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Introduction

The Canadian forests are a vast and renewable resource. The 

extensive use of this resource is resulting in a significant depletion 

in the size of trees available for large dimension lumber and this is 

happening at a time when the demand for such lumber is increasing.

These potential shortages in large dimension lumber may be avoided 

by the application of composite wood product technology.

Wood composite technology consists of bonding together smaller 

particles of wood of different configurations to form larger objects.

The wood particles may be fibers, small particles, wafers, veneers or 

sawn lumber. Large dimension lumber, or laminated lumber, can be 

produced by gluing together several layers of wood in which the grains 

lie generally in a parallel direction.

The production of laminated lumber has several attractive features.

The possibility of producing large structural members from several 

small trees is likely the most important. By laminating many small 

pieces of sawn lumber or veneer, timbers of virtually any size can be 

produced. Thus the size of the finished composite is no longer dependent 

on the size of the available resource. Not only the size but also the 

shape of the final product can be varied. Curved arches that span long 

distances have been fabricated for use in churches, skating rinks and 

other similar structures. Laminated lumber has also become more acceptable 

as an engineering product. This arises from its strength being more 

uniform than normal sawn lumber since the natural variability of the 

species bring averaged out when several pieces are laminated together^
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The production of laminated lumber also has some drawbacks. Labour 

and capital costs are high when compared to a sawmill producing sawn 

lumber 2. Added to this is the additional cost of the adhesive used 

for laminating the pieces l. This can amount to a considerable proportion

of the total cost of producing laminated lumber.

The purpose of this report is to review the various possible adhesives 

for laminated lumber. The success of a laminated lumber industry may 

ultimately depend on the proper choice, or development of an adhesive 

with the desirable properties. As a background to the development of a 

suitable adhesive, this report examines the properties, cost and curing 

requirements of the available or reported adhesives.
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Potential Adhesives

There are a number of adhesives which could possibly be used in 

the production of laminated lumber. Some of these are commercially 

available whereas others have been described in patents and the scientific 

literature. The types of adhesives have been broadly divided into 

cold setting and hot setting adhesives.

1. Cold Setting Adhesives * 2

Cold setting adhesives are those which can be cured at room temperature. 

At these temperatures, the components must usually be clamped for several 

hours before sufficient bond strength is developed to allow for the 

release of the pressure. The rate of cure of these adhesives can normally 

be increased by the use of elevated temperatures.

a) Resorcinol
2

Resorcinol glues were first introduced in 1943 and found almost 

immediate application in gluing wood aircraft and navel vessels. The 

resorcinol resins are very similar to phenolic resins except they are 

considerably more reactive and thus cure at lower temperatures.

The resorcinol-formaldehyde resin can be prepared by the addition 

of a sodium hydroxide solution to a solution of resorcinol and formaldehyde 

in a mixture of mono and polyhydric alcohols.
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With a resorcinol to formaldehyde mole ratio of greater than one, 

a novolak type of resin is produced. These are resins in which the phenyl 

groups are held together by methylene groups (-CH2-) which cannot be cured 

with heat alone because of a deficiency in formaldehyde. With the addition 

of formaldehyde to increase the formaldehyde to resorcinol ratio to 1 or 

greater, the chain molecules can undergo cross-linking reactions to result 

in a thermoset product. Such resins are often called two-step resins. The 

extra formaldehyde is added just before the application of the adhesive to 

the substrate.

Several resorcinol-formaldehyde resins are commercially available.

They are general purpose glues which cure at room temperature and can 

be used to produce a boil proof bond with untreated wood. When mixed 

with the catalyst, the usable life of mixtures is normally 4 hours at

20°C. With these type of resins, the assembly time can be varied without

affecting the bond properties. Open assembly times of 30 minutes and 

closed assembly times of 1 to 2 hours have been used with good results.

This is useful in laminating large timbers 2 .

The phenol-resorcinol-formaldehyde resins (PRF) are closely related 

to the resorcinol type in reactivity and performance. In the preparation

of the PRF resin, some of the high cost resorcinol has been replaced with

phenol. By controlling the order of addition of the reagents, a novolak 

type of polymer can be prepared where the terminal groups arise mainly 

from resorcinol. The resulting resin can be hardened by the addition of 

a source of formaldehyde k . A number of these resins are commercially 

available and include Borden's Cascophen LT-680 and Reichhold's IE-613.
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On addition of the suitable hardener, these resins have a potlife of 

around 1 to 2 hours and can be cured at room temperature or more quickly 

at higher temperatures. They normally produce bonds with nearly 100 

percent wood failure in either the vacuum pressure or cyclic boil test 

and thus are suitable for severe weathering conditions.

b) Ami nophenol

In the development by Kreibich,5 a phenol-formaldehyde condensation 

product of low molecular weight was reacted with m-aminophenol to form 

a fairly stable novolak type of polymer which cures vary rapidly at 

room temperature when mixed with formaldehyde and forms strong bonds 

to wood.

