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9.1  GENERAL 
The recorded history of bonding wood dates back at least 3000 years to the Egyptians (Skeist and 
Miron 1990, River 1994a), and adhesive bonding goes back to early mankind (Keimel 2003). 
Although wood and paper bonding are the largest applications for adhesives, some of the fundamen- 
tal aspects leading to good bonds are not fully understood. Better understanding of these critical 
aspects of wood adhesion should lead to improved wood products. The chemistry of adhesives has 
been covered in detail (Pizzi 2003a—f); however, the fundamentals of adhesive mechanical perfor- 
mance are not well understood. This chapter is aimed at more in-depth coverage of those items that 
are not covered elsewhere. It will touch briefly on topics covered by other writers and the reader 
should examine the recommended books and articles for more details. Many of the books on adhe- 
sives and adhesion are long and complicated, but a brief but thorough book exists (Pocius 2002). 
Adhesives are designed for specific applications, leading to thousands of products (Rice 1990). 
Petrie has broken adhesives into 20 groups of synthetic structural, 11 groups of elastomeric, 12 
groups of thermoplastic, and 6 groups of natural adhesives (Petrie 2000). Brief has summarized the 
vast number of markets for adhesives (Brief 1990). 

Understanding how an adhesive works is difficult since adhesive performance is not a single sci-
ence, but the combination of many sciences. Adhesive strength is defined mechanically as the force 
necessary to pull apart two substrates that are bonded together. Mechanical strength is dependent upon 
primary and secondary chemical bonds and interlocking of the polymer chains in the adhesive, wood 
and adhesive-wood interphase. Thus, both chemical and mechanical aspects of bond strength, and the 
interrelation of the two factors are all important. Because adhesive strength is a measurement of failure, 
the process determines where the localized stress exceeds the bond strength under specific test condi-
tions. One concept is to illustrate the bonded assembly as being a series of links representing different 
domains with the failure occurring in the weakest link (Marra 1980). However, the bondline is actually 
more a continuum than discrete links. The localized stress is usually very different from applied stress 
due to stress distribution and concentration (Dillard 2002). It is generally preferred that the adhesive 
bond be stronger than the substrate so that the failure mechanism is one of substrate fracture. 

There are generally three steps in the process of adhesive bonding. The first is usually the prepa-
ration of the surface to provide the best interaction of the adhesive with the substrate. Even though 
a separate treatment step may not be used in some cases, the knowledge of material science (surface 
chemistry and morphology) is important for understanding this interaction. Preparation of the sur-
face can involve either mechanical or chemical treatment or a combination of the two. In some 
cases, the adhesive is modified to deal with problems in wetting of the surface or contamination on 
the surface. Surface analysis techniques are often more difficult on wood than other materials due 
to the complex chemistry and morphology of the wood. 

The second step is that the adhesive needs to form a molecular-level contact with the substr 
surface; thus, it should be a liquid so that it can develop a close contact with the substrates. This 
process involves both the sciences of rheology and surface energies. Rheology is the science of the 
deformation and flow of matter. Surface energies are influenced by both the polar and nonpolar 
components of both the adhesive and the substrate. Improving the compatibility by altering one or 
both components can lead to stronger and more durable bonds. 
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The third step is the setting, which involves the solidification and/or curing of the adhesive. Most 
adhesives change physical state in the bonding process, with the main exception being pressure 
sensitive adhesives that are used on tapes and labels. The solidification process depends on the type 
of adhesive. For hot melt adhesives, the process involves the cooling of the molten adhesive to form 
a solid, whether this is an organic polymer as in some craft glues, or an inorganic material as in the 
case of solder. Other types of adhesives have polymers dissolved in a liquid, which may be water 
(e.g., white glues) or an organic (e.g., rubber cement). The loss of the solvent converts these liquids 
to solids. The third type of adhesive is made up of small molecules that polymerize to form the 
adhesive, for example, super glues or two-part epoxies. Most wood adhesives involve both the 
polymerization and solvent loss methods. Understanding the conversion of small molecules into 
large molecules requires knowledge of organic chemistry and polymer science. 

Once the bond is prepared, the critical test is the strength of the bonded assembly under forces exist-
ing during the lifetime of the assembly. This involves both externally applied forces and internal forces 
from shrinkage during the curing of the adhesive and differential expansion/contraction of the adhesive 
and substrate during environmental changes. Understanding the performance of a bonded assembly 
requires knowledge of both chemistry and mechanics. Often the strength of a bonded assembly is 
discussed in terms of adhesion. Adhesion is the strength of the molecular layer of adhesive that is in 
contact with the surface layer of the substrate, such as wood. The internal and applied energies may be 
dissipated at other places in the bonded assemblies than the layer of molecular contact between the 
adhesive and the substrate. However, failure at the interface between the two is usually considered unac-
ceptable. Understanding the forces and their distribution on a bond requires knowledge of mechanics. 

An appreciation of rheology, material science, organic chemistry, polymer science, and 
mechanics leads to better understanding of the factors controlling the performance of the bonded 
assemblies; see Table 9.1. Given the complexity of wood as a substrate, it is hard to sort out why 

TABLE 9.1 

Wood Bonding Variables 

Resin 

Type 

Wood 

Species 

Process 

Adhesive amount 

Service 

Strength 

Viscosity Density Adhesive distribution Shear modulus 

Molecular weight 

distribution 
Moisture content Relative humidity Swell—shrink resistance 

Mole ratio of reactants Plane of cut: radial, 
tangential, transverse, mix 

Temperature Creep 

Cure rate Heartwood vs. sapwood Open assembly time Percentage of wood failure 

Total solids Juvenile vs. mature wood Closed assembly time Failure type 

Catalyst Earlywood vs. latewood Pressure Dry vs. wet 

Mixing Reaction wood Adhesive penetration Modulus of elasticity 

Tack Grain angle Gas-through Temperature 

Filler Porosity Press time Hydrolysis resistance 

Solvent system Surface roughness Pretreatments Heat resistance 

Age Drying damage Posttreatments Biological resistance: fungi, 
bacteria, insects, marine organisms 

pH Machining damage Adherend temperature Finishing 

Buffering Dirt, contaminants Ultraviolet resistance 

Extractives 

PH 

Buffering capacity 

Chemical surface 
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some wood adhesives work better than other wood adhesives, especially during the more severe 
durability tests. In general, wood is easy to bond compared to most substrates, but it can be 
harder to make a truly durable wood bond. A main trend in the wood industry is increased bond-
ing of wood products as a result of the fewer old growth trees and more engineered wood 
products. 

9.2 WOOD ADHESIVE USES 

Because adhesives are used in many different applications for bonding wood, a wide variety of 
types are used (Frihart and Hunt 2010). Given the focus of this book on composites, the emphasis 
will be more on adhesives used in composite manufacturing than on those used in product assembly. 
Factors that influence the selection of the adhesive include cost, compatibility with the assembly 
process, strength of bonded assembly, and durability. 

The largest wood market is the manufacturing of panel products, including plywood, oriented 
strandboard (OSB), fiberboard, and particleboard. Except for plywood, the adhesive in these appli-
cations bonds small pieces of wood together to form a wood-adhesive matrix. The strength of the 
product depends on efficient distribution of applied forces between the adhesive and wood phases. 
The composites (strandboard, fiberboard, and particleboard) have adhesive applied to the wood 
(strands, fibers, or particles); then they are formed into mats and pressed under heat into the final 
product. This type of process requires an adhesive that does not react immediately at room tempera-
ture (pre-mature cure), but is heat activated during the pressing operation. Given the weight adhe-
sive (2-8%) compared to the product weight and relatively low cost of wood, adhesive cost is an 
issue. In addition, since the wood surfaces are brought close together, gap filling is not an important 
issue, but over penetration can be. On the other hand, for plywood, the surfaces are not uniformly 
brought in such close contact, requiring the adhesive to remain more above the surface. Light-
colored adhesives are important for some applications, but many of these products have their sur-
faces covered by other materials. Most of the adhesives used in wood bonding have formaldehyde 
as a co-monomer, generating concern about formaldehyde emissions. Dunky and Pizzi have dis-
cussed many of the commercial issues relating to the use of adhesives in manufacture and the use 
of wood composites (Dunky and Pizzi 2002). Recently, formaldehyde emissions have become an 
important issue (Frihart 2011, Williams 2010). 

For laminating lumber and bonding finger joints, the adhesive can either be heat or room-
temperature cured. The cost of the adhesive has become more critical as the thickness of the wood 
decreases from glulam to laminated veneer lumber and parallel strand lumber (Stark et al. 2010). Color 
is sometimes an issue, but moisture and creep resistances are more important because these products 
are usually used in structural applications. 

Adhesives used in construction and furniture assembly usually have long set times and are room-
temperature cured. Furniture adhesives are light-colored, low-viscosity, and generally do not need 
high moisture resistance. On the other hand, construction adhesives generally have a high viscosity 
and need some flexibility, but color and moisture resistance are less important issues. 

The movement away from solid wood for construction to engineered wood products has increased 
the consumption of adhesives. A wooden I-joist can have up to five different adhesives in its con-
struction; see Figure 9.1. The wood laminates that form the top and bottom flanges may be finger 
joined with a melamine—formaldehyde (MF) adhesive and glued together with a phenol—resorcinol-
formaldehyde adhesive. The OSB that forms the middle part (web) is often produced using both 
phenol—formaldehyde (PF) and polymeric diphenylmethane diisocyanate adhesives to bond the 
strands. The I-joist is produced by attachment of the web to the flange and bonding of the web sec-
tions together using emulsion—polymer isocyanate. Each of these adhesives has different chemis-
tries, are bonded under different conditions of time, temperature, and pressure to a variety of wood 
surfaces, and are subjected to different forces during use. Thus, it is not surprising that a simple 
model for satisfactory wood adhesion has been difficult to derive. 
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FIGURE 9.1 The importance of adhesives is illustrated by the need for different adhesives to make the 
flange by the bonding of laminate pieces and the oriented strandboard from the flakes and the final I-joist by 
attachment of the strandboard to the flange. 

9.3 TERMINOLOGY 

Confusion can be caused if there is no clear understanding of the terminology; this chapter generally 
follows that given in the ASTM Standard D 907-11 (ASTM International 2011a). Adhesive joint failure 
is "n—the locus of fracture occurring in an adhesively-bonded joint resulting in a loss of load-carrying 
capability" and is divided into interphase, cohesive, or substrate failures. Cohesive failure is within the 
bulk of the adhesive, while substrate failure is within the substrate or adherend (wood). The least clear 
failure zone is that occurring within the interphase, which is "a region of finite dimension extending 
from a point in the adherend where the local properties (chemical, physical, mechanical, and morpho-
logical) begin to change from the bulk properties of the adherend to a point in the adhesive where the 
local properties equal the bulk properties of the adhesive." Figure 9.2 shows the various regions of a 
bonded assembly. The bulk properties are the properties of one phase unaltered by the other phase. 

The assembly time is "the time interval between applying adhesive on the substrate and the 
application of pressure, or heat, or both, to the assembly." This time can be "closed" with substrates 
brought into contact or "open" with the adhesive exposed to the air; these times are important for 
penetration of the adhesive and evaporation of solvent. Set is "to convert an adhesive into a fixed or 
hardened state by chemical or physical action, such as condensation, polymerization, oxidation, 
vulcanization, gelation, hydration, or evaporation of volatile constituents." Cure is "to develop the 
strength properties of an adhesive by chemical reaction." Note that cure is only one way for the 
adhesive setting step. However, because cure is a function of how it is measured, there is no univer-
sal value for an adhesive. Separating partial cure from total cure is important because they usually 
have very different properties, and in most bonded products, total cure is not usually obtained after 
long after the product is assembled while partial cure can allow the product to be handled for the 
next stage of manufacturing. Tack is "the property of an adhesive that enables it to form a bond of 
measurable strength immediately after the adhesive and adherend are brought into contact under 
low pressure." Tack is important for holding composites together during layup and pre-pressing. 
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FIGURE 9.2 A transverse scanning electron microscope image of a resorcinol bond of yellow-poplar, showing 
the zones of bulk wood, interphase region, and bulk adhesive. 

A structural adhesive is "a bonding agent used for transferring required loads between adher-
ends exposed to service environments typical for the structure involved" (ASTM International 
2011a). For wood products, structural implies that failure can cause serious damage to the structure 
and even loss of life (Frihart and Hunt 2010), while semi-structural adhesives need to carry the 
structural load, but failure is not as disastrous, and nonstructural adhesives typically support merely 
the weight of the bonded product. 

Other terms are used in different ways that can also cause confusion. The term adhesive can refer 
to either the adhesive as applied or the cured product. On the other hand, a resin is often used to refer 
to the uncured adhesive, although the ASTM defines a resin as "solid, semisolid, or liquid, usually 
organic material that has an indefinite molecular mass and, when solid, usually has a softening or 
melting range and exhibits a tendency to flow when subjected to stress" (ASTM International 2011a). 
Thus, a cross-linked adhesive is not a resin, but the adhesive in the uncross-linked state may be. 
Glue was "originally, a hard gelatin obtained from hides, tendons, cartilage, bones, etc. of animals," 
but is now generally synonymous with the term adhesive. 

9.4 APPLICATION OF THE ADHESIVE 

9.4.1  ADHESIVE APPLICATION TO WOOD 

The first step in bond formation involves spreading the adhesive over the wood surface. The physi-
cal application of the adhesive can involve any one of a number of methods, including using spray, 
roller coating, doctor blade, curtain coater, and bead application technologies. After the adhesive 
application, a combination of some open and closed assembly times is used depending on the spe-
cific bonding process. Both give the adhesive time to penetrate into the wood prior to bond formation, 
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but the open assembly time will cause loss of solvent or water from the formulation. Long open 
times can cause the adhesive to dry out on the surface causing poor bonding because flow is needed 
for bonding to the substrate. In the bonding process, pressure is used to bring the surfaces closer 
together. In some cases, heat and moisture are used during the bonding process, both of which will 
make the adhesive more fluid and the wood more deformable (Kretschmann 2010). 

For any type of bond to form, molecular-level contact is required. Thus, the adhesive has to flow 
over the bulk surface into the voids due to surface roughness that exist for almost all surfaces. Many 
factors control the wetting of the surface, including the relative surface energies of the adhesive and 
the substrate, viscosity of the adhesive, temperature of bonding, pressure on the bondline, and so on. 
Wood is a more complex bonding surface than what is encountered in most adhesive applications. 
Wood is very anisotropic because the cells are greatly elongated in the longitudinal direction, and 
the growth out from the center of the tree makes the radial properties different from the tangential 
properties. Wood is further complicated by differences between heartwood and sapwood, and 
between earlywood and latewood. Adding in tension wood, compression wood, and slope of grain 
increases the complexity of the wood adhesive interaction. The manner in which the surface is pre-
pared also influences the wetting process. These factors are discussed in later sections of this chap-
ter and in the literature (River et al. 1991), but for now we will assume that the adhesive is formulated 
and applied in such a manner that it properly wets the surface. 

9.4.2 THEORIES OF ADHESION 

Adhesion refers to the interaction of the interface between adhesive and adherend. It must not be 
confused with bond strength. Certainly if there is little interaction of the adhesive with the adher-
end, these materials will detach when force is applied. However, bond strength is more complicated 
because factors such as stress concentration, energy dissipation, and weakness in surface layers 
often play a more important role than adhesion. Consequentially, the aspects of adhesion are a 
dominating factor in the bond formation process, but may not be the weak link in the bond breaking 
process. 

It is important to realize that, although some theories of adhesion emphasize mechanical aspects 
and others put more emphasis on chemical aspects, chemical structure and interactions determine 
the mechanical properties and the mechanical properties determine the force that is concentrated on 
individual chemical bonds. Thus, the chemical and mechanical aspects are linked and cannot be 
treated as completely distinct entities. In addition, some of the theories emphasize macroscopic 
effects while others are on the molecular level. The discussion of adhesion theories here is brief 
because they are well covered in the literature (Schultz and Nardin 2003, Pocius 2002), and in real-
ity, most strong bonds are usually due to a combination of the concepts listed in each theory. 

In a mechanical interlock, the adhesive provides strength through reaching into the pores of the 
substrate (Packham 2003). An example of mechanical interlock is Velcro; the intertwining of the 
hooked spurs into the open fabric holds the pieces together. This type of attachment provides great 
resistance to the pieces sliding past one another, although the resistance to peel forces is only mar-
ginal. In its truest sense, a mechanical interlock does not involve the chemical interaction of the 
adhesive and the substrate. However in reality, there are friction forces preventing detachment, 
indicating interaction of the surfaces. For adhesives to form interlocks, the adhesive has to wet the 
substrate well enough so that there are some chemical as well as mechanical forces in debonding. 
For a mechanical interlock to work, the tentacles of adhesive must be strong enough to be load bear-
ing. The size of the mechanical interlock is not defined, although the ability to penetrate pores 
becomes more difficult and the strength becomes less when the pores are narrower. It should be 
noted that generally mechanical interlocks provide more resistance to shear forces than to normal 
forces. Also, many substrates do not have enough roughness to provide sufficient addition to bond 
strength from the mechanical interlock. Roughing of the substrate surface by abrasion, such as grit 
blasting or abrasion, normally overcomes this limitation. 
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If the concept of tentacles of adhesive penetrating into the substrate is transferred from the macro 
scale to the molecular level, the concept is referred to as the diffusion theory (Wool 2002). If there 
are also tentacles of substrate penetrating into the adhesive, the concept can be referred to as inter-
diffusion. This involves the intertwining of substrate and adhesive chains. The interface is strong 
since the forces are distributed over this intertwined polymer network (Berg 2002). However, the 
concept can also work if only the adhesive forms tentacles into the substrate. For this to occur there 
has to be good compatibility of the adhesive and substrate. This degree of compatibility is not that 
common for most polymers. When it does occur a strong network is formed from a combination of 
chemical and mechanical forces. 

