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Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] lumber was

converted to flakes, which were dip treated with three concentrations

each of copper chrome arsenate Type C (CCA-C), and disodium octaborate

tetrahydrate (TIM-BOR). Azaconazole [1-[(2-(2,4-dichloropheny1)-1,3-

dioxolan-2-yl)methyl]-1H-1,2,4-triazole] was used as powder. The

flakeboard panels (305 x 304 x 13 mm) were made using phenol-

formaldehyde powdered resin and wax.

Distribution of CCA and TIM-BOR in treated flakes and panels was

examined using x-ray fluorescence and titration methods.

Concentrations were greater in the ends of flakes than in the center.

Scanning electron microscopy with energy dispersive x-ray analysis

(EDXA) showed that CCA distribution was quite uniform on the surfaces

examined. Concentrations of CCA and TIM-BOR in selected panel zones

were uniform, indicating that the chemicals did not migrate

significantly during panel manufacture. Distribution of azaconazole

was not examined because a reliable method was not available.

In water leaching test. CCA and azaconazole were found to be

resistant to leaching, while TIM-BOR was not.

Samples were tested for decay resistance using the soil block
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and vermiculite burial tests. Trametes versicolor, a white rot fungus,

and Phialophora heteromorpha, a soft rot fungus, caused very low

weight losses and did not appear to actively colonize even the

untreated controls. Postia placenta, a brown rot fungus, caused

substantial weight losses in untreated controls. With the latter

fungus, CCA performed better than azaconazole and TIM-BOR, producing

the lowest weight loss. The highest weight losses were associated with

TIM-BOR, although some of the weight loss may have resulted from

leaching during the decay test.

The effect of each test chemical on dimensional stability,

static bending and internal bond (IB) properties of treated panel was

evaluated. When exposed to hot wet conditions, TIM-BOR treated samples

had large thickness swell compared to CCA and azaconazole, and often

delaminated. Samples placed in hot dry conditions had very small

dimensional changes over time. In static bending and internal bond

tests, strength reductions for TIM-BOR and CCA treated samples were

clearly evident; however, reductions for TIM-BOR treated panels were

greater than those for CCA. Azaconazole showed no deleterious effect

on strength and generally performed well.

A discussion of needs for future research is included. Those

include a fundamental understanding of the interaction of preservative

chemical within flakes and mats prior to pressing, during pressing,

and in service. In addition, the need to establish more appropriate

means to evaluate the effectiveness of treatment is identified

Environmental safety, both during processing and in-service, is also

identified as an important factor.
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DISTRIBUTION OF PRESERVATIVE CHEMICALS IN FLAKEBOARD AND ITS EFFECT ON
BOARD PROPERTIES AND FUNGAL DETERIORATION

I. INTRODUCTION AND OBJECTIVES

1.1. Introduction

Increased consumption of wood in many countries has stressed

existing forest resources, leading to the use of small diameter trees

and species or wood residues that have not previously been utilized.

To provide construction products from these sources of wood, many

countries are turning them into panel composites incorporating flakes,

particles or fibers. The development of methods for protection of

composite products against fire and biological deterioration has not

been given the same degree of attention as that given to solid wood

products. However, the use of wood-based composites in exterior

environments has led to renewed interest in the protection of these

products.

There have been a number of reports on biodeterioration problems

(Deppe 1970; Deppe & Gersonde, 1977) and the effectiveness of

preservative treatment systems (Hall et al., 1982; Schmidt et al.,

1978; Viitanen, 1984; Murphy & Turner, 1989) for wood-composite

materials. Like other wood materials used in adverse conditions, these

products may be exposed to molds, stain fungi and wood destroying

fungi which can severely affect economic value and usefulness

(Purslow, 1976). It is therefore necessary to treat with appropriate

preservatives to prevent discoloration and deterioration (Behr, 1972;

Clark, 1960; Greaves, 1983; Lea & Bravery, 1986).

Chemical treatment of wood to limit wood discoloration and
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deterioration is one of the fastest growing sectors in the forest

products industry (USDA, 1980; Walsh, 1985). Effective chemical

treatments not only increase service life, but also enable less

durable species to be used in conditions otherwise favorable to decay.

Treated wood generally has a service life 5-10 times greater than

untreated wood (EPA PD 4, 1984; FPL, 1987).

There is no ideal preservative treatment applicable to all wood-

based materials. Although a number of wood preservatives used today

provide excellent protection, they are not appropriate for all

products and service conditions; therefore, the search for new

preservatives continues (Baechler, 1964). Not all preservatives

developed for solid wood are applicable for composites (Schmidt,

1983). Such incompatibility is particularly likely when wood elements

(flakes, fibers and the like) are chemically treated "prior" to being

consolidated in the pressing process. This approach (rather than the

more conventional post-treatment which is sometimes applied to plywood

panels) offers a number of advantages, and will be the subject of the

present investigation.

When adopting the pre-treatment approach, the effect of

preservative on the adhesive and wood during pressing does, however,

need to be considered. One challenge when producing treated composites

is, therefore, to find an adhesive that is compatible with the

preservative system used. Other concerns might be the interaction of

pressing variables with treatment chemical mobility, and how the

structure of the product affects the ingress of biological organisms.

Three wood preservative systems that might be applicable to
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composites include chromated copper arsenate Type C (CCA-C), boron

compounds (TIM-BOR) and azaconazole. CCA is resistant to leaching and

has given very good service life to a variety of commodities

(Hartford, 1986). There are, however, certain environmental concerns

which may come to bear on the use of this chemical (Hartford, 1976).

The second chemical, boron, is effective against insects and

decay fungi, and has low mammalian toxicity (Becker 1976; Cockroft &

Levy, 1973; Williams & Amburgey, 1987; Barnes et al., 1989). The most

widely used formulation is TIM-BOR, disodium octaborate tetrahydrate.

Preservatives containing boron have been used for the treatment of

timbers (Williams & Mauldin, 1986) and wood-based products (Turner &

Murphy, 1987), and for control of lyctid beetles and termites (U.S.

Borax, 1986). Borates have several advantages for application as wood

preservatives. They are colorless, odorless, heat stable, cost

effective, exhibit minimal corrosiveness and can diffuse through many

wood species generally considered impermeable to conventional wood

preservatives (Williams & Amburgey, 1987; Fowlie et al., 1988; Lebow &

Morrell, 1989). However, the ease with which this chemical is leached

by water and its ineffectiveness against soft rot attack preclude its

use in leaching exposures (unless repeated application is feasible).

The absence of major environmental concerns for this chemical does,

however, give it a distinct advantage if it is used in protected areas

where it cannot leach.

The final chemical, azaconazole, with the chemical name of 1-

[(2-(2,4-dichloropheny1)-1,3-dioxolan-2-yl)methyl]-1H-1,2,4-triazole,

is a triazole-type preservative. Azaconazole has been found to be
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effective against basidiomycetes, sapstains, and molds, and can be

used for the preservation of solid and modified wood products (Valcke

& Goodwine, 1985). Results from laboratory and field tests have shown

that it is active at low dosage rates against wood-decay fungi (Valcke

& Goodwine, 1985). The chemical shows resistance to leaching and is

suitable for above ground contact. This chemical has exceptionally low

mammalian toxicity (Demoen & Gestel, 1983).

Along with toxicity, permanence and safety of preservatives,

levels of penetration and distribution of the chemicals which are

attainable within the wood are important. Also, it is of interest to

know where and how (in what form) the chemicals are deposited in the

microstructure of the wood.

While preservative chemicals will extend the service life of

wood, they can also have an effect on physical properties. Inorganic

waterborne preservatives generally reduce the bending strength of

lumber by 5 to 10 percent, depending on the chemical type, retention,

redrying method and temperature employed (Winandy, 1988). Such effects

must also be considered when treating composites. In exterior

environments, many types of wood-based composite suffer serious loss

in both dimensional stability and strength properties when compared to

solid wood which has been subjected to similar exposure conditions

(Younguist, 1987), although significant progress in this regard has

been made in recent years.

In order to improve the durability of composites and extend

their service life under different environmental conditions, many

factors need to be considered in the treating and panel making
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processes. These factors include particle geometry, preservative

selection, preservative loading, treating process, resin type, board

fabrication methods and safety procedures. It is an objective of the

present work to investigate some of the most important of these.

Little work has been conducted on the preservative treatment

(pre-treatment) of wood-based composite products and, at the present

time, no work has been apparently reported on the application of CCA,

borate or azaconazole to flakeboards made from Douglas-fir. This is,

however, a major species for wood products in the Pacific Northwest.

This study was designed to determine chemical distribution in Douglas-

fir flakes and panels, to measure the effectiveness of these treatment

chemicals for protection of panels against selected brown, white and

soft rot fungi (the most prevalent and damaging organisms), and to

evaluate certain physical properties of the treated panels.

1.2. Objectives

The objectives of this study were:

Evaluate the distribution of preservative chemicals

(chromated copper arsenate Type C, azaconazole and TIM-BOR) in treated

Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] flakes (prior to

pressing), and flakeboards (pressed from pre-treated flakes).

Evaluate the resistance of preservative treated flakeboards

to fungal attack by brown rot, white rot and soft rot fungi, and to

chemical leaching.

Evaluate the effect of treatment chemicals on static bending

properties, dimensional stability and internal bond strength of



preservative treated flakeboards.

4. Draw conclusions, make recommendations about the

appropriateness of these treatments, and identify areas where more in-

depth investigations are needed in order to converge on optimal

treatment chemicals, application methods and product properties.

6



2. LITERATURE REVIEW

A brief survey of pertinent literature concerning wood

composites, decay fungi and preservative chemical types will each be

considered in turn. Following this, the interactions of the three

chemical types with wood will be considered.

2.1. Wood Composites

The wood-based composites industry in the United States is one

of the most dynamic sectors of the forest products industry

(Dickerhoof et al., 1982). There are many sizes of wood components

which can be used to make wood-based composite products. Marra (1972)

created a table of wood elements arranged by size, ranging from the

largest (logs) to the smallest (cellulose). Appropriate elements such

as lumber, veneer, particles, flakes, etc. are put together by

applying resin, wax, pressure and heat to make usable composite

products. The most common composite products are particleboard,

hardboard, fiberboard, flakeboard or waferboard, and oriented

strand board.

There have been a number of reports of biodeterioration problems

associated with the use of wood-based materials (Deppe 1970; Deppe &

Gersonde, 1977). Attention has been given to determine appropriate

test methods for assessing decay resistance of various board types and

to defining the situations in buildings under which conditions

appropriate for decay may arise (Savory, 1969b; Lea & Bravery, 1986).

At the same time, several authors have investigated the effectiveness

of preservative treatment systems for board materials (Hall et al.,

7
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1982; Schmidt et al., 1978; Viitanen, 1984). Improvement in durability

by preservative treatment is seen as one way in which the range of

uses of many board types can be extended (Murphy & Turner, 1989).

Wood species, particle geometry, board structure, density, and

adhesive factors are all important factors affecting the

susceptibility of composition board to fungi (Smith, 1974). To prevent

attack, the panels should be treated with appropriate preservative

chemicals (Behr, 1972; Clark, 1960; Greaves, 1983; Lea & Bravery,

1986). Treatments can also increase the resistance of the product to

insect attack and improve fire-retardancy (Youngquist, 1987).

Lumber and plywood are generally treated after manufacture. The

treatment of sapwood in most species is relatively easy; however,

there is a wide variation in the treatability of heartwood (Weaver &

Levi, 1979). Some species, like southern pine, are easy to treat while

some of the western species, including Douglas-fir, are difficult and

show wide variations in treatability. Good treatment of composite

products is possible when the wood elements are treated before they

are converted to the final product (Youngquist, 1987).

Waferboard is increasingly used in applications such as

residential roofs and wall sheathing where the deleterious effects of

moisture and fungi may be encountered. Theoretically, phenol

formaldehyde (PF) resin offers greater resistance to fungal

degradation than urea formaldehyde (UF) because of its customarily

high pH and the presence of non-condensed phenol (Schmidt et al.,

1978; Brown & Alden, 1960). However, in practice, leaching of non-

condensed phenol can reduce decay resistance, thereby necessitating
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additional protection (Toole & Barnes, 1974). Furthermore, paints or

sizing used to minimize these problems cannot be relied upon as

permanent protection (Hedley, 1976). Therefore, it is desirable to

have a means for imparting more permanent protection to waferboard,

preferably at the time of panel manufacture. Compatibility of

chemicals and process must, however, be assured. For instance, pH of a

preservative may influence resin cure or the preservative may not be

compatible with resin or wax. Schmidt (1983) suggested that hydroxyl

groups necessary for resin bonding may be blocked with pre-treatment

of wood particles.

In summary, therefore, relatively few studies about preservation

of wood-based composites have been pursued. Standard tests have not

been developed to measure durability of these treated products, and

tests conducted so far have used methods developed for solid wood and

plywood. The existing predictive tests for preservative performance in

solid wood are not always appropriate for composites.

2.2. Effects of Decay on Wood and Wood Products

Wood is used extensively as a structural material in many

different environments; unfortunately, it is susceptible to

deterioration by a variety of organisms. It is generally agreed that

wood containing less than 20% moisture (based on the oven-dry weight

of the wood) is resistant to attack by most organisms, except powder

post beetles and dry wood termites. However, wood becomes susceptible

to attack by fungi and insects when moisture content rises above the

fiber saturation point (typically around 30%). Wood is decomposed
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rapidly by many living and non-living agents. Among the living agents

of deterioration, wood-destroying fungi present the greatest danger to

the economic use of wood (Purslow, 1976). Fungal decay is separated

into brown rot, white rot and soft rot attack based on the physical

and chemical changes produced in wood. Each will be briefly discussed.

2.2.1. Brown Rot Fungi

Brown rot fungi cause rapid and substantial losses early in the

decay process. These fungi utilize carbohydrates in the cell wall,

leaving behind a network of essentially undigested lignin and small

amounts of more resistant, crystalline cellulose. The residual lignin

is also modified to some extent by demethylation (Kirk, 1975).

Demethylation and possible cleavege of aryl-ether bonds or aromatic

hydroxylation results in the formation of new phenolic hydroxyl groups

in both phenolic and non-phenolic structural elements (Kirk & Alder,

1970; Kirk, 1975). Brown rots degrade the cell from the lumen, where

the hyphae lie against the S-3 layer of the secondary wall. As decay

progresses, the S-2 layer is heavily degraded, while the S-3 layer

remains relatively intact (Highley et al., 1985). Brown rot fungi

produce cellulolytic enzymes which are capable of diffusing

considerable distances from the hyphae, causing higher strength losses

at lower weight losses than other types of decay (Cowling, 1961).

Cowling (1961) reported that the rapid depolymerization of

hollocellulose caused the early strength loss, which was followed by a

gradual weight loss as the breakdown products were utilized. Brown

rots cause the wood to darken in color, to shrink, and to crack into
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brick-shaped pieces that crumble easily into a brown powder.

Differences in the ability of brown rot fungi to utilize

hemicelluloses in softwoods and hardwoods have been suggested as a

significant factor for the preference of brown rot fungi for softwoods

(Keilich et al., 1970). The presence of hemicellulose was also found

to be required before these fungi could degrade cellulose (Highley,

1977). In nature, brown rot fungi do indeed usually occur on

softwoods, but they will decay both hardwoods and softwoods under

laboratory conditions. It is reported that brown rot fungi

preferentially remove mannan, and to a lesser extent xylan, from both

hardwoods and softwoods (Highley, 1987). Softwoods contain

considerably more mannan than hardwoods. Therefore, it is possible

that the high mannan content in softwoods enables brown rot fungi to

compete better than any other types of wood-decaying fungi in

softwoods (Highley, 1987).

2.2.2. White Rot Fungi

White rot fungi attack all cell wall components more or less

uniformly and produce extracellular enzymes which oxidize phenolic

compounds associated with lignin (Kirk, 1971). Strength losses are

more directly linked to weight losses (Wilcox, 1978) and the ratio of

cell wall components remains relatively constant (Cowling, 1961).

White rot fungi may be among the most important lignin degrading

organisms (Kirk, 1971). In some fungal species, lignin is

preferentially removed and this fact has been used for bio-pulping

(Kirk & Chang, 1974).
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White rot fungi utilize carbohydrates at a rate that is

approximately proportional to the original amounts present, whereas

lignin is utilized usually at a somewhat faster rate (Highley, 1989).

These fungi cause the wood to become paler in color and may eventually

reduce it to a fibrous, whitish mass. In general, hardwoods are more

susceptible to white rot fungi than softwoods (Cowling, 1957; Duncan &

Lombard, 1965). White rots have been included in studies of treated

softwoods because they have been reported to be more resistant to some

preservatives than the brown rots (Da Costa et al., 1972; Savory &

Carey, 1976). This resistance may be due to detoxification abilities

of some white rots against some chemicals (Bravery, 1975; Henshaw et

al., 1978).

2.2.3. Soft Rot Fungi

Besides brown and white rot fungi, there is another important

group of fungi, known as soft rots which cause a characteristic

surface softening of timber. The importance of this group of

microfungi was first recognized by Savory (1954). Since his work,

micromorphological aspects (Corbett, 1965; Leightly & Eaton, 1977),

enzymatic activities (Nilsson, 1973) and nutritional factors (Butcher,

1975) influencing soft rot development in timbers have been studied.

Ascomycetes and Fungi Imperfecti generally cause soft rot decay

of wood (Savory 1954; Corbett, 1965; Duncan & Eslyn, 1966; Nilsson,

1973), although one member of the basidiomycetes was reported to cause

a similar type of damage (Duncan, 1960). Soft rot fungi are

characterized by the formation of cavities within wood cell walls.



Attack in the form of erosion of wood cell walls is also very common

(Nilsson, 1973). Soft rot and white rot erosion of cell walls cannot

always be distinguished from each other microscopically (Wilcox,

1970). Significant losses of lignin have been reported for wood

attacked by typical soft rot fungi (Levi & Preseton, 1965; Eslyn et

al., 1975)

Soft rot fungi occur in very wet wood. They are found in woods

quite resistant to white or brown rot attack (redwood, oak), but

appear to be more prevalent in hardwoods than softwoods. Pines, gums,

poplar and beech are woods observed to be quite susceptible to soft

rotting. The preference of the soft rot fungi for hardwoods, both in

nature and in the laboratory, is similar to that of the white rot

basidiomycetes.

2.3. Wood Preservatives

Wood preservatives are chemicals that make the wood resistant to

attack by fungi, insects, or marine borers. The goal is to make the

wood poisonous or repellent to organisms that would otherwise attack

it. There are no universally applicable wood preservatives, but a

number of chemicals have been developed for special purposes. Most of

these preservatives are classified as broad spectrum biocides that are

effective against several types of organisms. Pentachlorophenol (PCP)

was probably one of the most wide-spread wood preservatives during the

last decade; however, many countries have prohibited or restricted its

use due to its high mammalian toxicity (Valcke & Goodwine, 1985;

Rowell, 1975). Preservatives selected for this study are chromated

13



copper arsenate (CCA), boron compounds (TIM-BOR) and azaconazole.

