eliminate the

blocking altogether. We would expect, however, that there was more

variability between blocks (boards) than within each block.

The lack of statistical significance at the 5% level for most

sources of variation may be the result of the small sample size (32

sampling units) used in this investigation or the loss or precision

due to the split-plot design with subsampling. The split-plot

design alone tends to estimate the subplot (crack system) effects

and the whole plot-subplot-interaction effects more precisely than

the whole plot (surface preparation) effects. The addition of the



+
GIa

-retention is an equivalent term for glued-composite GIa

retention of the original solid wood = (GIa composite/Gia solid

wood) x 100 = %.

Table 8. Mean GIa-retention values (%).

Surface Crack System Surface Preparation

Preparation RL TL Means

aValues represent averages of 8 sampling units. Expressed as

percentages.
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Table 7. Analysis of variance (subunit basis) for Gia-retention.±

Significance

Source df SS MS F of F

Blocks 3 1787015.43 595671.81 3.730 0.154

ST 1 48578.44 48578.44 0.304 0.620

Error (a) 3 479004.72 159668.24

CS 1 542465.28 542465.28 2.070 0.200

ST*CS 1 192665.28 192665.28 0.735 0.424

Error (b) 6 1572002.93 262000.49

Sampling 16 2327548.50 145471.78 1.801 0.162

Total 31 6949280.58

437.1a 156.8 297.0

339.3 234.1 286.7

Crack System 388.2 195.5 291.9
Means
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subsampling within each experimental unit, however, further reduces

precision for all three effects.

Microscopy

Surface Preparation-Crack Plane Appearance

The factors investigated in the study were surface preparation

technique, sawn or jointed, and crack propagation system, RL or TL.

The sawn and jointed surfaces were initially observed and compared

for each crack system with the wood surfaces produced by a flaker.

These observations indicated that the appearance and amount of damage

to the flaked surface fit somewhere between the sawn and jointed

surfaces. Therefore, the sawn surface was assumed to represent a

highly damaged surface, while the jointed surface was considered

equivalent to or better than the flaked surface. Hence, a simulation

of the bonding between two flakes or laminates in the wood-composite

structure was attempted.

Figures 25 to 28 present scanning eleccron micrographs of

jointed and sawn radial (TL) and tangential (RL) surfaces of Douglas-

fir wood prior to gluing. These micrographs are representative of

the surface preparation types mentioned; however, they are not

representative of the fractures occurring in the glued-composite.

In Figure 25, a jointed radial surface is presented showing the

growth ring boundary between the latewood of one growing season and

the earlywood of the next season. Because latewood fibers are

thicker-walled and slightly smaller in diameter than earlywood

fibers, their response to the passage of the jointer knives is



Figure 25. A jointed radial (TL system) surface at the growth
ring boundary (125X). EW=earlywood, LW=latewood,
and GRB=growth ring boundary.
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different. The latewood surface exhibits predominantly intrawall

failure while the earlywood surface fails primarily by transwall

failure which exposes the lumen surface or a portion of it.

Figure 26, a sawn radial surface of a growth ring boundary

area, shows a similar response to jointing. Here, again, the late-

wood displays intrawall failure predominantly while the earlywood

exhibits transwall failure and some intrawall failure. However,

this sawn surface does appear to be slightly more damaged in terms

of slivered fragments and surface irregularities than the jointed

surface. This increased damage may have been responsible for the

TL-J treatment giving a higher mean Gic and GIa value than did the

TL-S treatment (see Tables 2 and 6).

Tangential surface preparations display more damage to the wood

cells than radial surface preparations as seen in Figures 27 and 28.

Again, the jointed surface (Figure 27) shows less damage than the

sawn surface (Figure 28). The sawn surface, especially, exhibits

broken and loosened fibers in the earlywood segment. Tables 2 and

6 showed the mean
GIc

and
GIa

values for the RL-S treatment exceeded

the mean values for the RL-J treatment, while the TL-J exceeded the

TL-S.

Visual Examination of Fracture

The fracture of the composite was observed both during and

after the mechanical testing procedure. Location of the crack tip

other than at the edges of the specimen was not possible during the

testing phase or afterward, at least not with any certainty. A

method mentioned by Schneiwind and Lyon (1973) was attempted in
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which methanol and India ink were mixed in a one-to-one ratio and

applied by syringe to the open end of the crack. Because the cracks

propagated in the longitudinal direction, problems with capillarity

of the solution into tracheid occurred. This capillary tendency,

enhanced by the low surface tension of the methanol, caused the

methanol-ink solution to be pulled past the tip of the crack in an

uneven manner. Hence, accurate location of the crack tip could not

be attained. Another technique, injection of a graphite powder into

the crack tip region, was also ineffective. The graphite particles

did not penetrate the crack sufficiently, especially when the length

of the crack increased. Therefore, all observations and discussion,

except where explicitly stated to the contrary, relate what occurred

at the crack tip as located on the outside edge-surface of the

specimen or slightly inward from that position.

An initial visual observation of the fractured surfaces was

made following the mechanical testing phase of the study. This

initial macroscopic survey involved observations of the bond quality,

the point of fracture initiation, the texture of the surface (smooth,

approximately in one plane, or rough, multi-planed), the location of

the fracture path with respect to the bondline, and the type of

failure (wood, adhesive, etcetera). The 150 psi pressure in the hot

press provided good bonding in most cases; however, some specimens

did not bond completely because of non-contact of the two pieces over

a portion of their surfaces. This condition was present in only one

or two specimens and then, as mentioned, only over a portion of the

available bonding surface.
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Fracture generally began at the tip of the "Mylar" induced

crack (the initial non-bonded area); however, in three specimens the

crack initiated prior to the tip of the "Mylar." One of these pre-

mature initiations was caused by a shortening of the non-bonded

region due to bonding of the adjacent surface to the "Mylar" in the

vicinity of several resin canals. The other two instances of crack

initiation prior to the end of the non-bonded region occurred when

a small amount of resin flowed past the tip of the "Mylar" into the

non-bonded area, effectively bonding the plastic to the adjacent

wood.

Surface texture, the relative smoothness or roughness of the

fracture surface, was easily discernible. The TL system fractures

(radial plane), whether sawn or jointed, exhibited a rougher surface

texture than did the RL system fractures (tangential plane) because

they consisted of multi-level fracture planes. The RL system

fractures tended to remain in one plane.

The position or location of the fracture path with respect to

the bondline was observed for each specimen. Fractures were always

in the glueline at the end of the initial non-bonded region and then

tended to alternate from one side of the bondline to the other as

the fracture progressed through the tapered portion of the testpiece.

This zig-zagging motion created shallow wood failure on each side of

the glueline. In some cases, however, the fracture path moved out

of the glueline and progressed toward the back of the testpiece in

one of the wood adherends. Since one of the assumptions for Equation

9
(GIc

formula) was the crack propagated in the bondline, and this

assumption was not always met for each crack extension, the
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calculations using Equation 9 included only those crack initiation/

arrest points located in or near the glueline.