The other theories are mainly dependent upon chemical interactions rather than truly mechani-
cal aspects. Thus, they take place at the molecular level, and require an intimate contact of the 
adhesive with the substrate. These chemical interactions will be discussed in order of increasing 
strength of the interaction (Kinloch 1987). The strengths of various types of bonds are given in 
Table 9.2, along with examples of some of the bond types in Figure 9.3. It is important to remember 
that the strength of interaction is for just a single interaction. To make a strong bond these interac-
tions need to be large in number and evenly distributed across the interface. 

The weakest interaction is the London dispersion force (Wu 1982a). This force is the dispersive 
force that exists between any set of molecules and compounds when they are close to each other. 
The dispersion force is the main means of association of nonpolar molecules, such as polyethylene 
(Figure 9.3). Although this force is weak, where the adhesive and the adherend are in molecular 
contact, the force exists between all the atoms and can result in appreciable total strength. The abil-
ity of the gecko to walk on walls and ceilings has been attributed to this force (Autumn et al. 2002). 

The other types of forces are generally related to polar groups (Pocius 2002). The weakest are the 
dipole—dipole interactions. For polar bonds, there is a separation of charge between the atoms; this 
process creates a natural, permanent dipole. Two dipoles can interact if positive and negative ends of 
the dipole match up with the opposite ends of another dipole. The strength of this interaction depends 

TABLE 9.2 
Table of Bond Strengths from Literature Bond Types and Typical Bond Energies 

Type Bond Energy (kJ mol-') 

Primary bonds 

Ionic 600-1100 

Covalent 60-700 

Metallic, coordination 110-350 

Donor-acceptor bonds
Brßnsted acid—base interactions (i.e., up to a primary                                            Up to 1000 

         ionic bond) 

Lewis acid—base interactions Up to 80 

Secondary bonds 

Hydrogen bonds (excluding fluorines) 1-25 

Van der Waals bonds 

Permanent dipole—dipole interactions 4-20 

Dipole-induced dipole interactions Less than 2 

Dispersion (London) forces 0.08-40 

Source: Adapted from Fowkes, F.M. 1983. Physicochemical Aspects of Polymer Surfaces. Vol. 2,583-603. Plenum 

Press, New York; Good, R. J. 1967. Treatise on Adhesion and Adhesives, Volume 1: Theory, 9-68. New 

York: Marcel Dekker; Kinloch, A. J. 1987. Adhesion and Adhesives Science and Technology. London: 

Chapman & Hall; Pauling, L. 1960. The Nature of the Chemical Bond. Ithaca, NY: Cornell University Press. 
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FIGURE 9.3 Examples of various types of bonds, including (a) dispersive bonds between two hydrocarbon 
chain, such as exist in polyethylene, (b) a dipole bond between two carbonyl group, such as in a polyester, 
(c) hydrogen bonds between a cellulosic segment and a PF polymer, and (d) an ionic bond between an ammo-
nium group and a carboxylate group. 

on proper alignment of the dipoles, which is not difficult for small molecules in solution, but can be 
very difficult between two chains because they have constrained translation and rotation (Wu 1982a). 
A variation of this concept is the dipole-induced dipole, but this interaction is usually weaker than the 
permanent dipole interaction and also suffers from the same alignment problem in polymers. 

Strongest of the secondary interactions is the hydrogen bond formation. This type of bond is 
common with polar compounds, including nitrogen, oxygen, and sulfur groups with attached hydro-
gens, and carbonyl groups. This type of bond involves sharing a hydrogen atom between two polar 
groups, and is extremely likely with wood and wood adhesives because both have an abundance of 
the proper polar groups. Almost all wood components are rich in hydroxyl groups and some contain 
carboxylic acid and ester groups. Both of these groups form very strong internal hydrogen bonds 
that give wood its strength, but are also available for external hydrogen bonds. All major wood 
adhesives have polar groups that can form internal and external hydrogen bonds. Many bio-based 
adhesives depend heavily on hydrogen bonds for their adhesive and cohesive strength. Many syn-
thetic adhesives are less dependent upon the hydrogen bond for their cohesive strength because they 
have internal cross-links, but most certainly form hydrogen bonds to wood. One limitation of the 
hydrogen bond is its ability to be disrupted in the presence of water. Water and other hydrogen bond-
ing groups can insert themselves between the two groups that R2e present in the hydrogen bond. This 
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process softens the inter-chain bonds so that they are less able to resist applied loads. Thus, a mate-
rial that adsorbs and absorbs water, like wood, loses some of its strength when it is wet. The same 
is true of the adhesion between the wood and the adhesive—it is certainly possible that hydrogen 
bonds weaken enough to serve as a failure zone. 

An interesting aspect of secondary bonds (dispersive, dipolar, and hydrogen bonds) is that after dis-
ruption, they can reform while fractured covalent bonds usually do not reform. The reformability of 
hydrogen bonds has been known about for a long time, but recent work has indicated that it can be an 
important part of wood's ability to maintain strength even after there is some slippage of the bonds 
(Keckes et al. 2003), and this process has been referred to as "velcro" mechanics (Kretschmann 2003). 
The role of this process in allowing the adhesives to adjust and maintain strength as the wood changes 
dimensions is not well understood, but reformability of hydrogen bonds could play a significant factor. 

Strong bonds can be formed from donor–acceptor interactions. The most common of these inter-
actions with wood-adhesive bonds are the Brønsted  acid–base interactions. Some acid–base interac-
tions of cations with anions are possible in adhesion to substrates. Wood contains some carboxylic 
acids that can form salts with adhesives that contain basic groups, such as the amine groups in MF, 
protein, and amine-cured epoxy adhesives. 

Generally, with most materials, the strongest interaction is when a covalent bond forms between the 
adhesive and the substrate. However, for wood adhesion, this has been an area of great debate, because 
of the difficulty in determining the presence of this bond type given the complexity of both the adhesive 
and the wood and the difficulty of generating a good model system. Because wood has hydroxyl groups 
in its three main components—cellulose, hemicellulose, and lignin—and many of the adhesives can 
react with hydroxyl groups, it is logical to assume that these reactions might take place. However, others 
contend that the presence of large amounts of free water would disrupt this reaction (Pizzi 1994a). More 
sophisticated analytical methods were unable to definitely answer this issue (Frazier 2003). Recently, 
two-dimensional nuclear magnetic resonance spectroscopy proved that even isocyanate adhesives did 
not yield covalent bond formation under typical bonding conditions (Yelle 2011a,b). 

It is commonly assumed that the strongest interaction will control the adhesion to the substrate. 
This overlooks the fact that the adhesion is the product of the strength of each interaction times the 
frequency of its occurrence. Thus, covalent bonds that occur only rarely may not be as important to 
bond strength as the more common hydrogen bonds or dipole–dipole interactions. Hydrogen bonds 
may be less significant under wet conditions than other bonds if the water disrupts these bonds. It is 
more important to think about forming stronger adhesion, not by a single type of bond, but by a 
large number of bonds of different types. Another point to consider is that the adhesive can adhere 
strongly to a surface and still not form a strong bond overall, due to failure within either the adhesive 
or the adherend interphase. 

One model of adhesion that is generally not related to the bond formation step, but is observed 
during bond breakage, is the electrostatic model. This model assumes that adhesion is due to the 
adhesive or the adherend being positive while the other is the opposite charge. It is unlikely that such 
charges generally exist prior to bond formation, and therefore cannot aid in adhesion; however, they 
can occur during the debonding process. 

Another model that has limited applicability to most cases of adhesion is deep inter-diffusion, 
which involves polymers from the adhesive and adherend mixing to form a single, commingled 
phase. Although it is unlikely that the wood will dissolve in the adhesive, it is quite likely that some 
of the adhesive molecules will be absorbed into the wood cell walls. This one-way diffusion can 
form one of several types of structures that more strongly lock the adhesive into the wood. This is 
one type of penetration, and it will be covered in Section 9.4.8. In many cases, the strength of this 
penetration could be as strong as covalent linkages. 

Most of these adhesion models play not only a role in bond formation, but also aid the bonded 
assembly in resisting the debonding forces. The important part to remember is that, depending on the 
origin of the forces, the stresses can be either concentrated at the interface or dispersed throughout the 
bonded assembly. If the forces are dispersed, then the force felt at the interface may be quite small. 
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It is often asked which model of adhesion is correct. This question assumes that there is only a 
single factor dominating the interaction of the adhesive and the substrate. In reality, there is often a 
combination of factors that play a role to some degree. The general rule is that the more of each 
mode of adhesion existing at the interface, the greater the bond durability. 

9.4.3  WOOD ADHESION 

The comprehension of wood adhesive bonds requires both an understanding of the uniqueness of 
the wood structure for bond formation and an understanding of the modes of stress concentration 
and dissipation during environmental changes. Because adhesive strength is a mechanical property, 
the polymer properties of the adhesive, wood, and wood-adhesive interphase regions, are covered in 
the following sections. Macroscopic generalizations are difficult in the sense that wood is a nonho-
mogenous substrate. The adhesive needs to interact with many different types of bonding surfaces. 
In softwood, large longitudinal tracheids opened by vertical transwall cleavage are the main part of 
the surface, but parenchyma cells, various ray cells, and resin canals that are also exposed to the 
adhesive are also bonding surfaces with different properties. Opening the resin canals distributes 
resin across the surface that interferes with bonding. In hardwood, small fiber cells and large vessels 
form the main bonding surface, with rays and other cells also being involved. The vessel elements 
are split open, while the fiber cells are split in the middle lamella. Although generally for bonding 
studies the sapwood is used, in actual products there can be considerable amount of heartwood, 
which is harder to bond. Adding to the complexity, the wood can have juvenile, tension and com-
pression wood. Adhesion studies use samples that are mainly tangential with a small slope of grain, 
only tiny knots, and no splits, but in commercial wood these factors are less controlled. 

Most observations of adhesive interaction with wood are concentrated on scales of millimeter or 
larger (Marra 1992). However, the wood—adhesive interaction needs to be evaluated in three spatial 
scales (millimeter, micrometer, and nanometer) (Frazier 2002, Frihart 2003, 2006). The millimeter 
or larger involves observations by eye or light microscopy. The use of scanning electron microscopy 
allows observations on the micrometer or cellular level and smaller. On the other hand, the size of 
the cellulose fibrils, hemicellulose domains, and lignin regions are on the nanometer scale. The 
nanometer level is also the spatial scale in which the adhesive molecules need to interact with the 
wood for a bond to form. Tools, such as atomic force microscopy, developed for making observa-
tions on the nanoscale can be difficult to use with wood because its surface is rough on the micro-
meter scale. 

To understand the adhesive interaction with the wood, we need to consider in more detail the 
aspects of surface preparation, types of wood surfaces, and spatial scales of wood surfaces. This 
provides the appropriate background for discussing the adhesive bonding as the steps of wetting the 
surface and solidification of the adhesive. The wood—adhesive interaction is important for the ulti-
mate strength and durability of the bonded assembly. 

9.4.4 WOOD SURFACE PREPARATION 

On the larger scale, wood is a porous, cellular, anisotropic substrate. It is porous in that water and 
low molecular weight compounds will be rapidly absorbed and move through the wood. The elon-
gated cells of varying size and shape with the differences between the radial and tangential direc-
tions lead to the wood being very anisotropic. A simple model cannot be developed because of the 
large differences between wood species in the chemistry and morphology of the wood surfaces. The 
cell types and sizes are dramatically different between hardwood and softwood. The individual spe-
cies in each of these classes vary considerably in their ability for liquids to penetrate, the amount of 
extractives, as well as the distribution of the various cell types. Even within a species, there is the 
problem of earlywood versus latewood, sapwood versus heartwood, and juvenile, compression, and 
tension wood having distorted cell structures. The earlywood cells with the thinner walls should be 
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easier to bond because of a more accessible lumen. The sapwood of a species is generally considered 
easier to bond than the heartwood due to changes in the extractives. The juvenile, compression, and 
tension wood all have distorted cell structures that should weaken the wood adhesive interphase 
region. To simplify the discussion, the emphasis will be placed on the wood that meets the selection 
criteria for standard testing. 

The surface preparation has been shown to have a large effect on the quality of a wood surface 
(River et al. 1991). One concern is a weak boundary layer, which is a layer between the bulk materi-
als and the true adhesive—adherend interface that is often the weak link and fails cohesively within 
that layer (Bikerman 1968, Wu 1982b). A classic example of a weak boundary layer was the diffi-
culty in bonding to aluminum, due to a weak aluminum oxide surface layer, until the FPL etch was 
developed (Pocius 2002). Stehr and Johansson have broken down the weak boundaries of wood into 
those that are chemically weak and those that are mechanically weak (Stehr and Johansson 2000), 
The distinction is that the chemically weak layer involves extractives coming to the surface, while 
the mechanically weak layer involves a crushed or fractured cell layer. The role of extractives has 
been widely considered to be a major factor in poor adhesive strength. Certainly, low-polarity, small 
molecules coming to the surface can hurt the wetting process. However, it is not clear that they are 
normally a cause of poor bond strength. Chemically weak boundary layers are certainly an issue in 
oily woods, such as teak, where wiping the surface with solvent to remove the oils will solve most 
bonding problems. The issue of extractives should not be confused with the more general phenom-
ena of over-dried wood. The latter case also involves chemical alteration of the wood by excessive 
heating that leads to poor wetting and weaker bonds (Christiansen 1990, 1991, 1994). 

Wetting is an important issue, especially since most wood adhesives are water-borne. Water has 
such a high surface energy that wetting of many surfaces is difficult. Although surfactants can lower 
surface energy, they are often avoided since they can create a chemically weak boundary layer. The 
monomers and oligomers in the adhesive can lower surface energies, as can added low molecular 
weight alcohols. Wetting should be less of an issue with adhesives that have organic solvents or are 
100% solids. 

Mechanically weak boundary layers can be an issue with wood (River 1994a). The general 
problem is the crushing or excessively fracturing the wood cells during the surface preparation. 
Wood cells, especially earlywood, are weak in the radial and tangential direction. Crushed cells 
are easy to visualize by looking at cross sections microscopically. If the adhesive does not pene-
trate through the layer of crushed cells, then this layer will generally be the source of fracture 
under test or use conditions. The best method for preparing a wood surface for bonding is to use 
sharp planar blades. Unsharpened blades can crush cells and cause a very irregular surface (River 
and Miniutti 1975). The difference in penetration of an adhesive on well- and poorly planed wood 
surfaces is shown in Figure 9.4. Abrasively planed surfaces and saw-cut surfaces also suffer from 
crushed and fractured surface cells. Hand sanding is generally acceptable because it causes less 
damage to the cells. For laminates, ASTM prescribes that the wood surfaces be planed with sharp 
blades and then be bonded within 24 h to provide the most bondable surface (ASTM International 
2011b), although it is generally recommended to bond surfaces immediately after preparation to 
provide the most durable bond. 

9.4.5 WOOD BONDING SURFACE 

The wood-bonding surface varies considerably both chemically and morphologically depending on 
how the surface is prepared and what type of wood is being used. The morphology is better charac-
terized than the surface chemistry, and will be discussed first. Except for fiber bonding, the desire 
is to have sufficient open cells on the surface so that the adhesive can flow into the lumen of the cells 
to provide more area for mechanical interlock. The accessibility of open cells is dependent upon the 
tree species, types of cells, and method of preparation. When the cell wall is thin in comparison to 
the diameter of the cell, then there will be more longitudinal transwall fracture. 
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(a)  

(b)  

FIGURE 9.4 Bondlines show good adhesive penetration for (a) a sound wood surface, but not for (b) a crushed 
and matted wood surface. 

Hardwood vessels and earlywood cells have thin walls that are easily split to open the lumens to 
the adhesive for good penetration. On the other hand, hardwood fiber cells and latewood cells have 
thick walls that are not easy to fracture, so cleavage often occurs more in the middle lamella provid-
ing less area for mechanical interlock (River et al. 1991). The open ends of any cells and cracks in 
the cell walls allow the adhesive to penetrate into the lumens. The differences in the surfaces can be 
large, by comparing the scanning electron microscopy pictures for southern yellow pine and hard 
maple (Figure 9.5), with pine having more open cells, while many of the maple's cells are closed. 

FIGURE 9.5 Scanning electron microscopy pictures of transverse sections of (a) southern yellow pine and 
(b) hard maple. 



268 Handbook of Wood Chemistry and Wood Composites 

The chemical composition of the wood-bonding surface is less well understood because the sur-
face is very hard to characterize. The roughness of the surface, the presence of many different sur-
faces (lumen walls, middle lamella, and fractured cell walls), and the changes of the surfaces with 
time, heat, and moisture add to the difficulty. The main components of the wood are the cellulose, 
hemicellulose and lignin fractions. The interactions of PF and urea-formaldehyde (UF) polymers 
with cellulose have been modeled (Pizzi 1994b). Although cellulose is the main component of wood, 
it may not be the main component on the surface. Prior work has indicated that hemicellulose is the 
main site of interaction with water for hydrogen bonding because of its greater accessibility (River 
et al. 1991, Salehuddin 1970). The preparation of the wood surface by planing can create many types 
of surfaces, depending on how the cells fracture, as illustrated in Figure 9.6. If the cell walls are 
cleaved in longitudinal transwall fashion as desired, then the lumen should be the main bonding 
surface. The lumen walls are often a large part of the bonding surface, especially for earlywood cells 
of softwoods, and vessel elements in hardwoods. The lumen walls' compositions can vary from being 
highly cellulosic, if the S3  layer is exposed, to highly lignin if they are covered by a warty layer. The 
middle lamella is also rich in lignin. However, for the most part we do not know when the walls are 
fractured if the cleavage plane runs through any of the three main fractions or between the lignin-
hemicellulose boundary, which may be the weakest link in the wood cellular structure. Complicating 
this consideration of the bonding surface is that the typical mechanical ways of preparing binding 
surfaces cause a lot of fragmentation and smearing of the cell wall components. Only by careful 
microtome sectioning can the clean splitting of the cell walls be observed. Other methods give sur-
faces that are a lot less intact (Wellons 1983). As can be seen by Figures 9.5 and 9.7, there is a lot of 
debris on the surface even with sharp planer blades. Hardwood tends to give even more smearing of 
the surface. Thus, the theory of many open lumens into which the adhesive can flow is not always 
correct, which may be why the penetration of the adhesive into the lumens is not always that fast. 

