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Dimensional stability of hygroscopic materials such as any

woody material is an important property for most product applica-

tions. Dimensional stability properties can also limit widespread

exterior and structural uses of composition board.

A single replication 'factorial was used to study the effect

of flake length and thickness, particle thickness, board specific

gravity, and resin type on the dimensional stability and water

adsorption characteristics of flakeboard and particleboard.

The effect of most variables on linear expansion, thickness

swelling, and water adsorption depended on the range of relative
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humidity at which the determinations were made. The relation

between dimensional properties and water adsorption, however, was

complicated by the fact that variables affecting linear expansion

and thickness swelling were also related to amount of water

adsorbed.

The amount of linear expansion due to an increase in one

percent moisture content generally decreased as the board moisture

content increased. The most important variable related to linear

expansion of flakeboard was flake geometry, but there was an

interaction effect between flake length and thickness. Boards

having the best linear stability were low density (0.55 gr/cm3)

phenolic boards made with long flakes (50.4 mm) of any thickness

between 0.15 to 0.91 mm, or made with thin flakes (0.15 mm) of any

length between 12.7 to 50.8 mm.

Particleboard linear expansion was most sensitive to changes

in board specific gravity and resin type. Phenolic bonded, low

density (0.55 gricm3) boards were more stable.

In contrast to linear expansion the incremental change in

thickness swelling was higher at the high relative humidity

interval (65 to 80 percent) as compared to the incremental change

at the low relative humidity interval (30 to 65 percent). The

effect of flake length on thickness swelling depended on flake

thickness and resin type. Phenolic bonded flakeboard made with

thin (0.15 mm) and short (12.7 mm) flakes were more stable.

Thus, the geometry that provided the least amount of thickness



swelling was not the same for the least amount of linear expansion.

However, the values were very close and a combined optimum

condition for minimum linear expansion and thickness swelling can

be obtained without serious detrimental effect on individual

values. A flake length between 42.0 and 43.0 mm and a flake

thickness between 0.25 to 0.45 mm were predicted to give the

combined optimum condition.

Minimum thickness swelling for particleboard was obtained

with boards made with thin particles (0.15 mm). Particles of

this thickness were also predicted to provide the combined

optimum condition for minimum thickness swelling and linear

expansion.

Increase in board specific gravity generally resulted in a

more unstable board, but the increase in board dimension per unit

increase in board specific gravity was greater at the higher

relative humidity interval.

Phenolic boards generally adsorbed more water but were more

stable than urea-formaldehyde boards. The effect of resin type

was also more important at higher relative humidity exposures.

Adsorption-desorption isotherms for water vapor were only

slightly affected by the variables included in this experiment.

Resin type was an important variable affecting water sorption

and equilibrium moisture content for flakeboard and particleboard.
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DIMENSIONAL STABILITY AND WATER ADSORPTION OF FLAKEBOARD

AND PARTICLEBOARD AS RELATED TO FURNISH GEOMETRY,

BOARD SPECIFIC GRAVITY, AND RESIN TYPE

I. INTRODUCTION

Particleboard is a generic term for a panel manufactured

from ligno-cellulosic materials. Wood based particleboards are

made from dry wood particles that have been coated with resin,

formed into a mat, and pressed to thickness under heat and

pressure. Flakeboard is a particleboard composed of flakes.

Reconstituted wood panels are hygroscopic products that swell

in response to increases in moisture content in the two principal

directions of the board plane as well as in the board thickness.

The magnitude of this dimensional change is much greater in the

thickness direction of particleboard than would be expected from

normal shrinking and swelling of wood material. Linear dimensional

changes of particleboard are also normally greater than longi-

tudinal changes found in solid wood due to the random orientation

assumed by the particles and the flakes during board manufacture.

Linear expansion (LE) or the dimensional variation occurring

along the plane of a panel may cause serious problems for most

panel applications. If LE is totally or partially restrained even

small changes can result in considerable stress and distortion of

the panel. Suchsland (1965) showed that the initial stress

resulting from restrained expansion due to moisture content change



in hardboard can be as high as 150 psi. Suchsland (1965) also

measured contraction stress as high as 180 psi. Thus LE can

affect the state of stress that exists in the material and thereby

contribute to the loss of structural integrity (Bryan 1962, Brown

et al. 1966).

Thickness swelling (TS), the dimensional change occurring

perpendicular to the plane of the panel, is considerably larger

than the corresponding linear expansion. Particleboard TS is

generally accepted as the sum of two components: swelling of the

wood itself, and release of compression stress developed during

the pressing operation, generally known as spring back (Gatchell

et al. 1966, Halligan 1970, Beech 1975). Thickness swelling of

a panel may cause severe thickness variation and surface roughness

of varying degrees (Lehmann 1970).

Particleboards do not possess the higher strength values of

the wood species from which they are produced. But for most uses

the lower strengths of boards are acceptable. In the area of

dimensional stability most panels are not as stable as wood of

the same species and this characteristic has prevented widespread

exterior and structural use of the material (Turner 1954, Halligan

1970). In some specialized uses and geographical locations the

dimensional stability of particleboard has also been the source

of serious problems to the industry (Thompson 1972).

Research has been devoted to further improving dimensional

stability of particleboard, but most of the data available in the
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pertinent literature is the result of research designed to study

other parameters, such as board strength. Due to the difference

in the level of these parameters, conflicting results have been

frequently reported. Also, as mentioned by Kelly (1977) the

literature appears to contain much dimensional data that has been

obtained under non-equilibrium conditions, increasing the number

of contradictory results.

Based on available data the particleboard industry has only

a few alternatives for improving the dimensional stability of

their product because of the lack of understanding of the variation

in dimensional stability due to changes for most processing

parameters.

The major goal of the research was to determine the panel

response to change in moisture content as a function of selected

process variables and also to determine the optimum conditions for

minimum LE and TS. An additional goal was to resolve the conflict

of opinion that occurs in the literature in regards to factors

affecting dimensional stability.



II. OBJECTIVES

The objectives of this study were:

To determine the moisture adsorption and the resulting

LE and TS for flakeboard and particleboard as related to furnish

geometry, board specific gravity, and resin type when the boards

are exposed to different conditions of relative humidity.

To establish a statistical model relating the dimensional

properties of board and the variables defined in the first

objective.

To establish the conditions for the optimum dimensional

properties and identify the corresponding mechanical properties.



III. LITERATURE REVIEW

A number of parameters affect the final mechanical and

dimensional stability properties of particleboard. Almost all

factors interact with each other in one way or another. Con-

sequently, each factor cannot be thought of as an individual

entity which can be manipulated easily to control board properties.

The situation is rather complex and necessitates a more complete

understanding of the entire process before any improvement can be

made. Manipulation of the manufacturing process to provide

optimum dimensional stability of the final product can be detri-

mental to the mechanical properties. In such situations it is

necessary to develop the process to a point where both dimensional

stability and strength properties of the board are acceptable,

but possibly below optimum individual levels.

Parameters Affecting Dimensional Properties

of Particleboard

A review of the literature and interviews with technical

personnel of particleboard and adhesive manufacturers indicated

that the most important variables to be included in a study of

dimensional stability of particleboard are wood furnish geometry,

resin type, and board specific gravity. Other factors also pointed

out as significant variables are resin properties, wood species,

and pressing conditions. Although the literature review covered



all the factors mentioned above, only the three most important

factors were selected for this experiment.

Particle Geometry

Particle geometry (shape and size) controls the response of

particleboard to water adsorption (Moslemi 1974, Maloney 1977),

but the effect of furnish geometry on the panel dimensional

properties is not clearly established.

Interactions between furnish geometry, other process variables,

and type of equipment makes the study of the effect of particle

geometry extremely complex for an industrial process. This

complexity is further increased by the fact the particles of

different geometry can be mixed in various proportions and

distributed in different layered patterns (Mottet 1967). Marra

(1958) indicated the large number of combinations of these factors

and their practical implication on the particleboard process.

Particle geometry has been referred to as the most important

factor controlling LE of commercial particleboard (Suchsland

1972).

Various researchers appear to agree that particleboard

composed of flakes has the best linear stability and that thin

flakes (0.012 to 0.015 in. or less) further improve stability

(Turner 1954, Brumbaugh 1960, Post 1961, Gatchell et al. 1966,

and Marra as referred to by Mottet 1967). The literature,

however, also provides some evidence that the effect of flake
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thickness on LE might depend on the range of thickness being

studied and the type of exposure test. Lehmann (1974) found no

significant change in LE due to change in flake thickness between

0.030 and 0.045 in. when the boards were subjected to relative

humidity changes of 30 to 90 percent and 50 to 90 percent.

Thinner flakes, however, produced better linear stability for

1- and 30-day water soak and for the oven-dry vacuum-pressure-soak

(OD-VPS) test. Shuler and Kelly (1976) working with flakes

0.010- and 0.020-in. thick also found no significant effect of

flake thickness on LE for a flake-type particleboard. Post (1961)

found a detrimental effect on LE by decreasing flake thickness

below 0.012 in.

The effect of flake length on LE does not enjoy a consensus

but it does appear that a flake length below one inch has a

detrimental effect on LE (Heebink and Hann 1959, Brumbaugh 1960,

Gatchell et al. 1966, Kelly 1977).

Resin and Wax

A number of resin factors influence dimensional stability

properties of particleboard. In general any factor that promotes

the cure of particleboard adhesives will improve these properties

(Rice et al. 1967).

Gatchell et al. (1966) and Lehmann (1974) concluded that the

amount of resin applied was the most important variable controlling

TS and durability of exterior grade particleboard. Linear
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expansion, however, was only slightly improved by increasing resin

content. According to Kelly (1977) resin content was only related

to LE at extremely low resin contents, and when there was enough

resin to adequately bond the particles together, further resin

addition was of little benefit.

Turner (1954), Lamore (1959), Hann et al. (1963), Lehmann

(1965) and Rice and Carey (1978) also indicated the importance of

resin level for improving TS. According to Beech (1975), however,

the increase in the content of phenol-formaldehyde adhesive from

nine to 12 percent was effective in reducing only the irreversible

thickness swelling or springback.

Lehmann and Hefty (1973) found that the use of either 2-, 4-,

or 8-percent urea-formaldehyde had no effect on LE or TS when the

boards were exposed to relative humidities between 0 and 80 percent.

From 80- to 90-percent relative humidity (RH), boards with 4- and

8-percent resin content showed less TS. For the OD-VPS exposure

test, dimensional stability increased with increasing resin level.

Similar results on TS were also observed by Kimoto et al. (1964).

They used 8-, 10-, and 15-percent urea-formaldehyde resin.

Thickness swelling was measured for RH exposures and also for

2- and 24-hour water soaking. The effect of resin content was,

however, dependent on particle thickness.

Thickness swelling of particleboard measured for long

weathering periods depends on the resin type (Hann et al. 1963).
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However, if only a few relative humidity cycles are used, TS

appears to be independent of the resin (Suchsland 1966, Halligan

1970).

Lehmann (1965) found that boards made with 6-percent urea-

formaldehyde were more dimensionally stable in thickness than

boards made with 4-percent phenol-formaldehyde for RH exposures

from 30 to 90 percent. This indicates that resin content was

more important than resin type. The reverse relation was found

with respect to LE.

The use of wax is widespread in the particleboard industry for

both urea-formaldehyde and phenol-formaldehyde boards. Wax is

used primarily to provide the finished products with resistance

to aqueous penetration (Moslemi 1974, Maloney 1977). The water

repellency provided, however, has practically no effect upon

dimensional changes, water absorption or water adsorption of boards

exposed to equilibrium conditions (Heebink and Hann 1959, Olson

1960, Gatchell et al. 1966). The use of wax moderates dimensional

changes with fluctuations of RH and short time exposure to liquid

water (Heebink 1967, Lehmann 1972, Maloney 1977).

Board Density

In practice, the easiest way to improve most particleboard

mechanical properties is usually to increase the board specific

gravity. This, however, is not true with respect to dimensional

stability. The effect of board specific gravity on LE is not well
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established (Kelly 1977), whereas, TS generally increases as board

density increases (Halligan 1970, Kelly 1977).

There is, however, some evidence in the literature that LE

tends to increase as a result of higher board density. Suchsland

(1972) working with 10 commercial particleboards that were

exposed to a change of Rh from ten to 93 percent found no relation-

ship between board density and LE. However, the two boards With

the highest density also had the highest LE.

Greubel and Paulitsch (1977) working with a single-layered

particleboard bonded with phenolic resin found that board density

affected both linear expansion and contraction. An increase in

density between 0.48 and 0.88 gr/cm3 would result in an increased

value for both dimensional properties. However, Stewart and

Lehmann (1973) using cross-grain, knife-planed flakes of four

hardwood species, found a definite interaction between species and

panel density as related to LE and TS when exposed to conditions

of water soak or RH. Vital et al. (1974) found a small increase

in LE as the compression ratio increased from 1.2:1 to 1.6:1.

The effect was, however, dependent on wood species.

Hse (1975) measured the effects of board density on LE of

particleboard made from nine hardwood species when subjected to

50- to 90-percent RH change, 5-hour boil test, and VPS. He

found that all 49.5 pound per cubic foot (pcf) boards except

hickory (Carya spp.) and post oak (Quercus stellat Wangenh.)
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expanded more than either the 39.5 or 44.5 pcf boards. However,

between 39.5 and 44.5 pcf the results were not consistent.

Other researchers found no relation between board density

and LE (Gertjejansen et al. 1973, Shuler and Kelly 1976).

To achieve equivalent particleboard mechanical properties for

wood of different density, the required board density increases

as wood density increases. Thus, there is a higher compression

set in high density boards, and they are expected to give higher

TS as pressing stresses are relieved. This trend has been observed

by several researchers (Klauditz 1955, Gatchell et al. 1966,

Halligan and Schniewind 1972, Roffael and Rauch 1972). However,

the findings are not unanimous. Other authors have found either

a decrease or no change in thickness stability with increasing

board density, indicating that other factors besides density may

have an important effect on TS.

Hse (1975) reported that in a 5 -hour boil and VPS test,

TS increased as the panel density increased. In the 50- to

90-percent RH exposure test there was little difference between

board densities of 39.5 and 44.5 pcf. TS increased slightly,

however, as panel density increased to 49.5 pcf.

Greubel and Paulitsch (1977) also found no linear relation

between board specific gravity and TS. They found, however, a

statistically significant interaction between the furnish bulk

density and board density.
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Lamore (1959) and Suchsland (1973) observed no relationship

between board density and thickness swelling. Rice and Carey

(1978) using a 24-hour soak test found that the effect of density

depends on the resin content. Higher density boards (50.0 pcf)

generally swelled more at low to medium resin content (4.0- and

6.5-percent solids) but generally behaved similarly to moderate

and low density boards (42.5 and 32 pcf) when the resin content

was high (9.5 percent). However, when the West Coast Adhesive

Manufacturers Association (1966) test was used, higher board density

led to increased TS.

Species

The most important species variable appears to be the density

of the wood itself. When particleboard is made, the amount of

furnish needed to form a mat is dependent upon the desired board

density. Therefore, the degree of compression needed in pressing

the board to a given thickness depends on the density of the wood

being used. For a given board density, low density species must

be compressed more than higher density species. Increase in TS

with increasing species density has also been reported (Liiri

1964).

As previously mentioned at least part of the TS value observed

for particleboard comes from the release of compressive stresses

that develop when the board is pressed. The higher compression

ratio that occurs for low density species generally results in
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increased TS (Halligan 1970, Moslemi 1974, Kelly 1977, Maloney

1977, Rice and Carey 1978). However, a more efficient use of

resin will reduce TS, and a higher compression ratio of the mat

will improve resin spread and resin efficiency (Carroll and McVey

1962). Lehmann (1960) suggested that the lower porosity of the

high-density boards restricts the moisture flow, therefore, a

higher moisture content prevails during most of the press cycle

resulting in increased compressive set and less TS. Thus, it can

be difficult to predict the effect of this variable in the face

of the two opposing compression effects.

The effect of species density on LE is not well established.

In general swelling of wood increases with increasing specific

gravity (Panshin and de Zeeuw 1970). It seems logical that a

species with a large volumetric swelling and shrinkage would result

in unstable boards. However, other species variables such as wood

resin content, acidity, and particle smoothness may interact with

wood density resulting in boards with different dimensional

stability behavior than the one expected for that species. Never-

theless, data published by Lamore (1959), Liiri (1964) and Hse

(1975) shows that for a given board density there is an increase

in LE and TS with an increase in raw material density. According

to Paulitsch (1975) the dimensional stability of particleboard

can be improved by using a wood species having low swelling and

shrinkage.
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Each wood species will behave differently in the reduction

process, yielding different particle geometry, thus affecting

dimensional stability of particleboard.

Wood acidity affects the rate of resin cure when using

acid-sensitive adhesives, such as urea-formaldehyde. The presence

of extractives may influence the setting of the adhesives or in

some cases, it can impart water resistance to the board (Moslemi

1974).

Pressing Conditions

The pressing operation is an extremely critical step in

particleboard production. Pressing conditions generally depend

on resin type, board density, and thickness.

The most important variables related to press condition that

may affect the board dimensional characteristics are: press

closing speed (Rice et al. 1967), press cycle, and distribution of

mat moisture (Strickler 1959).

Strickler (1959) using the 24-hour water soak test found that

LE decreases as the press-cycle time increases, but the best

thickness swelling properties 'were obtained by pressing for 2

minutes at the maximum press pressure. He also found that a high

moisture content at the surface of the board caused significantly

poorer LE, but improved TS.
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Rice et al. (1967) observed that rapid press closure sub-

stantially increased TS for uncatalyzed adhesives but only slightly

increased TS for the catalyzed resin.

Other pressing variables that could have some effect on

particleboard properties are press temperature and pressure (Kelly

1977). For very long press times of 20 to 45 minutes, TS increases

as press temperature increases from 227, 307, to 344° F (Lehmann

1960).