2.3.1. Chromated Copper Arsenate (CCA)

The use of chromated copper arsenate (CCA) for treating wood has

been increasing in recent years. This increase is attributed to

consumer awareness of the availability of treated wood products in

general. Based on production reports for 471 treating plants and

estimates of production by 96 nonreporting plants, the industry

treated 519.3 million cubic feet (14.7 million m3) of wood products in

1985. Waterborne preservatives (such as CCA) accounted for about 63%

of the treated-wood production in the United States (Micklewright,

1987). This figure indicates the important role of waterborne

preservatives in wood treating.

CCA preservative has generated a world-wide reputation as one of

the most versatile and available wood preservatives (Wallace, 1968).

It has two preservative ingredients, arsenic and copper, and a fixing

agent, chromium. In the CCA system, copper is the primary fungicide

while arsenic is present for control of copper tolerant fungi and

insects. The chromium and copper undergo reactions to produce

insoluble precipitates which are strongly bound to the wood following

treatment (Hartford, 1986).

Although CCA provides excellent protection, it colors the wood.

However, surfaces are clean so that treated timber can be easily

painted. By the addition of a self-dispersing water repellent to the

CCA solution, a single treatment process can also give dimensional

stability and water repellency to treated timber; something that once

14
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could only be achieved with oil-borne treatments (Belford & Nicholson,

1968).

2.3.2. Boron

Environmental and safety concerns have renewed interest in

developing safer chemicals and methods for wood protection. One

chemical receiving attention for this purpose is boron. Boron has wide

spectrum activity against decay fungi and wood boring insects, and is

colorless, inexpensive, odorless. It is safe in application and the

treated timber can be easily painted. However, one disadvantage of

water-diffusible chemicals like borates is that they eventually need

reapplication (Becker, 1976). In addition, treating solutions do

corrode galvanized metal and aluminum. Disposal of treating solutions

and the fire resistance of the treated wood waste may sometimes

present problems (McQuire, 1974; Smidt & Whitton, 1975).

Boron compounds are useful in medicine in the form of boric acid

solutions and boracic ointment. They have also been used for the

conservation of foodstuffs. In the treatment of wood, they were first

used as fire retardants. Boron compounds are only effective as flame

retardants when the loading level is relatively high. Since World War

II they have become increasingly important in the field of wood

preservation. Polyborates have low mammalian toxicity and are highly

effective against insects and basidiomycetous decay fungi (Findlay,

1953; 1956; 1960; Blew, 1947; 1948; Carr, 1959; Baechler & Roth, 1956;

Cockroft & Levy, 1973; Williams & Amburgey, 1987; Barnes et al.,

1989). However, they are not as effective against stain and mold



fungi.

Various boron compounds such as boric acid, borax, and water-

soluble polyborates may be used for wood treatment. The most widely

used formulation is disodium octaborate tetrahydrate, which is already

available and has an Environmental Protection Agency (EPA) approved

label to control wood decay fungi, lyctid beetles and many termites

(U.S. Borax, 1986). This chemical is normally expressed on a boric

acid equivalent (BAE) basis. Boron compounds have been used with other

waterborne preservatives for the .treatment of timbers (Williams &

Mauldin, 1986) and wood-based materials (Turner & Murphy, 1987).

The results of tests with soft rot fungi in malt agar indicate

that borates effectively prevent the growth of such fungi (Duncan

1960a, 1960). Leaching of borates from wood under wet soil exposure

conditions is, however, a problem and can lead to relatively poor

performance under such service conditions (Theden, 1962; Williams &

Amburgey, 1987).

Diffusion impregnation (dip treatment) and vacuum/pressure

methods are used for boron application (U.S. Borax, 1986). One of the

major advantages of dip diffusion treatment is that it requires little

capital investment. The dip diffusion process is especially suitable

for treatment of green timbers susceptible to beetle infestation

(Williams & Amburgey, 1987). In recent studies, the applicability of

vapor boron treatment to a wide range of different wood-based board

materials was demonstrated and clearly indicated that the treating

results were acceptable under practical conditions (Turner & Murphy,

1987; 1990). Borates also can be applied in the form of fused rods
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that can be inserted into the wood to control internal wood decay

(Dirol & Guder, 1989; Morrell et al., 1990a).

2.3.3. Azaconazole

Triazole-fungicides, although well known in plant protection,

have only recently been introduced as wood preservatives. Azaconazole

was found to be effective against basidiomycetes, sapstain and mold

fungi, and is a fungicide which can be used for the preservation of

solid and modified wood products (Valcke & Goodwine, 1985). In

comparison with more common wood preservatives, azaconazole is active

at low dosage levels and has been attributed with having no known

major environmental drawbacks (Demoen & Gestel, 1983; Valcke &

Goodwine, 1985). Azaconazole applied in organic solvent- or water-

based formulations was 1.5 to 10 times more active than

pentachlorophenol against basidiomycetes (Demoen and Gestel, 1983;

Leclercq, 1983) and was effective at 0.15-0.31 percent concentration

against blue stain fungi. When compared with copper-chrome-arsenic,

azaconazole was 4 to 10 times more effective against basidiomycetes

(Cockroft, 1974). Valcke and Goodwine (1985) noted that the toxic

threshold values of azaconazole in a waterborne formulation are lower

than those for an oil-based formulation for Trametes versicolor and

Postia placenta.

The addition of azaconazole as a powder to wood furnish prior

to panel formation was considered as one way to simplify the treatment

procedure of a composition board product (Schmidt, 1987). Also,

azaconazole in emulsion concentrate has been mixed with the glue prior
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to blending (Leclercq, 1983). Powdered azaconazole added at 0.4%

(based on oven-dry weight) to the furnish provided good decay

protection against Postia placenta and Trametes versicolor, allowing

essentially no decay, although for GleophOlum trabeum weight losses

up to 7% were measured in the test (Schmidt & Gertjejansen, 1987).

2.4. Distribution and Penetration of Wood Preservatives

Wood preservatives, by their nature, must be toxic. The

effectiveness of any toxic wood preservative depends on its

penetration, permanence and distribution within the wood (Arsenault,

1973). Increased gross preservative retentions do not appear to

influence distribution within the cell wall, but the amounts deposited

in discrete sites will increase (Drysdale et al., 1980). Further

knowledge is required, at a much more specific level, of the

microdistribution of the preservative within the anatomical structure

of the wood, since it is here that the microorganisms mount their

attack (Dickinson and Sorkhoh, 1976). Preservative penetration of

different cell types plays an important role in the performance of

treated timbers (Dickinson & Sorkhoh, 1976).

Although a great deal of information is known about many aspects

of wood preservation, the microdistribution of preservative components

in treated wood is still uncertain (Greaves, 1974). Very few methods

provide in situ information at the cellular level, and early endeavors

to do so were limited by the available technology (Rudman, 1966; Petty

& Preston, 1968). More advanced equipment, such as the analytical

electron microscope and the x-ray analyzer in scanning electron
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microscopy, provide information about preservative distribution which

may be accurately correlated with detailed ultrastructure of the wood

cell (Chandler & Chou, 1970; Greaves, 1972; 1973; Dickinson, 1973;

Chou et al., 1973). There have been studies on the penetration and

distribution of CCA and TIM-BOR in wood, but apparently none exist for

azaconazole.

2.4.1. CCA Distribution

Poor microdistribution between cell types (Greaves, 1972; 1974)

or within cell walls (Dickinson, 1974; Dickinson et al., 1976) has

been documented as an important contributing factor in the premature

failure of CCA-treated hardwoods. The analytical evidence of Chou et

al. (1973) and Dickinson et al. (1976) has indicated that CCA

preservative is distributed within the cell wall of softwood

tracheids. Dickinson et al. (1976) also examined a hardwood species

and suggested as much as a 40-fold reduction in S-2 layer loadings in

hardwood fibers compared with softwood tracheids.

Recent studies on microdistribution of copper, chrome and

arsenic in Eucalyptus qlobulus Labill. sapwood showed that vessels,

vasicentric parenchyma and wood rays contained the highest CCA

retentions while the fibers contained lower levels of all active

elements (Reimao & Palacios, 1990). Because the movement of CCA

preservative through the walls of the fibers is partially prevented by

the complex structure of the eucalyptus wood (Reimao & Palacios,

1990), there is usually a certain decrease in the efficiency of the

treatment, which did not reflect the salt retentions obtained
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(Dickinson et al., 1973; Leightley, 1987). Irregularities in

microdistribution of the active elements of CCA preservative can

enable soft rot fungi to attack the sapwood of Eucalyptus species

(Dickinson et al., 1976; Dickinson, 1973). For good protection of

Eucalptyus species in contact with soil, higher concentrations of

preservatives must be used (Leightley & Norton, 1983; Leightley, 1987;

Reimao & Palacios, 1990).

The difference between the effectiveness of CCA treatment in

pine and in certain hardwoods suggests that there may be a major

difference in the microdistribution of the preservative within the

anatomical structure of the wood (Levi & Dickinson, 1980). Pizzi and

Conradie (1986) mentioned that the biological durability for pine was

correlated to a higher degree with the distribution of total CCA

rather than the distribution of individual elements.

Some workers have noted that the ratio of the three elements in

CCA is not changed when wood is treated (Rudman 1966; Petty & Preston,

1968), while Chou et al. (1973) stated that the Cu:Cr ratio is fairly

constant, and Cu:As was more variable. Variability in CCA element

ratios were also recorded in a study by Greaves (1974) where he showed

that the ratios of preservative components are different in softwoods

and hardwoods and vary in the different anatomical structures.

Furthermore, he stated, " the preservative undergoes

disproportionation within the wood, and recombination at different

sites produces dissimilar and varying elemental ratios." Earlier, it

was shown that the copper chromates and copper arsenates occurred

throughout the wall in the form of microcrystalline deposits (Belford
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et al., 1957). Similar deposits were observed in CCA-treated Douglas-

fir (Belford et al., 1957), but in a more recent examination (Chou et

al., 1973) the coarse deposits were not observed as constant features.

A number of tests have been carried out to determine the loss of

CCA under severe leaching conditions. Eaton and Jones (1972a,b)

quantitatively analyzed leaching of CCA from treated Scots pine blocks

exposed in water cooling towers and in the sea. They found that

arsenic leached faster than chromium, while copper was the most leach-

resistant component of the preservative. Henshaw (1979) leached CCA

treated wood for 100 hours in deionized water and found that arsenic

was the most leachable component. Baechler et al. (1970) submerged

presrvative treated solid Douglas-fir and southern pine woods in

seawater for periods of up to five years. They found that residual

preservative in CCA treated samples contained a higher percentage of

copper and a lower percentage of chromium and arsenic in proportion to

that present in the original samples. Although both arsenic and

chromium leached slowly, arsenic leached at a slightly faster rate. In

laboratory tests, loss of copper depended very strongly on pH, with

increased acidity leading to increased leaching (Murphy & Dickinson,

1990).

The inactivation of copper and arsenic has been reported by

previous workers. Da Costa and Osborne (1968) reported that the brown

rot fungus Poria vaillantii was highly tolerant of CCA under

laboratory conditions, and that exposure of CCA and copper-arsenate

treated timber to this fungus can decrease the toxicity of the

preservative on subsequent exposures to the same or other fungi.
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Duncan and Deverall (1964) found that arsenic was depleted from

copper, chromium, and flouride salts (FCAP) by the action of fungi.

Laboratory tests also indicated that some Phoma and Graphium species

were capable of degrading or inactivating arsenic, copper, chromium

and fluoride salts. McNamara et al. (1981) maintains that CCA is a

good preservative against all forms of decay and insect attack, but

for soft rot control it must be deposited into the fiber walls during

the treatment process. An alternative theory is that soft rot attack

in CCA treated hardwoods might result from a low loading of copper

(Hulmes & Butcher, 1977a,b,c). Butcher (1979) concluded that as a soft

rot fungus becomes more able to utilize the substrate, higher

retentions of copper are required to minimize attack.

2.4.2. Boron Distribution

Penetration of boron depends on the moisture content, rate of

drying, preservative uptake and density of wood. Wood moisture content

plays an important role in borate treatments. Increased moisture

content will result in rapid diffusion (Smith & Williams, 1969).

Penetration of boron is high in low density timbers and lower in high

density wood (Garbutt et al., 1972; Konabe, 1990). Konabe (1990)

studied dip diffusion of dressed timber and noted that the timber was

very absorbent and boron diffused easily, resulting in complete

penetration even at 30% moisture content. Lebow and Morrell (1989)

studied the penetration of disodium octoborate tetrahydrate (10% BAE

borate solution) into refractory Douglas-fir heartwood and western

hemlock sapwood lumber and suggested that complete penetration would



be achieved if diffusion periods longer than 4 weeks were used.

2.5. The Effect of Preservative Treatment on Mechanical Properties of
Wood

The effect of waterborne preservative treatments on bending

properties of wood have been reviewed (Hall et al., 1982; Boggio &

Gertjejansen, 1982; Winandy et al., 1989; Bendtsen et al., 1989; Vick

et al., 1990 ). CCA treatments and redrying had no effect on the

average Modulus of Elasticity (MOE), but they reduced average Modulus

of Rupture (MOR) depending on the level of treatment and method of

drying (Winandy & Boone, 1988). Strength loss seems to be caused by

hydrolysis of the wood (pH 1.5 to 3.0) and by the high temperatures

sustained during kiln-drying after treatment (Winandy et al., 1989).

Results of a study on the influence of ACA and CCA waterborne

preservatives on the properties of aspen waferboard showed some

strength reductions of phenol-formaldehyde bonded wood (Boggio &

Gertjejansen, 1982). Azaconazole had minimal effect on MOE or internal

bond (IB) and appeared to hold promise as a protective system for

composites (Schmidt & Gertjejansen, 1987).

Substantial decreases in IB and MOR were observed with

increasing borate content (Laks et al., 1988). It appears that the

borate may interfere with the development of glueline strength.
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3. MATERIALS AND METHODS

In this chapter, methods for preparing flakes and preservative

solutions, treating flakes, manufacturing panels, determining

distributions of chemicals, testing decay resistance and measuring

mechanical properties will be presented.

3.1. Flakes

Freshly cut Douglas-fir dimension lumber [Pseudotsuga menziesii

(Mirb.) Franco] was collected from a local sawmill (Midway Forest

Products, Philomath, OR). The lumber contained both sapwood and

heartwood.

Clear blocks, approximately 50 x 100 x 150 mm, and free of

knots, pitch and bark were cut from the dimension lumber. These blocks

were submerged in water for 30 hours and then removed and transported

to Weyerhaeuser Technology Center in Tacoma, Washington, for

conversion to flakes. Soaking the blocks was necessary to improve the

flaking process. Blocks were fed into a CAE (Canadian Equipment)

flaker which produced flakes about 30 x 20 x 0.8 mm in length, width

and thickness, respectively. Flake width was more variable than length

or thickness. A small piece remained intact after flaking each block,

such pieces were discarded.

Flakes were returned to the Forest Research Laboratory (FRL) and

immediately spread on plastic sheets in a large room for drying. The

delay between flaking and drying was minimized in order to avoid the

onset of biological degradation. Flakes were screened to remove

"fines", material passing through a screen with 4.76 mm diameter
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circular openings was discarded.

3.2. Chemical and Solution Preparation

Azaconazole (1-[(2-(2,4-dichloropheny1)-1,3-dioxolan-2-

yl)methyl)-1H-1,2,4-triazole) was obtained from Janssen

Pharmaceutical, Inc. (Washington Crossing, PA) and used at

concentrations of 0.2%, 0.4% and 0.6% of the oven-dry flake weight.

This chemical was applied to the flakes as a powder after they were

mixed with wax and resin (The wax provided "tack" which aided in

retention of both adhesive and preservative on the flake surfaces.).

Disodium octaborate tetrahydrate (TIM-BOR, U.S. Borax, Los

Angeles, CA) contains boric acid and sodium borate that corresponds

approximately to the formula Na2B8013,4H20. This chemical is a powder,

but it was dissolved in water (agitated) and applied to the flakes as

a liquid. Concentrations of 1.3, 2.2 and 4.5 percent TIM-BOR or 0.20,

0.33 and 0.67 percent boric acid equivalent (BAE) were used to produce

loadings of 80.6, 133.1 and 270.1 kg/m3 of BAE based on the oven-dried

weight of the flakes, respectively.

Chromated copper arsenate Type C (CCA-C) was obtained from

Osmose Wood Preserving, Inc. (Buffalo, NY) and used at solution

concentrations of 0.6, 1.6 and 2.4 percent to give target loadings of

2.4, 6.4 and 9.6 kg/m3, respectively. These target levels for CCA

treatments were selected to meet the American Wood Preservers'

Association Standard (1986) used for structural lumber in ground

contact (6.4 kg/m3) and in permanent wood foundations (9.6 kg/m3). The

2.4 kg/m3 level was chosen to represent a light treatment that might be
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susceptible to decay. CCA chemical was applied to the flakes as a

liquid. Prepared CCA-C solutions were analyzed by x-ray fluorescence

spectroscopy and chemical concentrations were similar to target

concentrations (Table 14, Appendix).

3.3. Fungi

Three fungi were used: a white rot, a brown rot and a soft rot.

All were obtained from the U.S. Forest Products Laboratory, Madison,

Wisconsin.

Selection of fungi were based on criteria considered below. In

these criteria, relevance to in-service situations, as well as to

laboratory test methods, was taken into account. A range of species

with different wood preferences and preservative tolerances is

represented.

Trametes versicolor (L. :Fr.) Pilat. (Madison R-105) is a white

rot fungus that actively attacks non-durable hardwoods, is very common

in conifers, is a common inhabitant of Douglas-fir, and is considered

to be somewhat tolerant of some fungicides (Duncan & Lombard, 1965).

This fungus is reasonably tolerant of inorganic preservatives

(Cartwright & Findlay, 1958), occurs throughout the world, and is

extensively used for bioassays of preservatives and tests for the

natural durability of wood.

Postia placenta (Fr.) M. Lars. & Lomb. (Madison FP-94267-R) is a

brown rot fungus that occurs in both hardwoods and softwoods

(Gilbertson, 1981). It is a common decay fungus that attacks Douglas-

fir, causing substantial strength loss at very low weight loss
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(Wilcox, 1978).

Phialophora heteromorpha (Nannf.) Wang. (Syracuse P-28) is a

soft rot fungus, commonly associated with creosote-treated, southern

pine poles (Morrell & Zabel, 1985; 1987). It is chemically tolerant

and causes both Type 1 and 2 cavities (Zabel et al., 1980). Isolation

of this fungus from Douglas-fir has been reported (Zabel et al.,

1980).