9.4.6 SPATIAL SCALES OF WOOD FOR ADHESIVE INTERACTION 

Wood bonds need to be considered on three different spatial scales: millimeter and larger, micrometer, 
and nanometer (Frazier 2002, Frihart 2004). The millimeter and larger scale is normally used for 
evaluating the bonding and debonding processes of wood. The micrometer scale relates to the cellular 
dimensions. The nanometer and smaller scale correlates to the sizes of the cellulose, hemicellulose, 

FIGURE 9.6 Illustration of a transverse section of wood showing fracture points S1 the wood cellular struc-
ture and surfaces available with which adhesives can interact, assuming clean fractures are occurring. 
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FIGURE 9.7 Scanning electron microscopy of yellow poplar surfaces at four levels of magnification, 
              increasing from (a) to (d) as illustrated by the length bar in each image showing the extensive fracturing of the 

                                  surface and generation of weakly bonded fragments even with sharp planar blades. 

and lignin domains and the molecular interactions of the adhesive with the wood. Each domain size 
requires different observation methods and has different implications on bonding and debonding 
processes. 

The millimeter and larger scale is the normal method for dealing with both the bonding and the 
debonding processes. Usually the naked eye or feel by hand touch is used to judge the smoothness 
of the surface for bonding. On this scale, measurement of the spread by the adhesive across the 
surface is typically done by contact angles. Normal examination of the adhesive bond failure is 
generally limited to this scale. This information is valuable for understanding bond formation and 
failure aspects as the first stage in evaluation of adhesive performance. However, it is important to 
move on to the smaller spatial scales to gain a fuller understanding of wood bonding. 

The micrometer scale involves the adhesive interaction with the lumens and cell walls. While the 
earliest theory on the strength of wood adhesive bonds involves mechanical interlock (McBain and 
Hopkins 1925), others proposed that there were specific interactions of adhesives of the wood sur-
face (Browne and Brouse 1929). Flow into the lumen of cells is still considered important as judged 
by many microscopic studies on penetration (Johnson and Kamke 1992). However, there has not 
been enough consideration of what happens to the adhesive—wood interphase as the cells and the 
adhesive undergo differential expansion caused by changes in moisture and temperature. Because 
different adhesives can interact with the cells in diverse ways, these aspects are covered in more 
detail in the individual bonding and debonding sections (9.4.8 and 9.6.3). The tools for looking at 
this level of interaction are more complicated because it is at the high end of light microscopy mag-
nification, but it is certainly in the range of scanning electron and transmission electron microscopy 
(SEM and TEM, respectively). 
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The nanometer and smaller scale is important because it is the size of the basic domains of wood 
Ind of the adhesive—wood interactions (Fengel and Wegener 1984). The size of the cellulose fibrils, 
he hemicellulose portions, and the lignin networks are in the tens of nanometers. For there to be 

adhesion, the adhesive needs to interact with the wood at the molecular level; independent of what-
ever mechanism is involved. The idea of wood adhesion being more than a mechanical interlock was 

proposed in the 1920s with the concept of specific adhesion as being critical (Browne and Brouse 
1929). The problem with understanding this specific adhesion is our lack of understanding of the 
composition of the wood surface. Although cellulose is the main component of wood, it may not be 
the main component on the wood surface. If bonding to lumen walls is important, then adhesion to 
lignin is important since the warty layer present in many species is high in lignin content (Tsoumis 
1991). Cleavage in the middle lamella, as may occur with latewood cells, fiber cells in hardwood or 
fibers prepared for fiberboard, leads to a surface high in lignin content. Until we can better define 
how the adhesive has to interact with the wood to form durable bonds, this area is still quite specula-
tive. Although instrumental methods, such as atomic force microscopy, surface force microscopy, 
and nanoindentation can look at surfaces at this scale, they work best when the surface morphology 
changes only by nanometers while the roughness of the wood surface varies by micrometers. 

9.4.7 WETTING AND PENETRATION IN GENERAL 

For a bond to form the adhesive needs to wet and flow over a surface, and in some cases penetrate 
into the substrate. It is important to understand that the terms mean different things even though 
they sound familiar. Wetting is the ability of an adhesive drop to form a low contact angle with the 
surface upon contact. In contrast, flow involves the adhesive spreading over that surface in a reason-
able time. Flow is important because covering more of the surface allows for a stronger bond. Thus, 
a very viscous adhesive may wet a surface, but it might not flow to cover the surface in a reasonable 
time frame. Penetration is the ability of the adhesive to move into the voids on the substrate surface 
or into the substrate itself. The difference between flow, penetration, and transfer are illustrated in 
Figure 9.8. 

First, we will consider the aspects of wetting, flow, and penetration that are common to most 
substrates. In the next section, we will discuss how these need to be modified for wood bonding. For 
a strong bond to form, the adhesive must intimately encounter most of the substrate surface (Berg 
2002). With many plastics having low surface energies, this is a significant problem since the adhe-
sive can find it difficult to wet the substrate. An extreme example is the bonding of Teflon, which has 

 

FIGURE 9.8 Adhesive wetting of wood surfaces, showing the difference between flow, penetration, and► 
transfer. 
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a very low surface energy so that very few adhesives will wet it. In fact, an adhesive applied to the 
surface forms a bead rather than wets the surface. For bonding to many polyethylene and polypro-
pylene materials, wetting by an adhesive is also a significant problem because of their low surface 
energies. Thus, a great deal of the literature places emphasis on the measurement of contact angles 
to determine the wetting of the surface. The contact angle is the angle at the edge of a droplet and 
the plane of that surface upon which it is placed. Therefore, a material with a high contact angle has 
poor surface wetting ability. The addition of surfactants or less polar solvents reduces the adhesive's 
surface energy as indicated by a decreased contact angle. With many plastics, surface treatments 
such as oxidation by flame or corona discharge are used to increase the polarity and surface energy 
of the plastic surface to improve its bondability. It is important to remember that most contact angle 
measurements are equilibrium values, and may not reflect the dynamics of the bonding process 
well. Another very important property that is closely associated with wetting is flow over the sur-
face. Flow is dependent upon not only the contact angle, but also the viscosity of the adhesive. With 
a lower viscosity, the adhesive flows better and wets more of the surface. 

While flow is movement across the surface, penetration is the movement into the substrate. 
Adhesives will not penetrate into the bulk of many substrates like metals and many plastics, but 
penetration is important in the sense of movement of the adhesive into the microcrevices on the 
surface (Berg 2002). Most surfaces have some degree of roughness, which an adhesive must pene-
trate. Like flow, penetration is dependent upon surface energies and adhesive viscosity, but it also 
depends on the size of the capillary or void that it is penetrating. For a strong bond, the adhesive 
must penetrate into all microscale roughness. A typical problem is a displacement of air, water, or 
oil on the surface. As discussed in the next section, penetration has a very different meaning for 
wood, due to its structure. 

9.4.8  WETTING, FLOW, AND PENETRATION OF WOOD 

Wood bonding faces many of the same issues as discussed in the previous section on general aspects 
of wetting, flow, and penetration, but there are many characteristics that are unusual about wood 
that require additional consideration. Wood has a relatively polar surface that allows the general use 
of water-borne adhesives, although some woods are harder to wet. Examples are some tropical 
woods that have a very oily nature, such as teak, and wood that has been treated with creosote. 
Wetting of the surface can be improved by removal of the oily components through solvent wiping, 
mechanical, or oxidation techniques. In Figure 9.9, the effect of sanding on improving the wetting 
of yellow birch veneer is illustrated. It has been shown that oxidation of wood surfaces by corona 
treatment can improve wetting and adhesion for some woods (Sakata et al. 1993). A lot of work has 

FIGURE 9.9 Water droplets on a yellow birch veneer show the improved wetting by removal of surface 
contaminants. The photograph was taken 30 s after placing three droplets on the surface. The left drop was on 
an untreated surface, the middle was renewed by two passes of 320 grit sandpaper, and the right drop was 
renewed with four passes with the sandpaper. 



272 Handbook of Wood Chemistry and Wood Composites 

been done on examining the wetting of wood; however, it is not clear what this data means. For 
example, studies to relate extractives with bonding have not found good correlations (Nussbaum 
2001). This may be caused by wetting experiments usually being done with water at room tempera-
ture; while most adhesive bonding is done using aqueous solutions of organics with higher tempera-
tures and pressure, all of which improve wetting of surfaces. 

Understanding flow over the surface is complicated by the fact that the surface has very macro-
scopic roughness, and penetration is taking place at the same time. As mentioned in the previous sec-
tion, penetration generally involves wetting of the micro-roughness. On the other hand, wood's cellular 
nature allows significant penetration of the adhesive into the substrate. A main complication is that 
different species of woods have different cellular structures, and therefore, adhesives will penetrate 
them to different degrees. This leads to problems in trying to achieve uniform penetration when bond-
ing different species of wood, as occurs in OSB production. For a more porous wood, an adhesive can 
over-penetrate into the wood and not be on the surface for bonding, while the same adhesive on a less 
porous wood sits on the surface and may not give significant bonding. Thus, adhesives are formulated 
for different applications given the type of wood, the type of application, and the application condi-
tions. An adhesive that is sprayed onto OSB tends to be much lower in viscosity for better spraying 
than one that is formulated for spreading on plywood that needs to sit more on the surface. Aspects of 
formulating adhesives are covered in later sections. 

In most bonding applications, adhesive penetration into the adherend does not occur to any great 
degree, but penetration is very important for wood bonding. The need for the proper degree of pen-
etration influences both the formulation of the adhesive and the bonding conditions. The proper 
balance is necessary in that poor bonds will result from either under- or over-penetration. In under-
penetration, the adhesive is not able to move into the wood enough to give a strong wood—adhesive 
interaction. In contrast, with over-penetration so much of the adhesive moves into the wood that 
insufficient adhesive remains in the bondline to bridge between the wood surfaces, resulting in a 
starved joint. To solve these problems, the viscosity and composition of the adhesive can be adjusted, 
as well as the temperature and time for the open and closed assemblies. Some species are known to 
be more porous compared to other species, leading to complications when bonding mixed species. 
This is a significant issue for composites that usually use a wide mixture of species and a frequently 
changing mixture. Using mixed species certainly could lead to both over- and under-penetration and 
to potentially reduced bond strength. Although it is generally known that proper penetration is 
important to strong bonds, it is not clear whether penetration into the lumens or the cell walls is 
more critical. 

The penetration of adhesives into wood is most often examined at the cellular level. Some lumens 
have openings on the surface as a result of slope of grain so that the adhesive can flow into the 
lumen; this is more likely with larger diameter cells in softwood. In hardwoods, most of the filling 
of lumens is of the larger vessels rather than the smaller fiber cells. Factors that influence the filling 
of the lumens can be classified into those that are 

• Wood related, such as diameter of the lumen and exposure on the wood surface 
• Adhesive related, such as its viscosity and surface energy 
• Process related, such as assembly time, temperature, pressure, moisture level 

It is normally assumed that the filling of lumens contributes to bond strength. Resin penetration 
into lumens has been extensively investigated in the wood bonding literature because it is easy to 
determine by visible light, fluorescence, and scanning electron microscopy. The problem is that 
these data have not been related to bond strength or level of bond failure. An example, where a filled 
ray cell contributed to adhesion of a coating after environmental exposure, has been shown by light 
microscopy (Dawson et al. 2003). 

In addition to filling the lumens, an important part of wood adhesion, especially for durable 
bonds, might be infiltration of adhesive components into cell walls (Nearn 1965, Gindl et al. 2002).
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A significant amount of lower molecular weight compounds can go into cell walls due to their abil-
ity to swell. These compounds include water, cosolvents, adhesive monomers and oligomers, but not 
higher molecular weight polymers. Polyethylene glycol molecules of up to 3000 g/mol were shown 
to penetrate into the transient capillaries or micropores in cell walls (Tarkow et al. 1965). In addition 
to hydrodynamic volume of an adhesive, its compatibility with the wood structure controls this 
infiltration. Generally, solubility parameters are widely used to determine the compatibility of adhe-
sives and coatings to interact with surfaces (Barton 1991). Limited studies have been done trying to 
relate the solubility parameters of the components of wood to its ultrastructure (Hansen and Björkman 

 1998, Horvath 2006), which would then relate to the components' interaction with 
adhesives. 

The observation of adhesive components in cell walls has been shown by a variety of methods. 
The migration of PF resins into cell walls has been shown using fluorescence microscopy (Saiki 
1984), audioradiography (Smith 1971), transmission electron microscopy (Nearn 1965), scanning 
electron microscopy with x-ray dispersive emissions (Smith and Cote 1971), dynamic mechanical 
analysis (Laborie et al. 2006), and antishrink efficiency (Stamm and Seborg 1936). For polymeric 
diphenylmethane diisocyanate, pMDI, the presence of adhesives in cell walls has been shown by 
x-ray micrography and nuclear magnetic resonance spectroscopy (Marcinko et al. 1998, Marcinko 
et al. 2001). These and other techniques such as UV microscopy (Gindl et al. 2002) and nano-
indentation (Gindl and Gupta 2002) have been used to show the presence of OF and MF (Bolton 
et al. 1985, 1988), while fluorescence spectroscopy has been used to show epoxy resins in the wall 
layers (Furuno and Goto 1975, Furuno and Saiki 1988). Because both chemical and mechanical data 
show the presence of adhesives in cell lumens and cell walls, it is likely that the wood portion of the 
interphase has very different properties than the bulk wood. 

Although it has been shown that adhesive components can infiltrate into cell walls, only in one 
case has it been claimed to improve bond strength (Nearn 1965). Several models can be proposed as 
to how these adhesive components may influence bond strength. The simplest is that the oligomers 
and monomers are simply soluble in the cell walls, but do not react, being too diluted by the cell wall 
components (Laborie et al. 2006). In this case, they would maintain the cell walls in the expanded 
state due to steric constraint (bulking effect); thus, the process would reduce the stresses due to less 
dimensional change. A second model is that the adhesives react with cell wall components and pos-
sibly cross-link some of the components, thereby increasing the strength properties of the surface 
wood cells, as shown in Figure 9.10. A third model is that the adhesives polymerize to form molecular 

FIGURE 9.10 Modes of adhesive interaction within wood cell walls are depicted for true interfacial adhe-
sion with no cell wall penetration, interdigitation of fingers of adhesive penetrating the microchannels, adlayer 
of cross-linking in the surface cell wall and interpenetrating polymer. 
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scale fingers of the adhesive in the wall, providing a nanoscale mechanical interlock. The fourth is 
that they form an interpenetrating polymer network within the wood, providing improved wall 
strength (Frazier 2002). All of these models have the adhesive reducing the dimensional changes of 
the surface cells, and therefore reducing the stress gradient between the adhesive and the wood, 
thereby improving the bond strength, but the degree of improvement should be different. 

Knowing that adhesive components do migrate into the cell wall, the next questions is: Are they 
associated with any specific cell layer or the middle lamella, and are they more in the cellulose, 
hemicellulose or lignin domains? One study indicates that the isocyanates seem to be more concen-
trated in the lignin domains (Marcinko et al. 2001). Peeling experiments have shown that an epoxy 
adhesive gave failure in the S3 layer while a PF adhesive resulted in failure deeper in the S2  layer 
(Saiki 1984). 

9.5 SETTING OF ADHESIVE 

Once an adhesive is applied to wood; the adhesive needs to set for forming an assembly with high 
strength. Set is "to convert an adhesive into a fixed or hardened state by chemical or physical action, 
such as condensation, polymerization, oxidation, vulcanization, gelation, hydration, or evaporation 
of volatile solvent." Although the ASTM terminology uses solvent to refer to organic solvents, this 
chapter uses it in the more general sense of both water and organics because wood adhesives are 
usually water-borne. Water-borne adhesives often contain some organic solvent to help in the wet-
ting of wood surfaces. For some of the polymeric adhesives, including polyvinyl acetate, casein, 
blood glue, and so on, the loss of solvent sets the adhesive. For many others, including the formal-
dehyde-cured adhesives, the set involves both the loss of water and polymerization to form the bond. 
For polymeric diphenylmethane diisocyanate, the set is by polymerization. For hot melt adhesives, 
cooling to solidify the polymer is sufficient. In wood bonding, all of these mechanisms are appli-
cable, dependent upon the adhesive system that is being used. 

The original wood adhesives were either hot-melt or water-borne natural polymers (Keimel 
2003). These had several limitations in relation to speed of set, formation of a strong interphase 
region, and environmental resistance. All of the biomass-based adhesives had poor exterior resis-
tance. The use of composites and laminated wood products has greatly expanded with the devel-
opment of synthetic adhesives with good moisture resistance. Instead of being mainly polymers 
with limited and reversible cross-links, these adhesives have strong covalent cross-links to pro-
vide environmental resistance. In addition, these synthetic adhesives generally cure by both 
polymerization and solvent loss, leading to a faster setting process. Having multiple modes of set 
allows both the use of lower viscosity polymers for good wetting and polymers with a higher 
molecular weight for a faster cure. This combination gives a fast set rate that allows for higher 
production speeds. 

9.5.1  Loss OF SOLVENTS 

For many adhesive uses, solvents are a problem because of the nonporous nature of the substrate 
preventing removal of the solvent by migration into and through the substrate. However, wood is 
quite effective in allowing solvent to migrate away from the bondline, thus allowing adhesives to 
set. Of course, this property is very dependent upon the wood species and the moisture level of the 
wood (Tarkow 1979). It is not surprising that wet wood will less rapidly absorb moisture, thus mak-
ing it harder for water-borne adhesives to move into the wood. The dynamics of water movement 
have a large effect on the bonding process. The factors involve penetration of the adhesive into the 
wood, rate of adhesive cure, flow of heat through composites, and premature drying of the 
adhesive. 

