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Phenol-formaldehyde resins are widely consumed as

thermosetting adhesives for production of exterior grade
plywood. Many patents and chemical investigations high-

light these resin's seventy-five years of commercial im-

portance. Most studies have dealt with early stages of

resin synthesis avoiding the complex highly condensed

resins. Modern size-exclusion ehromatographs, laser-

light-scattering photometers and nuclear-rnagnetic-reson-

ance (NMR) spectroscopes allow characterizatoti of highly

condensed polymers. The objectives of this study were to

chemically characterize highly condensed phenol-formalde-

hyde resins synthesized by varying their formulations and

to identify relationships to their adhesive performance

on veneers of Douglas-fir (Pseudotsuga rnenziesii (Mirh)

Franco).

Formulation variables were the molar ratios of formal-

dehyde to phenol (F/P of 1.9, 2.2 and 2.5), initial sodium
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hydroxide to phenol (iNaOH of 0.15, 0.25 and 0.35), total

sodium hydroxide to phenol (tNaOH of 0.45, 0.60 and 0.75),

and the rate of temperature elevation to ref lux (linearly

at 2.8°C/minute or intermediate 60°C methylolation

plateau). The INaOH level was the most significant

formulation variable, with high levels resulting in resins

that were highly condensed as measured by molecular

weight (MW), but less highly branched than resins synthe-

sized with lower iNaOH levels. Combinations of high for-

maldehyde concentration with high iNaOH resulted in some

loss of formaldehyde in the Cannizzaro reaction; however,

combinations of low formaldehyde concentration with high

INaOH resulted in highly condensed resins with little for-

maldehyde loss.

Panels made with high resins were not tolerant

to long assembly time because of glueline dryout, but the

presence of free phenol, orthomethylolphenol (OMP) and for-

maldehyde offset effects due to high molecular weight.

Resins not highly branched were tolerant of long assembly

time due to their thermoplasticity.
Viscosity was a useful predictor of when formulation

variables were included in the prediction model. Viscosity

may, therefore, also be a useful predictor of gluabilty

provided that factors such as free phenol, OMP and formal-

dehyde as well as molecular branching are considered.
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The Interaction of Formulation Parameters with
Chemical Structure and Adhesive Performance

of Phenol-Formaldehyde Resins

INTRODUCT ION

Polymers of phenol and formaldehyde (PF resins) dom-

inate the American and European marketplace as adhesives

for exterior grade plywood because of ease in processing,

low cost relative to alternative adhesive systems and min-

imal pollution from either volatile emissions or the sol-

vent, which is generally water. The glueline is water-

proof, infusible and very durable when properly cured in

plywood manufacture. Production of thermosetting phen-

olic resins in the United States has increased from 1.2

billion pounds in 1971 to 2.3 billion pounds in 1981 (An-

onymous, 1982).

Leo Hendrick Baekeland is generally credited with the

first development of commercially valuable phenolic resins

in his 1907 "heat and pressuret' patent developed in his

home research laboratory in Yonkers, New York (Knop and

Scheib, 1979). The commercial significance and techno-

logical development of phenolic resins has been treated in

the literature with sporadic regularity.

One of the earliest major reviews appeared in 1935

as part of a 2 volume treatise on synthetic resins by El-

lis. Carswell wrote a book which he called "Phenoplasts"

in 1947. In that same year Whitehouse et al. published

a pertinent treatment which was later revised and updated



in 1955 and released again in 1967 through a new publisher.

The late 1950's welcomed three major books on phenolic

resins by Martin (1956), Megson (1958) and Gould (1959).

More recently Knop and Scheib (1979) provided an updated

general review of phenolic resins. The year 1979 also was

marked by a science symposium on phenolic resins in which

over 40 authors presented 22 papers on both recent and

historic perspectives (Anonymous, 1981). Many modern text

books on synthetic resins, plastics and polymers have at

least one chapter devoted to phenolic resins (Anonymous,

1969; Saunders, 1973).

During the 75 years since Baekeland's patent, phen-

olic resins have been the subject of intensive study as

documented by the books already mentioned and many manu-

scripts in scientific journals. Still, there is much which

is not yet understood. Most of the books on phenolic res-

ins provide a summary of their commercial importance and

applications while providing only a cursory treatment of

preliminary resin chemistry. One of the most comprehen-

sive reviews of reactions of phenolic resins was by Drumm

and LeBlanc (1972). The literature they reviewed, however,

also dealt mainly with the early stages of resin synthe-

sis. Data regarding the later stages of synthesis when

the polymer is larger and more complex are generally un-

available due to the difficulty of handling these materi-

als analytically.

The majority of PP resins for plywood are aqueous
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solutions of phenol and formaldehyde catalyzed and solu-

bilized with sodium hydroxide (NaOH). Their ingredient

ratios and synthesis parameters frequently are altered to

improve the resin's tolerance to production variables and

to respond to market fluctuations of raw materials. The

formulations of these materials is maintained on a proprie-

tary basis by resin chemists. Inconsistencies or failures

in research aimed at substituting petroleum derived phenol

with forest product industrial residues such as bark tan-

nins and pulping lignins (Hemingway, 1981), are related to

a lack of adequate information regarding the interaction

of synthesis variables with molecular properties associat-

ed with later stages of resin synthesis.

A PF resin is a mixture of polymer molecules differ-

ing in molecular weights, shapes and degree of substitu-

tion. Polymer chemists have sought and found relationships

for many types of polymers between parameters, such as av-

erage molecular weight and structure, and physical proper-

ties relating to end use (Mark, 1965; VanKrevelen, 1976).

For example, some linear polymers which are solids at room

temperature are able to flow when heated due to the ability

of the polymer chains to slide past one another in a melt.

When coled, they solidify again and are, therefore, use-

ful a- hot melt adhesives. Branched polymers generally

do not have that ability. Chen and Rice (1976) attempted

to re ate such properties to phenoLic resins for improved
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dryout resistance; however, such relationships are not com-

mon fo' PF systems because of their complexity and because

of a lck of adequate analytical instrumentation until re-

cently.

A erage substitution per phenolic ring may be measured

using proton nuclear magnetic resonance (NMR) spectroscopy

(Hirst et al., 1965; Woodbrey et al., 1965). The averages

of a resin's molecular weight may now be measured directly

with computer assisted size-exclusion-chromatography (SEC)

in series with a low-angle laser-light-scattering (LALLS)

photometer (Wellons and Gollob, 1980).

This study is designed to characterize the average

structure and molecular weights of an array of advanced

plywood type PF resins synthesized while varying the in-

gredient ratios within a similar range to industrial prac-

tice, thus allowing the resin chemist to seek relationships

between such molecular parameters and adhesive performance

properties.

This thesis marks the culmination of a 3 year study

funded in part by the U.S.D.A. Forest Products Laboratory,

Madison, Wisccnsjn and aimed at characterizing resin pa-

rameters useful for identifying and predicting wood adhe-

sion. An earlier report on the first part of this study

was prepared as a Master's thesis by Robert J. Parker.

Parker's results will, therefore, be called upon frequent-

ly to add additional dimension to the results presented

here.



Goals and Objectives

The goal of this study is to experimentally describe

the relationships between resin structure and performance.

The goal is to be accomplished through the following ob-

jectives.

Synthesize an array of resins by varying the

mole ratio of formaldehyde to phenol (F/P),

total NaOH to phenol (tNaOH/P), initial NaOH

to phenol (INaOH/P) and temperature profile

during the reaction.

Characterize the structure of the resins using

proton nuclear magnetic resonance (NMR) spec-

troscopy for the average substitution pattern

and size-exclusion-chromatography in series

with a low-angle-laser--light-scattering photo-

mer (SEC-LALLS) for average molecular weight,

molecular weight distribution and relative

branching pattern.

Evaluate the bonding ability of resins with a

wide range of chemical parameters.

Develop a rationale to explain the observed re-

lation of synthesis variables to structure,

and structure parameters to performance.

5
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BACKGROUND

React ions

Resin synthesis occurs in two steps, addition and

condensation. The addition reaction is believed to pro-

ceed through an ionized phenol (phenate ion) and an un-

ionized formaldehyde or methylene glycol. The addition

step, also referred to as the methylolation step, is ex-

othermic and proceeds as shown below (Drumm and LeBlanc,

1972).

20

6

Three hypothetical charged resonance forms illustrate

why phenol has a functionality of 3, with 2 active ortho

sites and one active para site per phenol molecule (Morri-

son and Boyd, 1973).



Condensation, shown below, is the reaction between

a methylol phenol and, an active hydrogen which releases

a molecule of water as by-product.

OH OH

9H

CH2 OH

NOH
HCF C

Active hydrogens may be para or ortho proton sites on a

phenol, or the hydroxyl hydrogen on another methylol group.

In the case of condensation between two methylols, a di-

benzyl ether bridge results (ArCH9OCH2AR). The dibenzyi

ether bridge unit may release one of the bound formalde-

hydes via disporportionation to yield a methylene bridge:

ArCH2OCH9AR - ArCH2Ar + CH2O.

During the initial stages of alkaline catalyzed resin'

synthesis, formaldehyde consumption may also occur by the

Cannizzaro self-reaction in competition with methylolation.

Two molecules of formaldehyde react in the presence of so-

dium hydroxide (NaOH) to form one molecule of methanol and

one molecule of formic ac

2CH 0
9H CU OH + HCOO Na4

1120 3

id (Walker, 1964):

7

+ HO



Resin characteristics can be altered by varying the

mole ratio of raw materials, the pH of thereaction medium

or the temperature of the reaction medium (Freeman and

Lewis, 1954; Drumm and LaBlanc, 1972; Parker, 1972; Singh

and Ohri, 1982). Additional formaldehyde tends to decrease

the time to gellation, while increased NaOH gives the resin

an alcohol odor caused by generation of methanol via the

Cannizzaro reaction. The influence of pH and temperature

upon the relative rates of the methylolation and condensa-

tion reactions is illustrated in Figure 1 adapted 'from da-

ta reviewed by Drumm and LeBlanc (1972).

In general, resins which are catalyzed by acid are

novolaks while those catalyzed in alkaline media are re-

soles (Whitehouse et al., 1967). Figure 1A shows that at

low pH the rate of condensation is faster than the rate

of methylolation. Condensation occurs approximately 10

times faster than methylolation under acidic conditions

(Drumm and LaBlanc, 1972). As a result, the ambient popu-

lation of methylol phenols is low because these compounds

rapidly condense to form oligomers and polymers. As the

chain grows, the interior reactive sites decline in reac-

tivity due to steric crowding or a shielding phenomena (Ku-

mar et al., 1980). The combination of rapid condensation,

slow methylolation and lower reactivity of interior sites

yields a relatively linear polymer. Linearity may be over-

come if an excess of formaldehyde is used, because it can



4
RELATIVE

RATE

RELATIVE

RATE

TEMPERATU RE

LIETHYLOLAT I ON

CONDENSATION

4 CONDENSATION 4

METHYLOLAT I ON

9

Figure 1. Relative rates of methylolation and conden-
sation as a function of pH and temperature
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condense the residual active hydrogens in the chain.

In alkaline catalyzed systems, the relative rates of

the condensation and methylolation reactions is reversed,

with condensation becoming the rate determining step. Due

to the slower rate of condensation and enhanced rate of

methylolation, a population of methylol phenols accumulates

in the reaction medium. These initial stages of alkaline

catalyzed methylolation are well documented in the early

literature through the use of quantitative paper chromato-

graphy (Freeman, 1952). The technology is now available

to use gas chromatography for such studies (Troughton and

Rozon, 1972). Freeman and Lewis (1954) determined the

relative methylolation rates of phenol and methylol-phenois

in alkali (Figure 2). Orthomethyloiphenol (OMP) has a

marked tendency to further methylolate to form a trimethy-

lolphenoi, thus numerous branch points and opportunities

to crossijnk are built into the resin structure very early

due to the methylolation pattern. Zavitsas et al. (1968)

reported the ratio of OMP to paramethyloiphenol (PMP) to

decrease as the concentration of alkali increased. He pro-

posed that sodium cations surrounding the phenate oxygen

anion inhibited the accessibility of the ortho sites be-

cause they are adjacent to the phenate oxygen. The rate

of further methylolation of PMP is not as great as that

of OMP. But, Parker (1982) found the majority of formalde-

hyde to be incorporated as methylol groups in 20-30
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Figure 2. Relative rates of alkaline catalyzed methylo-
lation
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minutes of a modern resin formulation procedure regardless

of the NaOH content levels of 0.15 to 0.35 moles NaOH per

mole of phenol.

Thus, most of the methylolation is completed very

early in a commercial plywood type resin synthesis and it

is therefore the condensation reaction that predominates

as the synthesis progresses. Yeddanapalli and Francis

(1962) provided data that OMP and PMP will self condense

more rapidly than with phenol. Parker (1982) showed gel

permeation chromatography (GPC) results that monomeric

phenol was still plentiful while oligomers were being form-

ed after a reaction time of only 13 minutes. Although

condensation is rate determining in alkaline catalyzed

systems, it is still the significant reaction in advanced

resins since most of the methylolation is completed very

early.

Figure lB shows the general effect of temperature on

methylolation and condensation adapted from Drumm and Le-

Blanc (1972). Methylolation is exothermic and if not

properly accounted for, the exotherm can be explosively

violent. At lower temperature, the methylolation reaction

is favored.

The resin chemist is thus faced with several trade-

off situations in designing and formulating resins. It is

necessary to use alkaline pH levels and moderate to high

temperatures for the methylolation of phenolic resole



13

resins. However, alkaline pH also catalyzes the self re-

action of formaldehyde. If formaldehyde is withheld un-

til later in the formulation, there is the danger of adiffi-

cuitly controlled exothermic reaction. Formaldehyde

tends to make a resin more reactive, but a resin can re-

act at room temperature and free formaldehyde in a resin

can shorten shelf life. The way in which such trade off s

have been handled is evident in some pertinent resin formu-

lations from the patent literature.

Resins for plywood prior to the early 1940's were

prepared with a mole ratio of formaldehyde to phenol (FtP)

of approximately 1.5 with a small amount of alkali. The

finished resin had much free unreacted phenol and was slow

to cure. Hotpress times of fifteen minutes for i-inch

thick plywood were common. With low energy costs,

there was little incentive to decrease press time except

to increase productivity.

The Van Epps approach (1944) was to use more NaOH

(up to one mole per mole phenol) all added at the begin-

fling for a faster catalyzed resin at 55-58% solids content.

Formaldehyde was lDst to the Cannizzaro reaction but with

F/P of up to 3.5 the loss of formaldehyde was not critical.

Methanol was added to Inhibit the Cannizzaro loss. hot-

press time dropped to seven minutes for a i-inch panel doub-

ling productivity but giving a strong formaldehyde odor which

likely would be intolerable, in today's regulated industry.
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The patent by Stephan, Jarvi and Ash (1948) called

for a reduced initial NaOH to suppress losses of formalde-

hyde. The reaction was kept at ref lux for 90-120 minutes

until the desired viscosity. The resin would then be cool-

ed and a second NaOIj added to lower viscosity and improve

storage life. Ammonia also was added to get rid of the

formaldehyde odor. Press time at 275°F (135°C) was approx-

imately six minutes for a i-inch panel. These resins

were relatively low molecular weight as were previous

resins. The solids content was 50-53%.

The Redfern patents (1948, 1953) marked the beginnin.g

of current resin technology. These called for the step-

wise addition of the NaOH to get viscosity as high as can

be handled. Each additional NaOH addition served to lower

the viscosity and further catalyze the condensation re-

action. The solids content of these resins is lower, in

the 40-44% range, and they are cooked longer for a high

molecular weight. They are fast curing requiring only

five minutes for a -inch panel at 275°F (135°C). The

drawback is that with higher molecular weights, these

resins will not melt and flow without water in the glueline.

Assembly time must therefore, be carefully controlled.

Lambuth (1966) used more NaOH in the first addition

than fledfern, and heated gently to ref lux. These condi-

tions favored formation of a highly methylolated resin,

but took many hours to prepare. Modern resins are a corn-
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bination of Redfern and Lambuth technology. The decrease

in viscosity upon addition of subsequent portions of NaOH

likely is due to inhibition of hydrogen bonding (Lambuth,

1967).