3.4. Adhesive and Wax

Adhesive and wax were obtained from Georgia Pacific Resin, Inc.

Slack wax ("Indrawax 210" petroleum paraffin slack wax) was applied to

the flakes as a liquid by heating its solid form. Wax is commonly used

in the manufacture of composite panel to enhance the water-repellency

of the final product (Moslemi, 1974). Wax also functions as a medium

for holding powdered resin on flake surfaces (and in this case

preservative powder). Phenol-formaldehyde resin was applied to the

flakes as a powder.

3.5. Manufacturing Panels

3.5.1. Conditioning Flakes

After screening, the flakes were placed in a standard

conditioning room (21°C, 65% R.H.) until they reached equilibrium

moisture content (EMC). The average EMC of the flakes was 11.9% and

ranged from 11.3 to 13.1%. The average EMC value was used to calculate

the oven-dry weight of the untreated flakes before determining the

weight of the adhesive and wax that was needed.



3.5.2. Treating Flakes

Prior to treatment, small quantities of flakes were removed from

the standard conditioning room, weighed,"oven-dried and periodically

reweighed to determine their initial moisture content.

As mentioned earlier, the flakes were treated with 3 different

concentrations each of dry azaconazole powder and liquid TIM-BOR and

CCA-C solutions. Flakes were treated with TIM-BOR and CCA-C chemicals

by dipping. Before treating the conditioned flakes with these two

preservatives, a preliminary experiment was done to determine dipping

time (Table 1) necessary to achieve target retentions. Soaking time

for TIM-BOR and CCA-C was set at 7 minutes because percent weight gain

leveled off after this length of time. The moisture content after 7

minutes of soaking was about 110% which is below the 160% maximum

moisture content calculated for Douglas-fir (Panshin & de Zeeuw,

1980). Solution strengths were adjusted to achieve the desired

retentions.

Flakes were placed in a stainless metal sieve at room

temperature and submerged for seven minutes in a container holding the

preservative solution of pre-selected concentration. During the

dipping process, the flakes were agitated by gently moving the sieve

up and down. A lid was put on the top of the flakes to prevent them

from floating.

After treatment, flakes were allowed to drain and then were

stored at room temperature in sealed plastic bags for 30 hours to

allow diffusion to occur. The treated flakes were then spread out on

screens and dried at room temperature. A few flakes from each
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treatment batch were collected in a petri dish and weighed from time

to time to determine when the flakes were dry. Flake drying time

varied from one chemical to another and from one concentration to

another, probably due to differing hygroscopicities. Drying time for

treated flakes ranged from 2 to 3 days at room temperature; however,

this time was shorter for the flakes treated with TIM-BOR. Treated and

dried flakes were then transferred back to the standard conditioning

room. All flakes with the same treatment level were thoroughly mixed

before panel manufacturing.

Table 1. Percent weight gain of Douglas-fir flakes' after different
soaking times in water.

' Flakes were conditioned in a standard room (21°C, 65% R.H.) prior
to soaking.

Soaking
time(mins)

Weight gain

(%)

1 48.4
2 53.0

3 56.9

4 62.2
5 59.7

6 57.7

7 74.6

8 64.1

9 71.4

10 63.3



3.5.3. Forming, Pressing and Conditioning Panels

Moisture content and oven-dry weight of untreated or treated

flakes were used to determine the amount of flakes, adhesive and wax

needed to make each 305 x 305 x 13 mm panel. The average moisture

contents of the untreated and treated flakes in the standard

conditioning room were 11.9% and 12.5%, respectively. Treated flakes

ranged from 11.9% to 13.4% depending on the treatment. Adhesive was

applied at a level of 3.35% of the oven-dry weight of the flakes, wax

at a level of 1.11%, and from 770 to 780 grams of flakes were required

for each panel. In general, up to 2 percent wax has been used with

powdered PF to ensure that the adhesive will have sufficient coverage

(Laks et al., 1988). The quantities of wax and adhesive used in the

present study were based on the recommendations of the manufacturer's

data sheet (Anonymous, undated).

Flakes were blended in a 1.2 m diameter rotary drum blender

which rotated at 30 rpm. Hot wax was sprayed onto the flakes with a

specially modified air spray gun mounted horizontally in the center of

the blender. Circulating copper tubes were wrapped around the

atomizing spray head and water/steam was passed through to prevent

wax solidification during spraying.

Following the application of wax, flakes were blended with

powdered PF resin for three minutes. For the azaconazole treatment,

the powdered preservative was added to the furnish and blended for 3

additional minutes.

Sufficient furnish was prepared during each blending for the

manufacture of four panels, with some left over for chemical analysis.
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After blending, the necessary weight of furnish to make single panels

was weighed out and transferred to the standard conditioning room to

maintain constant moisture conditions.

Mats were formed by hand, felting the furnish on a 305 x 305 mm

stainless steel caul plate placed under a forming (deckle) box.

Special care was taken to uniformly distribute the flakes in order to

reduce variation in density across the mat. After the mat was laid up,

the forming box was removed (while pushing down on the flakes with a

square plunger) and the mat and caul plate were placed in a steam

heated hot-press. Panels were pressed to a thickness of 12.7 mm at a

platen temperature of 154°C for 12 minutes. Press closing time was 1-

1.5 minutes. The platen pressure was maintained constant (as its

maximum value) until the panel reached the appropriate thickness, and

then pressure was manually controlled to maintain target thickness.

During the last seconds (between 1 and 2) of the pressing cycle,

platen pressure was reduced to zero.

Before making the experimental panels, one of the last

flakeboard panels made during a preliminary study to establish forming

and pressing conditions was selected to evaluate in-plane (horizontal)

uniformity of density. The untrimmed panel was cut into 64 square

pieces (36 x 36 x 13.7 mm each). Each piece was numbered according to

its position in the panel. Pieces from the edges of the panel were not

included because material from this zone tends to be more variable,

and therefore these edges would be trimmed from experimental panels.

Pieces were put in an oven at 54°C until a constant weight was

achieved (78 hrs.) and then placed in a desiccator for 30 minutes and
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weighed. Dimensions of some randomly selected pieces were also

measured to check the accuracy of sample cutting. Densities of the 36

pieces ranged from 580 kg/m3 to 670 kg/m3, with a standard deviation of

40 kg/m3. The average density of this panel was 620 kg/m3. These values

indicated that procedures for mat formation and hot pressing were

appropriate for the panels designed for this study.

All panels were made under similar conditions. No signs of

delamination were noted in any panels (since a long pressing time was

used). Press pressure was sometimes difficult to control, leading to

some thickness variation between panels. Excess panels were made and

those within a thickness range of 12.4 mm to 12.7 mm were selected for

the study.

All experimental panels exiting the hot-press were labeled on

the top surface and cooled to room temperature for a few hours. They

then were transferred to the standard conditioning room where they

were stickered and stacked for 2-3 weeks and allowed to reach

equilibrium conditions. Panel thickness then was measured at 4

locations in the mid-portion. For this study 12 acceptable panels were

made for each of the 10 treatments.

3.6. Test Specimen Sampling and Treatments

3.6.1. Flakes

Sufficient amounts of flakes were collected at the various

stages of preparation for determination of preservative distribution,

chemical analysis, and microscopy.



3.6.2. Panels

Specimens required for strength tests (static bending, internal

bond), physical tests (density, linear expansion), decay tests (soil

block, vermiculite burial), and chemical distribution before and after

leaching were cut from panels. Strips 12.7 mm wide were trimmed and

discarded from the four edges of each panel to remove any edge effects

produced during panel making. Test specimens were stored in the

standard room until tested.

3.7. Chemical Analysis

Chemical analyses were made on unleached and leached material

having CCA-C and TIM-BOR treatments. CCA treatments were analyzed

using x-ray fluorescence spectroscopy. The boron in TIM-BOR treatments

was analyzed by titration of ashed samples. Chemical analysis of

azaconazole treated samples was not performed because the method for

analysis was not reliable for the chemical in wood, although loss in

specimen weight caused by leaching was measured. Procedures for

carrying out each of these tasks are described below.

3.7.1. Preparation of Leached Samples

For those specimens to be leached for chemical analysis, a

standard method of determining the leachability of wood preservatives

was used (AWPA, M 11-87, 1986). For this procedure, panel samples

(25.4 x 25.4 mm) treated with CCA, TIM-BOR, azaconazole, or untreated

were dried at 54°C in an oven and weighed to the nearest 0.001 gram.

Six samples from each treatment and retention were placed in separate
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beakers containing 350 ml of deionized water. The leaching cycle

included 8 hours of soaking at room temperature (22°C) and 16 hours of

drying at 54°C. A change of water was made at the beginning of each of

the 10 cycles to complete the leaching procedure.

Within the first days of preliminary studies, TIM-BOR treated

samples began delaminating. Therefore, each treated and untreated

sample was placed in a mesh bag in order to hold samples together

during leaching.

After each soaking phase, the samples covered in the mesh bags

were blotted to remove excess water and placed in the oven for the

drying phase of the leaching cycle. At the end of the leaching

process, the samples were removed from the mesh bags, thoroughly dried

at 54°C and then placed in a desiccator for 30 minutes and weighed.

These samples were then used for chemical analysis. A temperature of

54°C (rather than 105°C) was used to minimize thermal degradation and

volatilization of the samples. The objective was to retain the

original structure of the wood in readiness for chemical analysis and

decay testing.

3.7.2. Specimen Preparation and Procedures for CCA-C Analysis

The amounts of copper, chrome, and arsenic present in the flakes

were determined with an ASOMA 8620 x-ray fluorescence analyzer.

Preparation of samples and analyses were conducted using previously

described procedures (ASOMA Manual, 1988). Samples weighing

approximately 2 grams were required for this analysis.



3.7.2.1. Flakes

A sufficient quantity of dried treated flakes with approximately

equal dimensions was selected. The ends and the centers of the treated

flakes were analyzed for differences in CCA-C concentrations.

Approximately 1/4 of the flake length was cut from each end and

analyzed separately from the center portion. Four determinations each

were made on flakes treated to 2.4, 6.4 and 9.6 kg/m3 concentration of

CCA-C (kg of chemical per m3 of the wood). Also, randomly selected

whole flakes were prepared for analysis. Four determinations were also

made for the whole flakes.

Because wood density is used in the determination of CCA-C

concentration in treated wood, the average density of Douglas-fir

given in the Wood Handbook (FPL, 1987) was used for the flakes. This

value was used rather than actual density of flakes because of

difficulty in measuring volumes of individual flakes. Unfortunately,

no density samples were kept from the lumber that was flaked.

Therefore, the Wood Handbook value was the best estimate available for

the density of Douglas-fir. The density at 8% moisture content was

calculated to be 528.5 kg/m3.

3.7.2.2. Panels

Unleached and leached panel samples treated with CCA-C were

analyzed with the x-ray fluorescence analyzer. The unleached density

of each sample from a panel was calculated separately and used in

retention calculations. The number of replications for unleached or

leached treated samples was 6 per treatment.
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To analyze for CCA-C distribution, a 13 mm wide x 350 mm long

strip cut from each panel was further divided into 5 sections of equal

length. Each section was then cut into 3 equal parts through the

thickness, namely top, middle and bottom according to orientation in

the hot press. Figure 1 shows this pattern for cut-up. Sections with

identical letters were combined to represent 9 locations in the strip.

The density of each strip from a panel was used in the retention

calculations (no account was taken for localized differences of

density within strips. The ramifications of this assumption will be

discussed in Chapter 4).

Horizontal Position

Figure 1. Cutting pattern for CCA and TIM-BOR treated strips
removed from panels for analyses of chemical
distribution. Letters identify positions in panel.

3.7.2.3. Leachate

The leachates from CCA treated samples were also analyzed for

copper, chrome and arsenic and total chemical content with the x-ray

fluorescence analyzer. Leachate was collected at 8 different time
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points during the leaching test to observe the effects of progressive

leaching.

3.7.3. Procedure and Specimen Preparation for TIM-BOR Analysis

The quantity of boron in treated wood was analyzed using a

titration method described by Wilson (1958). In this method, treated

wood is ground and pyrolized in the presence of barium hydroxide to

produce ash. The residual is extracted with hydrochloric acid. The

boric acid content is then determined by titrating the solution

against a standard solution of sodium hydroxide. The volume of alkali

(base) consumed after addition of mannitol to reach the

phenolphthalein end-point for the treated wood is recorded as Tl and

for the untreated wood as T2. The percent TIM-BOR in the analyzed

sample is given by the following equation:

%TIM-BOR = [(V x N x 5.20)/(W)]

Where: V = blank-corrected volume (T1-T2)

N = normality of standard sodium hydroxide solution

W = weight of oven-dry wood

Extractives in the wood can interfere with the titration and

falsely give an untreated sample a boric acid content as high as 0.15

percent (Williams, 1970). This can be an important error because it

might be difficult to obtain untreated wood samples containing the

same amount of wood extractives. In the present test, untreated wood

samples were obtained from the same batch of flakes in order to

minimize the risk of introduced error.



3.7.3.1. Flakes

Both whole flakes and combination of ends and centers of flakes

were selected and prepared in a manner similar to that used for CCA-C

treated flakes. In this experiment for TIM-BOR concentration, four

replications each were made for the ends, centers and the whole

flakes.

3.7.3.2. Panels

Unleached and leached samples from panels were chemically

analyzed for boron. The number of replications per treatment was 5.

The sixth replicate from each treatment was added to supplement any of

the other 5 replicates which weighed less than 5 grams. The total

number of analyses was 30.

Boron distribution in the panels was analyzed using a 13 mm wide

x 350 mm long strip which was removed from each TIM-BOR treated panel.

These strips were cut in the same fashion as those for the CCA-C

analysis (Figure 1). However, in order to obtain sufficient quantity

of material for TIM-BOR analyses, sections from two panels were

combined as well as top and bottom sections within panels. Three

replicates for each treatment were prepared. The total number of

analyses was 54.

3.8. SEM and EDXA of Flakes

Scanning electron microscopy (SEM) was used to examine the

surfaces of some treated and untreated flakes, with and without

adhesive and wax. Flake surfaces were coated with gold/palladium prior
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to observations with the SEM. Flakes treated with CCA-C were coated

with carbon for energy dispersive x-ray analysis (EDXA) of copper,

chrome and arsenic in the SEM. The surface of one flake was analyzed

using element mapping. Also, an EDXA line-scan was made across a split

surface through the thickness of a flake. Micrographs of SEM and EDXA

images were recorded on Polaroid P/N 55 film.

3.9. Decay Tests

All decay tests were done with 25.4 x 25.4 mm leached and

unleached specimens from treated or untreated panels. However, decay

tests were not conducted on leached TIM-BOR treated samples because

they fell apart in the leaching process. Leaching for decay tests was

the same as that for chemical analyses except that for the latter the

leachate (leach water) was periodically removed for analysis and

replaced with an equal amount of fresh, deionized water. This was done

after 6, 24, 48, and thereafter, at 48 hour intervals. The total

length of the leaching period was 14 days. At the end of leaching

period, samples were removed from the supporting mesh, blotted to

remove excess water, oven-dried at 54°C and reweighed.

3.9.1. Soil Block Test

The test was conducted largely in accordance with the standard

AWPA method (AWPA Standard M 10-77, 1986), although some modifications

were made. French square bottles (454 ml) with screw caps from which

the liners had been removed were prepared. About 164 grams (by oven-

dry weight) of screened silt loam (forest soil) were placed in each
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bottle and sufficient distilled water was added to raise the moisture

content to 60% of the soil's water holding capacity (WHC).

An untreated western hemlock (Tsuga heterophylla [Raf]Sarg) or

red alder (Alnus rubra Bong) feeder strip measuring 55 x 25 x 3 mm was

placed centrally on the soil surface, and the bottles were tapped

gently to level the surface of the soil (red alder feeder strips were

used for T. versicolor while western hemlock were used for P.

placenta). The filled bottles were then loosely capped, autoclaved for

45 minutes at 121°C, cooled overnight, and reautoclaved for 15 minutes

at 121°C.

After cooling, each feeder strip in the bottle was inoculated at

diagonally opposite corners with a mycelial plug cut from the

actively growing edge of a 7 day old malt agar culture of either the

white rot fungus, Trametes versicolor (L. :Fr.) Pilat. or the brown rot

fungus, Postia placenta (Fr.) M. Lars. & Lomb. The inoculated bottles

were then incubated at 28°C and 75% R.H. until the feeder strips were

heavily colonized (overgrown) by the test fungus.

Unleached test specimens from treated and untreated panels were

sterilized by two methods. With the first method, test pieces were

placed in deep petri dishes containing 1 ml of distilled water per

piece and steam-sterilized for 20 minutes at 100°C prior to placement

in the bottles. Application of steam to the treated or untreated

samples did not work effectively and apparently allowed fungal spores

to survive. Subsequent test pieces were autoclaved for 20 minutes at

121°C without water. Distilled water was sterilized and aseptically

added to each soil bottle separately. The sterilization procedure for
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leached samples from treated and untreated panels was similar to that

used for the unleached samples, except they were autoclaved dry for 20

minutes at two different times with a 24 hour interval between

autoclaving.

Two sterilized pieces from the same panel treatment were

aseptically placed on the inoculated feeder strip in a vertical

position in such a way that they did not touch each other or the sides

of the test bottle. Five ml of sterilized distilled water was then

aseptically added to each decay chamber. The bottles were capped and

incubated at 28°C for 12 weeks. Selected jars were weighed every two

weeks to monitor water evaporation. The lids of the jars were briefly

lossened at two week intervals for gaseous exchange.

At the conclusion of the incubation period, the test blocks were

removed from the bottles with forceps, gently scraped clean of

adhering mycelium and soil, and weighed (0.001 g) to determine wood

moisture content. The blocks were then dried at 54°C until a constant

weight was achieved. Weight loss based on the dry weight of pieces

before sterilization was used as a measure of the extent of decay.

Some treated and untreated blocks were placed in jars containing

noninoculated feeder strips (i.e., not exposed to the test fungi).

Weight losses of specimens exposed to noninoculated feeder strips were

compared to the weight losses of specimens exposed to the test fungi.

3.9.2. Soft Rot Test

Treated and untreated test pieces from panels were labeled,

conditioned, weighed to the nearest 0.001 g, then dried at 54°C until
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they reached constant weight, and reweighed. The samples were then

immersed in distilled water and held under vacuum until saturated.

Ten grams of vermiculite were added to each French square bottle

(454 ml), and a filter paper disk (55 mm in diameter) was laid on top

of the vermiculite. Two test pieces from the same treatment were then

placed edgewise on the filter paper and an additional 10 grams of

vermiculite were added to completely cover the test blocks. Another

piece of filter paper, 13 mm in diameter, was placed on the top of the

vermiculite. Sixty ml of a nutrient solution (Nilsson, 1973)

containing NH4NO3, 6 g; K2HPO4, 4.0 g; KH2PO4, 5.0 g; MgSO4.7H20, 5.0 g;

glucose, 2.5 g; thiamine hydrochloride 0.001 g; and distilled water,

977.5 ml, were added to each chamber. The bottle was then capped,

autoclaved for 45 minutes at 121°C, cooled overnight, and reautoclaved

for 15 minutes at 121°C.