The function of pressure in pressing is to consolidate the

mat to a desired thickness. Once the stops have been reached,

additional pressure to compact the mat is useless. The pressure

needed in each case depends mainly on the compression ratio, mat

moisture content and press cycle. The effects of these variables

on dimensional stability properties were previously discussed.

One-further pressing technique that is mentioned in the

literature is the injection of steam into the consolidated mat

during hot pressing (Shen 1973). The resultant particleboards

possess superior dimensional stability as compared to a pressed

board without steam injection.

Methods for Improving Dimensional Stability

of Particleboard

Many factors and treatments have been evaluated for their

effect on the dimensional stability properties of particleboard.
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According to Lehmann (1970), both thickness and linear sta-

bility are reduced because of the lack of continuity and optimum

bonding conditions between particles.

Most treatments that have been tried for improving the

dimensional properties of particleboard were those used to

dimensionally stabilize wood such as thermal treatment, acetylation,

impregnation with phenol-formaldehyde resin, cross-linking, and

impregnation with polyethylene glycol. Normally these methods

have achieved limited success in improving stability, and except

for heat treatment, these methods have proven to be uneconomical

(Lehmann 1970).

Heat treatment can be applied to the furnish or to the board.

Tomek (1966) treated oak (Quercus spp.) particles for one to eight

min. at temperatures from 230 to 300° C. The maximum severity of

the treatment used was four min. at 260° C. The best results were

obtained at this condition. Using a 24-hour water soak test, he

observed a 33 percent decrease in water absorption and a decrease

of 45 to 50 percent in TS for particleboard made with treated

material. Linear expansion was not included in Tomek's experiment.

Lehmann (1964), however, reported little improvement in

dimensional stability of boards made with Douglas-fir shavings

that had been heated for 15, 30, and 45 min. at 400° F. Heat

treatment also resulted in considerable reduction in board strength

properties. Similar results were observed by Maku et al. (1957).
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Steam treatment has been shown by Heebink and Hefty (1969) to

improve thickness swelling of particleboard by reducing internal

stress. This method had little effect on linear expansion. Beech

(1975) also found a significant reduction in the TS of boards

treated with saturated steam at 160° C. Steam treatment, however,

generally cannot be used with panels containing urea-formaldehyde

resin because of bond breakdown.

Heat treatment of panels has also been used to improve TS

with some success. Suchsland and Enlow (1968) found improved TS

by heating the panels for one to two hours at 425° F. Mechanical

properties were not affected.

Other treatments which have been tried with limited success

include the addition of polyethylene glycol (PEG) as a bulking

agent. Lehmann (1964) found that considerable reduction in LE

and TS was achieved with phenolic bonded boards containing 10- to

20-percent PEG. When urea resin was used, PEG interferred with

the bonding reaction, resulting in a weak board. The use of PEG

also requires extended press time and is subject to leaching,

making the total beneficial effects questionable (Lehmann 1964,

Moslemi 1974).

Low molecular weight phenolic resin (impregnating resin) has

also been used with some success to improve dimensional stability

in particleboard. The effect of applying impregnating phenolic

resin to particles prior to blending with phenolic bonding resin

has been discussed by Talbot (1959), Lehmann (1964), Brown et al.
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(1966), and Haygreen and Gertjejansen (1971, 1972). In some

instances the addition of impregnating resin resulted in consider-

able reduction of springback and LE, while in other situations

the effect was found to be only slight. These studies suggested

that the effectiveness per unit of impregnating resin decreased

as the resin level increased.

Perhaps the ultimate in dimensional stability for particle-

board was described by Talbot (1959). He developed a product

called "Flapreg" by impregnating wood flakes' with 30- to 40-percent

impregnating phenolic resin and pressing them into a panel of

1.40 specific gravity. Flapreg has less than one tenth of the

thickness swelling in water soak tests and three to four times

the strength of conventional particleboard. However, the high

cost of the process, mainly due to the large amount of resin

required severely limits the commercial use of this material.

The high density of the product, also, make it inconvenient for

several uses. Also, as mentioned by Talbot (1959) the imper-

meability of Flapreg prevent the use of adhesives with volatile

solvents.
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IV. PROCEDURE

Experimental Design

The experiment was designed to study the effect of furnish

geometry, board specific gravity, and resin type on the dimensional

stability properties of flakeboard and particleboard.

A completely randomized single-replication factorial design

was used. A total of 96 homogeneous boards were manufactured

using the following variables:

a - Furnish geometry

Flakes: all possible combinations of flake lengths

of 12.7, 25.4, and 50.8 mm and flake thicknesses

of 0.15, 0.41, 0.66, and 0.91 mm.

Particles: obtained by hammermilling flakes 25.4-mm

long at each thickness of 0.15, 0.41, 0.66, and 0.91

MM.

b - Specific gravity

Three compression ratios were used: 1.30:1; 1.60:1;

and 1.90:1; [board specific gravity/wood specific

gravity, (0.D. weight/green volume)] corresponding

to nominal board specific gravities of 0.53, 0.66,

and 0.78.

c - Resin type

Phenol-formaldehyde

Urea-formaldehyde
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The raw material used in this study consisted of old-growth

Douglas-fir [Pseudotsuga menziesii (qirb.) Franco] having

approximately 8 rings per centimeter. The raw material was

donated by Willamette Industries Inc. of Dallas, Oregon, in the

form of green-quartersawn boards 25.4-mm thick and of random

length and width.

The boards were ripped across the grain into strips 12.7-,.

25.4-, and 50.8-mm long. These strips were soaked in water for

24 hours. Flakes were cut in a laboratory disc flaker. Flake

lengths were determined by the length of each strip, and the

desired thickness was obtained by adjusting the knives in the

flaker. The lumber thickness determined the flake width. Flakes

12.7-, 25.4-, and 50.8-mm long were screened in 5.1, 19.0, and

25.4 mm screens, respectively.

Flakes 25.4-mm long were put through a hammermill using a

12.7 mm screen to generate the particles. Fines were eliminated

by screening the particles with a 1.13 mm screen.

The green furnish was dried at 85° C to a moisture content

of approximately 3 Percent and sealed in plastic bags until

further use.



21

Five random solid wood samples 160 x 55 x 4 mm were also

dried under the same condition and used for water sorption

determinations.

Fifty wood samples 30 x 10 x 10 mm were randomly selected to

determine the raw material density.

Particle dimensions were determined by measuring 100 randomly

selected particles of each thickness. Results are given in

Appendix A-1. Determination of the particle surface area was made

assuming rectangular geometry. Flake surface area determination

was made also assuming rectangular geometry and based on the

flakes' nominal dimensions.

Weights of the flakes and particles were calculated by

multiplying their volume by the solid wood density.

Board Fabrication

A laboratory type, rotary drum blender was used to apply resin

to the furnish. Resin was applied using an air spray gun with a

pressure of 0.41 MPa and an application rate of 80 grams of liquid

resin per minute.

Urea-formaldehyde resin, S12-43 and phenol-formaldehyde resin

S12-73 were donated by Monsanto Co., Eugene, Oregon.

Prior to applying the resin a wax emulsion, Borden's EW-403H,

was sprayed on the furnish.

Furnish moisture content was adjusted to 7 percent by

spraying water on the wood furnish after wax application, but before
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resin application. This relatively low furnish moisture content

was necessary to keep the flakeboard from blowing or blistering.

Mats were formed by hand felting the furnish on a 46-x-46-cm

aluminum caul plate placed in a forming box. After felting, a

second aluminum caul plate was placed on top of the mat.

All boards were pressed in a 61 x 61-cm steam heated press

to a thickness of 15 mm. The maximum press pressure was a function

of compression ratio and furnish geometry. Maximum pressure was

held for 30 seconds and gradually reduced to 1.72 MPa in the

following 30 seconds. Panels were decompressed for approximately

30 seconds before removal from the press. Further information On

the press cycle is given in Table 1.

Phenol-formaldehyde boards were hot stacked overnight and

urea-formaldehyde boards were air tooled immediately after

pressing. All boards were placed in a conditioned room at 32° C

and 30-percent relative humidity until further processing. Table

1 contains a summary of the process conditions utilized in the

study.

Conditioning Treatments and Testing

Prior to testing all boards were sanded in a pressure fed

belt sander. About 1.0 mm of thickness was removed by the sander

from each side of the board. Test specimens were cut from each

panel according to the cutting pattern shown in Figure 1.
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Wood furnish Flakes: 0.15-, 0.41-, 0.66-, and 0.91-mm
thick; 12.7-, 25.4-, and 50.8-mm long;
25.4-mm wide.

Particles: 0.15-, 0.41-, 0.66-, and 0.91-
mm thick.

Wood density 0.41 ± 0.04 gr/cm3; dry weight/green vol.

Board density 0.53 gr/cm3; dry weight/vol. at 4% MC.
0.66 gr/cm3
0.78 gr/cm3

Board thickness 15 mm; sanded to 13 mm.

Resin PF: 43-percent solids; pH, 10.96; 170 cps
UP: 66-percent solids; pH, 7.3; 225 cps

Resin content 5 percent; oven-dry basis
in board

Wax solids in emulsion 48 percent; oven-dry basis

Wax content 0.5 percent; oven-dry basis
in board

Press closing time 60 seconds

Press cycle 11 minutes; PF
8 minutes; UF

Press temperature 170° C

Moisture content of 7.0 ± 0.5 percent
mat into press
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Figure 1. Cutting pattern utilized for test specimens. Dimensions
are in centimeters.
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Dimensional Stability and Water Sorption Tests

Three sub-samples 304-mm long and 76-mm wide were taken from

each board and used to determine linear expansion (LE), thickness

swelling (TS), and water vapor adsorption (WA). These specimens

were exposed to relative humidities of 30, 65, and 80 percent at

32, 21, and 32° C, respectively, with LE, TS, and WA measurements

taken after reaching equilibrium at each condition. This relative

humidity range &niers most of the conditions that particleboard

panels would normally be exposed to. Once the tests were made

the specimens were placed in an oven at 103 ± 2° C until constant

weight was attained..

Equilibrium at each exposure condition was reached in

approximately 2 Months. LE was determined by measuring length

changes to the nearest 0.03 mm between eyelets in two holes drilled

on 254 mm centers in each specimen. TS was tested by measuring

to the nearest 0.03 mm the change in thickness of four points

around the center of the board. LE and TS were calculated based

on length and thickness at 30-percent relative humidity and 32° C.

WA was measured by the change in weight to the nearest 0.1 gr

and based on the oven-dry weight.

Another set of three sub-samples measuring 12 x 76 mm were

taken from each board and used for water adsorption and desorption

determination. These specimens were placed in an Aminco Climate-Lab

with a constant temperature of 32° C until specimens equilibrated

25
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at 18-, 45-, 73-, 93-, 73-, 45-, and 18-percent relative humidity,

respectively.

Five samples weighing approximately 10.0 gr were randomly

selected from each furnish geometry and submitted to the same

conditions just mentioned. The treatment was also applied to five

solid wood samples.

Mechanical Properties Testing

Procedures outlined in ASTM Standard D-1037-74a (1974) were

used to measure modulus of rupture (NOR), modulus of elasticity.

(MOE), and internal bond (IB).

NOR and MOE were determined for two specimens taken from each

board. Test specimens measured 406 x 76 mm. An Instron testing

machine was used.

IB was determined for four specimens taken from each board

with each specimen measuring 51 x 51 mm. One aluminum block was

glued to each surface of each specimen with a hot melting resin.

A Tinius-Olson testing machine was utilized for the IB determina-

tions.

Statistical Method

Multiple regression analyses were used to study the relation-

ship between dimensional stability and mechanical properties

(dependent variables) and furnish geometry, board specific gravity,
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and resin type (independent variables). The analyses were

individually applied to flakeboard and particleboard and also

to a combination involving both types of board.

The assumptions of normality and homogeneity of variance,

usually made in regressions analysis, were investigated by an

analysis of the residuals. Appropriate transformations were made

whenever the assumptions were violated.

Combinations between furnish length, thickness and width were

used to generate several variables that were tested for their

effect on LE, TS, and WA. A list of such variables is given in

Appendix A-2. All variables included in the experiment and the

variables generated by making combinations between the original

variables were tested for their linear, quadratic, cubic, and

quartic effect. All possible first order interactions between

variables were also tested.

A Stepwise procedure as described by Neter and Wasserman

(1976) was used to select the best set of variables for each

equation. Criteria used to identify this set of variables were:

significance of the individual regression coefficients (a = 0.01),

mean square error (S2y.x)-and coefficient of determination (R2).

The best equation should have a relatively high R2 and a relatively

low mean square error. In addition, analysis of the residual

should show no pattern, and the residuals should be relatively

uncorrelated with the dependent variable. In all cases the test

of the overall regression was significant at the 1 -percent level.



28

Analyses of variance were used to determine the factors

affecting water vapor sorption and equilibrium moisture content

for adsorption and desorption conditions in a separate set of

data.



V. RESULTS AND DISCUSSION

Dimensional Properties and Water Sorption

Linear Expansion

Linear expansion (LE) is the board's reaction to an increase

in moisture content. The relation, however, is not linear and

all variables affecting LE for either particleboard or flakeboard

interact with water adsorption (WA). Due to. this interaction, LE

was better explained by the multiple regression using linear

change per 1 percent change in moisture content, usually referred

to as the hygroexpansivity coefficient which is a ratio of linear

expansion to water adsorption (LE/WA), as the dependent variable.

This technique had the advantage of placing WA as the denominator

of the dependent variable and eliminating its interactions with

the independent variables in the multiple regression equations.

The relationship between LE and WA was further complicated by

the fact that some of the variables affecting LE were also related

to WA, as will be shown later. Efforts to establish simpler

models without considering the interactions were unsuccessful.

These models resulted in a much lower coefficient of determination

and increased correlation between the dependent variable and the.

residuals.

Using the criteria discussed previously the best model for

explaining hygroexpansivity coefficient is given by:

29
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a - Flakeboard

LE/WA = f(EC, SAWT*TKN, RT*TKN, SG, TKN, TKN*EC, SG*EC,

RT, and TKN3)

b - Particleboard

LE/WA = f(RT*EC, SG, SR, TKN, SR*EC, RT, and RT*TKN)

where: LE/WA = hygroexpansivity coefficient; EC = exposure

condition; SAWT = surface area by weight; RT = resin type;

TKN = furnish thickness; SG = board specific gravity; and SR =

slenderness ratio.

The equation coefficients are given in Table 2. The variables

of the equations are identified in the first column from the left,

with the coefficient of the variables given in the second and

fourth adjacent columns for flakeboard and particleboard respec-

tively. The equation for LE/WA can be found by multiplying the

coefficients in either column two or four, depending on whether

you are calculating LE/WA for flakeboard or particleboard, times

the adjacent variable in column one and then summing all terms.

The third and fifth column give the standard error of the

regression coefficients for flakeboard and particleboard respec-

tively. For example, the-hygroexpansivity coefficient of

flakeboard is given by:

LE/WA = + ao + aixEC + a2x TKN + a3xTKN3 + a4xSG

+ a5xRT*TKN + aoSAWT*TKN + a7xRT*EC

+ aeTKN*EC + a9xSG*EC



31

where the coefficients al:), al, a3, . . . a9 are given in column 2,

such that

ao = - 0.322139

al = - 0.03077

a2 = - 0.019482

a3 = + 0.005889

4 = + 0.011916

a5 = - 0.005974

a6 = + 0.007112

= - 0.00268

a8 = + 0.008277

a9 = + 0.016656

Thus, the regression equation for the hygroexpansivity coefficient

of flakeboard is:

LE/WA= - 0.322139 - 0.03077xEC - 0.019482xTKN

0.005889xTKN3 + 0.011916xSG - 0.005974xRTxTKN

0.007112xSAWTxTKN - 0.00268xRTxEC

0.008277xTKNxEC + 0.016656xSGxEC

The meaning of the symbols in the equations and a description

of the values are given in the List of Symbols. Other equation

coefficients and summary statistics are presented in Table 2.

The independent variables explained 89 and 87 percent of the

variation in LE/WA in flakeboard and particleboard respectively.
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TABLE 2. REGRESSION EQUATIONS RELATING THE HYGROEXPANSIVITY
COEFFICIENT OF FLAKEBOARD AND PARTICLEBOARD TO FURNISH
GEOMETRY, RESIN TYPE, AND BOARD SPECIFIC GRAVITY DUE
TO A RELATIVE HUMIDITY CHANGE FROM 30% TO 65% AND FROM

a = Coefficients and standard error were multiplied by (103).

EC = Exposure Condition; RT = Resin Type; TKN = Furnish Thick-
ness; SG = Specific Gravity; SR = Slenderness Ratio;
SAWT = Surface Area by Weight; * Indicates Interaction.

65% TO 80%.

Variables
and Summary
Statistics

Flakeboarda Particleboarda
Standard

Coef. Error
(103) (103)

Standard
Coef. Error
(103) (103)

Constant -322.139 13.426 41.054 4.091

EC -30.770 3.068 -

RT -6.342 1.447

TKN -19.482 2.628 -19.623 4.153

TKN3 5.889 1.876

SG 11.916 2.683 24.547 3.186

SR -0.450 0.091

RT*TKN -5.974 0.825 6.576 2.282

SAWT*TKN 7.112 0.270 --

RT*EC -2.680 0.706 -7.355 0.878

TKN*EC 8.277 1.397

SG*EC 16.656 3.790

SR*EC -0.263 0.065

Sy.x 0.000128 0.000123

R2 0.893 0.869

Num. Points 432 144

Correl. LE/WA
and Residual 0.327 0.360
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Exposure condition (EC) was the variable having the highest

correlation with the hygroexpansivity coefficient (LE/WA) of flake-

board. The equation coefficient for exposure condition was

negative. This indicates that when keeping everything else con-

stant, the hygroexpansivity coefficient for the relative humidity

change from 30 to 65 percent (low relative humidity) was larger

than the one observed for a relative humidity change from 65 to

80 percent (high relative humidity). The difference in LE/WA for

the low and high relative humidity exposure interval is shown in

Figure 2 for urea- and phenol-formaldehyde boards. Because WA

was higher at higher relative humidity exposure, evidently the

total linear expansion at each relative humidity interval did not

increase in the same proportion as the amount of water adsorbed.