Penetration of the adhesive into the wood is an important part of the bonding process. Green 
wood is difficult to bond with most adhesives because there is little volume into which the adhesive 
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FIGURE 9.11 General effects of conditions on adhesive penetration. The temperature makes the adhesive 
more fluid until too much causes polymerization. At low wood moisture the water is drawn from the adhesive, 
while at high wood moisture the water retards the penetration. As the water content of the adhesive increases, 
the viscosity of the adhesive is lower and penetration increases. Both an increase in bond pressure and a longer 
time promote adhesive penetration. 

can penetrate. (See Figure 9.11 for the generalized effect of bonding parameters on penetration.) At 
the other extreme, overly dry wood can also be difficult for the adhesive to penetrate because the 
wood surface is more hydrophobic and therefore harder to wet (Christiansen 1994). Thus, wood with 
a 4-10% moisture range is typically good for optimum penetration and set rates. The desire is to 
have the bonded product be near the normal in-use moisture condition to reduce dimensional 
changes and internal stress (Marra 1992). Although most of the studies on uptake of small mole-
cules into wood have naturally concentrated on water, other solvents are also readily absorbed/ 
adsorbed by wood. 

For many of adhesives, cure rate is dependent upon the moisture content. Most bonding pro-
cesses require the wood to be within a set range of moisture content to get an acceptable set rate. For 
the adhesive to set, the solvent needs to flow away from the adhesive into the adjoining and further 
removed cell walls. The sorption of the water into the nearby cell walls allows the formation of the 
solid, cured adhesive. Many setting reactions involve condensations that give off water; higher 
moisture levels can retard the reactions as expected by normal chemical equilibrium theory and 
from limited collisions due to dilution. The amount of water present also alters the mobility of poly-
mer chains during the curing process, which can change the product distribution for the adhesive 
polymers. On the other hand, many isocyanates depend on a small amount of water to start the cur-
ing process. Thus, the isocyanates are most tolerant of higher moisture content of the wood. 

A very important issue in the rate of setting is the heat flow through composites or laminates to 
the bond surface, especially since wood is a good insulator. In composites, water boiling in the 
wood near the composite surface or added steam helps transfer heat to the core of the composite. 
Use of core resins that cure at lower temperatures than face resins is important for fast production 
cycles; fast curing can be accomplished by using higher molecular weight oligomers or adding cata-
lysts to the core resins. Controlling heat transfer and moisture levels is important for fast, reproduc-
ible composite production. Isocyanates are less sensitive to higher moisture levels in the core. The 
ability of resorcinol-formaldehyde (RF) and phenol-resorcinol-formaldehyde to cure rapidly at 
room temperature favors them over PF resins despite their higher cost where it is difficult to heat the 
bondline, such as laminated beams. Another way to accelerate cure is to use radiation methods, such 
as radio frequency curing. Polyurethanes use moisture to cure rather than heat. 

With some adhesives, premature drying can be a problem if the open time is too long. This 
involves too much loss of solvent so that the adhesive does not flow to wet the other surface. Proper 
control of moisture level and penetration are accomplished by the length of open- and closed-assembly 
times, as well as adhesive composition. 

P
en

et
ra

ti
on

 



276 Handbook of Wood Chemistry and Wood Composites 

9.5.2 POLYMERIZATION 

For a strong bond, higher molecular weight and more cross-linked polymers are needed (Wool 
2005). In most cases, adhesives consist of monomers and/or oligomers, which are a small number of 
monomers linked together. Because adhesives need to have stability prior to application, there needs 
to be some method for activation of polymerization. This activation can include heat, change in pH, 
catalyst, addition of a second component, or radiation. Sometimes a combination of methods is used 
for faster cure. The cure method is closely tied to the process for making the wood product. 

Heat is a very common way to speed up polymerization reactions. Most chemical processes are 
controlled by the transition state activation energy, using the standard Arrhenius equation. The 
typical factor is that rates of reaction double for every 10°C increase in temperature, but this does 
not always apply. This means that if the normal reaction temperature is moderate, there will be 
appreciable reaction at room temperature and a limited storage life of the adhesive for a single 
component system. Since wood is a good insulator, uniform heating of the adhesive continues to 
be a problem for many composites and laminates. Incomplete heating gives poor bond strength as 
a result of incomplete formation of the adhesive polymer. To overcome this problem adhesive pro-
ducers try to have the adhesive formulation in as advanced stage of polymerization as is possible 
while still having good flow and penetration into the wood. Having a more advanced resin means 
that fewer reactions need to take place to obtain the strength properties needed from the adhesive, 
This balance between the advancement of the resin for fast curing while still having good bonding 
properties has been optimized by intense study of reaction mechanisms over the years and allows 
for higher production rates. On the other hand, the understanding of heat and moisture levels 
within the composites is still being studied to allow further improvement in production rates 
(Winandy and Kamke 2004). 

Many of the adhesive polymerization rates are sensitive to pH. This is especially true of the 
formaldehyde polymers, but the effect varies with the individual type of co-reactant and the differ-
ent steps in the reaction. For UF resins, the initial addition step of formaldehyde to urea is base cata-
lyzed, while the polymerization of hydroxymethylated urea is acid catalyzed. Thus, UF resins are 
kept at a more neutral pH for storage stability, but then accelerated by lowering the pH during the 
bonding process. For PF resins, there is a different pH effect with condensation reactions being 
faster at high pHs and very low pHs. One issue of concern is how much the pH and neutralization 
capacity of wood alters the adhesives' polymerization rates near the interface and within the wood. 
This is complicated by the fact that different woods have different pHs and buffering abilities 
(Marra 1992). 

Another aspect that alters the polymerization rate is the addition of catalysts and accelerators. 
A true catalyst is one that is not consumed in the process, while an accelerator can be consumed via 
reaction. A number of accelerators are incorrectly termed catalysts. As mentioned in the previous 
paragraph, changes in pH can catalyze polymerizations. In some cases, the pH is not changed 
directly, but compounds are added that can generate acids, such as the ammonium chloride or 
ammonium sulfate accelerators for UF resins that decompose upon heat to yield hydrochloric acid 
or sulfuric acid, respectively (Pizzi 2003e). Certain metal ions are known to be catalysts for PF 
resins. Ortho esters are often described as catalysts for PF resins, but in actuality are consumed in 
the process, making them accelerators (Conner et al. 2002). A number of compounds have been 
found to speed up PF curing (Pizzi 1994c). In some cases, co-reactants, such as formaldehyde, have 
been referred to as accelerators, but in their general use, they serve as hardeners because they 
become part of the polymer. 

Many adhesives are two-part products. Because the components are not mixed together until 
shortly before the bonding process, each component alone has a good storage life. However, the 
addition of a second component allows the polymerization to begin. Because the adhesive is 
applied at ambient temperatures and most of the polymerizations need higher temperatures, setting 
is slow until the composite or laminate reaches the heated press. Rapid ambient polymerizations 
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are not desirable because they limit the adhesive's ability to wet and penetrate the wood, and to 
transfer when the wood surfaces are brought into contact. One area of concern is the uniformity of 
mixing of two components. Off-ratio mixtures do not form as strong a bond as those at optimum 
ratio because of the poor stoichiometry. The better the compatibility and more equal the viscosity 
of the two components, the better the uniformity of the product upon mixing. Most application 
equipment is designed to give good mixing, but this may not be as true in laboratory testing or 
during upsets in plant operations. A special type of two-component application is where one com-
ponent is applied to one surface and the other component to the other surface and has been called 
a honeymoon adhesive (Kreibich et al. 1998). The two surfaces need to be brought into the proper 
contact to allow mixing and the two components need to have good mutual solubility for this sys-
tem to work well. 

A common type of cure is those that use water as a reactant in the polymerization process; this 
type of cure is used for curing of most one-component polyurethanes, isocyanate, and silicones adhe-
sives (Frazier 2003, Lay and Cranley 2003, Parbhoo et al. 2002). The chemistry for the polyurethanes 
and isocyanates is discussed in a later section. Because these adhesives use water for curing, then 
water exposure needs to be prevented prior to application. In general, wood contains sufficient mois-
ture to cause curing. In addition, because these reactions use water for curing rather than give it off 
as in condensation polymerizations, the adhesives are much more tolerant on bonding wood with 
higher moisture content than are most other adhesives. 

Another method of activation of an adhesive is the use of some type of radiation. The use of 
ultraviolet light and electron beam radiation are common for the curing of coatings, but trying to get 
light into a wood adhesive bond is more difficult. However, other types of radiation can penetrate 
wood, including microwaves and radio frequencies, which activate curing by causing heat genera-
tion in the bondline to initiate thermal polymerization (de Fleuriot 2004). 

9.5.3  SOLIDIFICATION BY COOLING 

Although hot melts are a small part of the wood adhesive market, understanding the interaction of 
molten polymers with wood to form a strong durable interface is important for the wood—plastic 
composite field. Many wood adhesives used by the early civilizations were hot melts (Keimel 2003). 
Some hot melt adhesives have been used for bonding plastics to wood and are used in some wood 
assembly markets, such as cabinet construction, edge banding, window manufacturing, and mobile 
home construction. Because hot-melt adhesives and plastics used for composites are polymeric, they 
have a limited ability to flow. Heating the polymers above their softening point will allow them to 
flow. The lower the molecular weight of the polymer and the higher the temperature, the better the 
flow. However, both of these aspects can reduce the final strength and lengthen the set time. The 
formulation of the polymer backbone and additives can have a great effect on the set time. In fact, 
formulation is often used to control the set time so that the adhesive does not solidify before the two 
components are in place or take so long that extended clamping times are needed. Unlike other 
adhesives, high viscosities of hot melts limit their ability to penetrate into the wood lumens and flow 
across the wood surfaces. As the adhesive cools, its viscosity raises rapidly to further limit the wet-
ting. Although the wetting of the wood is limited, there has still been reported flow into lumens 
(Smith. 2002). Understanding the wood-molten polymer interaction is very critical for making 
improved wood—plastic composites (Clemons et al. 2012). 

Some of the newer hot-melt adhesives are reactive types that allow for better wetting by the adhe-
sive and greater cured strength. Normally, hot melts need to be of high molecular weight for strength, 
but if the adhesive cures after application, then the initial strength is not such a critical issue. The 
curing also makes the adhesive a thermoset to eliminate remelting of the adhesive or flow (creep) 
with time. Some of these products are isocyanates so that they cure by reacting with moisture that 
is readily available in the wood (Paul 2002). Thus, the combination of modes of set provides benefits 
that are not available over adhesives with a single mode of setting. 
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9.6 PERFORMANCE OF BONDED PRODUCTS 

Because an adhesive is used to hold two adherends together under normal use conditions, it is 
important to comprehend the properties of an adhesive that allow it to perform this function. The 
definition of an adhesive is mechanical in nature, making it important to understand the internal and 
external forces on the bondline and the distribution of those forces across the bonded assembly. 
Mechanical properties are dependent upon the chemical structure; thus, knowing the structure of 
the adhesive and interphases helps to understand the adhesive's performance. Bonded assemblies 
are usually weaker in tension perpendicular to the bondline than in shear or compression because it 
is easier to pull the chains apart. To understand the performance of bonded products, the structures 
of the wood adhesive polymers and the mechanical properties of polymers need to be appreciated. 
Greater strength in the bulk of the adhesive does not necessarily result in more strongly bonded 
assemblies because the weakest portion may still be in the interphase regions. Another factor is the 
need to know the forces that the bondline must withstand under normal use conditions. The effect 
of external forces on the bondline can be analyzed through a variety of standard tests; however, the 
internal forces are not as clearly determined. There are commonly accepted durability tests, but the 
forces that are exerted on the bondline during these tests are not well understood. The relationship 
of mechanical properties that are usually observed on the millimeter scale to the chemical structure 
that is formed under the nanoscale has to be examined. 

9.6.1  BEHAVIOR UNDER FORCE 

The evaluation of the integrity of a bonded object rests upon understanding the viscoelastic dissipa-
tion of energy for each of the components (bulk adherend, bulk adhesive, and adhesive—adherend 
interphase). A basic test is a stress—strain curve, which shows the response of a material to an 
applied force, usually in tension. Although the behavior of material can be measured in tension, 
compression, or shear, tension is usually measured because it is the most likely mode of failure. 

Stress—strain data are presented for a variety of material types in Figure 9.12. A very stiff mate-
rial, such as a nonductile metal or glass, does not elongate (% strain) much before the material 
breaks; thus, the applied force accumulates as stress until it exceeds the strength of the material, as 
indicated by curve A. The stiffness or modulus of A is defined as the stress divided by strain at low 
percent strain usually over the linear region. Plastics are represented by curve B or C in that at some 
point the elastic limit (when deformation is no longer reversible) is exceeded at the yield point. The 

— A-brittle 

— B-ductile 

— C-ductile 

D-flexible 

Strain (elongation) 

FIGURE 9.12 General stress-strain data for polymers. The rigid polymers resist applied force and build the
stress showing a high modulus (stress/strain) until the material breaks. A ductile material will resist initially 
but then start to flow at the yield point, with higher molecular polymers showing strain-induced crystalliza- 
tion. The flexible polymer will offer little resistance to the applied force, giving a high elongation. 
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modulus of B is the linear portion prior to the yield point. The applied force is elastically stored in 
the plastic prior to the yield point, but stretches inelastically after the yield point. For a lower molec-
ular weight plastic B, at some point on this plateau the applied force exceeds what that plastic can 
take and the sample breaks. However, a higher molecular weight plastic C will often have a strain-
induced crystallization that causes the curve to bend upward again. The last example D represents 
a rubber that does not store much energy as stress, but the force causes the material to elongate. The 
modulus in this case is much lower and hard to measure since the initial linear section is short. In 
addition to the stress, strain, and modulus obtained from these tensile tests, another important piece 
of information is the area under the curve, which is related to toughness of the material. 

For wood-bonding applications, a polymer of type D is not acceptable since there is not enough 
rigidity in the adhesive. However, type D is excellent for caulking and sealant applications since 
these materials need to be flexible given the expansion and contraction of buildings. Curves B and 
C have large areas under the stress–strain curve giving these materials good toughness, especially 
for impact resistance. Curve C represents plastic used in wood–plastic composites. Some wood 
adhesives represented by curve B are the poly(vinyl acetate) resins, emulsion polymerized isocya-
nates, polyurethanes, contact cement, and hot-melt adhesives. 

Curve A represents structural adhesives that have low creep, the lack of flow under force. This 
nonflow characteristic under normal conditions means that bonded products will retain their shape. 
Most wood adhesives fall into this class, including the widely used UF, PF, RF, and combinations 
such as melamine–urea–formaldehyde and phenol–resorcinol formaldehyde. The epoxy and fully 
cured polymeric diphenylmethane diisocyanate adhesives also are members of this class. 

The data in these graphs represent the materials at a specific temperature. As the temperature of 
a material increases it softens so that a class A polymer becomes like B. The transition of going 
from a glassy (hard and brittle) material to a more pliable one involves going through the glass tran-
sition temperature, Tg. However, there are limits on softening for curable adhesives because they can 
continue to cure and become more rigid at elevated temperatures and can begin to degrade at some 
point, thus changing their physical properties. 

Knowing the chemical structure of the adhesives allows the prediction of the general mechancial 
properties, but does not allow the calculation of the specific shape of the stress–strain curve. The 
curve D polymers are generally linear or branched organics that have low crystallinity. They also 
include a major nonorganic adhesive and sealant type, the silicone adhesives that are actually 
poly(dimethylsiloxanes) and their derivatives and copolymers. These materials will creep, that is, 
flow under an applied force, unless they are cross-linked. The cross-links prevent the polymer 
chains from continuing to flow past one another. As the number of cross-links increases, the mate-
rial becomes stiffer, usually resulting in a reduction in the ultimate elongation. 

For noncross-linked polymers, the properties are dependent not only upon the chemical struc-
ture, but also upon the conditions to which the material has been exposed. As would be expected, 
the lower the rotational energy around the bond in the backbone, the more flexible and impact resis-
tant the product is. Thus, Si—O–Si bonds provide the most flexibility and are curve D, with C–O–C 
next, and then C–C–C bonds being the least flexible. Replacement of a linear structure with a cyclic 
group increases the stiffness of the backbone, and having an aromatic ring provides even higher 
stiffness. Interchain interactions, such as hydrogen or ionic bonds between chains and the formation 
of crystalline regions to act as reversible cross-links, usually greatly alter the properties. These 
interactions reduce chain mobility, and thus increase the stiffness and glass transition temperature 
(Tg) of the polymer. As the stiffness of the backbone increases and the number of cross-links 
increase, the shape of the curve goes from D to B and eventually A. However, these interactions will 
be weakened by heat or water exposure, reducing the strength of the polymer. Additionally, the his-
tory of the polymer affects its properties. Plastics (curves B and C) generally have a fair degree of 
crystallinity; this association of the molecules causes a reduction in the mobility of the polymer 
chains compared to more amorphous polymers. The quantity and structure of the crystalline regions 
depend very much on how the material solidifies. Fast cooling creates fewer and smaller crystals, 
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resulting in a less stiff product than does slow cooling (annealing). At the interfaces, the type of 
adjoining surfaces influences the crystallization of the polymer. 

The chemical structure and amount of cross-linking play a major role in making an A-type poly-
mer. The backbones usually contain aromatic groups, sometimes cyclic groups, and generally few 
aliphatic groups, and the polymers tend to be highly cross-linked. Because many wood products are 
used for structural applications, it is necessary that under applied load most will not exhibit any 
significant elongation; thus, a high modulus is required. Unfortunately, the same factors that lead to 
a high modulus generally lead to brittleness in the polymer. 