Because the m-aminophenol reacted too quickly with the formaldehyde 

to allow sufficient time for the normal application of the adhesive, lay 

up and clamping; a " honeymoon" gluing system was devised5 6 . In this 

system, two different adhesives were applied each to one of the two surfaces 

of a glue line. When brought together, the adhesives cured at a fast rate.

In a typical formulation, adhesive (A) consisted of a resin formed 

by condensing resorcinol with a phenolic base resin, mixed with formaldehyde 

just prior to spreading. The other adhesive (B) consisted of a resin formed by 

condensing m-aminophenol with a phenolic base resin and then mixed with a

slower acting aldol hardener just prior to spreading. When the two surfaces

were mated, a rapid bond was formed because the m-aminophenol modified PF

resin on surface B reacted very rapidly with the formaldehyde from surface

A. Since both parts A and B are room temperature curing adhesives, they 
cure with time to form a strong adhesive bond.
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" Honeymoon" adhesives were developed by Kreibich and Baxter5 5 in an 

attempt to " replace nails" . To achieve this, a gap filling, fully 

structural bond, formed under low pressure and exhibiting long term 

exterior durability with no creep, was desired. The fast curing phenolic 

adhesive which was developed was equivalent to the fully exterior 

phenolics and resorcinols. Their other advantage was that strong bonds 

were formed rapidly under low pressure. Unfortunately, the major 

drawback of this system is the cost of the adhesive since m-aminophenol 

is about twice the cost of resorcinol. Such a costly system could hardly 

be expected to replace the economical nail,

c) Tannin

When the price of petroleum based phenol and resorcinol increased, 

efforts were made to find less expensive adhesives suitable for the

lamination of wood composites. One example has been the utilization of 

bark extracts as a replacement for the phenolic compounds.

These schematic structures of the wattle and pine tannins 7 show the 

two major types of known flavonoid tannins. Useful flavonoid compounds
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12 13have been extracted from the bark of hemlock 8, wattle 9 10 11 and pine 

These extracts have successfully been used to replace some of the phenol 8 

or resorcinol-phenol 9 11 resins in exterior grade adhesives.

The reactivity of the flavonoid molecule towards formaldehyde is 

considered to be greater than that of phenol but the crosslinking tendency 

is somewhat hindered by the size of the flavonoid molecule9 . This can 

be overcome by the addition of a low molecular weight phenol-formaldehyde 

methylol type resin. The curing temperature for the tannin based adhesives 

can be reduced to near 80°C by replacing some of the phenol with PRF resins 11 .

A " honeymoon" system was also divised for a fast setting tannin and 

a phenolic type adhesive. This adhesive has been tested for the production 

of exterior grade finger-joints 7 . In this system component (A) was 

composed of RF resin, wattle-tannin and formaldehyde hardener. Component (B) 

contained a wattle-formaldehyde adhesive fortified with phenol-m-aminophenol- 

formaldehyde resin with no hardener. In general, the results with such 

a system were good with wood failures running between 56 and 90 percent 

for South African pine.

A warm setting adhesive has been developed by Pizzi and Scharfetter 11 

which contains only 1.5 percent resorcinol. The glue line of this adhesive 

had to be maintained at 70°C and 85 percent relative humidity to achieve 

proper curing. This could only be done in a kiln-like curing chamber.

Using these curing conditions, wood failures of 88 percent were observed 

in the test in which the samples were boiled for 6 hours. The author 

estimate that this wattle-tannin adhesive is about 40-50 percent cheaper

7



than other cold setting adhesives used in South Africa. The drawback of 

such a system is the high capital investment required for the curing kiln 

although the first such unit was reported to have been installed in a 

South Africa glulam plant in 1979.

In another approach, resorcinol was generated in site by the treatment 

of tannin with sulfite ion 14 . In this sulfitation process, a carbon-oxygen 

bond is broken and a resorcinol type of ring structure is generated in 

which the hydroxy groups are meta to each other. The product was used to

replace up to half of the resorcinol in the preparation of the resorcinol- 

formaldehyde resin. The resultant resin could be used to prepare cold 

setting adhesives which were resistant to weathering and boiling.