The visual estimation of failure types is limited in accuracy,

but gives an approximate idea of the quantity of each type. These

percentage estimates were obtained using a grid system overlay on

the specimens, counting the number of grid squares occupied by each

failure type, then dividing these counts by the total number of grid

squares. Estimates represent the conditions in the bond area

directly beneath the contoured region of the specimen. The general

trend indicated wood failure predominated (approximately 75%).

Another 20% was either wood failure or interphase failure, and a

distinction between the two was not possible on a visual basis. The

wood-glue interface failure type represented about 5% of the

surfaces, but some of this failure, less than 1%, was estimated to

be adhesive failure. A comparison between the RL and TL systems

revealed the RL system exhibited slightly more wood and/or inter-

phase failure than the TL system, 95% versus 90%, respectively.

Adhesive failure was evident only in the RL system, not in the TL

system.

One problem with the visual estimation of failure types is the

inability to accurately detect shallow wood failure. Because of

this difficulty, the stereo-light microscope was utilized to obtain

a more accurate estimation.

Stereo-Light Microscopy of Fracture

A Ziess stereo-light microscope capable of magnifications rang-

ing from 6 to 200 times normal size was utilized to more accurately
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describe the fracture surfaces. The factors observed were fracture

path location, failure type, and bondline thickness. In locating

the fracture path, the proximity of the fracture to the glueline was

determined. The location of the path of fracture with respect to

earlywood and latewood and its alteration upon encountering struc-

tures such as pits, rays, tracheid end walls, etectera were also

observed.

The determination of the proximity of the fracture to the

glueline was made easier because of the dark coloration of the

phenol-formaldehyde resin (Figure 29). One difficulty in this

estimation was the transparent nature of the woody cell wall when

viewed under incident light, which made it possible to see to a

depth of more than one tracheid. Occasionally, this ability gave a

false impression of the location of the resin with respect to the

surface of the failure. This problem was solved by observing the

matched (opposite) fracture surface for the presence or absence of

resin. If this matched surface showed wood failure, then the resin

was beneath the other surface. If it showed resin, then the failure

was adhesive or interface failure. When fluorescence microscopy

and scanning electron microscopy were used later in the investiga-

tion, most of the observations were verified.

Determination of the fracture location with respect to early-

wood and latewood areas of the annual ring was also simplified with

the higher resolution of the stereo-light microscope. When the bond

between the two pieces was earlywood-to-earlywood, the fracture

tended to move back and forth from one piece to the other across the

glueline, presumably depending upon which side offered the least
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resistance to the passage of the crack tip. This failure was pre-

dominantly wood failure, but occasionally interface of interphase

failure occurred. Latewood-to-latewood bonds tended to fail in or

near the glueline in the latewood. Fracture propagating in the

latewood segment of the growth ring tended to remain within that

segment. Bonds where earlywood was matched with latewood always

failed within the earlywood portion. The previous observations

are true for both RL and TL systems and sawn and jointed surfaces.

The path of fracture for the RL system was generally near the

glueline resulting in shallow wood failure. This failure was

generally in the earlywood segment of the growth ring and resulted

in relatively smooth fracture surfaces when compared with the TL

system. The TL system fracture path was also characterized primarily

by shallow wood failure. In the TL system, bonding of the two

radial surfaces resulted in mismatching of the earlywood and late-

wood bands on the surfaces, that is, earlywood was usually bonded

to latewood and vice versa. Because of this fact, the denser late-

wood compressed the less dense earlywood during the press cycle

possibly creating weak zones in the earlywood band. Hence, when

the latewood-to-earlywood bond area failed, the earlywood fractured

and the glueline as well as some earlywood tracheids remained

attached to the opposite latewood. This occurrence provided a

rougher surface texture (multi-planed) then the RI system fracture.

One important observation was that in both the TL and RL systems,

whether sawn or jointed, whenever latewood was bonded to earlywood

the failure was within the earlywood side of the bond, thus leaving

the glueline attached to the latewood surface.
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The failure type represented in the longitudinal tracheids on

most surfaces was wood failure and, with few exceptions, the majority

of that failure was intrawall (50-90%). Transwall failure parallel

to the fiber axis was the next most common, followed by transwall

perpendicular to the fiber axis. The failure within the ray

tissue was most commonly intrawall followed by transwall perpendic-

ular. Transwall failure parallel to the ray cell axes was not

observed. The resolution available with the stereo-light micro-

scope improved these estimates over those made with the naked eye.

By altering the angle and direction from which the incident beam

of light was projected onto the specimen, the ability to separate

between transwall and intrawall types of failure was improved.

However, there was still an occasional area of failure where the

identification was uncertain. In these instances, the SEM provided

the positive separation.

Observations of the fractured surfaces revealed the crack

length at the front and rear edge of the specimen was not equal fol-

lowing the initiation at the end of the "Mylar." One possible

explanation for this occurrence was the slower moving (shorter)

edge of the crack encountered more resistance to fracture than the

leading edge. This possibility was verified in many specimens

where the trailing edge had a higher amount of wood failure, while

the leading edge exhibited a poorer bond and less wood failure.

Crack arrest occurred most frequently at ray crossings and

occasionally at overlapping tracheid end walls in the TL system.

For the crack to continue extending, enough energy had to build up

via the crosshead motion to overcome the resistance to fracture.
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Once sufficient energy was available, the crack moved through or

around the obstruction. The RL system cracks arrested for various

reasons: sometimes at protruding rays, sometimes at the intersection

with the bondline, and sometimes at out-of-align tracheids or

tracheid end walls. A more detailed explanation of the fracture

arrest/initiation behavior will be given in the section on the

crack propagation and arrest relationship with wood structure.

Another crack arrest phenomenon occurred when the crack front

was split between the two bonded pieces. Part of the crack front

was located in the upper piece while the other portion was located

in the lower piece. This splitting caused rapid loss of fracture

energy and, therefore, crack arrest. This phenomenon occurred in

both RI and TL systems, but most frequently in the TL system where

the fracture routinely split itself between the two surfaces

(Figure 30). This occurred because of the mismatching of the early-

wood and latewood zones mentioned earlier. For example, in

Figure 31, at the left edge the bond was earlywood-to-latewood with

the earlywood segment belonging to the upper beam. The bond

horizontally adjacent to this was also earlywood-to-latewood, but

the earlywood was part of the lower beam. As the crack extended

through this area, the fracture occurred within the earlywood zone

of each bond. Hence, the crack moved through the upper beam in the

first bond while it traveled through the lower beam in the adjacent

bond, and so on alternately across the width of the crack front.

Bondline thickness measurements were also made with the stereo-

light microscope. Ten measurements at 1/2-inch intervals along the

bond length of each specimen beginning at the 'Mylar" tip were
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obtained. The average bondline thickness was 49.8 pm with thick-

nesses ranging between 39 and 67 pm.

Fluorescence Microscopy of Fracture

The main objective of this fluorescence microscopy was to

verify the location of the glueline proximity to the fracture surface

as observed with the stereo-light microscope. Because phenol-

formaldehyde resin did not fluoresce, but remained a dark reddish-

brown when subjected to wide band blue fluorescence excitation, the

determination of glueline proximity became considerably easier

(Figure 32). Therefore, fluorescence microscopy helped pinpoint

areas where the adhesive was located on the surface of the fracture

and helped interpret any surface compositions which were uncertain

after incident stereo-light microscopy.