Cross-linking of polymer chains is required to convert a thermoplastic resin to a thermoset resin. 
The tying of the chains together eliminates the plastic flow of the polymers, which is necessary to 
eliminate creep over time. Natural rubber was known about for a long time but had little commercial 
utility because it softened under heat. After much research, vulcanization processes were developed 
which allowed rubber to retain its deformability, but eliminated the flow. As would be expected at 
low cross-linking levels, rubber has large segmental mobility, resulting in a very flexible product. 
As the cross-linking and molecular weight increases, the segments have less mobility, making the 
product more rigid. Unfortunately at high cross-linking levels, not only does the product become 
more rigid, it also becomes more brittle. 

Figure 9.13 shows some idealized stress—strain curves that demonstrate the effect of increasing 
polymerization and cross-linking on the properties of different adhesives, and the effect of condi-
tions on the adhesive. For thermoplastics, increasing the molecular weight mainly increases the 
elongation at break. This means as the adhesive cures, it is able to withstand greater force. The 
conversion from a thermoplastic to a thermoset will increase the stiffness at some expense of ductil-
ity. For both thermoplastics and thermosets, an increase in temperature or moisture will soften the 
material. However, for thermoplastics this leads to much lower strength, while for thermoset the 
effect upon failure properties is much less. One consequence of this softening in composite production, 

FIGURE 9.13 Effect of polymer changes on physical properties. For a thermoplastic, increasing the molecular 
weight leads to increases in both the stiffness and the ductility, while the thermoset loses ductility as it becomes 
stiffer with higher cross-linking. When the polymers are plasticized or the temperature is raised, both the 
thermoplastic and thermoset lose stiffness. 
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both the heat and moisture factors are working against the adhesive as it is trying to hold the mate-
rial together to resist either a blowout (void in panels caused by steam bubbles) or excessive spring-
back (tendency of compressed or bent materials to return to their original state). 

Some classes of adhesives are more amenable to changing their properties by altering their for-
mulations than are others. Polyurethanes and polyamide adhesives can go from very flexible to quite 
rigid depending on the formulation. PF and polymeric methanediphenyl diisocyanate adhesives do 
not have similar formulation flexibility. For some resins, incorporating flexible segments, which are 
softer than the main backbone and improve the impact resistance and reduce the brittleness of the 
polymer, can improve the polymer's properties. 

However, the adhesive formulator does have a number of tools for varying the stress—strain 
behavior of these products. It should be noted that many of these additives are added for other pur-
poses, such as lower cost, reduction of over-penetration, increase of resin tack, and improvement of 
wet out, but our concern here is how they affect the stress—strain behavior. The additives are divided 
into the classes of fillers, extenders, plasticizers, and tackifiers, see Section 9.7.13. 

Fillers are common additives because they lower the cost, and thus are used at as high a level as 
possible to make the adhesive more economical. Fillers increase the stiffness of the adhesive, but 
usually also reduce its elongation and increase its viscosity. At low levels extenders have a small 
impact on an adhesive's properties, but at high levels they cause decreased elongation and higher 
viscosity. On the other hand, plasticizers soften an adhesive, resulting in a decreased modulus and 
Tg, and an increased elongation. For most wood adhesives the desire is to have a rigid bond; thus, 
plasticizers are not generally used. Tackifiers are often confused with plasticizers, but provide very 
different responses in raising the glass-transition temperature while decreasing the modulus. 
Increase in tack is often desirable with wood adhesives. 

9.6.2 EFFECT OF VARIABLES ON THE STRESS—STRAIN BEHAVIOR OF BONDED ASSEMBLIES 

The discussion, so far, has been on the stress—strain behavior of adhesives under one condition and 
in tension. It is important to understand what happens to the strength properties under other condi-
tions. For wood adhesives, the two most important variation in conditions are changes in tempera-
ture and moisture. Additionally, it is important to consider more than just the cohesive strength of 
the bulk adhesive and bulk wood. Although the properties of the bonded assembly are a continuum, 
Marra's weakest link concept is useful in understanding failure (Marra 1980, 1992). Thus, it is 
important to understand the properties of the interphase, as well as the bulk adhesive and the wood. 
Applied forces are not going to be result in a uniform force throughout the bonded assembly for 
several reasons (Dillard 2002). 

The differences in mechanical properties of the wood, adhesive, and interphase regions imply 
that stress concentrations are likely to occur in the zone of greatest change, that is, the interphase 
zone. Additionally, the interphase has the greatest internal stress caused by volume reduction in the 
adhesive upon setting. With environmental exposure, the interphase has to accommodate the large 
dimensional changes between the wood and the adhesive. If the applied stresses can be dispersed 
over the entire volume of the material, then localized stresses are reduced and higher total bond 
strengths obtained. The ability of the applied forces to be dissipated in certain domains without 
catastrophic failure can lead to higher bond strengths (the shock absorber approach). On the other 
hand, high internal stresses can add to the applied force and cause unexpected failure. The stresses 
can be concentrated such as at a flaw causing early failure (Liechti 2002). 

For a bonded assembly, the overall properties are hard to predict because less is known about the 
properties of the interphase regions compared to the bulk properties of adhesives and adherends. 
The bulk mechanical properties of many wood species have been well studied (Kretschmann 2010). 
The bulk properties of many adhesives have also been investigated, but many of the wood adhesives 
form brittle, inhomogenous films that do not yield good mechanical property measurements. 
However, the interphase properties change from those of the bulk adhesive to those of the bulk 
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wood. This change of properties can be gradual or sharp, and it is expected that a more gradual 
change should be better, as the stress concentration would be smaller. Large internal forces can be 
generated when the adhesive and the adherend have different responses to environmental changes, 
such as moisture and heat. The difference in expansion coefficient between metals and adhesives 
has been well studied as a cause of adhesive failure due to high internal stress. A major issue with 
wood is the difference in expansion coefficients with moisture changes between adhesives and 
wood, mainly in the radial and tangential directions. How these expansion differences are handled 
in the bonded assembly may be very important to its durability. The internal forces can be as signifi-
cant as the applied forces for bond strength. 

The strength properties of most polymers are sensitive to temperature changes (see Figure 9.13). 
The increased vibration and therefore mobility of polymers at higher temperatures cause the poly-
mer to be less resistant to applied forces. However, the effect can be greatly influenced by the struc-
ture of the polymer. Thermoplastic polymers soften at the glass transition temperature (Tg) and 
eventually flow at the melt transition temperature (T.). Polymers with more cyclic and aromatic 
character have a lower Tr  Crystalline segments will limit the effect of temperature until the T. of 
the crystallites is reached. The addition of cross-links, even noncovalent cross-links, such as hydro-
gen bonds, can improve the resistance to softening at elevated temperatures. Covalent cross-links 
that exist in many wood adhesives give improved resistance to temperature changes in the bulk 
adhesive. However, there can be significant differences in the thermal expansion coefficients of the 
wood and the adhesive causing interphase stresses (Pizzo et al. 2002). 

An even greater issue is the effect of moisture changes on bonded assemblies, especially in the 
interphase region. Some adhesives, like poly(vinyl acetate), lose much of their strength at high 
moisture levels, as a result of polymer plasticization. UF adhesives are known to depolymerize 
under high moisture environments, as shown by increased release of formaldehyde (Dunky 2003). 
On the other hand, wood adhesives, like PF and RF, do not change drastically in their adhesion to 
wood at higher moisture levels. Wood is known to weaken at higher moisture levels, and to change 
dimensionally in the radial and tangential directions. When an adhesive does not change dimen-
sionally as the wood swells and shrinks, then stress concentration will occur in the interphase 
region. 

The setting process can generate additional internal forces due to shrinkage of the adhesive. 
The loss of solvent/water and the polymerization process reduce the volume of the adhesive, while 
the surface area of the wood stays constant or even increases due to the absorption of water from the 
adhesive. This difference can cause significant forces that may exceed the strength of the adhesive. 
Weakness in the bulk of the adhesive UF has been shown to cause cracks in the adhesive (River 
et al. 1994c); adding flexible groups to an UF formulation reduces this deficiency (Ebewele et al. 
1991), especially if those groups are of low to medium molecular weight (Ebewele et al. 1993). In 
other cases, the forces alone are not sufficient to cause fracture, but may be sufficient to cause frac-
ture when combined with small applied external loads or swelling of the wood as a result of a higher 
combination of internal and external forces. 

9.6.3 BOND STRENGTH 

Adhesives are used to hold two materials together; thus, the viscoelastic dissipation of internal and 
external forces is the most important aspect of adhesive performance. The forces that a bond assem-
bly has to withstand depend very much on the type of product and the use of that product. The 
effects of internal forces are often not considered, but such forces can be very high in wood. The 
most rigorous test for laminated wood is the ASTM D 2559 cyclic delamination test (ASTM 
International 2011b). Many adhesives that have strong wood bonds under dry conditions show sig-
nificant delamination and do not pass this test; however, the extent of the delamination can be 
reduced by using a hydroxymethylated resorcinol primer (Vick et al. 1998) (Figure 9.14). An inter-
esting aspect of D 2559 is that no external force is applied; swelling and shrinking forces alone 
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FIGURE 9.14 ASTM D 2559 causes bond failure, as shown by delamination from the shrinking and swell-
ing of the wood. The test is severe enough to cause cracking in the wood, but an acceptable adhesive gives 
minimal bondline failure. The same adhesive was used in both specimens, but the wood on the left that was 
first primed with hydroxymethylated resorcinol (HMR) resisted the delamination much better than the 
untreated wood on the right (Okkonen and Vick 1998) (see Section 9.7.3.2). 

cause the bond failures. This test involves cycles of vacuum water soaks, followed by oven drying, 
with a water boil in the second cycle. The fact that dimensional changes, along with some warping 
of wood, are sufficient to cause substantial bondline failure shows the power of these internal forces. 
The problem with internal forces is that they are very hard to quantify. However, a test like the D 
2559 may exaggerate these forces since the rapid drying provides sufficient force to cause extensive 
fracture of the wood, while under normal use conditions the moisture change in the wood is more 
gradual, allowing stress relaxation of the wood. 

The forces on bondlines are divided into three modes: I, II, and III (Figure 9.15) (Liechti 2002). 
The normal force of mode I is perpendicular to the bond and is the direction in which adhesives are 
the weakest. On the other hand, the shearing force of mode II is the direction in which the adhesive 
is the strongest. The torsional forces of mode III are an intermediate test of adhesive strength. All 
three types of forces are common in bonded wood products. Mode I forces exist in strandboard as 
it resists springback from its compressed state, internal force of swelling under higher moisture, or 
applied force in the internal bond test. The mode II force is common in laminated veneer lumber 
under normal external loading or during swelling under high moisture conditions. Mode III forces 
exist in plywood as a result of the cross-ply construction. 

The performance tests are generally covered by the ASTM and other standards (Frihart and 
Hunt 2010, River et al. 1991). Normally, the tests tend to be hard to pass to allow safety factors in 
construction. The general rule with most wood products is to have as much good bonding surface 
and to have as much of the force in the shear mode as possible. Knowledge of wood bond strength 
has generally been gained using laminated wood and plywood specimens. Distributing the adhe-
sives as droplets on irregular surfaces of strands or fibers has been more difficult to understand the 
bonding for strandboard and fiberboard. The issue involves relating the data obtained for laminates 
and plywood that are normally tested in shear to the internal bond test data for particleboard, strand-
board, and fiberboard, that involves mode I forces. Summaries of much of the work on performance 
testing have already been published (River et al. 1991, River 1994a). 

If the bonded assembly is considered as a series of links in a chain (Marra 1992), the chain will 
hold unless the force exceeds the strength of one of the links Thus, the process for making improved 
adhesives involves understanding what the weak link is, and why it failed. The internal forces influ-
ence the strength of the links and thus, they can vary with conditions. For example, if an adhesive, 
such as uncross-linked poly(vinyl acetate), softens with heat or increased moisture content, then it 
is likely to become the weak link under hot or wet conditions. Many adhesives give strong bonds to 
wood under dry conditions so that the wood is the weak link. However, under wet conditions the 
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FIGURE 9.15 force. Mode I is a The force on the bondlines is often a combination of the three 
tensile force in the normal mode and is usually the one in which the adhesive is the weakest. Mode II is the 
common shear force and is usually the mode in which the adhesive is the strongest. Mode III is the less com-
mon torsional force. 

weak link may be in the interphase because of a greater strength loss in this link than in the bulk 
wood or adhesive. Epoxies exhibit a high percent wood failure when dry, but low wood failure when 
wet (Frihart and Hunt 2010); thus the conditions cause the weak link to change. Failure analysis has 
indicated that the weak link for epoxies is the interphase region (Frihart 2003), leading to the need 
to strengthen the epoxy or reduce the stress concentration in the interphase. Using the chain analogy 
can also aid in understanding why adhesives do not bond as well to dense wood species. If the 
strength of the bulk adhesive and the adhesive—wood interphase links are enough to hold 2000 psi 
and the wood strength is only 1000 psi, then the wood breaks first. If the wood strength is 3000 psi, 
then the fracture is in the adhesive not in the wood even though the adhesive strength has not 
changes. This is not to imply that more dense woods may not be harder to bond in some cases, but 
the data needs to be evaluated by considering the strength of the wood relative to that of the adhe-
sive. An important aspect of this discussion is that the tests of the bonded assemblies are measuring 
the strength of the bondline and not the adhesive. 

To make an improved adhesives and bonded assemblies, it is important to understand where 
failure occurs. Failures within the bulk wood and bulk adhesive are generally easy to see using the 
naked eye or microscopy. Failure analysis in the interphase is more complicated, especially for 
wood. In Figure 9.16, the different types of interfacial failure are illustrated. Understanding failure 
mechanism is important because it leads to better routes for improving the adhesive to solve the 
problem. One study showed that PF gave fracture in the S2 layer while an epoxy gave failure in the 
S3 under peel, suggesting that the PF gave deeper penetration of the cell walls (Saiki 1984). 

At this time, there is insufficient knowledge to predict how well a new adhesive will hold wood 
pieces together without testing thex1onding with the same 

1

pe of wood and a similar bonding 
process that will be used commercially and then carrying out the performance tests. The current 



Wood Adhesion and Adhesives 285 

FIGURE 9.failure lure in the interphase region of wood bonds is complicated. Besides the true interfacial 
failure that leads to adhesive on one surface and wood on the other, there are a number of other failure zones. 
The adhesive near the wood may not cure as well, leading to failure in the adhesive near the surface. The adhe-
sive may bond strongly to the wood, but the wood itself may split between layers or within a cell wall layer. 

limitations involve in understanding what is necessary about the adhesive—wood interactions to 
give strong durable bonds. This has been hard to examine because of the complex chemistry and 
morphology of wood. However, improved analysis will help to shed light on this issue. 

9.6.4 DURABILITY TESTING 

ASTM defines durability "as related to adhesive joints, the endurance of joint strength relative to the 
required service conditions" (ASTM International 2011a). Because wood products are used for 
many years, accelerated tests are used to estimate the long-term performance. A few studies have 
used field-testing to understand the performance of adhesives under some environmental conditions 
(River 1994b, Okkonen and River 1996). In addition, for many adhesives, there is in-use experience 
over many years. Several accelerated tests have been developed that give similar results on durabil-
ity with the same type of adhesives (River et al. 1991). The key factor that has often been overlooked 
is that the failure mode must be the same for both long-term use and accelerated test results; thus, it 
is of paramount importance to extensively validate the accelerated aging tests. If the failure modes 
are different between normal use failure and an accelerated aging test, then the accelerated test is 
not likely to always be a reliable predictor of long-term performance. 

The most common problem with wood durability is the adhesive's inability to withstand the 
swelling and shrinking of wood with moisture changes. Most wood products are subjected to tem-
perature and humidity changes, but those in uncontrolled environments are subjected to greater 
changes. The swelling of wood can subject the bond to mode I, II, or III types of forces depending 
on the joint design. Swelling has normally been considered on the basis of the macroscopic changes; 
however, it should be considered also on the basis of the cellular (micrometer) scale. The available 
data indicate that the swelling of cells usually involves thickening of the cell walls outwards rather 
than shrinking of the lumen diameter (Skaar 1984). Thus, large forces are exerted on the adhesive 
at the cell wall edges (Frihart et al. 2004). One study indicates that a phenol—resorcinol—formalde-
hyde adhesive yields more under wet conditions, but the changes were not as large as the dimen-
sional changes of wood during the wetting process (Muszynski et al. 2002). A key question is 
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whether durable adhesives stabilize the cell walls so that there is less swelling and shrinking with 
moisture changes, or whether they are better able to distribute the interfacial strain between the 
wood and adhesive? Understanding these points is a key to designing more durable adhesives. 
Another factor that has to be considered is that accelerated tests involve rapid wetting and drying 
of the wood. These changes can be so fast that the wood structure does not have a chance to stress 
relax during the tests; thus, artificially high stresses may be created that would not be observed in 
normal use. 

Wood adhesives have to pass other durability tests, but, for the most part, these have not been as 
difficult. Certainly, adhesives used in structural and semi-structural applications have to resist creep 
under load. Given the rigid nature of the polymer backbone and the cross-linking, this has not been 
a significant issue. Wood adhesives also have to resist decay, and therefore, they may be formulated 
using additives so that fungi do not grow on the surface (ASTM International 2011c). 

9.7 ADHESIVES 
The properties of an adhesive need to not only match the needs of the bonded assembly in its end 
use, but also needs to be compatible with the wood properties and the bonding process conditions. 
For wood bonding, adhesives are rigid enough to transfer load between adherends and can be 
divided into structural, semi-structural, and nonstructural types—see Section 9.3 (River et al. 1991). 
Although rigidity is often good, adhesives can be too rigid that leads to too much brittleness for 
some applications. 