On the North American continent, some success has been reported with 

the extracts from western hemlock bark 8 15 . Herrick and Bock 8 developed 

adhesives in which the extract from hemlock bark was combined with a 

polymethylolphenol. In these formulations, high wood failures in a boil 

test were obtained when the bark extract accounted for up to 75 percent of 

the total solids. Steiner and Chow 15 found that the age of the hemlock 

bark and method of extraction influenced the final adhesive quality.
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d) Foliage

Foliage from trees can also be used as adhesives 16 . The foliage 

from pine has been used to make boards with good dry strength using press 

times of 5 minutes at 150°C. A more durable board could be obtained by 

combining the foliage with a phenolic resin or by increasing the time 

and/or temperature of pressing. But according to Steiner17, the utilization 

of foliage as an adhesive is still in its infancy. A further understanding 

of the physical and chemical characteristics of this material may lead to 

greater use of them as an adhesive.

e) Isocyanate

The high reactivity of the isocyanate group with active hydrogens is 

used in the formation of polymeric material. The usual process involves 

the reaction of diisocyanates, such as toluene diisocyanate (TDI) or 

diphenylmethane diisocyanates (MDI), with polyols or polyamines to form 

polyurethanes or polyureas respectively.

o
R-OH + 0=C=N-R'---- ► R-O-C-NH-R'

alcohol Isocyanate urethane

o
II

K ”  m i  i t  2  T  U  ■  — P * i t

amine substituted urea

The isocyanate group can undergo other reactions but the above two are 

the most common and most useful. Of these, the formation of polyurethane 

is commercially the most important.

Isocyanate also react fairly readily with water.

r - n =c =o +h 2o ---- - r - n h 2+c o 2
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The gas required in the production of urethane foams arises from this 

reaction. When isocyanates are used as adhesives, this reaction could 

produce voids and thus decrease the bonding strength. The moisture 

content in the wood was thus first considered to be a drawback to the 

use of isocyanates as wood adhesives.

Despite the reactivity of the isocyanate group with water, their 

usefulness as adhesives for wood has been suggested for some time 18 . 

Initially, the isocyanates were used as solutions in non-aqueous systems. 

One suggested procedure was to coat one surface of the wood with an 

aqueous solution of urea and ammonium chloride acting as a catalyst.

The other surface was coated with a solution of a diisocyanate in 

ethyl acetate and then clamped. In another example, diisocyanates were 

used with partially hydrolyzed polyvinyl acetate (PVA) to increase the 

toughness and hardness of the adhesive bond and to reduce its water 

sensitivity.

Some of the early applications of isocyanates as wood adhesives 

were for exterior grade particleboard and waferboard. This was begun 

in Europe and early presentations on the North American Continent were 

by Loew and Sachs 19 and Deppe20 . These were solvent-free, expensive 

resins not available as stable water solution or dispersion. The util

ization of a solvent free adhesive for laminated lumber would not be 

practical as it would result in utilization of a large quantity of 

expensive resin.
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The development of an aqueous emulsion polymer isocyanate (EPI) 

family of adhesives by Ashland Chemicals has resulted in the possible 

application of isocyanate based adhesives to laminated lumber21. These 

are two component systems composed of a PVA based emulsion resin and a 

polymeric isocyanate as a cross linking agent. When the two are mixed 

and applied to wood, the water migrates into the wood allowing the polyol 

to be cross!inked by the isocyanate to form a durable bond. Wood failures 

in the order of 80 percent or more were reported when southern pine was 

bonded with the adhesive. This compared favorably with the results 

obtained with resorcinol type adhesives. The isocyanate adhesives also 

cure at ambient temperatures as well as at higher ones. They can also 

be used at higher wood moisture contents resulting in a savings by reducing 

the cost of drying the wood. According to a recent patent by Lambuth 22 , 

the cost of this isocyanate adhesive can be decreased by replacing some 

of the PVA with lignin. When sufficient CaSSL was added to give a glue 

containing 25 percent lignin solids, bonds were obtained which on a wet 

test gave a wood failure of 79 percent in the normal test for finger-joints.

Modified lignins have also been used as polyols in conjunction with 

isocyanates to form adhesive bonds. Hsu and Glasser23 reported that kraft 

lignin was copolymerized with maleic anhydride in a sealed tube and the 

resultant copolymer was oxyalkylated with propylene oxide. The lignin- 

polyester-ether polyol was reacted with diisocyanates (TDI or MDI) in 

several solvents to form resins which were used to prepare block shear 

specimens. Although some solvent effects were observed, the best results
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for TDI using southern pine were 95 and 94 percent wood failure when 

benzene or ethyl acetate were used as solvents, and 90 percent wood 

failure for MDI when dimethylformamide was used as a solvent. The 

percent wood failure and shear strength of these adhesives compared 

very favorably with those for resorcinol and epoxy resins but the use 

of a solvent based adhesive for wood would be impractical. The toxicity 

and expense of solvents such as benzene and DMF would make the system 

completely unsuitable.