Also it can be concluded that the LE of flakeboard depends on the

initial moisture content of the board. For the same amount of

water adsorbed, LE tended to decrease as the board initial

moisture content increased.

Whereas many researchers (Heebink and Hann 1959, Johnson 1964,

Lehmann 1972; Lehmann and Hefty 1973) have reported an increase

in LE at all levels of increase in RH, a decrease in LE at high

relative humidity exposures has also been reported by Catchell

et al. (1966) and Heebink et al. (1964). These researchers working

with Douglas-fir particleboard found an increase in LE as a result

of an exposure condition change from oven-dry to 65- and 80-percent
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relative humidity. Above this point there was essentially no more

additional linear expansion.

Once exposure condition was taken into consideration the most

important variable affecting the hygroscopic coefficient of

flakeboard was the interaction between flake surface area by

weight and flake thickness (SAWT*TKN). Figure 3 shows the effect

of these variables on linear expansion and hygroscopic coefficient.

The effect of flake surface area by weight and flake thickness is

also given in Appendix B-1.

Surface area by weight was calculated based on the flakes

nominal dimensions and wood density, using the following formula:

SAWT - 2(LTH x TKN + WIDTH x TKN + WIDTH x LTH
LTH x TKN x WIDTH x Wood Density

where: SAWT = surface area by weight; LTH = flake length; TKN =

flake thickness; WIDTH = flake width.

Thus, surface area by weight represents the interaction

between flake length and thickness. The relatively larger change

in the value of surface area by weight shown in Appendix B-1 and

Figure 3 was due to the change in flake thickness. Whereas the

smaller change was due to .change in flake length. When thickness

was kept constant a decrease in the surface area by weight due to

increase in flake length resulted in a smaller hygroexpansivity

coefficient and LE. This effect was more important with thicker

flakes and became less important as flake thickness decreased.

For flake lengths in general, a decrease in flake thickness and
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the corresponding increase in surface area by weight resulted in

a smaller linear expansion and hygroexpansivity coefficient.

The effect of surface area by weight on the LE and LE/WA is

possibly related to the capability of each flake to generate

and transfer stress as result of water adsorption. As indicated

by Moslemi (1973), when long thin particles are used, they

essentially fall flat in the forming operation. With this type

of positioning the internal structure of flakeboard approaches that

of a plywood where the larger transverse swelling is restrained

by the smaller capability to swell in the longitudinal direction.

The reduction in LE and LE/WA that occurred when flake thick-

ness decreased was also probably related to the decreased

capability of the relatively thinner flakes to transfer stress.

Boards made with thinner flakes will also have a relatively larger

number of fibers that will be directly exposed to the resin. A

greater cell wall bulking effect can be expected in these boards.

The effect of resin as a bulking agent to reduce LE has already

been demonstrated by other researchers (Brown et al. 1966, Haygreen

and Gertjejansen 1971).

Due to the interactions between flake length and thickness a

direct comparison between this experiment and the literature is

not possible. However, in agreement with the findings of this

study it has been demonstrated that boards made with thin furnish

had better linear dimensional stability (Turner 1954, Brumbaugh

1960, Post 1961, Gatchell et al. 1966). The divergence in the
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effect of furnish length on LE reported in the literature (Kelly

1977) is also probably due to these interactions.

The LE/WA for flakeboard was also a function of flake thick-

ness, board specific gravity (SG), resin type (RT), and interactions

between resin type and flake thickness, flake thickness and

exposure condition, and specific gravity and exposure condition.

Figures 2 and 4 show the effect of resin type and flake length

and thickness at low and high relative humidity intervals on

LE/WA and LE of flakeboard.

The effect of resin type on the hygroexpansivity coefficient

of flakeboard depended on the flake thickness and exposure

condition. At the high relative humidity interval (65-80 percent)

boards made with phenol-formaldehyde resin were more stable than

boards made with urea-formaldehyde resin. The difference in LE/WA

due to resin type increased as flake thickness increased.

The better dimensional stability of phenolic boards as compared

to urea boards is generally accepted to be the result of the

hydrolysis of the urea-formaldehyde resin when exposed to high

relative humidity (Hann et al. 1963, Lehmann 1965, Kelly 1977).

However, no reference was found in the literature about an inter-

action between furnish geometry and resin type and its relation

to dimensional stability of particleboard.

The effect of board specific gravity on LE/WA and LE for all

flake geometries and both exposure conditions is given in Figure

5 and Appendix B-2. At a low relative humidity interval LE
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decreased as SG increased from 0.53 to 0.65 and stayed more or

less constant with further SG increase. However, when LE was

adjusted for WA a reverse relation was observed as also shown in

Figure 5. At the high relative humidity interval, LE/WA and LE

increased at all levels of increase in SG. Board response to

SG change was also larger at the high relative humidity exposure.

This is possibly related to the number and size of voids existing

in the flakeboard structure and as well as to the difference in

internal stress generated by each compression ratio. According to

Panshin and de Zeeuw (1970) the magnitude of dimensional change .

in wood is directly related to the amount of cell wall material

present. In general, swelling and shrinkage increases as wood

specific gravity increases. Thus, as the compression ratio in-

creases there is a higher compaction of the wood itself, increasing

its tendency to swell.

Assuming that at least some of the dimensional change of

individual flakes can occur by reducing the size of nearby voids,

then an increase in compression ratio will result in a larger LE

due to the reduction of the size and number of such voids.

The effect of SG on LE, however, also depended on the amount

of water vapor adsorbed. Later in this study it will be shown

that SG is the most important variable related to WA. For both

exposure conditions water vapor adsorption was inversely pro-

portional to SG and the difference was larger at the low relative
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humidity interval. Thus, the effect of SG on LE is a function of

two components oppositely affecting LE, and the final result is

not always easily understood.

The interaction between resin type and exposure condition was

the most important variable related to the hygroexpansivity

coefficient of particleboard. Phenolic bonded particleboards were

generally more stable than urea bonded particleboards for both

exposure conditions. As observed with flakeboard the difference

due to resin type was larger at high relative humidity exposure.

The effect of resin type, as indicated in the regression analyses

by the interaction between resin type and particle thickness, was

more important with thin (0.15 mm) particles. Due to the larger

Surface area of the thin particles it appeared that the amount of

resin applied for these boards was below the minimum necessary

to assure small linear changes. The more stable bond character-

istic of the phenolic resin is emphasized at this critical level.

As thickness increased and the particle surface area decreased

the amount of resin available for each particle increased and the

difference in LE due to the two resins became smaller. Also, as

pointed out by Heebink and Hann (1965) an increase in particle

thickness results in particles with a larger end grain surface.

Such surfaces generally receive a small amount of pressure and are

usually difficult to bond.

As observed with flakeboard, an increase in board specific

gravity resulted in a more unstable board as shown in Figure 5.
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LE of particleboard was more sensitive to changes in SG when

exposed to high relative humidity.

A comparison at this point between flakeboard and particle-

board shows variables related to flake configuration were more

important for LE of flakeboard. Particleboard linear stability,

however, was more sensitive to resin type and board specific

gravity.

Particleboard LE was also a function of particle slenderness

ratio (SR) and its interaction with exposure condition. Slender-

ness ratio is the ratio between furnish length and thickness.

Increase in slenderness ratio resulted in a larger variation of LE

at the high relative humidity interval. Although having only a

narrow range in this experiment, the variable slenderness ratio

shows that the interaction between particle length and thickness

is more important than either variable considered individually.

However, according to Brumbaugh (1960), slenderness ratio cannot

completely predict the effect of furnish dimensions on the

properties of particleboard. He pointed out that discrepancies

generally arise when length and thickness are varied simultaneously.

Figures 2 and 4 show the effect of particle thickness on the

hygroexpansivity coefficient and linear expansion of particleboard.

LE and LE/WA increased as particle thickness increased from 0.15

to 0.41 mm, independently of resin type or exposure condition.

Linear stability of urea-formaldehyde boards improved as thickness

increased from 0.41 to 0.66 mm. However, this increase in particle
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thickness was detrimental to the stability of phenol-formaldehyde

boards. For the low relative humidity exposure further increases

in particle thickness resulted in a more stable board. However,

an inverse relation was observed at high relative humidity

exposure.

Thickness Swelling

In contrast to LE, the TS observed at the high relative

humidity interval was larger than at the low relative humidity

interval.

The natural logarithm transformation was used to stabilize

the variances for TS at the two exposure conditions.

In decreasing order of importance, ln(TS) was a function of:

a - Flakeboard

ln(TS) = f(WA, WA*SG, RT, WA2, RT*TKN, EC, and SAWT)

b - Particleboard

ln(TS) = f(EC, RT*EC, SG*EC, RT*WA, and RT)

where: ln(TS) = natural logarithm of thickness swelling; WA =

water adsorption; SG = board specific gravity; TKN = furnish

thickness; EC = exposure condition; SAWT = surface area by weight;

RT = resin type.

The meaning of the symbols in the equations and a description

of their values are given in the List of Symbols. Equation

coefficients and summary statistics are shown in Table 3.
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EC = Exposure Condition; RT = Resin Type; SG = Specific Gravity;
SAWT = Surface Area by Weight; TKN = Furnish Thickness;
WA = Water Adsorption; * Indicates Interaction.

TABLE 3. REGRESSION EQUATIONS RELATING THE NATURAL LOGARITHM OF
THICKNESS SWELLING IN FLAKEBOARD AND PARTICLEBOARD TO
FURNISH GEOMETRY, RESIN TYPE, AND BOARD SPECIFIC
GRAVITY DUE TO A RELATIVE HUMIDITY CHANGE FROM 30% TO
65% AND FROM 65% TO 80%.

Variables
and Summary
Statistics

Flakeboard Particleboard
Standard

Coef. Error
Standard

Coef. Error

Constant -2.1819 0.2057 0.8442 0.0431

EC 0.1594 0.0546 1.0538 0.1048

RT -0.2228 0.0209 -0.7500 0.1004

SG

SAWT 3.48x10-4 1.22x10-4

RT*TKN 0.1667 0.0291

RT*EC -0.6358 0.0645

SG*EC 0.9747 0.1312

WA 0.9344 0.0907

WA2 -0.0686 0.0092

RT*WA 0.1063 0.0258

WA*SG 0.2908 0.0155

Sy.x 0.0447 0.0354

R2 0.961 0.974

Num. Points 432 144

Correl. ln(TS)
and Residual 0.198 0.160
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Regression analyses explained about 96 percent of the varia-

tions in TS. The correlations between the residuals from each

regression and the dependent variables were equal to 0.193 and

0.160 for flakeboard and particleboard respectively. However, the

scatter diagram of ln(TS) versus residuals shows the existence of

two distinct groups, Appendix D-1. When each group is considered

separately, a correlation between ln(TS) and the residuals is

readily observed. Thus the total variation in TS was well

explained by the regression analysis. But, there were indications

also that within a relative humidity, other variables also affected

TS. Similar observations were apparent for the two models.

The most important variable related to the TS of flakeboard

was WA, and it explained about 90 percent of all variation present.

However, flakeboard TS was also a function of WA2 and the inter-

action between WA and SG. TS increased as WA. increased, but for

the same amount of WA the resulting TS was larger with boards

having a higher SG. However, as will be shown later, increases in

SG generally resulted in decreases in WA. Thus the overall effect

of SG on TS is not always easily predictable. The effect of

board SG on TS is shown in Figure 6 and Appendix B-2. No reference

was found in the literature about the interrelation between TS, WA

and board SG. Klauditz (1955) and Gatchell et al. (1966) however,

found an increase in TS as board SG increased.

Phenolic boards as indicated by the regression equations

tended to be more stable than urea boards at both exposure
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conditions. Also indicated was that the difference in TS due to

resin type decreased as flake thickness increased. However, as

shown in Figures 7,8, 9, and 10, the effect of resin type on TS

was dependent on flake geometry.

There was also an interaction effect between flake length

and flake thickness. An increase in thickness of the 12.7-mm

long flake always resulted in a larger TS, as shown in Figures

7, 8, 9, and 10. No trends were observed between flake thickness

and TS at other lengths.

The most important variable related to particleboard TS was

exposure condition. As will be shown later, exposure condition

was the most important variable related to the amount of water

adsorbed by the particleboards. Evidently the incremental change

of WA was greater at the high relative humidity. Thus, the

relation between TS and exposure condition is largely due to the

difference in amount of water adsorbed at the low and high

relative humidity range, and as observed with flakeboard, TS of

particleboard increased as WA increased. Similar results were

also reported by Johnson (1964).

As observed with flakeboards, phenolic particleboards were

more stable than boards made with urea-formaldehyde. The differ-

ence in TS due to resin type was larger at the high relative

humidity exposure. The effect of resin type also depended on the

amount of water adsorbed. For a given resin an increase in WA

resulted in a larger TS. Comparisons between resin type, however,
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are difficult because phenolic boards tended to adsorb more water.

This indicates, however, that if the hygroscopicity of the phenolic

board could be reduced it would result in improved TS characteris-

tics.

The effect of particleboard SG on TS depended on the exposure

condition. At the low relative humidity interval TS was independent

of board SG. However, at the high relative humidity exposure an

increase in SG resulted in a larger TS.

As an overall result, the particleboard model indicated that

at low relative humidity exposure, TS was related only to resin.type

and the interaction between resin type and water adsorption.

Although the effect of particle thickness was not statistically

significant, Figures 7, 8, 9, and 10 show that there was a con-

sistent increase in TS as particle thickness increased from 0.15

to 0.41 mm. Further increase in particle thickness resulted in an

erratic effect on the particleboard TS.

Water Adsorption

Natural logarithm transformation was also necessary to obtain

equal variances for WA at -the two exposure conditions.

In decreasing order of importance ln(WA) was a function of:

a - Flakeboard

in(WA) = f(EC, SG, RT, SG*EC, TKN2, and SR)

b - Particleboard

ln(WA) = f(EC, RT, SR, and SG)
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where: ln(WA) = natural logarithm of water adsorption; EC =

exposure condition; SG = board specific gravity; TKN = furnish

thickness; SR = slenderness ratio.

The meaning of the symbols in the equations and a description

of their values are given in the List of Symbols. Equation

coefficients and summary statistics are given in Table 4.

Regression analyses explained about 95 percent of all the

variation in WA observed in this experiment. Residual analyses,

however, as observed for the TS analyses, indicated the existence

of two distinct groups and a correlation between the residuals

and ln(WA) for each group.

As expected the most important variable related to WA was

the exposure condition. When exposure condition was alone in the

model it explained 91 and 93 percent of all variation of WA for

flakeboard and particleboard respectively. The amount of WA was

larger at high relative humidity exposure.

Once exposure condition was taken in consideration the most

important variable affecting the amount of WA into flakeboard was

board SG. This relationship, however, was also dependent on the

exposure condition. An increase in SG generally resulted in a

smaller WA, but the effect of SG was smaller at high relative

humidity. It seems that once the board had adsorbed enough water

to release the larger stresses due to the compression present in

the denser boards, SG did not have much of an effect on WA. The
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EC = Exposure Condition; RT.= Resin Type; SG = Specific Gravity;
SR = Slenderness Ratio; * Indicates Interaction.

TABLE 4. REGRESSION EQUATIONS RELATING THE NATURAL LOGARITHM OF
WATER ADSORPTION IN FLAKEBOARD AND PARTICLEBOARD TO
FURNISH GEOMETRY, RESIN TYPE, AND BOARD SPECIFIC
GRAVITY DUE TO A RELATIVE HUMIDITY CHANGE FROM 30% TO
65% AND FROM 65% TO 80%.

Variables
and Summary
Statistics

Flakeboard Particleboard
Standard

Coef. Error-

Standard
Coef. Error

Constant 1.3854 0.0307 1.3146 0.0313

EC 0.2621 0.0399 0.4499 0.0081

RT 0.0648 0.0060 0.0552 0.0081

SG -0.5032 0.0407 -0.1714 0.0400

SR 2.40x10-4 4.30x10-5 -2.52x10-3 5.23x10-4

TKN2 0.0483 0.0119

SG*EC 0.3654 0.0570

Sy.x 0.0196 0.0154

R2 0.949 0.957

Num. Points 432 144

Correl. in(WA)
and Residual 0.227 0.206
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effect of SG on WA is shown in Figure 6 and Appendix B-2. A

decrease in the amount of water adsorbed due to an increase in

board specific gravity was also found by Lehmann (1974) and by

Vital et al. (1974).

Flakeboard made with phenolic resin generally adsorbed more

water at both exposure conditions. Flake geometry also had some

effect on WA as indicated by the variables thickness squared and

slenderness ratio. Thicker flakes generally adsorbed more water.

The ratio, however, was not linear and also depended on the flake

length. The effect of flake geometry on WA was probably related

to the change in the surface area covered by the resin and the

resin's bulking effect. The effect of flake length, thickness,

and resin type on WA is shown in Figures 7 through 10 and

Appendix B-4.

As observed with flakeboard, WA in particleboard was also

higher with boards made with phenolic resin. Particleboard WA,

however, was more sensitive to change in particle geometry than

changes in board SG. Boards made with particles having a larger

slenderness ratio adsorbed less water. An increase in slenderness

ratio corresponds in this -experiment to a decrease in the particle

thickness. This effect was similar to the effect of flake thick-

ness already mentioned.

An increase in particleboard SG resulted in smaller amounts

of WA. The effect was linear for both conditions but it was
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smaller than the same effect for flakeboard. This result agrees

with the general findings reported in the literature as previously

mentioned.