After cooling, the chambers were inoculated by placing mycelial

plugs cut from the margins of 7-10 day old malt agar cultures of the

soft rot fungus, Phialophora heteromorpha, on the filter paper. A

total of 3 chambers per treatment (6 blocks per chemical/per

treatment) were prepared. The chambers were incubated for 16 weeks at

28°C. Selected chambers were weighed every two weeks to monitor water

loss. The lids of the chambers were briefly loosened at two week

intervals to facilitate gaseous exchange.

After 4 months of incubation, the test blocks were removed from

the chamber with forceps, and any adhering mycelium and vermiculite

were scraped away. The test blocks were weighed to determine moisture

content and then dried at 54°C. The test blocks were reweighed to
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determine wood weight loss due to fungal attack, which served as a

measure of decay. Weight losses of test blocks exposed to

noninoculated feeder strips were compared to the weight losses of test

blocks exposed to the test fungus to determine weight loss due to

handling or autoclaving.

Data from decay tests was subjected to analysis of variance

(ANOVA) and means significantly different at the 0.05 level separated

by LSMEAN/PDIFF.

3.10. Tests of Physical and Mechanical Properties

3.10.1. Equilibrium Moisture Content and Density

The effect of preservative treatments on hygroscopicity

(reflected by equilibrium moisture content (EMC)) and density was

measured by sawing two pieces from each static bending specimen after

testing. The moisture content of each piece was calculated from

original weights at time of test and ovendry (105°C) weights. Volume

was calculated from dimensions measured using a digital micrometer.

Density was based on ovendry weight and volume.

3.10.2. Dimensional Stability

Thickness swell (TS), linear expansion in the plane of the panel

(LE) and water absorption (WA) were used to evaluate dimensional

stability. Two sets of untreated and treated pieces from the panels

were prepared. Each set consisted of 12 pieces per treatment, and each

piece was 51 mm wide and 64 mm long. Initial dimensions of samples

were based on sizes following conditioning in the standard room.
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Thickness changes were measured to the nearest 0.001 mm at two

marked points in the mid-portion of each specimen using the digital

micrometer. For in-plane changes, the length and width distances

across the center of each piece were measured with a digital caliper.

For water absorption, the weight of each piece was measured to the

nearest 0.001 g.

The two sets of test pieces were exposed under differing

conditions. One set was placed in a hotwet room at 32°C and 90 percent

relative humidity. Dimensions and weights were measured weekly over a

6 week period. Care was taken to measure the specimen dimensions at

the same locations each time. Specimens were measured outside the

conditioning room because of the high relative humidity therein. Five

samples were removed at a time and placed in a desiccator for

immediate measurement.

The other set of specimens was exposed to hotdry conditions

(32°C, 30% R.H.) for 6 weeks. Dimensions and weight were measured in

the conditioning room.

3.10.3. Static Bending and Internal Bond Strength Tests

Static bending (305 x 51 x 13 mm) and internal bond specimens

(51 x 51 x 13 mm) were conditioned at 22°C, 50% R.H. until they

reached a constant weight. Static bending specimens were center loaded

on an Instron Universal Testing Machine using a 254 mm span and tested

at a head speed of 10 mm per minute. Load (measured in Newtons) versus

deflection (in mm) curves were plotted by the testing machine. This

testing arrangement did not comply exactly with ASTM standard for



45

composites - - where a span-to-depth ratio of 21:1 is specified, and

cross-head speed should be selected to affect failure in about ten

minutes. In the present test, a span-to-depth ratio of 20.32:1 was

used since specimens could not be cut sufficiently long from the

available panels. This difference is, however, very small and most

unlikely to significantly influence the results. Furthermore, recent

debate about testing speeds (Humphrey, 1991a) suggests that the ASTM

rate is unnecessarily slow, a future update will likely increase the

allowable rate.

Maximum load was taken from the graph to calculate Modulus of

Rupture (MOR) and deflection at 500 N (Newton) of load was used to

calculate Modulus of Elasticity (MOE).

MOE and MOR were calculated using the following equations:

MOE = PL3/4bee MOR=3P.L/2bd2

Where: L = Length of span (mm)
d = Thickness (depth) of specimen (mm)
b = Width of specimen (mm)
P = Load at proportional limit (N)

P. = Maximum applied load to failure (N)
e = Deflection at load P (mm)

MOE = Modulus of Elasticity (N/m2 or Pa)
MOR = Modulus of Rupture (N/m2 or Pa)

Internal bond strength was determined on 10 specimens from each

treatment according to ASTM D 1037-78 (1978). A hot-melt adhesive was

used to attach each specimen to aluminum blocks. The specimens were

pulled apart at a head speed of 10 mm per minute. The results of

static bending and internal bond strength tests were subjected to

analysis of variance (ANOVA) and means were compared using Fisher's

Protected Least Significant Difference Test (LSD) at the 5 percent

level of significance.



3.11. Statistical Analysis

Statistical Analysis System (SAS Institute, 1987) was used for

data analysis. For all analyses, a number of assumptions (homogeneity

of variance, normality) were made when an analysis of variance or

linear regression analysis was performed. Sometimes the data did not

conform to these assumptions and were transformed for further

analysis. Before determining what transformation was necessary, the

validity of the assumptions was confirmed. The assumption of

homogeneity of variance was investigated by an analysis of the

residuals, and the assumption of normality was detected by normal

probability plot and the histogram. Appropriate transformations were

made whenever the assumptions were found to be inappropriate.

Comparisons between treatment groups were performed using the

appropriate multiple comparison technique (Little & Hills, 1978; Steel

& Torrie, 1980)
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4. DESCRIPTION OF RESULTS

Distribution of treating chemicals in flakes and panels will be

considered first in sections 4.1. and 4.2., respectively. Section 4.3.

will concern decay testing, while physical and mechanical properties

are included in section 4.5.

Before considering these areas, a brief note should be made

about the flakes themselves. Examinations of flakes showed that they

were quite straight-grained, with surface orientations covering the

range between longitudinal-tangential and longitudinal-radial. Figure

2 is a scanning electron micrograph of the surface of an untreated

control flake on which wax and powdered resin had been applied. As

shown here, the cutting action of the flaker produced mostly transwall

fractures, exposing the tracheid lumens.
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Figure 2. Scanning electron micrograph of the surface of an
untreated control Douglas-fir flake with resin (200X).
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4.1. Distributions of CCA-C and TIM-BOR in Flakes

4.1.1. CCA-C Treatment

Mean levels of CCA chemicals at the three target retention

levels for whole flakes, and ends and centers separately, are given in

Table 2. Results of statistical analyses (ANOVA) for the individual

levels of copper, chromium, arsenic, and the total level of

preservative are given in Tables 15, 16, 17 and 18 (Appendix). These

analyses suggest that chemical concentrations are significantly

greater in the ends of the flakes than in the center of the flakes

(SAMPCODE for ends compared to center, pr=0.0001). Such differences

increased as treatment retentions increased (the interaction, RET. X

SAMPCODE, is highly significant). In addition, the proportions of

copper, chromium and arsenic appeared to remain approximately the same

in the ends and centers of flakes at the different treatment levels,

suggesting that elements were not selectively absorbed in the wood

matrix.

The total concentrations of CCA-C measured in flakes were

somewhat higher than the target values. However, the ASOMA analysis

for each prepared chemical solution (prior to its use) showed that the

treating solutions were properly prepared. The discrepancy was

therefore likely due to unavoidable variations in the uptake and

retention of the solution during treatment.

48



a Values represent the average of 4 replicates per treatment.
Standard deviations are shown in parentheses.

Scanning Electron Microscopy (SEM) in conjunction with Energy

Dispersive X-ray Analysis (EDXA) was used to examine a radially

surfaced flake which had been treated with CCA-C to a target retention

of 2.4 kg/m3 (see Figure 3). Although numerous deposits can be seen on

the lumen surface of the tracheid walls, these deposits apparently did

not reflect the distributions of copper, chromium and arsenic, as

illustrated in Figures 4A-4D. Figure 4A is a higher magnification of

an area in Figure 3 on which the elemental analyses were made. Figure

4B is a map of the copper distribution, this appears quite uniform

over the selected zones, although a slightly higher concentration of
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Table 2. Average preservative retention (kg of preservative per m3 of
wood) in whole flakes, flake ends and flake centers treated
with CCA-C, as determined by the x-ray fluorescence
technique.

Flake
location

Target
Retention

Measured CCA metal componentsa
Copper Chromium Arsenic Total

kg/m3

Whole 2.4 0.65 1.54 1.06 3.25
(0.05) (0.06) (0.07) (0.17)

Ends 2.4 0.82 1.93 1.37 4.12

(0.07) (0.17) (0.12) (0.35)

Center 2.4 0.55 1.21 0.86 2.62

(0.03) (0.09) (0.04) (0.13)

Whole 6.4 1.75 3.75 2.81 8.26
(0.13) (0.41) (0.26) (0.78)

Ends 6.4 2.04 4.44 3.35 9.82

(0.15) (0.25) (0.15) (0.34)

Center 6.4 1.57 3.30 2.45 7.33

(0.08) (0.25) (0.19) (0.50)

whole 9.6 2.57 6.84 4.78 14.19

(0.26) (0.28) (0.15) (0.64)

Ends 9.6 3.20 8.08 5.92 17.21

(0.12) (0.16) (0.17) (0.28)

Center 9.6 2.45 6.23 4.41 13.10

(0.11) (0.16) (0.21) (0.39)



5 0

copper appears to be associated with the large particulate material in

the center of the tracheid lumen. This could reflect accumulation of

preservative around the debris. Figure 4C is a map for chromium

distribution -- the element which has the highest concentration in the

CCA preservative solution. Distribution is quite uniform, although

slightly higher concentrations appear on the double cell walls at the

left and right, and in the zone of the large particulate matter in the

center. Figure 4D shows the distribution of arsenic in this same area.

One would expect the amount of arsenic to be greater than that

of copper and less than that of chromium, so it is not clear why,

according to the above results, the distribution of arsenic is so

sparse in the treated zone examined. The highest concentration appears

in the double cell wall to the right in Figure 4D. Figure 5 is a line

profile for chromium distribution from one surface to the other

through the thickness of a flake. The straight line is the path along

which the presence of chromium was analyzed. The amount of chromium in

this flake was greater at the surfaces, with slightly less in the

center.
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Figure 3. Scanning electron micrograph of a CCA treated Douglas-fir
flake (400X). The outlined zone is shown in Figure 4A
where EDXA was conducted.
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Figure 4A. Scanning electron micrograph of a CCA treated Douglas-fir
flake showing the area over which elemental distributions
of copper (Figure 4B), chromium (Figure 4C), and arsenic
(Figure 4D) were mapped using EDXA (2000X).

52

.,..ii tr'c.r.0 j l'A-ji ViA1:-. 1_61-zt 1,,
iwu ',0.1, q'sreBV.J 1....t.rintl..,:,:I -."J.'.c.c W 7tri.,i,..ml tr120.111 11:4i ;ate

Ir41U 1.11iN



.... s:W

?.:: '- 4 ' ....7:... .. :. ....:

20KU 'HI II :i : II F7.

Figure 4B. EDXA map of copper distribution in a CCA treated
Douglas-fir flake (2000X).
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Figure 4C. EDXA map of chromium distribution in a CCA treated
Douglas-fir flake (2000X)
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Figure 4D. EDXA map of arsenic in a CCA treated Douglas-fir flake
(2000X).
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Figure 5. Scanning electron micrograph and EDXA for chromium across
the thickness of a CCA treated Douglas-fir flake at
concentration of 2.4%. The vertical axis of the x-ray
scan is counts/second, an indicator of element
concentration (80X).

I
1.

I

I

i

I

I

20KU X80 1000U 995 04190 AB



4.1.2. TIM-BOR Treatment

Mean values and standard deviations for percent boric acid

equivalent (BAE) concentration of TIM-BOR are given in Table 3. Ends

of flakes compared to center of flakes (SAMPCODE, Table 19, Appendix)

for BAE was highly significant (pr=0.0001). However, the interaction

(RET. x SAMPCODE) was not significant at the 0.05 level.

As with CCA-C treated flakes, ends had a greater concentration

of chemical than centers, although the differences were slight.

Standard deviations for %BAE ranged from 0.01% to 0.06% with most

being 0.01% and 0.02%.

Table 3. Retentions of boron (%) on a BAE basis, measured in Douglas-
fir whole flakes, flake ends and flake centers, as
determined by titration of ashed samples.
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a Values represent the average of 3 replicates per treatment.
Standard deviations are shown in parentheses.

Flake
Location

Target Actual
Retention Retention'

(%BAE)

Whole 0.20 0.21 (0.02)

Ends 0.20 0.22 (0.02)

Center 0.20 0.19 (0.01)

Whole 0.33 0.26 (0.06)

Ends 0.33 0.31 (0.02)

Center 0.33 0.27 (0.01)

Wholes 0.67 0.55 (0.02)

Ends 0.67 0.59 (0.03)

Center 0.67 0.53 (0.01)



4.2. Analysis of Treating Chemicals in Panels

The three chemicals will be considered in turn.

4.2.1. CCA Treatment

4.2.1.1. Leached and Unleached Panels

Average values for CCA-C and its components in unleached and

leached samples from panels are presented in Table 4. The results of

ANOVA for copper, chromium, arsenic and the total elements are given

in Tables 20-23 of the Appendix. Interaction (RET. x LEACHCODE) was

not significant at the 0.05 level. There were statistically

significant reductions in chemical retentions as a result of leaching,

with average concentrations of total chemical decreasing 0.5, 4.8 and

6.0% in panels treated to retentions of 2.4, 6.4 and 9.6 kg/m3,

respectively. For CCA components, percent differences between

unleached and leached samples ranged from 11 to 16% for arsenic, while

copper and chromium were very stable. This is consistent with the

findings of other workers, copper has been found to be very resistant

to leaching, while arsenic was the most leachable component (Eadie &

Wallace, 1962; Henry & Jeroski, 1967; Fahlstrom et al., 1967;

Arsenault, 1975).

The concentration of CCA components in leachates was very small

and there was no statistically significant change in leachate

composition over time.
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Table 4. Preservative retention (Kg/m3) in leached and unleached
Douglas-fir flakeboard treated with CCA-C, as measured by
the x-ray fluorescence technique.

CCA Sample
Metals Condition

Measured Retention (kg/m3)a
(2.4)D (6.4)D (9.6)D

Unleached 0.80(0.06) 2.07(0.09) 2.98(0.16)

Copper
Leached 0.90(0.05) 2.17(0.14) 2.95(0.06)

Unleached 1.74(0.18) 4.90(0.31) 7.32(0.48)

Chromium
Leached 1.78(0.22) 4.72(0.28) 6.98(0.19)

Unleached 1.18(0.11) 3.51(0.24) 5.35(0.34)

Arsenic
Leached 0.99(0.10) 3.08(0.18) 4.75(0.11)

Unleached 3.68(0.35) 10.48(0.62) 15.64(0.97)

Total
Leached 3.66(0.38) 9.97(0.56) 14.68(0.31)

a Values represent the average of 6 replicates per treatment.
Standard deviations are shown in parentheses.
b Target retention values.

4.2.1.2. Distribution Within Panels

Average concentrations of CCA chemical in specimens from

different in-plane zones across the panel (i.e., ends, interum, and

center), and in different positions through the thickness of the panel

(top, middle, and bottom) are presented in Table 5. ANOVA showed

significant differences in concentrations among vertical positions at

the 0.05 level for copper, chromium, arsenic and total chemical

(Tables 24-27, Appendix); through the thickness of panels, middle

positions had slightly lower concentrations than other locations.

A possible cause of these differences is associated with the

cross-sectional (vertical) density profile that is generated as a
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consequence of the hot presssing process for flakeboards. This profile

results from differential softening of the flakes caused by vertical

temperature and moisture gradients that occur as the press closes.

Higher density surface zones probably led to correspondingly larger

amounts of treatment chemical per unit volume of flakeboard material.

The chemical analysis was, however, based on a specified mean material

density (for the whole panel). It is therefore likely that the

apparent differences in chemical concentration between surface and

core regions are a direct consequence of mass distribution of flakes

(rather than resulting from chemical migration through flakes).

Interaction among treatment chemicals (RET. x POSITION) was not,

however, significant at the 0.05 level and there does not appear to be

any pattern for differences in chemical concentrations between centers

and ends of panels.



Table 5. Average preservative retention in phenol-formaldehyde bonded Douglas-fir flakeboard strips treated with CCA, as measured by the

x-ray fluorescence technique at selected zones and positions.

Target Board End lnterum Center

Retention Positiona Cu Cr As Total Cu Cr As Total Cr As Total

(kg/m') CCA Metal Components(kg/m3)b

2.4 Top 0.630 1.574 0.920 3.125 0.642 1.753 0.986 3.381 0.661 1.732 0.989 3.382

(0.04) (0.10) (0.05) (0.15) (0.06) (0.15) (0.09) (0.30) (0.04) (0.11) (0.06) (0.19)

Middle 0.590 1.549 0.867 3.010 0.591 1.580 0.881 3.053 0.611 1.695 0.919 3.225

(0.03) (0.11) (0.06) (0.19) (0.04) (0.16) (0.07) (0.27) (0.05) (0.18) (0.11) (0.34)

Bottom 0.610 1.581 0.905 3.095 0.639 1.754 0.976 3.370 0.616 1.690 0.927 3.233

(0.03) (0.09) (0.04) (0.15) (0.06) (0.14) (0.08) (0.28) (0.04) (0.13) (0.08) (0.24)

6.4 Top 1.904 4.668 3.196 9.769 1.898 4.546 3.166 9.610 1.887 4.565 3.150 9.603

(0.12) (0.20) (0.10) (0.41) (0.09) (0.26) (0.18) (0.49) (0.12) (0.21) (0.17) (0.46)

Middle 1.810 4.447 2.975 9.238 1.823 4.474 2.993 9.290 1.740 4.286 2.832 8.858

(0.14) (0.24) (0.22) (0.56) (0.11) (0.24) (0.18) (0.56) (0.13) (0.25) (0.21) (0.56)

Bottom 1.902 4.641 3.145 9.687 1.845 4.640 3.036 9.339 1.938 4.720 3.224 9.885

(0.16) (0.49) (0.32) (0.96) (0.11) (0.49) (0.19) (0.56) (0.13) (0.37) (0.19) (0.66)

9.6 Top 2.753 6.964 4.892 14.608 2.785 7.039 4.950 14.773 2.830 7.117 5.042 14.990

(0.15) (0.31) (0.22) (0.67) (0.11) (0.39) (0.22) (0.70) (0.18) (0.38) (0.32) (0.87)

Middle 2.613 6.565 4.531 13.702 2.625 6.587 4.644 13.855 2.692 6.908 4.750 14.350

(0.09) (0.37) (0.21) (0.66) (0.24) (0.59) (0.40) (1.23) (0.22) (0.39) (0.40) (0.99)

Bottom 2.670 6.78 4.756 14.212 2.646 6.706 4.695 14.046 2.666 6.877 4.729 14.272

(0.16) (0.57) (0.30) (0.99) (0.18) (0.43) (0.30) (0.87) (0.09) (0.29) (0.16) (0.51)

a The panel was split lengthwise into 3 equally thick pieces (4.2 mm thick) which corresponded to the top, middle, and bottom. Samples were
Eemoved from zones corresponding to 0 to 70 mm (end), 70 to 140 mm (interum) and 140 to 210 mm (center) from each end.

u Values represent the average of 6 replicates per treatment. Standard deviations are shown in parentheses.