Modern high molecular weight resins will not melt and

flow without sufficient water in the glueline. Improved

dryout resistance can be imparted by alkylated phenols

which are bifunctiona]. due to the thermoplastic character

of the resultant linear polymer (Rice and Chen, 1974; Chen

and Rice,1975). Chen and Rice (1976) attempted to synthe-

size linear alkaline catalyzed polymers of phenol and for-

maldehyde for improved dryout resistance of southern pine

resins. Their intended strategy was to synthesize linear

alkaline catalyzed polymers of phenol and formaldehyde by

formulating a copolymer of low F/P (1.0) and high F/P (2.6)

with total NaOH of 0.2, solids content of 40% and final

room temperature viscosity of 400-500 centipoise (cps)

Although their resultant resin product had good dryout re-

sistance, they had no analytical data to determine if their

hypothesis of linearity was correct or if improved dryout

resistance was due to some other feature of the resins

Although modern resin formulations are a combination

of Redfern and Lambu'th technology, they are frequently

manipulated for particular end uses. Although empirical

manipulations are possible as demonstrated by Chen and

Rice (1976), there is a lack of analytical data to confirm
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or deny the rationale used to explain empirical results.

The use of state-of-the-art analytical tools may bridge

that gap (Wellons and Gollob, 1980; Parker, 1982).

Parker (1982) prepared an array of resins with F/P

levels of 1.9, 2.2 and 2.5 and the first of 3 NaOH addit-

ions at 0.15, 0.25 and 0.35 moles per mole of phenol. The

temperature was generally elevated at 2.8°C/minute to a 17

minute ref lux but for selected resins was held at 60°C to

enhance methylolation prior to ref lux. Reactivity was

measured by gel time. Size exclusion chromatography using

a set of high pressure gel permeation columns provided the

analytical tools to quantify low molecular weight compounds.

Parker found that with a 2.8°C/minute temperature in-

crease, formaldehyde consumption and methylolation were

largely completed within about 25 minutes. Shorter gel

times were observed with higher F/P ratios. Higher initial

NaOH contents accelerated chemical consumption, but in-

creased gel times. Methylolation temperatures had no ap-

parent benefits. Condensation progressed from methylol-

phenols while the population of unsubstituted phenol re-

mained large. Other authors have used additional tech-

niques to understand and quantify average structure of

resins.

Nuclear Magnetic Resonance (NMR) Spectroscopy

Protons differing in their chemical environments may
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be detected and quantified with NMR. The technique is

useful for characterizing the average degree of substitu-

tion per monomer unit in phenol-formaldehyde and other

polymer systems (Bovey, 1972).

Woodbrey et al., (1965) and Hirst et al., (1965) sys-

tematically examined the structural features of soluble

phenol-formaldehyde polymers with NMR and were able to give

spectral assignments to various functional groups. Hirst

et al. also examined phenols with methyl or chioro sub-

stituents on the ring. Woodbrey et al. examined both

acetylated and nonacetylated resole resins and obtained

quantitative data on average number of functional groups

per phenol unit.

Higginbottom et al., (1965) used NMR to confirm that

acetylation does not alter the basic structure of a resin.

Acetylation of resoles offers several advantages over non-

acetylated residues. Reactive methylol groups are convert-

ed into relatively unreactive ester groups stabilizing

the polymer's storage life. The resulting sample material

is soluble in non-polar NMR solvents such as deuterochloro-

form (CDC13) which is less hygroscopic than polar solvents

such as d6-acetone or deuterated alcohols. Problems due

to extraneous protons from adsorbed atmospheric moisture

are thus largely eliminated.

Kopf and Wagner (1972) applied NMR to the study of

novolac chemistry. Steiner (1975) performed a relevant
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NMR analysis of acetylated PF resins modelled after wood

adhesives. Earlier work by Woodbrey et al. (1965) with

resoles was limited to the early soluble states of resin

formation. Steiner*s resins were more advanced. The mole

ratio of formaldehyde to phenol was varied between 0.75-

2.6 while the mole ratio of NaOH to phenol was constant

at 0.9, added in three equal steps.

Size Exclusion Chromatography

Tetrahydrofuran (THF) has typically been the mobile

phase of choice for size separations of phenolics with a

Styragel (Waters Associates) type column packing (Quinn

et al., 1968; Aldersiey et al., 1969; Wagner and

Greff, 171; Duval et al., 1972). Armonas (1970) used

a column packing of either Sephadex LH-20 or Porasil-60

with a dimethylformamide/water (DFM/H20) mixture for the

mobile phase. Parker (1982) used micro-styragel with 95/5

THF/water as mobile phase. They all used calibrating

standards such as polyethylene glycols, polystyrenes, low

molecular weight phenolics or polypropylene glycols; and

analyzed novolaks, low molecular weight resoles or the low

molecular weight portion of advanced phenolics.

While suitable for dissolving low molecular weight

phenolics, THF is unable to fully dissolve and disassociate

higher molecular weight phenolics (Wellons and Gollob,

1980). The problem of association is apparently common
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to other polymeric materials such as lignins (Conners

et al., 1980), polyphenolics from bark (Wilson et al.,

1979), acrylonitrile copolymers (Kenyon and Mottus,

1974), polyester-based polyurethanes (Hann, 1977) and

polymethylmethacrylate (Hidematsu et al., 1977). As-

sociation may be broken by the use of a more polar sol-

vent and by adding ionic salts to the solvent. Drott

(1977), suggested hexafluoro-iso-propanol (HFIP) as a use-

ful mobile phase for size-exclusion-chromatography (SEC)

of materials which may associate due to hydrogen bonding.

Column compatability is necessary in order to utilize

a polar solvent such as HFIP. Analyses utilizing HFIP as

solvent are possible with rigid size exclusion chromato-

graphy packings, such as porous glass. A mobile phase of

HFIP with 0.08% by weight of sodium trifluoracetic acid

(NATFAT) added will inhibit association.

The common practice of using standards to calibrate

a column set is valid if a sample has identical solution

properties to the standards. As illustrated in Figure 3,

different compounds yield different calibration curves.

Currently no good analytical standards exist for high

molecular weight phenolics.

Molecular Weight by Light Scattering

The scattering of light is a common phenomena, due to
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the generation of secondary light waves when a beam of

light traverses matter. The use of highly coherent laser

light sources coupled with precision optics in modern in-

strumentsallowsthe intensity of scattered light to be

measured at small scattering angles. In polymer solutions,

the amplitude of scattering is proportional to the mass of

the scattering particle. The measured intensity of scat-

tered light, equal to the square of amplitude, is thus

used to measure M (weight average molecular weight) of the

polymer, since also is proportional to the square of

mass.

A low-angle-laser-light-scattering (LALLS) photometer

may be used as a molecular weight detector for polymer sol-

utions. It is useful in a static mode or dynamic mode.

In the static mode, the LALLS detector may be used to

measure the molecular weight of a non-fractionated polymer

solution. Associated polymer will give a larger scatter-

ing value than non-associated polymer. Optimal solvent

systems may thus be identified by merely measuring the ap-

parent 1 of the unfractionated polymer in a variety of sol-

vents. The group of solvents which yield a "baseline" val-

ue are further suitable as mobile phases for size exclu-

sion chromatography.

In the dynamic mode, a LALLS is used as a molecular

weight detector in series with the size exclusion columns.

The use of a LALLS in this mode removes the dependence upon
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external standards for column calibration purposes (Wellons

and Gollob, 1980) Direct determination of molecular

weights of the fractionated polymer permits a calibration

curve to be generated for each individual sample. The im-

plications of such curves will be discussed further in the

section on molecular branching. It also permits a true

molecular weight distribution (MWD) to be determined.

Molecular Branching

The methylolation step proceeds ata greater rate than

the condensation step in alkaline catalyzed polymerizations

(Drumm and LeBlanc, 1972). Because condensation is the

rate controlling step, a population of methylol phenols

accumulates. The relative rates of formation of the various

methylol phenols in alkaline systems as determined by Free-

man and Lewis (1954) are presented in Figure 2.

Each phenol is a potential branching point if all

three active protons condense (2 ortho sites and 1 para

site). The formation of trimethyloiphenol (TMP) is favored

under alkaline conditions as indicated by the relative rates

of methylolation. Thus, as condensation proceeds, numerous

branch points are built into the polymer structure due to the

methylolation pattern, It is possible that not all methylols

of a TMP will condense to form chain segments.

Size exclusion chromatography separates molecules on

the basis of their solvated sizes Thus, structure and
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molecular weight both are important factors determining the

retention properties of a polymer in a SEC column. Two

molecules with identical molecular weights may not have i-

dentical elution properties based on differences in their

structure. This was illustrated earlier in Figure 3 by

different calibration curves for different classes of com-

pounds. Even similar classes of compounds, such as PF

polymers, may elute differently based on structural peculi-

arities.

Drott and Mendelson (1970) generated calibration cur-

ves of log molecular weight versus elution volume for such

compounds differing in extent of branching. More highly

branched polymers were characterized by a steeper slope of

the calibration curve. Such observations are explained on

the basis of hydrodynamic volume of the chain in solution.

The hypothetical calibration curves of Figure 4 illustrate

that at a given elution volume (equivalent to a hydrodynam-

Ic molecular volume), a more highly branched molecule is

more compact and contains more mass in the same volume ele-

ment than is occupied by the less compact mass of a less

highly branched molecule. Thus, the steeper curve repre-

sents a more highly branched polymer.

Using SEC calibrated with standards does not permit

detection of differences due to branching. One alternative

is to develop a universal calibration for a column set by

determining the elution volume of standards with a narrow

distribution and known intrinsic viscosity. A calibration
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curve formed by plotting the product [(log molecular

weight) x (intrinsic viscosity)], also referred to as hy-

drodynamic volume, versus elution volume has been shown to

be relatively independent of molecular structure (Drott and

Mendelson, 1970; Harmon, 1978; Tung and Moore, 1977; Hes-

ter and Mitchell,1980). If intrinsic viscosity of the un-

known fractions is then determined experimentally, molecu-

lar weights can be taken from the universal calibration

curve. By comparison with a known linear polymer of simi-

lar structure, a branching coefficient may be calculated

based on a previously determined branching model (Drott

and Mendelson, 1970).

The above procedure is time consuming, requiring

measurement of intrinsic viscosities of fractions and the

availability of a linear polymer for comparison. The mo-

lecular weight detector circumvents such steps.

As previously stated, a calibration curve may be pre-

pared for each polymer sample through a SEC-LALLS system.

An empirical value useful for measuring relative branching

of an array of similar polymers, such as PP resins, may be

obtained from the slope of the calibration curve since MW

is directly measured for each sample. Steeper slopes rep-

resent a greater degree of branching.

The effects of molecular branching are also evident

in measurements of viscosity. Viscosity is a function of

both molecular weight and concentration of a polymer in

25
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solution, and may be used as a measure of molecular weight

(Flory, 1953). If molecular weight is expressed per unit

of viscosity, then differences between polymers of similar

monomeric constitution in the same solvent and at the same

concentration must be due to a structural feature such as

branching. Branching is directly related to the value of

the ratio of log Mw/log viscosity. Larger ratios reflect

a greater degree of branching and visa versa.

Since the hydrodynamic volume of a highly branched

molecule is smaller than for a less highly branched mole-

cule, then its ability to form entanglements with other

molecules is also less. Thus, on a "per unit viscosity"

basis, a relatively large M is indicative of a greater

degree of branching (Figure 5).

Molecular weight may be determined directly with the

LALLS detector while viscosity is easily measured by a

viscometer. Relative branching values may thus be experi-

mentally determined directly as the ratio of log Mw/log

viscosity.

Glueline Evaluation

Standard methods of evaluating adhesive bonds in ply-

wood for various applications have been established by the

National Bureau of Standards (Anonymous, 1974). Typically,

cross laminates (veneers at 9O to one another) are used

in plywood for dimensional stability. During accelerated
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aging, stresses in cross laminates are higher than for par-

allel laminates due to the anisotropic nature of wood, how-

ever, lathe checks and other wood defects dominate results

in cross laminates (Carroll et al., 1969) Variability

due to the wood grain orientation and lathe checks of cross

laminates can be eliminated with parallel laminates.

Both wood failure and breaking load are parameters

used for glueline evaluation in shear specimens (ASTM D906-

64). Sandoe (1980) reported breaking load to be more use-

ful than wood failure when the latter are consistently
high in parallel laminated veneer Chow and Chunsi (1979)

found wood failure to be a more useful representation of

adhesion than breaking load when the former is not con-

sistently high, but recommended the use of both parameters

together for maximum information about glueline quality.

Both a vacuum-pressure soak and boil cycle are estab-

lished aging treatments for plywood type bonds (Anonymous

1974). Both methods supply mechanical energy to the test

specimen in the form of shear stresses from swelling when

immersed in water. The boil aging method also supplies

heat energy to the glueline. Problem gluelines frequently

may be related to an excess or deficiency of moisture

(Northcott et al., 1962). The use of both the vacuum-pres-

sure and boil aging methods may help identify undercured

gluelines due to excessive moisture as these specimens per-

form poorly after vacuum pressure treatment but may in-

prove after boil treatment due to additional resin cure
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resulting from the heat supplied to the glueline during

aging.

The majority of plywood type resins are blended with

extenders, fillers and caustic soda to form an adhesive

mix. The values of extenders are in their ability to help

control mix viscosity, moisture content, reduce glueline

failure due to dryout or blows and to conserve phenolic

resin (Robertson,1974). But the use of an extended mix

may thus also mask intrinsic resin properties.

The use of both extended and unextended (neat) resin

is therefore useful for determining both intrinsic resin

properties as well as moisture needs of the resin. The

use of both vacuum-pressure and boil aging methods with

both breaking load and wood failure parameters of adhesion

allows a thorough opportunity to evaluate resins for ad-

hesion.

Further insights regarding glueline performance are

possible through visually examining the gluelines. Test

specimens broken in shear provide a surface upon which the

flow characteristics of the resin may be evident. In ad-

dition, fluorescence microscopy provides a tool for ob-

serving resin penetration. Wood autofluoresces when sub-

jected to UV light while the glueline does not, thus pro-

viding a useful visual contrast (Nearn, 1974)



Unique Features of this Study

This study is unique in many respects relative to

other studies reported in the literature. The levels of

variables selected for resin synthesis represent an array

which has not been previously reported, particularly the

levels of initial catalyst. The analytical technology

for resin characterization represents great strides in

methods development, frequently thrusting to the frontiers

of knowledge.

Many of these resins were synthesized to a higher vis-

cosity than any previously reported. This is the first

reporting of molecular weight and NMR characterization of

phenol-formaldehyde resins so advanced.

Size exclusion chromatography has classically been

burdened with artifacts due to molecular association while

relying on standards for column calibration. The LALLS de-

tector has enabled the analyses reported here to be per-

formed with minimal association while measuring molecular

weight directly.

30



STUDY 1: INTERACTION OF SYNTHESIS VARIABLES WITH
RESIN STRUCTURE

This thesis reports the original results of two stud-

ies. The first study reports the effects of varying resin

formulations upon the resultant chemical structure. The

second study reports the effect of chemical structure upon

glueline performance in the finished product. This section

addresses the first study.

Experimental

Resin Synthesis and Variables

The resin kettle (Figure 6) was charged with raw ma-

terials consisting of 90% phenol, 50°!. formaldehyde, an in-

itial portion of 50% NaOH (the first of three additions),
and water for a target solids content of 47.7°!. which yield-

ed a pan solids of 40.9-43.6%. Temperature was elevated

linearly with two 250 Watt infrared light sources at

2.8°C/minute either directly to ref lux (Figure 7A), or, to

a plateau of 60°C until formaldehyde in the kettle decreas-

ed below 2% (Parker, 1982) followed by the remainder of

the elevation at 2.8°C/minute to ref lux (Figure 7B). The

latter are referred to as methylolation (M) step resins be-

cause the 60°C hold is favorable to the methylolation re-

action.

After 17 minutes at ref lux (Figure 7 A and B), the
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temperature was decreased to 85°C (Figure 8) by cold-water-

powered cooling coils within the resin kettle, and held at

that temperature with either the heat lamps or cooling

water as necessary. Samples of 2 gms were withdrawn and

cooled to 25°C in a water bath for viscosity measurements

on a PKI plate-cone spindle of a Haake Rotovisco Electri-

cal Rotary Viscometer. A plot of viscosity versus time al-

lowed the second portion of NaOH to be added when viscosity

increased to 32,000-48,000 centipoise (cps). After the ad-

dition of the second NaOH the viscosity decreased and the

temperature was lowered to 79.4°C. When viscosity increas-

ed again to 12,000-16,000 cps., the final portion of NaOH

was added and the temperature was lowered to 25°C. In the

few formulations which called for no third NaOH addition,

the temperature was lowered to 25°C when viscosity reach-

ed 12,000-16,000 cps.