Equilibrium Moisture Content and Water Sorption

The effect of furnish geometry, board specific gravity, and

resin type on the particleboard and flakeboard equilibrium moisture

content (EMC), water adsorption, and water desorption are shown in

Appendix B-5, B-6, B-7, and B-8 respectively. Appendix B-9, B-10,

B-11, and B-12 show the effect of furnish geometry on its own EMC,

water adsorption and desorption. A summary of the analyses o

variance for the furnish and board EMC are shown in Table 5.

Table 6 is the summary of the analyses of variance for water

adsorption and Water desorption of the furnish and board. The

complete analyses of variance are shown in Appendix C-1 through

C-14. Sorption isotherms are shown on Figures 11, 1,5 and 16.

Figures 12, 13 and 14 show the effect of furnish geometry on the

water sorption of furnish and boards.

As expected the largest variation in EMC and water sorption

was related to the sorption condition. Variations within sorption

conditions were relatively smaller. However, even these small

variations were capable of causing considerable change in TS and

probably in LE as discussed before.

Once the sorption condition was taken into consideration,

resin type was another important variable related to the board EMC
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TABLE 5. SUMMARY OF ANALYSIS OF VARIANCE FOR WOOD FURNISH,
PARTICLEBOARD, AND FLAKEBOARD EQUILIBRIUM MOISTURE
CONTENT.

RT = Resin Type; LTH = Flake Length or Particle; TKN = Thickness;
SG = Specific Gravity; SC = Sorption Condition.

* = 5 Percent Level of Significance.

** = 1 Percent Level of Significance.

NS = Not Significant.

Source

18% RH 45% RH 73% RH 93% RH

Fur-
nish Board

Fur-
nish, Board

Fur-
rush Board

Fur-
nish Board

RT ** ** NS **

LTH ** ** ** ** ** ** ** **

TKN NS ** NS ** ** NS NS

SG ** ** ** NS

RT*LTH NS NS NS **

RT*TKN NS NS * NS

RT*SG NS NS NS NS

LTH*TKN * NS ** NS * * NS NS

LTH*SG NS NS NS NS

TKN*SG NS NS NS NS

SC ** ** ** ** ** **

RT*SC ** ** *

LTH*SC ** ** ** ** NS *

TKN*SC NS NS NS NS NS NS

SG*SC ** ** *
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TABLE 6. SUMMARY OF ANALYSIS OF VARIANCE FOR WOOD FURNISH,
PARTICLEBOARD, AND FLAKEBOARD WATER SORPTION.

18% to 45% RH 45% to 73% RH 73% to 93% RH

Fur- Fur- Fur-

Source nish Board nish Board nish Board

RT ** ** **

LTH NS * ** . ** ** **

TKN ** ** ** ** * **

SG ** ** NS

RT*LTH NS NS **

RT*TKN NS * NS

RT*SG NS NS NS

LTH*TKN ** ** NS ** NS NS

LTH*SG NS NS NS

TKN*SG NS NS NS

SC ** ** ** ** ** **

RT*SC NS ** *

LTH*SC ** ** ** NS NS **

TKN*SC NS NS NS NS NS NS

SG*SC * NS **

RT = Resin Type; LTH = Flake Length or Particle; TKN = Thickness;
SG = Specific Gravity; SC = Sorption Condition.

* = 5 Percent Level of Significance.

** = 1 Percent Level of Significance.

NS = Not Significant.
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and water sorption. In most cases, as indicated in Tables 5 and

6, the effect of resin type depended on the sorption condition.

Linear contrast was used to test the difference between the two

resins at each RH exposure and RH interval for either adsorption

or desorption exposures. Results are presented in Table 7.

When first exposed to the 18-percent RH the phenolic-bonded

boards reached equilibrium at a lower moisture content than Urea-

formaldehyde boards. As the relative humidity increased, phenolic

boards consistently adsorbed more water and the difference in EMC

between the two boards decreased. At a 73-percent RH there was.

no statistical difference in EMC due to resin type. Between 73-

and 93-percent RH the phenolic boards adsorbed considerably more

water than urea-bonded boards and reached equilibrium at a higher

moisture content. These results indicate that there were at least

two factors associated with the effect of resin type on EMC. The

phenolic resin used in this experiment had a lower viscosity and

a higher alkalinity than the urea resin. Thus, phenolic resin had

a better wettability, possibly spreading over a larger area and

resulting in a lower EMC due to its better bulking effect. Besides

taking up space within the fibers, according to Stamm (1964)

further reduction of the hygroscopicity of the wood occurs due to

the blocking of the water-attracting hydroxyl groups by the resin.

Phenolic resin, however, has a tendency to adsorb more water as

indicated by Schneider (1973). This tendency of the phenolic resin

to adsorb more water is associated with its caustic content as



Relative Humidity (%)

61

TABLE 7. SIGNIFICANCE BY USE OF LINEAR CONTRAST FOR DIFFERENCES
BETWEEN FLAKEBOARD, PARTICLEBOARD, AND WOOD FURNISH
EQUILIBRIUM MOISTURE CONTENT AND WATER SORPTION.

Contrast1 18 45 73 93 73 45 18

Equilibrium Moisture Content

FB vs PB (PB)2**3 NS4 NS (PB).** NS (u)** NS

UB vs PF (UF)** (UF)** NS (PF)** (PF)* NS NS

F vs P (P)** (P)** (P)** (P)** '(P)** (P)** (P)**

Water Sorption

FB vs PB (PB)* NS (PB)** (PB)** NS (PB)*

UF vs PF (PF)** (PF)** (PF)** (PF)** (PF)* (PF)**

F vs P NS NS (P)* (P)* (P)* NS

1FB = Flakeboard; PB = Particleboard; UF = Urea Formaldehyde;
PF = Phenol Formaldehyde; F = Flakes; P = Particles.

2Letters in parentheses indicate the variable with the highest
value.

3** = Significant at 1 percent level.
* = Significant at 5 percent level.

4NS = Not Significant.
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indicated by Wittmann (1973). As the relative humidity increased

the higher hygroscopicity of the phenolic resin overcame its

better bulking effect resulting in a higher WA. At a RH higher

than 73 percent it also resulted in a higher EMC.

At 73-percent RH the desorption EMC of the boards made with

phenol-formaldehyde resin was higher than the EMC of the urea-

formaldehyde boards. At other desorption exposures, there were

no differences in EMC due to resin type. Phenolic boards, however,

desorbed more water at all exposure intervals.

The sorption isotherms for phenol-formaldehyde and urea-

formaldehyde boards are shown in Figure 11. The effect of resin

type on EMC and water sorption is also shown in Appendix B-5,

B-6, B-7, and B-8.

In the analyses of variance, particles were considered as

flakes having zero length. Furnish length had a significant

effect on EMC for all RH exposures. Furnish length also affected

board and furnish water sorption at all relative humidity intervals

except between 18 to 45 percent relative humidity where furnish

length was not significant. Tables 5 and 6, however, show several

significant interactions between length, thickness, and sorption

condition.

Linear contrasts were also used to test any possible differ-

ence between particles and flakes and between particleboard and

flakeboard EMC and Water adsorption. Results are presented in

Table 7. Whenever there was a significant difference indicated by
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the statistical test, the difference was due to a larger EMC or

water sorption for particles or particleboard. Particles had a

higher water sorption between the ranges of 73-93, 93-73, and

73-45 percent relative humidity. The difference between particles

and flakes decreased as the furnish was pressed into boards.

Particleboard, however, still showed a tendency for a higher EMC

and water sorption as shown in Appendix B-5, B-6, 13-7, and 33-43

and Figures 12, 13, and 14.

The effects of furnish thickness on water sorption of board

and furnish due to relative humidity changes from 18 to 45 and 45

to 18 percent, although significant, were relatively small as shown

in Figures 12 and 14. Boards adsorbed approximately 36 percent

less water than that adsorbed by the furnish. Although in a

smaller range, boards also desorbed less water than the furnish.

As shown in Figures 13 and 14, water sorption was more sen-

sitive to changes in furnish thickness in the 45- to 73-percent

relative humidity interval as compared to the 18- to 45-percent

interval. Figure 13 also shows that when the relative humidity

was changed from 45 to 73 percent the amount of water adsorbed by

the boards increased as the furnish thickness increased. No

clear tendency was found between the amount of water adsorbed by

the wood furnish and furnish thickness. This result agrees with

the previously discussed resin bulking effect that occurs for the

water sorption sites in the cell wall. Similar to the results
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observed in the 18- to 45-percent relative humidity interval,

water sorption was smaller for board than furnish.

A reverse relation was observed in the 73- to 93-percent

relative humidity interval. As shown in Figures 13 and 14, boards

had a higher water sorption than the furnish. Also at this

condition, board water sorption decreased as thickness increased.

Furnish water sorption also decreased with thickness increase

but in a smaller proportion.

The effect of board specific gravity on EMC and water sorption

is given in Appendix B-13 and B-14 respectively. EMC was affected

by specific gravity at the 18, 45, and 75-percent relative

humidity. In all cases there was also an interaction between board

SG and sorption condition. An increase in SG generally resulted

in a decrease in EMC and water sorption. The difference was

greater for the adsorption condition than for the desorption.

Sorption isotherms for the wood and the average sorption iso-

therms for all boards are shown in Figure 15. Sorption isotherms

for board and wood furnish are shown in Figure 16. All curves had

approximately the same shape. Wood furnish isotherms showed a

smaller hysteresis than the one observed for solid wood and board.

This conclusion did not agree with the general results reported

in the literature. Based on the work published by Halligan and

Schniewind (1972), at 93 percent RH and 21° C particleboard would

have an EMC 66 percent below the value observed for solid wood.

Suchsland (1972) working with commercial particleboards also found
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a considerably lower EMC for particleboard as compared to solid

wood at a RH higher than 70 percent at 20° C. It seems, however,

that the rather mild temperature of 85° C used to dry the wood

furnish in this experiment did not considerably change its

hygroscopic characteristics from that of solid wood. This result

indicates that the large reduction in EMC generally reported in

the literature should be related to other factors than the ones

involved in the pressing operation.

Mechanical Properties

Multiple regression analyses were used to determine the effect

of furnish geometry, resin type and board specific gravity on the

mechanical properties of particleboard and flakeboard. A natural

logarithm transformation was used to stabilize the variances for

modulus of rupture (MOR) and internal bond (TB).

Static Bending

Using the criteria discussed previously, the best model for

explaining ln(MOR) is given by:

a - Flakeboard

ln(MOR) = f(SG, TKN, LTH, SR, and LTH )

b - Particleboard

ln(MOR) = f(SG and TKN)

where: ln(MOR) = natural logarithm of the modulus of rupture; SG =

board specific gravity; TKN = furnish thickness; LTH = flake length.
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The meaning of the symbols in the equation and a description

of the values are given in the List of Symbols. Equation

coefficients and summary statistics are given in Table 8. MOR is

given in units of MPa.

SG was the most important single variable related to the NOR

of flakeboard and particleboard. The effect of SG on flakeboard

and particleboard NOR is shown in Appendix 8-15 and Figure 17.

At the same board specific gravity flakeboard had a higher MOR

than particleboard. An increase in SG resulted in a higher NOR

for both types of board. This increase in NOR with a higher SG,

or in this case with a higher compression ratio, is generally

accepted to be due to an increase in contact between flakes or

particles. Several other researchers have reported similar

results (Turner 1954, Gatchell et al. 1966, Stewart and Lehmann

1973).

Furnish thickness was the second most important variable

related to flakeboard and particleboard NOR. The effect of

furnish thickness on flakeboard and particleboard MOR is shown in

Figure 18 and Appendix B-16. Flakeboard NOR decreased as flake

thickness increased. This effect can be attributed to a more

uniform distribution of the bending stress in the boards made with

thinner flakes due to the reduction of voids inside the boards.

These results agree with the available literature as indicated by

Kelly (1977). The effect of flake thickness on flakeboard NOR,

however, depended on the flake length, as shown in Figure 18, and
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LTH = Furnish Length; TKN = Furnish Thickness; SG = Specific
Gravity; SR = Slenderness Ratio; NOR = Modulus of Rupture in
MPa.

TABLE 8. REGRESSION EQUATIONS RELATING THE NATURAL LOGARITHM OF
THE MODULUS OF RUPTURE OF FLAKEBOARD AND PARTICLEBOARD
TO FURNISH GEOMETRY AND BOARD SPECIFIC GRAVITY.

Variables
and Summary
Statistics

Flakeboard Particleboard

Coef.
Standard
Error Coef.

Standard
Error

Constant 1.79 1.29x10-1 1.31 8.44x10-2

LTH 3.80x10-2 6.23x10-3

LTH2 -3.79x10-4 9.34x10-5

TKN -1.11 7.99x10-2 -3.88x10-1 4.23x10-2

SG 2.24 3.01 1.2 x10-1

SR -1.75x10-3 1.40x10-1

Sy.x 0.167 0.083

R2 0.842 0.934

Num. Points 144 48

Correl. ln(MOR)
and Residual 0.397 0.247
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was represented in the regression model by the variable slenderness

ratio. Boards made with longer flakes (50.8 mm) were less

sensitive to thickness variation than the other flakes. Particle-

board was also less sensitive to thickness change than flakeboard.

At a flake thickness equal to 0.15 Mm there was little difference

between NOR of flakeboards made with flakes 25.4- or 50.8-mm long.

Flakes 12,7-mm long, however, resulted in a lower NOR. At other

thicknesses an increase in flake length always resulted in

higher NOR values as shown in Figure 18.

NOR decreased as slenderness ratio decreased but the effect of

length and thickness when considered individually was more important

than their interaction.

Except for boards made with short flakes (12.7 mm) at a

thickness of 0.66 mm and higher, flakeboard generally had a higher

NOR than particleboard, see Figure 18.

Similar relationships were observed between furnish geometry,

SG, and MOE of flakeboard and particleboard as shown in Figures 17

and 18 and Appendix B-16. The regression equations relating MOE

of flakeboard and particleboard to furnish geometry and board

specific gravity are given in Appendix D-2.

Phenol-formaldehyde panels generally had a slightly higher MOR

and MOE but the difference was not statistically significant.
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The best model for explaining ln(IB) is given by:

a - Flakeboard

ln(IB) = f(SWcSAWT, SG, TKN and SR2)

b - Particleboard

ln(IB) = f(SR2, and SG)

where: ln(IB) = natural logarithm of internal bond; SR = slender-

ness ratio; SAWT = surface area by weight; SG = board specific

gravity; TKN = furnish thickness.

The meaning of the symbols in the equation and a description

of the values are given in the List of Symbols. Equation coeffi-

cients and summary statistics are given in Table 9. IB is given

in units of MPa.

Flakeboard and particleboard TB were primarily a function of

furnish geometry. SG was the second most important variable.

This contrasts with NOR where SG was the most important variable.

It is also evident from the regression models that the effect of

furnish geometry on TB is more complex than the relation between

furnish geometry and the bending properties.

The effect of furnish geometry on TB is shown in Figure 18 and

Appendix B-16. As thickness increased from 0.15 to 0.41 mm, TB

increased to a maximum. Further increase in thickness resulted

in a small decrease in IB. This effect is probably related to the

amount of resin that becomes involved in bonding. Because the resin
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TABLE 9. REGRESSION EQUATIONS RELATING THE NATURAL LOGARITHM OF
THE INTERNAL BOND STRENGTH OF FLAKEBOARD AND PARTICLE-
BOARD TO FURNISH GEOMETRY AND BOARD SPECIFIC GRAVITY.

Variables Flakeboard Particleboard
and Summary Standard Standard
Statistics Coef. Error Coef. Error

Constant -1.08 9.65x10-2 -1.79 8.72x10-2

TKN2 -5.36x10-1 5.92x10-2 --

SG 1.42 1.29x10-1 2.62 1.27x10-1

-SR2 9.96x10-6 1.89x106 -9.11x10-4 3.35x10-5

SR*SAWT -2.55x10-5 1.75x10-6

Sy.x 0.225 0.124

R2 0.784 0.929

Num. Points 288 96

Correl. ln(IB)
and Residual 0.465 0.267

TKN = Furnish Thickness; SG = Specific Gravity; SR = Slenderness
Ratio; SAWT = Surface Area by Weight; IB = Internal Bond in MPa.
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was applied based on the wood furnish weight, flakes and particles

having large surface areas received less resin per square centi-

meter than furnish having a smaller surface area. As the surface

area decreased and reached a point where there was enough resin

on the surface to provide adequate bending the effect of furnish

geometry was relatively small. The effect of board specific

gravity on internal bond of flakeboard and particleboard is

shown in Figure 19 and Appendix B-15. IB increased as SG in-

creased. At a SG of 0.53, there was little difference between

IB values of particleboard and flakeboard. Particleboard internal

bond, however, increased more rapidly with increases in board SG

resulting in considerably higher values of IB than flakeboard

at high SG.
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VI. DETERMINATION OF OPTIMUM CONDITIONS FOR

DIMENSIONAL STABILITY AND RELATED

MECHANICAL PROPERTIES

Once we have determined the regression equations for LE and

TS they can then be used to predict the optimum conditions of

flake length, thickness, particle thickness, resin type, and board

specific gravity to provide the least amount of LE and TS. Three

different cases were considered for determining the minimum LE

and TS. These were the individual optimum values, the combined

optimum values, and the sensitivity for deviation from the

individual optimum values for flakeboard and particleboard with

a 0.70 board specific gravity.

Equations obtained from the regression analyses and given in

Tables 2 and 3 were used to estimate the best combination of flake

length, flake and particle thickness, and board specific gravity

to provide individual optimum values of linear expansion and

thickness swelling for both particleboard and flakeboard.

Calculations were limited to the range of the experimental vari-

ables. When calculating LE and TS it was necessary to calculate

the amount of water adsorption involved in each case. Calcula-

tion of water adsorption was done by the use of equations given

in Table 4.