SEM Examination of Fracture

Investigation of the fracture surfaces utilizing the SEM

encompassed many of the same observations as the light microscopy.

For example, the examination involved the determination of the

proximity of the fracture to the glueline, the location of the

fracture with respect to earlywood and latewood, and the relation

between fracture and minute structures such as rays, pits, and

position along the tracheid length. Yet, micrographs from SEM were

the only source of information about the cell wall layering exposed

during fracture. They also provided a check on the stereo micro-

scope proving that the two methods gave comparable results. Because

one advantage of the SEM over the stereo microscope was its ability
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to resolve much greater detail, it was ideal for the examination of

the cell wall layering exposed on the fracture surface. SEM micro-

graphs were taken of the fracture arrest/extension points on each of

the complementary fracture surfaces. Observations of these micro-

graphs helped determine the fracture path, the reason for high or

low
GIc

values, and the reason for crack arrest. For example, if

the fracture exhibited primary wall structure on the micrograph of

the lower beam and Si structure on the upper beam micrograph, the

fracture path passed between the P and Si layers of the cell wall.

If this same fracture arrested at a ray, it indicated a higher

fracture resistance in that area.

The stereo-pairs helped in interpreting the fracture mechanisms,

and they allowed a better depth perspective of the fracture. The

three-dimensional view improved the interpretation of the cell wall

layering exposed by the fracture process. A better appraisal of the

glueline proximity was also possible since the stereo-pairs allowed

detection of resin castings and imprints from overlying wood sur-

faces.

Higher magnifications and standard SEM micrographs were also

useful for detecting resin imprints and castings at the interface

of the wood and the adhesive.

The matched (complementary) surfaces of a TL-J specimen which

failed in the interface/interphase region of the bond is shown in

Figure 33. A higher magnification view of the central portion of

Figure 33 is seen in Figure 34. The fracture surface in micrograph

1 of Figure 34 shows a wood-adhesive interface/interphase failure

where the earlywood tracheid wall has been stripped away leaving the



Figure 33. Interface/interphase failure in an earlywood tracheid of a TL-J specimen (250X). The

two SEM micrographs represent the matched (complementary) fracture surfaces. Arrow

indicates crack propagation direction. A=crack arrest point and I=interface/interphase

region.
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casting of the overlying S3 layer and bordered pit at the center of

the micrograph. The spiral thickenings on the resin cast should

appear to sink into the surface. The cell wall layering of two

vertically adjacent tracheids is visible at lower left. The Si, S2,

and S3 layers, as well as the interface (compound middle lamella)

between the tracheids, are visible. Micrograph 2 shows the opposite

fracture surface with the wood side of the wood-adhesive interface/

interphase failure. This surface (S3) is imprinted on the resin

casting in micrograph 1, so the spirals and the bordered pit should

appear to protrude from the surface. Some slight fibrillation of

the S3 surface may be indicative of an interphase failure; however,

this magnification does not allow a positive determination. The

cell wall layering is also visible at lower right.

Another example of an imprinted resin surface is shown in

Figure 35, where the overlying tracheid wall has been removed by

the fracture. The failure type is interface/interphase. The left

side of the casting is covered with bundles of microfibrils (the

thin white filaments) which adhered to the adhesive and pulled loose

from the overlying S3 layer as it was fractured- The imprints of

the spiral thickenings, an extension of the S3 layer, can be seen

clearly on the surface of the casting. A comparative view of this

same surface with both stereo-light and fluorescence microscopy can

be seen in Figures 29 and 32, respectively.

All four major failure types, wood failure, adhesive failure,

interface failure, and interphase failure were observed on the

fractured surfaces; although, all usually were not displayed on a

single surface. The higher resolution of the SEM allowed a more
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accurate estimation of the relative abundance of each of these

failures. For the RL and TL systems, regardless of surface prepara-

tion, wood failure was the most common type; interphase failure was

next; and interface failure followed. Wood failure occupied approx-

imately 90% of the surface, while interphase and interface failures

represented 10% or less. Failure of the adhesive was observed in

both the TL and RL system fractures, but was present in small amounts

only. It was located primarily in areas where the fracture was near

the bondline or where the surface bonding was poor.

For the wood failure type in longitudinal tracheids, intrawall

failure was the most abundant, being greater than or equal to the

transwall failure parallel to the fiber axis for both the sawn and

the jointed categories. These transwall failures parallel to the

fiber axis for fractures resulting from the sawn surface preparation

were more abundant in the TL system than in the RL system. In the

TL system they amounted to the same percentage or slightly less than

the intrawall failures, while in the RL system transwall parallel

represented only 10% or less of the total wood failure. However,

when fractures resulting from the jointed surface preparation were

viewed, the trend reversed and the transwall parallel failures were

more prominent in the RL system and much fewer than the intrawall

failures. The higher percentage of transwall parallel in the RL

system agrees with the findings of Debaise et al. (1966) and Koran

(1967, 1968). Transwall failure perpendicular to the fiber axis

was the least common variety.

Cell wall layering exposed most frequently by intrawall failure

consisted of P and Si. Complementary fracture surfaces generally
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exhibited both P and Si rather than P on one surface and Si on the

other surface, since the fracture passed through these lamellae

rather than between them. The S2 was present only in small amounts

for both surface preparations and both crack systems. The S3 layer

appeared on the surfaces produced by transwall failure, and the

fractures from sawn surface composites displayed more S3 than the

jointed surface composites. The S3 layer was more prevalent than

the S2, but less abundant than the Si and P regions.

The ray parenchyma cells in all treatments were separated most

often by intrawall failure and less frequently by transwall failure

perpendicular to the cell-axis. This transwall perpendicular

failure occurred at the end walls of the parenchyma cells, as well

as across the individual cells. The transwall parallel failure type

was observed only infrequently, if at all. The path of fracture

tended to pass between the ray and the adjacent longitudinal

tracheids resulting in the intrawall failures, but it was also

common for the fracture to pass through the ray resulting in both

intrawall and transwall perpendicular failures.

The interface and interphase failure types were most prevalent

in the RL system for fractures resulting from both sawn and jointed

preparations, but still represented only a minor portion of the

fracture surface when compared to the wood failure category.

Suiuwary of Microscopy

The similarities and differences between the four observation

methods, visual, stereo-light microscopy, fluorescence microscopy,

and scanning electron microscopy were controlled to some extent by
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the increase in resolution available from visual to light and

fluorescence microscopy and finally to electron microscopy. There

was also a corresponding increase in the information available for

accurate interpretation with the increased resolution. Some impor-

tant observations follow:

Visual observations characterized the entire fracture

surface, while the other methods tended to concentrate on the arrest/

extension points.

Alternation of the fracture path from one side of the bond-

line to the other was seen with all instruments.

All methods gave approximations of wood failure, and the

amount found increased as the resolving power of the instrument

increased. Areas originally thought to be interface failure actually

showed the very shallow wood failure common in interphase and intra-

wall failures.