Ten samples were withdrawn for chemical characteri-

zation during the resin synthesis (Table 1). All ten

were analyzed by Parker (1982) for characterization of

monomers and oligomers. The final 6 samples of each resin

synthesis were analyzed for actual molecular weight deter-

mination in this study. Figure 8 illustrates the sampling

sequence for actual molecular weight determination in a

typical resin synthesis. Samples earlier in the synthesis

were unsuitable for molecular weight determination because

the LALLS is insensitive to molecular weights below about

500 and because earlier samples would not freeze dry, a
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Sample SEC-LALLS
Number Sampiesb* Stage During Resin Synthesis

1 Sample 1 minute after formaldehyde
addition

TABLE 1. Sampling Sequence During Resin Synthesis

Viscosity 600 cps.

10-40 seconds prior to second NaOH
addition

36

asamples 1-10 were analyzed by Parker (1982) for free
phenol and oligomer content.

bSamples 5-10 were analyzed for by SEC-LALLS.

10 * 5 minutes after 3rd NaOH addition
and cool down = final resin

9 Viscosity 5,000 cps.

8 * 1 minute after second NaOH addition

6 * Viscosity 5,500 cps.

4 10 minutes after ref lux

3 10 minutes into ref lux

2 13 minutes after formaldehyde
addition
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necessary sample preparation step which will be discussed

later.

The chemical variables of the resin synthesis were:

the mole ratio of formaldehyde to phenol (FtP) at 1.9, 2.2

and 2.5; the ratio of total NaOH to phenol (tNaOH/P) at

0.45, 0.60 and 0.75; and, the mole ratio of initial charge

of NaOH to phenol (iNaOH/P) at 0.15, 0.25 and 0.35. Table

2 illustrates the experimental array of these variables.

Nuclear Magnetic Resonance Spectroscopy

Sample Preparation

Proton NMR was performed on the acetate derivatives of

the phenolic resin samples. The acetylation was of

freeze-dried resin samples that had either been diluted

only with water prior to freeze-drying, or diluted

with dioxane/water to maintain solubility and neutralized

with 4% acetic acid in dioxane prior to freeze drying as

described in the SEC Section. NMR spectra of both sample

preparations yielded nearly identical spectra.

To 200 mg of freeze-dried powder was added 10 ml of

anhydrous pyridine and 10 ml of acetic anhydride while

keeping the mixture in an ice bath until the powder dis-

solved. After approximately 72 additional hours at room

temperature, the mixture was poured into 125 ml of ice

water in a separatory funnel and extracted into 50 ml of

dichioromethane. The dichloromethane layer was rinsed three



**
F/P tNaOH iNaOH 2ND NaOH* TEMPERATURE

0.15 0.20 L & M
1.9 0.60 0.25 0.20 L

0.35 0.20 L

0.15 0.20
0.45 0.25 0.20

0.35 0.10
0.15 0.20

2.2 0.60 0.25 0.20
0.35 0.20
0.15 0.20

0.75 0.25 0.20
0.35 0.20

0.15 0.20
2.5 0.60 0.25 0.20

0.35 0.20

L
L
L
L&M
L
L & M
L
L
L

L&M
L
L
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TABLE 2. Formulation Parameters of Synthesized Resins

* Note: Final NaOH = tNaOH - iNaOH - 2ND NaOH
= Linear to ref lux (2.8°C/Minute)

M = Linear to 60°C plateau (2.8CC/minute); Linear from
60°C plateau to ref lux (=Methylolation step)
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times each with 50 ml of 2% aqueous HC1, 7% aqueous so-

dium bicarbonate and distilled water. The organic layer

was then dried over magnesium sulfate overnight, filtered,

flash evaporated and placed in a vacuum of 30 inches of

mercury for 24 hours. The acetylated resin was then re-

dissolved in CDC13 with 1% TMS for NMR analysis.

NMR analyses were performed on a Varian HA-bC.

Three integrations were performed on each spectrum, with
areas herein reported being the average of the three in-
tegrations.

Calculations

A representative NMR spectrum appears as Figure 9.

Functional groups were quantified using the equations

follow:

PPM Area Functional Groups

7.5 - 6.5 A1 ArU

5.5 - 5.2 A2 ArCH2OCH2OAc

5.2 - 4.8 A3 ArCH2OAc

4.8 - 4.5 A4 ArCII2OCH2OAc (ArCff2OCIj2Ar)

4.2 - 3.5 A ArCif Ar
-2

* A6 ArOCOCH3(Ac)

A6 3/5 [A1 + 112(A2) 1/2(A3) + 1/2 (A + A5

= 3/5 [A1 + 112 (A3 + A4) + A51

And it Follows:



ArCH2 0C112 OAc

lormaldehyde resin
- - 0

ArC OAc

£

PPM )-w>I

Figure 9. Representative proton NMR spectrum of the acetate derivative of a phenol-
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3

** 2 phenol units are connected to each methylene bridge
unit.

Average number of benzyl type hemiformal (HF) units per
phenol unit:

A2

Average number of metbylene bridge units per phenol unit:

3A5

A6



2 A6

Size Exclusion Chromatography--Light Scattering

Sample Preparation

Samples for molecular weight determination were col-

lected by withdrawing approximately 3 grams of resin into

a tared beaker, weighing, immediately diluting with water

and dipping the beaker in liquid nitrogen to stop the re-

action. These samples were stored at -20°C for up to sev-

eral days after which the samples were thawed, diluted with

20 ml dioxane and 10 ml water and neutralized to pH 7.5

with 4% acetic acid in dioxane. Additional portions of

dioxane or water frequently were added to maintain solubil-

ity during the neutralization. The neutralized solution

x
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Average number of dibenzyl ether bridge (DBE) units per
phenol units:

(A4-A2)
Number of dibenzyl ether bri4e units 4

Number of phenol units A6

3

3 (A4 - A2)

2A6

* 2 phenol units are connected to each dibenzyl ether
bridge unit

Bound Formaldehyde
mole ratioPhenol

(2) A2 A3 + (2) A4 - A2 A5

Total bound formaldehyde 4 2
Number of phenol units -

3(A2 + A3 + A4 + A5)



was quantitatively freeze-dried according to the following

equations.

percent phenolic in
freeze dried soilds -

percent phenolic
resin in freeze- =
dried solids

percent phenolic in
freeze-dried solids

(grams liquid resin)(% phenol in
resin kettle)

grams freeze-dried solids

x
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-
initial grams

1 + (0.4) formaldehyde
initial grams
phenol

The second equation assumes the resin sample is composed

of all the phenol initially charged and 40% of the mass of

the formaldehyde. Since the ratio of the mass of a formal-

dehyde unit to that of a methylene bridge is 2.14, then up

to 86% of the formaldehyde units are included using this

assumption. The remainder are assumed to be either unbound,

or lost through the Cannizzaro side reaction.

Approximately 50 milligrams of freeze-dried solids

were dissolved in 10 gins of HFIP and injected into the size

exclusion chromatography-low angle laser light scattering

(SEC-LALLS) system. The SEC system consisted of a Waters

Model ALC/GPC 244 high pressure liquid chromatograph with

a Model 440 UV Monitor to detect concentration of phenolic

resin at 254 nm. The size separation occurred on a Waters

micro-bondagel column set consisting of an E-Linear and an

E-125 column in series, with a combined plate count of 7,000

plates in a mobile phase of hexafluoroisopropanol (IIFIP)

with 0.08% sodium trifluoroacetic acid (NATFAT) by weight.
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The LALLS system consisted of a Chromatix KMX-6 mole-

cular weight detector. The fractionated sample passed

through the LALLS molecular weight detector before the UV

detector as shown in Figure 10.

Calculations

The weight average molecular weight of each polymer

fraction is related to the intensity of its scattered light

according to the following equation:

1= 2A2C or M
= KC/R0 - 2A2CR0 M

where K 2n2)(dn2
(1 + COS2e)

in which

n = refractive index of solvent

X = wavelength of incident light = 6328A°

N = Avogadr&s number = 6.022 x io23

= differential index of refraction

= 0.285 for phenolic resin in HFIP

e = scattering angle

C = concentration of scattering species in gm/ml

A2 = second virial coefficient = 1.0 x

= R - R = excess Rayleigh
0 9, solution o, solvent

Factor

The excess Rayleigh Factor was measured experimentally

and continually on the KMX-6 as:



Solvent

Figure 10. Flow chart for the SEC-LALLS system
(Wellons and Gollob, 1980)
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Where G0, solution = photomultiplier signal for the

scattered beam

G = photomultiplier signal for the incident beam

B = instrument optical constant

The concentration (C) was determined experimentally from the

UV absorbance as:

mx.C- 1
i v.zx.

1 1

where C. = concentration of solute in th fraction
1

m = total mass of solute injected

V. = effluent volume passing through the sample
1 cell during the th interval

X = UV response during the 1th interval

EX. = sum of the X. values for all intervals of the1 uv peak. 1

The weight average molecular weight is defined as:

En.11
En.M.11 (from Flory)

th
where n1 = number of molecules in i fraction

M. = molecular weight of
1thi fraction

but n1 can also be written as:
C.

n
I M.

1

and substituting (2) into (1) yields:

E C. M.

Mw EC.
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Equation 3 was used to calculate weight average molecular

weights reported herein.

Molecular Branching

Molecular branching was estimated from the slope of

the calibration curve (log molecular weight versus elution

volume) of Sample 5 and from the ratio of log Mv/log vis-

cosity. Both techniques give relative values of branching.

Figure 11 illustrates a typical calibration curve gen-

erated from SEC-LALLS data for a resin at Sample event num-

ber 5. Slope values are taken as:

Extrapolated Log at 3.5 ml - Extrapolated Log at 5.0 ml

3.5 - 5.0

Larger values are indicative of greater branching.

Viscosity is influenced by concentration, solvent,

molecular weight and molecular structure in the case of

phenolic resins. Concentration is constant in this study.

NaOH has a thinning effect on the resins, but resins with

equal amounts of NaOH may be compared. The influence of

molecular weight is removed by considering M on a "per

viscosity unit" basis by forming the ratio of log MI log

viscosity Thus, any remaining differences are assumed due

to molecular structure.

A linear polymer molecule has less mass per dynamic

volume than a highly branched molecule (Figure 5).
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Figure 11. Typical SEC-LALLS calibration curve of resin Sample 5
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Viscosity may be considered to result from the impact of

a hydrodynamic volume element. Thus, a higher value of

log f/log viscosity reflects a greater mass and more

branched polymer than a lower value.

Gel Time

Gel time is generally considered to be a measure of

a resin's reactivity. Gel times were measured with a Tecazn

Model GT-4 gelation timer. Approximately 100 ml of resin

was placed in a 150 ml beaker kept at 80°C by an oil bath.

Gelation occurred when the resin would not permit a cali-

brated plunger to fall at the rate of 0.50 cm/second.

Results and Discussion

NMR

Table 3 summarizes results expressed per phenol unit,

of NMR spectroscopy for final resin samples. The first

five columns list the possible substituents at the ortho

and para sites. Reading across any row, the sum of the

first five columns thus is equal to three (two ortho sites

plus one para site). For example, the value of active

protons for the (L) resin with F/P of 1.9, total NaOH

(tNaOH) of 0.60 and initial NaOH (INaOH) of 0.15 is 0.47.

This means that in the final resin, 0.47 active protons re-

main out of three possible sites.



- 1 2 3 4 5 6 7

Temperature ArU
i'rofi]e Sample Active Methyleno ** Calculated Bound

F/P/lNaOH-lNaOff 1 or M Number Protons Methylol Bridge HF DDE F/P Formaldehyde
A. Effect of Initial NaOH and Total NaOU on Final Busies at F/P of 2.2
2.2/0.45 - P.15 L 10 0.01 1.05 1.94 0.00 0.00 2.02 91.82.2/0.45 - 0.25 1. 10 0.14 0.96 1.83 0.00 0.01 2.01 91.42.2/0.45 - 0.35 L 10 0.02 0.99 1.99 0.00 0.00 1.99 90.5

TABIJE 3. Average Substitution per Phenol Unit From NMR Analysis

2.2/0.60 - 0.15 1. 10 0.01 1.05 1.77 0.08 0.04 2.13 96.82.2/0.60 - 0.25 1. 16 0.04 1.08 1.88 0.00 0.00 2.02 91.82.2/0.60 - 0.35 L 10 0.02 1.06 1.93 0.00 0.00 2.02 91.8
2.2/0.75 - 0.15 L 10 0.01 1.15 1.84 0.00 0.00 2.07 94.12.2/0.15 - 0.25 L 10 0.10 1.06 1.44 0.00 0.00 1.98 90.02.2/0.75 - 0.35 L 10 0.11 1.01 1.88 0.00 0.00 1.95 88.6

B. Interaction of Initial NaGli and Mole Ratio (F/P) on Final Resins at Total Na011 of 0.60
1.9/0.60 - 0.15 L 10 0.47 0.9'1 1.59 0.00 0.00 1.74 91.61.0/0.60 - 0.25 L 10 0.49 1.07 1.44 0.00 0.00 1.79 94.21.9/0.60 - 0.35 L 10 0.31 0.83 1.86 0.00 0.00 1.76 92.6
2.2/0.60 - 0.15 L 10 0.07 1.05 1.77 0.08 0.04 2.13 96.82.2/0.60 - 0.25 L 10 0.04 1.08 1.88 0.00 0.00 2.02 91.82.2/0.60 - 0.35 L 10 0.02 1.06 1.93 0.00 0.00 2.02 91.8
2.5/tJ.60 - 0.15 L 10 0.04 0.93 1.81 0.18 0.04 2.23 89.22.5/0.60 - 0.25 I. 10 0.09 0.90 1.82 0.15 0.05 2.15 86.02.5/0.60 - 0.35 L 10 0.01 0.98 2.02 0.00 0.00 1.99 79.6

C. Effect of Low Temnerature Hold (M'Ilethv1o1ation Step) vs. Linear Temperature Prof tIe (ClImb 2.8°C/Minute to Reflux ) atDifferent Mole Ratios (F/P) for final resins. - -

1.9/0.60 - 0.15 L 10 0.47 0.94 1.59 0.00 0.00 1.74 91.62.2/0.60 - 0.15 L 10 0.07 1.05 1.77 0.08 0.04 2.13 96.82.5/0.60 - 0.15 L 10 0.04 0.93 1.81 0.18 0.0.1 2.23 89.22.2/0.60 - 0.35 L 10 0.02 1.06 1.93 0.00 0.00 2.02 91.8

1.9/0.64) - 0.15 U 10 0.22 1.04 1.74 0.00 0.00 1.91 100.52.2/0.64) - 0.15 U 10 0.09 1.07 1.75 0.06 0.04 2.10 95.52.5/0.00 - 0.15 U 10 0.04 1.02 1.81 0.06 0.07 2.11 84.42.2/0.60 - 0.35 M 10 0.15 1.01 1.83 0.00 0.00 1.93 87.7
C)1llF Hemifomal type structures (ArCH2OCII2OH) o

*4DBE Ilibenzyl ether type structures (ArCR2OCH2Ar)
4*X Bound formaldehyde

= riiui X 100



TABLE 3. Continued

1 2 3 4 5 6 7
*4*

Temperature Aril

Profile Sample Active Methylene 4* Calculated Bound
F/P/lNsOlJ-INaOU L or M Number Protons Methylol Bridge HF ORg ii Formaldehyde

B. Average Substitution per Phcnol Unit of Intermediute and Final Resin

1.9/0.60 - 0.15 1. 5 0.40 1.07 1.53 0.00 0.00 1.83 96.3
1.9/0.60 - 0.15 L 10 0.47 0.94 1.59 0.00 0.00 1.74 91.6

*0? Iiemiformal type structures (ArCH2OC1I2OU)

= Dibenzyl ether type structures (ArCH2OCH2Ar)

*44% Bound formaldehyde F/P chaed to kettle X 100

2.2/0.60 - 0.25 L 5 0.01 1.13 1.74 0.07 0.05 2.19 99.5
2.2/0.60 - 0.25 L 10 0.04 1.08 1.88 0.00 0.00 2.02 91.8

2.2/0.60 - 0.35 II 5 0.08 1.23 1.69 0.00 0.00 2.08 94.5
2.2/0.60 - 0,35 H 10 0.15 1.01 1.83 0.00 0.00 1.93 87.7
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The first column lists active protons. These are hy-

drogens at ortho or para sites which are unreacted. It is

immediately evident that very few sites are unreacted.

Parker (1982) found that 85% of the formaldehyde initially

charged to the kettle was consumed within the first 25 min-

utes for resins with a linear temperature profile. Thus

it is not surprising that few unreacted protons remain

at the end of the resin synthesis. Only those resins with

the lowest F/P ratio of 1.9 had many unreacted protons.