4.2.2. TIM-BOR Treatment

4.2.2.1. Leached and Unleached Panels

Average values of boric acid equivalent (%BAE) for unleached and

leached samples are given in Table 6. The results of a statistical

analysis are given in Table 28 (Appendix). Both factors (RET. and

LEACHCODE) and their interaction were significant at the 0.05 level.

Virtually all of this chemical leached from the panel samples with

over 95% of the boron content (WE) removed by the leaching process.

Table 6. Boron retention (%) in leached and unleached phenol-
formaldehyde bonded Douglas-fir flakeboard samples treated
with disodium octaborate tetrahydrate, as measured by
titration of ashed samples.

Target Sample Assayed
Retention Condition Retention
(%BAE) (%BAE)a

0.20 Unleached 0.189 (0.003)

0.20 Leached 0.050 (0.032)

0.33 Unleached 0.310 (0.015)

0.33 Leached 0.080 (0.081)

0.67 Unleached 0.550 (0.039)

0.67 Leached 0.013 (0.006)

a Values represent the average of 5 replicates per treatment.
Standard deviations are shown in parentheses.
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4.2.2.2. Distribution Within Panels

Boron concentrations at the different positions within the

panel are given in Table 7. Concentrations were not statistically

different from each other (Table 29, Appendix) indicating that the

chemical did not migrate during hot pressing, even though it was

easily leached from the panel with water. This may not, however, be

all together surprising when one considers that relative humidities

within flakeboards being hot pressed are known to rarely approach

100%. In this case, boron movement would have to occur through

volatilization or from some form of solid phase diffusion.

4.2.3. Preservative Loss and Sample Stability after Leaching

The average percent weight losses from samples due to leaching

for all treatments and the untreated control are presented in Table 8.

The results of a statistical analysis for these data showed a highly

significant difference among treatments (Table 30, Appendix).

Because TIM-BOR leached easily, the highest percent weight

losses were associated with this treatment and were significantly

different from the control and the other treatments. Azaconazole and

CCA results were not significantly different from the control,

indicating that they were resistant to leaching. The average weight

loss of leached untreated control samples was 1.38%, which probably

represented the removal of extractives from the wood.

After the leaching procedure was completed, the leached treated

and untreated control samples were visually examined. Most TIM-BOR

treated samples showed large amounts of swelling and many were falling
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apart. This was more common for samples treated at the highest

concentration (4.49%) of TIM-BOR. There was swelling and some

delamination in the CCA treated samples, particularly at the highest

treatment concentration. This was also true for some of the

azaconazole treated samples.

Table 7. Average boron retention (%BAE) in phenol-formaldehyde
bonded Douglas-fir flakeboard samples removed from strips at
selected zones (Ends, Interum, Center) and positions (Top,
Center), as measured by titration of ashed samples.
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a Top samples represent outer 4.2 mm on each face while center samples
represent inner 4.2 mm core. Samples were removed from zones
corresponding to 0 to 70 mm (end), 70 to 140 mm (interum) and 140 to
210 mm (center) from each end.
b Values represent the average of 3 replicates per treatment. Standard
deviations are shown in parentheses.

Target
Retention
(%BAE)

Board
Positiona

Actual Retention (MAE)b
Ends Interum Center

0.20 Top 0.183 0.175 0.179
(0.005) (0.009) (0.002)

0.20 Center 0.182 0.190 0.180
(0.007) (0.011) (0.006)

0.33 Top 0.303 0.303 0.302
(0.004) (0.004) (0.023)

0.33 Center 0.292 0.302 0.305
(0.014) (0.008) (0.016)

0.67 Top 0.558 0.566 0.553
(0.019) (0.034) (0.044)

0.67 Center 0.541 0.552 0.544
(0.013) (0.016) (0.005)
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Table 8. Average percent weight loss of preservative treated phenol-
formaldehyde bonded Douglas-fir flakeboard samples due to
leaching with distilled water.

' Where CCA= chromated copper arsenate, and TIM-BOR= disodium
octaborate tetrahydrate.
b Values represent the average of 6 replicates per treatment. Standard
deviations are shown in parentheses. Means with the same letter are
not significantly different by Fisher's Protected Least Significant
Different Test at a=0.05.

Chemical
Treatment'

Target
Retention
(%w/w)

Wood Weight
Loss(%)°

TIM-BOR 4.49 8.32 (0.31)a

TIM-BOR 2.20 5.53 (0.10)b

TIM-BOR 1.34 4.15 (0.35)c

Azaconazole 0.60 1.72 (0.31)d

Azaconazole 0.40 1.53 (0.08)de

CCA 1.60 1.42 (0.15)e

Control 0 1.40 (0.12)ef

CCA 2.40 1.40 (0.18)ef

CCA 0.60 1.30 (0.13)ef

Azaconazole 0.20 1.10 (0.46)f



4.3. Decay Testing With Leached and Unleached Samples

4.3.1. Soil Block Test

The average percent weight losses for unleached and leached

treated samples and controls exposed to Trametes versicolor and

Postia placenta in a soil block test are presented in Table 9.

Statistical analyses are given in Tables 31-34 (Appendix), which

indicate that there were significant differences among treated panels

and the untreated control.

T. versicolor did not perform well, and did not readily colonize

even the untreated control samples. This fungus is frequently used to

evaluate preservative performance, but appears rather inappropriate

for Douglas-fir because of extractives in the heartwood. Douglas-fir

sapwood is, however, susceptible (Przyblowicz et al., 1987; Zabel et

al., 1980), and some decay of the flakes (which included some sapwood)

could theoretically have occurred. Table 9 shows that the average

weight loss for the unleached control samples exposed to this fungus

was 2.6% (which was considerably less than the 50.3% weight loss in

unleached, control samples incubated with P. placenta, the brown rot

fungus). The average weight change for unleached, untreated control

blocks in jars with no fungus was 1.5%. Control samples were not

significantly different from many treated samples incubated with T.

versicolor and where differences did exist, weight losses might not

have been the result of fungal degradation. The increase in weight

loss with increasing retention of TIM-BOR may be due to preservative

leaching during the soil block test.
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Table 9. Average percent weight loss of preservative treated phenol-
formaldehyde bonded Douglas-fir flakeboard leached or
unleached samples following exposure to Trametes versicolor
or Postia placenta in a soil block test.

Wood Weight loss(%)'

Chemical Target T. versicolor
Treatmentb Retention Unleach Leach

j.P. placenta
Unl each Leach

a Values in each column followed by the same letter are not
significantly different using a Least Square Mean (LSMEANS/PDIFF) at
a= 0.05. Standard deviation are shown in parentheses.
b Where CCA= chromated copper arsenate, TIM-BOR= disodium octaborate
tetrahydrate, Azol= azaconazole, n=replicates and *= not tested.

67

(w/w%) (%)

Control 0 2.64(0.29)c 5.03(3.33)a 50.30(2.77)a 47.32(4.12)a

(n=12) (n=6) (n=10) (n=6)

Azol 0.20 2.28(0.77)c -0.11(0.17)b 21.65(1.58)b 36.51(4.07)b
(n=8) (n=4) (n=10) (n=4)

Azol 0.40 2.38(0.28)c -0.05(0.24)b 4.76(2.14)c 5.96(3.97)c
(n=10) (n=6) (n=8) (n=8)

Azol 0.60 2.56(0.56)c 0.24(0.35)b 4.26(1.15)c 1.80(0.68)d
(n=8) (n=6) (n=8) (n=6)

CCA 0.60 1.78(0.54)d 0.19(3.18)b 1.93(0.52)c 0.10(0.41)d

(n=12) (n=6) (n=10) (n=6)

CCA 1.60 1.67(0.51)d -0.11(0.19)b 1.58(0.58)c 0.06(0.07)d
(n=16) (n=6) (n=13) (n=6)

CCA 2.40 1.39(0.33)d 0.04(0.19)b 1.24(0.35)c -0.23(0.35)d

TIM-BOR 1.34

(n=7)

2.57(0.79)c
(n=4)

*
(n=15)

1.97(0.37)c
(n=6)

*

TIM-BOR 2.20
(n=6)

3.41(0.77)b *
(n=8)

3.06(0.61)c *

TIM-BOR 4.49
(n=6)

4.40(0.00)a *
(n=9)

3.70(0.77)c *
(n=1) (n=6)
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In retrospect, it seems that this was not a wise choice of fungus for

this study.

Postia placenta, the brown rot fungus, readily attacked

untreated control samples, causing substantial weight losses. For all

unleached treated samples, weight losses were significantly less than

the control (Table 9). Minimal weight losses were associated with CCA

and the lowest retention of TIM-BOR. Average weight losses for TIM-BOR

treated samples increased as chemical retention increased, again

probably reflecting preservative :leaching, since sample degradation

was not noticeable and the fungus on the feeder strips appeared dead.

This is an encouraging result since it suggests that only very low

concentrations of TIM-BOR are needed to affect panel protection. It

also suggests that exposure times in service before leaching results

in loss of protection may be extended by the application of higher

concentrations (which act as a buffer).

Average weight loss for samples treated with the lowest

concentration of azaconazole was 21.6%; however, protection against

decay was greatly improved at higher concentrations.

The average weight loss for leached control samples exposed to

P. placenta was 47.3% (Table 9). Average weight losses in treated

samples were significantly less than in controls, with a negative

value indicating a weight gain. Weight losses for leached samples were

often less than for unleached samples; this was probably due to loss

of extractives and chemicals in the latter.

The low concentration of azaconazole again did not appear to

inhibit decay. CCA continued to be the most effective preservative.



TIM-BOR treated samples were not included in the leached decay test

because samples delaminated during the leaching process.

4.3.2. Soft Rot Test

The averages for weight losses of treated and untreated

specimens exposed to the soft rot fungus, Phialophora heteromorpha

(Nannf.) Wang., in a vermiculite burial test are presented in Table

10. The results of statistical analyses (Table 35, Appendix) are also

presented.

The average weight change for four untreated control blocks in

two jars with no fungus was about 1%. Although there were

statistically significant differences, the average weight losses for

treated specimens were not very different from untreated specimens. If

these weight losses were caused by soft rot decay, then none of the

preservatives provided much control against this fungus, although CCA

treated samples had slightly less weight loss than the untreated

samples. TIM-BOR treated samples again showed an increase in weight

loss with increased chemical concentration, probably due to leaching

of the chemical rather than loss of wood substance. Evidence of soft

rot attack in the cell wall layers of the treated or untreated samples

was not sought microscopically.

In vermiculite burial tests conducted by other workers on solid

pieces of pine and beech, P. heteromorpha produced substantial weight

losses (Nilsson, 1973; 1974; Zabel et al., 1985, Morrell & Zabel,

1985). Mean weight loss caused by this fungus on southern pine was 2

percent following 12 weeks of incubation at 28°C (Morrell & Zabel,
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1985). However, decay resistance of preservative treated Douglas-fir

flakeboard exposed to P. heteromorpha has not been reported. Indeed,

the presence of this fungus in Douglas-fir has been infrequently

reported (Zabel et al., 1980), although it has frequently been found

in other conifers (Morrell & Zabel, 1985; 1987).

Table 10. Average weight losses of preservative treated phenol-
formaldehyde bonded Douglas-fir flakeboard samples
following exposure to Phialophora heteromorpha in a
vermiculite burial test.
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' Where CCA= chromated copper arsenate, and TIM-BOR= disodium
octaborate tetrahydrate. Standard deviations are shown in parentheses.
b Values in each column followed by the same letter are not
significantly different when using a Least Square Means Test
(LSMEANS/PDIFF) at a=0.05.

Chemical Target Wood Weight Replication
Treatment' Retention(U/w) Loss (%),

Control 0 3.89(0.17)c 6

Azaconazole 0.20 4.16(0.33)c 6

Azaconazole 0.40 3.81(0.15)c 8

Azaconazole 0.60 3.92(0.38)c 8

CCA 0.60 3.15(0.34)d 8

CCA 1.61 3.01(0.12)d 6

CCA 2.40 3.03(0.14)d 10

TIM-BOR 1.34 4.98(0.25)b 10

TIM-BOR 2.20 5.02(0.80)b 6

TIM-BOR 4.49 6.98(0.96)a 10



4.4. Tests of Physical and Mechanical Properties

4.4.1. Equilibrium Moisture Content and Density

The average values for equilibrium moisture content (EMC) and

density of panels measured on specimens cut from static bending

samples conditioned for testing are given in Table 11. A one way

analysis of variance identified the effect of treatments on EMC and

density and showed that there are significant differences (pr=0.0001)

among treatment levels and the untreated control samples (Tables 36-

37, Appendix).

Mean values for EMC ranged from 7.7% to 9.2%. Samples treated

with medium and high concentrations of TIM-BOR had significantly

higher EMC values of approximately 9%, when compared to all other

treatments - - where EMC averages were about 8%.

It could be argued that results of mechanical tests (internal

bond strength, bending properties and the like) should be corrected

for the differences in EMC that were detected (since moisture content

is well known to influence such properties). In the present study, no

such adjustments have been made; all specimens were conditioned and

tested under the same environmental conditions. In this approach, it

is maintained that the link between environmental conditions

(temperature and R.H.) and physical properties of the product is of

relevance in service conditions; EMC may be regarded as an

intermediate factor in such a relationship. A similar strategy was

addressed by Winandy and his co-workers (Winandy, 1987; Winandy and

Boone, 1988) when working with CCA-treated lumber.
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Panel densities ranged from 650 to 680 kg/m3 and statistical

differences between treatments were not clear. These latter results

suggest that satisfactory control of panel density was maintained

during the panel-making procedure.

Table 11. Average equilibrium moisture content (EMC) and density of
preservative treated phenol-formaldehyde bonded Douglas-
fir flakeboarda.

Chemical Target
Treatmentb Retention

(Ww)

Control

Azaconazole

Azaconazole

Azaconazole

TIM- BOR

TIM- BOR

TIM-BOR

CCA

CCA

CCA

EMC

(%)

Density
(kg/m3)'
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a Each table value is the average of the 24 samples from bending
specimens (2 from each panel). Values in each column with the same
letter are not significantly different by Fisher's Protected Least
Significant Different Test at a=0.05. Standard deviations are shown in
parentheses.
a Where CCA= chromated copper arsenate and TIM-BOR= disodium
octaborate tetrahydrate.
' Density based on oven-dry weight and volume.

0 8.08 (0.48)bcde 660 (0.01)cd

0.20 7.68 (0.48)e 660 (0.02)abcd

0.40 7.72 (0.51)de 660 (0.02)cd

0.60 7.79 (0.70)cde 670 (0.02)abc

1.34 8.21 (0.35)bc 680 (0.02)ab

2.20 8.91 (0.58)a 660 (0.02)cd

4.49 9.16 (0.54)a 680 (0.01)a

0.60 8.18 (0.90)bcd 660 (0.02)bcd

1.60 7.82 (0.16)cde 660 (0.02)bcd

2.40 8.30 (0.68)b 650 (0.02)d



4.4.2. Dimensional Stability

Average percent values for linear expansion (LE), thickness

swell (TS), and weight gain (WTG) in treated and untreated samples

conditioned over a 6 week period in either the hot wet room (32°C, 90%

R.H.) or the hot dry room (32°C, 30% R.H.) are presented in Tables 38

and 39 (Appendix).

Weight gains due to moisture adsorption in the hot wet room were

greater for TIM-BOR treated samples when compared to all the other

treatments. This is illustrated in Figure 6 where weight gains of

controls and samples treated with preservatives at medium

concentration are graphed for the 6-week conditioning period. The

curves show that weight increased rapidly during the first week and

some additional increase occurred in the second week. Weight gain

remained relatively constant for controls and CCA and azaconazole

treatments, but continued to increase through week 4 for the TIM-BOR

treatment before reaching equilibrium (at an elevated level).

The average percent thickness swell for azaconazole, CCA and

TIM-BOR treated samples at 3 different concentrations are compared to

control samples in Figures 7(A-C), respectively. Thickness swell of

azaconazole samples was the same as the controls (Figure 7A). CCA

treated samples (Figure 7B) were slightly higher in thickness swell

than untreated controls. The largest amount of thickness swell was

associated with TIM-BOR treated samples (Figure 7C), where the amount

of swelling was considerably greater than the controls and increased

significantly with increasing concentration of TIM-BOR in the samples.

CCA and azaconazole treated samples and control samples did not
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delaminate in the hot wet room. However, TIM-80R treated samples did.

Average values for linear expansion after the 6th week of

exposure for the 3 concentrations of each treatment are compared to

the control samples in a bar graph in Figure 8. As chemical retentions

increased for TIM-BOR treatments, linear expansion also increased. For

CCA, a notable increase occurred only with samples treated at the

highest concentration. Azaconazole treated samples were as

dimensionally stable as the controls.

When samples were conditioned in the hot dry room, losses in

weight, thickness and length were minimal (Table 39, Appendix), and

comparisons among treatments were not made.

-9- CONTROL TIM-BOR TIM-BOR B TIM-BOR C

5 6
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Figure 6. Percent weight gain by week for control, and medium
concentrations of azaconazole, CCA and TIM-BOR treated
phenol-formaldehyde bonded Douglas-fir flakeboard samples
stored at 90 percent relative humidity for 6 weeks.
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Figure 7. Percent thickness swell by week for control and 3 different
concentrations of (A) azaconazole, (B) CCA, (C) TIM-BOR
treated phenol-formaldehyde bonded Douglas-fir flakeboard
samples stored at 90 percent relative humidity for 6 weeks.
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Figure 8. Percent linear expansion for control, azaconazole, CCA and
TIM-BOR treated phenol-formaldehyde bonded Douglas-fir
flakeboard samples stored at 90 percent relative humidity
for 6 weeks.
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4.4.3. Test of Static Bending Strength

The averages of Modulus of Elasticity (MOE) and Modulus of

Rupture (MOR) for treated and untreated control samples are presented

in Table 12. MOE values ranged from 2.51 x 103 MPa for TIM-BOR (2.2%

conc.) to 3.54 x 103 MPa for azaconazole (0.6% conc.). The MOR values

ranged from 10.73 MPa to 23.49 MPa, which resulted from TIM-BOR at

4.49% and azaconazole at 0.4% concentrations, respectively. The

results of an ANOVA for MOE (Table 40, Appendix) and MOR (Table 41,

Appendix) showed there were significant differences (pr=0.0001) among

treated and untreated control samples.