The approximate ranking of each of the four major failure

types was the same for all methods, only the relative amounts

observed for each type differed. Wood failure near the interface/

interphase region was the most abundant, followed by lesser amounts

of interphase and interface failures, and, lastly, minor amounts of

adhesive failure.

Resin location on the surface could be accomplished suf-

ficiently with the stereo-light microscope in most situations.

Fluorescence microscopy verified the existence or absence of the

resin in questionable cases. However, the SEM was the most

accurate method since only the surface layer of the fracture was

seen. With the fluorescence and stereo-light microscope, more than
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one cell depth was visible. The ability to view the surface to a

depth of one to three cell diameters was an advantage when looking

for interphase failure, but a distinct disadvantage when trying to

determine if the resin was on the surface.

6. The SEM was the only method by which the cell wall layering

could be investigated with ease, and the only method where the

matched surface micrographs and the stereo-pairs were a valuable

addition to the interpretation of the layering which was exposed.

The RL and TL crack propagation systems were both characterized

by a predominance of wood failure. The intrawall type was the most

common; the transwall type parallel to the fiber axis was next; and

the least common was the transwall type perpendicular to the fiber

axis. Both systems exhibited P and S1 wall structure most often,

then S3, and finally S2, the least usual. One difference between the

systems occurred in the proportion of transwall failure parallel

compared to that of intrawall failure. For the TL system, the intra-

wall and transwall parallel failures were more nearly equal than for

the RL system, in which there was a much larger discrepancy between

the two types. Other differences were the higher amounts of inter-

face and interphase failure types in the RL system compared to

those in the TL system. Adhesive failure occurred in the RL and TL

systems, although in minor amounts. The fracture cut transversely

across resin castings, primarily (Figure 36).

A comparison between the sawn and jointed preparation composites

in the RL and TL systems revealed that for the RL system the jointed

preparations fractured nearer the bondline with shallower wood failure

and smoother surface texture than did the sawn preparations. These



Figure 36. Adhesive failure cutting transversely across resin
castings in the RL system (475X). The cell walls
of the longitudinal tracheids have been partially
removed to reveal the adhesive (A).
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results may be attributed to the lower degree of surface damage

recorded for the jointed surface type. The more highly damaged sur-

faces of the sawn preparations may have allowed deeper resin pene-

tration and, therefore, a stronger bond than the lesser damaged

jointed preparations. The sawn and jointed preparations in the TL

system showed no apparent differences in the path of fracture.

Sawn versus jointed surface preparation composites also revealed

wood failure was the most abundant and that intrawall was greatest

and transwall perpendicular lowest. The transwall parallel failure

amounts varied. The TL-S treatment had a higher amount of the trans-

wall parallel failure than the RL-S and the RL-J had a higher amount

than the TL-J. The sawn preparations also revealed more S3 cell wall

structure than the jointed preparations.

The fractures observed in my study indicated the fracture

phenomena in a wood-adhesive composite manufactured with resin

amounts typical of flakeboard and laminates were quite similar to

those phenomena observed in plywood fracture by Koran and Vasishth

(1972) and by Hare and Kutscha (1974), except for the relative

amounts of intrawall and transwall failures parallel to the fiber

Similarities between plywood and Douglas-fir-hemlock particle-

board fracture surfaces were noted by Wilson and Krahmer (1976). I

also observed strong similarities between the appearance of wood

failure in my composites and the failure in solid wood reported by

Debaise et al. (1966), Koran (1967, 1968), and Woodward (1980);

although my intrawall failure amounts were substantially greater.

These similarities to solid wood failure existed, even though the

fracture was in close proxomity to the machine prepared surfaces of



The reasons for crack arrest and the relationship of that arrest

to the subsequent crack extension from the arrest position are

discussed, as well as the comparison of high- and low-valued (GIc)

specimens with respect to wood structure.

Crack Arrest/Propagation Phenomena

A comparison of the fracture in composites manufactured with

sawn versus jointed surface preparations did not reveal any apparent

differences with respect to crack arrest phenomena. This apparent

lack of a different response for each type was substantiated by the

lack of statistical significance for the two treatments.

The comparison of the TL versus RL crack propagation systems,

however, revealed an entirely different trend. Fractures in these

two systems appeared different because of their responses to the

different organization of the wood structure within each of the

systems. The TL system (radial plane) fractures generally arrest

at or near ray crossings, at longitudinal tracheid end walls where

they overlap, and at the point where the fracture enters the bond-

line (usually accompanied by a change in the level of the crack

plane).
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the composite. Therefore, if the failure it the composite is near

the interface/interphase region, solid wood fractures occur. The

increased amount of intrawall failure in my results may have been a

response to undetectable cell wall changes which occurred due to the

elevated temperature in the hot press.

Relationship of Arrest, Propagation, and GIc to Wood Structure
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Figure 37 shows the arrest/extension point for a TL-J specimen.

The crack was arrested at a ray crossing, and the arrest and sub-

sequent extension were associated with a change of plane (level).

The fracture path initially moved (from the bottom to the top of

the micrographs) around the ray between the parenchyma cells and

the adjacent longitudinal tracheids via intrawall failure, then

changed levels by one tracheid diameter via transwall failure per-

pendicular and parallel to the fiber axes. The arrest most likely

occurred at this level change. The extension of the crack from this

point did not occur until sufficient energy was stored to overcome

the resistance to fracture. Once the crack extended, the transwall

failure completed the level change. The surface in micrograph I

should appear to drop one tracheid diameter to a lower level near the

top, while in micrograph 2 the opposite should occur. That is, the

level should appear to rise one tracheid diameter via the transwall

failure.

Figure 38 illustrates the arrest/extension area for another

TL-3 specimen. The crack arrest, in this case, occurred near the

earlywood tracheid end walls and their intersection with the bond-

line. The misalignment of these tracheid end walls probably slowed

the progress of the fracture, which was eventually halted by its

intersection with the glueline near position A. A resin casting and

steam pocket are observable at the top left of micrograph 1.

The intersection of the fracture path with the glueline in the

presence of a ray crossing is shown in Figure 33. The fracture

arrested at the lower edge of this ray crossing near the top of the

micrographs.
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Occasionally, steam pockets and resin bubbles were noted at or

near the interface of the wood and the adhesive. Figure 39 displays

one such instance in a TL-S specimen. Finely atomized resin droplets

are visible at the lower right corner of micrograph 2, while the

remainder of the surface (except for the areas of wood failure) is

coated by a thin, continuous resin film. The fracture moved through

the resin bubble and steam pocket, which resulted in adhesive failure

near the wood-adhesive interface/interphase region.

RL system fractures, on the other hand, were more variable than

those in the TL system, and clear, concise conclusions were more

difficult to obtain. The fractures appear to arrest at their inter-

ception of a ray, at an out-of-align tracheid or tracheids, and at

the tracheid end walls which generally cause a change in the level

of the fracture plane.

Figure 40 shows the arrest/extension region of a RL-J specimen.

Arrest occurred as the fracture path moved from the wood back into

the glueline at the tracheid end walls opposite position A.

Another example of the RL system fracture appears in Figure 41.