The implication is that all of these resins are high-

ly branched with methylol groups as the shortest branch.

Thus differences in branching are variations of a highly

branched polymer network rather than true linearity.

The second column lists the average number of methylol

groups per phenol unit. No tendency is apparent for methy-

lol content to vary in response to any of the resin vari-

ables. Each phenol unit contains about one methylol on the

average. Because there are few unreacted aromatic protons

but many methylol groups, then further condensation of

these resins must be between two methylols yielding either

a dibenzyl ether linkage or a methylene bridge after

disproportionating a free formaldehyde.

The third column of Table 3 contains the average num-

ber of methylene bridge units per phenol. Two features

of this substituent are apparent. The first feature re-

lated to INaOH. Within each set of three resins at
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constant F/P and tNaOH, the tendency is definite for the

average number of methylene bridges to increase. More

metbylene bridges are indicative of a more highly condensed

resin. These resins with high iNaOH and high methylene

bridge contents would therefore be expected to also have

high molecular weights. These higher molecular weights are

confirmed later.

The second feature of the methylene bridge data re-

lates to the formaldehyde to phenol mole ratio (PIP) in

parts B and C of Table 3. Resins with higher F/P also show

a greater content of methylene bridges per phenol. These

resins therefore would also be expected to have higher

molecular weights, as is later shown.

The fourth and fifth columns report the contents of

hemiformal (HF) type strucutres (ArCH2OCH2OH) and dibenzyl

ether (DBE) type structures (ArCH2OCH2Ar), respectively.

These are formaldehyde self polymerization products. They

are absent in resins with low formaldehyde concentrations

(F/P = 1.9), but are present at higher F/P ratios (2.2 and

2.5) when the NaOH content also is low. When the NaOH

content is high, these structures are absent. High NaOH

contents tend to cause the destruction of free formaldehyde

by the Cannizzaro reaction.

The last two columns of Table 3 contain the bound F/P

ratio detected by NMR and expressed as a percentage of the

charged F/P ratio, respectively. Two features of this
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data relate to synthesis parameters. Bound formaldehyde

tends to decrease as INaOH increases. Bound formaldehyde

also tends to decrease as charged formaldehyde increases.

Unbound formaldehyde was presumably lost to the Cannizzaro

reaction. The Cannjzzaro effect is thus most significant

at combinations of high NaOH and high formaldehyde concen-

trations.

No differences were apparent between resins prepared

with the different temperature profiles defined in section

C of Table 3.

Part D of Table 3 contains NMR results for three

resins in which analyses were performed early in the syn-

thesis (Sample 5) as well as for the final resin. Some

subtle changes occur as the degree of polymerization in-

creases. Early there appear to be fewer active protons

than later in the synthesis, although these differences

likely are within experimental error. If these differences

are real, it indicates that some substituent such as the

methylol group is subject to removal during the synthesis.

If some of these groups are cleaved during resin synthe-

sis, the released formaldehyde likely would be subject to

the Cannizzaro reaction because the amount of NaOH is great

later in the synthesis.

The methylol contents do decrease as the resin ad-

vances, while the methylene bridge content is lower in early

samples. As the polymerization proceeds, methylol groups
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condense to form methylene bridges. It is possible based

on these data that some methylol groups are cleaved with-

out forming methylene bridges. Hemiformal and dibenzyl

ether structures are evident in the early sample only at

F/P of 2.2 and 1NaOH of 0.25. In the final sample these

structures are absent, indicating the likely disproportion-

ation of free formaldehyde from these strucutres.

The bound formaldehyde decreases as the synthesis pro-

gresses. Initially uptake of formaldehyde is as methylol-

phenol. The theoretical limit of moles formaldehyde to

moles phenol for complete conversion to trimethylol phenol

is three. As condensation occurs, the theoretical maximum

approaches 1.5 for an infinite network. Not surprisingly

the bound formaldehyde level would decrease as the resin

becomes more highly condensed. In addition, the NaOH con-

tent is increased as the resin advances, increasing the

likelihood of liberated formaldehyde being destroyed.

Between the early sample and the final sample are two

NaOH additions. At each NaOH addition is a dramatic de-

crease in viscosity. Yet methylene bridge content increas-

es as the resin progresses. Therefore, the NaOH additions

likely thin the resin by decreasing molecular association

due to hydrogen bonding rather than by cleaving methylene

bridge linkages.

The NMR data has shown that few active protons are

unreacted and that all of these resins are highly
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branched, with methylo]. groups as the shortest branch

chains. The methylo]. contents of the resins did not dif-

fer significantly in the final resins, but decreased from

early samples to final resin samples within a particular

resin. Methylene bridge content increased as the resin

advanced, indicating an increase in molecular weight.

Formaldehyde polymerization structures were evident in con-

ditions of high formaldehyde and low NaOH, but bound for-

maldehyde decreased in conditions that favor the Cannizzaro

reaction such as high formaldehyde concentrations or high

NaOH levels.

Molecular Weight and Molecular Weight Distribution

Figure 12A and 12B illustrate representative out-

puts from the SEC-LALLS system for a resin sample early

and late in a synthesis, respectively. The LALLS output of

Figure 12A is indicative of a low molecular weight sam-

ple. The molecular weight of Figure 12B is higher as in-

dicated by sample mass which elutes closer to the exclusion

front (lower elution volume) and a greater LALLS response.

An MWD may be generated from SEC-LALLS outputs. A

series of MWD's for a methylolatjon resin with F/P of 1.9,

tNaOH of 0 60 and iNaOH of 0 15 appears in Figure 13 (A-D)

A change of the MWD's within the synthesis provides

a measure of the progress of the polymerization.
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outputs of a phol formaldehyde resin
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Early in the synthesis, the population of oligomers

is relatively large as illustrated in Figure 13A. The

early distributions are bi- or trimodaj. as the population

of Oligomers remains large while high polymer is formed.

In Figure 13(B-D) the progress of the polymerization is

evident as the oligomer peak represents a smaller and

smaller portion of the distribution, and the distribution

shifts to higher values of log molecular weight.

The distributions suggest that oligomers condense to

form high polymer in contrast to condensation of single

monomer units at the ends of growing polymer chains, which

would yield a bell-shaped, normal distribution. Because

phenol is trifunctional, reactive sites are located con-

tinuously along the surface of the PF polymer molecule.

The probability of condensation of reactive sites along the

adjacent oligomers, therefore, is significant.

The actual weight-average molecular weight (MW) values

for all samples of all cooks are summarized in Table 4.

For the purpose of discussion, however, the reader will

be referred to graphical representations of the M in the

Figures that immediately follow. MWD's for selected resins

will be presented in this section. MWD's for all resins

are presented as figures in Appendix A. The following dis-

cussion is limited to resins prepared using a linear tem-

perature profile unless otherwise stated.



F/P/tNaOII-iNaOIj

TABLE 4. Summary of Values for All Resins

Event and Sample Number
Temperature Before 2nd After 2nd

Profile 600 cps 5,500 cpa NaOH NaOH 5,000 cps Final ResinLorM 5 6 7 8 9 10
A. Effect of Initial NaOfl and Total NaOH on Resins at F/P = 2.2

2.2/0.45 - 0.15 L 7,589 13,250 19,940 21,380 34,260 42,420
2.2/0.45 - 0.25 L 8,679 12,830 22,880 26,740 54,710 132,800
2.2/0.45 - 0.35 1. 11,540 19,510 26,740 27,590 36,940 47,170

2.2/0.60 - 0.15 L 6,284 8,808 18,170 20,040 27,100 36,350
2.2/0.60 - 0.25 L 7,807 17,210 21,850 24,000 32,430 52,410
2.2/0.60 - 0.35 L 11,280 16,820 32,360 34,330 98,000 148,000

2.2/0.75 - 0.15 L 6,284 9,808 18,l7ti 20,040 27,100 33,3102.2/0.15 - 0.25 L 20,750 12,300 20,600 21,910 44,980 75,580
2.2/0.75 - 0.35 1. 9,614 14,850 25,120 30,280 93,250 161,200

U. Interaction of Initial NaOH and Mole Ratio (F/P) on Resins at Total NaOli 0.60

1.9/0.60 - 0.15 L 5,994 6,140 - - 25,770 42,190
1.9/0.60 - 0.25 L 8,146 12,990 21,690 20,550 28,330 59,460
1.9/0.60 - 0.35 L 7,709 13,700 25,830 26,250 96,480 186,100

2.2/0.60 - 0.15 L
2.2/0.60 - 0.25 L
2.2/0.60 - 0.35 L

2.5/0.60 - 0.15 L
..5I0.60 - 0.25 L
2.2/0.60 - 0.35 I,

6,284
7,807
11,280

7,659
14,540
18,810

8,808
17,210
16,820

10,250
19,110
22,170

18,170
21,950
32,360

28,160
36,310
45,190

20,040
24,000
34,330

33,220
43,690
43,900

27,100 36,350
32,430 52,410
98,000 148,000

75,620 126,000
87,590 185,200
64,520 203,300

C. Effect of Low Temperature hold (M = Methylolation Step) vs. Linear Temperature Profile (Climb 2.8°C/Minute to Reflux)
at Different Mole Ratios (F/P).

1.9/0.60 - 0.15 L 5,994 6,140 - - 25,770 42,190
2.2/0.60 - 0.15 L 6,284 8,808 18,170 20,040 27,100 36,350
2.5/0.60 - 0.15 L 7,659 10,250 28,160 33,220 75,620 126,000
2.2/0.60 - 0.35 L 11,280 16,820 32,360 34,330 98,000 148,000

1.9/0.60 0.15 U 5,846 9,502 14,570 14,970 22,050 32,5702.2/0.60 - 0.15 U 8,185 11,100 17,990 19,290 21,340 27,3502.5/0.60 - 0.15 11 11,480 10,620 16,950 20,240 24,550 44,5902.2/0.60 - 0.35 U 13,440 18,64(J 48,460 58,110 117,900 191,300



1NaOH and F/P

Figure 14(A-C) illustrates the effect of varying

iNaOH while total NaOH (tNaOH) and the formaldehyde/phe-

nol (F/P) mole ratio are fixed. Figure 14(A-C) contains

values at F/P of 1.9, 2.2, and 2.5, respectively, and

tNaOH of 0.60, while 1NaOH is varying at 0.15, 0.25, and

0.35. In all cases the highest c is associated with the

greatest iNaOli content while the lowest is associated

with the lowest iNaOH content.

The effect of 1NaOH carries through the entire resin

synthesis because the second NaOH is identical for all re-

sins provided that the designated tNaOH is not exceeded.

The resins with high iNaOH therefore have a higher concen-

tration of NaOH through the addition of the final NaOH,

which equalized the NaOH content of the resins. The final

NaOH addition,however, just prior to drawing Sample 10

marks the end of the reaction sequence.

Viscosity decreases dramatically when each NaOH in-

crement is added. The NaQH has a thinning effect as well

as catalyzing the reaction. Because the resins are

allowed to advance to a viscosity end point, those resins

with a greater NaOH content must reach a higher M to over-

come the thinning effect.

Another feature evident in Figure 14 and in later Fig-

ures as well as in the summary of data in Table 4 lies

in the values of M Samples 7 and 8. Recall that Sample
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7 is drawn immediately prior to the second NaOH addition

while Sample 8 is drawn immediately following the second

NaOH addition. As illustrated in Figure 8, a dramatic

lowering of viscosity occurs upon addition of the second

NaOH. The values of all resins is unchanged or increas-

es very slightly between these two samples. This supports

the view that the thinning effect of the NaOH is due solely

to the inhibition of intermolecular association such as hV-

drogen bonding and not due to bond degradation which would

be evident as a lowering of with NaOH additions. No low-

ering of was seen with NaOH additions.

Sample number 7 of the resins differed in response

to the F/P ratio as well as to 1NaOH. In particular, the

resins with F/P of 25 were all at much higher than those

at 1.9 or 2.2. The NMR results of Table 3 showed a large

portion of charged formaldehyde to be unbound in the resin

at F/P of 2.5. This free formaldehyde would tend to solvate

the resin and lower viscosity. These resins would then

need to be advanced to a higher to offset the solvating

effect of the high formaldehyde charge.

One flaw in the preceeding logic lies in the likely

loss of free formaldehyde to the Cannizzaro reaction. One

of the by-products of the Cannizzaro reaction is formic

acid, which would tend to neutralize some of the NaOH and

decrease the effective NaOH content. BecauseNaOH also thins

the resins, a large Cannizzaro effect might tend to offset

the thinning effect of the NaOH. This was not observed.
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The methanol, also a by-product of the Cannizzaro reaction,

does solvate and thin the resins possibly overpowering the

effect of the formic acid.

The final f of all resins with iNaOH of 0.35 was highw -

regardless of F/P. The M of the final resins is low atw
F/P of 1.9 and 2.2 and 1NaOH of 0.15 and 0.25. The of

the final resins is high at F/P of 2.5 for all iNaOH values.

The resin at F/P of 2.5 and iNaOH of 0.15 and 0.25 thus

appear to be anomalies. Table 5 provides a summary of num-

erous features of the final resins. The first column

gives final values. The second column lists free for-

maldehyde in the resins as determined by Parker (1982).

The two resins in question have high free formaldehyde.

The third and fourth columns list the % free phenol and

% free orthomethyloiphenol (OMP) in the final resins, al-

so from Parker. The two resins in question have relatively

large amounts of free phenol and OMP, both of which are

very good at solvating a resin. The apparent solvating in-

fluence of the excess formaldehyde or its by-products com-

bined with the phenol and O apparently necessitated the

advancement of these resins to higher values in order to

offset the solvating effect and reach the target viscosity.

Figure 15A and 15B superpose the final MWD's for the

resins with F/P of 1.9 and 2.2 respectively and tNaOH of

0.60 while iNaOH is variable. Subtle differences exist

between the resins at F/P of 1.9. The resins with F/P of

2.2, however, are very similar, with skewed distributions



TABLE 5. Summary of Chemical Parameters of Final Resins

1 2 3 4 5 6
Effective

Tomperature * Free Z Round F/P
Proti[e Final X Froe Z Free OrthomathyLol Forinaldahyde Ratio

P/V/tNaOH-iNaOIl I or LI Formaldehyde Phenol phenol OMP (From Table 3) (From Table 3)
Effect of Initial RaOIl and Total NaOiI on Resins at F/P = 2.2

2.2/0.45 - 0.15 L 42420 1.2 0.1 0.0 91.8 2.02
2.2/0.45 - 0.25 L 132800 1.0 0.1 0.0 01.4 2.01
2.2/0.45 - 0.35 L 4'1170 0.0 0.1 0.0 90.5 1.99

2.2/0.60 - 0.15 1 30350 1.2 0.1 0.0 96.8 2.13
2.2/0.80 - 0.25 1 52410 0.0 0.1 0.0 91.8 2.02
2.2/0.00 0.35 1 148000 0.0 0.0 0.0 91.8 2.02

2.2/0.75 0.15 L 33310 1.1 0.1 0.0 94.1 2.07
2.2/0.75 -. 0.25 1 75580 0.3 0.1 00 90.0 1.88
2.2/0.75 - 0.35 1 161200 0.0 0.1 0.0 88.6 1.95

leteraction of Initial NaOfl and Mole Ratio (FtP) on Resins at Total NaOH = 0.60
1.9/0.60 - 0.15 1 42100 0.0 0.2 0.1 91.6 1.741.9/0.00 - 0.25 1 59460 0.0 0.3 0.0 94.2 1.791.9/0.60 - 0.35 L 186100 0.0 0.4 0.1 92.6 1.76

2 2/0 fO - 0 15 1 i630 1 2 0 1 0 0 96 8 2 1J2.2/0,00 0.25 1 52410 0.0 0.1 0.0 01.8 2.022.2/0.60 - 0.35 L 148000 0.0 0.0 0.0 91.8 2.02

2.5/0.6 0.15 1 126000 3.1 0.5 0.2 89.2 2.23
2.5/0.6 - 0.25 1 185200 3.1 0.8 0.0 86.0 2.152.5/0.6 - 0.35 1 203300 0.0 0.3 0.0 79.6 1.98

Etfect of Low Temperature Reid IM Methylolation Step) vs. Linear Temperature Profile (1) (Climb 2.8°C/Minute to Reflux)at Different Mole Ratios (F/P).

