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(ABSTRACT) 

The area of penetratfon of phenol-formaldehyde resin Into aspen 

<Popul us tremu I of des) and Doug I as-f Ir CPseudostuga menz Jes I I> f I akes, 

and the I ayer propert I es of ye II o« pop I ar CL Ir I odendron tu I Ip If era> 

f I akeboard were Invest I gated to determ I ne ho« they were Inf I uenced by 

var lous press Ing parameters. The evenness of penetrat Ion was found to 

be a funct I on of the natural var I ab 11 lty of the wood and was not 

Influenced by the pressing parameters of temperature, moisture content, 

pressure, or t lme. These four parameters were found to r nf I uence the 

area of penetration by control I Ing the vlscosfty and flow of the resfn. 

The temperature, gas pressure, and p I aten pressure h I story at any 

particular plane through a flakeboard panel thickness were found to be 

d I rectl y and Interact Ivel y determ I ned by the press r ng parameters of 

platen temperature, Initial mat moisture content, and press closing 

time. The specific gravity profile was observed to be a function of the 

press closing time while platen temperature and the mat moisture content 

Influenced the amount of sprlngback which the panel exhibited. 

Layer-shear and the corresponding specific gravity at a particular plane 



were found to be s J m 11 ar I y dependent on env J ronmenta I h J story. The 

I ayer-shear strength Increased cons I stentl y toward the surface of the 

panel and exhibited a lower coefficient of variation nearer the surface. 
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INTRODUCTION 

The utll lzatlon of timber resources of decreasing size and qual lty 

has proven a sl gn If leant cha I I enge to the forest products lndustr Jes. 

The development of non-veneer structural panels (NVSP) has been 

fostered, In part, by various competitive advantages, such as the 

utll lzatlon of a '°" value timber resource. An additional advantage for 

the NVSP Industry Is available from reduced shipping costs as a result 

of locating manufacturing facll ltles nearer residential markets. 

Locating facll !ties In proximity to these markets requires that present 

technology be expanded to utll lze the species which are readily 

available In the particular region. 

Further development of NVSP has lead to reducing costs of production 

and I mprov Ing product performance through the des I gn of products and 

more efficient utll lzatlon of the wood and resin. The adhesive 

component generally constitutes about 25 to 30 percent of the total 

material cost of NVSP. The efficient utilization of the materials, 

therefore, requires a greater understanding of the adhesion process In 

these panels. 

The process of hot-pressing NVSP can be described using the 

principles of heat, mass, and momentum transfer. The process Is 

mathematically complex and difficult to model, though some progress has 

been made In this respect (Harless et al., 1987). The measurement of 

the real-time pressing environment at various layers through a mat 

provides essential empirical data to relate such conditions to the 

process of adhesion and the subsequent bond strength. 
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NVSP fs used extensively fn residential construction as sheathing 

and roofing. In these appl fcatfons, the most critical performance 

characteristics of the panel are the bending strength and stiffness. 

The method of transformed cross sections based on the vertical density 

gradient can be used to model NVSP fn bending. The adequacy of using 

this technique fs dependent on the abfl tty to measure the vertical 

property dfstrfbutlon through the panel. An expanded understanding of 

the formation of both the density gradient and the mechanical property 

dfstrfbutfon as influenced by the local environment created by various 

combinations of pressing parameters will provide the information 

necessary to manufacture panels to meet specific mechanfcal requirements 

with the efficient utll fzatfon of materials. 



OBJECTIVES 

The overal I goal of this Investigation was to provide experimental 

data and techniques which wll I facll ltate the efficient engineering 

design of structural flakeboard. Four objectives contributed to this 

overal I goal. The ffrst objective was to determfne whether hot-pressfng 

parameters affect the penetratfon of phenol-formaldehyde resrn Jnto thfn 

wood flakes. The pressfng parameters examfned were platen temperature, 

platen pressure, rnrtrat flake mofsture content, and pressfng tfme. 

The second objectfve was to determine ff the pressfng parameters and 

the local envfronmental condftfons created durfng hot-pressing affect 

the layer-shear strength and specfffc gravfty at varrous layers through 

the panel thickness. The third objective was to establ Jsh an emplrlcal 

relatronshfp between layer-shear strength and the local speclffc gravity 

Jn flakeboard panels. The forth objective was to determfne If In srtu 

res In penetrat I on was re I ated to I ayer-shear strength In structura I 

flakeboard. The pressfng parameters of platen temperature, lnltfal mat 

moisture content, and press closing time; and the local lzed temperature, 

gas pressure, and p I aten pressure h I story were exam r ned. 

3 



LITERATURE REVIEW 

Wood Adhesion 

Bateup (1981) def lned adhesion science as the study of molecular 

forces between bodies and the prediction of adhesive-Joint strength from 

the magnitude of these forces. He further defined adhesion on a 

molecular level as the state In which an Interface Is formed between two 

bodies such that the molecular forces across the Interface resist 

interfaclal separation. Our present understanding of adhesion Is well 

represented by the absence of a un Ivers al theory of adhes Ion. The 

actual mechanism of adhesion probably Is very different In many systems 

and most of these mechanisms are not fully understood. 

Three main theories have been proposed to account for the phenomenon 

of adhesion CBateup, 1981). The first Is the adsorption theory of 

adhesion. 

and van 

adhesion. 

theory. 

The adsorption mechan Ism requ I res good lnterfac I al contact 

der Waals Interactions are bel leved to be sufficient for 

A second preva I ent theory Is the mechan I ca I Inter I ock Ing 

This theory provides for adhesion on porous or rough substrate 

surfaces. Increased dlfflculty Is encountered In wetting such surfaces 

due to the uneven topography. The third adhesion theory Is the 

diffusion theory. This results from lnterdlffuslon across the substrate 

surface, and Is dependent on molecular mobll lty and mutual solubll lty. 

Two mechanisms are argued to provide for the largest proportion of 

the adhesion of wood surfaces. Mechanical adhesion or mechanlcal 

Interlock Ing Is facll ltated by the lnterdlffuslon of the adhesive Into 

4 
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the porous structure of the wood substrate. The second mechanism which 

Bateup (1981) Identifies as contributing significantly to wood adhesion 

Is chemlsorptlon. Chemlsorptlon attributes adhesion to chemical 

Interactions such as, covalent or hydrogen bonding, dlpolar Interactions 

and dispersion forces. Chemlsorptlon Is similar to the adsorption 

theory but provides for the Interaction of addltlonal chemical bonding 

forces. The actual mechanism of wood adhesion Is probably a balance of 

these two component mechan Isms. The rel at Ive ba I ance of one mechan Ism 

versus the other being dependent upon many characteristics of both the 

wood substrate and the adhesive. 

Blomquist (1981) described an adhesive as a substance capable of 

holdlng materials together by surface attachment. The adhesion system 

can be represented us Ing a 5-1 Ink ana I ogy. L Inks 1 and 5 are the 

adherend, I Inks 2 and 4 are the adherend-adheslve lnterphase, and I Ink 3 

Is the adhesive. The chain analogy Is also dlrectly appl !cable to the 

mechanics of the bond. The entire bond Is only as strong as the weakest 

I Ink. The lnterphase regions of the chain analogy are further divided 

Into various I Inks by the relative concentration of the adhesive 

present. The five I Ink analogy ls only a slmpl lfled representation of 

the major regions of the adhesive Interface. 

The formation of an adhesive bond Involves several steps. The 

adhes Ive must f I rst wet and spread on the substrate to prov I de for 

adequate surface coverage. The Internal strength of the adhesive must 

then be establ !shed to ensure permanency of the bond. Processes which 

provide for the development of the adhesive strength Include: solvent 

drying, hot melt or fuslbll lty (thermoplastlclty), pressure appl !cation, 
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and chemical reaction. 

Bryant (1977) Indicated the necessity for an adhesive to penetrate 

to the I eve I of sol Id I y attached f I bers to tac 11 ltate adequate wood 

ad hes I on. At th Is depth., the adhes Ive must then adhere to the wood 

substrate by specif le adhesion or secondary valence forces. In most 

wood/adhesive systems., the adhesive Is considered to be stronger than 

the wood component. The wood or some area w Ith In the wood/adhes Ive 

I nterphase shou I d therefore prove to be the weak I Ink In the cha In 

analogy mentioned previously. 

Bryant ( 1977) al so Ind lcated that wood fracture., whether through 

fa 11 ure or mach In Ing., cou Id be character !zed us Ing two fa 11 ure 

mechanisms. If wood fractures between fibers., the fracture Is described 

as lntrawal I or lntracel lular. If wood fractures within the fiber., the 

fracture Is described as transwal I fracture. Transwal I fracture may 

occur paral lei., perpendicular., or at some angle to the axis of the 

f I ber. These two mechan Isms of fa II ure expose d I ff erent chem I ca I and 

topographical surfaces whlch Interact dlfferently In both chemlsorptlon 

and mechanical Interlocking. 

When wood experlences lntracel lular fracture., the middle lame! la Is 

exposed. ThJs provides a surface rich In I lgnln. When transwal I 

fracture occurs., two surfaces are exposed. Depending on the locatlon of 

the fracture., more or I ess of both the eel I wal I and the I umen are 

exposed. Exposure of the eel I wal I provides a surface rich ln orlented 

eel lulose but poor In I lgnln. Conversely., the lumen surface Is rich In 

I I gn In-type compounds but poor In ce I I u I ose content. The exposure of 

the hygroscopic cellulose should provlde for greater mechanical 
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Interlocking and greater resin penetration with aqueous resin systems. 

The exposure of hydrophobic I lgnln surfaces should reduce the extent of 

mechanfcal Interlocking due to reduced penetrabil fty. 

Substrate Surface 

The surface of a wood substrate has a sfgnfffcant fnfluence on the 

adhes fon process. Burrows ( 1961) used var r ous I I ght m r croscopy 

technfques to observe resin efffcfency fn partfcleboard manufacture. 

The ffndfngs from hfs fnvestfgatfon fndfcated that the depth of damage 

on flakes was only one to two cells regardless of the mofsture content 

of the wood at the tfme of flakfng. He hypothesfzed that the mechanism 

of adhesfon fn partfcleboard was a 'spot weld' phenomenon rather than a 

contfnuous thfn ff Im. He assoc fated a smoother surface wfth better 

res r n eff r c r ency. Reduced eff r c r ency was observed to resu It I arge I y 

from faflures and mfcrocracks fn the surface of the flakes. 

Koran and Vasfshth (1972) completed a sfmf lar study of plywood 

gluel fnes usfng scannfng electron mfcroscopy (SEM) technfques and shear 

ply tests. They found that a rough wood surface and hfgh mof sture 

content resulted fn low values fn shear ply tests. Jokerst and Steward 

(1976) obtafned sfmflar results fn observfng that the wood substrate 

surface sfgnfffcantly effects the qual fty and durabfl fty of the adhesfve 

Jofnt. Low shear ply values were attrfbuted to the uptake of resfn fnto 

capfl larfes exhlbfted on rough surfaces. Low shear ply values obtafned 

from high mofsture content specfmens were bel feved to result from 

overpenetrat r on of the res In due to decreased v r scos r ty. Dr I ed-out 
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gluel Ines were found to result from the lack of glue transfer, glue 

flow, wetting, and penetration. Al I of these phenomena were Indicative 

of a high resin viscosity. lntrawal I and paral tel transwal I fracture 

constituted roost of the failure surfaces. Perpendicular transwal I 

fracture was found to be rare. 

Slmllarly, WIison and Krahmer (1976) appl led SEM techniques to 

describe the failure surface and failure mechanism characteristic of 

I nterna I bond test spec I mens from part I c I aboard. Observat Ions of the 

failure surface revealed that the mlcro-charactertstlc fracture In 

particleboard Is similar to that observed In plywood. Again a 

relationship was found to exist between the Initial surface of the 

particles and the amount of transwall and lntrawall failure. Their 

observations Indicated that the mechanism of bonding, whether spot weld 

or continuous thin layer, Is dependent on the surface of the flakes as 

adherend. Additionally, they observed a relationship between decreased 

res In drop I et s lze and Increased res In eff le I ency measured as Internal 

bond. 

Wellons, et at. (1982) used SEM as well as tight and fluorescence 

microscopy In observing that the major zone of compressive fal I ure In 

hot pressed plywood occurred at or near the gluel lne. They also 

observed that many earlywood fibers located fn proximity to the gluel lne 

were saturated w Ith ad hes Ive. Latewood f I bers exh I b lted substant I al I y 

less compressive failures and consequently, reduced saturation with 

adhesive. Apparently, the f ll I Ing of the lumens with adhesive was 

related to the extent of eel I wall failures which would seem to provide 

an avenue for adhesive penetration. 



9 

Resin Penetration 

Several approaches have been used to examine resin penetration Into 

wood surfaces. Tarkow, et al. (1964, 1966) conducted two Investigations 

on the Interaction of wood with polymeric materlals. Using poly-vlnyl-

acetate (PVA) to determine the adsorption characteristics of sltka 

spruce, they concluded that wood exhibited a greater adsorption for 

polymers which had a greater capacity for hydrogen bonding. In the 

second study, they Investigated the relatlonshlp between the size of a 

molecule and the capacity of said molecule to penetrate the surface 

region of wood. The penetration of a series of poly-ethylene-glycol 

(PEG) compounds of increasing size was measured to determine the 

I imltlng size for penetration Into the eel I wal I of wood. They found 

that the I lmltlng size for penetration of a water soluble mater I al into 

green wood Is a PEG molecule with a molecular weight of 3000. This Is 

slgnlf leant In that the size of most phenol le resins Is less than the 

size of the I lmlting PEG-3000 compound, though molecular configurations 

also must be considered. 

Tarkow, et al. (1966) hypothesized that the void size In partially 

swollen wood may control penetration of resin Into the surface region. 

Add It ional I y, elevated temperatures were bel leved to Inf I uence 

penetration in two ways. Since resin penetration may be dependent on 

the void size, high temperatures increase the void size and 

consequently, Increase the amount or depth of penetration. Penetration 

may also be dependent to some degree on mlcromolecular motion. Again, 
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elevated temperatures Increase such motion and consequently would 

Increase penetration. 

Slau, et al. (1978) completed an Investigation related to Tarkow's 

study on the Interaction of polymers with wood. Using an Impregnation 

technique, they found that 0.88 fraction of the voids which existed 

before treatment were f 11 I ed dur Ing the lmpregnat I on process. From 

these results, they concluded that excel lent penetration Into wood was 

obtainable. The depth and amount of penetration was greatest In sapwood 

and Juvenile wood. 

In one of several Investigations which Stamm completed on the 

penetration of I !quids Into wood (1973), he concluded that longltudlnal 

penetration of hardwoods by water and toluene was almost Instantaneous. 

However, transverse penetration was found to be directly proportional to 

the square root of time. The empirical relatlonshlp that Stamm recorded 

was that the rate of longitudinal penetration was about 32.5 times that 

of the transverse penetration. 

W 11 son and Krahmer ( 1978) Invest I gated the corr el at I on of res In 

wetting and molecular weight (MW) distribution to Internal bond and MOR. 

Light microscopy photographs of phenol le and I lgno-sulfonate resin 

droplets yielded poor correlations to board strength. These results led 

to the conclusion that wetting Is not a sufficient condition for good 

bonding, and that adsorption and lnterdlffuslon were essential In the 

adhesion process. They also used refractometry and gel permeation 

chromatography (GPC) to characterize the molecular weight distribution 

of the resin at various pH conditions and resin viscosities. WIison and 

Khahmer (1978) found that as the viscosity was Increased at constant pH, 
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the average MW al so Increased. They al so found that as the pH was 

Increased at constant viscosity, the average MW Increased. When MW was 

correlated to Internal bond (1B), a significant relationship was 

observed. A higher average molecular weight yielded boards with higher 

1B values (r=0.905). The lower values of 1B recorded for the lower 

average molecular weight resins was attributed to overpenetratlon of the 

smaller molecules Into the wood substrate. This relationship was found 

to hold for the MW distribution as well. Resins with molecular weight 

distributions skewed towards higher values corresponded to boards with 

higher 1B values. Resins with more low and medium weight molecules 

corresponded to boards with lower 1B values. 

Several Investigators have made observations of the penetration of 

resin Into wood using various techniques. Smith and Cote canpleted a 

study (1971) of resin penetration Into the wood eel I wal I using scanning 

electron microscopy (SEM) and energy-dispersive X-ray analysts CEDAX). 

They found that the EDAX technique was useful for determining the depth 

of resin penetration only when the resin was tagged In some manner. 

Using this technique, they were able to Identify a resin concentration 

grad lent across the eel I wal I at the wood-adhes Ive lnterphase. The 

concentrat I on of res In was observed to be greatest In secondary wa I Is 

near I umens wh I ch were f 111 ed w Ith res In. The absence of the bran I ne 

tracer In the ml dd I e I amel I a Ind lcated that res In probab I y did not 

penetrate In this region. Penetration was also found to be deeper In 

the earlywood eel I wal Is than In the latewood eel I wal Is. 

Hare and Kutscha ( 1973) observed shal I CM penetration of phenol le 

resin used In bonding thin wood pl Jes. Overpenetratlon was found to 
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reduce shear-ply values. The penetration which did occur was primarily 

Into wood failures. The researchers bel laved that the strongest bonds 

developed when penetration was I lmlted to the depth necessary to 

re I nforce damaged f I bers. Max Im I z Ing the contact surf ace was be I I eved 

to be of paramount Importance. They found that the adhes Ive shou Id 

penetrate and make contact with the wal Is of the lumens to maximize the 

contact surface. They also hypothesized that the evenness of 

penetration may wel I be as Important as the depth of penetration In 

providing high qua! lty glue! Ines with the most eff lclent use of the 

adhesive. 