The expected LE and TS of urea-formaldehyde and phenol-

formaldehyde flakeboard were calculated by varying flake lengths

81
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from 12.75 mm to 51.75 mm in increments of 3 mm; flake thickness

from 0.15 mm to 0.90 mm in increments of 0.05 mm; and board

specific gravity from 0.55 to 0.80 in increments of 0.05. The

Fortran programs for doing the incremental calculations are given

in Appendix E-1 and E-2. SIPS was used to obtain the combination

of flake length, thickness, and board specific gravity that

provided the smallest individual values for LE and TS for each

exposure condition and resin type. Results are given on Table 10.

The obtained flake length, thickness, and board specific

gravity were then inserted into the equations given in Tables

8, 9, and Appendix D-2 to calculate the corresponding NOR, IB,

and MOE. Results are also given in Table 10. For example, as

shown in Table 10, it was determined that a flake length of

51.75 mm, flake thickness of 0.70 Mm, and board specific gravity

of 0.80 would give the smallest LE for phenol-formaldehyde

flakeboard in the relative humidity range from 30 to 65 percent.

When these values were inserted in the equation:

ln(MOR) = 1.79 + 0.0380xLTH - 0.000379xLTH2 - 1.11xTKN

+ 2.24xSQ - 0.00175xSR

as given in Table 8, the dalculated NOR was 37.60 MPa.

The optimum conditions for LE and TS that would satisfy

the same combination of flake length, flake thickness, and board

specific gravity were calculated by determining the smallest

deviation in percent for LE and TS from the predicted individual

values. Table 11 gives the joint optimum conditions for LE and



TABLE 10. OPTIMUM CONDITIONS FOR INDIVIDUAL MINIMUM LINEAR EXPANSION AND THICKNESS SWELLING FOR UREA-
AND PHENOL-FORMALDEHYDE FLAKEBOARD WHEN EXPOSED TO A RELATIVE HUMIDITY CHANGE FROM 30 TO
65% AND FROM 65 TO 80%.

Flake length (mm) 51.75
Flake thickness (mm) 0.50
Board spec. gray. 0.80

12.75
0.30
0.80

LE (%)
TS (%)

WA (%)

NOR (MPa)
MOE (MPa)
IB (MPa)

0.110

2.90
11.67

UF = Urea Formaldehyde; PF = Phenol Formaldehyde; LE = Linear Expansion; TS = Thickness Swelling;
WA = Water Adsorption; MOR = Modulus of Rupture; MOE = Modulus of Elasticity; IB = Internal Bond.

* = Optimum Values

36.50
1871.52

0.85

Variables and
calculated
properties

Optimum linear expansion Optimum thickness swelling
30 to 65% RE 65 to 80% RH 30 to 65% RH 65 to 80% RH
UF PF UF PF UF PF UF PF

12.75 12.75 12.75
0.25 0.30 0.25
0.80 0.55 0.55

0.110 0.075 0.049
1.61 5.52 5.221
3.09 5.23 5.57

38.09 20.87 21.73
1925.24 1245.14 1280.38

0.82 0.60 0.56

51.75 51.75 51.75
0.70 0.15 0.40
0.80 0.55 0.55

0.092 0.042 0.0211*
1.97 6.46 5.62
3.22 5.59 5.73

37.60 24.61 27.19
1903.53 1728.95 1738.76

0.67 0.13 0.53

0-097
1.79
2.98

44.58
2131.68

0.69
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TABLE 11. COMBINED OPTIMUM CONDITIONS FOR MINIMUM LINEAR EXPAN-
SION AND THICKNESS SWELLING FOR UREA- AND
PHENOL-FORMALDEHYDE FLAKEBOARD WHEN EXPOSED TO A
RELATIVE HUMIDITY CHANGE FROM 30 to 65% AND FROM

UF = Urea Formaldehyde; PF = Phenol Formaldehyde; LE = Linear
Expansion; TS = Thickness Swelling; WA = Water Adsorption;
MOR = Modulus of Rupture; MOE = Modulus of Elasticity; TB =
Internal Bond.

65 TO 80%.

Variables and
calculated
properties

30 to 65% RH 65 to 80% RE
UF PF UF PF

Flake length (mm) 48.75 48.75 51.75 51.75

Flake thickness (mm) 0.25 0.40 0.25 0.35

Board Spec. Gray. 0.80 0.80 0.55 0.55

LE (%) 0.100 0.097 0.043 0.021

TS (%) 1.80 1.75 5.94 5.57

WA (%) 3.00 3.17 5.42 5.73

NOR (MPa) 50.29 48.40 28.54 28.24

MOE (MPa) 2484.15 2281.95 1633.80 1543.90

TB (MPa) 0.55 0.76 0.38 0.50
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TS and the associated mechanical properties. These mechanical

properties were calculated using the equations given in Tables

8, 9, and Appendix D-2 as shown previously.

As shown in Table 11 the flake geometry for joint minimum

LE and TS was approximately the same for both resin type and for

low and high relative humidity. There was, however, a consider-

able difference in the required board specific gravity at low

and high relative humidity. Changes in LE and TS due to changes

in board specific gravity of a flakeboard made with 50.0 mm long

by 0.30 mm thick flakes were calculated using the equations given

in Table 2 and 3. This flake geometry is more or less equal to

the required geometry for joint optimum conditions of LE and TS

for both resin type and relative humidity as shown in Table 11.

Results are shown in Figures 20 and 21.

LE and TS of flakeboard at low relative humidity exposure

was only slightly affected by board specific gravity. However,

at high relative humidity both LE and TS were predicted to

increase considerably as board specific gravity increased. Thus,

in the case of a board that will be exposed to conditions of high

and low relative humidity; it is better to adjust the board

specific gravity to the density required to assure minimum LE

and TS at high relative humidity.

Optimum individual values of LE and TS for particleboard

were determined using the same technique used for flakeboard.
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Increments for particle thickness and board specific gravity were

the same as for flakeboard. However, consideration was only

given to the particle lengths of 5.0, 7.0, '10.0, and 12.0 mm that

were used in this experiment. Results are given in Table 12. The

Fortran programs used for the particleboard incremental calcula-

tions are given in Appendix E-3 and E-4.

As shown in Table 12, boards made with thin particles (0.15 mm)

are predicted to give the smallest LE and TS for both resin types

and exposure conditions. Thus, to obtain the joint optimum

condition for LE and TS it is only necessary to make adjustment

in the board specific gravity. The expected changes in LE and TS

due to changes in the specific gravity of a particleboard made

with particles 0.15 mm thick are shown in Figures 20 and 21.

Although, as shown in Table 12, a specific gravity of 0.80 is

required to give the best TS at low relative humidity, Figure 21

shows that at the low relative humidity interval the board specific

gravity had only a small effect on TS. Reducing the board specific

gravity to minimize LE will not result in any large increase in

TS. Thus a particle thickness of 0.15 mm and a board specific

gravity equal to 0.55 provides the joint optimum conditions for LE

and TS of particleboard.

As demonstrated in the previous discussion, particleboard

and flakeboard with a low specific gravity (0.55) was required

to minimize LE and TS for boards that were exposed to high relative



TABLE 12. OPTIMUM CONDITIONS FOR INDIVIDUAL MINIMUM LINEAR EXPANSION AND THICKNESS SWELLING FOR
UREA- AND PHENOL-FORMALDEHYDE PARTICLEBOARD WHEN EXPOSED TO A RELATIVE HUMIDITY CHANGE
FROM 30 TO 65% AND FROM 65 TO 8.0%.

UF PF UF PF

Optimum thickness swelling
30 to 65% RH 65 to 80% RH

UF = Urea Formaldehyde; PF = Phenol Formaldehyde; LE = Linear Expansion; TS = Thickness Swelling;
WA = Water Adsorption; MOR = Modulus of Rupture; MOE = Modulus of Elasticity; IB = Internal Bond.

= Optimum Values

Variables and
calculated
properties

Optimum linear expansion
30 to 65% RH 65 to 80% RH
UF PF UF PF

Part. thick. (mm) 0.15 0.15 0.15 0.15
Board spec. gray. 0.55 0.55 0.55 0.55

LE (%) 0.095 0.075 0.063
*

0.0441
TS (%) 2.09 2.09 8.03 6.35
WA (%) 3.24 3.55 5.27 5.57

MOR (MPa) 19.73 19.73 19.73 19.73
MOE (MPa) 1030.43 1030.43 1030.43 1030.43
IB (MPa) 0.25 0.25 0.25 0.25

0.15 0.15 0.15
0.80 0.55 0.55

0.092 0.063 0.044
1.96 8.03 6.351
3.33 5.27 5.57

38.85 19.73 19.73
1894.33 1030.43 1030.43

0.49 0.25 0.25

0.15
0.80

0.108
12.06

3.20

38.85
1894.33

0.49
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humidity. Boards of such a low density may not be feasible for

the particleboard industry due to the associated low mechanical

properties. The change in LE and TS due to increase in board

specific gravity can be calculated by using the appropriate

regression equations given in Tables 2 and 3, or estimated from

Figures 20 and 21.

The sensitivity of LE and TS for phenolic flakeboard to

deviation in flake geometry on the optimum values is shown in

Figures 22 through 25. The predicted effect of the change in

particle thickness on the LE and TS of particleboard is shown in

Figures 26 and 27. Figures 26 and 27 and the response surfaces

shown in Figures 22 through 25 were estimated using the appropriate

equations given in Tables 2 and 3. All calculations were made

assuming a board specific gravity of 0.70. Boards of this

density are commonly produced by the particleboard industry. The

effect of changes in flake length and thickness, and particle

thickness for boards of other specific gravity can be estimated

using the same equations. The value of WA necessary to calculate

LE and TS is obtained fromthe equations given in Table 4. Exposure

condition (EC), resin type (RT), and the selected board specific

gravity (SG) should be kept constant in these equations. The

various values for LE and TS would be obtained by making changes

in the values of flake length, thickness, or particle thickness.

Because no interactions were observed between board specific

gravity and furnish geometry, for a constant furnish geometry,
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changes in board specific gravity will result in a proportional

change in LE and TS similar to the one shown in Figures 22

through 27.

As shown in Figures 22 and 23 the sensitivity of linear

expansion for flakeboard using phenol-formaldehyde resin to

changes in flake length increased as flake thickness increased.

Boards made with short and thick flakes were predicted to have

the highest amount of LE at both exposure conditions LE of

boards made with thin flakes were only slightly affected by

change in flake length. Also, boards made with flakes longer

than 30.0 mm were predicted to be only slightly affected by

changes in flake thickness.

Thus, the most stable boards in LE can be obtained by using

thin flakes with any length or using flakes longer than 30.0 mm

with any thickness.

TS of flakeboard as shown in Figures 24 and 25 was sensitive

to changes in flake thickness at any length. The smallest TS

occurred for boards made with flakes 0.30-mm thick and of any

length. Deviation from this thickness is expected to result in

a larger TS.

As shown in Figure 26 a large increase in LE of particleboard

is expected to occur when particle thickness is increased from 0.15

to 0.30 mm. Further increases in particle thickness caused a

relatively smaller variation in LE.
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As shown in Figure 27 the TS of particleboard was only

slightly affected by particle thickness.

As generally observed in this experiment and also predicted

by the regression equations, flakeboard was only slightly more

stable than particleboard. This small difference is due to the

better dimensional stability of the particleboards manufactured

in this experiment as compared with the values of LE and TS

generally observed for commercial particleboard. This better

dimensional stability is probably related to the uniformity and

better quality of the particles used in this research. Commercial

particleboards are composed of heavily damaged particles of

variable size and some sawdust. Turner (1954) and Heebink and

Hann (1959) have previously demonstrated that damaged particles

and sawdust have a serious detrimental effect on LE and TS. Thus,

the 'regression equations given in Tables 2 and 3 predict lower

values of LE and TS than the ones observed formost commercial

particleboards. However, the general trends indicated by these

equations will be true.

The equations developed in this experiment predicted the

change in LE, TS, and WA for the two relative humidity intervals

of 30 to 65 and 65 to 80 percent. The total LE, TS, and WA due to

a relative humidity change from 30 to 80 percent can be obtained

by adding the values obtained at each interval; see Figure 28.
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VII. CONCLUSIONS

Linear expansion and thickness swelling of flakeboard and

particleboard is a complex board reaction to a change in moisture

content. The magnitude of this change is dependent on furnish

geometry, resin type, board specific gravity, and the relative

humidity interval at which the determinations were made.

The amount of linear expansion due to an increase in one

percent in moisture content generally decreased as the board

moisture content increased.

Flake geometry was the most important variable related to

linear expansion of flakeboard. However, there was an interaction

effect between flake length and thickness. Linear expansion of

boards made with thick flakes (0.91 mm) increased considerably as

flake length decreased. The effect of flake length on linear

expansion with thin flakes (0.15 mm) was smaller. Linear expansion

also increased as flake thickness increased but the increment rate

was much higher with boards made of short flakes (12.7 mm).

Phenolic bonded boards generally adsorbed more water due to

the higher hygroscopicity of the phenolic resin. This was probably

related to the higher caustic content of the resin. These boards,

however, were more linearly, stable than urea-bonded boards.

There was also an interaction effect between resin type and

exposure condition. The difference in linear expansion due to

resin type was larger with boards made with thicker flakes and at

the high relative humidity exposure.

100
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Increase in board specific gravity generally resulted in a

more unstable board. The effect of an increase in specific

gravity, however, was larger at the high relative humidity exposure.

The boards having the best linear stability were low density

phenolic boards made with long flakes (50.4 mm) of any thickness,

or using thin flakes (0.15 mm) of any length.

At low relative humidity exposure the most important variable

affecting particleboard linear expansion was board specific

gravity; however, at high relative humidity the most important

variable was resin type. Phenolic bonded low density boards were

more stable.

Particle thickness also affected particleboard linear expan-

sion, but particle thickness also interacted with resin type and

exposure condition. Particleboard made with thin particles

(0.15 mm) was stable with the exception of urea bonded particle-

board at low relative humidity where 0.91-mm thick particles

yielded the most stable boards.

In contrast to linear expansion, the incremental change in

the thickness swelling of particleboard and flakeboard was higher

at the high relative humidity exposure as compared to the incre-

mental change at the low relative humidity interval.

As observed with linear expansion, phenolic boards adsorbed

more water but had less thickness increase.

At low relative humidity, thickness swelling was only slightly

affected by board specific gravity. At high relative humidity,
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increase in specific gravity caused considerable increase in

thickness swelling.

The effect of flake length on thickness swelling depended on

flake thickness and resin type. Phenolic and urea bonded flake-

boards made with thin (0.15 mm) and short (12.7 mm) flakes were

the most stable.

As observed with flakeboard, thickness swelling of particle-

board was a function of resin type and board specific gravity

but was independent of particle geometry.

As expected the water adsorption of particleboard and

flakeboard was mainly a function of exposure condition. Particle

thickness, resin type, and board specific gravity had only small

effects on the amount of water adsorbed. However, even these small

variations resulted in considerable change in thickness swelling

and linear expansion.

Adsorption-desorption isotherms of water vapor for flake-

board, particleboard, and furnish were only slightly affected by

the variables included in this experiment. Resin type was the

most important variable affecting water sorption and equilibrium

moisture content of partitleboard and flakeboard. Particles as

compared to flakes reached equilibrium at a higher moisture

content. When flakes and particles were pressed into boards the

difference in equilibrium moisture content was reduced.

Particleboard, however, kept its tendency to reach equilibrium at

a higher moisture content.



103

Furnish, boards, and solid wood isotherms had approximately

the same shape. Compared to wood furnish, boards had a greater

hysteresis.

Flakeboard and particleboard internal bond was primarily a

function of furnish geometry. Board specific gravity was the

second most important variable. This contrasts with the relation-

ship observed for bending strength properties where specific .

gravity was the most Important variable. For all cases, mechan-

ical properties increased as board specific gravity increased.

Furnish geometry, however, affected bending properties differently

than internal bond. The highest values for modulus of rupture

and elasticity were obtained with boards made with flakes 0.15-mm

thick and 24.5 or 50.8-mm long, or with particles 0.15-mm thick.

Maximum internal bond was obtained with flakes 0.41-mm thick and

of any length, or made with particles with a thickness equal or

greater than 0.41 mm.

Flake geometry for optimum linear expansion was generally

similar to the flake geometry required for higher values of Modulus

of rupture and modulus of elasticity but this geometry resulted

in poor thickness stability and low internal bond strength.

Selection of particle thickness for ,optimum linear expansion

also resulted in minimum thickness swelling and high values of

modulus of elasticity and modulus of rupture but low internal

bond strength.
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Except for thickness swelling at low relative humidity expo-

sure, optimum dimensional stability is associated with boards

of low density which result in low mechanical properties.

A joint optimum condition for linear expansion and thickness

swelling can be obtained without serious detrimental effect on

individual values of either dimensional property.
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APPENDIX A

TABLE A-1. PARTICLE DIMENSIONS

1Each number is an average of 100 particles.

111

Nominal
Thickness

(mm)

Length ± Stand. Dev.
(mm)

Width ± Stand. Dev.

(mm)

0.152 5.0 ± 3.21 0.7 ± 0.51

0.405 7.1 4.5 1.2 1.0

0.660 10.5 4.9 1.9 0.8

0.914 12.5 5.4 1.8 0.8



APPENDIX A-2

List of variables included in the regression analyses obtained

by combining furnish length, thickness, and width. Dimensional

units are in cm and density is in gr/cm3.