The approach by some Japanese workers has been to react lignin 

with isocyanate 2\ Thiolignin was reacted with TDI to form a reactive 

resin which would bond wood without any additional crosslinking agent.

Using a lignin to TDI molar ratio of 1: 0.25, wood failures of 100 percent 

were reported.

A polymeric mixture of a phenol-formaldehyde resin and isocyanate was 

studied by Hsu 25 as an adhesive for southern pine plywood. The best 

results were obtained by spraying each contact surface of the plywood with 

polyisocyanate followed by the phenolic resin or spraying all four contact 

surfaces with the polyisocyanate and the two core surfaces with phenolic 

resin. To obtain good results, press times of 4 minutes at a temperature 

of 140°C or higher were required. Under these conditions, wood failures 

of greater than 80 percent were obtained.

Isocyanates, although expensive, show promise as crosslinking agents 

for polyols such as partially hydrolyzed PVA or lignin to produce adhesive 

bonds between wood. Not only will these crosslinking reactions take place
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at high temperatures but the energy of activation for these reactions is 

low enough for them to take place at or near room temperature.

Ashland has been advocating the use of their isocyanate based Isoset 

system as structural adhesives. But the acceptance of any new adhesive 

for the production of structural elements is always slow.

2. Hot Setting Adhesives

Hot setting adhesives are those requiring curing temperatures of 

over 100°C. Peterson labels these as the high temperature curing group 26 . 

The temperature required for curing an adhesive is important to the user 

because it allows the selection of the adhesive which will suit a particular 

production process. With hot setting adhesives, some means of heating the 

glue line to the required temperature while under pressure must be provided. 

Most frequently this is done with a hot platten. Other methods, such as 

dielectric heating, will be discussed later.

a) Phenol-formaldehyde resins

The phenol-formaldehyde (PF) resins are produced by the condensation 

of phenol with formaldehyde. Initially a methylol phenol is obtained.

on
o

OH

+ H - c- H  ----
- Ù

This can react with more formaldehyde to form di and trimethylol phenols.

OH OH OH
^ \ ^ C H , O H  
1 HCHO

, / ' \ > C H 2OHor *HOC H2nv/ J\ ^ C  H,OH

o f

CH,OH CHjOH
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These methylol phenols can further condense in the presence of 

alkali or other suitable catalyst to form a resinous material called 

a resol which on heating can be cured to form an insoluble bakelite 

type of polymeric material.

The PF resins were the first synthetic resins to be used as a 

commercial adhesive and are still the largest volume adhesive used 

today. They are considered the ultimate in durability. When fully 

cured, they are unaffected by water, micro-organisms and most oils 

and solvents 26 .

PF resins are available from a number of suppliers (Bordens and 

Reichhold for example) in liquid or powder form. The liquid forms are 

usually of fairly low viscosity and thus require additives or extenders 

such as wheat flour to increase the viscosity. Assembly times of up to 

20 minutes are normally allowed with press times in the order of 4 to 7 

minutes at temperatures ranging from 140 to 160°C for material up to 

19 mm in thickness. These times and platten temperatures are of course 

dependent on the thickness of the pressed material since it is the temperature 

at the glue line which is important.

PF resins are the adhesives of choice whenever exterior durability 

is required limited only by the temperature obtainable at the glue line.

The common PF resins are cured under alkaline conditions (pH of approximately 

12) which require the higher temperatures. To obtain these higher temperatures 

in thicker laminates is a problem. Dielectric heating cannot be used to 

solve this problem since arching problems arise with these resins 27 .
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Some acid catalyzed PF resins have been reported which can be cured 

at or near room temperature. Concern still remains about the long

term durability of bonds to wood using a low pH adhesive28 . As a result, 

the most common type of PF resins used are still those which cure at a 

high pH and which require a high temperature to cure. The high curing 

temperature required is still a definite drawback to the widespread use 

of PF resins in the production of larger laminated lumber.

b) Lignin based adhesives

Lignin is truly an abundant renewable biopolymer. Its abundance 

is second only to natural polysaccarides 29 . It has been estimated 

that the pulp and paper mills in the U.S. generate approximately 24 

million tons of lignin annually of which only a small fraction is 

marketed 30 . The separation of lignin from wood and other biomass 

products is not a simple process and results in the modification of 

natural lignin such that lignins are characterized by the process used 

in their isolation. The main types of lignins are the kraft lignins 

from the kraft pulping process and the spent sulfite liquors (SSL) from 

the sulfite pulping process.