1.9/0.00 - 0.15 L 42190 0.0 0.2 0.1 91.6 1.7.12.2/0.60 - 0.15 L 36350 1.2 0.1 0.0 96.8 2.132.5/0.60 - 0.15 1 126003 3.1 0.5 0.2 89.2 2.232.2/0.60 - 0.35 1 148003 0.0 0.0 0.0 91.8 2.02

1.9/0.60 - 0.15 Li 32570 0.0
2.2/0.60 thiS N 2735(1 1.2
2.5/0.60 - (LIS Li 'i4590 3.2
2.2/0.60 - 0.35 LI 191300

From Parker (1982).

0.3 0.1 100.5
0.1 0.0 95.5
0.1 0.0 84.4
-

- 87.7

1.91
2.10
2.11
1.93 (.11



Branching
Total Index

Time (minutee) Lo MW

F/P/tNaOiI-lNaOR to Mw. 20000 Log Viscosity
Effect of Initial Nt0ll nd Total NaOil on Resins at F/P
2.2/0.45 0.15 108 1.34
2.2/0.45 - 0.25 115 1.16
2.2/0.45 - 0.35 100 1.14

Effect of Low Temperature hold (M Methylolatlon Step)
at Different Mole Ratios (F/P).

1.9/0.60 - 0.15 162 1.73
2.2/0,60 - 0.15 111 1.75
2.5/0.60 0.15 140 1.69
2.2/0.60 - 0.35 115 1.41

TABLE 5. Continued

121 1.75 1.033 89 400 42.3
131 1.81 0.833 159 407 42.8
115 1.41 0.833 107 4774 42.4

129 1.87 1.033 184 264 42.5
125 1.79 0.740 197 535 43.2
120 1.77 0.800 195 870 43.2

42.3
42.8
42.4

43.6
42.2
42.9

vs. Linear Temperature Profile (L) (Climb 2.8CC /Minute to Reflux)

0.803 169 467 43.6
1 .033 89 400 42.3
0.967 30 1024 43.6
0.833 107 4774 42.4

7 8 9 10 11 12

Interaction of initial Ne011 nod Mole Ratio (F/P) on Resins at Total NaOH 0.60

1.9/0,60 - 0.15 162 1.73 0.893 169 467 43.6
1.3/0.60 - 0.25 158 1.63 0.867 208 836 42.2
1.9/0.60 - 0.35 160 1.43 0.667 126 4913 42.4

Branching Index 80°C ** *

Slope of SEC Gel Final Z
Calibration Curve. Time Viscu1ty Non-
(5 SEC Samples) (Minotes) Cpa Volatiles

= 2.2
0.933 75 2900 42.1
0.867 59 26800 42.1
0.730 102 12600 42.1

2.2/0.00 - 0.15 121 1.75 1.033 89 400
2.2/0.60 0.25 111 1.81 0.833 159 407
2.2/0.60 - 0.35 115 1.41 0.833 107 4774

2.5/0.60 - 0.15 140 1.69 0.067 30 1024
2,5/0.60 - 0.25 90 1.56 0.747 30 2370
2.5/t).60 - 0.35 94 1.47 0.820 73 4182

1.9/0.6) - 0.15 320 1.64 1.000 218 570 42.7
2.2/0.60 0.15 30*ib 3.67 0.720 89 448 41.4
2.5/0.60 - 0.15 4 32o 1.75 0.567 47 452 40.9
2.2/0.60 - 0.35 275d 1.38 0.767 86 6640

From Parker (1982)

4 Portions tro PaLer (12)
a int1odou 149 iiitr,ute low tempertur ho) d
h tnclnd 200 mlnte luw taraperature hold
c incluclo 383 minute low teiaperture hold
d Includes 112 minute low tnperature hold

2.2/0.60 - 0.15
2.2/0.60 - 0.25
2.2/0.60 - 0.35

2.2/0.75 - 0.15
2.2/0.75 - 0.25
2.2/0.75 - 0.35
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tailing towards the high molecular weight region. Only the

position of the distributions relative to the molecular

weight scale is shifted.

Figure 16(A-C) contains values with tNaOH of 0.75,

0.60 and 0.45 respectively and F/P of 2.2, while iNaOH is

varying from 0.15, 0.25, and 0.35. Figure 16A and B

report again that higher are associated with higher

iNaOH levels.

The curves of Figure 16C show that the resin with

iNaOH of 0.15 has the lowest M while the resin with iNaOH- w -
of 0.25 has the greatest M. The cook with iNaOH of 0.35

begins with the greatest and continues to have the high-

est through addition of the second NaOH at Samples 7-8,

also as generally observed in Figure 16A and 16B. At

this point in the resin synthesis, further advancement of

the resin is retarded and the final of the 0.35 1NaOH

resin falls low.

In the case of the resin 'with F/P of 2.2, tNaOH

0.45 and ±NaOH of 0.35, the small amount of the second

NaOH addition may explain the leveling off of values

later in the resin synthesis. In all resins except this

one the second NaOH addition is 0.20. This resin only re-

ceived a 0.10 mole NaOH addition. Because catalyst is

deficient later in the cook, the thinning effect would not

be as great as it would be with a larger second NaOH addit-

ion.

It is interesting to note that in Figure 16C, the
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resins with 0.25 iNaOH and 0.35 iNaOH both contain 0.45

NaOH after the second NaOH addition, yet the resin with

0.25 iNaOH reaches higher M values after the second NaOH- w

addition than the resin with 0.35 1NaOH. The cumulative

NaOH content is thus not as significant as the order of

its addition. Phenol in alkaline systems exists mainly as

phenate ions, but the ions are stabilized by the sodium

counter-ion when NaOH is the catalyst:

When the mole ratio of NaOH/Phenol is below 1.0, as

is the case in all these resins, NaOH additions may fur-

ther convert phenol moities to phenate ions. The cumula-

tive NaOH content after the second NaOH addition to the two

resins under discussion of Figure 1GC Sample 7 is 0.45.

The iNaOH content is apparently, however, largely bound as

counter-ion to phenate ions. After the second NaOH addit-

ion the effective catalyst level is then not the cumulative

NaOH ratio but rather the free NaOH level, which is more

closely related to the absolute tistept? increase of the

catalyst species.

A second possible explanation of the observed dif-

ferences of cumulative NaOH of 0.45 lies in molecular
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structure. All the resins were synthesized to the same

viscosity end point. Solvent interactions which af:fect

viscosity would, therefore, also impact molecular weight.

Because the NaOH decreases viscosity as well as catalyzing

the polymerization process, then at a higher initial NaOH

it is necessary to polymerize the resin to a greater M

in order to reach the target viscosity. The solvent effect

of NaOH is particularly evident at Samples number 7, be-

fore addition of the second NaOH. At Samples 8 and 9 when

NaOH contents are identical, differences in to reach the

target viscosities may be due to branching. The resin with

higher iNaOH (0.35) needed to reach a lower for the same

viscosity effect as the 0.25 INaOH resin. If the 0.35

resin is less highly branched than the 0.25 resin counter-

part, the more linear resin should have the greater im-

pact on viscostiy. Branching data presented later will

verify this point.

The effect of varying the F/P ratio on final at

tNaOH of 0.60 is again illustrated in Figure 17A at

three levels of iNaOH. At all F/P ratios, is greatest

at the higher iNaOH level. The highest M values occur

with the largest F/P ratio of 2.5. The lowest values

at constant INaOH occur with the intermediate F/P ratio of

2.2 while at 1.9 the values are intermediate; however,

values for F/P of 2.2 and 1.9 are not significantly dif-

ferent.
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The data of Figure 17A indicates an interaction be-

tween iNaOH and F/P. The nature of the interaction is

elucidated by considering some results of NMR analysis

which are presented in Figure 17B, which graphs the per-

centage of bound formaldehyde as a function of F/P at the

three levels of 1NaOH Percentage of bound formaldehyde

is defined as 100 times the ratio of F/P calculated by NMR

spectroscopy to F/P charged in the resin kettle. It is

assumed that all phenol initially charged is present, and

that unbound formaldehyde is either lost by the Cannizzaro

reaction or present as free formaldehyde. Formaldehyde

analysis of the final resins gives free formaldehyde and

is present as the second column of Table 5. The percent

of bound formaldehyde appears in the fifth column of Table

5, while the effective F/P ratio appears in Column 6.

The resins in Figure 17B with F/P of 2.5 show the

greatest loss of formaldehyde. The loss increases as iNaOH

increases. The resins with F/P of 2.2 show a moderate

loss of formaldehyde as 1NaOH increases, while at F/P of

1.9, formaldehyde loss decreases slightly as INaOH increas-

es. The range of the effect is least at low INaOH, and

greatest at high iNaOH. This interaction between INaOH

and F/P is explained by considering the chemical reactions

occurring during resin synthesis, particularly the conden-

sation and Cannizzaro reactions.

The seventh column of Table 5 lists the time required
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to reach a nominal M target of 20,000. The resins with

higher iNaOH levels generally reach the target quicker,

indicating a greater rate of condensation. Drumm and La-

Blanc (1972) also report an increase in the rate of conden-

sation with high levels of NaOH. The Cannizzaro reaction

also proceeds at a greater rate with higher levels of NaOH

as was illustrated by the large loss of formaldehyde in

Figure 17B. The Cannizzaro reaction is also great when

the formaldehyde concentration is high and low when formal-

dehyde concentration is low (Figure 17B).

At low F/P, the concentration of formaldehyde is low

and the Cannizzaro reaction is relatively slow. As F/P

increases to 2.2, the rate of the Cannizzaro reaction also

increases. Although on a percentage basis the loss of

formaldehyde with F/P of 2.2 is close to the loss with

F/P of 1.9, the number of moles of formaldehyde lost is

greater. As F/P is increased to 2.5, the Cannizzaro re-

action increased significantly, but the large quantity of

formaldehyde provides enough to compensate for the loss.

At low iNaOH values, the effect of the Cannizzaro

reaction is relatively minimal, and values are sensi-

tive to the F/P ratio charged to the kettle. At high

iNaOH, values are not very sensitive to the F/P ratio

because as the formaldehyde concentration is increased,

its consumption in the Cannizzaro reaction is also increas-

ed, resulting in similar effective F/P ratios. The impli-

cation to resin manufacturers is that the combination of
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high iNaOH and higher F/P ratios may be an inefficient use

of the formaldehyde raw material These results are sum-

marized in Table 6.

tNaOH

Figure 18 includes data for three resins with F/P of

2.2 and iNaOH of 0.35, but varying in tNaOH. Through

Sample 7, all three resins are identical in terms of the

mole ratio of raw materials As previously de$cribed, the

resin with tNaOH of 0.45 had a reduced value after the

second NaOH addition (Sample 7) due to the small amount

of NaOH added at that time. Resins at tNaOH of 0.60 and

0.75 were identical with regard to the mole ratio of raw

materials until Sample 10, when the synthesis was ternhin-

ated. These two resins illustrate the reproducibility

of these experimental reactions.

Interaction of Temperature Profile with lvi
w

Figure 7 outlined the temperature profiles followed

for the reported resins. The resins discussed thus far

were prepared following a linear (L) temperature elevation

to ref lux. Four selected resins were also prepared follow-

ing a low-temperature hold or methylolation (M) sequence.

The strategy, an adaptation of the patent by Lambuth (1966),

is to maintain the temperature at a low plateau where meth-

ylolation is favored.



TABLE 6. Influence of F/P and iNaOII on Relative Effective-
ness of Cannizzaro and Condensation Reactions

F/P 1NaOH* Relative Cannizzaro Relative Condensation

0.15 Low Low
1.9 0.25 Low Med

0.35 Low High

*
INaOH = 0.60

0.15 Low Low
2.2 0.25 Med Med

0.35 Med High

0.15 Med Med
2.5 0.25 High High

0.35 High High
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Values of for methylolation (M) resins as well as

linear (L) resins are summarized in Table 4 Figure

19(A-C) illustrates versus sample number for matching

linear and methylolation resins with F/P of 1.9, 2.2, and

2.5,respectively,with iNaOH of 0.15 and tNaOH of 0.60. In

all cases, the methylolation step resulted in a lower Mw

Table 5 and Figure 20A summarize the values for the six

resins. As previously noted, values pass through a min-

imum as F/P changes from 1.9 to 2.2 to 2.5.

Figure 20B illustrates the percentage of formaldehyde

retained in the resin structure. The data show that the

methylolation step is effective in preferentially capturing

formaldehyde into the resin structure only at F/P of 1.9

and iNaOH of 0.15, where the Cannizzaro reaction in favor-

ed neither by high caustic nor by high concentrations of for-

maldehyde. As F/P increases to 2.2 and 2.5, more formal-

dehyde is lost to the Cannizzaro reaction in methylolation

than linear resins, probably due to the long time at the

low temperature hold before formaldehyde is bound into

methylol groups.

Figure 21 contains M values for a matching linear

and methylolation resin with F/P of 2.2, tNaOH of 0.60,

but INaOH of 0.35. In these resins, the methylolation

step resulted in higher ii values than for the correspond-

ing resin prepared with a linear temperature profile. The

methylolation resin incorporated 87.7 percent of charged
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formaldehyde into the resin structure while the linear

resin incorporated 91.8 percent of the charged formalde-

hyde. Thus, more formaldehyde is lost under methylola-

tion temperature profiles and conditions such as high

iNaOH or high F/P which favor the Cannizzaro reaction more

than under linear temperature profiles.

The NMR data of Table 3 showed no difference in

methylol contents between linear and methylolation resins.

The linear temperature profile allowed for incorporation

of most of the formaldehyde during the first 25 minutes of

the reaction. While the low temperature hold favors

methylolation over condensation, it also keeps the reaction

at conditions which are subject to the Cannizzaro reaction

for a longer time period.

Molecular Branching

Relative indices of molecular branching are the values

of the ratio of log Ii/log viscosity of the final resin,

and the slope of the calibration curve (M versus elution

volume) from Sample 5 of SEC analysis. For both param-

eters, larger values are indicative of greater molecular

branching than lower values. The values are summarized in

'Table 5, Columns 8 and 9 respectively. Figure 22A illus-

trates the first branching index of log M /log viscosity

versus iNaOH for F/P of 1.9, 2.2, and 25 at tNaOH of

0.60, and, for F/P of 2.2 at tNaOH of 0.45, 0.60 and 0.75,
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respectively. The resins definitely tend to be less

branched as iNaOH increases. Figure 22B illustrates the

same tendency, when the slope of the calibration curve

is used as the branching index.

Figure 1A illustrates the relative rates of condensa-

tion and methylolation as a function of pH. In acid media,

condensation occurs rapidly while methylolation is the

rate determining step. Under such conditions, novolak

resins are formed. Novolaks tend to be linear because

methylol groups quickly condense into polymer chains. Un-

der alkaline conditions, condensation is slower than

methylolation. The large resultant population of methylol

phenols build many trimethylol phenols (TMP) into the resin

structure. NMR data in Table 3 revealed very few unsub-

stituted active protons. Alkaline catalyzed resins (re-

sole resins) tend to be more highly branched than novolak

resins.

Although condensation is the rate determining step in

alkaline conditions, the rate of condensation increases with

p11 in alkaline media. Branching may reach a maximum when

condensation is at a minimum and become less highly branch-

ed as the rate of condensation increases.

Parkerts data (1982) showed that most of the methylo-

lation takes place within the first 20 minutes of a resin

synthesis with (L) temperature profile. Different struc-

tural features of the resins, therefore, must occur in con-

densation. Table 5 showed that resins with high iNaOH
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levels reached of 20,000 faster then other resins, in-

dicating a faster rate of condensation in these resins.

These resins were also less highly branched. Kumar (1980)

indicated that interior reactive sites are less reactive

due to shielding by the growing polymer chain. A fast

growing chain would have a greater number of shielded in-

terior sites unavailable for branching.

As previously indicated, these resins are all very

highly branched with methylol groups. The resins with

high 1NaOH and greater rates of condensation would have

more interior methylol groups that are less accessible for

further condensation. A slower condensation would allow

for more molecular migration and crosslinking to produce

a more highly branched structure.

Gel Time and Viscosity

Gel time frequently is used as a measure of a resin's

reactivity, while viscosity is used as a measure of how

far advanced or highly condensed a resin is. Both para-

meters are easy to measure and, therefore, would be very

useful properties if they could indeed predict a chemical

parameter.

Gel times of the final resins are presented as the

tenth column of Table 5. No clear realtionship exists

between gel time and molecular weight. Viscosities of the

final resin are listed in Column 11 of Table 5. No clear
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relationship exists between gel time and final viscosity.

The percent non-volatile content of these resins is listed

in the final column of Table 5. The non-volatile contents

of the resins are very similar and there is no relationship

between non-volatiles and gel time.