White, et al. (1977) found that the penetration of resin Into 

southern pine earlywood was more extensive than the penetration Into 

latewood of the same species. Consequently, a low bond strength was 

found to exist between latewood surfaces (White, 1977). Sign If leant 

penetration was also observed Into the rays. Observations were 

facll ltated by tagging the resin with branlne and subsequently taking 

serial sections parallel to the gluel lne, the depth of penetration was 

determined using neutron activation analysis CNAA). White, et al. 

( 1977) suggested that the branlne used to tag the resin may have been 

I I berated to sane extent during the curing process. The branlne has a 

high vapor pressure at roan temperature and may therefore diffuse Into 

the wood more readily than the resin. 

Gallob, et al. (1985) Investigated the relationship between the 

characteristics of PF resins and the performance of the adhesive. 

Plywood specimens were made using different ratios of neat resin, 

extender, and f 11 I er. They found that the percent wood fa 11 ure In 
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shear-ply specimens was related to the weight average molecular weight 

of the neat res Ins and the rel at Ive branch Ing of the adhes Ive. HI gh 

average mol ecu I ar we I ght ad hes Ives were found to reduce the va I ues 

obtained for the shear ply specimens. The reduced shear ply values were 

be I I eved to be assoc I ated w I th the poor f I ow pro pert I es character I st I c 

of h I gh mol ecu I ar we I ght molecules. Ad hes Ives w Ith a h I gh rel at Ive 

branch Ing Index were a I so found to reduce the values obta I ned In the 

shear p I y tests. This phenomenon was apparent I y due to the escape of 

moisture Into the wood substrate. 

The observation was made that when the resin Is mixed with extenders 

and fll lers, water Is trapped and the water loss properties associated 

with the neat resin are masked. Res Ins w Ith a I ow average mol ecu I ar 

weight and a low branching Index were found to be least sensitive to 

long assembly times. This was probably due to the abll ity to hold water 

and avoid dry-out. Additionally, fluorescent microscopy was used to 

examine the penetration characteristics of the different resin blends. 

Resins wh lch permitted the rapid escape of water were found to be 

def I c I ent In penetrat I on. Penetrat I on was restr I cted to a depth I ess 

than that necessary to anchor torn and damaged fibers. No relationship 

was observed between the resin gel time and the resin performance. 

Bolton, et al. {1985) used EDAX techniques In their study on the 

mlcrodlstrlbutlon of urea-formaldehyde resin. Their results showed a 

continuously varying pattern of resin concentration. They hypothesized 

that these results were Indicative of a thin continuous film In contrast 

to the generally supported theory that the mechanism of adhesion In 

non-veneer wood panels was a spot-weld phenomenon. Their results also 



14 

indicated that resin penetrated 2 to 3 cells Into wood in good qual lty 

chipboard. Included In these findings was evidence of the penetration 

of the resin Into eel I wal Is. The Investigators were unable to 

determine any systematic variation in the degree of penetration in the 

different eel I wal I layers. They were also unable to determine a 

mi crod i str i but I on d I fference wh I ch wou Id account for the I arge 

performance difference between phenol and urea based formaldehyde 

resins. 

Furuno, et al. (1983), and Youngquist, et al. (1987) used 

fluorescence microscopy to 

distribution in particleboard. 

evaluate various properties of resin 

Both studies indicated that fluorescence 

microscopy was an excel lent technique for the identification of phenol le 

resin. Furuno, et al. compared several other techniques, including SEM, 

and determined that fluorescence yielded better results in analyzing the 

characteristics of resin distribution than the other techniques. 

Resin Cure 

Phenol and formaldehyde in aqueous solution with NaOH dominates the 

plywood and much of the exterior particleboard/flakeboard Industries. 

Some of the reasons for this are the ease of processing, I C1tl cost 

relative to alternatives, minima! emissions from formaldehyde, common 

solvent (water), waterproof glue! lne, lnfuslbil ity, and durabil tty once 

cured. PF resins are a mixture of polymer molecules of different MW, 

shapes, and degree of substitution of methylol groups and methylene 

I inkages. Due to the variety of formulations which are synthesized, the 
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exact molecular structure of PF resins Is relatlvely unknown. Several 

Investigations have, however, provided a substantlal understanding of 

the Influence of various parameters on the curing of these resins. 

Chow and Muka I C 1972) stud I ed the degree of cure of phenol I c res In 

at high vapor pressure using the ultravlolet spectrum of the resin with 

water as a solvent. The degree of cure was found to be linearly related 

to the mo I sture content of the res In. A h I gher mo I sture content was 

found Indicative of a lower degree of cure. With the moisture content 

of the resin held constant, the time-temperature relationship to 80% 

cure was found to be curv 11 I near. As one m I ght expect, a I onger cure 

time was found to provide for a higher degree of cure. At low 

temperature, 100°C, the time required to achieve 80% cure Is dependent 

on amount of moisture present. At h lgh temperature, 140°C, the time 

requ I red for 80% cure was found to be I ess dependent on mo I sture 

content. 

P II I ar C 1966) conducted a study In efforts to descr I be the cur Ing 

process of resin. Using methods of free vibration and rate of strength 

development, the curing of resin was described In terms of two 

transition points. The gel transition was characterized by the 

ex I stence of an average of a sing I e cross I ink per mol ecu I e and the 

cessation of steady-state flow. The glass transition was characterized 

by the discontinuity of the thermal expansion coefficient. Glass 

transition involves the hardening of amorphous polymers and the onset of 

brittleness. Pit tar also Indicated that the three types of motion 

related to resin cure are: gross 

segmental motion (viscoelasticity), 

movement (Newtonian mechanics), 

and bond movement (Hooke's law 
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elasticity). 

Chow et al. C 1969) conducted an fnvestfgatfon Into the curing of 

res f n, us f ng a spectrophotometr f c techn f que to measure the degree of 

cure of a phenol formaldehyde resin. Chow found that below 212°F, 

polymerfzatfon of the particular PF resin was through a condensation 

reaction. As one might expect, the presence of preexisting moisture 

Inhibited the cure of the resin. A I lnear relatfonshfp was found to 

ex I st between percent wood fa I I ure f n shear and percent res In cure. 

This relatfonshfp was found to be curvfl fnear for wet strength samples 

tested for Internal bond. Addftfonally, the Influence of additives and 

extractfves was found to be negl fgfble. 

Chow (1977) used techniques of Infrared spectrometry, differential 

thermal analysis, and softening temperature fn describing the curing of 

resin using thermodynamic prlncfples. The curing of phenol-resorcfnol-

formaldehyde resin was found to occur fn two steps. The first step was 

an exothermic reaction which occurred below 85°C and resulted fn resin 

sol Id If fcatlon and f nftf al strength development. The second step was 

found to be an endothermic dehydration reaction which occurred above 

110°C. 

Chow and Caster (1978) observed that the softening temperature of an 

adhesive provided a good Indicator of bond durabll lty. A higher 

softening temperature was found to be Indicative of a durable bond. Of 

the resins Included fn the study on durabfl fty, phenol-formaldehyde and 

phenol-resorclnol-formaldehyde were found to possess the highest 

softening temperatures. Correspondingly, these were expected to exhibit 

the best bond durabfl lty properties. These findings have been supported 
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through the development of phenol -formaldehyde as the most des I rab I e 

resin In the manufacture of exterior plywood and non-veneer structural 

panels. 

In yet another study describing the resin curing process, Chow and 

Steiner (1979) used dlfferentlal scanning calorimetry (DSC) thermograms 

to character lze the thermodynamics of res In cure of the two types of 

phenol-formaldehyde resin commonly used In particleboard production. A 

novolac resin (formaldehyde to phenol ratio less than 1.0) was 

character lzed by an exothermic peak between 150 and 170°C. A resol 

resin (formaldehyde to phenol ratio greater than 1.0) was characterized 

by an endothermic peak between 135 and 160°C. Up to approximately 

135°C, both types of resin exhibited sfmflar thermograms with the resol 

consistently more endothermic. At about 175°C, the resol becomes 

exothermic and the novol ac becomes endothermic. These two peaks are 

hypothesized to be the points at which the resins developed their 

respective thermoset properties. Although the curing properties of a 

particular resin are most certainly Important fn the overall bond 

qual tty, the authors were unable to determine any significant difference 

manifested fn Internal bond or dimensional stabll tty tests. 

Ebewele, et al. (1982) also used dffferentlal scanning calorimetry, 

In addition to Infrared adsorption and gel permeation chromatography, In 

proposing a two stage curing mechanism tor phenol fc resin. The fnftfal 

step fn cure was bel feved to be formation of ether-I Inked polymers by 

condensation between two adjacent methylol groups. The second step In 

the curing process was bel Javed to follow one of two different 

mechanisms. The mechanism may continue by the spl fttfng of ether 
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br I dges to y lei d methy I ene br I dges, wh lch part I ally decompose to give 

phenol le aldehydes and methylated phenols. The alternative second step 

was bel leved to be the formation of qui none methldes. 

Resin Efficiency 

Burrows (1961) defined resin efficiency as the appl lcatlon of the 

m In I mum amount of adhes Ive to wood part I c I es w Ith resu It Ing opt I mum 

physical properties In a pressed particleboard. Clad (1967) found that 

efficient utlllzatlon of resin reduced the thickness swelling of high 

dens I ty C 45 pcf and h I gher) part I c I aboard. He a I so Ind I cated that 

greater eff lclency was promoted by greater compaction and Increased 

lnterpartlcle surface contact. 

Lehmann C 1965, 1968, 1970) conducted several Investigations Into 

factors affecting resin efficiency. Increased atomization and 

uniformity of distribution were found to Increase board modulus of 

rupture Ct-OR) 8-19% and Internal bond 25-42%. Better d I str !but Ion of 

resin was obtained with finer atomization, and resulted In stronger 

boards. Us Ing photoel ectr le ref I ect Ion photometry to estimate res In 

coverage, resin efficiency was found to be affected by degree of 

atomization, resin content, and board density. Internal bond was found 

to Increase with Increased resin content at the same appl teat Ion 

conditions. In addition, fine atomization yielded boards with the same 

strength properties using 19 to 28% less resin. 

Duncan (1974) refuted the existing theory that 'fines rob resin'. 

Duncan's theory was that It Is the coarser particles which actually 
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reduce resin efficiency. WIison and HIii (1978) quantified this 

observat r on when they found that coarser part r c I es rece Ive a 

disproportionate amount of resin, equal to eight times that distributed 

on the smallest fraction of partfcles. 

In a related Investigation, HIii and WIison (1978) made observations 

concern r ng the r nf I uence of un r form r ty of res r n d r str r but Jon on panel 

strength. It was stated that blendfng Is one of the most Important 

steps r n the format r on of part r c I eboard because of the r nf I uence wh r ch 

rt exhibits In cost and qual fty of the ffnal product. The Ideal 

s ftuat Ion rs one r n wh r ch the smal I est amount of res r n can be used r n 

covering the largest area whf le establ fshfng an adequate bond. The 

coarse fraction of partfcles were found to absorb 5.9 times more resin 

than the fine fraction of partfcles. The authors suggested that 

separating partfcles through screening may facfl ftate the appl fcatfon of 

an even amount of resin to each fraction. 

Hot-Pressing 

The Interactions of resf n and wood with heat, moisture, and time 

have been described by several Investigators. These Interactions 

exh r b rt rel atrvel y sf mpl e rel atr onsh rps cons r der Ing the rn rtr al 

complexfty of the resin and wood components. The hot-pressing process 

rs used to consol fdate these two components with the appl (cation of heat 

and pressure over time. The Interactions between the envlronmental 

factors and the two components are comp I r cated by the hot-press Ing 

process. 
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In a study on Douglas-frr flakeboard, Strckler (1959) found that the 

rate of heat penetration Into a flakeboard mat rncreases with a higher 

lnltlal mat moisture content, with rncreased surface MC, and with 

Increased rnltlal platen pressure. lncreasrng the surface MC was .also 

found to Increase the 11,{)R, 11,{)E, and thickness swell rng characterlstrcs 

of the pane I and decrease I nterna I bond. Low In It I a I pressures were 

found to require longer close times and facl I ltate a more uniform 

density proflle throughout the board. Low rnltlal pressure was also 

found to Increase the Internal bond and shear values. 

An Investigation of the factors which Influence the density 

drstrlbutron In flakeboard was conducted by Suchsland (1962). He 

concluded that the effects of temperature and moisture content on mat 

compresslbrl rty were responslble for the formatron of a densrty grad rent 

through the board thrckness. Heat transfer rs facrl rtated marnly 

through the movement of steam rnward to the cooler regions of the board. 

Temperature and morsture content reduce the wood's resrstance to 

compression and hence, densrf rcatron occurs rn the surface sooner and 

under less pressure than It occurs In the core. 

Smrth (1982) observed the compression characterrstrcs of aspen 

waferboard. The results of thrs rnvestlgatron rndlcate that the densrty 

of the aspen f I akes In a 42.5 pcf board are 1. 75 tr mes the dens rty of 

the unpressed f I akes. Bod r g C 1963) found that a pressure of 1100 to 

1400 psr was requrred to densrfy sol rd wood to a factor of 1.2 Its 

orrgrnal density rn a cold press. When one compares these two 

rndependent f Ind lngs, rt rs obv rous that the appl rcatron of heat has a 

s I gn If r cant effect on the p I ast r c I zat I on of wood. The phenomenon of 
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wood flow Is believed to be facilitated not only by heat but also by 

moisture. Heat and moisture provide for the plastlclzatlon of wood and 

therefore, greater possible denslflcatlon. 

Sm Ith C 1982) further descr I bed the process of pressure app I I cat I on 

during hot pressing as a failure-type mechanism. The most dense 

portions of the wood support the pressure until the combination of heat 

and pressure cause the wood to fall and flow, thereby redistributing the 

stress concentration. The failure Is bel leved to be within the eel I 

wall In the form of transwall or lntrawall fall ures. In his 

Investigation, Smith found that short closing times produced a 

characteristic U-shaped density distribution through the thickness of 

the board. In this case, the center or some plane very near the center 

of the board was found to be the least dense plane. As the closing time 

was serially Increased, the density prof I le became more uniform. At 

very long press closing times, It was possible to produce boards which 

possessed an M-shaped density profile. In a board with such a profile, 

the Inter I or of the board may be more dense than the surf ace of the 

board. The Internal bond, bending strength, and steam dissipation are 

al I related to the density prof I le. The rate of core temperature rise 

was found to Increase w I th an Increase In the board dens I ty and a 

corresponding decrease In press closing time. Contrary to expectations, 

the 1B values Increased with a decrease In press closing time. A I lmlt 

was found to exlst In the rate of press closing. 

rate became counterproductive In that stresses 

lnabll lty of steam to escape. 

At some po Int, the 

built up from the 

Geimer, et al. (1972) concluded that moisture movement during hot 
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pressing was Inhibited by the larger partl_cles In tlakeboard. It was 

hypothesized that the majority of moisture movement In a tlakeboard mat 

was around and between partlcles and not through them. In a slmllar 

study Denlsov, et al. (1975), presented findings from an Investigation 

on the permeabll lty of partlcle mats. Their findings were In agreement 

with those observed by Geimer. They concluded that partlcle geometry 

slgnltlcantly Influenced the rate of moisture migration to the core of a 

mat and therefore Influenced the range and shape of the density 

gradient. 

I n a study on steam I nJ ect I on press I ng, Ge I mer ( 1982) tou nd that a 

taster heatup time tor the core of particleboard tac I I ltated quicker 

cure of the resin. This Increased rate was supported by steam Injection 

pressing due to the excel lent heat transfer properties of steam. It was 

also found that steam Injection pressing tacll ltated the plastlclzatlon 

of the wood component, thereby, reduc Ing the pressure necessary tor 

board formation. This In turn produced a more uniform density profile 

through the board. 

Bond Qua I tty 

The ASTM Internal bond test (ASTM D 1037-80) has long served as a 

measure of the qua I lty of the glue bond developed In the hot-press Ing 

process (Youngquist, et al., 1987). Since the standardization of the 1B 

test, several alternatlve methods have been developed In an attempt to 

provide a more adequate measure of bond qual lty. 

Lehmann (1965) proposed a push-out test as a slmpl It led method of 
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determ r n r ng the strength through the th r ckness of part r c I aboard. The 

method req u r red two c r rcu I ar p I ug cutters and a I oad app I r cator. The 

test was Introduced to provide a test for full size panels. Accurate 

strength determination was based on the assumption that the center plane 

rs the weakest plane through the thickness of the panel. This rs 

generally considered to be a reasonable assumption since the center 

plane generally constitutes the lowest density plane. 

Shen C 1970) proposed a method of determ r n r ng the r nterna I bond or 

shear strength of partlcleboard which may wel I be the most rapid method 

developed to date. The method Involved the twisting of thin plates of 

the panels of Interest. Shen believed that since longltudlnal torsion 

shear tests have been used to determine the shearing modulus of wood, rt 

should also be appl rcable to particleboard. Plates 1/4 Inch thick of 

sever a I d r f ferent w r dths and I engths were tested us r ng th rs method. 

Each of the different sizes were correlated to values obtained In shear 

testing. The lowest correlatron coefficient was that obtained for 

specimens of dimension 1 Inch wide by 4 Inches In length, with an 

r-value of 0.92. The highest correlatron to shear values was obtained 

using specimens with a 2 Inch by 6 Inch dimension, with an r-value of 

0.98. 