Wood adhesives can be grouped not only by their structural, semi-structural, and nonstructural 
use, but also by their permanence and durability. Permanent is more stable than wood under irre-
versible environmental conditions, while nonpermanent is less stable than wood under irreversible 
environmental conditions (River et al. 1991). Durable is stronger, more rigid than wood, and more 
stable under reversible environmental effects, while nondurable is weaker, less rigid than wood, and 
less stable under reversible environmental effects. 

Adhesives need to be compatible with the bonding conditions used commercially. For example, 
heat-cured adhesives are compatible with the manufacture of panel products for the following 
reasons: 

• They cure slowly at room temperature, allowing time for the wood components to be coated 
with the adhesive and brought together for assembly. 

• The heat and moisture let the wood soften, allowing the adjoining wood surfaces to be 
brought into close contact. 

• Upon heating, the adhesive cures quickly, reducing springback when the pressure is 
released. 

 However, a room temperature cure is better for thick laminates because heating the deep layer 
is more difficult. For manufacturing bonded products, low-cost and rapid setting of the adhesive are  
important factors, but for construction adhesives, a longer set time, room temperature curing, and 
easy dispensing from cartridges are important. In many nonwood applications, water-borne adhe-
sives are not used because of poor surface wetting and the inability of the water to move away from 
the bondline. Neither of these issues is as critical for wood adhesives. However, the penetration of 
adhesives into wood without over-penetration is important for wood bonding, but not a factor in the  
bonding of most other materials. 

To understand the application, setting, and performance of adhesives, some general polymer 
chemistry and polymer properties are covered below. The specific adhesive discussions refer back 
to this general discussion. The properties of polymers are controlled by the structure of the back-
bone and the number of cross-links, if any. In a few cases, such as polyurethanes, domain separation 
is also an important factor. 
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9.7.1  POLYMER FORMATION 

Knowledge about the structure of polymers leads to a better understanding of their properties; the 
properties of polymers are important both in the bonding process and in the ultimate end use per-
formance of the bonded material. Aspects of polymers that need to be considered include use, class, 
type, and size. 

Different applications require materials of different mechanical properties, with these being 
greatly influenced by the chemical structure of the polymer. It must be remembered that as dis-
cussed in Section 9.6.1, the properties of polymers are greatly influenced by the conditions under 
which they are measured. For example, most adhesives will tend to soften and therefore are less able 
to carry a load as the temperature increases. When many adhesives absorb small molecules, includ-
ing water or other solvents, they will soften and, in some cases, will develop cracks that will expand 
and ultimately cause failure. In addition, the properties of many polymers change as they age. If a 
polymer is susceptible to oxidation, over time this can either make the material stiffer or depolymer-
ize the adhesive, making it weaker. Chemicals, such as ozone, acids, and bases can also alter the 
performance of many adhesives. 

Polymer classes are determined by how the polymer is constructed. Some polymers are homopoly-
mers, such as polyethylene used in wood-plastic composites. This means that the polymer (AAA ...) 
is made up of the same individual monomer units (A). Another common type are those polymers made 
up of two or more components, such as A and B. One way of putting the components together is a 
random process where two or more monomer units form the copolymer (AAABAABBAB ...), but 
there is no specific order to the adjacency of the components. An example of this class is the styrene—
butadiene rubber that is used in many sealants and mastics. Another way of putting the components 
together is an alternating copolymer (ABABABAB). Two components can also be combined by mak-
ing block co-polymers where there are long stretches of monomer A that are then attached to sections 
of monomer B. Often the A and B components are not compatible when polymerized, so materials 
tend to separate into individual domains, with examples being polyurethanes and styrenated block 
copolymers. While the random and alternating copolymers exhibit the average properties of the homo-
polymers, the block copolymers often exhibit properties not obtainable with either of the homopoly-
mers. A fourth way of reacting two monomers is a grafting process, in which monomer B is attached 
along the sides of a polymer A backbone. An example is the reaction of grafting of acrylate polymers 
onto a polyolefin backbone. 

Polymer types can be used to group adhesives with different topology independent of their class. 
For example, the same polymer type can be either a homopolymer or copolymer. One type is a lin-
ear polymer where all the monomer units link with one another like a string of beads. Polyethylene 
and polypropylene are for the most part linear polymers. A second type has branches of the linear 
chain; the properties of the polymer change dramatically as the type and degree of branching 
changes. In going from the linear high-density polyethylene to the slightly branched low-density 
polyethylene and onto the much more branched very low-density polyethylene, there are changes in 
melting point, flexibility, and strength. Another type of polymer backbone involves whether the 
structures are linear aliphatics, such as the case with polyethylene, or whether they are cyclic struc-
tures, such as cyclohexane or aromatic rings. The cyclical nature of the monomers makes the poly-
mers much stiffer because they have less ability to rotate around the backbone bonds. Aromatic 
rings make the adhesives even more rigid due to less rotation in the backbone. Many wood adhe-
sives tend to be made from aromatic compounds, including phenol, resorcinol, and melamine, to 
produce much more rigid polymers with high glass transition temperatures. 

Another type of morphology involves whether the polymer chains are cross-linked (thermoset) 
or not cross-linked (thermoplastic). Some wood adhesives are thermoplastic, including uncross-
linked poly(vinyl acetate) and hot melts. The problem with thermoplastics is that at elevated tem-
peratures or moisture levels, they will flow, leading to creep (flow under load over time) problems. 
For structural and semi-structural applications creep is very undesirable. Thus the great majority of 
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wood adhesives are thermoset. The term thermoset is used to indicate cross-linked polymers even 
though the setting process may not be caused by heat. Hot press adhesives are certainly thermoset 
because they need heat activation to develop the cross-link. On the other hand, moisture-cured 
adhesives, such as some polyurethanes and silicones, are cross-linked not by the heat process but by 
the presence of moisture, but are also considered thermosets. 

Another factor in the properties of polymers is their size or molecular weight. This is an area that 
illustrates the two competing natures that an adhesive needs to exhibit. For bond formation, the 
adhesive needs to flow and penetrate into lumens well and sometimes cell walls, favoring low 
molecular weights. However, once the bond is formed, it is desirable that the product has great resis-
tance to flow, which favors higher molecular weight. A higher molecular weight adhesive will tend 
to set faster because fewer reactions are needed to form the cured product. On the other hand, the 
higher molecular weight polymer can lead to solubility and stability problems for the uncured adhe-
sive. Thus, in designing polymers to be used as adhesives, a balance is needed between low molecu-
lar weight for a good wetting of the wood and higher molecular weight for more rapid set and to 
resist flow once the bond is formed. 

Aside from these obvious differences in formulations, changes in the curing conditions can have 
an effect on the properties of the resin. It is well known for epoxies that additional heating causes 
additional cross-linking reactions. An epoxy cured at room temperature becomes a rigid gel so that 
the remaining unreacted groups are not physically able to find each other. As the epoxy is heated, 
the mobility of the polymers increases, allowing additional groups to come into physical contact to 
add more cross-links in the matrix, making the product more rigid and usually more brittle. This 
effect has also been observed with phenolic resins, in that cure times influenced both the degree of 
cure and the mechanical properties (Wolfrum and Ehrenstein 1999). This is important in consider-
ing the production of composites. For particleboard, strandboard, and fiberboard, the adhesive near 
the surface is at a higher temperature for longer times and at a lower moisture content compared to 
the adhesive toward the center of the board. The gradient in the heat and moisture causes less 
polymerization and cross-linking to occur in the center of the composite. The primary curing prob-
lem can be reduced by using a faster reacting resin or a higher molecular weight resin in the core 
than in the face. However, the gradient in the reaction rates can influence the properties of the board 
and makes studies on the curing process exceptionally difficult. 

9.7.2 SELF-ADHESION 

Under certain conditions wood can self-adhere, but generally adhesives are needed to give sufficient 
product strength. The forces working against good self-adhesion are the roughness of the surface 
and the lack of mobility of the wood components that inhibit wetting and interdiffusion. For good 
adhesion, the two surfaces have to be brought into contact at the molecular level. Obviously, this is 
difficult with the high surface roughness of a cellular material like wood. Contact becomes more 
likely if the surface cells are pressed together under high pressure and if the wood is more compli-
ant, such as when one goes from wood laminates to chips to particles and finally to fibers. One 
product made with little or no added adhesive is high-density fiberboard. The adhesion of the hard-
board is dependent upon hydrogen bonding and auto-cross-linking (Back 1987). Of the main wood 
components, the greatest likelihood for self-adhesion is with lignin and hemicellulose components. 
Both lignin and hemicellulose soften under high moisture and temperature conditions. Hemicellulose 
more readily forms hydrogen bonds to bond the adjoining fibers, while lignin more readily forms 
chemical bonds. The process works adequately for hardboard, but other wood products are not 
bonded under sufficient heat and pressure to obtain high intersurface bonding. 

Another process of self-adhesion is wood welding. Vibrational welding was first demonstrated to 
cause bond formation (Gfeller et al. 2003). This process uses the heat and cellular distortion gener-
ated by friction to bond the wood together. The products show good adhesion under dry conditions, 
but so far have not been able to provide good wet strength. An even more interesting case is rotational 
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welding. This involves driving a wood dowel into a hole in another piece of wood. With the proper 
conditions, a strong bond can be formed (Segovia and Pizzi 2009). 

Chemical modification of wood surfaces has been shown to give improved bond strengths. 
A base activation of wood was found to give significant improvement in the dry strength of wood 
bonds, but not the wet strength (Young et al. 1985). Iron salts with hydrogen peroxides will give 
more durable bonds with wood particles than with unactivated wood (Stofko 1974, Westermark and 
Karlsson 2003), and surface activation with peracetic acid has also been used in making particle-
board (Johns and Nguyen 1977). 

The use of enzyme modification of wood has been shown to increase the strength of bonded 
wood (Felby et al. 2002, Widsten et al. 2003). Although most studies have been at the laboratory 
stage, at least one investigated has been done at the pilot plant stage (Kharazipour et al. 1997). 

9.7.3  FORMALDEHYDE ADHESIVES 

The most common wood adhesives are based on reactions of formaldehyde with phenol, resorcinol, 
urea, melamine, or mixtures thereof. The reactions can sometimes involve three steps of reaction 
with a nucleophilic center of the co-monomer with formaldehyde to form a hydroxymethyl deriva-
tive, then condensation of two of these hydroxymethyl groups to form a bismethylene ether group 
with loss of a water molecule or the hydroxymethyl derivative can be directly attacked by a co-
monomer nucleophile to form the methylene-bridged product. The methylene bridge predominates 
and is preferred due its greater stability. The specific chemistry is very pH sensitive. The discussion 
of the chemical reactions in this section is quite general and does not involve the details because 
these have been well covered in other books (Pizzi and Mittal 2003). 

The rates of the individual reactions depend very much on the co-monomer nucleophile that is 
copolymerized with the electrophilic formaldehyde. All of these reactions are very pH dependent 
(see Figure 9.17), but the effect of pH varies depending on the co-monomer. For example, under 
acidic conditions, formaldehyde addition to phenol is a slower step than the condensation step to 
form the methylene bridged product, while the relative rates of these two reactions are reversed 
under basic conditions. Thus, control of the pH is very important in controlling the polymerization 
reactions; thus, the pH and buffering capacity of the wood may alter the curing in the interphase 
region. In addition to the pH, these reactions are also controlled by adjusting the temperature and 
adding catalysts or retarders. 

The formaldehyde adhesives are usually water-borne resins so that the curing process is not only 
polymerization, but also the loss of the water solvent. Because the polymerization process generates 
water, too much water remaining in the bondline retards the reaction. On the other hand, too little 
water prior to polymerization not only influences wetting but also can reduce the mobility of the 
resins and limit collisions needed for polymerization, in addition to limiting heat transfer. Control 
of both the open and closed assembly times are important for controlling both the penetration and 
water content of the bondline. 

Most wood bonding applications need an adhesive that does not creep over time, leading to the 
use of cross-linked or thermoset adhesives. High glass transition temperature polymers could also 
exhibit low creep, but they have been too expensive and hard to use for wood bonding. The formal-
dehyde copolymers produce thermoset polymers by cross-linking in the later stages of curing. These 
reactions occur by formaldehyde bridging the reactive sites on different chains. The co-monomers 
used with the formaldehyde all have three or more reactive sites, leading to plentiful opportunities 
to cross-link. Having many available reactive sites is important due to the limited mobility of the 
polymer backbones, which allows close proximity between only a few locations. It is highly unlikely 
that every site that is converted to a hydroxymethyl group can find another group in close proximity 
with which to react. Longer cure times at higher temperatures will tend to push the product to a 
higher degree of cure. Thus, the ultimate performance of the adhesives is going to depend on the 
processing conditions. 
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FIGURE 9.17 Reaction of formaldehyde with phenol, resorcinol, urea, and melamine. All of these com-
pounds will copolymerize with formaldehyde, generally in an alternating fashion. The first step is the reaction 
of a nucleophile with an electrophilic formaldehyde that can be promoted under acidic or basic conditions. 

Generally, the molar ratio of formaldehyde needs to be greater than that of the co-monomer to 
accommodate the need for extra formaldehyde to cross-link the chains, to compensate for formation 
of bismethylene ethers, and to allow for unpolymerized hydroxymethyl groups. Extra formaldehyde 
was therefore used to produce fast-setting adhesives with a high degree of curing. However, this 
caused the problem of significant formaldehyde emissions from the bonded products, mainly those 
made using urea as the co-monomer. The formulations needed to be adjusted to reduce the formal-
dehyde levels, but still give good final cures and fast set rates. This has been accomplished through 
a good understanding of the adhesive chemistry, but then there has been some sacrifice in operabil-
ity of the bonding process and performance of the bonded assembly. 

Formaldehyde copolymer adhesives are used for the production of most laminates, finger joints, 
and composite products, although the isocyanates are taking over some of the market share as the 
result of a lower sensitivity to wood moisture content and process temperatures. These formalde-
hyde-containing adhesives provide good wood adhesion and rigid bonds that do not creep because 
the formaldehyde not only forms the polymeric chain, but also provides the cross-linking group. 
However, the properties vary depending on the co-monomer used with the formaldehyde. OF adhe-
sives are the least expensive of all wood adhesives, but they have poor durability under wet condi-
tions. PF adhesives offer a good balance of cost and water resistance. Higher cost melamine-containing 
adhesives are used because they also provide good water resistance, and are light in color compared 
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to the phenol resins. RF resins are useful because they cure at room temperature, but are expensive. 
The co-monomer or combination of co-monomer used with formaldehyde is selected depending on 
the costs, production conditions, and expected performance of the product. 

9.7.3.1  PF Adhesives 

PF polymers are the oldest class of synthetic polymers, having been developed at the beginning of 
the twentieth century (Detlefsen 2002). These resins are widely used in both laminations and com-
posites because of their outstanding durability, which derives from their good adhesion to wood, the 
high strength of the polymer, and the excellent stability of the adhesive. In most durability testing, 
PF adhesives exhibit high wood failure and resist delamination. There are a vast number of possible 
formulations, and selection of the wrong one can lead to poor bond strength. Among the factors that 
can lead to poor adhesion are incomplete polymerization due to too little time at temperature; a resin 
with too high a molecular weight, leading to poor wetting and penetration; not enough assembly 
time to allow good wood penetration; or too much assembly time or pressure leading to over pene-
tration of the adhesive and a starved bondline. In general, PF adhesives can meet the bonding needs 
for most wood applications if cost and heat curing times are not an issue. 

For all these adhesives, phenol is reacted with formaldehyde or a formaldehyde precursor under 
the proper conditions to produce an oligomer that can undergo further polymerization during the 
setting process. There are two basic types of oligomers, novolaks that have a formaldehyde/phenol 
(F/P) ratio of less than 1 and are generally made under acidic conditions, and resole resins made 
under basic conditions with F/P ratios of greater than 1. Although at first glance the acid and base 
processes may seem to be similar, the chemical reactions and the polymer structures are quite dif-
ferent. For most wood adhesive applications, the resole resins are used because they provide a solu-
ble adhesive that has good wood wetting properties and the cure is delayed until activated by heat 
allowing product assembly time. 

The formaldehyde addition reaction depends on an electron-donating hydroxyl group for activa-
tion of the aromatic ring, specifically at the positions ortho and para to the hydroxyl group; these 
positions are nucleophilic enough to attack the electrophilic formaldehyde. Although all three sites 
are activated, the reaction conditions control which sites are more reactive toward the initial and 
subsequent modifications. The availability of three positions for reaction leads to the ability to form 
a polymer chain that can be cross-linked to provide good strength and durability. The chemistry 
described here is general because more details have been published elsewhere (Detlefsen 2002, 
Pizzi 2003a, Robins 1986). 

Novolak resins are made using acidic conditions with typical formaldehyde to phenol ratios of 
0.5-0.8 at a pH of 1-4 (Detlefsen 2002). The chemistry involves, first, the addition of the acid-
activated formaldehyde to the phenol via a nucleophilic attack by the activated ortho or para posi-
tions of the phenol. This molecule can then lose a water molecule under acidic conditions due to 
stabilization with the phenol group. The methylene group is then reactive with another phenol group 
to form the methylene-bridged dimer. Continuation of this process leads to a low molecular-weight 
linear novolac oligomer. Under acid conditions, the linking step is faster than the addition step, 
which leads to polymers if the formaldehyde content is not limited. Commercial products are nor-
mally oligomers that are converted to polymers by adding more paraformaldehyde, which is usually 
called the hardener, just prior to application. Novolak oligomers are generally not used for wood 
bonding due to their low water solubility and very low pH. 