Gel time data appear most strongly influenced by F/P

levels and tNaOH levels, as illustrated in Figure 23A and

23B. In Figure 23A it is shown that gel time is shorter

at higher F/P ratios. Molecular weights are also reported

for comparison, but reveal no additional trends. In part

B of Figure 23, gel time is again graphed as a function of

INaOH for the three levels of tNaOH with F/P of 2.2. The

thinning effect of NaOH is illustrated as the resins with

higher tNaOH content also take longer to gel. However,

gel time is at best a poor predictor of these molecular

characteristics of a resin.

Figure 24 is a graph of the log of final resin vis-

cosity versus the log of final with the data points

identified according to the tNaOH content of the resins.

The thinning effect of the NaOH is clearly evident as

resins with higher NaOH levels have lower viscosity.

Figure 25 is a graph of the ratio of log Mw/log vis-

cosity versus log viscosity to compress the data and make

it more linear. The data set taken as a whole exhibits an

inverse relationship which is fairly well pronounced

(r2 = 0.91) between the two parameters. When a linear re-

gression (Neter and Wasserman, 1974) is applied to subsets
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of the data with uniform F/P ratios or iNaOH contents,

then the coefficients of determination are even greater,

as shown in Table 7.

An empirical model derived from a linear regression

model on subsets of the data in Figure 25 and useful for

predicting TL based on viscosity is possible. It takes

the form:

10A(log viscosity)2 + B(log viscosity)

where the values of A and B change based on the resin syn-

thesis parameters. Table 7 lists values of predicted

from the empirical model and compares them to ivalues ob-

tained from SEC-LALLS. The agreement is good for many of

the resins. The model thus uses viscosity as a predictor

of for the listed resins with a linear temperature pro-

file.

Synopsis of a Resin Synthesis

The results and interpretation of resin synthesis

presented thus far may be summarized in terms of solvation

and catalysis. Both solvation and catalysis are dominated

by NaOH.

The ingredients are mixed and heat is applied to be-

gin the resin synthesis. In a linear temperature profiles

nearly all methylolation is completed by the time ref lux

occurs as indicated by the deficiency of free formalde-

hyde in the reaction medium. In the case of lOW



TABLE 7. Comparison of M Values by an Empirical Model and
by SEC-LALLS 'V

Model:
10A(Log VisCosity) - B(i.og viscosity)

Resin Parsmeters

F/P LNaOU tNu011

Model ParaetCrs

A U Viscosity

1.9 0.15 0.60 -0.291 2.500 467 39,796 42,190 94.3

3.9 0.25 0.60 836 66,158 59,460 111.3

1.9 0.35 0.60 4,913 183,311 186,100 98.5

2.2 0.15 0.45
2.2 0.15 0.60
2.2 0.15 0.75

-0.502 3.072 2,900 41,535 42,420 97.9
400 39,321 36,350 108.2
264 31,286 33,310 93.9

2.2 0.25 0.45 -0.364 2.769 26,800 133,063 132,800 100.2 0.999

2.2 0.25 0.60 407 55,864 52,410 106.6

2.2 0.25 0.15 535 70,021 75,580 92.6

2.2 0.35 0.45 -0.539 3.364 12,600 58,879 47,170 114.2 0.996

2.2 0.35 0,60 4,774 120,459 148,000 81.4

2.2 0.35 0.75 870 170,280 161,200 105.6

25 0.15 0.60
2.5 0.25 0.60
2.5 0.35 0.60

-0.373 2.819 1,024
2,370
4,182

127,628
184,224
207.492

i (Coefficient of determination) refers to linear regression model:

Log M5
- A log viscosity + 13

Log Viscocity

8 Ca3culuted
xlOOCalculated SEC-LALLS

8 SEC-LALLS
ww

126,000
185,200
203,200

0.993

0.998

101.3 0.999
90.5
102.1
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temperature hold, methylolation is completed prior to ad-

ditional heat input. In either case, the resin is highly

methylolated very early and the predominant reaction dur-

ing the remainder of the synthesis is condensation. NMR

results from early in the reaction confirm that the resin

is highly methylolated because few unreacted protons were

remaining.

The branching pattern, dominated by the catalysis

effect, is established early in the resin synthesis. Al-

kaline catalyzed resoles are highly branched relative to

acid catalyzed (novolak) resins. But resoles apparently

have a maximum branching level and then decrease in branch-

ing slightly as the reaction medium becomes more alkaline.

Higher levels of iNaOH increase the rate of the condensa-

tion reaction.

In alkaline systems, the condensation reaction is rate

determining, with methylolation occurring more rapidly.

Condensation increases with NaOH content, allowing the

polymer chain to grow more rapidly and also causing a lower

reactivity and steric hinderance to interior portions of

the chain (Kumar et al., 1980). While still highly

branched, these molecules are less highly branched than

those with a lower rate of condensation.

All resins are reacted to a viscosity end point for

the second and final NaOH additions. Consider the resins

solutions prior to the second NaOH addition. The of
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the resin samples taken immediately before the second NaOH

are strongly influenced by iNaOH, because it has a thinn-

ing effect on PF resins by interfering with intermolecu-

lar association. Those resins with higher iNaOH must,

therefore, reach a higher to reach the viscosity end

point, in agreement with the experimental observations.

Higher levels of NaOH also increased the rate of

the Cannizzaro reaction as determined by H-NMR of bound

formaldehyde. Such losses to Cannizzaro were greatest

when both the formaldehyde concentration and NaOH concen-

tration were high. Conditions of high formaldehyde concen-

trations with low levels of NaOH favored the formation of

small quantities of hemiformal type methylols and dibenzyl

ether type linkages. Highly condensed resins were char-

acterized by a high average methylene bridge content.

Methylol content of the final resins did not differ signif-

icantly.

Following this study of the effect of varying resin

formulation on the resultant chemical structure, a second

study examined the interaction of resin structure with

product performance.
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STUDY 2: INTERACTION OF RESIN STRUCTURE WITH
PRODUCT PERFORMANCE EVALUATION

This section reports the effect of resin chemical

structure on glueline performance in a glued wood prod-

uct.

Experimental

Resins and Mixed Adhesives

Eight resins were selected for glueline evaluation.

Properties of the eight resins are summarized in Table 8.

The array contains a representative from each of the three

F/P levels, and for each of the iNaOH and tNaOH levels with

F/P of 2.2. In addition, one methylolation resin is includ-

ed. The resins represented a wide range of properties such

as values from 36,350 to 191,300, viscosity values from

400 cps to 26,800 cps, percent free formaldehyde values of

0.0% to 3.1%, 80°C gel time values of 30 minutes to 208

minutes and relative branching indices of log Mm/log viscos-

city from 1.16 to 1.81.

Each of the resins was tested with no additive (neat),

and in a standard extended adhesive mixture. The extender

formulation used for the study is given in Table 9. The

resultant adhesive mix viscosity is also listed in. Table
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Linear temperature profile; M = Methylolation temperature profile
*Reiative branching index

TABLE 8. Properties of Resins for Gluing Study

Resin
Gluing 1 2 3 4 5 6 7 8

F/P 2.5 1.9 2.2 2.2 2.2 2.2 2.2 2.2

LorM* L L L L L L L M

INaOH 0.25 0.25 0.25 0.35 0.25 0.15 0.25 0.35

tNaOH 0.60 0.60 0.60 0.60 0.45 0.60 0.75 0.60

185,200 59,460 52,410 148,000 132,800 36,350 75,580 191,300

n 2,370 836 407 4,774 26,800 400 535 6,640

Solids 42.2 42.2 42.8 42.4 42.1 42.3 43.2

% Free C1120 3.1 0.0 0.0 0.0 1.0 1.2 0.3

% Free (Phenol+OMP) 0.8 0.4 0.1 0.0 0.1 0.1 0.1
80°C Gel Time 30 208 159 107 59 89 197 86

Adhesive r 8,445 6,455 4,815 6,080 3,450 4,690 2,785 9,910

Log Mw/Log rj** 1.56 1.63 1.81 1.41 1.16 1.75 1.79 1.38
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TABLE 9. Procedure For Mixed Adhesive

Part by Weight

Resin 28.30

Water 25.15

Wheat flour (Glu-X)(9.6% mc) 5.90

Extender (Glufil-HL)(5.7% mc) 7.40

Mix 5 minutes

50% NaOH 3.70

Mix 5 minutes

Soda Ash 0.55

Mix 10 minutes

Resin 29.00

Mix 5 minutes

Total 100.00



Veneer Preparation

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

was used in this study. Veneers of 0.2" thickness were

prepared from 1" x 6" nominal dimension, random length,

clear, flat sawn (tangential), kiln dried stock. The

boards were cut in half along the tangential plane with a

band saw and planed on both sides to a final thickness

slightly greater than 0.2".

The veneer stock was stored at 93°F and 30% relative

humidity for six to eight weeks to reach an equilibrium

moisture content of 6%. Three to five days prior to glu-

ing, the veneer stock was planed to its final thickness

of 0.2" and cut to a length of 19 inches. Two-ply panels

were made with these 0.2" x 6" x 19" veneers, which were

randomly distributed to panels. These veneers were free

of lathe checks and surface inactivation was minimized

because of the short exposure to aging after planing.

Experimental Design

Two experimental arrays were used. Both had three

factors: resin, adhesive spread, and assembly time. The

first array consisted of an 8 x 3 x 3 factorial design as

shown in Figure 26A. Eight neat resins were used at three

adhesive spreads (8, 10 and 12 pounds of phenolic solids

per thousand square feet of single glueline (#/MSGL)).

At 42% resin solids, the spreads corresponded to 19.1, 23.8

and 28.3 #/MSGL of liquid resin. The three levels of the
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Neat Resin

Mixed Adhesive
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Figure 26. Experimental designs for neat resin and mixed ad-
hesive laminates

SPREAD ASSEMBLY

#/MSGL TIME(MIN) 1 2

RESIN

3 4 5 6 7 8

5

8 25

45

10 25

45

5

12 25
45

SPREAD ASSEMBLY

#/MSGL TIME(MIN) 1 2

RESIN

3 4 5 6 7 8

5
8

45 Two PANELS PER

5 TREATMENT COMBINATION

12
145



99

assembly time factor were 5, 25 and 45 minutes. Assembly

time is the time elapsed between the spreading of resin

on a veneer and the placement of the resultant two-ply

panel into the hotpress. Four panel replications were com-

mitted to each of these 72 conditions.

The second array consisted of an 8 x 2 x 2 factorial

design as shown in Figure 263. The same eight resins

were used but they were extended into an adhesive mix as

described by the formulation of Table 9. Two levels of

spread (8 and 12 #/MSGL of phenolic solids) were used.

At 42°!. resin solids and 57.3% liquid resin in the adhesive

mix, the spreads corresponded to 33.2 and 48.4 #/MSGL of

mixed adhesive. The two levels of assembly time were 5

and 45 minutes. Two panel replicates were connited to each

of the 32 above conditions.

Gluing Procedure

The panels were two-ply parallel laminates. Veneers

were taken from the conditioning chamber and stored in a

plastic bag one hour prior to gluing so that they were at

room temperature. Either neat resin or mixed adhesive,

which was prepared one hour earlier, was spread on the plan-

ed surface of one of the veneers with a conventional rubber

roll glue spreader. The planed surface of the second ven-

eer was then placed onto the coated surface and the assembl-

ed panel placed on a stack with other assembled panels under
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twenty pounds of total pressure until the assembly time

had elapsed.

At the termination of the assembly period, panels

were transferred to a 2' x 2' hotpress at 285°F (141°C).

The press closing time was 0.5 minutes and the panels were

subjected to 175 psi for 4.5 minutes. At the termination of

the hotpress period, the panels were hotstacked in a wood-

en box for twenty-four hours before further handling.

Sample Preparation and Testing

Twenty 3*" x shear specimens were generated per

panel after the outer 3/4 inch was trimmed from the peri-

meter of the panel to eliminate edge effects (Figure 27A).

The shear specimens (Figure 27B) were designed to yield one

square inch of surface when pulled apart as recommended by

Strickler (1964) and the National Bureau of Standards

(Anonymous, 1974).

Five specimens from each panel were randomly assigned

to each of two aging methods for evaluating exterior type

glues. One aging method, the vacuum-pressure test, consis-

ted of submerging the specimens in water and subjecting

them to a vacuum of 25 inches of mercury for thirty minutes

followd by 65-70 psi of pressure for thirty minutes accord-

ing to PSI-74 (Anonymous 1974). Specimens were then shear-

ed in the wet condition in a Globe shear tester at a load-

ing rate of 600-1,000 pounds per minute according to ASTM
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Figure 27. Dimensions of a laminated panel and shear
specimen
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D906-64 (Anonymous,1970). The second method, a boiling

test, subjected the test specimens to submersion in boil-

ing water for four hours followed by a twenty hour drying

cycle at 145°F (63°C), followed by a second four hour boil

according to PSI-74 (Anonymous,1974). These specimens were

also then sheared while wet as above.

Breaking loads were recorded for each shear specimen.

Percentage wood failure was determined on the broken, but

dry, shear specimens according to the procedure of the Ameri-

can Plywood Association (Anonymous, 1970). Wood failure per-

centages were estimated independently by two observers.

The values were permitted to differ by 10% or less. The mean

of the two observations was recorded as the percentage

wood failure for the specimen. The average of the five

breaking load readings and five wood failure readings from

each panel were considered as single observations for

statistical analysis.

Statistical Analysis

Analysis of variance was performed on each of the four

parameters (vacuum pressure: breaking load and percent wood

failure; and, boil: breaking load and percent wood failure)

for each of the 2 experimental arrays previously described

(neat resin: 8 x 3 x 3; and, mixed adhesive: 8 x 2 x 2)

for a total of 8 analysis of variance tables. Analyses were

performed on the Oregon State University Cyber 70/73
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computer using the statistical interactive programming sys-

tem (SIPS) and analysis of variance (ANOVA) subsystem as

described by Rowe and Brenne (1982).

Wood failure percentages were transformed using the

following transformation:

X = Arcsin (Wood Failure Per-(transformed in degrees)
cent/100)

The transformation yielded a more nearly normal population

for statistical analysis (Steel and Torrie, 1980). ANOVA

tables were generated on transformed wood failure values.

Data tables of cross classifications of variables are

presented with the untransformed wood failure values.

Results and Discussion

Analysis of variance of the data sets in these ex-

periments revealed many significant effects when based on

wood failure measurements but few significant effects with

breaking load. The majority of the discussion that follows,

therefore, deals with wood failure. Breaking load will be

discussed at the end of this section.

Cross classifications of the data which help to de-

scribe statistically significant effects will be presented

in this section. Cross classifications of the data for ef-

fects which were not significant statistically appear in

Appendix B.



Neat Resin-Wood Failure

The analysis of variance (ANOVA) for transformed

wood failure data of vacuum-pressure and boil aged speci-

mens appears in Table 1OA and lOB respectively. Effects

due to resin, spread, and time of assembly are significant

at the 95% confidence level, as well as the two-way inter-

action due to resin*assembly time. High wood failure is

desired because it means the glueline is stronger than the

wood.

Table hA and liE contains the 3-way cross classif i-

cation of resin, spread and assembly time for untransformed

wood failure obtained from vacuum-pressure aged and boil-

cycle aged specimens, respectively, with mean values in each

cell. Table I1C and liD contains the 2-way cross classif 1-

cations of resin and assembly time of vacuum-pressure and

boil cycle specimens, respectively. The resin effect is seen

as the bottom row of Figure hA and liB. Resin 4 performed

poorly regardless of aging method. Resin 8 performed poor-

est of all resins when vacuum-pressure aged, based on the

average for the resin over all levels of spread and assembly

time. Resin 8 had more wood failure when boil cycle aged

than when vacuum-pressure aged, but at a spread of 8#/MSGL

and assembly time of 45 minutes, Resin 8 equalled Resin 4

with the lowest wood failure value of 38%. Resins 4 and 8

had the lowest overall wood failure values. Both had been

formulated with 0.35 iNaOH and had relatively high M values.

104
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TABLE 10. Analysis of Variance of Transformed Wood
Failure - Neat Resins

* Probably that difference occurred by chance rather
than as a result of treatment. P < 0.05 significant.