Another method w hr ch has rece r ved a great dea I of r nterest for 

providing a measure of the qual rty of the glue bond In non-veneer panels 

rs torslonal shear. Heebrlnk and Gatchel I {1965) proposed a 1/2 Inch 

plug tors Ion test for part lei aboard. A s Imp le plug cutter rs used to 

extract test specimens. It was, however, recognized that a problem 

arises as a result of the smal I size of the test specimens. The values 
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obtained were consfstently lower than those obtained for Internal bond 

using the same boards. 

Shen and Carrol I ( 1969, 1970) al so fnvestr gated the adequacy of 

us r ng tors r ona I shear methods as a rep I acement for the I B test r n 

evaluatfng the bond qual fty fn partfcleboard. In one study, Shen and 

Carroll (1969) used a hand-held torsion wrench to determine torsfonal-

shear fn the center of the panel. As stated previously, one may 

generally assume that the center plane rs the weakest plane of a panel. 

The specimens used for the fnvestfgatfon ranged fn size from 1/2 Inch 

square to 2 r nches square. The smaller specimens were necessary for 

testing 1/4 Inch thick panels due to the presence of crushing of the 

edges of the specimens when larger samples were tested. A correlation 

coeff fcfent of 0.98 was obtained for the 2 Inch square specimens and 

0.94 for the 1/2 Inch square specimens. 

In a related study, Shen and Carrol I (1970) extended the torsfonal-

shear technique to the determination of layer strength. This study used 

only 1 Inch square specimens for torsion testing. Again a hand-held 

dynamometer was used. The torsional shear strength was tested at 

several locations through the th fckness of each panel. The depth of 

testing was control led by pl acr ng spacers fn the stationary end of the 

testing apparatus. The layer strength was found to be highly dependent 

on the density profrte. A reasonably good correlatfon was found to 

exist between this method and 1B values. The r-value for correlation to 

1B values was determined to be 0.89. 

Gert J eJ an sen and Hay green C 1971 > proposed a s rm r I ar tors r on shear 

test for particleboard which was adaptable to a universal testing 
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machine. Specimens were one Inch square and of variable thickness. 

This apparatus permitted testing of torsional shear In a predetermined 

location through the thickness. The correlation coefficient between the 

values obtained with this Instrument and standard 1B specimens was 0.96. 

This test was one of the first torsional shear tests which provided the 

cons I stency prov I ded through use of a test Ing mach I ne Instead of a 

hand-held torsion wrench. 

Pass I a I Is and Tsoum Is C 1982) proposed the use of c I rcu I ar geometry 

specimens In torsional shear testing. The correlation coefficient 

between the values obtained from this method and the values obtained In 

Internal bond testing was found to be 0.86. An advantage over other 

torsional shear tests Is the slmpl lflcatlon of stress due to the 

el lmlnatlon of corners which are areas of uncertain torsional stress 

distribution. 

Such s I and ( 1977) used the pr Inc I p I e that a max I mum shear stress 

deve I ops at an ang I e of 45 degrees to the p I ane of compress Ive force 

appl lcatlon to propose a method of bond qual lty through the thickness of 

non-veneer panels. Suchsland used disposable specimen holders 

fabricated from the test panel. The correlation to Internal bond values 

was found to be 0.917. Less varlabll lty was found to exist In the 

va I ues from th Is method of test Ing than In the va I ues obta I ned from 

Internal bond testing. 

Hal I and Haygreen (1983) Introduced an apparatus known as the 

Minnesota Shear Tester (MST) which Incorporated the principles used by 

Suehs I and ( 1977). In add It I on, the MST , prov I ded a standard I zed 

apparatus for testing a specimen In compressive shear and the Increased 
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accuracy which accanpanles such standardization. The MST required 

between 15 and 30 seconds to fall a specimen. No glueup was associated 

with the test procedure and the coefficient of variation obtained from 

specimen testing was similar to that obtained fran Internal bond 

specimens. The operation of the MST resulted In shear failure at the 

weakest plane through the thickness of the board. 



THE EFFECT OF HOT-PRESSING PARAMETERS ON RESIN PENETRATION 

Introduction 

The non-veneer structural panel CNVSP) Industry In the United States 

has grown rap Id I y over the past decade C Vajda, 1983). A h I gh rate of 

growth Is expected to continue, with NVSP accounting for 50 percent of 

the structural panel Industry by the year 2000 CFul ler and Berg, 1984). 

The adhesive component constitutes about 25 to 30 percent of the total 

materfal cost of NVSP. As a petroleum-based product, the constant 

fluctuatfon In the price of petroleum creates fnstabll fty In both the 

cost and ava r I ab II r ty of these res r ns (Wh rte, 1979). The des r re for 

more eff relent utf I fzatlon of materials provides Incentive for 

r nvest r gat r ng the r nf I uence of the var r ous hot-press r ng parameters on 

the resin/wood fnterphase. 

The objective of this study was to provide quantitative and 

qual ftatfve evaluations of the penetration of resin Into a wood 

substrate as Influenced by hot-pressing parameters. 

Literature Review 

Our present understanding of adhesion Is represented by the absence 

of a universal theory of adhesion (Bateup, 1981). The adhesion 

mechanism Is probably very different In many systems and most of these 

mechanisms are not fully understood. The two prominent theories argued 

to provide for the adhesion of wood surfaces are mechanical Interlocking 

27 
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and adsorption. The actual mechanism Is probably a combination of these 

theories, with the relative balance of one versus the other dependent 

upon many characteristics of both the wood and the adhesive CBateup, 

1981). 

The formation of an adhesive bond Involves several steps (Blomquist, 

1981). In It I a I I y, the adhes Ive must wet and spread on the substrate 

surf ace to prov I de adequate coverage. The I nterna I strength of the 

adhesive must then be establ !shed to ensure permanency of the bond. 

Bryant (1977) Indicated that to tact I ltate adequate wood adhesion, the 

adhes Ive must penetrate to the depth of sol Id I y attached t I bers before 

cure. The penetration of aqueous resin solutions Into wood Is due to 

hydrodynamic flow and capll lary action CTarkow, 1964). The surface 

damage of flakes and pl Jes has generally been observed to be restricted 

to a depth of one to three cells (Burrows, 1961 and Bolton, et al., 

1985). 

Fractured wood surfaces exhibit either lntrawal I or transwal I 

failure (WIison and Krahmer, 1976). lntrawall failure Is the separation 

between eel Is In the region of the middle lamel la. Transwal I failure 

results In the I umen being exposed through fracture of the eel I wal I. 

This may occur either paral let to the long axis of the fiber, or 

perpendicular to this axis. The flaking and peel Ing of wood produce 

ma In I y I ntraw a I I and para I Le I transw a I I tractures due to the or I entat I on 

of the cutting edge relative to the long axis of the fibers (WIison and 

Krahmer, 1976; and Koran and Vaslshth, 1972). A shallower depth of 

surface damage Improves both the efficiency and the qual lty of the bond 

which Is formed by control I Ing the penetration of the adhesive (Burrows, 
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1961; and Hare and Kutscha, 1973). 

Severa I other process r ng parameters have been shown to affect the 

depth of resin penetration. A higher temperature enhances resin 

penetrat I on by I ncreas r ng the vo rd s r ze r n wood and r ncreas r ng the 

mfcromolecular motion (decreasing the viscosity) of the adhesive 

(Tarkow, 1966). Higher temperature fs also counterproductive to 

penetration by facf I ftatfng cure, Increasing the molecular weight, and 

Increasing viscosity. A higher level of avaflable moisture fn the resin 

or the wood wou Id a I so decrease the v I scos r ty of the ad hes r ve and 

thereby Increase penetrat r on. Pe net rat r on rs r nh r b I ted by the h I gher 

density latewood regions fn wood (Smith and Cote, 1971), and also by 

fnactfvatfon of the wood surface (Hare and Kutscha, 1973). 

A I rm lted number of techn I ques have been emp I oyed to exam r ne the 

resin/wood fnterphase. The most wfdely used method appears to be 

scanning electron microscopy CSEM) with energy-dispersive X-ray analysis 

(EDAX) (Koran and Vasfshth, 1972). Neutron activation analysis has also 

been employed (White, et al., 1977) to provide a quantitative analysis 

of penetration. This technique Is dependent on tagging the adhesive to 

facll ftate analysis. Several recent Investigations have made use ,of 

fluorescence microscopy to provide a better visual analysis of the 

resin/wood fnterphase (Furuno, et al., 1983; Gal lob, et al., 1985; 

Youngquist, et al., 1987). Furuno, et al. (1983) provided a comparison 

of the various techniques used fn examining resin distribution and 

penetration. They concluded that fluorescence microscopy yielded better 

results than SEM or any of the other methods which they considered. 
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Experimental 

Aspen CPopuius tremulofdes) and Douglas-fir CPseudotsuga menzfesf J> 

logs were obtained to produce flakes for use ln evaluating the 

penetration characterlstlcs of a phenol-formaldehyde resin Into thin 

wood flakes at various pressing conditions. The logs were maintained In 

the green condition until use In flake preparation. Several blocks of 

both species were subsequently cut from these logs and saturated under a 

vacuum. Two hundred 0.076 by 1.27 by 7.62 cm C0.030 by 0.5 by 3 In.) 

tangent I a I I y or l anted test f I akes of each spec l es were sequent I a I I y 

st Iced fran the saturated b I ocks. The order of removal of the f I akes 

was maintained to facll Jtate ldentlflcatlon of earlywood and latewood In 

Douglas-fir. Flakes were conditioned to moisture contents of 15 and 4 

percent and stored In plastic bags to maintain the establ !shed moisture 

contents. 

A supp I y of phenol -forma I dehyde res In was synthes I zed at the U.S. 

Forest Products Laboratory and obtained for use In this Investigation. 

The resin specifications are listed In Table 1. The resin was shipped 

and maintained frozen (5°C) untll use. The viscosity of the resin was 

determined to be 400 cps at 21°C (70°F) and remained within 5% of this 

value after an 8 hour exposure to the same temperature. The 

temperatures used for evaluating the penetration characterlstlcs of 

phenol-formaldehyde (PF) res ln Into aspen and Doug I as-fl r f I akes were 

determined on the basis of dlfferentlal scanning calorimetry (DSC) and 

the preparation of prel lmlnary penetration samples. 

The rate of scan for the DSC thermograms was set at 10°C per minute 
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Table 1: Specifications for phenol-formaldehyde resin acquired from the 
U. S. Forest Products Laboratory. 

Property 

Total Sol Ids 
Total Alkal lnlty 
Free Formaldehyde 

pH 

Viscosity (25°C) 

Shelf Life 
24°c 
5°c 

Measured Value 

41.2% 
6.4% 
0.2% 

12. 1 

400 cps 

2 wks 
16 wks 

------------------------------------------------------------------------
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based on prev I ous DSC work by Ebewe I e, et a I • ( 1982), and Chow and 

Steiner (1979). The lower and upper scan I lmlts were set at 35°C and 

220°C respectively, based on these same DSC Investigations of 

particleboard-type PF resins. The DSC thermogram obtained for this 

resin exhibited an exothermic peak In the region of 150 to 160°C, as 

expected based on prev I ous work C Chow and Ste Iner, 1979). The h I gher 

temperature for the resin penetration Investigation was set at 155°C to 

provide a level which was highly favorable to cure. The lower 

temperature for the Invest I gat Ion was set at a I eve I wh I ch exh I b lted 

appreciable cure, as demonstrated by the DSC thermogram, and a 

sufficient temperature for establ lshlng bonding between flakes, based on 

the prel lmlnary penetration samples. The lower temperature level for 

the resin penetration Investigation was set at 105°C to provide a 

sufficient, yet significantly different, curing rate from that at the 

155°C I evel. 

A technique was developed to ensure the appl !cation of a drop of 

resin of consistent weight using the head of a pin. The coefficient of 

variation for this technique was approximately 15 percent. A template 

was used to apply a drop of resin at three locations on the surface of a 

slngle flake. The droplets were placed at positions along the length 

1.27 cm (0.5 Inches) from each end and at the center of the length of 

the flake. Al I droplets were appl led at the center of the width of the 

flake. The flake was Immediately covered with a second flake of 

corresponding moisture content and species, and pressed according to the 

experlmental design given In Figure 1. The assembly time was maintained 

at a consistent period of two to three minutes for al I specimens. 
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Growth Moisture Platen Pressing Platen Pressure 
Rfng Content Temp Tfme CMPa Cpsf)) 

Species Posftfon (j) C°C,°F) Cmf n.) 2.07 (300) 6.89 (1000) 

10 
2 ------

105 assemb If es 

(221) 10 
5 ------

assembl Jes 
assumed 4 

10 
Aspen homo- 2 ------

155 assembl Jes 
geneous 

C 311) 10 10 
5 

assembl Jes assembl Jes 

155 10 10 
15 5 

(311) assembl Jes assembl f es 

Spring 155 10 
4 5 ------

Douglas wood (311) assembl Jes 

fir Summer 155 10 
4 5 ------

wood C 311) assembl Jes 

Figure 1: Experimental design for the evaluatfon of resin penetration 
fnto aspen and Douglas-fir as Influenced by pressing 
parameters. 
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Two res In/ f I ake assemb I I es were formed s I mu I taneous I y to prov I de 

mechanlcal balance across the platens during pressing. The electrlcal ly 

heated elements from a 6 Inch laboratory press (Carver) were attached to 

a toad and displacement testing machine (Tinius Olsen) using a pivoting 

support for uniform pressure appl !cation. This apparatus provided 

accurate heat and pressure control. Al I of the resin/flake assembl Jes 

were promptly removed from the heating elements at press opening, 

perm ltted to coo I , and p I aced In po I y propy I ene bags unt 11 m I croscop I c 

exam I nat Ion. 

The res In/ f I ake assemb I I es were saturated under a vacuum for a 

period of 24 hours to fact I ltate subsequent sectioning. A sf I ding 

microtome was used to prepare 0.01 cm (0.004 In) sl Ide sections from 

each of the res In/ f I ake assemb I I es at the center of each cured res In 

droplet. The locations of the cured droplets were easlly Identified by 

exposure to transmitted I lght. Al I of the Douglas-fir resin/flake 

assembl les separated during the saturation process and proved difficult 

to microtome. It was necessary to examine the smooth cross sections of 

the Douglas-fir flakes rather than thin microscope st Ide sections. 

A I I res In/ f I ake assemb I y sect Ions were dr I ed to I aboratory 

conditions after mlcrotomlng and then stained using a 0.2% acrldlne red 

f I uorochrome dye sol ut Ion. The aspen sect Ions were sta I ned us Ing a 

three stage sl Ide preparation procedure. The Douglas-fir sections were 

stained by soaking In dye solution for one hour. Specimens were 

subsequently rinsed In distil led water to el lmlnate viewing Interference 

which results from the surface deposition of excess dye. 

The sl Ide sections were examined using Incident fluorescence 
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microscopy. The ultra-violet I lght source was a mercury bulb which was 

filtered to produce a characteristic wavelength of 410 nanometers. The 

Doug I as-f Ir spec I mens requ I red a 510 nanometer wave I ength for optimum 

resolution. Fluorescent mlcrographs were produced using a camera which 

was mounted on top of the microscope. The camera shutter was controlled 

by a preset electronic timer. Kodak tungsten-enhanced, ASA 160 film was 

used to produce color st Ides of the resin/flake assembly cross sections. 

A I I of the f I uorescent m I crographs were ana I yzed us Ing a manua I 

digitization technique In which the color sl Ides were projected onto 

graph paper with a square grid size of 0.13 cm. A grid count was made 

to measure of the area occupied by the Immediate lnterphase at 24 

consecut Ive segments a I ong an 800 m I cron I ength of I nterphase. Th Is 

procedure was completed for 10 repl lcates for each combination of 

press Ing parameters to prov I de a popu I at I on of 240 observat Ions; the 

average of these observations were used for comparison. Voids and any 

bulk resin present at the Interface between flakes or on the surface of 

flakes was not Included In the measure of penetration area. The resin 

penetrat I on va I ues recorded for the aspen and Doug I as-f Ir assemb I I es 

represented a double and a single resin/wood lnterphase, respectively. 

Results and Discussion 

Penetration Varlabll tty 

Examination of the frequency distributions for the aspen and 

Douglas-fir populations verlf led the assumption of normal tty necessary 
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to Justify the use of normal population statistics. Table 2 includes 

the coeff I c I ents of var I at I on CC. V.) for the var I ous comb I nat Ions of 

pressing parameters used In consol ldation of the aspen resin/flake 

assembl !es. These values Indicate a slmllarlty for the percent 

variability about the mean for all of the aspen parameter combination 

populatlons. This observation ls significant In that It has been 

hypothes I zed by Hare and Kutscha C 1973) that the uni form lty of res In 

penetration may wel I be as Important as the depth of penetration In the 

efficient utll lzatlon of resins and adhesives. This seems a loglcal 

hypothesis since analysis of a bondl lne of constant thickness would 

Intuitively provide for the most efficient mechanlcal performance of the 

bonding material. 

Bartlett's test for homogeneity of variances was executed to 

determine that no sign If leant differences between the variances of the 

seven aspen populations were evident at an alpha level of 0.01. This 

test statlstlcal ly verified the homogenlety of variances assumption 

necessary to prov I de a stat I st I ca I com par I son of the popu I at I on means. 

Though this Investigation was I lmlted to the examination of two levels 

of each parameter, these I eve I s were set at extremes such that any 

differences that were present should have been detected. 

The I ack of Inf I uence exh I b I ted by press Ing parameters over the 

var I ab I I I ty of res In penetrat I on, as Ind I cated by the homogen I ety of 

variances, was not entirely unexpected. Much of the varlabll lty 

apparent In the area of resin penetration Into the wood substrate was 

d I rect I y attr I butab I e to the natura I var I ab I I I ty of the wood. Th Is 
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Table 2: Summary of the average area of penetration and coefficient of 
variation of resin Into aspen flakes for 240 double lnterphase 
readings per set of pressing parameters. 