This RI-S specimen fractured near the wood-adhesive interface region

and eventually arrested at a plane change, which moved the fracture

further away from the glueline. The fracture traveled away from the

glueline due to diverging grain at that point. The plane change is

best seen at the top, center edge of the micrograph.

The interface shown in Figure 42 for a RL-J specimen occurred

during the hot pressing operation when the glued beam contracted

the non-glued beam. Resin was transferred to the non-glued surface,

but the intimate contact required for bonding was never attained.



Figure 39. Steam pocket and resin bubble in adhesive film for a TL-S specimen (850X).

2



Figure 40. Arrest/extension area at tracheid end walls and bondline intersection for a RL-J

specimen (254). Arrow indicates crack propagation direction. A=crack arrest

location.



Figure 41. Arrest/extension area at level change from bonding to wood failure for a RL-S
specimen (250X). Arrow indicates crack propagation direction. A=crack arrest
location.
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Hence, the only area bonded was in the immediate vicinity of the

large resin droplet (puddle) on the surface of the glued beam, which

contacted both surfaces. Therefore, shallow wood failure of the

intrawall type and adhesive failure occurred at this puddle when the

fracture continued. This particular specimen (Figure 42) not only

had one of the poorer bonds, but also exhibited the lowest average

GIc
value for the RL system fractures.

GIc
Dependence on Wood Structure

The mean value of GIc for an individual CDCB specimen was of

little use when relating high and low values of GIc to the fracture

at each individual crack/extension point on that given specimen.

The mean
GIc

represented an averaging of both the individual crack

arrest/extension point values and the kinds of fracture occurring

at each point. A comparison between the individual points via the

calculated GIc value for each of those points was the best method.

For my specimens, 1-11 of these points, with corresponding GIc

values, were available for each CDCB tested. The higher valued

positions were compared with those of lower value and the reason for

the difference was evaluated on a macroscopic, microscopic, and

ultrastructural basis. The compilation of information obtained from

the observations made at each of these structural levels revealed

the following.

Bond quality effects on GIc were readily discernible, at least

on poorer bonds. Specimens in which poorly bonded or non-bonded

surface area percentages were high had correspondingly low Gic

values. Specimens with good bonding and the correspondingly higher
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wood failure percentages, even though near the interface/interphase

region, exhibited higher GIc values than the poorly bonded samples.

These results concerning the bond quality relationship to GIc agreed

with the findings of Ebewele et al. (1979). They indicated one

reason for low GIc values was weak bonds. However, their other

observations attributing low Gic values to failure near the inter-

face, and alternation of the fracture path between one beam surface

and the other were not consistent with my observations. In fact,

my results for both RL and TL fracture systems usually indicated

lower
GIc

values were related to fractures which occurred in the

wood substrate outside the interface/interphase region, although

this relationship was not always uniform. The non-uniformity was

more pronounced in the RL system than in the TL system. Ebewele

and his co-workers, however, related high Gic values to fractures

which either moved through the wood or down the middle of the bond-

line. my fractures in the RL and TL systems, however, generally

exhibited higher GIc values when the fracture passed through the

interface/interphase region and/or slightly into the wood substrate.

Fracture across the bondline from one beam surface to the other also

tended toward higher values of G1c. Although, once again, these

generalizations were not consistent over the range of specimens

tested.

One possible explanation for the apparent disagreement between

my findings and those of Ebewele and co-workers (1979) is related

to the species of wood. used in the composite. They stated hard maple

(Acer saccharum Marsh.) was used because of its high modulus of

elasticity and because of the minimal and controllable assimilation
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of glue by the wood. Although Ebewele and co-workers made no

reference to the relationship between the GIc value for the com-

posite and that for solid wood, Ruedy (1977) and White and Green

(1980) used hard maple in their experiments and showed composites

produced a higher fracture toughness than the original solid wood.

White and Green (1980) indicated this relationship between solid

wood and the composite was apparently due to the greater strength

of the bonding zone between the adhesive and the adherend. In view

of this argument, we can expect higher GTc values near the interface/

interphase region, in contrast to the findings of Ebewele at al.

(1979), if the composite
GIc

is greater than that for solid wood of

the same species. Hence, because my wood-adhesive composites had

higher GIc values in most cases than the matched solid wood speci-

mens, I expected the fractures to be near the interface/interphase

area. My results indicated a more consistent trend toward higher

GIc
for fractures near the interface/interphase region than for those

further away from that region when comparing TL system fractures.

However, the consistency was poor when comparing fractures in the

RL system.

An attempt was also made to relate GIc with the wood structure

present at the crack arrest/initiation points for each specimen.

The crack front arrested at rays, tracheid end walls, out-of-align

tracheids, and areas where the fracture entered the interface/inter-

phase region. The crack front then extended from these same

Locations once sufficient fracture energy was attained to overcome

their resistance. However, no consistent relationship appeared be-

tween the wood structure present at crack extension and the Gic
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value associated with that extension. One possible explanation for

this occurrence is that some other factor, bond quality for instance,

overshadowed the effect of minute wood structure on the system.

Another interpretation is that the part of the crack front toward

the interior of the specimen exerted more control over the GIc value.

In other words, there may have been a relationship between wood

structure and GIc that did not appear at the crack tip locations on

the edge of the specimen. Because of the inability, at present, to

accurately determine where the central part of the crack front is

located, the validity of this assumption cannot be confirmed.

My original hypothesis was that a recognizable difference in

the location of the initial crack formation and/or the path of

failure which generates the fractured surface existed when the GIc

values differed greatly. There appears to be a relationship between

GIc
and bond quality and between GIc and the distance from the

interface/interphase region, which would confirm this hypothesis.

However, the relationship was not consistent for the range of treat-

ments applied to the specimens, and perhaps a more detailed and

highly controlled investigation would clarify this relation.

Finally, even though there are similarities between fractures

in the different treatment combinations, each fracture path has its

own unique description. Generalizations as to reasons for initiation

or arrest and the effect on GIc or GIa are, of course, possible and

are valuable for investigations related to the design of crack

arrestors for the composite, but the individual interpretation of

each fracture path is the only way to discern what has actually

occurred during the failure.



VI. CONCLUSIONS

The conclusions from results obtained in this experiment rela-

ting strain energy release rate to wood structure in a wood-

adhesive composite are the following:

The contoured double cantilever beam (CDCB) test specimen

designed by Ebewele et al. (1979), with slight modifications (Figure

22), is highly suited for the measurement of Gic and Gia of a wood-

adhesive composite manufactured with resin qualities typical of

particleboard.

Wood-adhesive composite CDCB specimens generally exhibited

higher GIc values than solid wood CDCB specimens from the same

material.

GG -retention, G' G-retention showed
Ic' Ic Ia Ia

ally significant responses to modifications in surface

or crack propagation systems. Yet, there was evidence

relationship between the surface preparation and crack

tors which warrants further clarification through experimental

investigation.

The relative ease of detecting gross reasons for fracture,

such as poor bonding or excessive stresses, can be shown, but

relating GIc or GIa to exactly what occurs on the microscopic and

ultrastructural level at the crack front is far more difficult. It

is possible, however, to state the reasons for failure in a specific

specimen and to trace the fracture path at the edges of the test-

piece at the microscopic and ultrastructural levels, even though it

may not be possible to obtain consistent explanations for high and

no statistic-

preparations

of a possible

system fac-
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low values of fracture initiation energy (G1c).