Source of Variation DF Mean SSuare

A. Vacuum-Pressure Soak-Neat Resin

Resin 7 .117777E+04 14.29 <0.00.1
Spread 2 .174064E+04 21.12 <0.001
Resin*Spread 14 .114326E+03 1.39 0.161
Time 2 .242492E+04 29.42 <0.001
Resin*Time 14 .154196E+03 1.87 0.031
Spread*Time 4 .137969E+03 1.67 0.157
Resin*Spread*Time 28 .182692E+03 2.22 0.001

Error 216 .824192E+02

TOTAL 287

B. Boil Cycle-Neat Resin

Resin 7 .104530E+04 12.85 <0.001
Spread 2 .14O706E+04 17.29 <0.001
Resin*Spread 14 .859823E+02 1.06 0.399
Time 2 .173114E+04 21.28 <0.001
Resin*Time 14 .134413E+03 1.65 0.068
Spread *T ime 4 .142099E+03 1.75 0.141
Resin*Spread*Time 28 .110573E+03 1.36 0.117

Error 216 .8136 98E+02

TOTAL 287



**** RESIN x SPREAD x ASSEMBLY TIME****
Spread Assembly

(#/MSGL Phenolic) Time Resin Average Average
Solids (Minutes) 1 2 3 4 5 6 7 8 (Assembly Time) (Spread)

Average (Resin) 74 75 76 59 78 73 71 53

Average (Resin) 76 74 72 62 81 86 84 72

****RESIN x ASSEMBLY TIME *e**
c. Vacuum-Pressure Soak Accelerated Aging Treatment

5 85 83 82 73 83 73 79 66 78

25 74 71 81 59 76 74 69 47 69

45 62 72 44 45 77 72 65 47 63
Net Change (45-5) -23 -Ii. -13 -29 -6 -1 -i4 -19

D.Boil Cycle Accelerated

5

25

45
Net Change (4S-5)

Aging Treatment

8? 78 78 73 84 86 91 82

75 72 76 61 80 86 80 74

65 71 62 51 80 85 81 61
-22 -7 -16 -22 -4 -1 -10 -21

82

76

70

106

TABLE ii.. Cross Classifications of Untransformed Percent
Wood Failure for Neat Resin

5 95 82 75 75 78 89 93 84 84

12 25 71 82 78 70 86 93 81 80 80 80

45 69 70 72 56 88 93 83 89 77

5 89 75 80 74 88 87 90 82 83

10 25 86 73 76 75 75 91 85 73 79 77

45 59 84 85 53 79 85 80 58 70

3. Boil Cycle Accelerated Aging Treatment

5 78 76 79 69 87 82 89 81 80

8 25 69 61 78 38 78 74 75 69 68 70

45 68 60 49 43 76 77 81 38 61

5 92 82 80 71 80 75 92 65 79

12 25 78 92 85 62 88 74 72 55 76 76

45 69 74 73 48 86 79 66 80 72

5 79 79 86 77 85 79 86 73 80

10 25 80 74 83 66 62 80 72 53 71 71

45 48 83 64 54 74 75 60 37 62

A. Vactum-Pressure Soak Accelerated Aging Treatment

5 84 88 79 72 83 66 59 60 74

8 25 65 48 77 49 78 68 65 34 60 63

45 69 00 54 32 71 62 70 25 55
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The wood failure results of the resins generally were

higher for boil specimens than for vacuum pressure speci-

mens. It is possible that additional resin curing occurred

in the boil treatment to strengthen the bond. In addition,

the boil treatment weakens the wood, accounting for some of

the increase in wood failure readings. The wood failure

values were lower than typically observed for good resins

in cross laminated plywood shear specimens. Wood defects

such as lathe checks contribute to high wood failures in

plywood. The specimens in this study were free from ap-

parent machining defects. The wood, therefore,was strong-

er in this study accounting for a generally large popula-

tion of low wood failure values.

The nature of the main effect of spread is evi-

dent by considering the final column of Table hA and 11B,

which lists the average of all wood failure values for each

spread. Wood failure values are seen to increase

as the spread is increased. The greatest improve-

ment is between the lowest level of spread (8#/MSGL)

and the intermediate level (#10/MSGL). A heavier spread

would have the dual effect of providing for a thicker glue-

line and adding more moisture to the glueline to aid flow.

If too much moisture were added to the glueline, cure

would be inhibited and wood failure values would actually

decline with increased spread. This was not observed

with any of the neat resins examined.
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The nature of the main effect due to assembly time is

seen in Table 11C and liD, two-way cross classifications

between resin and assembly time for vacuum-pressure and

boil treatments, respectively. The main effect is a de-

crease in wood failure as assembly time increases. General-

ly, moisture moves out of the glueline and into wood during

long times of assembly. A tendency to dry out accounts for

the general decline in wood failure at longer assembly

times. Indeed, visual examination of shear specimens at

long assembly times revealed the presence of glue roller

spreader patterns for Resins 4 and 8, indicating a dried out

glueline with insufficient moisture in these two resins to

allow adequate flow during hotpressing.

The ANOVA tables also indicated a significant inter-

action effect between resin and assembly time, indicating

that not all of the resins responded to assembly time in

a similar fashion. Resins 5 and 6 had a negligible response

to assembly time, while Resins 1, 4 and 8 were very intol-

erant of long assembly times. Resin 5 has the lowest

relative branching index (based on log Mw/log viscosity).

A more linear polymer would tend to be more thermoplastic,

and therefore also more able to melt and flow under high

temperature in the absence of moisture. Resin 6 has the

lowest A low molecular weight resin would also tend

to be thermoplastic and somewhat tolerant of a dry glue-

line. Resins 1, 4 and 8 have the highest M. High M

resins, unless linear like Resin 5, would not tend to be
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very thermoplastic and, therefore, need mositure to flow.

Although Resin 1 is intolerant of long assembly times, its

wood failure percent at TA of 45 minutes is relatively

high at 62%. But Resin 1 also had high content of free

formaldehyde, phenol and orthomethylolphenol which would

tend to plasticize the resin and aid flow to offset dryout

of long assembly times.

The effect of on assembly time tolerance is illus-

trated in Figure 29 which plots against the average

percent wood failure at a 45 minute assembly time. The re-

gression line shows low wood failure at high and high

wood failure at low except for Resins 1 and 5. The high

free formaldehyde, phenol and OMP of Resin 1 likely ac-

counts for the higher wood failure value of thi resin,

while the low branching index of Resin 5 accounts for the

higher wood failure value of this resin at long assembly

times.

The dryout tendency of Resin 8 and the dryout resistance

of Resin 5 was also observed by fluoroscence microscopy of

the gluelines at a spread of 10#/MSGL. The gluelines

of Resin 5 were characterized by an interface matrix zone

of crushed cells and resin. The differentiation between

the two veneer sheets was vague at all three assembly times.

The gluelines of Resin 8 did not have such an interface

matrix zone. Instead, the two veneer sheets were clearly

defined with a separate glue layer of considerable thick-

ness. The appearance of a distinct resin layer was more
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pronounced at the longest assembly time, with adjacent wood

cells appearing to have undergone very little deformation

or plasticization. The glueline appeared to have been un-

able to flow at the time of hotpressing.

Mixed Adhesive-Wood Failure

The ANOVA tables for transformed wood failure data of

vacuum pressure and boil cycle aged specimens prepared using

mixed adhesive appears in Table 12A and 12B, respectively.

The main effect for resin is significant at the 95% con-

fidence level with the vacuum-pressure treatment but in-

significant with the boil cycle treatment. The main effects

of spread and assembly time are also significant at the 95%

confidence level by both accelerated aging treatments. The

interaction of resin with spread, however, is only

significant at the 94% confidence level. The interaction

of resin with assembly time is significant for vacuumpres-

sure treated specimens, but not for boil treated specimens.

The interaction of spread with assembly time is significant

for both aging treatments.

The resin main effect is evident from the three-way

cross classifications of untransformed wood failure data

of Table 13A for the vacuum-pressure treatment. Resin 1,

a high M resin, had the poorest performance. Resins 4

and 8, which had poorest performance of the array in the

neat form, had good performance when mixed with the extender



Source of Variation DF Mean Scivare

A. Vacuum-Pressure Soak-Mixed Adhesives

Resin
Spread
Resin*Spread
Time
Resin*Time
Spread*Time
Resin*Spread*Time

Error

TOTAL

B. Boil Cycle-Mixed Adhesives

Resin
Spread
Resin*Spread
Time
Resin*Time
Spread*Time
Resin*Spread*Time

Error

TOTAL

7 .278845E+03 3.18 0.011
1 .530913E+03 6.05 0.020
7 .194782E+03 2.22 0.059
1 .399816E+03 4.56 0.041
7 .366643E+03 4.18 0.002
1 .951048E+03 10.85 0.005
7 .702646E+02 0.80 0.592

32 .876913E+02

63

7 .567940E+02
1 .149259E+04
7 .154477E+03
1 .128682E+04
7 .101341E+03
1 .854766E+03
7 .904578E+02

32 .712083E+02

63
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TABLE 12. Analysis of Variance of Transformed Wood
Failure - Mixed Adhesive

0.78 0.595
20.96 <0.001
2.17 0.064

18.07 <0.001
1.42 0.231

12.00 0.002
1.27 0.296

* Probably that difference occurred by chance rather
than as a result of treatment. P < 0.05 is signif i-
cant.
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TABLE 13. Cross Classifications of Untransformed Percent
Wood Failure for Mixed Adhesive

Spread Assembly
(d/MSOL Phenolic) Time Resin Average Average

Solids (Minutes) 1 2 3 4 5 6 7 8 (Assembly Time) (Spread)

83 83 93 88 86 87

88 77 83 0 77

Vacuum-Pressure Soak Accelerated Aging Treatment

8 42 57 62 67 72 86 64 75 66

12 60 82 71 78 66 68 89 82 74

Net Change (12-8) 18 25 9 U -6 -18 25 7

Boil Cycle Accelerated Aging Treatment

8 65 83 83 84 71 95 65 64 75

12 87 92 90 86 84 81 94 91 88

Net Change (12-8) 22 9 7 13 -4 29 27

Net Change (45-5) -40 13 4 9 -31 15 -15 -16

Boil Cycle Accelerated Aging Treatment

5 89 91 87 87 88 84 91 89 as

45 63 84 88 83 66 83 69 66 75
Net Change (45-5) -26 -7 -1 -4 -22 -1 -22 -23

****( SPREAD x ASSELY TIME)****
Not Change t ange

Assembly Spread (Spread) Avge Assembly Spread (Spread) Avge
Tine 8 12 (12-8) (Time) Time 8 12 12-8 (Time)

Vacuum-Pressure Soak Accelerated H. Boil C do Accelera.ted Ainz Treatmert
Aging Treatment

5 75 72 -3
45 56 76 20

Change
(Time)
(45-5) -19 4
Avge.
(Spread) 66 74

****(RESIN x SPREAD)***e

****(RESIN x ASSEBLY TIME)****

Change
(Time)
(45-5) -24 -2
Avge.
(Spread) 75 88

74 5 87 89 2 88
66 45 63 87 24

5 86 89 88
8

45 44 76 79

5 91 92 86
12

45 83 91 94

Avge (Resin) 76 8? 86

5
5 66 53 62

45 19 61 62

12 5 76 73 67

45 44 91 75

Avge (Resin) Si. 69 66

****(RESIN x SPREAD XASSEMBLY TIM)****

Vacuum-Pressure Soak Accelerated Aging Treatment

68 94 93 80 87 75
66

66 51 78 49 64 56

68 77 46 89 87 72

88 56 90 89 78 76 74

72 69 77 76

Boil Cycle Accelerated Aging Treatment

2. Vacuum-Pressure Soak Accelerated Aging Treatnent

5 71 63 64 68 85 69 84 87 74

45 31 76 8 77 54 84 69 71 66

75

88

85 59 78 42 42 63

91 94 74 93 93 89

81 74 88 96 90 87
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and filler. At the low spread, shear specimens with

Resin 1 showed evidence of roller spreader patterns, but

the glue film also appeared exposed as if it had not pen-

etrated or cured.

After subjected to boil treatment, no significant

differences were seen between the mixed adhesives. The

performance of Resin 1 improved markedly. The process

of incorporating a resin into an adhesive mix tends to

keep more moisture in the glueline. In the case of Resin

1 which performed well without being incorporated into a

mix, the additional moisture in the glueline appears to

have inhibited the curing process resulting in an under-

cured glueline. The heat supplied during the boil cycle

aging treatment improved the performance of this resin

confirming that an undercured glueline existed. Resin 1

had the highest contents of free formaldehyde, phenol, and

OMP of the resins tested.

By contrast, Resins 4 and 8 suffered from dryout and

performed poorly as neat resins. These resins, however,

performed very well when incorporated into the adhesive

mix. The mix helped improve tolerance to long assembly

times as shear specimens exhibited a more uniform glue

spread.

The main effect of spread is shown in Table 13C and

13D for vacuum-pressure and boil treatments, respectively.

The main effect is an overall increase in wood failure
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when the spread is increased. There is an interaction,

however, between resin and spread because all the resins

do not perform in the same way. The high spread had a

deleterious effect on the performance of Resin 6 in either

the vacuum-pressure or boil specimens. Resin 5 performed

at a lower level with a high spread in the vacuum-pressure

treatment only, but the difference was within experimental

error. The additional moisture in the glueline of the ad-

hesive mix again resulted in undercure. Resin 6 has a lOW

and would need to undergo much more condensation than the

other resins to form an infinite network accounting for

the sensitivity of Resin 6 to the additional mositure af-

forded by the adhesive mix.

The main effect of assembly time is shown in Table 13E

and 13F for vacuum-pressure and boil treatments, respectiv-

ely. The main effect of lower wood failure at long assembly

time is uniformly seen with boil specimens. There is an in-

teraction, however, between resin and assembly time for

vacuum-pressurespecimens with half the resins having lower

wood failure and the other half having higher wood failure

with long times of assembly. Resin 6, which had low wood

failure at high spread rates due to the inhibiting influence

of the excess moisture had much higher wood failures at long

assembly times which permit some of the moisture to move

out of the glueline and into the wood.

After the boil treatment, undercure is less of a prob-
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lem. The heat supplied to the glueline cures the resin and

wood failure is higher. At longer assembly times all the

gluelines showed lower wood failure. In addition to losing

moisture to the wood during long assembly times, phenolic

solids may also migrate out of the glueline accounting for

the loss of strength.

The interaction of spread with assembly time was also

significant for vacuum-pressure and boil cycle aging treat-

ments, as is shown as Table 13G and 13H, respectively. At

short assembly times, the effect of spread is not signif 1-

cant while at long assembly times wood failure increases

markedly at higher spreads. At higher spreads, the effect

of assembly time is not significant while at low spreads

wood failure decreased dramatically at long assembly times.

The moisture relationships previously described account for

the observed interactions. At short assembly times moist-

ure has not yet been able to diffuse out of the glueline and

tolerance is good to low spreads. At high spreads enough

moisture is present to compensate for the diffusion of some

of the moisture into the wood, providing tolerance to long

times of assembly. Resins 1 and 6 showed evidence of under-

cure as mixed adhesives. The summary of resin properties in

Table 8 lists the 80°C gel time of these resins. Resins 1

and 6 had gel times of 30 and 89 minutes, respectively,

while resins with no indication of undercure had gel times

of 59 to 209 minutes. Gel time does not appear to relate



to resin performance.

The resins that were resistant to dryout had either

low or a low relative branching index. The data on resin

synthesis showed that low NaOH levels resulted in low

resins which were highly branched while high NaOH levels re-

sulted in high resins which were less highly branched.

Chen and Rice (1976) synthesized resins for controlled dry-

out resistance on southern pine by mixing both low and high

F/P prepolymers (1.0 and 2.6, respectively) prepared with

a very low level of NaOH (tNaOH 0.2) and advanced to a

final viscosity of 400-500 cps. They called their product

a linear alkaline resole and rationalized improved dryout

resistance on the basis of a thermoplastic linear phenolic

resin.

Analytical results reported here indicate that the

resins described by Chen and Rice would not be linear. Due

to the low NaOH level, they would be highly branched. Be-

cause the low tNaOH also meant very little effective thin-

ning, then their resins at a final viscosity of only 400-

500 cps also had a very low molecular weight.

Therefore, although the resin product of Chen and

Rice had good dryout resistance, their rationale to explain

the phenomenon appeared to have been incorrect. The dryout

resistance and thermoplasticitv of their resin product more

likely was due to low molecular weight and not due to lin-

earity.

117



Breaking Load-Neat Resin and Mixed Adhesive

The ANOVA statistics for breaking load are given in

Table 14(A-D) for neat resin (vacuum-pressure and boil treat-

ment) and for mixed adhesive (vacuum-pressure and boil

treatment) respectively. No new conclusions or trends are

evident from breaking load data. The only effect that was

statistically significant at the 95% confidence level was

the main effect of spread for neat resin.