The lignin in the plant acts as the natural adhesive for cellulose. 

This then suggests that lignin from the pulping processes could be used 

as an adhesive for composite wood products. There have been several 

options explored for this use of lignin:

i) Use without modification

ii) Polymerization with formaldehyde

iii) Substitution of PF resins with lignin or modified lignins

iv) Use as a source of a polyol
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Although some progress has been made in some of these options, no 

commercial success has been recorded in the use of lignins in the 

production of laminated beams. The main reason for this is likely 

the low reactivity of lignin with such common crosslinking agents 

as formaldehyde or phenolic resins. On the other hand, some success 

has been reported in the production of waferboard and plywood using 

lignin adhesives.

i) Use without modification

Considerable work has been carried out at Forintek on the use 

of spent sulfite liquors in the production of composite wood products. 

Particleboards and waferboards have been produced using acidified SSL31 31+ 

or ammonium based spent sulfite liquors (NH^SSL)33 31*. It was found that 

the adhesive properties of the NH^SSL could be improved by using the 

low molecular weight fraction35. Since these systems require curing 

temperatures in the order of 200°C, they have not found any application 

in the laminated beam industry.

ii) Polymerization with formaldehyde

Formaldehyde has been known for some time to react with kraft lignins 

and lignin sulfonates. But up to the present, no satisfactory laminating 

adhesives have been formed by this process29.

iii) Substitution of PF resins with lignin or modified lignin

Some viable adhesives have been obtained by combining PF resins

with unmodified lignins resulting in the partial replacement of the 

expensive phenol in the adhesive. According to Herschler36, up to
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50 percent NH^SSL can be combined with an acid tolerant PF resin to 

give boil resistant plywood bonds. This system required modification 

of the phenolic resin to make it acid tolerant and the addition of 

a strong acid catalyst such as HgPO^ to accelerate the resin curing 

properties. The addition of a strong acid catalyst may result in the 

long term deterioration of the glue line. In a process developed at 

Forintek 37 38 the incorporation of 30 percent of a PF resin with a 

NH^SSL without the addition of acid or modification of the phenolic 

resin, resulted in excellent bond properties with cure conditions 

similar to those used with normal waferboard PF resins. The cross!inked 

NH^SSL adhesive is being commercialized by Temfibre under the trade name 

Tembine39. Acid treated calcium based spent sulfite liquors (CaSSL) 

have been used as an extender for PF resins at the 12 percent replacement 

level by Ludwig and Stout1*0 whereas Forss and Fuhrmann1*1 report success 

in using the high molecular weight fraction obtained by the ultra filtration 

of lignin in replacing up to 40 percent of the PF resin in the production 

of plywood.

One method of increasing the amount of PF resin which can be replaced 

with lignin is by increasing the reactivity of the lignin towards 

formaldehyde. To achieve this, lignin has been reacted with phenol under 

acidic1*2 or alkaline1*3 1+1* conditions. Normally some formaldehyde is 

included as well. Prior treatment of a lignin with base and formaldehyde, 

followed by condensing with phenol and formaldehyde has also resulted 

in a suitable adhesive for plywood1*5.
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The reactivity of kraft lignin towards phenolic resin can be 

increased by methylolation46 47. This is the reaction of lignin with 

formaldehyde under alkaline conditions to increase the number of 

methylol groups.

The proposed structure of lignin48 shows a number of methoxy groups 

ortho to a phenolic group. By converting some of these methoxy groups to

hydroxyl ones, the reactivity of the lignin towards formaldehyde in a 

crosslinking reaction should be increased. This hydrolysis, or déméthylation 

can be done with dichromate in acetic acid49 or with hydroiodic acid in 

acetic acid50. The resultant thiol ignin was found reactive enough that 

some phenol in a PF resin could be replaced with it.

iv) Use as a source of a polyol

The presence of hydroxyl groups in lignins suggests their possible 

use as polyols. Polyols can be most readily crosslinked with isocyanates 

as was discussed in a previous section.

3. Comparison of Wood Adhesives

Table 1 summarizes the properties of some adhesives based on forest 

residues. These residues include the bark extracts (tannin) and lignin.

Table 2 is a comparison of the cost of some commercial exterior grade 

adhesives.