The failure types within the wood-adhesive composites

produced in this study are ranked as follows, most commonly

observed to least commonly observed among and within the categories:

wood failure (intrawall, transwall parallel to the fiber axis, and

transwall perpendicular to the fiber axis for longitudinal tracheids;

intrawall, transwall perpendicular to the cell axis, and transwall

parallel to the cell axis in the ray tissue), interphase failure,

interface failure, and adhesive failure. These are similar to the

fracture phenomena reported for plywood, except the relative amounts

of intrawall and transwall parallel failures were more nearly equal

for plywood fracture.

Higher amounts of intrawall failure were present in the

composite compared to that in solid wood when the fracture occurred

in close proximity to the interface/interphase region and the

machine prepared surface.

The RL system crack arrest/propagation phenomena are more

difficult to identify than those for the TL system.

Higher values of GIc generally were characteristic of wood

failure near the interface/interphase area in better bonds, while

lower values characterized wood failure away from this area or poor

bonding. The higher GIc values may be a result of the reinforcing

action of the phenol-formaldehyde resin upon the wood substrate.

The trend toward higher Gic values was more consistent for the TL

system than that for the RL system. A consistent trend relating Gic

to the wood structure of the crack initiation zones was not observed.

However, the relationship may have been masked by the bond quality



effects or may only be noticeable in the central portion of the

crack front which, at present, cannot be accurately located. When

Glc
values differ greatly, however, there should be a recognizable

difference in the fracture path or the location of the fracture

initiation.
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VII. RECOMMENDATIONS

A comparison between the load-deflection plot and the fracture

specimen should be made to determine the point where the crack front

actually begins to advance following an arrest. The importance of

this determination in future studies relating wood and linear elastic

fracture mechanics theories should not be underestimated.

After conducting fracture tests and monitoring crack tip move-

ment on the edges of specimens, I strongly suggest the use of a

video-tape or movie film recording of the fracture process. If a

"flag" or "pip' can be placed on the tape record when non-linear

behavior occurs, when rapid crack movement occurs, when arrest

occurs, or when other significant phenomena appear during fracture,

then a better understanding of the process of fracture may be

obtained. The "pip" on the taped record at the beginning of any

non-linear portion or horizontal (stable fracture) portion of the

load-deflection curve may help determine if the non-linearity is

a result of crack tip movement of the slow, stable type or some

other phenomenon. This continuous video monitoring of the fracture

process has already been accomplished for paper and individual wood

fibers in the SEM (Kinney et al. 1972, Furukawa et al. 1973, and

McMillin et al-1974). McMillin et al. (1974) and Aiuchi and

Ishida (1978) continuously observed the failure process in small,

solid softwood blocks under compression perpendicular to the grain

using the SEM and video-tape monitoring.

A modification of Equation 6 to account for the possibility of

multiple values of Young's modulus of elasticity (E) in the
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components of the CDCB specimens used in obtaining critical load

values (P ) for G calculation is also needed.
Ic

There is a need for the development of improved, highly accurate

methods for pinpointing the crack tip (front) location across the

entire specimen width. A method of this sort may have improved the

chances for discovering a consistent relationship between wood struc-

ture at the fracture initiation point and the value of GIc which

results from that fracture, assuming such a relationship exists.

Until better techniques of fracture study are developed for

wood, it will be difficult to directly characterize fracture in a

complex composite such as particleboard. Its intricate structure;

determination of which fractures are old, resulting from particle

generation, and which are new, resulting from failure of the com-

posite, and location of the crack tip across the entire crack front

(specimen width) are limitations which must be overcome when studying

the fractures within the composite structure. Hopefully, this

research will serve as a base from which further, detailed investi-

gation can clarify the phenomena associated with fracture in wood-

adhesive composites; and, therefore, improve our understanding of

the intricacies involved in such a system.
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APPENDIX I

List of Abbreviations and Terminology

a crack length (inches)

Aa actual change in crack length (inches) (see Equation 9)

A fracture arrest location

test specimen width (inches)

compliance (ratio of displacement to load) (in/lb)

AC actual change in compliance (in/lb) (see Equation 9)

CDCB contoured double cantilever beam test specimen

CN center-notched test specimen (refer to Figure 12)

Young's modulus or modulus of elasticity is the ratio of
stress to strain and measures the stiffness of a material
(psi)

EW earlywood; the less dense, larger-celled, first-formed
part of a growth ring

strain energy release rate; fracture energy (in lb/in2 )

Gc
critical strain energy release rate where rapid, unstable
crack extension occurs; crack extension force (in lb/in )

GIa
fracture arrest energy under Mode I (opening or cleavage
mode) fracture (in lb/in')

GIc critical strain energy release rate under Mode I (opening

or cleavage mode) fracture (in lb/in2)

specimen height (in)

HP Hewlett-Packard

IB internal bond; tensile strength perpendicular to the plane
of the board. A measure of the bonding force (adhesive
strength) between particles or flakes (psi)

jointed surface preparation

stress intensity factor (psi ,n7i)
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Kc
critical stress intensity factor; point where rapid,
unstable crack movement occurs; fracture toughness
(psi 4)

KIa
arrest toughness under Mode I (cleavage) fracture (psi 41)

KIc
critical stress intensity factor under Mode I (cleavage)

fracture (psi /371)

longitudinal direction; one of the three mutually perpen-
dicular axes in wood (refer to Figure 2)

LEFM linear elastic fracture mechanics

LW latewood; the denser, smaller-celled, later-formed part
of a growth ring

middle lamella; the layer of isotropic substance between
cells which is largely lignin and lacks cellulose

MOE modulus of elasticity (see "E")

pm micrometers (microns) (10-6 meters)

primary cell wall; initial layer of the cell wall

Pa
applied load at crack arrest (lbs)

Pc
critical load; applied load at which the stationary crack
extends (lbs)

radial direction; one of the three mutually perpendicular
axes in wood (refer to Figure 2)

RI one of the six principal crack propagation systems in

solid wood. The first letter designates the direction
normal (perpendicular) to the crack surface and the
second letter indicates the direction of crack propa-

gation. Cracking exposes the tangential plane in wood
(refer to Figure 3)

sawn surface preparation

Si outer layer of the secondary cell wall

S2 central layer of the secondary cell wall

S3 inner layer of the secondary cell wall

SEM scanning electron microscope

SEN single-edge notched test specimen (refer to Figure 12)
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tangential direction; one of the three mutually
perpendicular axes in wood (refer to Figure 2)

TL refer to explanation under "RL" and to Figure 3

TEM transmission electron microscope

UDCB uniform double cantilever beam test specimen

Poisson's ratio; the ratio of lateral or perpendicular
strain to the longitudinal or axial strain.
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APPENDIX II

Representative Load-Displacement Curves
and Corresponding Test Data

This appendix contains seven representative load-displacement

curves for specimens tested in this study. The first five curves

(Figures 43-47) represent glued central component CDCB specimens

(refer to Figure 22), while the last two (Figures 48 and 49)

represent solid central component CDCB specimens (refer to Figure 23).