Moisture 
Content 

<%> 

4 

15 

Platen 
Temp 

C°C,°F) 

105 

(221) 

155 

(311) 

155 

(311) 

Platen 
Pressure 

CMPa) 

2.07 

6.89 

2.07 

6.89 

Pressing 
Time 

(min.) 

2 

5 

2 

5 

5 

5 

5 

Resin 
Penet~atlon 

Cu> 

4973 

3680 

5027 

4773 

4418 

5058 

5240 

Coefficient 
of Variation 

<%> 

41 .2 

46.3 

47.3 

39.8 

40.2 

43.2 

44.2 
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hypothesis Is supported by examination of the results obtained for the 

var lab II tty of penetration of the resin Into Douglas-fir earlywood and 

I atewood. 

Examination of the coefficients of variation for the two Douglas-fir 

sample populations (Table 3) Indicates a disparity of nearly 12 percent. 

Bartlett's test was executed to statistically compare the two population 

var I ances and Ind I cated that the samp I e var I ances were s I gn If I cant I y 

different at an alpha level of 0.01. Significant differences In 

density, eel I wal I area, and other anatanlcal attributes exist between 

the earlywood and latewood of Douglas-fir (Panshln and de Zeeuw, 1980). 

Since the only parameter not canmon to these two populations was the 

growth ring origin, the difference In the variances exhibited by these 

populations must be a function of the anatanlcal and property 

d I fferences assoc I ated w Ith ear I ywood and I atewood. It Is therefore 

prudent to hypothes Is that the natural var I ab 11 lty of wood exh I b Its 

greater Influence over the evenness of resin penetration than any of the 

pressing parameters examined In this Investigation. 

Penetration Area 

Tab I es 2 and 3 a I so Inc I ude the va I ues obta I ned for the area of 

penetrat Ion of res In Into the Doug I as-f Ir and aspen f I akes. Duncan's 

mu I ti pl e range test was ut I I !zed at an alpha I eve I of 0. 05 to compare 

the means of the various sample populations. The hanogenelty of 

variances Is a requirement for computing the least significant range for 

use In this test. The variances of the aspen sample populations met 
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Table 3: Summary of the average area of penetration and coefficient of 
variation of PF resin Into Douglas-fir earlywood and latewood 
for 240 single lnterphase readings per set of pressing 
parameters. 

Ring 
Orientation 

Earlywood 

Latewood 

Resin 
Penet2atton 

Cu) 

6529 

2333 

Coefficient 
of Variation 

( %> 

32.9 

44.5 

* All specimens were pressed under the fol lowing conditions: 

155°c C311°F> 
4% Moisture Content 
2.07 MPa (300 psi) Platen Pressure 
5 Minute Total Pressing Time 
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th Is st I pu I at I on, however, the samp I e var I ances for the Doug I as-f Ir 

earlywood and latewood exhlblted non-homogeneity. Kramer's (1956) 

adjustment to Duncan's multiple range test was used ~o permit 

calculation of the appropriate least significant range for the 

Douglas-fir populations. 

Com par I sons between the aspen and Doug I as-f Ir samp I e popu I at Ions 

were necessarily I lmlted In appl !cation. The I lmltatlon was Imposed by 

the exam I nat I on of a s Ing I e res In/wood I nterphase for the Doug I as-fl r 

specimens and a double resin/wood lnterphase for the aspen specimens. 

Doub I Ing the Doug I as-f Ir va I ues to obta In a proport Iona I va I ue for 

comparlson to the aspen values was bel leved to be Inappropriate ln 

providing a common basis for evaluation of the two species. 

Growth Ring Origin 

The mean area of resin penetration for the Douglas-fir earlywood and 

latewood were statistically different, as calculated using Duncan's 

least significant difference method at a 0.05 level. The average area 

of penetration for the earlywood was calculated to be nearly three times 

that obtalned for the latewood based on 240 observation segments. The 

decreased penetration Into the latewood Is probably attributable to the 

greater density and lower permeabl I lty of the region. These findings 

are In agreement w I th those of Sm I th and Cote C 1971) • Us Ing SEM 

techn lques, they found that phenol-formaldehyde res In penetrated more 

extensively Into earlywood than Into latewood of Douglas-fir and 

southern yellow pine. White et al. (1977) I lkewlse observed greater 
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penetration of resorclnol-formaldehyde Into earlywood than Into latewood 

of southern pine. 

In many of the Doug I as-f Ir I atewood spec I mens, I arge quant It I es of 

res In cured between the two f I akes In a part i cu I ar assemb I y. The 

pressure which was used during the consol ldatlon process was apparently 

lnsuff le lent to overcome the I ow permeab 11 lty of the I atewood reg Ions 

wh !ch would require add It Iona I time for the penetration of a g lven 

quantity of resin. Since the cure of PF resin Is time and temperature 

dependent ( Chow and Steiner, 1979), an Increased amount of res In w I I I 

experience conditions which are adequate for cure before penetrating 

Into the flake surface. This condition results In reduced strength and 

bonding as observed by White (1977) and In this Investigation. 

Figure 2 dlagrammatlcal ly defines the spread and area of penetration 

as used In this Investigation. Post-pressing examination Indicated that 

the resin spread on the surface of the earlywood flakes to cover an area 

three to four times that observed on the latewood flakes. The 

penetration Into earlywood flakes was also more extensive than Into 

latewood flakes, yet neither establ !shed a sufficient bond to withstand 

the vacuum saturation process. 

Though the aspen and Douglas-fir populations were not statistically 

compared, a brief qual ltatlve comparison Is In order. The values for 

area of resin penetration are larger for the single lnterphase observed 

In the Doug I as-f Ir ear I ywood than for any of the doub I e I nterphase 

observed for the aspen specimens. It Is hypothesized that In the 

earlywood resin/wood assembl les, the combination of extensive resin 

spread and penetration were sufficient to create a condition of starved 
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Before Pressing 

Bulk .... t -- ---- Spread---..... 
Resin r. 

After Pressing 

t 
lnterphase 
Region 

..i 

Figure 2: Illustrated definition of resin spread, and lnterphase or 
area of penetration region. 
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gluel Ines. Conversely, the reduced permeabll lty of the latewood flakes 

prevented adequate penetration of the resin and permitted excessive cure 

on the f I ake surface. Both of these phenomena resu It In reduced bond 

strength and explain the separation of the specimens during the 

saturation process. Gal lob, et al. ( 1985) made slml lar observations 

concern Ing starved g I ue I Ines and I ack of penetrat I on In Doug I as-fir 

pl les. 

Moisture Content 

The Incomplete block design used to evaluate the penetration of 

phenol-formaldehyde resin Into aspen flakes provides an analysis of the 

Interaction of each pressing parameter with a single additional 

parameter. The two mo I sture content I eve Is, 4 and 15 percent, were 

compared at pressure levels of 2.07 and 6.89 MPa (300 and 1000 psi). 

Both of these treatment I eve I s were pressed at 155 °f C 311 °f) for 5 

minutes. The mean area of penetration for the specimens formed at 4 and 

15 percent moisture content with 2.07 MPa (300 psi) of pressure were not 

slgnlflcantly different as Indicated by Duncan's comparison of means at 

the 0.05 level. The average area of penetration recorded for these 

moisture contents at 6.89 MPa (1000 psi) of pressure were slgnlflcantly 

different at the same alpha level. At this pressure level, a higher 

lnltlal mat moisture content resulted In greater penetration. 

The Influence of moisture on penetration ls bel leved to be a result 

of better mob I I lty of the resin sol Ids during hydrodynamic flow. At 

both levels of moisture content (4 and 15 percent), the moisture In the 
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wood Is present as bound water. At the higher moisture content, 

however, a larger number of hydroxyl sites are Involved In hydrogen 

bond Ing w Ith water mol ecu I es. The water present In the aqueous res In 

solution tends to remain In solution, maintaining a IOii viscosity, and 

I ncreas Ing the penetrat I on of the res In Into the wood. Converse I y, a 

sma I I er fr act Ion of the ava I I ab I e hydroxy I s ltes are occup I ed at the 

lower moisture content and the affinity for water molecules In the resin 

solution Is greater. More water ls removed from the solution, 

I ncreas Ing the v I scos I ty, and decreas Ing the penetrat I on. A h I gher 

I eve I of pressure appears to enhance hydrodynam I c f I ow and prov I de a 

disproportionate Increase In penetration at the higher moisture level as 

compared to the IOiier moisture level. 

Appl led Pressure 

The values obtained at the two levels of appl led pressure, 2.07 and 

6.89 MPa (300 and 1000 psi) (Table 2), Indicate a lack of consistency. 

At the 4 percent moisture content level, the sample means for the two 

levels of pressure appl !cation were significantly different as Indicated 

by Duncan's I east s r gn If I cant range test at a 0. 05 a I pha I eve I • The 

higher average area of penetratfon was associated with the lower (2.07 

MPa ( 300 ps I) ) app I I ed pressure. At the 15 percent mo I sture content 

I eve I, the mean area of penetrat Ion assoc I ated w Ith the two pressure 

levels were not significantly different at the 0.05 level. 

The appl !cation of pressure Influences both the 

penetration of the resin. The higher moisture level 

spread and 

apparently 
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establ !shes a more favorable path for the transport of the adhesive Into 

the wood based on better hydrodynamic flow characteristics. The 

Increased pressure at h I gh mo I sture content a I so enhances the spread 

rate, but to a I esser extent than the penetrat I on rate and a net 

Increase In penetration Is observed. The lo« moisture level Is more 

conducive to spreading than to penetration due to poorer hydrodynamic 

flo« characteristics. A higher pressure level at lower moisture content 

enhances the rate of penetration and the rate of spread, but the net 

result Is Increased spread of the resin at the expense of penetration. 

One would Intuitively anticipate that the level of pressure would 

Influence the thickness of the bondl lne, however, there was no 

dlscernable bulk resin at the Interface between flakes due to the 

extens Ive porous and cap 111 ary structure of the surface, and the smal I 

quantity of available resin. 

Pressing Time 

The Influence of pressing time on the average area of penetration 

provided a consistent relationship at the two levels of comparison. Al I 

of the specimens were pressed at 2.07 MPa (300 psi) of appl led pressure 

w I th an In It I al f I ake mo I sture content of 4 percent. At the 105°C 

(221°F) temperature level and 2 minute pressing time, the average area 

of penetration was higher than the average area of penetration obtained 

at the same pressing conditions and a 1 minute pressing time. These two 

means s I gn If lcantl y d If ferent as Ind lcated by Duncan's multi pie range 

test at the 0.05 alpha level. At the 155°C (311°F) temperature level, 
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the means were not s I gn If I cant I y d If ferent. These resu I ts Ind I cate a 

relatlonshJp of decreased resin penetration with Increased pressing 

time. 

The explanation of this phenomenon Is associated with the degree of 

cure. The DSC thermogram discussed earl fer Indicated that both 

temperatures, 105 and 155°C (221 and 311°F), were sufficient to promote 

accelerated cure. The longer pressing time provided longer exposure of 

the resin to an elevated temperature. The longer exposure Interval at a 

given temperature, resulted In a higher degree of resin cure at press 

open Ing. The h I gher degree of cure prov I ded I ess uncured res In for 

post-pressing penetration, by diffusion, Into the wood and resulted In 

an overal I reduction In the area of resin penetration. This theory was 

further supported by a greater difference In the penetration values for 

specimens pressed at the lower temperature where the cure rate Is slower 

and a larger quantity of uncured resin was present after pressing. 

Platen Temperature 

The va I ues obta I ned for the average area of penetrat I on at the two 

temperature levels were Indicative of the same time/temperature 

relationship alluded to by the results of the pressing time comparisons. 

When a 2 minute pressing time was used In consol !dating the resin/flake 

assembl Jes, the area of penetration means for pressing at 105 and 155°C 

(221 and 311°F) were not significantly different at a 0.05 alpha level, 

using Duncan's multiple range test. At the longer pressing time (5 

minutes), the mean penetration area associated with the 105 and 155°C 



47 

(221 and 311°F) temperature levels were significantly different. At the 

5 m I nute t I me I eve I , the spec I mens pressed at the h I gher temperature 

exhibited a higher average penetration. This Is explained on the basis 

of the degree of cure theory and on the affect of temperature on the 

viscosity of resins. 

The rate of decrease In the viscosity of I !quids which react 

chemically at elevated temperatures, such as phenol-formaldehyde resin, 

Is Interrelated w Ith the cure rate of the res In. The rate of the 

reaction Is Influenced by the additional energy available at a higher 

temperature. As the cure proceeds, the average molecular weight of the 

resin Increases as It Is polymerized through a condensation reaction. 

This In turn Increases the viscosity of the resin and reduces mobll ity. 

The viscosity of the resin solution also decreases as a function of 

Increased temperature. The relative magnitudes of the viscosity and the 

rate of the condensation reaction determine the amount of penetration 

which occurs before cure Inhibits further mobll lty. The amount of 

uncured resin, available for further diffusion Into the wood after 

pressing, Is I lkewlse Influenced by this mechanism. These results 

Indicate that the Influence of the pressing parameters on the 

penetration of resin Into the wood substrate Is manifested In the effect 

they have on the resin viscosity. 

Penetration Observations 

The f I uorescence m I crographs wh I ch were ana I yzed us Ing the manua I 

digitization technique were further evaluated to obtain general 
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observations of the resin penetration characteristics. When the resin 

was Initially appl led, I lttle tendency for resin spread was observed. 

Related to the spread Ing of the res In on the wood substrate Is the 

surface condition of the flakes prior to resin appl !cation. Ideally, 

the depth of damage of any wood surface which Is to be bonded should be 

minimized. A smaller quantity of resin Is necessary to efficiently bond 

flakes which have less surface damage. The surface damage of the aspen 

f I akes appeared to have occurred to an average depth of about one to 

three fibers, or a single vessel. 

The earlywood Douglas-fir flakes also exhibited surface damage to a 

depth of about one to three eel Is. Again, the surface damage appeared 

to have occurred dur Ing the f I ak Ing process, and appeared as shear 

failures In a paral lei transwal I mode (Wilson and Krahmer, 1976). Some 

eel I wal I buckl Ing, attributable to the pressing process, was observed 

In three of the earlywood specimens. 

The Douglas-fir latewood flakes appeared to have been damaged to a 

depth of only one cell or less. The failures observed at the latewood 

flake surfaces appeared to be equally distributed between the parallel 

transwal I and lntrawal I modes. The eel I wal Is of the I atewood f I akes 

exh I b lted al most no buck I Ing. The on I y other fa 11 ures present In the 

latewood specimens was lntrawal I fracture, which was bel leved to be 

attributable to mlcrotomlng the specimens since no resin was present In 

any of these failures. 

Buck I Ing fa 11 ures In the common wa I I s of adjacent vesse I s were 

observed to be abundant throughout most of the aspen f I akes. These 

failures along with buckl Ing of the fiber eel I wal Is In the vicinity of 
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the bond I lne were the result of the pressing process. The high moisture 

content at the bond I lne contributes to compressive deformation (Wei Ions, 

et al., 1982). Penetration Into the Douglas-fir flake surfaces appeared 

to fol low the fracture surfaces which were present. The latewood 

exhibited few failures and penetration was I lmlted to a relatively 

shallow depth. Fractures were abundant along the surface of the 

earl ywood f I akes and the res In cons I stently fol I owed these avenues of 

penetration. 

The resin appl led to the aspen and Douglas-fir earlywood appeared to 

have penetrated into the flake completely and no bulk-resin bond I lne was 

apparent at 160X magnification. Bulk-resin was observed on the surfaces 

of the Douglas-fir latewood flakes. The absence of bulk resin for most 

of the specimens Is a result of the small quantity of resin appl led to 

the flakes. The resin was generally observed to penetrate one half to 

one full eel I beyond the level of damaged fibers In both the aspen and 

the Douglas-fir flakes. The previously mentioned failures In the aspen 

vessels were cons I stentl y f 111 ed w Ith res In and accounted for much of 

the large variation In the level of penetration along any single 

bond I lne. In most Instances the vessel lumens, which did exhibit eel I 

wall failures, provided direct avenues for penetration and were filled 

with resin. Also evident In these observations were a I lmlted number of 

I umens wh I ch were f 111 ed w Ith res In, but appeared to have no d I rect 

connect I on to the I mmed I ate bond I I ne. These cases were attr I buted to 

the angle at which the flakes were cut from the saturated block 

(Kltazawa, 1946), the area of these vessels were not Included In the 

calculation of the area of resin penetration. 
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Summary and Conclusions 

Fluorescence microscopy was found to be an excel lent technique for 

evaluating the lnterphase between resin and wood. The results obtained 

with this method Indicate that temperature, moisture content, pressure, 

t I me, and growth r Ing or I g In exh I b It an Inf I uence over the amount of 

penetration of aqueous PF resin Into a wood substrate. The four 

pressing parameters yielded significantly different levels of 

penetration at only one of two levels of a second parameter, Indicating 

I lmlted Interdependence of the parameters. 

Higher levels of moisture Increased penetration by maintaining a low 

viscosity and facll ltatlng resin flow. Pressure Interacted with the 

I eve I of ava II ab I e mo I sture to prov I de a mechan Ism to control 

hydrodynam le f I ow. Time and temperature al so Interacted to Inf I uence 

resin penetration. The relative balance between the degree of cure, 

which Is time-temperature dependent, and resin viscosity, which Is 

temperature dependent, con tr I buted to determ In Ing the extent of 

penetrat I on. These f Ind I ngs prov I ded the bas Is for two s I gn If I cant 

conclusions regarding the effect of pressing parameters on resin 

penetration; 

1. The un I form I ty of res In penetrat I on Is Inf I uenced more by the 

natural varlabl I lty of the wood than by temperature, moisture 

content, time, or pressure. 