From the adhesives listed in these tables, as well as others mentioned 

previously in this report, only a small set can form durable bonds by
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TABLE 1. Properties of Forest Residue Based Adhesives

Adhesive
Press

Condition
Bond

Durability

Tannin + 
resorcinol7 Room temperature good, exterior

Tannin + MDI51 Hot pressing 
(125°C)

fair, exterior

Bark extracts +
p p  8 5 2 5 3

Hot pressing 
(140-150°C) good, exterior

Lignin + PF3 7 3 8 51t Hot pressing 
(143-210°C)

good, exterior
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TABLE 2. Approximate Cost of Some Exterior Grade Commercial Adhesives

Adhesive
Press

Condition Approximate Cost 
$/1000 m2 SGL1

Phenol-formal dehyde Hot pressing (140°C) 100

Phenol-resorcinol- 
formal dehyde Room temperature 800

Resorcinol - 
formaldehyde Room temperature 1580

PVA-Isocyanate Room temperature 610

1 Relative adhesive cost was calculated on the basis of mixed 
liquid resin, ready for application at 290 Kg per 1000 m2 
of single glue line.
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curing at room temperature. There is one group which can be cured 

with formaldehyde. This includes the commercial RF and PRF resins, 

the resorcinol fortified tannin based adhesives and those containing 

m-aminophenol. These all contain an aromatic ring activated by 

electron releasing groups. It appears to be necessary to have at 

least two electron releasing groups in the aromatic ring, perferably 

in the 1,3 positions, for formaldehyde to be able to condense with 

the aromatic ring at room temperature. In resorcinol, the two hydroxy 

groups activate the three positions, as shown by the arrows, towards

an electrophilic attack. A similar situation exists for m-aminophenol 

since the amino group is also a strong electron releasing group. The 

tannins contain the ring structure.

The position adjacent to the hydroxy group in ring A is 

activated towards electrophilic reagents by the hydroxy group and the 

oxygen contained in ring B. Thus all these systems have strong electron 

releasing groups attached to the aromatic ring making it very susceptible 

to electrophilic attack. It is for this reason that these resins can 

be cross! inked with formaldehyde at room temperature.

21



Resins with only one strong electron releasing group, such as 

in the phenolic resins, require a higher temperature for curing. Using 

the proper pressing conditions, these resins will give good bonds to wood.

The other type of adhesive which cures at room temperature is the 

isocyanate type. In this case, the reaction between the isocyanate 

group and a hydroxy or amino group readily takes place. This reaction 

is not dependent on the reactivity of the aromatic ring but rather on 

the availability of active hydrogens. Thus this reaction holds considerable 

promise in crosslinking, not only PVA resins, but also lignins and 

lignin extended PVA resins.

A comparison of the cost of some commercial adhesives is shown in 

Table 2. In order to compare the costs of these various adhesives, 

the approximate cost per thousand square metre of glue line was calculated 

using a spread of 290 Kg per 1000 m2 of single glue line and the quoted 

cost of the adhesive. This shows that the cost is highest for the 

resorcinol based adhesives and lowest for the phenol-formaldehyde resins. 

This of course is due to the higher cost of resorcinol compared to that 

of phenol. It also shows that the more recent PVA-isocyanate resins 

are slightly lower in cost than the resorcinol based adhesives. Possibly 

with large scale use, the price of the isocyanate resins may even decrease. 

The long term durability of the bonds formed using the isocyanate resins 

is not yet considered fully established and this may act as a deterrent 

to the wide spread use of these adhesives in structural applications.
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Methods of Decreasing the Time of Cure for Adhesives

The common wood adhesives can, on the basis of their rates 

of cure, be divided into two types. There are high temperature 

curing types such as the PF resins which require press temperatures 

in the range of 120 to 150°C to obtain a reasonable rate of cure.

Such adhesives can be cured in a few minutes at these temperatures 

but this restricts their use to the production of plywood and similar 

structural material of limited thicknesses. The fast curing types 

of adhesives, such as RF, PRF and isocyanates, react at a rate where 

they can be cured at or near room temperature. With these adhesives, 

large structural lumber can be fabricated but the structure must 

generally be kept clamped under pressure for considerable lengths of 

time (4 or more hours). Another disadvantage of these more reactive 

adhesives is their cost for they are often more expensive than the 

less reactive ones. These factors have encouraged research into 

finding economical methods of increasing the rate of cure of wood 

adhesives applicable to various structural designs.