The test data follows directly after the load-displacement curve

to which it relates. The information in square brackets is the Metric

equivalent of the English units; e.g., in=cm, lbs=kg, in/lb=cm/kg,

and in-lb/in2 =cm-kg/cm2. The two numbers at the bottom of each data

table represent the mean values for all the cracks for that given

specimen.

The heading abbreviations as follows:

CL-F crack length on front edge of specimen

CL-R crack length on rear edge of specimen

AVG-CL average crack length ((CL-F + CL-R)/2)

P-MAX maximum load

P-A arrest load

D-COMP change in compliance with crack length increase

D-CL change in crack length

GIC GIc or fracture initiation energy

GIA GIa or fracture arrest energy.
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Specimen # 131S-1 TL glued

0.5 1.0 1.5 2.0
DISPLACEMENT (mm)



16 7

TRACK #/FILE * : 1.....' 7.5 C a 00 3 = METRIC

SPECIMEN ID* ..12:1.:::1 0. 1-710 = ENGLISH

OPENING MODE TL

AVG-G I C AVG-G I A
(IN-LB/INV (IN-{.E/1N2)

I- 027 a 861
C 0. 1831 C 0. 1341

MCI(
NO.

CL7F

(IN)
CL- R

(IN) (IN)
PHIRX

(LBS) (LBS)

D-C9F
(IN(13) (IN) (IN-L3,1142)

SIR

(IN-L3/PQ)

14 I. 19 1.17 34 36 O. 3001.28 1. 17 3. 912 3. 470

C 2.963 1 43 C 391 CO. 0006721 C 2. 96 1 C 1631 C 9.9843

06 1.87 1.97 109 100 8.900851 8.32 756 1.286

4.99] C 49 C 45] CO. 9002851 C 2.933 1 if. 8. 1351 C 9. ig4 1

2. 37 2 543 a 42 113 105 O. 300049 a. 45 1. 376 3. 649

C 6. 133 C 51 C. 48] Ca 0082733 c 1. 141 1 O. 2463 C 0. 1161

4 a 36 2. 77 2. 87 113 106 9. 900827 a 45 O. 760 O. 317

C 7. 281 C 51 C 481 ca 0091491 C 1. 141 c a 1363 C 3. 1641

3. 06 3. 15 3. ii 113 194 0. 980820 a 24 1.157 1.154
C 7. 891 C Si] C 471 CO. 0081111 C 0. 613 C 0. 1891 C 0. 2423

6 3. 23 3. 54 3. 39 111 35 a 0008e3 O. 28 1 70 Ct. 687

C 8.603 C 501 C 433 t8801371 1 9.713 C 9.2771 1 3.1233

7 4, 01 4. 25 4. 13 101 iZ O. 0800_56 0. 75 0. 778

C1.3. 491 C 461 C 301 Ca. CO33151 C 1.393 1 9. 09 1



Specimen # 132S-2 RL glued

50-

bO

40 -

'z'4-

g
30 -

20 -

0.5 1.0 1.5 2.0
DISPLACEMENT (mm)



02PCK CL-F CL-R RVG-CL P-MRX P-R D-COPIP C>-CL 3IC GER

NI (IN) (IN) (IN) (LOS) (LBS) (IN/LB) (IN) (IN-L8/1N2) (IN-4_B/IN2)

1. 18 I. 18 1 18 98 83 O. 888130 1 18 a 901 1. 288

081 C 411 C 381 co. 0007273 C 3. 001 C O. 1613 C a ac

2 1. 33 1 29 1. 27 39 79 O. 000015 a 09 1. 719 a 498

C 3.21) E 451 C 361 [8. 808883] Ca. 22] c a C a 8891

1. 72 1. 69 t 71 90 83 O. 8e35 O. 44 O. 642 O. 576

331 C 41 E 381 CO. 0001371 C 1. 12] E 0. 1153 C 0.1931

4 1.99 199 199 98 86 a 000024 O. 29 O. 577 8.268

C 5.85) C 411 C 391 CO. alet.r4] c 8.72] C 0. 121 1 C 8.348)

5 2. 08 Z. 18 2. 09 93 36 O. 8038434 a 18 O. 314 O. 831

C 5.31] 421 E 131 C808828) C 8.25] C 8.856] C 8.148]

6 2 39 2. 34 2. 32 93 37 O. 008326 a 23 a 967 a 874

C 5. 891 C 421 C 393 CO. 0001461 C O. 581 C O. 173] C O. 1561

7 2. 48 2. 49 2. 49 38 73 a 888819 O. 17 1.113 O. 533

C 6. 313 C 441C 35]'1*. a 000198 C O. 421 C O. 199 C O. 095)

8 358 162 368 33 74 8. No398 1.12 8603 8. 545

C 9.141 C 343 CO. 8885491 c 2. 83 a tcra E a 1151

9 4. 28 4. 41 4. 35 76 64 O. 000887 O. 75 O. 686

C11.041 1 351 C 231 CO.0084891 C 1.891 c a 122
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TRACK */FILE # : C 00] = METR I C

SPECIMEN ID* 0. cto = ENGLISH

OPEN I HG MODE

AVG -G I C AVC-3-Ci I A
(IN-L8/It-t2) (IN-12/1N2)

a. 847 a 678
C 0.151] 0.1211



60

50

40

20

10

0.5 1.0
DISPLACEMENT (mm)

Specimen # 332J-2 TL glued

1.5 2.0



AVG-clic:
(IN-LS/IN2)

C 3. 237]

171

CRRCK

NO.

CL4
(IN)

CL-R

(IN)

AV3-CL

(IN)

P-MFN

(L35)

P-R

(LE)

D-iX4dP

(IN/LB) (IN)

GIC

UN-t.8/1N2)

GIR

(114-.43/De)

1 1.21 1.28 1.2± 106 52 3. 300110 1.21 1.328 a. 516

C3.86] 48] 42] C3. ;..100615 1 C.86] [8.152] 1 E 3. '621

2 2.06 1.79 1.93 138 101 8.0804344 3,72 8.7±5 1129

C 4.39] [43] r. 46] CO. 300247 1 C 1.83] 1 C 3.12$] C 427]

2.28 1 83 2.32 113 106 3. 330021 8.09 3.213 8.789

C 5. 121 £53] [48] [8. 008117] [ 3. 23] : O. 5741 [8.141]

4 2.72 2.33 2.53 118 107 8.880836 3.51 3.37: 1.1.2±

c 6. 41 1 [53] 49] [0. 308280] : 301 C 3. 1.74 1 C0.288]

5 2.95 2.85 2.90 119 104 8.80837 .33 0. 845

C 7. 371 C54] £47] C0.0302961 [8.53] [8.248] [3.131]

6 3.32 3.49 1 41 III 88 3. 300033 3.51 8.367 1.896

C 3.651 C 51] 'C 40] [3. 000228] c 1.28] E 3.177] C 3.196]

7
4.23 4.83 4.13 100 63 3. 000133 3.72; t44 8.9±4

C13.491 451 C 231 [3.300579] C 1.341 C 8.236] c 3.163]

5.38 5.33 5.36 62 36 3.808238 1. 2.3 3.338

[LI 60 I C 28] C 16 (O.301566 C 3.11] C O. 159 1

TRACK *FILE # : 1 / 2S 171 ci = METRI C.