2. The press Ing parameters of temperature, mo I sture content, and 

time Influence the extent of resin penetration by control I Ing 
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the viscosity of the resin. Pressure Influences penetration by 

providing a mechanism to control hydrodynamic flow. The 

Interactions of moisture content with pressure, and temperature 

with time also Influence resin penetration by affecting the 

v lscos lty, w Ith the time-temperature Interact Ion prov Id Ing the 

larger Influence. 

The depth of f I ake surf ace damage was observed to be two to three 

eel Is, w Ith the mode of fracture be Ing e lther lntrawal I or para I I et 

transwal I. The resin general ty fol lowed the avenues provided by 

fractures In the wood surface. Extensive buck I Ing was observed In the 

vicinity of the Interface between the aspen flakes, but was rare In 

either the eartywood or latewood of Douglas-fir specimens. This 

deformation was attributed to the high moisture concentration provided 

by the resin. Though resin was observed to have cured on the surface of 

Douglas-fir tatewood flakes, no bulk-resin bondl lne was evident at the 

Interface between aspen flakes or on the surface of Douglas-fir 

earlywood flakes. 



THE EFFECT OF HOT-PRESSING PARAMETERS ON FLAKEBOARD LAYER PROPERTIES 

Introduction 

Over the past decade, the non-veneer structural panel CNVSP) 

Industry In the United States has experienced strong growth, which is 

expected to continue through the year 2000 (Vajda, 1983). Initially, 

aspen served as the major species utll !zed In NVSP. Much of the recent 

expansion In production has occurred at tacit !ties located near markets 

far removed from the aspen growth range. Locating production tacit !ties 

In proximity to these markets requires that present technology be 

expanded to ut r Ir ze the spec res wh !ch are read r I y ava 11 ab I e r n the 

particular reglon. 

Further development of NVSP has lead to reducing costs of production 

and I mprov Ing product performance through the des r gn of products and 

more efficient utll lzatlon of raw materlals. Since these panels are 

stressed largely In bending In constructlon appl (cations, It Is 

desirable to model the bending properties through the use of such 

methods as transformed cross sections. The vertical distribution of 

dens I ty, strength, and st If f ness rs determ I ned by comp I ex hot-press Ing 

Interactions, and Is critical In determining the the overal I properties 

of the panel. The effectlve design of NVSP Is dependent on developing 

an extensive understanding of the relationship between the hot-pressing 

process and the resultant distribution of properties through the panel. 

The objective of this study Is to provide a quantitative evaluation 

of the at fects of hot-press Ing parameters on the I ayer pro pert I es at 

52 
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various planes through the thickness of flakeboard panels. 

Literature Review 

The hot-pressing process Is used to consol I date resin and wood with 

the appl !cation of heat and pressure over time. The environment 

particular to a location through the panel has 

Inf I uenced by a number of factors C Casey, 1987) • 

been shown to be 

The rate of heat 

transfer Into the mat, for Instance, Is Influenced by mat moisture 

content (Casey, 1987), lnltlal platen pressure or press closing time 

(Stickler, 1959), flake geometry (Geimer, 1982), and panel density 

C Sm Ith, 1982) • The mo I sture and pressure env I ronment at a part I cu I ar 

location are slml larly a result of complex Interactions which are not 

easily modeled (Casey, 1987; Harless, et al., 1987). 

The environment which Is created by the mutual Interaction of 

pressing parameters affects the denslflcatlon of wood (Smith, 1982) and 

the cure of resin (Geimer, 1982), and serves to create a density 

gradient through the panel thickness (Suchsland, 1962). High Initial 

pressure (fast press closing) has been shown to facll ltate formation of 

a character I st I c U-shaped dens I ty grad I ent C Sm Ith, 1982), w h 11 e I ow 

Initial pressure produces a more uniform density gradient through the 

thickness (Stickler, 1959). Additionally, rapid heat transfer to the 

core has been found to provide more uniform denslflcatlon of the flakes, 

and hence a more uniform density profile (Geimer, 1982). 

The mechan I ca I pro pert I es of pane Is as we I I as the qua I I ty of the 

glue bond have been related to the shape of the density profile (Smith, 
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1982) • Trad It Iona I I y, the dens I ty grad I ent has been determ I ned us Ing 

gravimetric techniques, which are prone to Inaccuracies. The 

deve I opment of I ow energy rad I at I on methods C Laufenberg, 1986; 

Wlnlstorfer, et al., 1987) has facll ltated the accurate determination of 
density gradients and provided data which Is essential In analyzing the 

factors which Influence the mechanical properties of the board and the 

qual tty of the adhesive bond. 

The ASTM Internal bond test CASTM D 1037-80) has long served as the 

standard method to measure the qual lty of glue bond In non-veneer 

composite wood panels. Torsional shear techniques were developed 

C Heebr Ink and Gatchel I, 1965; and Shen and Carrol I, 1969) to ana I yze 

bond qual tty while providing slmpl If led specimen preparation relative 

to, and high correlation with, Internal bond testing. Additionally, 

compressive shear methods were developed (Suchsland, 1977; and Hal I and 

Haygreen, 1983) to provide a similar evaluation, but a slmpl If led stress 

analysts relative to torsional shear. A more comprehensive evaluation 

of bond qual tty was facll ttated by Improving techniques to Include the 

determination of adhesive performance at predetermined locations through 

the thickness of a panel (Shen and Carrol I, 1970; GertJeJansen and 

Hay green, 1971). 

Experimental 

Yel la,,, poplar CLiclodendron tul ip!fera) logs were obtained to 

produce f I akes for the manufacture of twenty-four f I akeboard panels. 

The I ogs were processed on a I aboratory d I sk f I aker C CAE) to a target 
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flake thickness of 0.08 cm (0.03 In.) and a target length of 7.6 cm (3 

In.). The flakes were dried In two groups to 2 and 11 percent moisture 

content, screened to a width of 0.6 to 2.5 cm (0.25 to 1 In.), and 

stored In polypropylene bags to maintain the establ !shed moisture 

content conditions until use In board manufacture. 

Twenty-four 51 by 56 by 1.9 cm (20 by 22 by 0.75 In.) panels were 

manufactured using eight different press schedules, with three 

repl !cations (Figure 3). A five percent resin sol Ids content (based on 

ovendry weight of the wood) was used In all panels. Resin was appl led 

In a drum blender rotating at 16.5 rpm. The blender had a single spray 

head which appl led resin at a rate of 14.4 ml/min. under 207 kPa (30 

psi) of air pressure. 

Two levels each of press temperature (154 and 190°C (310 and 

375°F)), press closing time (1 and 2 minutes), and Initial mat moisture 

content (6 and 15 percent) were used. A 30 second prepress, 12 minute 

total press time, and six minute venting period were used throughout. A 

target density of 721 kg/m3 (45 lb/ft3) was used In the production of 

al I panels. The mats were hand-formed with random flake orientation. 

The press was computer-control led on position In an effort to obtain 

repeatable press cycles. 

During the pressing process, data was acquired for platen pressure, 

platen position, press time, and gas pressure and temperature at both 

the face and core layers of the mat according to the methods described 

by Casey (1987). A I !near variable displacement transducer (LVDT) 

mounted directly onto the hot-press provided position readings. Platen 

pressure was determined by a pressure transducer Incorporated Into the 
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Initial Mat Press Platen Temperature 
Moisture Closing 

Content<%> Time (min.) 154°C (310°f) 190°C C375°F) 

1 Panels Panels 
1,2,3 13,14,15 

6 
2 Panels Panels 

4,5,6 16,17,18 

1 Panels Panels 
10,11,12 22,23,24 

15 
2 Panels Panels 

7,8,9 19,20,21 

Figure 3: Experimental design for the manufacture and testing 
of yellow poplar flakeboard panels. 
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press' hydraul le system. Mat temperature was monitored by Type-K 

thermocouples. A gas pressure probe was designed by Casey (1987) using 

a pressure transducer mounted on the outside of the mat and attached to 

a stainless steel tube (0.16 cm OD, 0.025 cm ID) filled with silicon 

oil. The gas pressure probe and thermocouple were located as near the 

center of the mat as poss I b I e, In both the face and core I ayers. The 

face and core layers were def lned as 1/5 and 1/2 the thickness of the 

mat from the surface, respectively. An automatic data acquisition 

system (Hewlett Packard model 3054A) was used to collect data every 5 

seconds during the 12 minute press cycle. 

Eighteen layer-shear specimens, 2.5 by 10 cm (1 by 4 In.) and six 

Internal bond specimens, 5.1 by 5.1 cm (2 by 2 In.) were cut from each 

panel according to the diagram In Figure 4. The six Internal bond 

specimens were tested according to ASTM standard D 1037-80. The 

specific gravity profiles of six of the layer-shear specimens from each 

panel were non-destructively determined by the method of gamma radiation 

attenuation (Laufenberg, 1986). A device was designed and manufactured 

to test specimens In compressive shear at any predetermined plane 

through the thickness of the panel (Figure 5). Six specimens from each 

pane I were sheared at the center of the spec I men, to obta In average 

stress at shear fa II ure. Th Is procedure was repeated w Ith the same 

number of specimens at locations approximately 1/6 and 1/3 the thickness 

of the panel from the surface. The speed of testing was maintained at 

0.06 Inches per minute for al I layer-shear specimens. 
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Figure 4. Cut-up pattern for obtaining layer-shear and Internal 

bond specimens frcm yel ION poplar flakeboard panels. 

1B - 5.1 x 5.1 cm (2 x 2 in.) Internal bond specimen 
CS - 2.5 x 10 cm (1 x 4 In.) core layer-shear specimen 

first analyzed for specific gravity profile. 
IS - 2.5 x 10 cm (1 x 4 In.) Intermediate layer-shear specimen 
SS - 2.5 x 10 cm (1 X 4 In.) face layer-shear specimen 
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Ffgure 5: Devrce for the testfng of layer-shear at predetermined 
locatrons through the thickness of flakeboard panels. 
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Results and Discussion 

Data from Panel Manufacture 

To provide a quantitative analysis of the environmental history of a 

particular location through the panel thickness, the time-Integral of 

temperature and gas pressure were calculated from the data collected for 

each panel. Figure 6 Indicates a typical curve used In calculating the 

time-Integral of temperature and gas pressure. The time-Integral of 

platen pressure was also calculated fran the available data. This brief 

analysis of the time-Integrals of platen pressure, temperature, and gas 

pressure Is Intended only to provide a synopsis of the data collected 

dur Ing the press Ing of the 24 ye I I ow pop I ar f I akeboard pane I s. An 

excel lent treatise of the data Is presented by Casey (1987). 

Temperature and gas pressure probes were pl aced at two different 

layers through the mat thickness during forming. This was achieved on 

the basis of weight of material. The resulting location of the probes, 

re I at Ive to the core of the pane I , were obta I ned by d I ssect Ing the 

pane Is after press Ing. A tab I e-top th I ckness gauge was emp I oyed to 

prov I de accurate determ I nat Jon of the d I stance of the probes fran the 

surface of the panel. These values were then used to cal cul ate the 

location relative to the core, based on the half thickness of the panel. 

Because of the varlabll lty Inherent to the mat forming process, the face 

and core probe locations varied fran panel to panel. Since the 

I ayer-shear test cou I d be t I ght I y contro I I ed, the I ayer-shear fa 11 ure 

locations were selected for comparison between shear values and the 
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Figure 6: Typical curves used In the calculation of the time-Integrals 
of temperature and gas pressure. 
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time-Integral data. This procedure required Interpolations of the 

time-Integral data for the desired locations. 

Since the difference between the face and core time-Integrals of gas 

pressure were sma I t, a I I near rel at I onsh Ip was assumed between th Is 

value and the distance through the panel. Several other relationships 

were explored, but none yielded results significantly different from 

I lnearlty. Since the difference between face and core time-Integrals of 

temperature were quite large for any particular panel, an assumption of 

I lnearlty did not suffice. An additional point was provided by assuming 

that the surface of the mat experienced the platen temperature for the 

entire pressing cycle. The Influence of the stainless steel caul 

plates, and surface effects between the caut plates and the mat were 

Ignored In this assumption. The representation of the time-Integral of 

temperature as a function of the square of the position from the core 

provided an adequate relationship for Interpolating the time-Integral of 

temperature for the desired locations. 

A significant fluctuation In the total pressing time was exhibited 

among the 24 panels. This Inconsistency was due to the algorithm used 

to contro I the press eye I e. In order to prov I de a compar I son of the 

time-Integral vat ues for var lous treatments, a common total press Ing 

time was necessary. The shortest total pressing time experienced by any 

of the panels was 11.4 minutes, therefore, all of the values used for 

comparison of the panels were standardized to Include on I y the events 

occurring In the first 11. 4 minutes of the pressing cycle. The 

evaluation of shear data requ I red the use of the time-Integral values 

obta I ned over the entire pressing cycle. This provided a relationship 
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between the layer-shear and the true environmental history of a 

particular layer through the thickness of the panel. 

Although the press was control led based on position, al I of the 6 

percent mat moisture content panels reached the maximum available platen 

pressure before they reached ff nal thickness. As a resu It, the press 

c I os i ng ti mes for these pane I s were I onger than the target va I ues. 

However, the platen pressure time-integral values are probably not 

significantly effected because, with the exception of a slight rate of 

loading effect, the same amount of work would be required to close the 

press. 

Examination of Table 4 indicates that the time-integral of pressure 

Is higher for panels pressed at the slower press closing rate. 

Initially, the faster rate of loading requires a higher appl led 

pressure, since the rate of loading exhibits a significant Influence on 

the measured strength of wood. The s I ower rate of I oad Ing req u I res a 

lower maximum appl led pressure, but the stress relaxation fol lowing 

press closure occurs at a slower rate. This results in a higher net 

time-integral of app I I ed pressure for the I onger press c I os Ing t lme. 

This observation was verified using Duncan's test for the least 

significant difference between means. At the 0.05 alpha level, the mean 

time-integral of pressure obtained for the two minute press closing time 

was significantly higher than the mean time-Integral of pressure 

obtained for the one minute press closing time. 

The presence of moisture decreases the resistance of wood to 

transverse compression, and hence, higher moisture content mats require 

less pressure to obtain the same level of compaction as a lower moisture 
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Table 4: Summary of average time-Integrals of platen pressure 
for the Initial 11.4 minutes of the press cycle, for 
the eight treatment levels of panel manufacture. 

Platen 
Temperature 

(°C ( 0 f)) 

Initial Mat Press 
Moisture Closing 

Content<%> Time (min.) 

Platen Pressure 
Time-Integral 

(kPa x min.) 
------------------------------------------------------------

6 

154 (310) 

15 

6 

190 (375) 

15 

2 

2 

2 

2 

19659 

19235 

11969 

14270 

13522 

14668 

13003 

14823 
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content mat. Duncan's test confirmed this observation since the means 

for the two mo I sture content I eve Is were found to be s I gn If I cant I y 

different at the 0.05 level. The higher lnltlal mat moisture content 

resulted In lower time-Integral of platen pressure values. 

The relation of temperature to the time-Integral of platen pressure 

Is not evident from visual examination of the average time-Integrals of 

pressure (Table 4). One would expect that a higher temperature would 

provide for greater plastlclzatlon of the I lgnln and hemlcel tuloses. 

This condition would require less pressure to obtain the same level of 

compaction. The average values obtained for the time-Integral of 

pressure appear to f o I Io« th Is hy pot hes Is at I ow mo I sture content, but 

contradict It at the higher moisture content. 

At the combination of higher moisture content and higher 

temperature, a sufficiently high gas pressure Is created to offset the 

Increased pl lab II tty of the wood component. Indeed, reference to Table 

5 Indicates a significant Increase In the gas pressure encountered at 

the combination of high temperature and high moisture content. Duncan's 

test was executed to check for s I gn If I cant d I fferences between the 

samp I e popu I at Ion means of the two temperature I eve Is. The two means 

were found to be significantly different at an alpha level of 0.05. The 

higher temperature resulted In a reduced time-Integral of platen 

pressure. The Interaction between temperature and moisture content was 

also significant at the 0.05 level. 

Further reference to Table 5 Indicates the trends exhibited In the 

time-Integral of gas pressure as Inf I uenced by the various pressing 

parameters. As expected, a higher Initial mat moisture content produced 
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Table 5: Summary of average time-Integrals of gas pressure for 
the lnltlal 11.4 minutes of the press cycle, for the 
eight treatment levels of panel manufacture. 

Platen 
Temperature 

(°C ( 0 f)) 

154 (310) 

190 (375) 

Initial Mat 
Moisture 

Content<%> 

6 

15 

6 

15 

Press 
Closing 

Time (min.) 

2 

2 

2 

2 

Gas Pressure Tlme-lnegral 
Face Core 
(kPa x min. (gage)) 

109 

104 

433 

355 

239 

277 

1014 

905 

84 

104 

419 

286 

229 

240 

942 

736 
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higher time-Integral of gas pressure values, apparent at both the 

surface and the core. A greater platen temperature has the potential 

for a greater water vapor pressure, and consequently a higher total gas 

pressure. The affect of moisture content, temperature, and their 

Interaction were all found to be statistically significant at the 0.05 

I eve I • Press cl os Ing rate d Id not appear to prov I de a s I gn If I cant 

Influence over the time-Integral of gas pressure. 

Table 6 contains the time-Integral of temperature for the eight 

treatment levels used In pressing. Platen temperature, as expected, 

exhibited a significant Influence over the total temperature experienced 

at both the face and the core. This relationship was statistically 

significant at the 0.05 alpha level. In each case, the time-Integral of 

temperature Increased at a higher platen temperature. 