On the other hand, resole resins are generally made using alkali hydroxides with a formaldehyde 
to phenol ratio of 1.0-3.0 at a pH of 7-13 (Detlefsen 2002, Pizzi 2003a). The chemistry involves the 
reaction of the base-activated phenol attacking formaldehyde, as shown in Figure 9.18. In contrast 
to the reaction under acidic conditions, the addition of formaldehyde to phenol under basic condi-
tions is the rapid step, while the conversion of the hydroxymethyl derivatives to oligomers is the 
slow step. Thus, higher formaldehyde levels can be used without forming the final polymer until 
sufficient heating is applied. Some of the hydroxymethylphenols may dimerize to form a bismethylene 
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FIGURE 9.18 PF chemistry involves first formation of the hydroxymethyl group, followed by partial polym-
erization to the oligomer that makes up the adhesive. After applying adhesive to the substrate the polymeriza-
tion is completed to form a cross-linked polymer network. 

ether bridge and are then always converted to the methylene-bridged species. This process is used 
to generate oligomers with sufficient reactive groups to cure under the proper heating conditions 
without additional formaldehyde. The molecules in Figure 9.18 show the fully functionalized spe-
cies, but the molar ratio of formaldehyde to phenol is usually less than 3, leading to enough groups 
to form the polymer backbone and some cross-linking in the cured product. Drawings often depict 
only one position of reaction, but it should be remembered that all the ortho and para positions are 
reactive, with position selectivity due to the reaction conditions. After being applied to the wood, 
these resins are then converted to the final adhesive by using heat and water removal conditions. The 
structure in Figure 9.18 shows the limited mobility of the polymer chain due to only methylene 
bridges between the aromatic rings and the cross-linking process. There are some hydroxylmethyl 
groups that cannot find a reactive site. 

The PF adhesives could serve in almost all wood bonding applications, as long as the adhesive in 
the assembly can be heated; however, in many cases, high environmental resistance is not needed 
so a lower cost and more readily cured OF adhesive is used. Like most adhesives, the commercial 
products contain more than just the resin. The most common additive is urea to provide improved 
flow properties, to scavenge free formaldehyde, and to reduce cost. It is generally assumed that most 
of the urea does not become part of the polymer backbone due to its low polymerizability under 
basic conditions. For plywood, fillers and extenders are added to provide holdout on the surface and 
control rheology, including tack, for the specific application method. 

9.7.3.2 Resorcinol and Phenol—RF Adhesives 

RF resins have the advantage over PF resins of being curable at room temperature due the resorcinol 
to being 10 faster in reaction than phenol. Resorcinol is 1,3-dihydroxybenzene, and is very reactive 
because of the combined effect of the two hydroxyl groups on the aromatic ring in activating the 
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ortho and para positions toward reaction with formaldehyde for the addition reaction, and with 
hydroxymethylresorcinol in the condensation step (Pizzi 2003b). Because phenol and resorcinol 
have three reactive sites, they are able to cross-link to form a thermosetting adhesive. The chemistry 
of modification and polymerization is illustrated in Figure 9.19. The resorcinol copolymerizes well 
with formaldehyde at room temperature. Thus, it is important to have a formaldehyde—resorcinol 
ratio low enough to make a noncross-linked novolac polymer, but it also requires the addition of a 
formaldehyde hardener just prior to applying the adhesive to wood for completing the cure. 

Like the PF resins, these adhesives form very durable bonds. They are resistant to both bond 
failure and to degradation. The main drawback to resorcinol adhesives has been the cost of the 
resorcinol. To lower the cost, but to maintain the room temperature curing properties, phenol-
resorcinol—formaldehyde (PRF) adhesives were developed. PRF adhesives are widely used in wood 
lamination and finger jointing. PRFs are covered in this section because they behave more like RFs 
than PFs in their cure. 

Three different PRF polymers can be prepared, but all depend on the ability of the resorcinol to 
react at room temperature. 

• A PF resole is reacted with resorcinol at the hydroxymethyl sites to form a resorcinol-ter-
minated adhesive that is then mixed with a formaldehyde hardener just prior to bonding 
(most common). 

• A PF resole is mixed with a resorcinol—formaldehyde hardener just prior to bonding. 
• A PF resole is reacted with resorcinol at the hydroxymethyl sites to form a resorcinol-ter-

minated adhesive that is mixed with a PF resole just prior to bonding. 

The three methods give different polymer structures, and each has its own advantages and 
disadvantages depending on the specific application. The PRFs generally have a lengthy assembly 
time because of the room temperature cure. If the cure were rapid at room temperature, then there 
would not be enough time to mix the components, spread them on the wood, and press the wood 
pieces together prior to adhesive curing. The slow cure results in a longer clamping time before 
the adhesive has sufficient strength to allow handling of the wood pieces. Thus, a room tempera-
ture cure is desirable, to avoid heating large laminated pieces, but suffers from the long clamping 
times. 

An interesting use of a RF resin is for making a low solids primer, called hydroxymethylated 
resorcinol (HMR). This primer has been found to be very useful in improving the delamination 
resistance of PRF adhesive to CCA treated wood (Vick 1995), epoxy bonds to Douglas-fir (Vick 
et al. 1998), polyurethane and epoxy to yellow birch and Douglas-fir (Vick and Okkonen 1998, 
Vick 1997), yellow cedar with PRF adhesive (Okkonen and Vick 1998), and epoxy to Sitka spruce 
(Vick et al. 1996). The original primer had to be manufactured shortly before use and had a short 
use time, but an improved process has solved these issues (Christiansen and Okkonen 2003). 

Another type of PRF is the honeymoon adhesive, developed for finger jointing and laminating; 
this process circumvents the long clamping times associated with room temperature cures. In this 
application, the adhesive is placed on one wood surface and the activator or copolymer material is 
placed on the other, with the mating of these two pieces leading to the faster cures (Pizzi 2003b). 
One system for fast curing used an amine cure-promoter on one wood piece and a formaldehyde-
based adhesive on the other, and showed that this produced rapid curing with good bonds even to 
green wood (Parker et al. 1997). The use of hydrolyzed soybean flour and a PRF adhesive as the two 
components has been shown to produce very good finger joints even with green wood (Kreibich 
et al. 1998). 

9.7.3.3 UF and Mixed Urea Formaldehyde Adhesives 

UF adhesives have several strong positive aspects: very low cost, nonflammable, very rapid cure 
rate, and a light color. On the negative side, the bonds are not water resistant and formaldehyde 
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continues to evolve from the adhesive. UF adhesives are the largest class of amino resins, and are 
the predominate adhesives for fiberboard, particleboard some interior plywood. 

The chemistry of the UF adhesives involves several steps, with the first being the addition of the 
formaldehyde to the urea under neutral or basic conditions (Pizzi 2003e, Updegaff 1990). Although 
there are only two nitrogen atoms on which the formaldehyde can add, the literature shows that the 
N,N,N'-tris(hydroxymethyl)urea, along with the bis- and mono-hydroxymethyl ureas are the pri-
mary products. These hydroxymethyl compounds then react under slightly acidic conditions and 
heat to generate oligomers, in which the urea molecules are linked by bismethylene ether or methy-
lene bridges, see Figure 9.20. After reaching the desired molecular weight for the specific applica-
tion, the polymerization is slowed by raising the pH and cooling. An additional charge of urea is 
added to reduce formaldehyde emissions from the resin. The UF resins are mixed with a latent acid 
catalyst that produces an acid catalyst during the heat cure. Latent catalysts can be salts, such as 

FIGURE 9.20 UF polymerization goes through an addition reaction and then condensation to give an oligomer 
that is applied to the wood. After application, the polymerization is completed to give a cross-linked network. 
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ammonium sulfate or chloride, which generate ammonia and sulfuric or hydrochloric acid, respec-
tively. These acids and heat cause the UF to cure rapidly, giving the UF adhesive its desirable rapid 
setting properties. The rapid strength development leads to shorter press times than with other adhe-
sives. The chemistry and formulation are much more complicated than there is space here to describe 
and understanding the chemistry has led to efficient products that are used commercially (Pizzi 
2003e, Updegaff 1990). 

Concern about formaldehyde emissions during production and indoor applications has led to 
lower formaldehyde/urea ratios, addition of melamine to the formulations, and use of scavengers 
in current products. However, this has not come about without some sacrifice in ultimate strength 
and robustness of commercial production, but was needed to meet current environmental stan-
dards. The specific UF formulation and bonding conditions are adjusted to meet acceptable form-
aldehyde emissions for the end product. The classes of products are more rigidly defined in Europe 
and the United States (Dunky 2003). The formaldehyde emissions are high initially, and decrease 
with time, but do not go to zero even over a long time. For further discussions and current status, 
see Section 9.8. 

A major drawback of UF adhesives is their poor water resistance; in that they have high bondline 
failure under accelerated aging tests, restricting them to indoor applications. Another area of con-
cern is the long-term hydrolytic stability of these adhesive polymers, which generally show the least 
durability of any formaldehyde—copolymer adhesive. UF resins are believed to depolymerize result-
ing in continuing emission of formaldehyde. The use of some modified ureas can reduce the poor 
resistance to the mechanical effects of accelerated aging (Ebewele et al. 1993). The poor water 
resistance of UF adhesives has led to the development of melamine—urea—formaldehyde (MUF) 
adhesives that are covered in the next section. 

9.7.3.4 MF Adhesives 
Unlike UF adhesives, MF adhesives have acceptable water resistance, but they are much lighter in 
color than the others. MF resins are most commonly used for exterior and semi-exterior plywood 
and particleboard, and for finger joints. Another significant use is for impregnating paper sheets 
used as the backing in making plastic laminates. The limitation of the MF adhesives is their high 
cost due to the cost of the melamine. This has led to the use of MUF resins that have much of the 
water resistance of MF resins, but at substantially lower cost. The MUF adhesives, depending on the 
melamine-to-urea ratio, can be considered as a less expensive MF that has lower durability or as a 
more expensive UF that has better water resistance (Dunky 2003). The MUF adhesives can replace 
other adhesives that are used for some exterior applications. 

Like most formaldehyde curing, the first step in MF curing is the addition of the formaldehyde 
to the melamine, see Figure 9.21 (Pizzi 2003f). Because the melamine is a good nucleophile, the 
addition reaction with the electrophilic formaldehyde occurs under most pH conditions, although 
the rate is slower at neutral pH. The melamine can react with up to six formaldehyde groups to form 
up to two methylol groups on each exocyclic amine group, but the formaldehyde is usually limited. 
These hydroxymethyl compounds then react by condensation to form the resin. Two types of con-
densation reactions can occur: 

• Bismethylene ether formation by the reaction of two hydroxymethyl groups, 
RCH2OH + R'CH2OH => RCH2OCH2R' + H2O 

• Methylene bridge formation by reaction of the hydroxymethyl group with an amine group, 
RNH2  + R'CH2OH => RHNCH2R' + H2O 

The chemistry for the addition and condensation reactions is illustrated in Figure 9.21. The addi-
tion reaction is reversible, though generally the equilibrium is far to the right side. On the other 
hand, the condensation reaction to form oligomers and polymers is not very reversible, which is 
important for the water resistance of the product and makes it different from UF. It is evident from 
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the dimers illustrated that many isomers can be produced. With the large number sites and reaction 
possibilities, the chemistry rapidly becomes very complex (Pizzi 2003f). Sato and Naito have stud-
ied the chemistry of some of these reactions (Sato and Naitio 1973). The reaction conditions of time, 
temperature, formaldehyde/melamine (F/M) ratio, pH, and catalyst will influence the composition 
and structure of the resin that makes up the adhesive. 

The MF adhesive that is sold commercially is a mixture of oligomers made by heat polymeriza-
tion in standard agitated reactors. In normal applications, the formaldehyde to melamine ratio is 
about 1.5-2. The formulations are altered depending on the specific application. In some cases, the 
water content of the resin is reduced, and usually some additives (theology modifiers, fillers, extend-
ers, etc.) are added. A typical wood bonding MF resin is of 53-55% solids with a pH of 9.9-10.3 (pH 
is raised at the end of the reaction to slow down the polymerization of manufacturing for stabiliza-
tion of the resin. 

The MF adhesive needs to be activated to give good polymerization to the final product. Similar 
to UF, this usually involves lowering the pH and raising the temperature. The catalysts added to the 
MF resin are either acids or acid precursors that liberate acid upon heating. Often a hardener, such 
as ammonium chloride or sulfate, is added that will generate either hydrogen chloride or hydrogen 
sulfate plus ammonia, which migrates away from the adhesive. In most applications, the products 
are heat-cured. Although the bonded products show respectable water resistance, phenol-containing 
resins are preferred for exterior uses in the United States. Unlike the UF adhesives, the MF resins 
do not show degradation during water boiling (Pizzi 20030. They do show some loss of bond 
strength during accelerated and exterior exposure tests (Selbo 1965). Care often needs to be taken 
in comparing the performance of different classes of adhesives, for usually only one of many com-
mercial products is tested for the evaluation. In most countries, the adhesive manufacturer has to 
show data that its product passes the accelerated aging test as required by specific standards. 

The chemistry of the MUF adhesives is similar to the MF and UF adhesives, but more variations 
exist due to the ratio of melamine to urea, the sequence for addition of the components, temperature, 
pH, and time factors. In summary, the MUFs are a good compromise between the good perfor-
mance of melamine adhesives and low cost of the urea adhesives. 

9.7.4 ISOCYANATES IN WOOD ADHESIVES 

Several types of adhesives used in wood bonding involve the use of isocyanates. Isocyanates are 
widely used because of their reactivity with groups that contain reactive hydrogens, such as amine 
and alcohol groups. This allows great flexibility in the types of products produced because they can 
self-polymerize or react with many other monomers. Isocyanates are most often used to produce 
polyurethanes by reacting with liquid diols. 

The high reactivity of isocyanates is both an advantage and a disadvantage. The advantage is that 
polymerization proceeds rapidly and usually to high conversion. One disadvantage is that isocya-
nates can react so rapidly with water in the wood that this can compete with desired reactions with 
the wood, such as the hydroxyl groups in the cellulose and hemicellulose fractions as well as the 
phenols and hydroxyl groups in the lignin domains. Another disadvantage is the isocyanates can 
react rapidly with many compounds present in human bodies. These reactions are rapid under physi-
ological conditions and are not readily reversible which means that safety of handling isocyanates 
is a concern. The concern occurs mainly during the manufacturing stage when low molecular 
weight and volatile isocyanates are still present; once these react, the resulting ureas and urethanes 
are quite safe. An exception is that the heat of combustion causes the formation of free isocyanate 
groups. Isocyanates used in wood bonding are not as hazardous as some other isocyanates in that 
they are generally higher molecular weight so their volatility is decreased and the number of free 
isocyanate groups is diminished. 

The most common wood adhesive is a self-curing isocyanate, polymeric diphenylmethane 
diisocyanate (pMDI). It reacts with water in the wood for curing and is used in both the production 
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of composites and in the gluing of laminated wood products. The PMDI is used mainly for 
production of the core of oriented strandboard and is the only known adhesive that works well for 
the bonding of strawboard. pMDI can be used in the face of OSB, but mold release is needed to 
reduce sticking to the platens. Although the per pound cost of the pMDI is higher, it is taking 
market share away from the PF adhesives due to its rapid cure and ability to work at lower 
application rates. 

Another common wood isocyanate adhesive is the emulsion-polymer isocyanate (EPI or API), 
which is a two-component adhesive (Grøstad  and Pedersen 2010). These adhesives are used in 
bonding of oriented strandboard in engineered wood products. Mixing of the diisocyanate with a 
diol starts the curing process to form primarily a linear polymer with, usually, a moderate degree of 
cross-linking to provide more flexible products. 

Another class of isocyanate adhesives is the polyurethanes, which are being used in more spe-
cialty wood-bonding applications (Dunky and Pizzi 2002, Vick and Okkonen 1998). Their advan-
tage is wide formulation ability, given the great variety of raw materials that can be used. 
Polyurethanes have shown good potential for bonding green wood (Lange et al. 2001), and are more 
widely used in Europe. 

The most common reactive adhesives contain isocyanate groups, attached to the polymer back-
bone (Frisch 2002, Lay and Cranley 2003). Hot-melt adhesives are very desirable in product assem-
bly because they develop their bond strength as the molten polymer cools and transforms from the 
melt to a solid. Unfortunately, the bond generally has poor resistance to heat, long-term stresses, and 
in some cases, moisture. Moisture-cured hot-melt isocyanates behave like typical hot-melts with 
good initial strength, but also cross-link to yield a thermoset that can resist the effect of heat, long-
term loads, and moisture (Paul 2002). These are being widely used in product assembly areas, many 
of which involve wood. 

9.7.4.1  Polymeric Diphenylmethane Diisocyanate 
Isocyanate adhesives have shown increasing use at the expense of other adhesives due to their high 
reactivity and efficiency in bonding. Polymeric diphenylmethane diisocyanates (pMDI) are com-
monly used in wood bonding and are a mixture of the monomeric diphenylmethane diisocyanate 
and methylene-bridged polyaromatic polyisocyanates, illustrated in Figure 9.22 (Frazier 2003). The 
higher cost of the adhesive is offset by its fast reaction rate, its efficiency of use, and its ability to 
adhere to difficult-to-bond surfaces. The pMDI forms a homopolymer, but needs water for the acti-
vation, which is not a problem with wood, but may be for bonding to other substrates. The chemistry 
involves several steps: 

• The isocyanate first reacts with water to form a carbamic acid: R-NCO + H2O = 
R-NHCOOH. 

• The unstable carbamic acid gives off carbon dioxide to form an amine: R-NHCOOH => 
R-NH2  + CO2. 

• The amine then reacts with another isocyanate group to form a urea: R-NH2  + OCN-R => 
R-NHCONH-R. 

• Some of the urea molecules react further with isocyanate to form a biuret: R-NHCONH-R + 
R-NHCON(CON—R)-R. 

As shown by these reactions, once the isocyanate reacts with the water the rest of the process 
proceeds rapidly as long as there is enough isocyanate for reaction in comparison to groups with 
other reactive hydrogens, see Figure 9.23. Sufficient water is generally not a problem with wood 
given its high water content, but some other substrates need to be wetted for proper bonding. 
However, high water levels could potentially inhibit polymer formation by producing too many 
amine groups, but this has not been found to be the case in wood bonding. The carbon dioxide off 
gas can be a problem since it creates voids in the adhesive that can reduce the strength. Generally, 
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FIGURE 9.22 The polymeric diphenylmethane diisocyanates is a mixture of the monomeric and polyfunc-
tional isocyanates. 

these reactions are not reversible under normal conditions, leading to good bond integrity of the 
isocyanate-bonded wood. 