The most common way of increasing the rate of cure of an adhesive 

is by increasing the temperature. In addition to the hot press, this 

can be done with dielectric or radio-frequency heating. In this method55 

the non-metal!ic insulator such as wood is placed between two electrodes 

and is then subjected to an electric field. The polarity of the elect

rodes is rapidly reversed causing considerable energy to be transferred 

to the rapidly oscillating dipolar molecules in the wood. In this way,
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heating occurs throughout the entire mass of material in contrast 

to inductive heating where the heat flows inward from the surface. 

Carruthers56 and Woodhead57 describe processes in which a continuous 

laminated piece can be produced from random lengths of boards. In 

these processes, a 13.5 MHz generator was used operating at 12 or 

50 KW. Adhesives such as urea-formaldehyde, RF and cross!inked PVA 

could be used without difficulty of arching or burning.

One of the disadvantages of radio-frequency heating is the 

arching and tracking occurring with alkaline PF resins. This is 

considered to be due to the high conductivity of these resins.

This problem can be reduced by applying the field transverse to 

the glue line, but this reduces the efficiency of the heating.

The addition of a resorcinol resin also decreases arching but this 

would increase the cost of the adhesives. Radio-frequency curing 

of acidic PF resins is possible but this may result in bonds with 

inferior aging characteristics.

To overcome the arching problems in the radio-frequency curing 

of alkaline phenolic resins, Pike and Barnes58 have developed the 

use of microwave energy to cure such adhesives in 20 seconds. They 

used a microwave generator operating at 915 MHz to cure an alkaline 

phenolic resin (Borden W838) at a spread of 244 g/m2. The bond 

quality was claimed to be similar to ones obtained in a conventional 

hot press.
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The use of radio-frequency or microwave energy to cure an 

adhesive would involve a substantial capital investment. This 

would be offset by obtaining a faster rate of output of the finished 

product and being able to use less expensive high temperature 

curing adhesives in large laminated wood products.

Another method of increasing the temperature in a large structural 

member is by a method called the 11 stored heat" technique. In the 

method developed by Marra59 one piece of lumber was preheated and 

a PRF adhesive was spread on the other piece. The two pieces were 

then brought together under pressure for a short time. By using a 

double preheat method, he was able to cure a PF resin. In this case, 

the two pieces were preheated to 177°C for 5 minutes, the adhesive was 

spread on both sides and the two pieces brought together under pressure. 

Under these conditions good bonding was obtained and no deterioration 

of the strength of the wood appeared to take place due to the heating 

process.

Using this technique, a pilot plant has been developed to laminate 

2.5 x 10.0 cm pieces into 5.0 x 20.0 cm pieces of lumber27. The lumber 

was heated with heating elements at 590 to 650°C placed 2 inches from 

the wood surface. The adhesive was a PF resin with some added resorcinol. 

One problem associated with the process was the reduced water resistance 

of the bond in those areas where the pitch or rosin had migrated to 

the surface of the wood.
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The major development of the " stored heat" technique has been 

in the production of laminated veneer lumber (LVL), The research 

team at FPL developed a continuous process for transforming logs 

into structural products60. The process consists of rotary cutting 

veneer up to 1.27 cm thick from logs, press drying the veneer at 

190°C for 5 to 15 minutes, applying the glue to the hot sheets, 

laminating under pressure and sawing and edge dressing the thick 

laminated sheets to the desired shape. In this case PRF resin was 

used as the adhesive however Bohlen was able to produce a laminated 

veneer product using a PF resin as the adhesive. In the economic 

analysis of the process by Harpole61, the cost of the glue was estimated 

to be 39 percent of the cost of producing the lumber. This was based 

on the PRF resin costing $ 1.46/kg with a spread rate of 293 g/m2 

(or 293 kg/1000 m2). Even at these low prices for the adhesive, the 

economic attractiveness of the process could be improved by reducing 

the cost of the glue. This could be accomplished by using a less 

costly glue (PF resin was less than half the cost of the RF resin), 

by decreasing the spread rate or by using thicker veneers and thereby 

decreasing the number of glue lines.

Fox and Bohlen63 have questioned the long term durability of 

beams produced by using the stored heat method of curing the adhesive.

They reported the collapse of two roof structures while under construction 

and deficiencies in other similarily produced beams. These delaminations 

may have resulted from poor quality control or the weakening of the
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wood fibers adjacent to the glue line caused by the high temperatures 

used in heating the wood. This latter conclusion was supported by 

Bohlen51* in the reported lowering of the shear strength of bonds as 

the temperature of the heat treatment of the wood was increased from 

190 to 260°C even though high wood failures were still being observed.

The high pressures used in the heating step (1.0 MPa) may also have 

contributed to weakening the surface wood fibers.