The addition of moisture to the flakeboard furnish was expected to 

Increase the rate of heat transfer from the platens to the core of the 

panel. In addition, a higher moisture content would require more energy 

for vaporization at the expense of latent heat. Consequently, the 

panels which were pressed at 15 percent moisture content exhibited no 

consistent difference In the time-Integral of temperature from those 

which were pressed at 6 percent moisture content, as Indicated by 

Duncan's test at a 0.05 alpha level. 

The press closing time was observed to provide a statistically 

significant Increase In the time-Integral of temperature with an 

Increase In the rate of closing. The moisture content Interacted with 

the press closing time to result In a higher time-Integral of 

temperature at the higher level of Initial mat moisture content. By 
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Table 6: Summary of average time-Integrals of temperature for 
the Initial 11.4 minutes of the press cycle, for the 
eight treatment levels of panel manufacture. 

Platen 
Temperature ( oc ( Of)) 

154 (310) 

190 (375) 

Initial Mat Press 
Moisture Closing 

Content<%> Time (min.) 

6 

15 

6 

15 

2 

1 

2 

2 

1 

2 

Temperature Tlme-lnegral 
Face Core 

1447 

1370 

1426 

1343 

1725 

1634 

1724 

1624 

(°C x min.) 

994 

939 

976 

860 

1105 

1057 

1125 

970 
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closing the press more quickly, a longer period ts provided In which 

more Intimate contact Is establ tshed between flakes. Because the 

compaction capacity of the press was reached with the low mat moisture 

content flakes, press closing time and mat moisture content were not 

independent variables. The actual press closing time was longer for the 

low mat moisture content, therefore, a significant interaction was 

expected. 

Internal Bond 

Six specimens from each of the 24 flakeboard panels were tested for 

Internal bond according to ASTM D 1037-80. These values were used to 

provide a comparison of weakest plane adhesive bond qual lty between the 

eight treatment levels. Al I Internal bond values, along with the panel 

average and coefficient of variation are I lsted In Tables 85 and 86, tn 

Appendix B. The average and coeff tctent of var I at ton of the eighteen 

specimens for each of the treatment levels are I tsted tn Table 7. 

The internal bond values were analyzed as a complete factorial 

design, with two levels each of platen temperature (154 and 190°C (310 

and 375°F)), press closing time (1 and 2 minutes), and Initial mat 

moisture content (6 and 15 percent). Analysis of variance was performed 

to detect s I gn If I cant treatment d If ferences at an a I pha I eve I of 0. 05 

for each of the pressing parameters. Al I two-way Interactions and the 

single three-way Interaction of these variables were also examined. 

At the 0.05 alpha level, the two levels of temperature, Initial mat 

mo I sture content, and press c I os Ing t I me each prov I ded s I gn If I cant I y 
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Table 7: · Summary of average Internal bond values and coefficients of 
variation tor the eighteen observations, tor each of the 
eight treatment levels of panel manufacture. 

Platen 
Temperature 

(°C ( 0 f)) 

154 (310) 

190 (375) 

lnltlal Mat 
Moisture 

Content<%> 

6 

15 

6 

Press 
Closlng 

Time (ml n.) 

2 

1 

2 

1 

2 

Internal 
Bond 

CkPa) Cps I) 

384 

452 

416 

330 

646 

628 

56 

67 

60 

48 

94 

91 

Coefficient 
of Variation 

<%> 

31.6 

20.7 

25.2 

32.2 

27.2 

17.7 
------------------------------------------------------1 425 62 22.2 

15 
2 278 40 45.3 
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different Internal bond values. The two-way Interactions of temperature 

with lnJtJal mat moisture content and press closing time with JnJtJal 

mat moisture content were also found to provide sJgnJfJcantly different 

Internal bond values. The two-way Interaction of temperature with press 

closing time and the three-way Interaction of al I of the parameters were 

not significant at the 0.05 alpha level. 

The higher temperature level C190°C, 375°F) provided an overal I 

J ncrease Jn the magn Jtude of 1B values, w Ith the except Jon of the 15 

percent moisture content, 2 minute press closing time treatment. 

L J kew J se, a I I of the treatments at the faster press c I os J ng t I me C 1 

m Jnute) exh J b lted h I gher 1B values than the treatments at the s I ower 

press closing time (2 minutes). Again, a single exception ls apparent. 

The sample population mean for the 154°C (310°F), 6 percent moisture 

content, 2 minute press closing time treatment ls higher than the sample 

popu I at Jon mean for the correspond Ing treatment w Ith a 1 m J nute press 

closing time. The treatment means obtained for the two moisture content 

levels (6 and 15 percent) exhibit a sJmJ lar single disparity from the 

general trend. The overal I affect of the lower Jnltlal mat moisture 

content level was to Increase the magnitude of the values obtained In 

Internal bond testing. The single exception Js that the sample 

population mean for the 154°C, 1 minute press closing time, 6 percent 

mo J sture content treatment J s I ower than the correspond J ng treatment 

mean with a 15 percent lnltlal mat moisture content. 

The significant Interaction Indicated for the parameters of 

temperature and moisture content Is manifested In the Increased 

d I fference observed between treatment means at the two J n Jt Jal mat 
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moisture content levels. The overall Increase of Internal bond values 

at the lower moisture content is more dramatic at the higher 

temperature. A higher moisture content Imparts greater mob II lty to the 

res In component by retard Ing the sorpt I on of mo I sture from the res In 

and, thereby, maintaining a lower resin viscosity. This condition 

provides less resin at the Interface between two flakes, and creates a 

condition equivalent to starved gluel Ines observed In plywood. 

Increasing the temperature at a given moisture content level creates 

additional steam which moves toward the center of the mat, which Is at a 

lower temperature than the face. High humidity conditions or even 

condensation may lead to an even higher moisture level at the center of 

the mat than provided by the Initial mat moisture content. This serves 

to further increase the mobll tty of the resin component. Moisture 

Inhibits the cure of phenol-formaldehyde resin because the cure occurs 

through a condensation reaction. The higher moisture level shifts the 

equll ibrlum to favor the reactants rather than the cured resin product. 

Although an elevated temperature tends to Increase the rate of cure, a 

h I gher mo I sture content I nh I b Its the cure of the res In and prov I des a 

longer time for res In f I ow. At I ower moisture I eve Is, the affect on 

res In cure Is reduced and I ess of the res In m I grates c1t1 ay from the 

Interface between flakes before the resin gels and migration Is halted. 

The significance of the Interaction observed between Initial mat 

mo I sture content and press c I os Ing t I me Is I ess c I ear. The rate at 

which the press Is closed Is directly correlated to the pressure 

required to do so. The closing rate or time of closing can affect the 

res In In two aspects. CI os Ing the press more rap Id I y w II I requ I re a 
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greater compaction pressure and consequently Increase the penetration or 

spread of the res r n, or both. It rs hy pot hes I zed that at a h I gher 

Initial mat moisture content, a faster press closing rate provides a net 

Increase In penetration of the resin which better anchors torn or 

damaged f r bers and r ncreases I nterna I bond. At the I ower mo I sture 

content, r ncreased pressure resu I ts r n a net Increased spread of the 

resin and corresponding reduced penetration which Is lnsuff le lent to 

adequately reinforce damaged fibers resulting In decreased Internal 

bond. 

Specific Gravity Profiles 

Six shear specimens from each of the 24 panels were analyzed to 

determine the specific gravity profile through the thickness of the 

panel. The method of attenuation of ganma radiation developed by 

Laufenberg (1986) was used In obtaining the profiles. The analysis used 

r n th rs r nvest r gat r on was based on the assumpt r on that the f I akeboard 

panels were symmetric about the dimensionally central plane through the 

thickness of the board. Visual examination of the Individual profiles 

prov r ded suf f r c rent ver r f r cat r on of th rs assumpt r on of symmetry. The 

specific gravity profiles were therefore analyzed from the center of the 

panel outward to one surface, chosen randomly. Averaging the eighteen 

prof II es for each of the treatment I eve Is served to el 1ml nate much of 

the localized variability observed In any particular profile. This 

provided a smooth curve for comparing the affects of the various levels 

of pressing parameters on the specific gravity profile. 
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Laufenberg (1986) Indicates that a I Imitation Is associated with 

this particular method. The abll tty of the technique to provide 

accurate determination of the specific gravity of the panel near either 

surface Is questioned. The Inaccuracy Is I lmlted, however, to a region 

of approximately 0.05 cm C0.02 In.) at each surface which Is the width 

of the rad I at I on em I ss I on s I ot on the test Ing apparatus. These th In 

surface regions are not of particular Interest for relating to the shear 

values, since they are not obtainable at such shallow depths from the 

panel surface. 

Smith (19~2), and Plath and Schnitzler (1974) have Indicated the 

significance of the press closing time In control I Ing the density 

profile In non-veneer composite wood panels. These Investigations also 

Indicated strong correlations between the density profile and mechanical 

properties of such panels. Figure 7 11 lustrates the specific gravity 

profiles obtained for the treatment levels of 190°C (375°F), 15 percent 

tntttal mat moisture content, and one and two minute press closing 

times. This graph demonstrates the Influence that press closing time 

typically exhibited on the shape of these curves. The panel pressed 

with a longer press closing time exhibited a peak In specific gravity at 

some distance from the surface and the specific gravity decreased from 

that point. The specific gravity profile obtained for the panel pressed 

at the one minute closing time exhibits a continuous Increase In 

specific gravity to the surface of the panel, a U-shaped profile. 

Smith (1982) Indicated similar findings In his tnvesttgatton of 

aspen waferboard. The Influence of the press closing time ts manifested 

In control I Ing the location and amount of wood denslflcatlon. At faster 
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press closing times, the flakes at the surface are exposed to 

compressive forces before the moisture In the wood Is heated to 

evaporation and forced toward the center of the mat. The higher 

mot sture content prov I des tor greater p I ast I cf z at I on of the I I gn In and 

hemtcel lulose components. This results In a decreased resistance of the 

wood to compressive deformation and hence, greater densfttcatton of the 

surface regions. 

The Influence that the moisture and heat components exhibit on the 

the specific gravity profile of a panel are essential, yet somewhat less 

clear due to their mutual Interaction and Interaction with press closing 

t I me C Sm I th, 1982) • The et f ect of mo I sture appears to be to Increase 

the specific gravity through the entire panel. This Is Illustrated by 

the profiles for the treatments of 190°C C375°F), 2 minute press 

closing, and 6 and 15 percent Initial mat moisture contents (Figure 8). 

An upward shift of the entire prof I le at higher fnfttal mat moisture 

content ts a result of less sprfngback, and consequently a smaller panel 

th fckness. 

Figure 9 Indicates the Influence of the temperature parameter on the 

specific gravity profile of flakeboard. This graph Includes the 

prof fies for the treatments pressed at 15 percent moisture content, with 

a 1 minute press closing time, and at temperatures of 154 and 190°C (310 

and 375°F). An upward shift of the entire specific gravity profile for 

the higher press temperature Is clearly apparent. The overall Increase 

In the specific gravity profile for panels pressed at the higher 

temperature are a direct function of the reduced final thickness of the 

panel. Since the target thickness of 1.9 cm C0.75 In.) was achieved for 
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time, and 6 and 15 percent moisture contents. 
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Figure 9: Ccmparlson of average specific gravity profiles for panels 
pressed at 1 minute press closing time, 15 precent moisture 
content, and 154 and 190°C (310 and 375°F) platen 
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each of the panels during pressing, final thicknesses greater than this 

were a result of recoverab I e deformatf on or spr f ngback. The hf gher 

temperature level promoted permanent deformation by providing for flow 

of the amorphous regions while reducing the amount of recoverable 

elastic deformation. Since sprfngback fs a function of the elastic 

recovery, the higher temperature resulted fn decreased sprfngback, 

decreased final thickness, and Increased specific gravity. 

The f nf I uences of temperature and mo f sture content on the spec ff f c 

gravity profile appear to be Interrelated. At the higher level of one 

parameter, the other exh f bf ts a sf gn ff f cant f nf I uence. At the I ower 

level of one parameter, the Influence of the other fs reduced. This 

Interaction fs explained by the compounding of the previously mentioned 

plastfcfzatfon effects of the temperature and moisture parameters. The 

6 percent moisture content fs probably Insufficient to reduce the glass 

transition temperature of the I fgnfn below the temperature available at 

most I ocat f ons through the pane I before most of the compact f on has 

occurred. L f kew f se, the 154°C (310°F) temperature I eve I f s Inadequate 

to exceed the glass transition temperature provided by the 15 percent 

mo f sture content I eve I • The mo f sture content and temperature 

environment present at any particular location through the thickness fs 

further comp I f cated by the t f me e I ement. T f me f nf I uences format f on of 

the specific gravity profile fn that the temperature and moisture 

content levels present, at a particular layer and time during the 

pressing cycle, are constantly changing. 
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Layer-Shear AnalysJs 

The results whJch Suchsland (1977) and, Hal I and Haygreen (1983) 

obtaJned Jn relatJng compressJon shear values to Jnternal bond JndJcated 

a good correlatJon between these two test methods. These two 

r nvest r gat r ons emp I oyed compress r ve shear as a measure of the weakest 

plane through the panel thJckness. By control I Jng the locatJon of 

shear, th rs test method prov r des a measure of the bond qua I r ty at 

varJous layers Jn the panel. ThJs relatrvely sJmple test procedure 

provJdes JnformatJon to facJI Jtate the expanded use of desJgn technJques 

Jn the manufacture of flakeboard panels. 

The use of 2.5 by 10 cm (1 by 4 Jnch) specJmens was deemed necessary 

to avoJd edge crush Jng srmr lar to that encountered by Shen and Carrol I 

(1970) rn testJng torsronal layer-shear specJmens. The long dJmensJon 

prov r des a bear r ng area, tw r ce that prov r ded by the square spec r men of 

the same cross-sectronal area and therefore only half the bearJng 

stress. It was desJrable to marntarn the same cross-sectJonal area as 

used for Jnternal bond testJng for comparatrve purposes wJth respect to 

sample sJze. 

Each panel provJded 18 shear specimens, 6 to be sheared at each of 

three dJfferent layers. The target half-thickness of the panels was 

0.95 cm (0.375 In.). Specimens were tested at layers which were 0.32 

and 0.63 cm C0.125 and 0.250 In.) Inward from the surface of the panel, 

and at the core. These layers were chosen to trl-sect the half-

th r ckness of the pane I and prov I de an adequate representat r on of the 

layer-shear strength through the thickness, assuming symmetry about the 
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central plane. 

The results of the specific gravity profile analysis provided the 

Information necessary to relate the shear strength to the specific 

gravity at the same location. Although the technique used In 

determining the specific gravity profiles provides an excel lent general 

analysis of the overal I curve, some var lab II lty Is associated with 

analysis at a specif le point {Laufenburg, 1986). For this reason, the 

average profiles were obtained for each of the 24 panels and the various 

I ayers were ana I yzed on the bas Is of these average prof 11 es. The 

profiles were manually evaluated to obtain the specific gravity values 

which corresponded to each of the average shear values at the 3 

positions In each panel. This provided 72 average shear values with 

corresponding average specific gravity. 

Layer-shear and specific gravity values were statistically analyzed 

to determine the correlation and regression relationships between the 

two variables. Figure 10 Indicates the scatterplot of the average 

layer-shear stress versus the average layer specific gravity. The 

simple I I near regression I lne obtained for the relationship of these two 

values Is described empirically as; 

Layer-Shear {MPa) = 26 x {Specific Gravity) - 11 

The regression I lne was Included on the scatterplot to demonstrate 

the varlabll tty of the values about this I lne. The I lnearlty of this 

regression relationship Is appl !cable only to the range of specif le 

gravity values obtained In this Investigation. The relationship Is not 

Intended to provide for extrapolation beyond these I lmlts since the 

overal I relationship Is probably curvll !near. The relationship provided 
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Figure 10: Plot of layer-shear versus specific gravity measured at the 
same location through the panel thickness for eight 
treatment levels of panel manufacture. 
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an r-squared value of 0.824, Indicating that over 82 percent of the 

varlabll tty observed In the average shear values was associated with the 

specific gravity. 

The average shear stress at failure, along with the coefficient of 

variation CC.V.), for the eight treatment levels are I lsted In Tables 8, 

9, and 10 for the core, Intermediate, and face layers, respectively. 

Fran examination of the C.V. values, It Is evident that the coefficient 

of variation for the core shear values are similar to those obtained for 

the Internal bond values (Tab I e 7). Hal I and Hay green C 1983) al so 

observed similar C.V.s for Internal bond values and weakest plane 

compressive shear values. 

For every treatment I eve I, the coeff I c I ents of var I at I on decrease 

for the Intermediate values and decrease further for the face shear 

values. This trend Is probably a result of an Increasing variation of 

heat and moisture transport as the distance fran the surface Increases. 

It Is also apparent that the C.V. values are consistently higher for the 

h I gher ( 15%) mo I sture content I eve I, regard I ess of the I ocat Ion of 

shear, level of temperature, or length of press closing time considered. 

The rate of press closing also resulted In a consistent change In the 

C. V. va I ues. The faster rate of cl os Ing was assoc I ated w Ith h I gher 

coefficients of variation. 

An analysts of variance based on the complete factorial design was 

executed to determine significant Influences exhibited by the three main 

parameters of temperature, mo I sture content, and press c I os Ing t I me. 

Al I possible two-way Interactions of the three main parameters were also 

examined for statistical significance. Al I tests for significance were 
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Table 8: Summary of average core layer-shear values and coefficients of 
variation for the eighteen observations, for each of the eight 
treatment levels of panel manufacture. 