1 - Slenderness ratio = LIT

2 - Surface area = 2(LxT + LxW + TxW)

3 - Flake or particle weight = LxTxWxWSG

4 - Surface area by weight = 2(LxT + LxW + TxW)/(LxTxWxWSG)

5 - Number of flakes or particles per cm3 of board =

BSG/(LxTxWxWSG)

6 - Amount of resin in grams per flake or particle =

0.05/(LxTxWxWSG)

7 - Amount of resin in grams per m2 =

[2x0.05(LxT + LxW + TxW)/(LxTxWxWSG)] x 10,000

where:

BSG = board density

L = flake or particle length

T = flake or particle thickness

W = flake or particle width

WSG = wood density
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APPENDIX B

TABLE B-1. EFFECT OF PARTICLE AND FLAKE GEOMETRY AND RESIN TYPE ON LINEAR EXPANSION OF PARTICLE-
BOARD AND FLAKEBOARD (% OF THE ORIGINAL VALUE).

SAWHT = Surface Area by Weight; SR = Slenderness Ratio; UF = Urea Formaldehyde; PP = Phenol
- Formaldehyde.

Each value is an average Of nine specimens.

Particle-Flake Geometry Linear Expansion Stand. Dev.01

Length
(mm)

Thickness
(mm)

SAWHT
gr/cm2 SR

32°C130% RH to 21°C/65% RH 21°C/65% RH to 32°C/80% RH
UF PF UF PF

PARTICLEBOARD
5.080 0.152 394 33 0.114 ± 0.015 0.091 ± 0.006 0.079 ± 0.009 0.048 ± 0.004

7.112 .405 191 18 .136 .015 .116 .011 .146 .031 .071 .016

10.414 .660 106 16 .118 .018 .136 .020 .108 .029 .077 .024

12.446 .914 85 13 .110 .013 .110 .020 .120 .027 .083 .018

FLAKEBOARD
12.700 .152 326 83 .114 .010 .120 .018 .079 .015 .062 .015

.405 126 31 .137 .019 .128 .016 .118 .027 .097 .025

.660 79 19 .124 .008 .130 .006 .146 .019 .126 .026

.914 59 14 .179 .015 .152 .009 .220 .025 .149 .042

25.400 .152 324 167 .092 .010 .106 .013 .066 .020 .049 .019

.405 124 63 .100 .009 .109 .014 .077 .012 .073 .018

.660 78 38 .106 .010 .102 .021 .086 .019 .072 .018

.914 58 28 .130 .011 .126 .019 .149 .032 .104 .036

50.800 .152 323 333 .104 .010 .108 .012 .071 .033 .051 .020

.405 123 125 .097 .012 .101 .011 .070 .013 .041 .023

.660 77 77 .108 .014 .100 .013 .076 .029 .054 .023

.914 57 56 .106 .016 .096 .014 .077 .024 .050 .018



TABLE B-2. EFFECT OF SPECIFIC GRAVITY ON LINEAR EXPANSION, THICKNESS SWELLING AND WATER ADSORPTION
OF PARTICLEBOARD AND FLAKEBOARD (% OF THE ORIGINAL VALUE).

Nominal
Specific 32°C/30% RH to 21°C/65% RH 21°C/65% RH to 32°C/80% RH
Gravity LE ± s.d. TS ± s.d. WA ± s:d. LE ± s.d. TS ± s.d. WA ± s.d.

PARTICLEBOARDot

LE = Linear Expansion; TS = Thickness Swelling; WA = Water Adsorption; s.d. = Standard Deviation

ctEach value is an average of 24 specimens.

Each value is an average of 72 specimens.

0.533 0.115 ± 0.020 2.108 ± 0.353 3.655 ± 0.246 0.073 ± 0.023 7.043±1.179 5.451±0.299

0.656 .109 .018 2.134 .316 3.361 .222 .092 .034 8.391 1.311 5.419 277

0.779 .125 .021 2.135 .316 3.390 .213 .111 .039 8.646 1.172 5.292 254

FLAKEBOARDP.

0.533 .119 .024 1.898 .283 3.472 .261 .073 .040 6.113 0.989 5.564 .306

0.656 .114 .024 2.142 .508 3.320 .218 .089 .049 7.929 1.339 5.531 .412

0.779 .114 .023 1.831 .415 3.057 .217 .109 .046 8.450 2.393 5.384 .495



TABLE 3-3. EFFECT OF PARTICLE AND FLAKE GEOMETRY AND RESIN TYPE ON THICKNESS SWELLING OF
PARTICLEBOARD AND FLAKEBOARD (% OF THE ORIGINAL VALUE).

Particle-Flake Geometry Thickness Swelling ± Stand. Dev.a
Length
(mm)

Thickness
(mm)

SAWHT

gr/cm2 SR
32°C/30% RH to 21°C/65% RH 21°C/65% RH to 32°C/80% RH

UF PF UF PF

PARTICLEBOARD
5.080 0.152 394 33 2.164 ± 0.224 1.738 ± 0.158 8.627 ± 0.784 6.034 ± 0.900
7.112 .405 191 18 2.455 .217 2.287 .206 9.582 .935 6.916 .811

10.414 .660 106 16 1.917 .123 2.522 .118 8.133 1.024 6.941 .782
12.446 .914 85 13 1.990 .164 1.932 .318 8.708 .991 7.728 .744

FLAKEBOARD
12.700 .152 326 83 1.514 .155 1.732 .227 6.090 .341 5.438 .528

.405 126 31 1.802 .427 1.942 .287 6.298 1.069 6.923 1.159

.660 79 19 1.885 .172 2.045 .360 7.452 1.003 8.122 1.810

.914 59 14 2.239 .227 2.207 .178 7.688 1.252 7.584 1.393

25.400 .152 324 167 2.008 .445 1.958 .295 8.478 2.272 7.948 2.206
.405 124 63 1.323 .251 1.794 .378 6.123 1.145 7.035 1.331
.660 78 38 1.789 .202 1.822 .373 6.985 1.054 6.495 .538
.914 58 28 2.502 .973 2.217 .226 8.044 2.058 8.813 2.013

50.800 .152 323 333 2.153 .562 1.936 .370 9.364 4.505 7.505 2.531
.405 123 125 2.262 .305 1.734 .518 9.516 1.460 6.419 1.326
.660 77 77 1.899 .235 2.134 .256 6.979 .815 8.519 1.854
.914 57 56 1.989 .343 2.075 .171 7.556 1.108 8.564 1.170

SAWHT = Surface Area by Weight; SR = Slenderness Ratio; CF = Urea Formaldehyde; PF = Phenol
Formaldehyde.

aEach value is an average of nine specimens.



TABLE B-4. EFFECT OF PARTICLE AND FLAKE GEOMETRY AND RESIN TYPE ON WATER ADSORPTION OF PARTICLE-
BOARD AND FLAKEBOARD (% OF THE ORIGINAL VALUE).

SAWHT = Surface Area by Weight; SR = Slenderness Ratio; UF = Urea Formaldehyde; PF = Phenol
Formaldehyde.

Each value is an average of nine specimens.

Particle-Flake Geometry Water Adsorption ± Stand. Dev.a
Length
(mm)

Thickness
(mm)

SAWHT
gr/cm2 SR

32°C/30% RH to 21°C/65% RH 21°C/65% RH to 32°C/80% RH
UF PF UF PF

PARTICLEBOARD
5.080 0.152 394 33 3.293 ± 0.238 3.392 ± 0.221 5.024 ± 0.234 5.261 ± 0.187
7.112 .405 191 18 3.426 .226 3.504 .213 5.377 .060 5.720 .101

10.414 .660 106 16 3.246 .098 3.764 .178 5.261 .319 5.590 .093
12.446 .914 85 13 3.376 .223 3.511 .153 5.355 .229 5.511 .258

FLAKEBOARD
12.700 .152 326 83 3.010 .120 3.368 .322 4.740 .092 5.412 .358

.405 126 31 3.179 .258 3.278 .111 5.130 .188 5.623 .244

.660 79 19 3.118 .142 3.343 .205 5.399 .348 5.806 .340

.914 59 14 3.440 .310 3.639 .149 5.304 .235 5.751 .097

25.400 .152 324 167 3.186 .198 3.364 .374 5.244 .199 5.610 .236
.405 124 63 2.847 .165 3.260 .356 5.101 .162 5.633 .471
.660 78 38 3.050 .131 3.298 .264 5.299 .220 5.390 .405
.914 58 28 3.119 .180 3.532 .137 5.771 .239 6.090 .224

50.800 .152 323 333 3.174 .218 3.320 .216 5.652 .513 5.554 .389
.405 123 125 3.377 .218 3.313 .376 5.750 .174 5.501 .294
.660 77 77 3.238 .305 3.549 .221 5.158 .500 5.943 .326
.914 57 56 3.299 .368 3.413 .156 5.339 .420 5.627 .195



TABLE B-5. EFFECT OF PARTICLE AND FLAKE GEOMETRY AND RESIN TYPE ON THE ADSORPTION EQUILIBRIUM
MOISTURE CONTENT OF PARTICLEBOARD AND FLAKEBOARD.

UF = Urea Formaldehyde; PP = Phenol Formaldehyde.

aEach value is an average of nine specimens.

Furnish Geometry Equilibrium moisture content ± Stand. Dev, (%)a
Length
(mm)

Thickness
(mm)

18% 45%
UF PF UF PF

PARTICLEBOARD
5.080 0.152 5.415 0.355 4.754 ± 0.251 7.682 ± 0.330 7.188 ± 0.266
7.112 .405 5.204 .127 4.735 .183 7.603 .133 7.220 .182

10.414 .660 5.300 .105 4.881 .135 7.692 .128 7.379 .150
12.446 .914 5.297 .153 4.810 .337 7.688 .172 7.261 .208

FLAKEBOARD
12.700 .152 5.151 .192 4.727 .130 7.385 .228 7.107 .212

.405 5.227 .103 4.652 .084 7.554 .142 7.125 .080

.660 5.077 .209 4.623 .059 7.360 .182 7.067 .088

.914 5.067 .254 4.695 .111 7.569 .125 7.227 .121

25.400 .152 5.125 .174 4.693 .274 7.538 .202 7.049 .413
.405 5.120 .083 4.630 .134 7.369 .131 7.001 .206
.660 5.294 .301 4.671 .158 7.626 .403 7.057 .188
.914 5.037 .128 4.675 .070 7.385 .166 7.135 .120

50.800 .152 5.368 .523 4.659 .137 7.721 .487 7.096 .155
.405 5.268 .227 4.759 .346 7.658 .296 7.087 .515
.660 5.159 .179 5.015 .129 7.570 .246 7.511 .216
.914 5.103 .072 4.789 .162 7.471 .140 7.973 .237



TABLE B-5, continued:

Furnish Geometry Equilibrium moisture content ± Stand. Dev. Ma
Length Thickness 73% 93%

(mm) (mm) UF PF UF PF

PARTICLEBOARD

UF = Urea Formaldehyde; PF = Phenol Formaldehyde.

Each value is an average of nine specimens.

5.080 0.152 14.467 + 0.637 13.948 ± 0.284 28.461 + 1.023 30.123 + 0.433

7.112 .405 14.762 .312 14.356 .238 27.295 0.312 30.352 .415

10.414 .660 14.677 .299 14.465 .311 27.268 .491 30.313 1.226

12.446 .914 14.578 .249 14.370 .316 27.895 .369 28.890 .606

FLAKEBOARD
12.700 .152 13.680 .494 13.685 .524 27.018 .550 27.929 .674

.405 13.872 .531 14.224 .363 27.242 .400 27.359 .310

.660 13.892 .309 14.370 .163 26.791 .677 27.165 .987

.914 14.491 .222 14.749 .151 27.414 .176 27.630 .242

25.400 .152 14.289 .314 14.217 .577 28.006 .591 28.532 .435

.405 13.740 .574 13.977 .521 26.788 .279 27.864 .361

.660 14.104 .637 14.050 .378 27.869 .761 27.059 .583

.914 14.379 .422 14.613 .255 27.683 .273 27.709 .951

50.800 .152 14.514 .524 14.080 .393 27.771 .877 28.740 .588

.405 15.102 .579 13.943 .944 28.284 .537 28.184 .682

.660 14.144 .555 14.781 .419 27.213 .328 29.045 .880

.914 14.310 .514 14.465 .486 26.963 .346 28.530 .406



TABLE B-6. EFFECT OF PARTICLE AND FLAKE GEOMETRY AND RESIN TYPE ON THE DESORPTION EQUILIBRIUM
MOISTURE CONTENT OF PARTICLEBOARD AND FLAKEBOARD.

UF = Urea Formaldehyde; PP = Phenol Formaldehyde.

aEach value is an average of nine specimens.

Furnish Geometry Equilibrium moisture content ± Stand. Dev. (%)a
Length Thickness
(mm) (mm)

73% 45% 18%

UF PF UF PF UF PF

PARTICLEBOARD
5.080 0.152 17.964 ± 0.156 17.841 ± 0.284 9.655 ± 0.062 9.760 ± 0.142 5.287 ± 0.050 5.353 ± 0.145

7.112 .405 17.532 .133 17.896 .158 9.607 .054 9.722 .182 5.238 .048 5.230 .192

10.414 .660 17.726 .334 18.044 .135 9.662 .108 9.890 .068 5.267 .126 5.397 .050

12.446 .914 17.814 .070 17.819 .152 9.704 .054 9.650 .056 5.322 .031 5.219 .041

FLAKEBOARD
12.700 .152 17.132 .172 17.443 .272 9.437 .020 9.606 .110 5.173 .023 5.267 .071

.405 17.833 .118 17.631 .116 9.688 .121 9.742 .016 5.279 .124 5.289 .043

.660 17.394 .102 18.030 .091 9.540 .064 9.713 .099 5.262 .076 5.262 .083

.914 17.914 .283 17.941 .076 9.819 .066 9.770 .222 5.370 .048 5.300 .037

25.400 .152 18.114 .192 17.791 .267 9.862 .129 9.818 .096 5.361 .072 5.263 .042

.405 17.494 .143 17.618 .245 9.700 .069 9.654 .092 5.370 .057 5.263 .054

.660 18.016 .261 17.682 .156 9.869 .137 9.748 .106 5.398 .078 5.367 .204

.914 17.828 .143 17.806 .125 9.738 .057 9.780 .031 5.308 .026 5.278 .020

50.800 .152 17.865 .245 17.830 .125 9.902 .138 9.704 .108 5.466 .0126 5.258 .050

.405 18.222 .181 17.648 .573 9.905 .077 9.702 .232 5.398 .072 5.282 .077

.660 17.810 .188 18.447 .219 9.837 .059 10.071 .067 5.345 .081 5.436 .039

.914 17.868 .131 18.407 .120 9.823 .067 9.937 .043 5.397 .032 5.332 .053



TABLE B-7. EFFECT OF PARTICLE AND FLAKE GEOMETRY AND RESIN TYPE ON WATER ADSORPTION OF PARTICLE-
BOARD AND FLAKEBOARD (% OF THE ORIGINAL VALUE).

UF = Urea Formaldehyde; PF = Phenol Formaldehyde.

clEach value is an average of nine specimens.

Furnish Geometry Water adsorption ± Stand. Dev. (%)a
Length Thickness

(mm) (m)
18% to 45% 45% to 73% 73% to 93%

UF PF UF PF UF PF

PARTICLEBOARD
5.080 0.152 2.267 ± 0.084 2.433 ± 0.035 6.785 ± 0.471 6.761 ± 0.068 13.995 ± 0.796 16.175 ± 0.632

7.112 .405 2.398 .045 2.484 .045 7.159 .197 7.174 .166 12.533 .086 15.996 .394

10.414 .660 2.392 .054 2.498 .055 6.986 .233 7.086 .240 12.591 .535 15.851 1.119
12.446 .914 2.391 .052 2.452 .153 6.891 .153 7.109 .135 13.316 .377 14.520 .377

FLAKEBOARD
12.700 .152 2.235. .046 2.380 .092 6.222 .293 6.577 .331 13.410 .275 14.243 .215

.405 2.327 .072 2.472 .063 6.318 .430 7.099 .321 13.370 .374 13.135 .280

.660 2.282 .036 2.444 .039 6.533 .174 7.304 .126 12.898 .840 12.795 .923

.914 2.502 .230 2.532 .018 6.922 .158 7.522 .085 12.923 .321 12.881 .200

25.400 .152 2.413 .058 2.401 .160 6.751 .197 7.122 .222 13.717 .358 14.315 .296

.405 2.249 .093 2.377 .131 6.371 .466 6.969 .344 13.049 .661 13.881 .273

.660 2.333 .110 2.386 .110 6.478 .297 6.933 .248 13.765 .218 13.009 .162

.914 2.348 .068 2.460 .080 6.994 .299 7.478 .188 13.304 .633 13.096 .999

50.800 .152 2.354 .127 2.437 .182 6.793 .717 6.985 .287 13.257 .999 14.660 .494

.405 2.238 .109 2.327 .182 7.444 .414 6.856 .461 13.182 .543 14.241 .412

.660 2.298 .112 2.496 .116 6.687 .329 7.269 .246 13.069 .459 14.264 .838

.914 2.368 .098 2.433 .111 6.838 .467 7.243 .297 12.654 .459 14.071 .702



TABLE B-8. EFFECT OF PARTICLE AND FLAKE GEOMETRY AND RESIN TYPE ON WATER DESORPTION OF PARTICLE-
BOARD AND FLAKEBOARD (% OF THE ORIGINAL VALUE).

UF = Urea Formaldehyde; PF = Phenol Formaldehyde.

aEach value is an average of nine specimens.