Panels treated with the two highest concentrations of TIM-BOR

and the highest concentration of CCA had the lowest MOE and MOR

values, and azaconazole treated samples had the highest values. Panels

treated with the higher concentrations of TIM-BOR were significantly

weaker than the other treated and untreated samples.

Azaconazole treated panels were not significantly different from

controls. Panels treated with CCA were somewhat weaker than the

control, and differed significantly in MOR, the differences, however,

were not significant in the case of MOE.

Analyses of variance and regression for MOR versus MOE (Table

42, Appendix) showed that they were significantly related (pr=0.0001).

A regression plot of MOE vs MOR (Figure 9) shows a positive linear

relationship between the two variables. The R-squared value indicates

that 68.2% of the variation in MOR has been explained by MOE. Because

of the narrow range of densities among the panels, panel density did

not account for very much of the variation in MOE or MOR. The R-
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squared values for density vs MOE and density vs MOR were 5.4% and

2.1%, respectively (Tables 43 and 44, Appendix).

Table 12. Modulus of Elasticity (MOE) and Modulus of Rupture (MOR) of
control and preservative treated phenol-formaldehyde bonded

78

' Values represent the average of 12 replicates per treatment.
Standard deviations are shown in parentheses. Values in each column
followed by the same letter are not significantly different by
Fisher's Protected Least Significant Different Test at a=0.05.
b Where CCA= chromated copper arsenate and TIM-BOR= disodium
octaborate tetrahydrate.
c 1 MPa=106 N/m2=145.038 psi

Douglas-fir flakeboard.

Bending Properties'

Chemical Target MOE MOR

Treatmentb Retention (MPax103) (MPa)c

(%w/w)

Control 0 3.24(0.22)bc 21.10(2.62)a

Azaconazole 0.20 3.41(0.32)ab 23.49(3.06)a

Azaconazole 0.40 3.25(0.27)abc 21.53(2.95)a

Azaconazole 0.60 3.54(0.67)a 21.58(5.64)a

TIM-BOR 1.34 2.99(0.44)cd 16.05(3.62)bc

TIM-BOR 2.20 2.51(0.33)f 11.91(2.15)d

TIM-BOR 4.40 2.68(0.39)ef 10.73(2.46)d

CCA 0.60 3.01(0.26)cd 17.53(1.96)b

CCA 1.60 3.01(0.41)cd 16.97(3.76)bc

CCA 2.40 2.87(0.17)de 14.64(1.94)c



MOR(N/M-2-10-6)

1.6 2.1 2.6 3.1 3.6 4.1 4.6

MOE(N/M-2*10-9)

Figure 9. Regression plot of Modulus of Rupture (MOR) vs Modulus of
Elasticity (MOE).
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4.4.4. Test of Internal Bond Strength

Average internal bond (IB) values are presented in Table 13. The

mean IB values ranged from 0.26 MPa to 10.66 MPa. The results of ANOVA

(Table 45, Appendix) indicated that the differences among treatment

means were significant at the 0.05 level.

Specimens treated with the lowest concentration of azaconazole

had a mean IB value that was significantly higher than the untreated

control. Specimens treated with the higher concentration of

azaconazole also had higher average IB than the control, but the

differences were not significant.

Panels treated with the lowest concentration of TIM-BOR and the

two higher concentrations of CCA had IB values that were not

significantly different from each other, but were significantly lower

than untreated controls. TIM-BOR samples treated with the two highest

concentrations were significantly weaker in IB than the controls and

all other treated panels.
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Table 13. Mean values of internal bond (IB) strength properties of
control and preservative treated phenol-formaldehyde bonded
Douglas-fir flakeboard.

' Values represent the average of 10 replicates per treatment.
Standard deviations are shown in parentheses. Values followed by the
same letter are not significantly different by Fisher's Protected
Least Significant Different Test at a=0.05.
b Where CCA= chromated copper arsenate and TIM-BOR= disodium
octaborate tetrahydrate.

1 MPa= 145.038 psi.

Chemical
Treatmentb

Target
Retention(U/w)

Internal Bond'
(MPa)c

Control 0 0.50 (0.14)bc

Azaconazole 0.20 0.66 (0.09)a

Azaconazole 0.40 0.55 (0.09)b

Azaconazole 0.60 0.53 (0.19)b

TIM-BOR 1.34 0.40 (0.07)d

TIM-BOR 2.20 0.30 (0.05)e

TIM-BOR 4.49 0.26 (0.05)e

CCA 0.60 0.43 (0.06)dc

CCA 1.60 0.41 (0.07)d

CCA 2.40 0.41 (0.05)d



5. INFERENCES, FUTURE NEEDS, AND CONCLUSION

The approach adopted in the thesis has been to design

experiments which shed light on a selection of the diverse aspects of

imparting decay resistance to wood-based composites. This rather

broadly based approach was adopted with a mind to identifying areas

where further in-depth investigations are needed. An objective of this

final chapter is to summarize findings of the present study and then,

in light of what has been found so far, to consider broad strategies

for taking the most important areas further.

5.1. Interaction of Preservative Chemicals with Wood Elements
(Flakes) Prior to Pressing

5.1.1. Present Findings

Averaged localized retentions of CCA and boric acid equivalent

(%BAE) were always larger in the ends of the flakes than in their

centers. The flakes were 35 mm long, which is about 8 times longer

than typical Douglas-fir tracheids. Therefore, a certain amount of

end-penetration would result from relatively unimpeded flow into the

cut ends of the tracheids, while penetration to flake centers would

mainly depend upon more restricted flow through pit apertures. A very

small amount of surface penetration may occur if flake surfaces are

not cut perfectly parallel to longitudinal fiber orientation and also

possibly along ray cells.

It follows from the above that because flakes used in the

present study did not reach maximum moisture content during the 7

minute dip, their centers probably were not saturated with
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preservative solution. Therefore, more chemical could be deposited in

the zones of the flake where solution access is the easiest, which

would be the ends and the surfaces.

Unlike TIM-BOR, CCA is thought to strongly and rapidly fix with

wood (Hartford, 1986); this has been interpreted as suggesting that

there is little chance of preservative redistribution or loss from the

wood during drying (Kininmonth, 1963). Because TIM-BOR is not

apparently fixed in the wood, this chemical may possibly continue to

diffuse while the flakes are being dried and conditioned after

treatment. This enhanced migration might possibly account for the

smaller difference in concentration between ends and centers of TIM-

BOR treated flakes than for CCA treated flakes.

CCA loadings in flakes were higher than targeted, suggesting

that selective chemical absorption into the wood might have occurred

during treatment. However, the makeup of the preservative (percentages

of CCA components in the wood after treatment) were similar to those

in the original solution (Table 14, Appendix), indicating that

selective absorption of CCA components did not occur. On the other

hand, the loadings of boric acid equivalent (%BAE) were lower than

targeted for the medium and the high concentrations, while the loading

for the lowest concentration was close to the target retention.

However, these latter differences may reflect treatment variability.

The quantity of arsenic detected by SEM-EDXA appeared low

compared to the ratios of arsenic to copper and chromium in the CCA

treatment solutions. Results from the x-ray fluorescence analyzer gave

ratios which were very similar to those for the original solution;
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SEM-EDXA did not, however. Although chemical analyses and microscopic

observations should normally support one another, occasionally they

are contradictory. Indeed, difficulty in detecting arsenic with SEM-

EDXA has been reported by Dickinson et al. (1976). To compare results

of these two techniques in the future, it would be preferable to treat

the flakes with a wide range of concentrations of arsenic pentoxide

(As205) in order to eliminate the effect of copper and chromium.

Samples of these treated flakes could be observed with SEM-EDXA and

analyzed with the x-ray fluorescence analyzer. Results of the chemical

analysis and the visual analysis of arsenic concentrations could be

compared to determine if arsenic can be adequately studied using SEM-

EDXA.

Clearly, until the nature of the chemical interactions between

preservatives and wood are better understood, such dynamics which

affect pre-treatment may not be fully explained (see below).

5.1.2. Future Needs

There is a paucity of information in the literature regarding

treatment chemical interactions with wood, and results from some tests

in the present work are rather inconclusive. It is, however, evident

that understanding of preservative-wood interactions is needed at a

fundamental level. This should be the starting point for any analyses

addressing how best to design means of achieving optimal pre-

treatment. Following on from this chemical starting point should then

be a consideration of how the physics of flow (penetration) is

affected by the chemical interactions. It is possible that
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concentrations and actual chemical properties may change in time and

space as the preservative penetrates and interacts with the wood

elements.

It has, for example, already been found in the present study

that CCA (and to a lesser extent, TIM-BOR) is deposited preferentially

at the ends of flakes during pre-treatment. A fully satisfactory

explanation of this phenomenon will depend on such basic types of

analysis.

If progress is to be made in the above areas, then reliable

methods for detecting and characterizing chemical types and

distribution must be used. There are many different methods of

detecting wood preservatives quantitatively and qualitatively in the

treated wood or in treating solutions. Among these are Scanning

Electron Microscopy in conjunction with Energy Dispersive X-ray

Analysis (SEM-EDXA), Atomic Absorption Spectrophotometry (AAS), ASOMA

devices, Inductively Coupled Plasma Spectroscopy (ICP), video image

system, use of indicators, titrations, etc. Each method may have some

advantages or disadvantages which affect preservative determination.

In the present study, for example, both SEM-EDXA and ASOMA detected

arsenic, but the results of arsenic detection through SEM-EDXA was not

as reproducible. It was not clear why EDXA maps of arsenic

distribution were so sporadic and poor. This raises the question

whether results are affected by the nature of the technique or sample

preparation.

As a further example, boron distribution cannot be reliably

observed with SEM-EDXA because the energy of x-rays is too low to



excite boron. Such difficulty in the detection of boron with

commercially available equipment has been reported by other workers

(Belford, 1961). Some SEM pictures were obtained but the images were

not clear and were eliminated from this study.

5.2. Distribution of Chemicals in the Panels and Their Leaching from
the Wood

5.2.1. Present Findings

Protection of wood can be reduced if preservative components are

lost either through leaching or evaporation in service. Some

waterborne wood preservatives like CCA are highly mobile in wood

(during treatment). This mobility would be a problem in service if it

were not for the addition of chromium which serves to fix these

compounds in the wood. The data obtained from leaching tests in this

study indicate that CCA is resistent to leaching. This agrees with

published reports indicating that CCA binds and fixes to wood

(Hartford, 1986) so that only small amounts of the elements may be

leached (Eadie & Wallace, 1962; Henry & Jeroski, 1967; Eaton & Jones,

1971a,b; Henshaw, 1979; Baechler et al., 1970; Nurmi, 1990). Results

of leaching experiments in the laboratory cannot, however, be

completely equated to field results. Nurmi (1990) found that the

quantity of chromium leached in field tests was larger than the

laboratory tests had shown.

Unlike CCA, the present results indicate that borates are highly

leachable, with over 95% of the boron leaching from the TIM-BOR

treated panels. This corresponds with the results of several published

papers (Carr, 1954; Beachler & Roth, 1956; Anon, 1987; Smith &
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Williams, 1969). It is important to overcome this limitation, because

there is a need for a less toxic, nonleachable wood preservative

system. However, it was not an objective of the present study to

evaluate the many factors which affect leaching. These likely include

those related with: wood (permeability, density, moisture content,

dimensions, etc.); preservative (compositions, and treatment and post-

treatment procedures); and the in-service environment (Cockroft &

Laidlaw, 1978).

While there are a number of publications concerning the

leachability of CCA and TIM-BOR, there are few about azaconazole. The

leached azaconazole treated panels and their leachate were not

chemically analyzed in the present study because of the unavailability

of a reliable analytical method. However, weight losses from leached

treated panels were not significantly different from leached control

panels, which agrees with the results of other investigators (Valcke &

Goodwine, 1985; Schmidt & Gertjejansen, 1987) and shows the potential

for long-term performance of this compound (Valcke & Goodwine, 1985).

CCA and TIM-BOR chemicals did not appear to migrate from one

location to another during hot pressing in panel manufacturing. Flakes

were at approximately 12% moisture content at the beginning of hot

pressing, which is somewhat higher than the 5% moisture content

associated with more conventional (liquid adhesive) composition board

manufacturing. Generation and movement of water vapor in the panel

during hot pressing might have been sufficient to cause chemical

migration, especially with TIM-BOR which was easily leached. However,

as already stated (and discussed further below), relative humidity



values still were unlikely to have reached 100% within the panel.

5.2.2. Future Needs

If final distributions of preservative chemicals are to be

controlled, then a full understanding of their behavior during the

pressing process will be required. During pressing, heat is

transferred from the platens into the mat of flakes at the same time

that compressive loads are applied. Because water resides (is

adsorbed) within the cell walls, .phase change occurs and this leads to

the establishment of gradients of water vapor within the porous

assemblage of flakes. Water vapor consequently convects within the mat

as pressing proceeds and this contributes to heat transfer into the

core region (as well as moisture re-distribution). Thermal conduction,

phase change of bound water, and vapor convection all, therefore,

occur. These basic mechanisms lead to ever changing temperature,

adsorbed water, and water vapor pressure in the panel. Finally, very

significant stress is also applied to the mat by the platens, and this

leads to deformation of the wood elements. It is entirely possible

(even likely) that some or all of these factors influence the chemical

characteristics of the preservative, its interaction with wood, and

the final distribution of the preservative compounds at both the

microscopic and macroscopic levels.

It has already been pointed out that temperature is known to

affect the chemical binding of CCA within wood (Peek & Willeitner,

1988; Cooper & Ung, 1989). This issue has, for example, been of

concern in the selection of kiln drying schedules for CCA treated
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lumber. It therefore seems reasonable to expect that the chemical

binding of CCA in pre-treated flakes is also dependent in part upon

the temperature-time function they encounter during pressing.

A number of workers have measured temperature distributions in

composites as pressing proceeds, and Humphrey and Bolton (1989) have

developed models which predict these (and associated moisture and

vapor pressure) changes theoretically. Temperature, moisture content

and vapor gradients are apparently dependent upon a range of raw

material and process variables, and the magnitudes of these variables

may be manipulated over quite wide ranges. The question then arises as

to what are appropriate conditions for CCA (or other types of

preservative compounds) to affect optimal chemical and physical

interactions.

It is suggested that work be undertaken to better understand the

interactive effects of temperature and moisture on the treatment

chemical previously deposited in the flakes. Such an investigation

would best be conducted under highly controlled conditions in order to

develop a precise understanding which could then aid selection of

optimal combinations of pressing conditions and flake pre-treatment

methods. Humphrey (1991b) maintains that if such basic data were

available, then it may be possible to incorporate the mechanisms of

preservative interaction within pressing simulation models. This would

enable localized preservative properties (such as level of binding and

chemical transformation) to be predicted throughout the panel as

pressing proceeds. If such a model could be developed, then it could

be used as a tool to converge on optimal processing strategies.



In the case of preservative chemicals which are relatively

volatile or soluble in water, then transport of the chemical should

also be accounted for in the above analyses. Similarly, the behavior

of solid (e.g., granular or powdered) treatments would require an

understanding of mechanisms such as melting and sublimation.

It should, however, be pointed out that chemical migration may

not occur for all types of preservatives. Indeed, neither CCA-C or

TIM-BOR were convincingly shown to migrate in the present study.

5.3. Decay Testing

5.3.1. The Present Study

The results of laboratory decay resistance tests of preservative

treated flakeboard samples exposed to test fungi, T. versicolor and P.

heteromorpha, showed that neither type caused much weight loss; there

was very little difference between treated and untreated samples.

Therefore, these fungi seem unsuitable for use as evaluators of

treatment chemicals (at least in terms of weight loss). This is,

however, rather surprising because some Douglas-fir sapwood was

present in the flakeboards tested, and this is thought to be

susceptible to attack. It is possible that the close proximity of

resistant heartwood may have in some way inhibited sapwood decay with

these fungi; or that the adhesive may have played a role. White rot

fungi are reported to be more destructive in hardwoods and can

deteriorate hardwood composites such as aspen waferboard (Feist,

1982).

Brown rot fungi are reported to be very destructive wood decay
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fungi in softwoods (Keilich et al., 1970), and P. placenta produced

substantial weight loss in untreated control samples. This fungus is

frequently isolated from Douglas-fir (Eslyn, 1970; Graham & Corden,

1980; Zabel et al., 1980; Pryzbylowicz et al., 1987). Among the three

treating chemicals, CCA provided the greatest protection when using

weight loss as a criterian. This chemical appears to bind strongly to

the wood and was nonleachable. With its uniform distribution in the

panel it provided excellent protection.

The two higher concentrations of azaconazole were effective

against all of the test fungi used in this study and were also

resistant to leaching. While the cost of azaconazole is higher than

CCA and TIM-BOR, the ease and simplicity of application, and its

effectiveness are criteria favoring its application. It is active at

low dosage rates and other workers have found it as also effective

against basidiomycetes, sapstain and mold fungi (Schmidt, 1987; Demoen

& Gestel, 1983; Valcke & Goodwine, 1985).

TIM-BOR treated samples exposed to P. placenta indicated that

this chemical was effective against decay. No species of brown rot

fungi has developed resistance to boron (Becker, 1976; Amburgey,

1990). Laboratory tests by other workers have shown that borate-

treated wood is very resistant to brown rot and white rot fungi

(Williams & Amburgey, 1987), while the chemical is marginally

effective for soft rot control (Barnes et al., 1989). The performance

of borates in laboratory studies with soft rot fungi has been

variable. Duncan (1960) in her study on soft rot fungi in petri dishes

of malt agar mentioned that borates effectively prevent the growth of
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soft rot fungi. However, results of tests on borate-treated wood

blocks exposed to soft rot fungi indicate that borates provide

variable to relatively little protection against these organisms

(Williams & Amburgey, 1987). It is not clear whether this lack of

efficacy of borate-treated wood exposed to soft rot fungi is due to

low toxicity of borates or is caused by leaching of borates from test

blocks. Lack of efficacy of borates to soft rot and mold fungi either

through toxicity or leaching may result in poor performance of borate-

treated products when exposed in ground contact.