Platen 
Temperature ( oc ( OF)) 

154 (310) 

190 (375) 

Initial Mat 
Moisture 

Content<%> 

5 

15 

5 

15 

Press 
Closing 

Time (min.) 

2 

2 

2 

2 

Average 
Stress 

(MPa) (psi) 

2.95 

3.04 

3.96 

3.34 

4.55 

4.36 

5.90 

4.96 

427 

442 

575 

484 

661 

633 

856 

719 

Coefficient 
of Variation 

( %> 

26.2 

20.8 

41.2 

21.3 

16.5 

19. 1 

26.4 

22.9 
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Table 9: Summary of average Intermediate layer-shear values and 
coefficients of variation for the eighteen observations, for 
each of the eight treatment levels of panel manufacture. 

Platen 
Temperature ( oc ( Of)) 

154 (310) 

190 (375) 

Initial Mat 
Moisture 

Content<%> 

5 

15 

5 

15 

Press 
Closing 

Time (min.) 

2 

2 

1 

2 

2 

Average 
Stress 

CMPa) (psi) 

3.73 

3.89 

4.20 

3.40 

5.52 

5.16 

6. 11 

5.59 

541 

565 

608 

493 

801 

748 

886 

810 

Coefficient 
of Variation 

( %> 

26.0 

18. 1 

30.9 

19.7 

16. 1 

14.6 

25.0 

20.7 
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Table 10: Summary of average face layer-shear values and coefficients of 
variation for the eighteen observations, for each of the eight 
treatment levels of panel manufacture. 

Platen 
Temperature ( oc ( Of)) 

154 (310) 

190 (375) 

Initial Mat 
Moisture 

Content<%> 

5 

15 

5 

Press 
Closing 

Time (min.) 

2 

1 

2 

1 

2 

Average 
Stress 

(MPa) (psi) 

5.84 

5.93 

6.53 

5.66 

7.00 

7.48 

847 

860 

947 

821 

1016 

1084 

Coefficient 
of Variation 

( %> 

18.3 

10.6 

19.1 

14.6 

13.5 

12.9 
------------------------------------------------------1 9.41 1365 18.8 

15 
2 9.08 1316 17.4 
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considered at the 0.05 alpha level. Each of the layers of shear testing 

were fndfvfdual ly analyzed to provide fndfcations of sfgnificantly 

influential parameters at each layer. 

Temperature was the only main parameter which proved to be 

significant at the 0.05 level for all three populatlons of shear 

test r ng. Figure 11 r nd I cates an upward sh I ft r n the shear va I ues 

associated with an Increased temperature, sfmflar to the shift observed 

for the specfffc gravity protrles. The moisture content level was 

slgnff leant at the 0.05 level for the core and face shear values, but 

not for the values at the Intermediate shear values. Though this 

lnsfgnlffcance rs viewed as being related to the heat and mass transfer 

d ur r ng press r ng, I ts exp I anat I on a I I udes the author. FI gure 12 

II lustrates a slmllar upward shift for higher moisture contents as that 

observed for higher temperature. This shift appears correlated to 

specific gravity proffles obtained for the same treatments. 

Press closfng time was observed to be statlstlcally significant In 

re I at r on to shear v a I ues at two of the three I ayers of shear test Ing. 

Press closlng time was not significant at the 0.05 level for the values 

obtained for shear at the face of the panel. Previous relatlonshlps 

which were establ I shed between the press closing time and the specific 

grav f ty prof II e, and between spec If le grav I ty and shear wou Id 

Intuitively lead one to anticipate a significant Influence of press 

closlng time on the shear stress at fallure at the face. The locatlon 

at which the face shear values were determined was not In the region 

where the Influence of press closlng time rs exhibited on the specific 

gravity proffle, hence a significant Influence rs not exhibited on the 
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layer-shear at this location. 

None of the possible two-way Interactions Influenced the 

Intermediate layer-shear values at the 0.05 level. The Interaction of 

mot sture content w I th press c I os t ng t I me was, however, s I gn If I cant In 

relation to both the core and face values obtained for layer-shear. The 

Interaction of moisture content with temperature was also significant In 

relation to the face layer-shear values. 

The qua I tty of the ad hes Ive bond and, therefore, the I ayer-shear 

strength, ts a function of the local conditions of heat, moisture and 

pressure surround Ing each bond Ing s lte. The env I ronmental h I story of 

each layer-shear location was compared to the corresponding layer-shear 

value for the purpose of relating bond qual tty to local !zed 

environmental conditions. Statistical correlations and least squares 

multlple regression were employed to provide these relationships. 

Initial correlations Indicated a strong relationship between the 72 

shear values and the corresponding time-Integrals of temperature. 

Figure 13 11 lustrates the scatterplot of these two variables, with an 

r-squared value of 0.77. This correlation associates over 77 percent of 

the var I ab II I ty observed t n I ayer-shear w Ith the var I ab II I ty In the 

time-Integral of temperature. A much weaker correlation was found for 

the dependence of shear on the time-Integral of gas pressure w Ith an 

r-sq uared va I ue of 0. 33. The corre I at I on to the actua I press c I os Ing 

time also yielded a low r-squared value of 0.03. 

Exhaustive regression and correlation of various combinations of 

these and other parameters were completed to provide the best possible 

mu I t Ip I e I I near regress I on. These three var I ab I es were reta t ned when 
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measured at the same I ocat I on through the pane I th I ckness 
for eight levels of panel manufacture. 
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multiple linear regression was performed using a stepwise technique with 

entry and excl us Ion levels of 0.05. The summary of the regression 

relationships, Including model and partial r-squared values along with 

the est I mates of the parameter coeff I c I ents, are 11 sted In Tab I e 11. 

The results of this analysis Indicate an r-squared of 0.90, and the 

actua I temperature, mo I sture content, and pressure h I story are 

stat I st I ca I I y s I gn If I cant In determ In Ing the shear strength at var I ous 

layers through the flakeboard panels. Table 11 also Includes the 

results of a slml lar stepwise regression procedure used to analyze 

specific gravity as a function of envlronmental history. 

Resin Penetration 

Microscopic examination of a I lmlted sample of specimens from these 

panels using a technique slml lar to that employed by Furuno, et al. 

( 1983) prov I ded a qua I I tat Ive eval uat I on of the res In/wood I nterphase. 

The visual examination of the fluorescent mlcrographs produced using 

this technique yielded three significant observations. The penetration 

of the phenol-formaldehyde resin Into the yel lat poplar flakes was 

observed to be Increased by pressing at a higher moisture content. The 

penetration also appeared to be greater at the core than at the face of 

the panel. Both of observations are bel leved to be related to the 

environmental history specific to the particular location through the 

pane I th I ckness. The env I ronmenta I h I story Inf I uences the depth and 

uniformity of penetration by affecting the viscosity and degree of cure 

of the resin. 



93 

Table 11: Summary of regression results for dependent variables shear 
and specific gravity. 

Dependent Variable Dependent Variable 
Shear Specific Gravity 

------------------------- -------------------------Parameter Par2Jal Mo2e1 Parameter Par21al Mo2e1 
Variable Estimate r r Estimate r r 
------------------------------------------------------------------------
Intercept -5535772 0.207187 

Temperature 7927 0.778 0.778 0.000272 o. 744 o. 744 Time-Integral 

Gas Pressure 2124 0.095 0.872 0.000088 0.082 0.826 Time-Integral 

Platen Pressure 0.000004 0.047 0.873 Time-Integral 

Actual Press 598707 0.024 0.896 0.006242 o. 011 0.884 Closing Time 
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The th I rd s I gn If I cant observat I on concern Ing the res In penetrat I on 

character I st I cs In f I akeboard was that the res In Is est I mated to have 

been present at 95 percent of the Interfaces between flakes. The 

I lmlted nature of this study prohibits concrete concl us Ions based on 

these observations, but this finding Is In agreement with the findings 

of Bolton, et al. (1985). The establ lshment of a contiguous network or 

matrix of resin on the wood surfaces would provide the highest 

mechanical properties and provide for the model I Ing of flakeboard as a 

particulate composite. 

Summary and Conclusions 

The eval uatlon of the time-Integrals of temperature, gas pressure, 

and platen pressure Indicated that the pressing parameters provide both 

slmpl e and Interactive Inf I uences on the env lronmental h I story of a 

location through the thickness of a mat. The time-Integral of platen 

pressure was observed to be a function of the plastlclzatlon of the wood 

and was Increased by an Increase In press closing time, or a decrease In 

moisture content or temperature. The time-Integral of gas pressure was 

bel feved to be a function of the evaporation and gaseous expansion of 

water, and was Increased by Increased moisture content and temperature, 

but was unaffected by the press closing time. The time-Integral of 

temperature was Increased by an Increase In platen temperature and 

decrease In press closing time but was unaffected by moisture content, 

which Is due to a heat of vaporization effect. 

Values obtained for Internal bond were also Influenced by the main 
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parameters and by the Interaction of the parameters. Internal bond was 

Increased by a higher platen temperature, by a lower moisture content, 

and by a faster press closing time. The Interaction of moisture content 

with platen temperature and with press closing time provided a further 

Influence of the level of moisture on Internal bond. In addition, the 

penetration. of the resin was qual ltatlvely observed to be Increased at 

higher moisture content. 

The specific gravity profile of the panel was found to be Influenced 

by press closing time, platen temperature, and I nltlal mat moisture 

content. Decreased press closing time facll ltated formation of a 

U-shaped density profile, and the profile became more uniform at slower 

closing times. Increased temperature or moisture content resulted In an 

upward shift of the entire profile. This phenomenon was believed to be 

a function of the elastic recovery (sprlngback) of the panel thickness 

due to various levels of wood plastlclzatlon. 

The values obtained for layer-shear Increased consistently from the 

core to the face while the coefficient of variation decreased 

consistently In the same direction. Good correl atlon between 

layer-shear and specific gravity, as well as a similar parameter 

dependency was observed. Each layer of shear testing was Influenced by 

platen temperature, moisture content, and press closing time through 

either a simple or Interactive relationship. Regression of layer-shear 

based on the various time-Integrals Indicated the significant Influence 

of the environmental history and a strong correlation with temperature 

h I story. 

These f Ind i ngs I ead to the to I I ow i ng cone I us ions concerning the 
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layer properties of flakeboard panels: 

1. The parameters of platen temperature, lnltlal mat moisture 

content, and press closlng time dlrectly and lnteractlvely 

determine the envlronmental history specific to a partlcular 

plane through the thickness which slgnlflcantly Influences the 

strength at the locatlon and the distribution of strength 

through the panel. 

2. The layer-shear and specific gravity at a particular plane 

through the thickness of a flakeboard panel are developed 

through mechan Isms w h I ch are s Im 11 ar I y dependent on the I oca I 

environmental history and especially dependent on the 

temperature history. 

3. The mechan Ism of I ayer-shear fa 11 ure Is through ad hes Ive and 

wood fracture because flake deformation Inhibits fallure 

strlctly In the adhesive component. The technique of 

layer-shear testing therefore provides a measure of bond qual lty 

and wood denslflcatlon. 

4. The results obtained from examination of In situ resin 

penetration In flakeboard were Inadequate to establ lsh a 

relatlonshlp between resin penetration and layer-shear. 



SUMMARY OF CONQUSIONS 

The evaluation of the penetration of phenol-formaldehyde resin 

Into aspen and douglas-flr, and of the layer properties of yellow poplar 

f I akeboard as both were f nf I uenced by hot-press Ing parameters y I el ded 

the fol lowing conclusions: 

1. The uniformity of resin penetration Is Influenced more by the 

natural varlabll lty of wood than by temperature, moisture 

content, time, or pressure. 

2. The pressing parameters of temperature, moisture content, and 

trme Influence the extent of resin penetration by control I Ing 

the viscosity of resrn. Pressure Influences penetration by 

providing a mechanrsm to control hydrodynamic flow. The 

lnteractrons of moisture content with pressure and temperature 

with time also Influence resin penetration by affecting the 

viscosity, with the time-temperature Interaction providing the 

larger Influence. 

3. The parameters of platen temperature, lntftlal mat moisture 

content, and press closfng time dfrectly and Jnteractlvely 

determine the environmental history specfffc to a partrcular 

plane through the thickness which sfgnlflcantly Influences the 

strength at the location and the distribution of strength 

through the panel. 
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4. The layer-shear and speclffc gravrty at a particular plane 

through the thfckness of a flakeboard panel are developed 

through mechanrsms which are slmllarly dependent on the local 

envlronmental history and especrally on the temperature history. 

5. The mechanrsm of layer-shear faflure rs through adhesrve and 

wood fracture because flake deformatron rnhfbfts faflure 

strrctly In the adhesive component. The technique of 

layer-shear testrng therefore provfdes a measure of bond qual rty 

and wood denslflcatlon. 

6. The results from examrnatlon of In situ resrn penetratron In 

flakeboard were rnadequate to establ fsh a relatronshlp between 

resin penetration and layer-shear. 
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Table Al: Summary of average area of penetration and coefficient of 
variation of phenol-formaldehyde resin Into aspen flakes 
pressed at 105°C (221°F), 4% moisture content, and 2.07 MPa 
(300 psi) of pressure. 

2 Minute Pressing Time 5 Minute Pressing Time 
-------------------------- --------------------------Resin* Coefficient Resin* Coefficient 

Specimen Penet2atlon of Variation Penet2atlon of Variation 
# ( u ) ( %> ( u ) ( %> 

------------------------------------------------------------------------
1 6262 29.8 3853 57.8 

2 5378 40.7 3991 21.8 

3 5324 22.6 4378 48.1 

4 6867 32.7 2782 30.3 

5 4969 37.5 2693 41.4 

6 3569 49.8 3342 25.9 

7 4520 48.7 4169 35.0 

8 3142 34.9 3138 41.9 

9 5111 25.7 3902 56.9 

10 4564 36.7 4564 46.7 

* Values represent the average of 24 adjacent penetration segments 
along a single, continuous bond I lne. 
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Table A2: Summary of average area of penetration and coefficient of 
variation of phenol-formaldehyde resin Into aspen flakes at 
155°C (311°F) and 4% moisture content. 

2.07 MPa Pressure 
2 Min. Press Time 

Resin* 
Specimen Penet2atlon C. V. 

# ( u ) ( %> 

2 

3 

4 

5 

6 

7 

8 

9 

10 

3920 

8818 

5009 

5493 

7111 

4756 

3813 

3342 

4489 

4493 

40.7 

26.5 

34.1 

36.9 

18.9 

43.9 

32.8 

30.2 

38.6 

49.3 

2.07 MPa Pressure 
5 Min. Press Time 

Resin* 
Penet2ation C. V. 

( u ) ** ( %> 

4653 

4653 

4400 

4022 

3964 

6809 

5391 

4836 

4231 

38.8 

28.5 

41. 7 

36.1 

41.8 

27.3 

27.8 

50.2 

37.2 

6.89 MPa Pressure 
5 Min. Press Time 

Resin* 
Penet2ation C. V. 

Cu) <%> 

3338 

4458 

6174 

3667 

4667 

4013 

5520 

3089 

4916 

4364 

47.3 

26.6 

22.5 

49.0 

26.6 

33.5 

27.9 

38.8 

50.8 

30.9 

* Values represent the average of 24 adjacent penetration segments 
along a single, continuous bond I lne. 

** One specimen sl Ide was lost for this set of pressing parameters. 
All calculations made using this cycle were based on 216 Individual 
area of resin penetration readings. 
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Table A3: Summary of average area of penetration and coefficient of 
variation of phenol-formaldehyde resin Into aspen flakes 
pressed at 155°C C311°F) and 15% moisture content for 5 
minutes. 

2.07 MPa Platen Pressrue 6.89 MPa Platen Pressure 
-------------------------- --------------------------Resin* Coefficient Resin* Coefficient 

Specimen Penet2atlon of Variation Penet2atlon of Variation 
I Cu> C%) Cu> C %> 

------------------------------------------------------------------------
1 3053 26.5 6671 36.2 

2 5316 44. 1 9062 19.0 

3 4409 19.2 2689 40.9 

4 6009 28.2 3929 34.3 

5 7671 33.4 4867 31.3 

6 7316 26.8 5622 20.6 

7 4342 19.7 4476 39.3 

8 4440 38.0 4729 35.7 

9 4342 25.1 4893 44.2 

10 3653 47.4 5484 28.0 

* Values represent the average of 24 adjacent penetration segments 
along a single, continuous bond I lne. 
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Table A4: Summary of average area of penetration and coefficient of 
variation of phenol-formaldehyde resin Into Douglas-fir 
earlywood and latewood flakes pressed at 155°C (311°F), 4% 
moisture content, and 2.07 MPa of pressure for 5 minutes. , 

Earlywood Latewood 
-------------------------- --------------------------Resin* Coefficient Resin* Coefficient 

Specimen Penet2atlon of Variation Penet2atlon of Variation 
II Cu) (%) Cu) ( %) 

---------------------------------------------------------------------
1 5502 30.7 2462 40.1 

2 9733 22.9 1604 17.8 

3 7333 23.7 2142 22.1 

4 8111 27.2 1604 34.6 

5 5329 29.0 2733 31. 9 

6 4796 22.9 1329 29.6 

7 5982 22.9 2204 30.6 

8 6804 21.0 4076 19. 1 

9 5462 18.9 2684 29.3 

10 6227 24.2 2507 45.9 

* Values represent the average of 24 adjacent penetration segments 
along a single, continuous bond I lne. 
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Table B1: Summary of temperature time-Integrals and distance of 
temperature probes from the center plane of the panel, for 
the face and core probes. 

Panel Surface* Face Core 
------------------ ------------------ ------------------Temp-Time Dist. Temp-Time DI st. Temp-Time Dist. 