Furnish Geometry
93% to 73%

Water Desorption ± Stand. Dev. (%)0
73% to 45% 45% to 18%Length Thickness

(mm) (mm) UF PF UF PF UF PF

PARTICLEBOARD

5.080 0.152 10.767 ± 0.891 12.282 ± 0.640 8.040 ± 0.103 8.081± 0.151 4.368 ± 0.041 4.407 ± 0.024

7.112 .405 9.763 .206 12.457 .377 7.925 .095 8.174 .106 4.369 .041 4.492 .029

10.414 .660 9.542 .377 12.272 1.125 8.064 .230 8.154 .078 4.394 .033 4.492 .031

12.446 .914 10.103 .415 11.072 .565 8.110 .090 8.168 .104 4.382 .049 4.431 .020

FLAKEBOARD

12.700 .152 9.886 .411 10.484 .424 7.695 .173 7.837 .166 4.264 .035 4.339 .040

.405 9.409 .390 9.727 .215 8.145 .089 7.890 .115 4.409 .020 4.453 .042

.660 9.396 .670 9.135 .949 7.854 .064 8.316 .098 4.278 .031 4.452 .035

.914 9.495 .240 9.689 .191 8.100 .233 8.171 .203 4.449 .051 4.471 .221

25.400 .152 9.742 .443 10.741 .314 8.352 .088 7.973 .180 4.501 .105 4.555 .086

.405 9.295 .344 10.246 .181 7794 .107 7.964 .161 4.330 .029 4.395 .043

.660 9.853 .568 9.377 .257 8.147 .165 7.934 .078 4.471 .072 4.381 .167

.914 9.855 .359 9.903 .863 8.090 .101 8.026 .115 4.429 .039 4.502 .027

50.800 .152 9.906 .694 10.910 .499 7.963 .129 8.126 .091 4.436 .034 4.446 .095

.405 10.061 .378 10.536 .204 8.318 .119 7.945 .344 4.506 .017 4.421 .160

.660 9.404 .225 10.597 .702 7.972 .135 8.377 .177 4.492 .076 4.635 .047

.914 9.096 .238 10.130 .439 8.045 .074 8.469 .134 4.425 .044 4.605 .026



aEach value is an average of five specimens.

TABLE B-9. EFFECT OF PARTICLE AND FLAKE GEOMETRY ON ADSORPTION EQUILIBRIUM MOISTURE CONTENT.

Furnish Geometry
Equilibrium moisture content Stand. Dev. (%)aLength

(mm)

Thickness
(mm) 18% 45% 73% 93%

PARTICLES
5.080 0.152 4.464 ± 0.235 8.323 ± 0.199 15.696 ± 0.132 28.092 ± 0.512
7.112 .405 4.669 .134 8.563 .111 16.011 .189 28.076 .363

10.414 .660 4.764 .060 8.678 .090 16.049 .133 27.539 .292
12.446 .914 4.893 .122 8.716 .110 15.012 .210 28.377 .898

PARTICLES
12.700 .152 4.216 .285 7.858 .282 14.963 .354 27.096 1.123

.405 3.943 .139 7.656 .129 15.111 .170 26.316 .275

.660 3.883 .192 7.581 .195 14.834 .247 26.133 .438

.914 3.603 .156 7.410 .199 14.673 .176 26.162 .205

25.400 .152 3.482 .161 7.230 .142 14.513 .212 26.662 .455
.405 3.453 .299 7.226 .325 14.537 .375 26.023 .528
.660 3.732 .096 7.660 .102 14.899 .121 26.504 .170
.914 3.460 .194 7.296 .194 14.645 .329 26.193 .302

50.800 .152 3.933 .328 7.471 .312 14.618 .468 26.277 .597

.405 3.707 .153 7.593 .169 14.905 .143 26.760 .229

.660 3.714 .255 7.548 .248 14.954 -352 26.789 1.248

.914 3.415 .260 7.113 .284 14.470 '.331 26.222 .328



TABLE B-10. EFFECT OF PARTICLE AND FLAKE GEOMETRY ON DESORPTION
EQUILIBRIUM MOISTURE CONTENT.

Furnish Equilibrium content ± Stand. Dev.moisture

clEach value is an average of five specimens.
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Geometry

(%)aLength Thickness
(mm) (mm) 73% 45% 18%

PARTICLES
5.080 0.152 18.472 ± 0.177 10.001 ± 0.098 5.379 ± 0.186
7.112 .405 18.678 .267 10.056 .098 5.545 .540

10.414 .660 18.517 .159 10.059 .016 5.340 .080
12.446 .914 18.725 .166 10.092 .151 5.394 .118

FLAKES
12.700 .152 17.444 .354 9.226 .262 4.587 .283

.405 17.783 .190 9.498 .146 4.722 .110
.660 17.571 .240 9.261 .174 4.610 .150
.914 17.432 .149 9.131 .189 4.379 .154

25.400 .152 17.454 .228 9.162 .216 4.587 .250
.405 17.214 .527 8.916 .358 4.271 .316
.660 17.739 .138 9.337 .124 4.588 .047
.914 17.318 .231 9.004 .252 4.339 .199

50.800 .152 17.224 .395 9.150 .292 4.568 .252
.405 17.641 .174 9.373 .128 4.610 .158
.660 17.717 .338 9.390 .282 4.621 .265
.914 17.075 .258 8.902 .220 4.259 .247



Furnish Geometry

aEach value is an average of five specimens.
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TABLE B-11. EFFECT OF PARTICLE AND FLAKE GEOMETRY ON WATER
ADSORPTION.

Length
(Mm)

Thickness
(mm)

Water adsorption ± Stand. Dev. (%)a
18% to 45% 45% to 73% 73% to 93%

PARTICLES
5.080 0.152 3.859 ± 0.060 7.373 ± 0.115 12.397 ± 0.563
7.112 .405 3.894 .053 7.448 .081 12.065 .347

10.414 .660 3.914 .058 7.370 .107 11.491 .357

12.446 .914 3.823 .049 7.196 .110 12.465 .931

FLAKES
12.700 .152 3.642 .037 7.104 .090 12.134 1.229

.405 3.713 .042 7.455 .056 11.206 .268

.660 3.698 .063 7.254 .108 11.299 .296

.914 3.808 .054 7.263 .074 11.489 .318

25.400 .152 3.743 .035 7.283 .083 12.148 .265

.405 3.773 .050 7.311 .056 11.486 .255

.660 3.869 .045 7.299 .042 11.605 .147

.914 3.835 .034 7.349 .153 11.548 .246

50.800 .152 3.539 .048 7.146 .213 11.660 .276

.405 3.886 .026 7.311 .051 11.856 .100

.660 3.834 .053 7.406 .117 11.836 1.003

.914 3.698 .050 7.363 .096 11.754 .643
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TABLE B-12. EFFECT OF PARTICLE AND FLAKE GEOMETRY ON WATER
DESORPTION.

Furnish Geometry
Length Thickness Water desorption ± Stand. Dev. (%)a

(lEach value is an average of five specimens.

(mm) (mm) 93% to 73% 73% to 45% 45% to 18%

PARTICLES
5.080 0.152 9.621 ± 0.597 8.471± 0.169 4.623 ± 0.158

7.122 .405 9.398 .350 8.622 .299 4.511 .464

10.414 .660 9.023 .328 8.457 .138 4.720 .047

12.446 .914 9.653 .812 8.632 .287 4.698 .047

FLAKES
12.700 .152 9.652 1.260 8.218 .139 4.640 .055

.405 8.533 .264 8.284 .062 4.777 .090

.660 8.562 .310 8.310 .227 4.652 .063

.914 8.730 .264 8.302 .096 4.752 .058

25.400 .152 9.208 .241 8.292 .127 4.582 .197

.405 8.809 .198 8.298 .191 4.645 .058

.660 8.765 .101 8.402 .120 4.749 .112

.914 8.875 .290 8.314 .060 4.664 .063

50.800 .152 9.054 .263 8.073 .172 4.583 .119

.405 9.120 .208 8.268 .095 4.763 .062

.660 9.073 .992 8.326 .091 4.769 .024

.914 9.154 .536 8.174 .064 4.643 .033



Nominal
Specific Equilibrium moisture content ± Stand. Dev. (%)(1

Gravity 18% 45% 73% 93%

ADSORPTION
0.53 5.113 ± 0.359 7.527±0.322 14.558±0.402 28.120±1.173

0.66 4.966 .266 7.389 .242 14.349 .446 28.007 1.131

0.78 4.826 .276 7.166 .281 13.958 .613 28.815 1.003

DESORPTION
0.53 5.324 .134 9.773 .165 17.880 .165

0.66 5.322 .087 9.771 .147 17.872 .318

0.78 5.295 .083 9.707 .157 17.707 .372

clEach value is an average of 96 specimens.
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TABLE 8-13. EFFECT OF SPECIFIC GRAVITY ON THE OVERALL EQUILIB-
RIUM MOISTURE CONTENT.



Nominal
Specific Water sorption ± Stand. Dev. (%)
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TABLE B-14. EFFECT OF SPECIFIC GRAVITY ON WATER ADSORPTION AND
DESORPTION OF PARTICLEBOARD AND FLAKEBOARD.

Gravity 18% to 45% 45% to 73% 73% to 93%

ADSORPTION

Particleboard-

1-Each value is an average of 24 specimens.

2Each value is an average of 72 specimens.

0.533 2.403 ± 0.129 7.082 ± 0.324 14.325 ± 1.713
.656 2.428 .087 6.999 .206 14.486 1.549

.779 2.413 .072 6.886 .240 14.306 1.421

Flakeboard2

.533 2.418 .090 7.014 .377 13.308 0.784

.656 2.422 .129 6.946 .441 13.383 .749

.779 2.315 .137 6.761 .576 13.708 .717

DESORPTION

Particleboard

.533 4.433 .065 8.129 .176 11.184 1.341

.656 4.408 .065 8.117 .108 11.102 1.303

.779 4.410 .040 8.023 .122 11.051 2.857

Flakeboard

.533 4.455 .109 8.100 .172 9.925 .715

.656 4.463 .110 8.097 .229 9.813 .639

.779 4.413 .125 7.991 .296 9.878 .666
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TABLE B-15. EFFECT OF SPECIFIC GRAVITY ON MODULUS OF RUPTURE,
MODULUS OF ELASTICITY, AND INTERNAL BOND OF
,FLAKEBOARD AND PARTICLEBOARD.

Nominal
Specific Mechanical Properties ± Stand. Dev. (MPa)

Gravity MOR MOE IB

PARTICLEBOARD

MOR = Modulus of Rupture; MOE = Modulus of Elasticity; IB =
Internal Bond.

1, 2, 3' 4Each value is an average of 16, 32, 48, and 96 specimens
respectively.

0.533 15.12 1.911 913.75 112.191 .47 .152

.656 23.96 3.61 1312.00 171.29 .65 .21

.779 31.19 4.41 1595.50 190.24 .33 .23

FLAKEBOARD

0.533 21.36 8.603 1328.83 459.653 .49 .164

.656 30.11 8.71 1643.39 360.00 .60 .19

.779 36.11 9.50 1972.49 366.30 .64 .23



TABLE B-16. EFFECT OF FURNISH GEOMETRY ON THE MODULUS OF RUPTURE, MODULUS OF ELASTICITY AND
INTERNAL BOND OF FLAKEBOARD AND PARTICLEBOARD.

MOR = Modulus of Rupture; MOE = Modulus of Elasticity; IB = Internal Bond; SAWTH = Surface Area by
Weight; SR = Slenderness Ratio.

clEach value is an average of 12 specimens; 'Each value is an average of 24 specimens.

Particle-Flake Geometry
Mechanical Properties ± Stand. Dev. (MPa)Length

(mm)

Thickness
(mm)

SAWTH
gr/cm2 SR MOR MOE IB

PARTICLEBOARDa
5.080 0.152 394 33 27.49 ± 9.04 1453.35 + 403.06 0.35 0.11
7.112 .405 191 18 23.49 7.04 1190.28 291.33 .75 .22

10.414 .660 106 16 22.67 6.05 1256.28 258.69 .80 .18
12.446 .914 85 13 20.05 6.28 1195.23 289.16 .79 .21

FLAKEBOARD(3
12.700 .152 326 83 32.44 9.20 1755.29 419.29 .56 .22

.405 126 31 26.55 6.21 1508.44 272.35 .72 .12

.660 79 19 20.45 6.30 1317.29 359.44 .65 .12

.914 59 14 15.10 6.12 1047.62 322.41 .60 .14

25.400 .152 324 167 40.74 5.82 2243.36 383.36 .29 .09

.405 124 63 34.42 9.04 1781.05 314.15 .72 .15

.660 78 38 26.59 6.97 1550.90 252.33 .66 .10

.914 58 28 20.21 5.75 1274.43 320.72 .57 .06

50.800 .152 323 333 40.73 12.46 2275.96 421.85 .20 .09
.405 123 125 37.86 6.23 1924.77 300.33 .71 .19
.660 77 77 31.00 7.82 1658.26 270.66 .69 .08

.914 57 56 26.73 5.26 1548.77 210.52 .53 .09



APPENDIX C

TABLE C-1. ANALYSIS OF VARIANCE FOR FLAKES AND PARTICLES WATER
SORPTION BETWEEN A RELATIVE HUMIDITY OF 18% AND 45%.
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LTH = Flake Length or Particle; TKN = Thickness; SC = Sorption
Condition.

Source DF SS MS F-Ratio Significance

LTH 3 0.0510 0.169 1.40 NS

TKN 3 0.344 0.114 9.43 P < .01

LTH*TKN 9 0.415 0.0461 3.80 .01

Whole Plot Error 64 0.777 0.0121

SC 1 31.695 31.696 2749.01 .01

SC*LTH 3 0.304 0.101 8.79 P < .01

SC*TKN 3 0.0160 0.00532 0.46 NS

SC*LTH*TKN 9 0.136 0.0151 1.31 NS

Sub-Plot Error 64 0.738 0.0115



131

TABLE C-2. ANALYSIS OF VARIANCE FOR FLAKES AND PARTICLES WATER
SORPTION BETWEEN A RELATIVE HUMIDITY OF 45% AND 73%.

LTH = Flake Length or Particle; TKN = Thickness; SC = Sorption

Condition.

Source DF SS MS F-Ratio Significance

LTH 3 0.871 0.290 14.49 P .01

TKN 3 0.387 0.129 6.42 P < .01

LTH*TKN 9 0.311 0.0346 1.73 NS

Whole Plot Error 64 1.283 0.0200

SC 1 42.596 42.596 2411.59 .01

SC*LTH 3 0.451 0.150 8.51 .01

SC*TKN 3 0.0313 0.0104 0.59 NS

SC*LTH*TKN 9 0.342 0.0380 2.15 .01 < P < .01

Sub-Plot Error 64 1.130 0.0177
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TABLE C-3. ANALYSIS OF VARIANCE FOR FLAKES AND PARTICLES WATER
SORPTION BETWEEN A RELATIVE HUMIDITY OF 73% AND 93%.

LTH = Flake Length or Particle; TKN = Thickness.; SC = Sorption
Condition..

Source DF SS MS F-Ratio Significance

LTH 3 7.189 2.396 4.11 P < .01

TKN 3 6.312 2.104 3.61 .01 < P < .05

LTH*TKN 9 6.410 0.712 1.22 NS

Whole Plot Error 64 37.729 0.583

SC 1 291.713 291.713 18772.31 13 < .01

SC*LTH 3 0.107 0.0355 1.96 NS

SC*TKN 3 0.00271 0.000904 0.058 NS

SC*LTH*TKN 9 0.480 0.0533 3.429 P < .01

Sub-Plot Error 64 9.945 0.0155
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TABLE C-4. ANALYSIS OF VARIANCE FOR PARTICLEBOARD AND FLAKE-
BOARD WATER SORPTION BETWEEN A RELATIVE HUMIDITY
OF 18% AND 45%.

RT = Resin Type; LTH = Flake Length or Particle; TKN = Flake/
Particle Thickness; SG = Specific Gravity; SC = Sorption
Condition.

Whole Plot Error = Pool of Higher Order Interactions.

Sub-Plot Error = Pool of Higher Order Interactions.

Source DF SS MS F-Ratio Significance

RT 1 0.838 0.838 39.67 P < .01
LTH 3 0.180 0.0599 2.84 .01 < P < .05
TKN 3 0.292 0.0972 4.60 P < .01

SG 2 0.432 0.216 10.22 P < .01

RT*LTH 3 0.0597 0.0199 0.94 NS

RT*TKN 3 0.0474 0.0158 0.75 NS

RT*SG 2 0.0330 0.0165 0.78 NS

LTH*TKN 9 0.945 0.105 4.97 P < .01
LTH*SG 6 0.203 0.0339 1.60 NS

TKN*SG 6 0.0858 0.0143 0.68 NS

Whole Plot Error 57 1.211 0.0213
SC 1 601.580 601.850 62872.20 P < .01

RT*SC 1 0.0347 0.0347 3.60 NS

LTH*SC 3 0.339 0.113 11.82 P < .01

TKN*SC 3 0.0202 0.00672 0.70 NS

SG*SC 2 0.0598 0.0299 3.13 01 < P < .05

Sub-Plot Error 86 0.823 0.00957
Sub-Sampling Error 384 1.954 0.00509



RT = Resin Type; LTH = Flake Length or Particle; TKN = Flake/
Particle Thickness; SG = Specific Gravity; SC = Sorption
Condition.

Whole Plot Error = Pool of Higher Order Interactions.

Sub-Plot Error = Pool of Higher Order Interactions.
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TABLE C-5. ANALYSIS OF VARIANCE FOR PARTICLEBOARD AND FLAKE-
BOARD WATER SORPTION BETWEEN A RELATIVE HUMIDITY
OF 45% AND 73%.