The stored heat technique has been used successfully in the 

production of finger-joints65. In this case, the wood was heated 

with hot air at 150 to 175°C, the RPF adhesive applied and the joints 

brought together under pressure. High wood failures with very little 

delamination were observed on testing the bonds. In this process, 

the temperatures used were considerably lower than those in which 

Bohlen61* found evidence for damage to the wood fiber.

One of the obstacles to the wide spread use of laminated lumber 

is the cost of the glue. One method of reducing the cost of a phenolic, 

and even more so, a resorcinol adhesive is to replace all or some portion 

of the phenolic part with a lignin. At Forintek, a modified kraft lignin 

(MKL) has been mixed with phenol-formaldehyde in proportions of up to 

70 percent by weight and used to produce laminated structures using 

the stored heat technique66. The best results were obtained using an 

acid curing PF resin (Dolenko and Clarke1*6) at a pH of 6.6. For 

2 ply assemblies, 15.9 mm thick laminae were preheated in an oven 

for 60 minutes at 105°C followed by a second preheat treatment in a
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press at 0.34 MPa at 191°C for 6 minutes. The adhesive was applied 

to one lamina, quickly assembled and pressed at 1.03 MPa at 191°C 

for 6 minutes. This resulted in 100 percent wood failure in the 

tension shear tests. These results clearly showed the potential 

of using the stored heat technique to cure a very economical adhesive 

such as a PF-modified kraft lignin.
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Certification of Adhesives

The CSA Standard for Wood Adhesives (0112-M Series) describes 

the tests which particular adhesives must pass in order to obtain 

CSA certification. These have been drawn up for the following adhesives:

a) Animal glues

b) Starch glues

c) Casein glues

d) Polyvinyl adhesives

e) Urea-resin adhesives

f) Phenol and phenol-resorcinol adhesives

g) Resorcinol and phenol-resorcinol adhesives

According to the CSA Standard for structural glued-laminated timbers 

(CSA Standard 0122.4.3.2.2), glues for exterior application must conform 

to CSA Standard 0122.7 which refers to resorcinol and phenol resorcinol 

adhesives.

These standards require the adhesive to pass certain tests in 

order to be suitable for exterior application. Some of these tests 

and requirements are described briefly below:

a) Shear Test By Compression Loading

This can also be called the block shear test in which hard maple 

billets are to be used. After lamination and curing, specimens are 

to be cut with the dimensions shown in Figure 1. The samples are 

tested to failure under shear and the average strength of the sample 

should not be less than 19 MPa.
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Note:

1. Form and Dimensions for Block Shear Test Specimen
5

All dimensions given are in millimetres

2. Form and Dimensions of Plywood Test Specimen
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All dimensions given are in millimetres
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b) Plywood Shear Tests

The plywood shear specimens are prepared from yellow birch 

veneer (1.5 mm thick). The veneers forming the face piles are 

laid with the " tight'1 side in and with their grains at right 

angles to that of the core veneer. The specimens are cut as 

described in Figure 2. The specimens are tested to failure under 

shear and the average shear strength of these samples should not 

be less than 2800 kPa when the samples are tested dry, after a 

48 hour cold water soak and after two cycles of boiling for 4 hours 

and drying for 20 hours at 60 - 63°C.

c) Delamination Test

The delamination test is carried out using 3 specimens cut from 

a beam obtained by laminating 6 pieces of clear white oak (20 x 150 x 

40 mm). These specimens are subjected to three 4 day cycles, each 

consisting of 2 hour vacuum, 2 hour pressure, 2 hour vacuum, 2 hour 

pressure followed by drying for 88 hours. The delamination is measured 

to the nearest millimetre on the total length of open glue line on the 

end-grain surfaces. The total extent of the delamination must not 

exceed 8 percent of the total length of the adhesive lines.

d) Creep Test

The amount of creep is a measure of the amount of movement of the 

laminated members on the application of a static force at a temperature 

of 71 + 2°C. The total creep should not be greater than 3.63 mm for 

the specimens as described in CSA Standard 0122.0.3.4.
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The evaluation of an adhesive using the CSA Standard tests 

use expensive hardwoods and some of the tests are very time consuming. 

To avoid some of these problems, a quicker test to initially screen 

experimental adhesives has been used at Forintek. Bergin67 in 

" Canadian Woods" describes a 2 ply lap joint specimen. Although he 

specified yellow birch, sawn poplar has been used at Forintek. The 

shear strengths and wood failures of the specimens are determined after 

a vacuum-pressure treatment and the cyclic boil treatment. The percent 

wood failure is the main criterion upon which the performance of the 

adhesive is judged.
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