Although TIM-BOR has good fungicidal and insecticidal properties

(Harrow, 1950; 1955; Bunn, 1972; Cockroft & Levi, 1973; Williams &

Amburgey, 1987; Barnes et al., 1989), leachability may preclude its

application where high moisture levels exist. One may therefore

question its usefulness since the lower moisture contents (below fiber

saturation point) necessary to avoid leaching will also preclude decay

- - making preservative treatment unnecessary. Two points may be made

here: firstly, borates are known to repel termites which attack dry

wood, and secondly, it may well be feasible in some situations to

treat with borates at sufficiently high levels that only very low

residual concentrations of TIM-BOR are necessary to retain resistance.

Periodic re-treatment in service may also be a possibility in some

situations.

5.3.2. Appropriateness of Decay Testing

Regardless of fungal strain and type of wood, there are some

disadvantages or uncertainties regarding the use of the soil block
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test; these need to be rectified. Moisture content of the specimens is

an important factor for achieving adequate and consistent wood weight

losses within a reasonable time period. Moreover, this test may not

work effectively with certain white rot fungi, though it does seem to

favor brown rots. Many modifications of this test through evaluating

its sensitivity to decay determining parameters such as soil and its

moisture content, wood moisture content, incubation period and

temperature may be necessary. In the present study, for example,

fungal species selected and the presence of resin may have influenced

the performance of T. versicolor during the test.

In the process of developing new chemicals to protect wood from

deterioration, it is necessary to accelerate the testing period. There

are a number of tests to determine the decay resistance of wood

including agar block tests, the soil block test, soft rot tests,

leaching tests, weathering and leaching stake tests. These methods use

decreased sample size to accelerate leaching and expose maximum

surface area. In addition, they employ optimum temperatures for

biological attack and use media which are conducive to fungal growth.

As a result, reliable laboratory results can be obtained in as little

as three months. While these tests are well developed for solid wood

there are no standard decay tests for composites. There have only been

a limited number of studies to develop methods for testing the

resistance of composites to biodeterioration. Increased use of these

materials under adverse conditions places added importance on

developing improved methods for assessing chemical protection of

composites. As a result, methods must be developed or modified to



evaluate the effectiveness of test chemicals in an accurate, rapid

manner.

5.4. Physical and Mechanical Properties

Physical and mechanical properties of wood composites depend on

a daunting range of factors, including: wood species; resin type;

manufacturing process, and environmental conditions prevailing in

service. Preservative chemicals will extend the range of uses of

composites, but can have an effect on these properties.

Higher EMC values were observed in treated samples with medium

and high concentrations of TIM-BOR, suggesting that this chemical

adsorbs water. This property was also evident in the leaching

experiment where it was easily removed from the wood with water. Such

increased hygroscopicity almost certainly is closely linked to the

mechanisms that affect dimensional stability of the product.

Dimensional stability is an important property of all wood

products when used in exterior situations. This characteristic may

have limited widespread exterior and structural uses of wood-based

composites (Halligan, 1970). Dimensional stability, including

thickness swelling and linear expansion, is important in the

assessment of the appropriateness of treatment chemicals. Among all

treatments in this study, the dimensional instability of TIM-BOR

treated samples was greater than that for the rest of the chemicals,

often leading to complete delamination. This would prevent exterior

applications or even interior uses where high moisture exists.

Azaconazole treated samples were as dimensionally stable as the

94
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controls; CCA-treated samples swelled slightly more than the controls.

Dimensional instability, particularly in thickness, is a greater

problem in wood composites such as flakeboards than it is in solid

wood products. Thickness swelling not only causes severe thickness

variation among panels, but also surface roughness (Lehmann, 1970),

and panels are markedly weakened. This effect was observed for TIM-BOR

treated samples.

It is generally maintained that the easiest way to improve board

properties is to increase the density of the panel. However, this is

not necessarily true for dimensional stability. Other workers have

pointed out that thickness swelling generally increases as panel

density increases (Halligan, 1970; Kelly, 1977). Furthermore, linear

expansions were less than 1%, and in many treatments they were less

than 0.3%. This illustrates that the dimensional stability of

flakeboards is greater in the linear (in-plane) direction.

Flakeboard that is required to bear structural loads over

prolonged time periods in North America must meet requirements of the

American Society for Testing and Materials Standard D 1037. A minimum

of 450,000 psi (3,103 MPa) for modulus of elasticity and 2,500 psi

(17.2 MPa) for modulus of rupture (American National Standards

Institute (ANSI A208.1, 1979)) must be attained. In this study,

samples treated with azaconazole and untreated control samples

exceeded the standard values for MOE and MOR. The averages for the

lowest concentration of TIM-BOR and the lowest and the medium

concentrations of CCA were only slightly lower than the standard, but

for the medium and high concentrations of TIM-BOR, as well as the
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highest concentration of CCA, MOE and MOR were well below the

standard.

The loss of MOR in samples treated with CCA (Hall et al., 1982)

may be related to pH of the chemicals, which can effect resin cure.

The pH of the treating solution could cause a retarding or

accelerating effect on resin cure (Wake, 1976). In either case,

limited bonding could occur. Boggio and Gertjejansen (1982) and

Winandy (1987; 1988; 1989) found that CCA caused some strength

reductions in lumber. Strength reductions may be related to excessive

temperature during treatment, adhesive decomposition, effect of steam

during hot pressing, chemical reactions with wood, and

preservative/adhesive interactions. The fact that azaconazole did not

reduce the bending strength agrees with results of Schmidt and

Gertjejansen (1987), who found that azaconazole had minimal effects on

MOE of aspen waferboard.

Kreber et al. (in review, 1990), has shown that borates

significantly influence the rate of development of glue bond strength.

The borate could change the pH of the resin, and therefore the cure

rate. The viscosity of PF resin increases when contacted with borates.

Therefore, the penetration of resin into the wood and good bond

formation will not be attained. It is conjectured that one possible

way to reduce the number of ions that contact the adhesive may be to

select borates with low water solubility or a low rate of

solubilization. In this case, resin could penetrate the wood and the

bond strength of the manufactured board would not be significantly

impaired. Overall, it would be desirable to have a borate system that
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would be compatible with phenolic resins.

Like bending properties, internal bond values were lowest in the

panels treated with TIM-BOR, which was also observed by Laks (1988).

The American National Standards Institute Specifications (ANSI A208.1,

1979) requires that phenol-formaldehyde bonded flakeboards and

waferboards have a minimum average IB strength of 50 psi (0.34 MPa).

In this study, all samples exceeded this value except for TIM-BOR at

the two highest concentrations. Therefore, chemical treatments with

azaconazole, CCA and the low concentration of TIM-BOR did not

adversely affect the adhesive bond strength of these flakeboards.

5.5. Environmental Issues

Wood preservatives are chemical substances that, when applied to

wood, make it resistant to attack by organisms. Wood preservatives

must satisfy all or most of the following criteria: toxicity to wood

destroying organisms; permanency; penetrability; stability; safety in

handling; harmlessness to wood; abundance and cost effectiveness. In

addition, for some special purposes, preservatives should be clean,

colorless, odorless and non-swelling.

It would be difficult to incorporate all of these criteria

within any one wood preservative system. Indeed, each of these factors

are interpreted differently by different people.

Consumers, or organizations which look out for their interests,

are concerned with the potential health hazards associated with toxic

chemicals; various environmental groups highlight the important

potential hazards and safety characteristics of the chemicals. This
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issue has resulted in increased restrictions on many wood

preservatives in many countries. The environmental aspects of these

wood preservatives include dangers during manufacture of the chemicals

themselves, application to the wood product, service performance and

disposal of these treated wood products at the end of their useful

life.

While forest resources are giving benefits other than production

of wood products (including wildlife, recreation, reduction of air and

water pollution), it seems clear that prevention of losses from

destructive organisms should be accomplished using environmentally

compatible methods. This means that research and development on wood

protection methods should consider the impact of their use from the

broadest possible stand point

Although safety-in-use can be convincingly argued for some wood

preservatives, there is no doubt that the use of chemicals will become

an increasingly environmentally sensitive issue, and the preservation

industry needs to search for more acceptable and friendly wood

preservatives. With increasing concern about environmental and health

issues, these factors must be given high priority in future

innovations.

5.6. Conclusion to the Theses

If optimal chemical formulations and treatment methods are to be

developed, then it will be necessary to address how the pre-treatment

chemicals and wood interact at each stage of the composite

manufacturing process. In the present work, some attention has been
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given to the nature and distribution of chemicals in the wood elements

(flakes) prior to their being pressed into a panel. Clearly, the

mechanisms that affect preservative penetration, localized interaction

with wood, and deposition upon drying of the flakes (after immersion)

are complex and interactive.

Subsequent behavior of the flakes (and the chemicals deposited

within them) during the hot pressing process must, however, also play

an important role in effecting the structure and properties of the

final product. This is particularly so because the localized

environments that occur within the composites during pressing vary

over extreme ranges.

Finally, it will be necessary to have a clear vision of what are

appropriate criteria for evaluating the effectiveness of treatments.

The effect that treatments (in terms of chemical types and their

distribution within the composite's structure) have on the decay

organisms' ingress and attack, and how these in turn effect important

properties of the product, must therefore be addressed.
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APPENDIX



Target Actual Retentiona (%wt/wt)
Retention CuO Cr03 As205 Total Number of
(%wt/wt) Analysis

a Values in parentheses represent range for each retention.

Table 15. Summary statistics of ANOVA for the variable copper for 3
retentions of CCA used to treat whole flakes, ends and
center of the flake, as determined by the x-ray
fluorescence technique.

Dependent variable: Copper

a Ends of flakes compared to center of flakes.

113

Table 14. Retention of chromated copper arsenate Type C (CCA) and
its components in treating solutions, as determined by the
x-ray fluorescence technique.

0.60 20.05 45.81 34.1 0.535
(19.1-22.6) (46.1-47.8) (31.3-35.1) (0.40-0.59) 27

1.60 20.17 45.20 33.90 1.42
(19.0-21.8) (43.8-47.3) (31.5-35.2) (1.26-1.78) 21

2.44 20.25 45.19 34.72 2.32
(18.4-21.5) (43.8-46.9) (34.2-34.9) (2.00-2.43) 21

Source OF MS F-value Pr > F

Retention(Ret.) 2 9.17 870.30 0.0001
Linear 1 4.99 474.06 0.0001
Quadratic 1 13.34 1266.54 0.0001

Sampcodea 1 1.47 139.85 0.0001
Ret. x Sampcode 2 0.12 11.19 0.0007
Error 18 0.02

R-square C.V. Root MSE Copper Mean
0.99 5.78 0.10 1.77



a Ends of flakes compared to center of flakes.

Table 17. Summary statistics of ANOVA for the variable arsenic for 3
retentions of CCA used to treat whole flakes, ends and
center of the flake, as determined by the x-ray
fluorescence technique.

Dependent variable: Arsenic

a Ends of flakes compared to center of flakes.
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Table 16. Summary statistics of ANOVA for the variable chromium for 3
retentions of CCA used to treat whole flakes, ends and
center of the flake, as determined by the x-ray
fluorescence technique.

Dependent variable: Chromium

Source OF MS F-Value Pr > F

Retention(Ret.) 2 32.95 1315.13 0.0001
Linear 1 12.74 508.47 0.0001
Quadratic 1 53.16 2121.79 0.0001

Sampcodea 1 5.68 226.53 0.0001
Ret. x Sampcode 2 0.51 20.26 0.0001
Error 18 0.02

R- squared C.V. Root MSE Arsenic Mean
0.99 5.16 0.16 3.06

Source DF MS F-Value Pr > F

Retention(Ret.) 2 63.09 1723.86 0.0001
Linear 1 21.20 579.25 0.0001
Quadratic 1 104.99 2868.50 0.0001

Sampcodea 1 9.13 249.56 0.0001
Ret. x Sampcode 2 0.65 17.83 0.0001
Error 18 0.04

R-square C.V. Root MSE Chromium Mean
0.99 4.55 0.19 4.20



Table 18. Summary statistics of ANOVA for the variable total chemical
for 3 retentions of CCA used to treat whole flakes, ends
and center of the flake, as determined by the x-ray
fluorescence technique.

Dependent variable: Total

0.99 3.88

a Ends of flakes compared to center of flakes.

Table 19. Summary statistics of ANOVA for the variable boric acid
equivalent (BAE) concentration of TIM-BOR for 3 retentions
of BAE treating solution used to treat whole flakes,
ends and center of the flake, as determined by titration
of ashed samples.

Dependent variable: BAE

0.35 9.03

a Ends of flakes compared to center of the flakes.
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Source DF MS F-value Pr > F

Retention(Ret.) 2 0.00002 796.17 0.0001

Linear 1 0.00002 834.78 0.0001

Quadratic 1 0.00002 757.57 0.0001
Sampcodea 1 0.0000008 33.07 0.0001

Linear 1 0.00002 834.78 0.0001

Quadratic 1 0.00002 757.57 0.0001

Ret. x Sampcode 2 0.00000006 2.35 0.1379
Error 12 0.00000003

R- squared C.V. Root MSE BAE Mean
0.99 4.54 0.00016 0.0035

Source DF - MS F-value Pr > F

Retention(Ret.) 2 278.74 2266.99 0.0001

Linear 1 108.38 881.49 0.0001

Quadratic 1 449.09 3652.48 0.0001

Sampcodea 1 43.81 356.35 0.0001

Ret. x Sampcode 1 3.47 28.23 0.0001

Error 18 0.12
R- squared C.V. Root MSE Total Mean



Leached samples compared to unleached.

Table 21. Summary statistics of ANOVA for the variable chromium for 3
retentions in phenol-formaldehyde bonded Douglas-fir
flakeboard leached and unleached samples treated with CCA-
C, as measured by the x-ray fluorescence technique.

Dependent vriable: Chromium

Leached samples compared to unleached.
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Table 20. Summary statistics of ANOVA the for variable copper for 3
retentions in phenol-formaldeyde bonded Douglas-fir
flakeboard leached and unleached samples treated with CCA-
C, as measured by the x-ray fluorescence technique.

Dependent variable: Copper

Source DF MS F-Value Pr > F

Retention(Ret.) 2 13.90 1280.26 0.0001

Linear 1 9.98 919.27 0.0001

Quadratic 1 17.82 1641.26 0.0001

Leacode 1 0.05 4.34 0.0458
Ret. X Leachcode 2 0.02 1.87 0.1712

Error 30 0.01
R- squared C.V. Root MSE Copper Mean

0.99 5.28 0.010 1.97

Source DF MS F-Value Pr > F

Retention(Ret.) 2 87.49 1012.17 0.0001

Linear 1 55.74 644.81 0.0001

Quadratic 1 119.24 1379.54 0.0001
Leachcode 1 0.24 2.73 0.1090
Ret. x Leachcode 2 0.11 1.22 0.3109
Error 30 0.09

R- squared C.V. Root MSE Chromium Mean
0.99 6.43 0.29 4.57



a Leached samples compared to unleached.

Table 23. Summary statistics of ANOVA for the variable total chemical
for 3 retentions in phenol-formaldehyde bonded Douglas-fir
flakeboard leached and unleached samples treated with CCA-
C, as measured by the x-ray fluorescence technique.

Dependent variable: Total

a Leached samples compared to unleached.
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Table 22. Summary statistics of ANOVA for the variable arsenic for 3
retentions in phenol-formaldehyde bonded Douglas-fir
flakeboard leached and unleached samples treated with CCA-
C, as measured by the x-ray fluorescence technique.

Dependent variable: Arsenic

Sources DF MS F-Value Pr > F

Retention(Ret.) 2 47.38 1181.30 0.0001

Linear 1 29.41 733.34 0.0001

Quadratic 1 65.35 1629.27 0.0001

Leachcodea 1 1.47 36.67 0.0001

Ret. x Leachcode 2 0.13 3.18 0.0561

Error 30 0.04
R- squared C.V Root MSE Arsenic Mean

0.99 6.38 0.20 3.14

Source DF MS F-Value Pr > F

Retention(Ret.) 2 398.44 1195.05 0.0001

Linear 1 257.50 772.35 0.0001

Quadratic 1 539.36 1617.74 0.0001

Leachcodea 1 2.20 6.60 0.0154
Ret. x Leachcode 2 0.66 1.99 0.1546

Error 30 0.33
R- squared C.V. Root MSE Total Mean

0.99 5.96 0.58 9.69



a Samples were removed from flakeboard strips.

Table 25. Summary statistics of ANOVA for the variable chromium for 3
retentions in phenol-formaldehyde bonded Douglas-fir
flakeboard strips treated with CCA-C, as measured by the x-
ray flourescence technique at selected zones (ends,
interum, center) and positions (top, middle, bottom).

Dependent variable: Chromium

' Samples were removed from flakeboard strips.
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Table 24. Summary statistics of ANOVA for the variable copper for 3
retentions in phenol-formaldehyde bonded Douglas-fir
flakeboard strips treated with CCA-C, as measured by the x-
ray fluorescence technique at selected zones (ends,
interum, center) and positions (top, middle, bottom).

Dependent variable: Copper

Source DF MS F Value P > F

Retention(Ret.) 2 58.95 3968.40 0.0001
Position 8 0.04 2.36 0.0207
Ret. x Positiona 16 0.01 0.83 0.6500
Error 135 0.01

R- squared C.V. Root MSE Copper Mean
0.98 7.05 0.12 1.72

Source DF MS F -Value Pr > F

Retention(Ret.) 2 363.97 3814.69 0.0001
Position 8 0.19 1.95 0.0572
Ret. x Position' 16 0.09 0.99 0.4749
Error 135 0.09

R- squared C.V. Root MSE Chromium Mean
0.98 7.11 0.30 4.34



' Samples were removed from flakeboard strips.

Table 27. Summary statistics of ANOVA for the variable total chemical
for 3 retentions in phenol-formaldehyde bonded Douglas-fir
flakeboard strips treated with CCA-C, as measured by the x-
ray fluorescence technique at selected zones (ends,
interum, center) and positions (top, center, bottom).

Dependent variable: Total

' Samples were removed from flakeboard strips.
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Table 26. Summary statistics of ANOVA for the variable arsenic for 3
retentions in phenol-formaldehyde bonded Douglas-fir
flakeboard strips treated with CCA-C, as measured by the x-
ray fluorescence technique at selected zones (ends,
interum, center) and positions (top, middle, bottom).

Dependent variable: Arsenic

Source DF MS F-Value Pr > F

Retention(Ret.) 2 1673.81 4338.20 0.0001
Position 8 1.02 2.64 0.0102
Ret. x Position' 16 0.39 1.03 0.4283
Error 135 0.38

R- squared C.V. Root MSE Total Mean
0.98 6.90 0.62 9.00

Source DF MS F-Value Pr > F

Retention(Ret.) 2 200.68 4530.43 0.0001

Position 8 0.16 3.64 0.0007
Ret. x Position' 16 0.05 1.15 0.3189
Error 135 0.04

R- squared C.V. Root MSE Arsenic Mean
0.98 7.18 0.21 2.93



a Leached samples compared to unleached.