SPECIMEN ID* =242 171. i.7117-1 = ENGL._ I Si-I

OPENING MODE TL



60--

50-

40 -

'-b1

(9, 30

20-

10-

0.5 1.0
DISPLACEMENT (mm)

Specimen # 352S-2 RL glued

1.5 2.0



AVG-G I C
( 112)

1. 153
[ a 206]

RVG-G F-1
( IN-LEV IN2)

a 83:9
[3.158]150

CRAII

O.

CL-F

(IN)
CL-R

(IN) (IN) (LYS) (L3S)

D-Ca?
(IN/LE) (IN)

GIC

(IN-L8/212)
GIP

(IN--LE/IN2)

1. 1..14 1.17 .1 16 117 93 3. 00013:6 1. 16 1.605 a772
[2.93] [53] [423 1E0.0007633 £2.32] 0.2873 [0.1291

2 2.69 Z6 2. 108 90 3. 3+3135 1.43 1.066 1.186

C 6. 723 C 49 3 [41] 3 Ea 300758 1 [3.731 [0.1981 1 C 0. 212 3

3. 3.13 3.19 3.13 102 32 a. 300073 an L520 0.971

C 3. 10 3 [46] 37] Ea 00044:3 E 1.28) C a 271 5 C 0. 17j .

4 4.16 187 4.02 63 0.308118 0.82 1.104 0.422

[10.28) [ 481 C 231 C0. 000661 1 C 2. 10 1 E a1973 3 C 3. 37.53

5 4.93 5.16 5..05 66 44 0.088118 1.33 3.471

C12. 81 1 C 381 C 20 1 CO. 300615 £2.63] 0. 084 1
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SPECIMEN ID* Z552:2 1-71161 = Er.40L SH

OPENING MODE



60

50

40

T\D

30

3

20

10

Specimen 11 431J-1 RL glued

0.5 1.0 1.5 2.0
DISPLACEMENT (mm)
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CM(
NO.

CL-F

(IN)
CL-R

(IN)
AVG-CL

(IN)
P-MX
(LBS)

P-A D-COtif

(IWL.8)
D-CL

(IN)
GIC

(IN-LB/IN2)
GIA

(IN-L841,Q)

1.28 1.88 1.14 158 123 8.888143 1.14 2.324 1.364

C 2.98] c 681 C 563 CO. 43e8321 c 2.901 C 8.522] 8.244]

2 2. 2.41 2.42 151 129 8.8881.1.5 2.4 3.348

C&13) C 69 1 C 58 1 Ca. 338645 £3.24] C 8.369) C 8.419]

3 3.89 116 113 144 97 8.800188 8.71 2.320

7.94] E 441 c a gee563] c 1.88] C 8.5213

TRACK #/FILE 4* I/ 17 CO. 003 METR I C

SPECIMEN ID* 4:141 a 00 = ENGL SH

OPENING MODE RL

AVGG I C AVGGI A
(D-J/1N2) (IN-LB/IN2)

2. ..---'- 856
C a 4711 8.331]



40

30

10

Specimen # 361-2 RL solid

0 0.5 1.0 1.5 2.0
DISPLACEMENT (mm)



AVG-GIC AVG-Ci A
(IN-LB/IQ) ( IN-LB/IN2)

a 636 a 433
C O. /14 1 C 8.877)

177

TRACK #77 I LE # : CO. 00] = METE: I C

SPECIMEN I D# :3612 n. no = ana_ SH

OPENING MODE RI_

CRACK

NO.

CL-F

(IN) (IN)
AVG-4.1.

(IN)
P-MAX

(LBS)

P-tR

(LS'S) (IN/i.2) ( IN)

GIC

(IN-L8/fl)
GIA

(IN-L3/IN2)

1. L28 i.28 1.20 82 72 18123 1.20 8. 711 3.384

C 3.853 [371 C 333 CO. 00Q715 3 C 1 351 C 8.1271 C 3. 069 1

2 I. 58 1. 47 L 49 89 79 O. 880e21 8. 29 O. 577 a. 559

C 1 773 [403 C .36 1 CO. 000117 [8.723 [8.103] C O. 1001

3 2. 07 2. 31 2. 19 91 76 O. 000064 a. 71 a. 755 O. 633

(5.563 C 411 C. 351 C0.0003561 [1.79) C 3.1351 C 8.113)

4 2.51 2.98 2.75 87 71. 8.800868 8.56 8.322 a 274

C 6. 971 C 39 3 C :21 C a. 00133M1 [1.41]41 0. 147 1 C O. 067 3

5 112 158 3.35 76 70 a. 80804$ a 6/ 8.427 8.213

C 8. 511 C 343 C 17) CO. a00251 1 C 1.54] C O. 076 1 C 3.833)

6 4. 58 4. 91 4. 75 60 31 O. 080202 I. 40 0. 522

C12.1353 C 271 C 14 CO. 00/1311 C 2. 541 C a 893



20

10

0.5 1.0
DISPLACEMENT (mm)

Specimen # 421-1 TL solid

1.5 2.0



AVG-43 I C IRVG-i3 I Fi
(IN-LE/1N2) (IN-LB/1N2)

a 370 0. 2:97
0.0661 C 0.053]

179

TRACK #/FILE 1 / 49 Cl = METRIC:

SPECIMEN ID* 4211 rin = ENGLISH

OPENING MODE TL

CRACK

ta
GL4
(IN)

GL-R

(IN)
AV6-CL

(IN)
P-404
(LES)

P-A

(LES)

D-M1P

( IN/LB)

En-Gt

( IN)

GIG

(IN-LE/1/C)
GIR

(IN-LE/IN2)

1 113 1.19 1.19 45 33 8.880166 1.13 8.279 8.153

C 3.811 C 29] C 171 [8.8809303000.9301 C. 3. 311 C 8.850] c 8.13271

2 1.42 1.71 1.57 48 42 a808044) 8.33 8.336 8.892

E 3. 981 C2] £19] C8.800222oaa2223 3. 371 042] (8.816]

1 1.66. 2.25 36 58 51 8.80802± 8.33 8.174 8.225

C 4.371 (26] [23] CO. 3001151 [8.393 C8.8311 042)[8.842)

4 2.71 109 2.98 63 56 8.888086 8.95 8.359 a 453

E 7.371 [29] C 251 Ca8804S2] C 2. 48 1 c a 8641 asii[8.88±]

3.60 3.45 62 53 8.880078 8.55 8.546 8.490

C 8.75] C 231 C 241 CO. 8804391 C 1.28] C o. 898] [8.087]

6 3.81 4.52 4.17 58 49 8.000123 8.72 8.386 8.359

(10.58) C 261 C Z21 [8. 808714] [1.83] [ a 105] C 8.864]

4. 34 4. 87 4. 61 53 44 O. 000065 a 44 0. 408

C11.701 C 241 C 201 C3.3803621 E 12] (8.073]