Panel Integral to Core Integral to Core Integral to Core , ( °C x m f n.) (cm) (°C x min.) (cm) (°C x min.) (cm) 
------------------------------------------------------------------------

1 1828 0.965 1340 0.668 1082 0.081 
2 1828 0.991 1336 0.610 1073 0.041 
3 1815 0.973 1374 0.668 1084 0.201 

4 1789 0.975 1154 0.795 1008 0.008 
5 1763 0.973 1299 o. 700 1012 0.079 
6 1802 0.980 1190 0.579 1017 0.102 

7 1802 1. 013 1214 0.732 970 0.015 
8 1802 0.996 1151 0.638 928 0.076 
9 1789 0.998 1171 0.732 960 0.003 

10 1802 0.996 1469 0.792 1093 0.008 
11 1853 0.978 1316 0.602 1107 0.086 
12 1828 0.980 1287 0.726 1044 0.249 

13 2271 0.965 1615 0.617 1226 0.020 
14 2239 0.945 1524 0.620 1239 0.119 
15 2255 0.935 1684 o. 726 1270 0.135 

16 2207 0.970 1620 0.820 1119 0.023 
17 2176 0.935 1587 0.805 1180 0.269 
18 2207 0.955 1581 o. 706 1152 0.061 

19 2191 0.932 1394 0.617 1065 0.048 
20 2223 0.963 1449 0.711 1049 0.091 
21 2207 0.965 1375 0.648 1092 0.076 

22 2223 0.940 1586 0.709 1219 0.058 
23 2287 0.952 1690 0.681 1257 0.089 
24 2271 0.947 1624 0.683 1247 0.046 

-------------------------------------------------------------------------
* Time-Integrals for the panel surface are obtained by assuming exposure 

to the platen temperature for the entire pressing cycle. Distance for 
surface Is the half thickness of the panel. 
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Table B2: Summary of gas pressure time-Integrals and distance of gas 
pressure probes from the center plane of the panel, for the 
face and core probes. 

Face Core 
---------------------------- ----------------------------Gas Pressure Distance Gas Pressure Distance 

Panel Time-Integral from Center Time-Integral from Center 
I (kPa x min.) (cm) (kPa X m In.) (cm) 

------------------------------------------------------------------------
1 132 0.739 104 0.216 
2 100 0.617 82 0.005 
3 99 0.617 69 0.038 

4 107 0.752 124 0.003 
5 104 0.612 104 0.094 
6 103 0.704 86 0.030 

7 277 0.757 285 0.036 
8 457 0.772 370 0.018 
9 342 0.605 208 0.020 

10 497 0.833 482 0.003 
11 478 0.798 447 0.173 
12 342 0.579 348 0.198 

13 170 o. 704 177 0.051 
14 186 0.655 171 0.196 
15 369 0.518 349 0.025 

16 229 0.668 199 0.028 
17 323 o. 787 279 0.163 
18 283 0.6.50 24.5 0.099 

19 901 0.686 756 0.033 
20 902 o. 706 756 0.142 
21 915 0.607 701 0.173 

22 1053 0.693 992 0.066 
23 1024 0.866 905 0.168 
24 991 0.668 959 0.005 

-------------------------------------------------------------------------
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Table 83: Summary of the time-Integrals of platen pressure 
for the 24 yellow poplar flakeboard panels. 

Platen 
Temperature ( oc ( OF)) 

154 (310) 

190 (375) 

lnltlal Mat Press 
Moisture Clos Ing 

Content<%> Time (min.) 
Panel 

fl 

1 
2 
3 

Platen Pressure 
Time-Integral 
(kPa X m In.) 

21960 
18846 
18181 

6 -----------------------------------

2 
4 
5 
6 

10 
11 
12 

18879 
18495 
20336 

12139 
12146 
11655 

15 -----------------------------------
2 

7 
8 
9 

13 
14 
15 

13827 
15222 
13794 

12286 
14086 
14205 

6 -----------------------------------

2 
16 
17 
18 

22 
23 
24 

15261 
14042 
14701 

13365 
13026 
12647 

15 -----------------------------------
2 

19 
20 
21 

15772 
14328 
14391 
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Table 84: Summary of regression equations for the time-Integral of 
temperature as a function of the square of the distance from 
the center plane of the panel. 

Platen 
Temperature ( oc ( Of)) 

154 (310) 

190 (375) 

Initial Mat 
Moisture 

Content<%> 

Press 
Closing 

Time (min.) 
Panel 

ti 

1 
2 
3 

Intercept 
Cb) 

981 
1013 
987 

Slope 
(a) 

866 
819 
885 

6 ----------------------------------------------

2 

2 

4 
5 
6 

7 
8 
9 

904 
975 
931 

878 
838 
866 

756 
796 
822 

830 
932 
838 

15 ----------------------------------------------10 
11 
12 

13 
14 
15 

1041 
994 
879 

1078 
1112 
1130 

726 
871 
917 

1268 
1211 
1189 

6 ----------------------------------------------

2 

2 

16 
17 
18 

19 
20 
21 

1042 
1043 
1075 

989 
931 
982 

1096 
1137 
1176 

1327 
1291 
1242 

15 ----------------------------------------------
22 
23 
24 

1122 
1132 
1122 

1148 
1217 
1202 
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Table B5: Summary of internal bond values for the 12 
panels manufactured at 154°C (310°F), six 
specimens from each panel. 

6% Moisture Content 6% Moisture Content 
1 Ml n. Press Closing 2 Min. Press Closing 

Panel ti 2 3 4 5 6 
-------------------------------------------------------405 286 551 376 481 525 
Internal 363 309 423 305 404 480 

Bond 343 285 419 441 592 367 
257 301 516 458 245 538 

CkPa) 431 297 699 418 617 466 
501 239 296 465 439 529 

-------------------------------------------------------Average 383 286 484 410 463 484 c.v. ( %> 21. 7 8.7 28.5 14.9 29.8 13.3 

15% Moisture Content 15% Moisture Content 
2 Min. Press Closing 1 Min. Press Closing 

Panel # 7 8 9 10 11 12 
-------------------------------------------------------285 315 434 348 401 439 
Internal 174 242 479 443 370 206 

Bond 148 312 543 374 621 558 
308 368 369 360 317 612 

CkPa) 375 463 321 400 402 522 
289 315 191 408 376 338 

-------------------------------------------------------Average 263 336 389 389 414 446 
c.v. ( %> 32.6 22.1 32.2 9.0 25.5 34.1 
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Table 86: Summary of Internal bond values for the 12 
panels manufactured at 190°C (375°F), six 
specimens for each panel. 

6% Moisture Content 6% Moisture Content 
1 Ml n. Press Closing 2 Min. Press Closing 

Panel 13 14 15 16 17 18 
-------------------------------------------------------772 675 619 637 668 510 
Internal 471 604 356 627 455 551 

Bond 478 357 827 652 753 739 
791 735 851 576 671 574 

(kPa) 827 607 902 418 770 736 
409 579 767 592 554 827 

-------------------------------------------------------Average 625 593 720 584 645 656 
c.v. (%) 30.5 21. 7 28.2 14.7 18.7 19.5 

15% Moisture Content 15% Moisture Content 
2 Min. Press Closing 1 Min. Press Closing 

Panel 19 20 21 22 23 24 
-------------------------------------------------------268 566 292 377 277 481 
Internal 485 128 152 415 469 361 

Bond 328 315 327 534 558 581 
233 257 424 347 476 532 

(kPa) 212 342 53 415 276 455 
230 194 197 394 288 409 

-------------------------------------------------------Average 293 300 241 414 391 470 c.v. ( %> 35.1 50.6 55.3 15.6 32.0 17 .o 
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Table B7: Summary of core layer-shear values for the 
12 panels manufactured at 154°C (310°F), sfx 
specfmens from each panel. 

6% Mofsture Content 6% Mofsture Content 
1 Mt n. Press Closfng 2 Mt n. Press Closing 

Panel # 2 3 4 5 6 
-------------------------------------------------------
Stress 

at 
Far I ure 

(MPa) 

Average 
C. V. C %> 

Panel # 

2.48 1.19 3.29 
3.27 3.05 4.30 
3.27 2.29 2.89 
4.54 2.08 3.54 
3.07 2.93 3.11 
2.65 2.31 2.75 

3.22 2.31 3.32 
22. 6 29. 0 16. 9 

15% Mofsture Content 
2 Min. Press Closfng 

7 8 9 

2.69 2.35 2.37 
2.46 2.83 3.35 
2.86 2.80 3.34 
3.98 4.05 2.56 
3.23 4.27 2.54 
3.76 2.23 3.12 

3.16 3.09 2.88 
19.2 28.0 15.3 

15% Mofsture Content 
1 Mf n. Press Closfng 

10 11 12 
-------------------------------------------------------0.93 1.84 3.28 3.85 3.26 3.96 
Stress 2.20 3.23 2.49 4.44 3.02 2.47 

at 1.85 6.14 3.05 4. 11 5.18 3.89 
Failure 4.92 4.25 2.61 4.99 3.91 3.96 

CMPa) 3.66 2.85 3.87 4.18 4.27 2.29 
3.39 6.08 3.47 5.63 3.92 4.05 

-------------------------------------------------------Average 2.82 4.07 3.13 4.53 3.93 3.44 c.v. (%) 50.9 43.3 16.8 14.6 19.6 23.9 
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Table 88: Summary of core layer-shear values for the 
12 panels manufactured at 190°C (375°F), six 
specimens for each panel. 

6% Moisture Content 6% Moisture Content 
1 Min. Press Closing 2 Min. Press Closing 

Panel 13 14 15 16 17 18 
-------------------------------------------------------5.91 4.75 4.31 3.04 5.29 4.40 
Stress 4.58 4.00 5.36 2.74 3.85 4.58 

at 4.15 4.20 4.99 4.34 4.63 4.23 
Fa 11 ure 4.78 3.76 5.80 3.96 5.26 4.78 

(MPa) 4.27 4.42 4.46 3.66 4.60 5.90 
2.67 4.43 5. 14 3.66 5.56 4.02 

-------------------------------------------------------Average c.v. <%> 

Panel 

4.39 4.26 5.01 
23.9 8.2 11 • 1 

15% Moisture Content 
2 Min. Press Closing 

19 20 21 

3.57 4.87 4.65 
16.5 12. 9 14.3 

15% Moisture Content 
1 Min. Press Closing 

22 23 24 
-------------------------------------------------------5.34 4.53 5.81 6.11 9.43 4.75 
Stress 6.00 4.18 4.53 5.65 7.59 5.22 

at 4. 11 5.81 3.39 5. 12 3.99 7.47 
Fa! I ure 8.40 5.89 5.80 5.67 7. 19 5.68 

(MPa) 2.77 3.39 4.73 5.37 3.97 5.00 
5.05 5.65 3.89 6.51 5.95 5.54 

-------------------------------------------------------Average 5.28 4.91 4.69 5.74 6.35 5.61 c.v. ( %> 35.9 21.0 21.0 8.8 33.8 17.4 
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Table B9: Summary of Intermediate layer-shear values 
for the 12 panels manufactured at 154°C 
(310°F), six specimens from each panel. 

6% Moisture Content 6% Moisture Content 
1 MI n. Press Closing 2 Min. Press Closlng 

Panel # 2 3 4 5 6 
-------------------------------------------------------
Stress 

at 
Failure 

(MPa) 

Average 
c.v. <%> 

Panel # 

3.12 3.12 3.83 
3.05 3.32 4.84 
4.21 3.84 3.81 
4.25 2.82 5.12 
5.44 2.79 3.47 
5.15 1. 74 3.24 

4.20 2.94 4.05 
23.6 23.8 18.7 

15% Moisture Content 
2 Min. Press Closing 

7 8 9 

4.54 4.49 3.60 
3.26 3.81 3.47 
4.21 2.60 3.46 
4.98 5.02 4.51 
3.49 4.94 3.67 
3.36 3.19 3.52 

3.97 4.01 3.70 
17.8 24.5 10.9 

15% Moisture Content 
1 Ml n. Press Closing 

10 11 12 
-------------------------------------------------------1.27 1.65 3.14 4.78 2.89 3.87 
Stress 2.96 3.49 4.69 3.80 4. 16 4.25 

at 2.91 5.43 4.00 4.56 2.85 3.83 
Fa 11 ure 4.60 3.96 2.27 4.46 4.18 4.66 

CMPa) 3.83 3.28 4.42 5.53 5.26 3. 79 
3.12 3.08 3.09 4.64 2.66 5.33 

-------------------------------------------------------Average 3.11 3.48 3.60 4.63 3.67 4.29 
c.v. ( %> 35.6 35.4 25.6 12. 1 28.1 14.2 
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Table B10: Summary of Intermediate layer-shear values 
for the 12 panels manufactured at 190°C 
(375°F), six specimens for each panel. 

6% Moisture Content 6% Moisture Content 
1 Min. Press Closing 2 Ml n. Press Closing 

Panel 13 14 15 16 17 18 
-------------------------------------------------------5.75 5.48 5.38 3.91 5.24 4.91 
Stress 5.31 5.94 5.88 3.78 6.37 4.99 

at 5.41 5.27 6.66 4.52 5.13 5.89 
Far I ure 5.20 5.83 7.84 4.85 5.14 6.27 

(MPa) 5.21 5.17 5.61 4.52 5.45 5.40 
3.37 4.44 5.67 4.68 6.40 5.45 

-------------------------------------------------------Average 5.04 5.35 6.17 4.38 5.62 5.48 c.v. <%> 16.7 10.1 15.1 9.8 10.8 9.5 

15% Moisture Content 15% Moisture Content 
2 Min. Press Closing 1 Ml n. Press Closing 

Panel 19 20 21 22 23 24 
-------------------------------------------------------5.45 4.85 4.38 8.31 3.53 5.13 
Stress 6.09 3.35 4.68 7.45 7.28 5.55 

at 7.28 5.00 5.18 5.86 5.09 5.86 
Far I ure 9.92 5.81 5.81 7.87 6.06 6.59 

(MPa) 6.12 6.25 4.97 7.33 4.91 6.48 
5.95 4.94 4.54 5.44 4.44 6.75 

-------------------------------------------------------Average 6.80 5.03 4.93 7.04 5.22 6.06 c.v. <%> 24.1 19.8 10.6 16.2 25.0 10.7 
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Table B11: Summary of face layer-shear values for the 
12 panels manufactured at 154°C (310°F), 
srx specrmens from each panel. 

6% Moisture Content 6% Morsture Content 
1 Mr n. Press Closrng 2 Mrn. Press Closrng 

Panel IJ 2 3 4 5 6 
-------------------------------------------------------
Stress 

at 
Far I ure 

CMPa) 

Average 
C. V. C %> 

Panel IJ 

5.77 5.97 6.97 
6.25 4.41 6.87 
6.30 4.67 5.22 
7.44 5.97 7.06 
6.34 5.91 5.62 
3.49 4.31 6.61 

5.93 5.21 6.39 
22.2 15.8 12.2 

15% Morsture Content 
2 Mrn. Press Closrng 

7 8 9 

5.50 6.37 5.84 
4.83 5.67 5.91 
5.91 5.80 6.39 
7.74 5.98 5.38 
6.52 6.00 5.87 
6.09 4.98 5.94 

6.10 5.80 5.89 
16.2 8.0 5.5 

15% Morsture Content 
1 Mr n. Press Closrng 

10 11 12 
-------------------------------------------------------4.66 4.92 6.00 6.24 5.48 6.03 
Stress 4.83 6.62 4.85 7.46 5.86 5.92 

at 3.02 5.81 5.53 6.88 7.67 6.48 
Fat I ure 6.37 6.73 6.05 6.94 6.61 7 .15 

CMPa) 7.29 7.58 5.18 5.90 6.03 4.66 
5.77 5.81 4.91 8.86 7.30 6.08 

-------------------------------------------------------Average 5.32 6.24 5.42 7.05 6.49 6.05 c.v. <%> 28.1 14.8 9.7 14.8 13.2 13.5 
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Table B12: Summary of face layer-shear values for the 
12 panels manufactured at 190°C (375°F), 
six specimens for each panel. 

6% Mofsture Content 6% Moisture Content 
1 Ml n. Press Closing 2 Min. Press Closing 

Panel 13 14 15 16 17 18 
-------------------------------------------------------
Stress 

at 
Fall ure 

(MPa) 

Average 
c.v. <%> 

Panel 

Stress 
at 

Failure 
(MPa) 

Average 
C. V. C %> 

6.30 6.47 7.20 
6.97 6.76 9.17 
6. 17 6.43 7.20 
6.92 7.01 8.73 
6.42 7.28 8.33 
5.41 6.07 7. 19 

6.36 6.67 7.97 
9.0 6.6 11.1 

15% Moisture Content 
2 Min. Press Closing 

19 20 21 

11.99 8.25 7.82 
11.07 10.13 10.03 
9.22 8.87 8.66 
6.70 8.14 10.01 
8.17 5.42 8.51 

11.81 8.06 10.52 

9.83 8.14 9.26 
21.8 19.0 11.6 

6.68 8. 11 9.54 
8.26 7. 70 6.45 
7 .14 7.20 7.52 
6.51 8. 73 7.31 
7.09 9.05 7.21 
5.79 6.75 7.51 

6.91 7.92 7.59 
11.9 11.2 13.6 

15% Moisture Content 
1 Min. Press Closing 

22 23 24 

10.28 10.12 8.73 
11.51 10.54 11.24 
9.70 6.37 10.24 
9.33 7.38 10.76 
8. 61 7. 13 7. 57 
9.20 8.44 12.31 

9. 77 8. 33 l 0. 14 
10.4 20.3 17.0 
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