Table 29. Summary statistics of ANOVA for variable boric acid
equivalent (BAE) concentration for 3 retentions of TIM-BOR
in phenol-formaldeyhe bonded Douglas-fir flakeboard strips,
as measured by titration at selected zones (ends, interum,
center) and positions (top, center).

Dependent variable: (%BAE)

a Samples were removed from flakeboard strips.
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Table 28. Summary statistics of ANOVA for the variable boric acid
equivalent (BAE) for 3 retentions of TIM-BOR in
phenol-formaldehyde bonded Douglas-fir flakeboard
leached and unleached samples, as determined by titration
of ashed samples.

Dependent variable: (%BAE)

Source DF MS F-value Pr>F

Retention(Ret.) 2 0.6447 2139.42 0.0001
linear 1 0.5670 1881.33 0.0001
Quadratic 1 0.7225 2397.53 0.0001

Positiona 5 0.0001 0.42 0.8293
Linear 1 0.00005 0.17 0.6862
quadratic 1 0.00001 0.04 0.8518

Ret. x Position 10 0.00001 0.43 0.9241
Error 36 0.00003

R-squared C.V. Root MSE %BAE Mean
0.99 5.03 0.01736 0.34

Source DF MS F-value Pr > F

Retention(Ret.) 2 0.04 25.71 0.0001
Linear 1 0.02 14.91 0.0023
Quadratic 1 0.06 36.50 0.0001

Leachcodea 1 0.42 264.58 0.0001
Ret. x Leachcode 2 0.06 40.74 0.0001
Error 12 0.002

R- squared C.V. Root MSE %BAE Mean
0.97 20.06 0.0396 0.197



Table 30. Summary statistics of ANOVA for the variable weight loss
due to leaching with water for preservative treated phenol-
formaldehyde bonded Douglas-fir flakeboard.

Dependent variable: Weight loss(%)

Table 31. Summary statistics of ANOVA for the variable weight loss of
preservative treated phenol-formaldehyde bonded flakeboard
unleached treated or untreated samples following exposure
to Trametes versicolor in a soil block test.

Dependent variable: Weight loss

0.76 23.72 0.005 0.02
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Source OF MS F-Value Pr > F

Treatment 9 35.710 565.66 0.0001
Linear 1 0.067 1.07 0.3061
Quadratic 1 0.513 8.14 0.0063

Error 50 0.06
R-squared C.V. Root MSE %Weight loss Mean
0.99 9.027 0.25 2.78

Source DF MS F-value Pr> F

Treatment 9 0.00032 11.47 0.0001
Linear 1 0.00004 1.25 0.2667
Quadratic 1 0.00003 1.06 0.3067

Error 76 0.00003
R-squared C.V. Root MSE Weight 1055 Mean



0.90 55.30 0.052 0.094

Table 33. Summary statistics of ANOVA for the variable weight loss of
preservative treated phenol-formaldehyde bonded Douglas-fir
flakeboard unleached treated or untreated samples following
exposure to fungal attack, Trametes versicolor in a soil
block test.

Dependent variable: Weight loss

Source OF MS F-value Pr > F

Treatment 6 21.02 6.08 0.0003
Error 31 3.45

R-squared C.V. Root MSE Weight loss Mean
0.54 224.59 1.85 0.82
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Table 32. Summary statistics of ANOVA for the variable weight loss of
preservative treated phenol-formaldehyde bonded Douglas-fir
flakeboard leached treated or untreated samples following
exposure to Postia placenta in a soil block test.

Dependent variable: Weight loss

Source OF MS F-value Pr > F

Treatment 9 0.24 89.62 0.0001
Linear 1 0.92 338.39 0.0001
Quadratic 1 0.02 8.12 0.0055

Error 87 0.003
R-squared C.V. Root MSE Wtloss Mean



Table 35. Summary statistics of ANOVA for the variable weight loss of
preservative treated phenol-formaldehyde bonded Douglas-fir
flakeboard samples following exposure to Phialophora
heteromorpha in a vermiculite burial test.

Dependent variable: Weight loss
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Table 34. Summary statistics of ANOVA for the variable weight loss of
preservative treated phenol-formaldehyde bonded Douglas-fir
flakeboard leached treated or untreated samples following
exposure to Postia placenta in a soil block test.

Dependent variable: Weight loss

Source DF MS F-Value Pr > F

Treatment 9 13.33 60.34 0.0001

Linear 1 0.02 0.09 0.7698
Quadratic 1 0.39 1.76 0.1885

Error 68 0.22
R-Squared C.V. Root MSE Weight loss Mean

0.89 10.99 0.47 4.27

Sources DF MS F-Value Pr > F

Treatment 6 1776.82 338.81 0.0001
Linear 1 3422.95 652.70 0.0001

Quadratic 1 259.77 49.54 0.0001
Error 29 5.24

R-squared C.V. Root MSE Weight loss Mean
0.98 22.31 2.29 10.26



Table 36. Summary statistics of ANOVA for the variable equilibrium
moisture content (EMC) of preservative treated phenol-
formaldehyde bonded Douglas-fir flakeboard samples.

Dependent variable: (%EMC)

' Density based on oven-dry weight and volume.
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Table 37. Summary statistics of ANOVA for the variable density of
preservative treated phenol-formaldehyde bonded Douglas-fir
flakeboard samples.

Dependent variable: Density'

Sources DF MS F-value Pr > F

Treatment 9 3.02 9.29 0.0001
Linear 1 0.77 2.37 0.1269
Quadratic 1 0.39 1.20 0.2761

Error 110 0.33
R-squared C.V. Root MSE %EMC Mean

0.43 6.97 0.57 8.18

Source DF MS F-Value Pr > F

Treatment 9 0.00087 2.56 0.0103
Linear 1 0.00002 0.57 0.4601
Quadratic 1 0.00019 0.55 0.4601

Error 110 0.00034
R-squared C.V. Root MSE Density Mean
0.17 2.78 0.018 0.66
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Table 38. Linear expansion, weight gain and thickness swell for
control and preservative treated phenol-formaldehyde bonded
Douglas-fir flakeboard samples stored at 90 percent
relative humidity for 6 weeksa.

Chemical Weeks Linear Expansion(%) Thickness Swell(%) Weight
Treatmentb Length Width 1 2 Ave. Gain(%)

Control 1 0.26 0.25 10.23 9.87 10.05 6.34
2 0.15 0.07 12.69 11.73 12.21 7.64

3 0.22 0.13 13.16 12.63 12.89 7.69
4 0.29 0.24 13.42 13.46 13.44 7.90

5 0.24 0.14 13.50 13.21 13.36 7.73

6 0.23 0.12 13.11 13.00 13.06 7.09

Azol 1 0.23 0.25 11.32 11.54 11.43 6.62
(0.2%) 2 0.12 0.01 12.63 12.85 12.73 7.58

3 0.16 0.17 13.53 13.77 13.65 7.64
4 0.25 0.32 14.09 14.51 14.30 7.94
5 0.16 0.18 13.94 14.25 14.09 7.72
6 0.16 0.14 13.61 13.93 13.77 7.16

Azol 1 0.33 0.20 11.09 11.00 11.05 6.27
(0.4%) 2 0.19 0.03 13.20 11.58 12.39 7.31

3 0.25 0.09 13.28 12.42 12.85 6.55
4 0.38 0.24 13.89 14.00 13.94 7.45

5 0.27 0.13 14.29 13.34 13.81 7.38
6 0.26 0.09 14.05 13.32 13.69 6.76

Azol 1 0.18 0.22 11.54 11.04 11.29 6.65
(0.6%) 2 0.12 0.09 13.54 14.27 13.90 7.65

3 0.17 0.16 14.16 14.07 14.12 7.68
4 0.23 0.26 14.74 14.92 14.83 7.88
5 0.16 0.16 14.42 14.68 14.55 7.77
6 0.17 0.14 14.25 14.30 14.28 7.21

TIM-BOR 1 0.41 0.39 17.00 16.41 16.70 5.69
(1.34%) 2 0.32 0.29 20.79 19.84 20.31 8.42

3 0.48 0.41 22.30 21.94 22.12 8.42
4 0.48 0.52 23.49 23.15 23.32 8.58
5 0.43 0.40 23.10 22.70 22.90 8.41
6 0.41 0.36 22.82 22.15 22.49 8.00

TIM-BOR 1 0.46 0.34 22.68 21.98 22.32 7.47
(2.20%) 2 0.45 0.36 29.81 29.55 29.68 8.87

3 0.54 0.47 33.37 33.14 33.26 9.15
4 0.60 0.62 36.82 36.45 36.63 9.53
5 0.60 0.56 36.74 36.29 36.51 9.36
6 0.60 0.54 36.98 36.34 36.66 9.01

TIM-BOR 1 0.67 0.76 35.73 33.87 34.79 8.48
(4.49%) 2 0.53 0.65 53.57 55.82 54.69 10.21

3 0.90 1.02 60.78 63.24 62.40 10.49
4 1.13 1.33 68.43 70.31 69.37 10.79
5 0.95 1.17 67.68 70.13 68.91 10.44
6 0.91 1.13 39.05 75.63 69.01 9.55



Table 38. Continued.

Chemical Weeks Linear Expansion% Thickness Swell(%) Weight
Treatment Length Width 1 2 Ave. Gains(%)

CCA 1 -1.31 0.26 13.29 11.91 12.60 6.45
(0.60%) 2 0.21 0.15 15.90 15.48 15.69 7.50

3 0.22 0.18 16.83 16.80 16.81 7.65
4 0.32 0.35 17.93 17.80 17.86 7.90
5 0.24 0.22 17.51 17.72 17.62 7.81

6 0.21 0.21 17.42 17.39 17.41 7.34
CCA 1 0.26 0.26 11.08 10.92 11.00 6.15
(1.6%) 2 0.17 0.17 14.60 13.94 14.26 7.35

3 0.23 0.22 15.78 15.40 15.60 7.59
4 0.31 0.43 16.46 16.53 16.49 7.91

5 0.23 0.24 16.47 16.23 16.35 7.80

6 0.23 0.23 16.48 16.21 16.35 7.39
CCA 1 0.52 0.27 11.40 11.21 11.30 6.13
(2.4%) 2 0.44 0.17 14.27 14.11 14.19 7.02

3 0.50 0.25 15.26 15.48 15.37 7.43

4 0.58 0.38 16.04 16.46 16.25 7.75
5 0.51 0.27 16.27 16.40 16.34 7.95
6 0.50 0.27 16.12 16.34 16.22 7.21

a Values represent the average of 12 replicates per treatment.
b Where CCA= chromated copper arsenate, Azol= azaconazole, TIM-BOR=
disodium octaborate tetrahydrate and values in parentheses are target
retentions (%w/w) of the chemicals.
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Chemical Weeks Linear Expansion(%) Thickness Swell(%) Weight
Treatmentb Length Width 1 2 Ave. Gain(%)

Control 1 0.09 0.35 1.27 1.22 1.24 2.58
2 0.09 0.35 1.23 1.24 1.23 2.81
3 0.03 0.24 1.48 1.19 1.33 3.21
4 0.11 0.36 1.60 1.61 1.60 3.50
5 0.05 0.31 1.40 1.42 1.41 3.40
6 0.01 0.22 1.45 1.21 1.33 2.97

Azol 1 0.02 0.13 1.29 1.25 1.27 2.60
(0.2%) 2 0.02 0.12 1.36 1.38 1.37 2.82

3 -0.06 0.02 1.52 1.20 1.36 3.21
4 0.02 0.14 1.71 1.75 1.74 3.52
5 0.01 0.08 1.53 1.55 1.54 3.41
6 0.03 0.02 1.23 0.91 1.07 2.33

Azol 1 0.09 1.70 1.38 1.41 1.39 2.56
(0.4%) 2 0.08 1.72 1.40 1.36 1.37 2.79

3 0.004 1.61 1.52 1.33 1.42 3.17
4 0.09 1.71 1.82 1.75 1.79 3.47
5 0.05 1.67 1.60 1.53 1.56 3.36
6 0.02 1.60 1.61 1.47 1.54 2.95

Azol 1 0.08 0.10 1.43 1.23 1.33 2.43
(0.6%) 2 0.10 0.11 1.49 1.35 1.42 2.78

3 0.05 0.001 1.84 1.16 1.50 3.09
4 0.10 0.12 1.88 1.72 1.80 3.48
5 0.06 0.08 1.71 1.52 1.61 3.37
6 0.02 0.05 1.89 1.17 1.53 2.97

TIM-BOR 1 0.10 0.16 1.31 1.15 1.23 2.56
(1.34%) 2 0.10 0.17 1.28 1.25 1.27 2.79

3 0.02 0.001 1.44 1.20 1.32 3.21
4 0.09 0.16 1.56 1.51 1.53 3.51
5 0.07 0.12 1.16 1.25 1.21 3.40
6 -0.02 0.07 1.44 1.18 1.30 2.95

TIM-BOR 1 0.19 0.14 1.29 1.28 1.28 2.68
(2.20%) 2 0.09 0.14 1.27 1.05 1.17 2.93

3 0.04 0.01 1.16 1.22 1.19 3.34
4 0.09 0.14 1.54 1.47 1.51 3.67
5 0.06 0.09 1.32 1.23 1.28 3.53
6 -0.005 0.03 1.24 1.14 1.19 3.10

TIM-BOR 1 0.07 0.15 1.39 1.35 1.37 2.78
(4.49%) 2 0.06 0.15 1.43 1.27 1.34 3.06

3 -0.02 0.04 1.58 0.98 1.28 3.51
4 0.07 0.14 1.78 1.61 1.69 3.81
5 0.05 0.10 1.57 1.30 1.44 3.70
6 -0.02 -0.003 1.56 0.72 1.14 3.00
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Table 39. Percent reductions in length, weight and thickness for
control and preservative treated phenol-formaldehyde bonded
Douglas-fir flakeboard samples stored at 30 percent
relative humidity for 6 weeks'.



a Values represent the average of 12 replicates per treatment.
b Where CCA= chromated copper arsenate, Azol= azaconazole, TIM-BOR=
disodium octaborate tetrahydrate and values in parenthesis are target
retentions (Ww) of the chemicals.
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Table 39. Continued.

Chemical Weeks Linear Expansion(%) Thickness Swell(%) Weight
Treatment Length Width 1 2 Ave. Gains(%)

CCA 1 0.16 0.16 1.45 1.34 1.40 2.64
(0.6%) 2 0.10 0.14 1.47 1.33 1.40 2.87

3 0.03 -0.05 1.52 1.19 1.35 3.30
4 0.10 0.17 1.90 1.76 1.83 3.58
5 0.08 0.12 1.68 1.54 1.61 3.42
6 0.06 0.09 1.78 1.40 1.59 3.05

CCA 1 0.07 0.09 0.6 0.72 0.67 2.66
(1.6%) 2 0.07 0.09 0.66 0.77 0.71 2.89

3 -0.03 -0.08 0.67 0.66 0.67 3.32
4 0.12 0.10 1.08 1.14 1.11 3.60
5 0.05 0.06 0.8 0.95 0.89 3.46
6 -0.002 0.003 0.80 0.87 0.84 3.05

CCA 1 0.09 0.16 1.57 1.38 1.48 2.68
(2.40%) 2 0.09 0.18 1.52 1.47 1.50 2.89

3 -0.01 -0.05 1.60 1.41 1.50 3.33
4 0.08 0.19 1.93 1.85 1.89 3.60
5 0.05 0.15 1.79 1.63 1.71 3.47
6 0.06 0.10 1.84 1.48 3.04 1.66



Table 40. Summary statistics of ANOVA for the variable Modulus of
Elasticity (MOE) of preservative treated phenol-
formaldehyde bonded Douglas-fir flakeboard samples.

Dependent variable: MOE
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Source DF MS F-value Pr > F

Treatment 9 1.222289E+18 8.74 0.0001

Error 110 1.399208E+17
R- squared C.V. Root MSE MOE Mean

0.41 12.26 374059933 3050250000

Table 41. Summary statistics of ANOVA for the variable Modulus of
Rupture (MOR) of preservative treated phenol-formaldehyde
bonded Douglas-fir flakeboard samples.

Dependent variable: MOR

Source DF MS F-Value Pr > F

Treatment 9 2.253518E+14 22.02 0.0001

Error 110 1.023309E+18
R- squared C.V. Root MSE MOR MEAN

0.64 18.22 3198919.7 17550583.3



Total (Corr.)=119, Correlation Coefficient = 0.826102
Stnd. Error of Est. = 2.91414, R-squared = 68.24 percent

Total(Corr.)=119, Correlation Coefficient=0.23174
R-squared=5.37 percent, Stnd. Error of Est.=0.460089
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Table 42. Regression analysis (Linear Model:Y=a+bX) of Modulus of
Rupture (MOR) on Modulus of Elasticity (MOE) of
preservative treated phenol-formaldehyde bonded Douglas-fir
flakeboard samples.

Table 43. Regression Analysis (Linear Model:Y =a+bX) of Modulus of
Elasticity (MOE) on density of preservative treated phenol-
formaldehyde bonded Douglas-fir flakeboard samples.

Dependent variable: MOE Independent variable: Density

Parameter Estimate Std. T Value Prob. Level.

Intercept
Slope

-0.656729
5.59721

1.43515
2.16294

-0.457604
2.58778

0.64808
0.0187

Analysis of Variance

Source DF MS F-Ratio Prob. Level

Model
Error

1

118

1.4175490
0.21168

6.696614 0.01087

Dependent variable: MOR Independent variable: MOE

Parameter Estimate Std. T Value Prob. Level

Intercept
Slope

-10.0418
9.03246

1.75341
0.567207

-5.72701
15.9245

0.0001
0.0001

Analysis of Variance

Source DF MS F-Ratio Prob. Level

Model
Error

1

118

2153.5210
8.4922

253.588 0.0001



Total (Corr.)=119, Correlation Coefficient=0.146417
R-Squared=2.14 percent, Stdn. Error of Est.=5.11557

Table 45. Summary statistics of ANOVA for the variable internal bond
(IB) of preservative treated phenol-formaldehyde bonded
Douglas-fir flakeboard samples.

Dependent variable: IB
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Source DF MS F-Value Pr > F

Treatment 9 2991.72 14.38 0.0001
Linear 1 242.27 1.16 0.2833
Quadratic 1 2366.17 11.38 0.0011

Error 90 207.98
R-squared C.V. Root MSE IB Mean
0.58 22.34 14.42 64.55

Table 44. Regression Analysis (Linear Model:Y= a+bX) of Modulus of
Rupture (MOR) on density of preservative treated phenol-
formaldehyde bonded Douglas-fir flakeboard samples.

Dependent variable: MOR Independent variable: Density

Parameter Estimate Std. T-Value Prob. Level.

Intercept
Slope

-8.08785
38.6666

15.9569
24.049

-0.506855
1.60782

0.61320
0.11055

Analysis of Variance

Source DF MS F-Ratio Prob. Level

Model
Error

1

118
67.649680
26.1691

2.58510 0.11055