The effect of spread is shown in the cross classif lea-

tions of Table 15A and 15B for neat resin (vacuum-pressure

and boil treatment), respectively. Breaking load increased

as the spread increased. The increase is large between the

spreads of 8#IMSGL and 1O#/MSGL but moderate between the

spreads of 1O#/MSGL and 12#/MSGL. Breaking loads are high-

er for vacuum-pressure treated specimens than for boil

cycle treated specimens, documenting that the boil cycle

weakens the wood.

Table 16 is a tabulation of the ability of the various

test parameters to statistically detect the effect of ex-

perimental factors. More interactions were detected using

the vacuum-pressure aging method than using the boil cycle

aging method. The combination of the two tests provided

insights to a possible mechanism of interactions, namely

glueline moisture.
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Resin
Spread
Resin*Spread
Time
Resin*Tlme
Spread*Ti me
Resin3 Spread*Pime

Error

TABLE 14. Analysis of Variance of Breaking Load for Vacuum-Pressure
Soak and Boil Cycle of Neat Resin and Mixed Adhesive

Vacuum-Prcssure Soak Accelerated Aging Treatment Boll Cycle Accelerated Aging Treatment

Source of VariatIon HF Mean Square F Source of Variation OF Mean Square F p.

NEAT RESIN
-B-

Resin 7 .09503581-04 1.10 0.303 Resin 7 .6601408+04 1.58 0.143
Spread 2 .60560981-05 9.60 O.0O,1 Spread 2 .2736768+05 6.55 0.002
Roain*Spread 14 .8632458+04 1.37 0.171 Resin*Spread 14 .6696768+04 1.60 0.080
Time 2 .9637948+06 1.53 0.219 TIme 2 .5391218+04 1.29 0.278
Realn3Time 14 .7927518*04 1.26 0.237 Resin4Time 14 .598627E+04 1.43 0.140
Speead4Time 4 .582144E+04 0.92 0.452 Spread*Time 4 .9759728+04 2.33 0.057
Resin*Spread3'Flme 28 .6529338+04 1.03 0.423 Reuin*Spread*Time 28 .518460E+04 1.24 0.198

Error 216 .6309338+04 Error 216 .418132E+04

TOTAL 287 TOTAL 287

7 .6000398+04 1.31 0.276
1 .1782238+05 3.90 0.057
7 .7858968+04 1.72 0.139
1 .9000008+03 0.20 0.660
7 .1041738+05 2.28 0.053
1 .5041008+04 1.10 0.301
7 .4083148+04 0.89 0.523

32 .4566638+04

MIXED ADHESIVE
-C- -D-

Resin 7 .6899068+04 1.33 0.269
Spread 1 .6520568+04 1.26 0.271
Resln'Spread 7 .1000888+05 1.93 0.098
Time 1 .5148068+04 0.99 0.32?
Reslu4Time 7 .6473218+04 1.25 0.307
Spread*'Ilme 1 .6375638+03 0.12 0.728
Resin*Spread*Tirno 7 .647413E+04 1.25 0.307

Error 32 .5189698+04

TOTAL 63

Probably that difference occurred by chance rather than as a result of treatment. P 0.05 Is significant.

TOTAL 63



Spread Assembly
(#/MSGL Phenolic) Time Resin Average Average

Solids (Ainutes) 1. 2 3 4 5 6 7 8 (Assembly Time) (Spread)
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TABLE 15. Cross Classifications of Breaking Load for Neat
Resin

Average (Resin) 480 513 525 497 507 492 506 501

5 514 510 567 471 503 566 462 446 505

12 25 503 544 493 537 538 556 694 543 537 513

45 491 509 540 519 443 457 502 518 497

5 547 503 556 537 548 530 472 454 518

10 25 499 449 535 441 534 455 527 551 499 512

45 485 513 547 481 537 307 563 515 519

Average (Resin) 549 560 578 531 568 557 557 550

3. Boil Cycle Accelerated Aging Treatment

5 464 511 458 484 514 487 514 531 495

8 25 427 552 491 529 509 427 472 496 488 483

45 393 529 528 474 452 448 454 458 467

5 623 621 601 494 586 656 512 510 57

12 25 602 609 563 573 578 625 648 600 600 578

45 579 582 587 563 504 514 524 623 560

A. Vacuum-Pressure Soak Accelerated AgingTreatment

5 497 580 520 527 569 544 532 558 541

8 25 465 544 554 567 546 497 561 518 531 529

45 494 535 630 473 497 515 489 483 515

5 620 531 577 566 593 592 604 493 572

10 25 551 492 569 468 631 529 561 617 552 562

45 516 547 601 531 613 545 582 551 561



TABLE 16. Performance of Glueline Test Methods: Factors Significant at 95% Confidence
Level

NEAT RESIN MIXED ADHESIVE

Factor or Interaction* R S RxS TA RxTA SxTA RxSxTA R S RxS TA RxTA SxTA RxSxTA

Vacuum Pressure: Wood Failure X X X X X X X X X X

Boil Cycle: Wood Failure X X X X X X

Vacuum Pressure: Breaking Load X

Boil Cycle: Breaking Load X

R Resin

S = Spread

TA = Time Of Assembly (Assembly Time)



SUMMARY AND CONCLUS IONS

Relationships between chemical parameters of phenol-

formaldehyde resins and adhesive performance have been de-

fined. Resin performance relates to and to relative

molecular branching; however, the presence of extenders

and additives are able to obscure the effect of the resin's

and branching index based on moisture relationships.

Resin performance is generally poorest with high mole-

cular weight resins, especially those with large branching

indices, due to dryout at long assembly times. Those res-

ins with a low branching index or low are least sensi-

tive to long assembly time. The thermoplasticity of small-

er or less highly branched polymers may account for the

tolerance of these resins to long assembly times. The

three factors of resin, spread and assembly time are sig-

nificant in gluability of Douglas-fir veneers.

The vacuum-pressure test combined with wood failure

readings is the most effective parameter for detecting the

influence of experimental parameters. Breaking load is in-

sensitive except for the effect of spread. Bond perform-

ance improves with rate of spread for all parameters.

Wood failure values for boil aged specimens are greater

than for vacuum-pressure specimens, due to additional cure

of the resin and also due to the wood's deterioration dur-

ing the boil treatment. The use of vacuum-pressure and

boil cycle aging methods together allowed inferences to
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be made regarding the cure of the glueline.

Viscosity can be empirically related to if F/P

and NaOH are taken into consideration. can be a pre-

dictor of glueline performance if molecular branching and

the presence of free formaldehyde, phenol and OMP are taken

into account. Therefore, viscosity may be a useful pre-

dictor of adhesion if these factors are considered. Gel

time is not useful as a predictor of the performance of a

resin, or of its cure rate in a glueline. It does, however,

reflect to some extent the resin's F/P ratio and tNaOH

content.

Resins with controlled chemical parameters such as

and relative molecular branching are desireable because

these parameters are related to glueline performance and

production variables. The synthesis of resins with particu-

lar characteristics is possible. In the range of 0.15 to

0.35 (mole NaOH/mole phenol) initially present in a resin,

high levels of the NaOH yield a more highly condensed and

less highly branched resin structure. The majority of the

condensation is likely between methylol groups.

Combinations of high formaldehyde concentrations and

high NaOH contents cause the loss of formaldehyde to the

Cannizzaro reaction; however, combinations of low formalde-

hyde concentration and high NaOH give a highly condensed

resin with little loss to the Cannizzaro reaction.
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Figure 29. MWD's during (L) resin synthesis (F/P = 1.9;
tNaOH = 0.60; iNaOH = 0.15)
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Figure 30. MWD's during (M) resin synthesis (F/P 1.9;
tNaOH = 0.60; INaOH = 0.15)
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Figure 31. MWD's during (L) resin synthesis (F/P = 1.9;
tNaOH = 0.60; iNaOH =0.25)
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Figure 32. MWD's during (L) resin synthesis (F/P = 1.9;
tNaOH = 0.60, iNaOH =0.35)
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Figure 33. MWD's during CL) resin synthesis (F/P = 2.2;
tNaOH =0.45; iNaOH =0.15)
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Figure 34. MWD's during (L) resin synthesis (F/P = 2.2;
tNaOH 0.45; iNaOH =0.25)
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Figure 35. MWDs during (L) resin synthesis (F/P 2.2;
tNaOH = 0.45; iNaOH = 0.35)
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Figure 36. MWDts during (L) resin synthesis (F/P = 2.2;
tNaOH =O6O; iNaOII 0.15)
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Figure 37. MWDts during (M) resin synthesis (F/P = 2.2;
tNaOH =0.60; INaOH =0.15)
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Figure 38. MWD's during CL) resin synthesis (F/P 2.2;
tNaOH =0.60; iNaOH 0.25)
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Figure 39. MWD's during (L) resin synthesis (F/P = 2.2;
tNaOH 0.,60; INaOH =0.35)
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Figure 40. MWD's during (M) resin synthesis (F/P = 2.2;
tNaOH=O.60; INaOH =0.35)
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Figure 41. MWD's during (L) resin synthesis (F/P 2.2;
tNaOH = 0.75; INaOH =0.15)
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Figure 42. MWDts during (L) resin synthesis (F/P = 2.2;

tNaOH =0.75; INaOH 0.25)
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Figure 43. MWD's during (L) resin synthesis (F/P = 2.2;
tNaOH =0.75; iNaOH =0.35)
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Figure 44. MWD's during (L) resin synthesis (F/P = 2.5;
tNaOH =0.60; iNaOH =0.15)
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Figure 45. MWD's during (M) resin synthesis (F/P 2.5;
tNaOH =0.60; 1NaOH =0.15)
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Figure 46. MWD's during (L) resin synthesis (F/P 2.5;
tNaOH =0.60; iNaOH =0.25)



Is

SAMPLE 5

/

149

Figure 47. MWD's during (L) resin synthesis (F/P = 2.5;
tNaOH =0.60; INaOH 0.35)
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TABLE 17. Cross Classifications of Untransformed Percent Wood Failure for
Neat Resin

Spread
#/MSGL of fte1n Spread
PP Solids 1 2 3 4 5 6 7 5 (Avge)

Spread
N/MSGL of
P1? Solids

****(SPREAD x ASSEMBLY Time)****

Resin Spread
1 2 3 4 5 6 7 8 (Avge)

Net Change Net Change
Assembly Time Spread (Spread) Avge Assembly Time Spread (Spread) Avge
(MInutes) 8 10 12 (12-8) (TIme) (Minutes) 8 10 12 (12-8) (Time)

C. Vacuum-Pressure Soak Accelerated Aging Treatment 0. Boil Cycle Accelerated Aging Treatment

5 74 80 79 5 78 5 80 83 64 4 82

25 60 71 76 16 69 25 68 79 80 12 76

45 55 62 72 17 63 45 01 70 77 10 70

Net Change Net Change
(12-8) 7 18 9 9 8 11 12 28 (12-8) 6 12 6 17 4 14 4 21

Net Change Net Change
(Assembly) (Assembly)

Time -19 -18 -7 Time -19 -13 -7
(45-5) (45-5)

Mge. (Spread) 63 71 76 Avge. (Spread) 70 77 80

x SPI1EAD)****

A. Vacuum-Pr suee Soak Accelerated Aging Treatment B. Boil cle Accelerated Aging Treatment

8 73 05 70 51 77 65 64 39 63 8 72 66 68 50 80 78 82 63 70
10 69 78 78 66 74 78 72 54 71 10 78 78 73 67 80 88 85 70 77

12 80 83 79 60 85 76 76 67 76 12 78 78 74 67 84 92 86 84 80



TABLE 18. Cross Classifications of Breaking Load for Neat Resin

Spread
#IMSGL of flesin (Avge)

PF So1id, 1 2 3 4 5 6 7 8 Spread

Net Change
(12-8) 116 51 16 21 19 80 34 58

***A(UESIN x ASSEMBLY TIME)****

****(SPUEAD x ASSEMBLY T1M)****

Spread
ä/MSGL of Resin (Avge)

P! SOlIdS 1 2 3 4 5 6 7 8 Spread

*A**(RES1N x
A. Vacuum-Pressure Soak Accelerated AIiiTreatmeiit B. Boil Cycle Accelerated Aging Treatment

8 485 553 568 522 537 518 527 519 529 8 428 531 492 495 492 454 480 495 483

10 562 522 582 528 612 555 582 554 562 10 510 488 546 486 540 497 520 507 512

12 601 604 584 543 556 598 561 577 578 12 502 521 536 509 491 526 519 502 513

Net Change
(12-8) 75 -10 44 14 -1 72 39 7

Assembly Assembly

Time (Avg) Time Avge

(Minutes) 1 2 3 4 5 6 7 8 Time (Minutes) 1 2 3 4 5 8 7 8 (Time)

C. Vacuwn-Preseure Soat Accelerated Aging Treatment 9. Boll Cycle Accelerated Aging Treatment

5 580 577 566 529 583 597 549 520 562 5 508 508 529 497 521 527 482 477 506

25 530 548 562 542 585 550 590 578 562 25 476 515 506 502 523 479 531 530 508

45 529 555 606 522 538 525 532 552 545 45 556 517 538 491 477 470 506 497 494

Net Change Net Change

(12-8) -51 -22 40 -7 -45 -72 -17 -32 (12-8) 48 9 9 -6 -44 057 24 20

Assembly Net Change AsSembly Net Change

Time Spread (Spread) Avge Time Spread (Spread) Avee

(Minutes) 8 10 12 (12-8) (Time) (Minutes) 8 10 12 (12-8) (Time)

E. Vacuum-Pressure Souk Accelerated AInL Treatrnent F. Boil Cycle Accelerated Aging Treatment

5 541 572 575 34 562 5 495 518 506 11 506

25 531 554 600 69 562 25 488 499 537 49 508

45 514 560 559 45 545 45 467 518 497 30 494

Net Change Net Change
(Time) -27 -12 -.16 (Time) -28 0 -9

Avge. (Spread) 529 562 578 Avge. (Spread) 483 512 513 01



A. Vacuum-Pressure Soak Accelerated Aging Treatment

5 655 602 611 669 562 485

45 _641 515 523 700 589

5 616 533 675 660 520 598

45 628 602 649 638 658 549

***e( RESIN x SPREAD x ASSEMBLY TIME )****

et Change (12-8) -6 -86 102 61 -60 20 20 10

Net Change (45-5)

Assembly Spread
Time 8 12

0. Vacuum-Pressure
Aging Treatment

5 581 597
45 571 622

Change
(Time)
(45-5) -10 25

Avge.
(Spread) 576 610

****(RESIN x SPREAD)****

****(RESIN x ASSEMBLY TIME)****

Vacuum-Pressure Soak Accelerated Aging Treatment

5 636 568 643 665 541 542 580 540

'45 584 622 582 581 679 569 601 557
-52 54 -61 -14 138 27 21 17

Boil Cycle Accelerated Aging Treatment

5 584 512 821 543 500 508 515 493

45 587 590 523 548 556 546 585 487

Net
(Sprea$) Avge
(12-8) (TIme)

Soak Accelerated

**e*( SPREAD x ASSEMBLY TIME )****
Net Change

Assembly Spread (Spread)
Time 8 12 (12-a)

H. Boil Cycle Accelerated Aing Treatment

18 589 5 527 541 14
51 597 45 539 566 27

Change
(Time)
(45-5) 12 25

Avge.
(Spread) 533 553

153

TABLE 19. Cross Classifications of Breaking Load for Mixed
Adhesive

Avge
(Time)

Spread Asseiibly
(#MSGL Phenolic) Time Resin Average Average

Solids (Minutes) 2 3 4 5 6 7 8 (Assembly Time) (Spread)

B. Bo.l Cycle Accelerated Aging Treatment

5 619 565 560 540 547 440 507 441
8

45 557 622 481 489 568 594 573 428

12 5 548 458 682 546 452 576 523 545

45 816 557 564 608 543 497 598 545

Avge (Resin) 585 551 572 545 528 527 550 490

C. Vacuum-Pressure Soak Accelerated Aging Treatment

8 597 622 563 596 631 537 580 484 576

12 622 568 662 649 589 574 600 613 610

Net Change (12-a) 25 -54 99 53 -42 37 20 129

0. Boil Cycle Accelerated Aging Treatment

B 588 5P4 521 515 558 517 540 435 533

12 582 508 823 576 498 537 560 545 553

Net Change (45-5) 3 78 -98 5 56 38 70 -6

589

597

534

552

8

12

571 495 581

589 472 571
576

588 585 597

612 641 622
610

Acge (Resin) 610 595 613 623 610 555 590 548

527

539
533

541 553
566

534
552
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