Source DF SS MS F-Ratio Significance

RT' 1 5.630 5.630 26.82 P < .01
LTH 3 2.652 0.884 4.21 P < .01
TKN 3 4.926 1.642 7.82 P,< .01
SG. 2 3.190 1.595 7.60 P < .01
RT*LTH 3 1.527 0.509 2.42 NS
RT*TKN 3 1.812 0.604 2.88 .01 < P < .05
RT*SG 2 0.011 0.00571 0.03 NS
LTH*TKN 9 6.381 0.709 3.38 P < .01
LTH*SG 6 0.134 0.224 0.11 NS

TKN*SG 6 1.746 0.291 1.39 NS

Whole Plot Error 57 11.970 0.210
SC 1 187.730 187.730 1327.33 P < .01
RT*SC 1 2.657 2.657 18.79 P < .01
LTH*SC 3 0.142 0.473 0.33 NS

TKN*SC 3 1.134 0.378 2.67 NS

SG*SC 2 0.421 0.206 1.45 NS

Sub-Plot Error 86 12.126 0.141
Sub-Sampling Error 384 13.056 0.0340
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TABLE C-6. ANALYSIS OF VARIANCE FOR PARTICLEBOARD AND FLAKE-
BOARD WATER SORPTION BETWEEN A RELATIVE HUMIDITY

RT = Resin Type; LTH = Flake Length or Particle; TKN = Flake/
Particle Thickness; SG = Specific Gravity; SC = Sorption
Condition.

Whole Plot Error = Pool of Higher Order Interactions.

Sub-Plot Error = Pool of Higher Order Interactions.

OF 73% AND 93%.

Source DF SS MS F-Ratio Significance

RT 1 126.918 126.918 63.87 P < .01

LTH 3 129.885 43.295 21.78 P < .01

TKN 3 51.087 17.029 8.57 P <.01
SG 2 0.930 0.465 0.23 NS

RT*LTH 3 102.069 34.023 17.12 P < .01

RT*TKN 3 8.769 2.923 1.47 NS

RT*SG 2 0.292 0.146 0.07 NS

LTH*TKN 9 7.227 0.803 0.40 NS

LTH*SG 6 7.500 1.250 0.62 NS

TKN*SG 6 9.000 1.500 0.75 NS

Whole Plot Error 57 113.259 1.987 --
SC 1 1795.28 1795.28 11567.73 P <.01
RT*SC 1 0.663 0.663 4.27 .01 < P < .05

LTH*SC 3 1.869 0.623 4.01 P < .01

TKN*SC 3 0.870 0.290 1.86 NS

SG*SC 2 4.322 2.161 13.93 P <.01
Sub-Plot Error 86 13.330 0.155 --

Sub-Sampling Error 384 47.616 0.124



TABLE C-7. ANALYSIS OF VARIANCE FOR FLAKES AND PARTICLES
AN 18 PERCENTEQUILIBRIUM MOISTURE CONTENT AT
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LTH = Flake Length or Particle; TKN = Thickness; SC = Sorption
Condition.

RELATIVE HUMIDITY EXPOSURE.

Source DF SS MS F-Ratio Significance

LTH 3 28.041 9.347 107.66 P < .01

TKN 3 0.941 0.314 3.62 .01 < P < .05

LTH*TKN 9 1.854 0.206 2.38 .01 < P < .05

Whole Plot Error 64 5.555 0.0868

SC 1 24.237 24.237 1852.10 P < .01

LTH*SC 3 0.369 0.123 9.37 P < .01

TKN*SC 3 0.0589 0.0196 1.50 NS

LTH*TKN*SC 9 0.796 0.0884 6.75 .01

Sub-Plot Error 64 0.838 0.0131



TABLE C-8. ANALYSIS OF VARIANCE FOR FLAKES AND PARTICLES
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LTH = Flake Length or Particle; TKN = Thickness; SC = Sorption
Condition.

EQUILIBRIUM MOISTURE CONTENT AT A 45 PERCENT

RELATIVE HUMIDITY EXPOSURE.

Source DF SS SS F-Ratio Significance

LTH 3 29.928 9.976 121.20 P < .01

TKN 3 0.107 0.358 4.35 P < .01

LTH*TKN 9 2.205 0.245 2.98 P < .01

Whole Plot Error 64 5.267 0.0823

SC 1 111.367 111.367 31735.94 P < .01

LTH*SC 3 0.555 0.185 52.72 P < .01

TKN*SC 3 0.0158 0.00526 1.50 NS

LTH*TKN*SC 9 0.569 0.0632 18.0141 P < .01

Sub-Plot Error 64 0.225 0.00351
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LTH = Flake Length or Particle; TKN 7 Thickness; SC = Sorption
Condition.

TABLE C-9 ANALYSIS OF VARIANCE FOR FLAKES AND PARTICLES
EQUILIBRIUM MOISTURE CONTENT AT A 73 PERCENT
RELATIVE HUMIDITY EXPOSURE.

Source DF SS MS F-Ratio Significance

LTH 3 39.999 13.333 103.41 P .01

TKN 3 1.992 0.664 5.15 P < .01

LTH*TKN 9 2.547 0.283 2.20 P <.01

Whole Plot Error 64 8.256 0.129

SC 1 291.713 291.713 18772.32 P < .01

LTH*SC 3 0.0915 0.0305 1.97 NS

TKN*SC 3 0.00271 0.00904 0.58 NS

LTH*TKN*SC 9 0.478 0.0533 3.43 P < .01

Sub-Plot Error 64 0.992 0.0155



TABLE C-10. ANALYSIS OF VARIANCE FOR FLAKES AND PARTICLE
EQUILIBRIUM MOISTURE CONTENT AT A 93 PERCENT
RELATIVE HUMIDITY EXPOSURE.

LTH = Flake Length or Particle; TKN = Thickness.
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LTH 3 76.644 25.548 39.92 P < .01

TKN 3 2.316 0.772 1.12 NS

LTH*TKN 9 12.277 1.1419 2.06 NS

Whole Plot Error 64 44.288 0.692

Source DF SS MS F-Ratio Significance
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TABLE C-11. ANALYSIS OF VARIANCE FOR PARTICLEBOARD AND FLAKE-
EQUILIBRIUM MOISTURE CONTENT AT AN 18-BOARD

RT = Resin Type; LTH = Flake Length or Particle; TKN = Flake or
Particle Thickness; SG = Specific Gravity; SC = Sorption
Condition.

Whole Plot Error = Pool of Higher Order Interactions.

Sub-Plot Error = Pool of Higher Order Interactions.

PERCENT RELATIVE HUMIDITY EXPOSURE.

Source OF SS MS F-Ratio Significance

RT 1 8.760 8.760 134.27 P < .01

LTH 3 0.942 0.314 4.82 P < .01

TKN 3 0.234 0.0781 1.20 NS

SG 2 2.394 1.197 18.35 P < .01

RT*LTH 3 0.0417 0.0139 0.21 NS

RT*TKN 3 0.0306 0.102 1.57 NS

RT*SG 2 0.0362 0.0181 0.27 NS

LTH*TKN 9 0.481 0.0534 0.82 NS

LTH*SG 6 0.470 0.0784 1.20 NS

TKN*SG 6 0.419 0.0698 1.07 NS

Whole Plot Error 57 3.316 0.0652

SC 1 17.179 17.179 560.89 P .01

RT*SC 1 6.875 6.875 224.48 P <.01

LTH*SC 3 0.630 0.210 6.85 P < .01

TKN*SC 3 0.0780 0.0260 0.85 NS

SG*SC 2 1.604 0.802 26.18 P < .01

Sub-Plot Error 86 2.631 0.0306

Sub-Sampling Error 384 3.496 0.00910
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TABLE C-12. ANALYSIS OF VARIANCE FOR PARTICLEBOARD AND FLAKE-
BOARD EQUILIBRIUM MOISTURE CONTENT AT A 45 PERCENT
RELATIVE HUMIDITY EXPOSURE.

RT = Resin Type; LTH = Flake Length or Particle; TKN = Flake or
Particle Thickness; SG Specific Gravity; SC = Sorption

Condition.

Whole Plot Error = Pool of Higher Order Interactions.

Sub-Plot Error = Pool of Higher Order Interactions.

Source DF SS MS F-Ratio Significance

RT 1 4.179 4.179 38.67 P < .01

LTH 3 1.884 0.628 5.81 P < .01

TKN 3 0.474 0.158 1.46 NS

SG 2 4.546 2.273 21.03 P < .01

RT*LTH 3 0.194 0.0648 0.42 NS

RT*TKN 3 0.567 0.189 0.60 NS

RT*SG 2 0.0904 0.0452 1.75 NS

LTH*TKN 9 1.710 0.190 1.76 NS

LTH*SG 6 0.894 0.149 1.38 NS

TKN*SG 6 0.325 0.0541 0.50 NS

Whole Plot Error 57 6.156 0.108

SC 1 82.240 82.240, 32973:80 P .01

RT*SC 1 5.933 5.933 237.91 P < .01

LTH*SC 3 13.662 4.554 18.28 P < .01

TKN*SC 3 0.0333 0.0111 0.45 NS

SG*SC 2 2.094 1.047 42.01 P < .01

Sub-Plot Error 86 2.141 0.0249

Sub-Sampling Error 384 3.993 0.0104
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TABLE C-13. ANALYSIS OF VARIANCE FOR PARTICLEBOARD AND FLAKE-
BOARD EQUILIBRIUM MOISTURE CONTENT AT A 73 PERCENT

RELATIVE HUMIDITY EXPOSURE.

RT = Resin Type; LTH = Flake Length or Particle; TKN = Flake or
Particle Thickness; SG = Specific Gravity; SC = Sorption
Condition.

Whole Plot Error = Pool of Higher Order Interactions.

Sub-Plot Error = Pool of Higher Order Interactions.

Source DF SS MS F-Ratio Significance

RT 1 0.108 0.108 0.24 NS

LTH 3 8.994 2.998 6.74 P < .01

TKN 3 7.242 2.414 5.45 P < .01

SG 2 15.302 7.651 17.27 P < .01

RT*LTH 3 2.220 0.740 1.67 NS

RT*TKN 3 4.335 1.445 3.27 .01< P < .05

RT*SG 2 0.0834 0.0419 0.09 NS

LTH*TKN 9 11.286 1.254 2.83 .01< P < .05

LTH*SG 6 1.374 0.229 0.52 NS

TKN*SG 6 2.028 0.338 0.76 NS

Whole Plot Error 57 25.251 0.443

SC 1 179.590 179.590 11577.77 P < .01

RT*SC 1 0.649 0.649 4.18 .01< P < .05

LTH*SC 3 1.830 0.610 3.94 .01< P < .05

TKN*SC 3 8.496 2.832 1.83 NS

SG*SC 2 4.366 2.183 14.07 P < .01

Sub-Plot Error 86 13.330 0.155

Sub-Sampling Error 384 21.0432 0.0548
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RT = Resin Type; LTH = Flake Length or Particle; TKN = Flake or
Particle Thickness; SG = Specific Gravity.

Whole Plot Error = Pool of Higher Order Interactions.

TABLE C-14. ANALYSIS OF VARIANCE FOR PARTICLEBOARD AND FLAKE-
BOARD EQUILIBRIUM MOISTURE CONTENT AT A 93 PERCENT
RELATIVE HUMIDITY EXPOSURE.

Source DF SS MS F-Ratio Significance

RT 1 134.622 134.622 46.03 .01

LTH 3 179.928 59.976 20.51 P <.01

TKN 3 22.992 7.664 2.62 NS

SG 2 9.134 4.576 1.56 NS

RT*LTH 3 86.661 28.867 9.87 .01

RT*TKN 3 3.558 1.176 0.40 NS

RT*SG 2 0.392 0.196 0.06 NS

LTH*TKN 9 22.788 2.532 0.87 NS

LTH*SG 6 8.148 1.358 0.46 NS

TKN*SG 6 14.748 2.458 0.84 NS

Whole Plot Error 57 166.668 2.924
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Figure D-1. Scatter diagram of the natural logarithm of flakeboard thickness swelling
versus the regression residual.
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APPENDIX D-2

Regression equations relating the natural logarithm of the

modulus of rupture of flakeboard and particleboard to furnish

geometry and board specific gravity.

a - Flakeboard

ln(M0E) = 6.1369 + 0.02341 x LTH - 0.0002821 x LTH2 -

0.566 x TKN + 1.6300 x SG

R2 = 0.825

Sy.x = 0.129

b - Particleboard

ln(M0E) = 5.197 + 0.1389 x LTH - 1.5923 x TKN + 2.3372 x SG

R2 = 0.882

Sy.x = 0.291

where:

ln(M0E) = natural logarithm of Modulus of elasticity

LTH = furnish length

TKN = furnish thickness

SG = board specific gravity
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APPENDIX E
L;4

PROGRAM AIF(INPUE,OUIPUT)
REAL LENGTH

01DALFt1000000.
1ENOTNt9.75
DENSITY=.45
THICKNt.10
DO 300 1=1,2
ECtI-1

PO 200 1=1,2

THICKN=.10
PO 100 J=1,16

THICKN=THICHN+.05
RI=L4TRICKN

1KN3=1/FICAN*03

LENGTNt9.75
PO 100 11=1,14

' IENGINtLENGTH+3.

SAUTN.TTITLENotHofHICKN)+(LENGTH*25.4)+(INICNNP25.4))*0.02)/F
1 LENGIH*TNICKN*25.440.000411)41HICKN
DENSITY=.45
PO 50 K-=1,10

DENSITT=DENSITY+.05

ALFALE= -.322139 -.0307703*EC -.01948154THICIA 4.011915V*DENSITY
1 .00589986*EKTO -.005973954,U +.00711183*SAUTH -.002680484L0EC +
2 .00821746+1HICKN*EC + .01665604PENSIFT4Ec
IFIALFALE .01. OLDALF/ GO TO 100
OLPALF=ALFALE

50 CONTINUE
100 PRINT 150,EC,L,TNICKN,LENOTN,DENSITY,ALFALE
150 FORMATTI3.0,13,F6.3,F8.3,F6.3,F15.10/

OLDALFt1000000.
200 CONIINUE
300 CONIINUE

STOP
END

-END OF FILE-
?

E-1. Fortran program; gives increments to flake length, thickness, and board specific
gravity and calculates linear expansion of flakeboard.



14*
PROoRAM XLMTSIINPUT,OOTPOTT
REAL LENOTH,LNUA,LNIS
EE=299./110.
LENS 111r9.15
DENSITY=.45
THICKH=.10
DO 300 1=1,2
EC=I-1
DO 200 L=1,2
THICKN=.10
DO 100 J=1,16
TNICKN=1HICKM+.05
RT.L*THICKN

LENSDO100 11=1,14
LENGTN=LEMOTH.I.J.

SAUTN=m(LENGIN*THICKH)+ILENGTH*25.41+ITNICKN*25.4))*0.02)/(
1 1ENGTH*25.4*0.00041*THICKNIT
DENSITY=.45
DO 50 K=1,10
DENSITY=PENSITY+.05

1NUA=1.30541+.262002*EC+.064842141-.5036*PENSITY4.000740109*
1 LENOTIUTNICKN +.08427?0*TNICKN*TNICKN+.365402*DENSITT*EC
UA=EE**LNUA

(NTS=-2.18186 + .159439*EC -.222803*L +.000348805*SM/1N +
1 .166683*111 + .934354441A -.0686379*UA*UA +.290003*UA*DENSITY
X=EE**LNIS
PRINT 150,EC,1,THICKN,LENOTN,DENSITY,UA,X

150 FORMATIF3.0,13,F6.3,F8.3,F6.3,2F15.101
50 CONTINUE

100 CONTINUE
200 CONTINUE
300 CONTINUE

STOP

END

-END OF FILE-
T

E-2. FOrtran program; gives increments to flakes length, thickness, and board specific
gravity and calculates thickness swelling and water adsorption of flakeboard.



L;s
PROGRAM ALFP(INPUT,OUTPUT)
REAL LENGTH

OLDALF=1000000.
LENGTH=4.0

DENSITY=.45
THICRN=.10
PO 300 1=1,2
EC=1-1

00.200 L=1,2
THICKN=.10
DO 100 J=1,17

THICKN=IHICKN4.05
R1=1*THICKN
LENGTH=4.0
DO 100 1i=1,H

LENGTH=LENG1H+1.

SR=LENGTH/THICKN
DENSITY= .41

PO 50 N=1,10

DENSITYsOENSITY+.05

A1FALE=0.0410546-.00634227*L-.0T9623sTHICKN +0.0245473*DENSITY-
1 0.000449641*(SR/1.0)+.0065764*R1-.00735478*1*EC-
2 0.000263*SR*EC

1F(ALFALE .GT. OLDALF) GO ro ioo
OLDALF=ALFALE

50 CONTINUE
100 PRINT 150,EC,L,THICKN,LE4OTH,DENSI1Y,ALFALE
150 FORMATIT3.0,13,F6.3,F8.3,F6.3,F15.10)

OLPALF=1000000.
200 CONtINUE
300 CONTINUE

STOP
END

-END OF FILE-

E-3. Fortran program; gives increments to particle length, thickness, and board specific
gravity and calculates linear expansion of particleboard.



PRO6RAM YTNIPTINPUTOUTPUI/
REAL tENGTN,LNUA,LNIP
EE=247,/110,
LENOTI1=4.00

PENSITY=.40
THICKN=.10
DO 300 I=1,2

EC= I-1

PO 200 1=1,2
TNICKN=.10

PO 100 J=1,17

THICKN=THICKN+.05
LENGTH=4.00
PO 100 ?1,--1,E1

LENOTH=LEN611441.

SR=LENOIN/THICKM
DENSITY=.40
PO 50 g=1,10

PENSITY=DENSITY4.05
LNUA=1.31458+.449935*E00.0551832*L-.171408*DENSITY-.00252434*SR
UA=EE**LOUA

LITIP=.8441,77+1.05384*EC-.750043*L-.635758*L*EC+.474712*PENSITy4
I EC4.196341*uma1
X=EE**LNIP

PRINT 150,EC,L,INICKN,LEN0TN,PENSITY,UA,X
150 F0RMAT(F3.003,F6.3,F13.3,E6.3,2F15.10)
50 CONTINUE
100 CONIINUE
200 CONTINUE
300 CONTINUE

STOP

END

-END OF FILE-

E-4. Fortran program; gives increments to particle length, thickness and board specific
gravity and calculates thickness swelling of particleboard.