The interaction of pMDI with the composite surface is quite different from other wood adhe-
sives, such as PR pMDI's low polarity and low viscosity compared to other wood adhesives leads to 
very rapid penetration into the wood (Frazier 2003). Normally this might lead to a starved bondline 
and poor strength, but this does not happen with the pMDI-bonded wood. It may be that the strength 
derives from the strong bridge created at the point where the wood is brought into close contact with 
the isocyanate adhesive. Some consider the isocyanate to be the most likely of all wood adhesives 
to form covalent bonds to wood due to the ease of isocyanate reacting with the hydroxyl groups of 
the wood to form urethane bonds (Frazier 2003). On the other hand, others believe that the fast reac-
tion of the isocyanate with water and the large number of water groups present, especially o0=C=N  

FIGURE 9.23 The isocyanate needs water to start the polymerization process. This reaction ends up form-
ing carbon dioxide that can cause bubbles in the adhesive, but once the amine forms, self-polymerization takes 
place rapidly. 



Wood Adhesion and Adhesives 301 

wood surface makes the urethane formation unlikely (Pizzi 1994a, Frazier 2003). Yelle and cowork-
ers have proven definitely that there is no detectable reaction between the PMDI and wood polymers 
(Yelle et al. 2011a,b). 

The unique properties of pMDI adhesives give it advantages in several markets. Its rapid polym-
erization and ability to form bonds in the presence of high water levels has led to its use as a core 
resin for OSB (Dunky and Pizzi 2002). The higher water content and lower temperatures of the OSB 
core section can make sufficient cure of a PF resin in the core more difficult, leading to increased 
use of pMDI. This ability to form bonds with high-moisture-content wood has also led to pMDI 
being used in bonding green or wet lumber. Low polarity allows pMDI to find cracks in the waxy 
coating of straw, leading to its use in strawboard, for which PF resins are unsatisfactory. 

There are several disadvantages to pMDI besides cost. Unlike many wood adhesives that are 
poor bonders to substrates other than wood, pMDI bonds very well to other materials, including 
metal caul plates or press platens. Thus, this adhesive is less likely to readily displace PF from the 
face layer of OSB. Isocyanate's hazards have limited the use of pMDI due to the extra cost of main-
taining safe operations in the plants. However, the safety issues can be addressed and no hazard 
exists in the bonded product due to the reaction of the isocyanate groups. PMDI is promoted as a 
formaldehyde-free adhesive. 

9.7.4.2  Emulsion Polymer Isocyanates 

Emulsion polymer isocyanates are generally two-part adhesives that are mixed prior to use and have 
been used for panel bonding, bonding of plastics to wood surfaces, and for bonding OSB web into 
the flange to make I-joists (Grøstad  and Pedersen 2010). The components are a water-emulsifiable 
isocyanate and an emulsion latex containing polyhydroxyl functionalized molecules. The emulsion 
allows higher molecular weight polymers to be used while keeping a low solution viscosity for ease 
of application. Because the isocyanate readily disperses when mixed with the latex, it comes into 
contact with the hydroxyl groups as the water moves into the wood. Like all two-component sys-
tems, adequate mixing is important. As the adhesive cures, polyurethane groups are formed between 
by reaction of the isocyanate and hydroxyl groups. The hydroxyl functionalized pre-polymer can be 
varied in both its backbone structure and the number of hydroxyl groups to control the cross-link-
ing. The variations in the latex portion allow products to be made with a wide range of stress—strain 
behaviors for different applications. 

These adhesives can form fairly durable bonds depending on the formulation; some are known 
to give good water resistance. The ability to bond plastics and other non wood substrates is an 
advantage of these resins over many other wood adhesives. The higher cost and the need to mix the 
two components prior to use are disadvantages. 

9.7.4.3  Polyurethane Adhesives 

Polyurethanes are widely used in coatings and adhesives, but less common in wood bonding. 
Polyurethanes can be either one- or two-component systems, with the selection depending on the 
specific application. To obtain good wetting, the components need to be low molecular weight or a 
solvent needs to be added to reduce the viscosity for good wetting. Low molecular weight of the 
isocyanate components is not desirable because it leads to excessive volatility and health problems. 
The one-component system is an isocyanate-functionalized polymer that has remaining isocyanate 
groups. These groups will react with moisture causing the generation of amines that react with other 
isocyanate groups to form the backbone and cross-linking connections. The two-component adhe-
sive has an isocyanate portion and an isocyanate-reactive portion. Good mixing of these two com-
ponents just prior to bonding is critical. 

The market for these products has been somewhat limited in structural markets because of their 
marginal levels of wood failure. They are widely used in many other bonding markets due to their 
good strength, flexibility, impact resistance, and ability to bond many substrates. The acceptance of 
these products has been greater in Europe than in the United States. 
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9.7.5 EPDXY ADHESIVES 

Epoxy adhesives and coatings are widely used because of their good environmental resistance and 
the ability to bond to a wide variety of surfaces, including wood, metals, plastics, ceramics, and 
concrete. They are less commonly used in wood bonding because they cost more than most wood 
adhesives, and in some cases, their durability is limited. On the other hand, they are structural adhe-
sives that cure at ambient temperatures, have good gap filling ability, and do bond to many other 
surfaces, while most wood adhesives require heat cure, are not gap filling and do not bond well to 
other substrates. Thus, epoxies continue to be examined for their use in bonding wood to other 
materials and for in-place repair of damaged wood structural members. Besides cost, a main limita-
tion of epoxies is their lack of acceptance for applications that require durable bonds (American 
Institute of Timber Construction 1990). 

Although there are some cases of self-polymerization under the influence of acid or tertiary 
amine catalysts, most epoxies have an alternating ABABAB backbone of epoxy and hardener that 
is highly cross-linked, usually using a multifunctional hardener. The standard terminology is for the 
epoxy to be called the resin and the other component that polymerizes and cross-links the epoxy to 
be called the hardener. The formulation is expressed as parts per hundred resin (phr) with the weight 
of the epoxy as 100 and the rest of the components given relative to the epoxy weight. The hardener 
is anything that will react with the epoxy groups, including amines, thiols, hydroxides, and acid 
groups, but amines are the most common hardeners. 

The most common epoxy resin is the diglycidyl ether of a bisphenol A (DGEBA), although other 
multifunctional epoxies can be used. The DGEBA synthesis begins by the condensation of phenol 
with acetone to give the bisphenol A (bisA) as illustrated in Figure 9.24. This then reacts with epi-
chlorohydrin under basic conditions to yield the DGEBA molecule and sodium chloride. The 
removal of the salt is especially important in electronic applications to minimize metal corrosion by 
the chloride. The DGEBA epoxies vary in molecular weight due to oligomerization through the 
epoxy group. Another important class of the epoxies is made from the Novalak resins via the con-
densation of phenol with formaldehyde, as discussed in Section 9.7.3.1. Bis-F resins have also been 
used to impart some flexibility; these are similar to the bis-A resins except that formaldehyde is 
used in place of acetone for the condensation. Even more flexible resins can be made using epoxi-
dized fatty oils and other nonaromatic epoxides. Brominated epoxies are often used for fire 
resistance. 

The hardeners or curatives have an even wider variety of chemical structures than do the epoxies. 
The hardeners have an active hydrogen attached to a nucleophile and essentially add across the 
epoxy group. The process involves the nucleophile attacking the terminal carbon of the epoxy as 
illustrated in Figure 9.25, with the hydrogen then migrating to the hydroxyl anion. For less nucleo-
philic groups, use of a tertiary amine that interacts with the oxygen atom in the epoxy makes the 
epoxy ring easier to open. This continues until all the active hydrogens are reacted with epoxide or 
the epoxide is used up. Thus, for amine with two reactive hydrogens on a nitrogen, two epoxy 
groups can react, but the second addition is much slower. For formulating the ratio of hardener, the 
equivalent weight of the hardener is calculated by dividing its molecular weight by the number of 
active hydrogens and compared to a similar equivalent weight for the epoxies. 

The amine hardeners are the most common for room-temperature curable epoxies; they can be 
divided into three different classes. The main class comprises polyamines, such as those made from 
the reaction of ethylene oxide and ammonia, to give products such as diethylene triamine, triethyl-
ene tetraamine, and tetraethylene pentaamine. These low molecular amines are hazardous due to 
their corrosivity and their ability to chelate metals. Their reasonable cost and high reactivity make 
them the most common curatives and are used in wood bonding and repair. Other amines used to 
make cured products more flexible are the amine-capped polypropylene oxide polymers and 
branched six carbon diamines. The other amine-containing curatives contain fatty acids that make 
the epoxies somewhat more flexible and hydrophobic. Polyethylene polyamines can be reacted with 
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FIGURE 9.24 The epoxies are made by reaction of epichlorohydrin with phenols to produce glycidyl ethers. 
The bis-A epoxy is much more common than the novolak epoxies, but the latter can provide better heat 
resistance. 

fatty acids to make amidoamines. Polyethylene polyamines can also be reacted with dimer acid, 
made via the dimerization of unsaturated fatty acids, producing polyamide curing agents. While the 
standard epoxies in home stores involve amine hardeners, those that exhibit a 5-min cure time use 
mercaptans hardeners. Epoxies can also be cured using anhydride hardeners or tertiary amine cata-
lysts, but the high cure temperatures limit their use in wood products. 

Although epoxies give strong and durable bonds to many substrates, they do not result in highly 
durable bonds to wood. There is some disagreement on the durability of epoxy bonds under wet 
conditions, but most standards limit epoxies for load bearing applications (American Institute of 
Timber Construction 1990). Considerable work has been done on supporting the use of epoxies for 
restoration work, but examination under severe testing shows that commercial epoxies do not pass 
the test requirements (Pizzo et al. 2003). Examination of the failure indicates that most of the failure 
is in the epoxy interphase region (Frihart 2003). Higher wood failure under wet conditions has been 
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FIGURE 9.25 Epoxies react readily with nucleophiles, such as amines. Most amines are primary allowing 
multiple additions to provide a cross-linked network. 

found using epoxies to bond acetylated wood (Frihart et al. 2004), while using a hydroxymethylated 
resorcinol primer allowed the bonded assemblies to pass the durability tests (Vick 1997). 

9.7.6 VINYL ACETATE DISPERSION ADHESIVES 

The water-borne adhesives poly(vinyl acetate), PVAc, and poly(ethylene-vinyl acetate), EVAc, find 
wide utility in the bonding of wood and paper products into finished goods. Common white glue 
(PVAc) has long been used in wood bonding including furniture construction. These adhesives eas-
ily set at room temperature, are cost effective and are easy to use. These waterborne adhesives set 
by the water being absorbed into the wood or paper product (and eventually released into the atmo-
sphere), leading to wide use in manufacturing and construction operations involving wood. Because 
these products are not cured, they will lose much of their strength at high moisture levels. 

The processes for making PVAc and EVAc dispersions are similar in many respects (Geddes 
2003, Jaffe et al. 1990). The monomers (vinyl acetate and ethylene) are dispersed in water contain-
ing poly(vinyl alcohol), making an emulsion; the monomers in the droplets of the emulsion are 
polymerized to form a dispersion of an organic polymer in water. Making a stable product requires 
having an emulsion with small droplet sizes. Addition of the monomers is controlled to prevent 
overheating caused by the exothermic polymerization. The important part is to prevent the phases 
from separating to form the necessary fine dispersion. If there is too much surfactant, the product 
can have poor adhesion due to a weak boundary layer. After application, the water migrates away 
and the beads of adhesive coalesce to form a film, but the coalescence needs to take place on the 
wood surface. The polarity of the adhesive can be reduced by incorporation of ethylene in the 
polymerization to produce ethylene-vinyl acetate copolymers for bonding to less polar surfaces. 

PVAc is a linear polymer with an aliphatic backbone; thus, it is very flexible adhesives as opposed 
to the rigid nature of formaldehyde copolymers normally used as wood adhesives. These PVAc 
adhesives being water-borne generally exhibit good flow into the exposed cell lumens, but, given 
their high molecular weight, they most likely do not penetrate cell walls. PVAc, with its high content 
of acetate groups and flexible backbone, can form many hydrogen bonds with the various fractions 
of the wood for good interfacial adhesion. These adhesives maintain much of their bond strength as 
the wood expands and contracts due to dissipation of the energy into flexing of the polymer back-
bone. With this dissipation of the stress into the polymer chains, there is limited stress concentration 
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FIGURE 9.26 Polyvinyl acetate is made by the self-polymerization of vinyl acetate usually under free radical 
conditions. The chains can be altered by adding ethylene to form a copolymer. 

at the interface. However, PVA adhesives do not work well at high moisture levels due to loss of 
strength or high constant stress levels because of a lack of creep resistance. A solution to these prob-
lems is to convert the thermoplastic PVA into a thermoset. This is accomplished by cross-linking 
the linear thermoplastic, using covalent bond formation, such as reaction with glyoxal, formalde-
hyde resins, or isocyanates, or using ionic bond formation, such as reaction with organic titanates, 
chromium nitrates, aluminum chloride, or aluminum nitrates. Other ways for making cross-linkable 
PVAc are to make a copolymer adding N-methylolacrylamide or to add phenolic resins. Cross-
linked PVAc (PVAx) has improved resistance at high moisture levels, higher temperatures, and 
under load but is not as convenient because the cross-linker needs to be added just prior to applica-
tion. However, these adhesives can be used in other applications, such as windows and door con-
struction, for which regular PVA cannot be used. 

Poly(vinyl acetate) is converted to poly(vinyl alcohol) (PVOH) by hydrolysis (Jaffe and Rosenblum 
1990). PVOH products vary in degree of hydrolysis and molecular weight depending on the specific 
application, the main uses being textile and paper sizing, adhesives, and emulsion polymerization of 
vinyl acetate. Given the water solubility, these adhesives need to be either cross-linked or gelled to 
give some permanence under moist conditions. This conversion is done by cross-linking using a 
covalent bond formation, such as reactions with glyoxal, UF, and MF or using ionic bonds forma-
tions with metal salts, such as cupric ammonium complexes, organic titanates, and dichromates. 
The gelation is usually accomplished using boric acid or borax. 

9.7.7  BIO-BASED ADHESIVES 

The most common bio-based adhesives for wood bonding are protein based. In contrast to the other 
wood adhesives, protein glues have been used for thousands of years. Many of the early civilizations 
learned how to make adhesives from plants and animals (River et al. 1991, Keimel 2003). Although 
the original bonded wood products were made using natural protein adhesives, these bonds were 
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durable only at low moisture levels and generally softened at high moisture levels. This led to 
delamination, in addition to biological degradation when wet. Many sources have been used for 
protein-based adhesives, including animal bones and hides, milk (casein), blood, fish skins, and 
soybeans. The bonded wood industry expanded greatly due to the use of these adhesives in the early 
1900s, as processes were developed to make more effective adhesives. The biggest advancement 
was the development of soybean flour adhesives that allowed interior plywood to become a cost 
effective replacement of solid wood. Today, most of the original bio-based adhesives have been 
replaced by synthetic adhesives due to cost, durability, and availability factors. Research has been 
done on incorporating soybean flour or protein into PF resins, but more success has been obtained 
by using the phenol and formaldehyde to cross-link the denatured soy flour protein (Wescott et al. 
2006a). A resurgence has taken place in the use of soybean adhesives due to new cross-linking 
chemistry (Frihart 2010, Wescott and Frihart 2011). 

Trees and bushes, themselves, provide many adhesive materials, some of which have been used 
in wood bonding. Pitch from trees was one of the earliest adhesives because of its availability, use-
fulness without processing and ability to bond many materials (Regert 2004). From this grew the 
naval stores industry, with the name indicating its importance to ship construction for sealing and 
bonding applications. Naval stores research led to the development of rosin resins that are important 
additives in both ethylene-vinyl acetate hot-melt and pressure sensitive adhesives, and to the devel-
opment of fatty acid derivatives that are converted to epoxy hardeners and polyamide hot-melt 
adhesives. Tannins have been used as phenol replacement in some formaldehyde copolymers. Due 
to their phenolic nature, lignins have been examined extensively as phenol replacement in PF resins. 
Both tannins and lignin adhesives tend to have good moisture resistance and are not readily attacked 
by microorganisms. 

Carbohydrates have been used as adhesives, but have not found much utility in wood bonding 
(Conner and Baumann 2003). Starch is widely used in paper bonding, especially in the construction 
of corrugated board used in many packaging applications, but generally lacks the strength and water 
resistance needed for use in wood bonding. The cellulosic adhesives not only lose strength under 
wet conditions, but also support the growth of microorganisms. 

9.7.7.1  Protein Glues 
Once the dominant wood bonding adhesive, proteins had mainly disappeared from the market but 
are now seeing a resurgence (Frihart 2010, Wescott and Frihart 2011). Like most biomass materials, 
proteins are not uniform in composition as the source varies; thus, the processes for using these 
proteins and the properties of the adhesives vary as the protein source changes. To make the most 
effect adhesive, the native protein structure should be denatured to expose more polar groups for 
solubilization and bonding. The primary structure involves a polyamidoamine backbone made from 
the condensation of amino acids, while the secondary and tertiary structures are based on intra-
chain and interchain interactions, respectively, which involve hydrogen bonds, disulfide linkages, or 
salt bonds. The main denaturation involves breaking the hydrogen bonds, while breaking other 
secondary and tertiary bonds depends on the denaturation conditions. Once the protein has been 
denatured, then it has the ability to come in intimate contact, and to form hydrogen bonds with the 
wood surface. The setting step involves reformation of the hydrogen bonds between the protein 
chains to establish bond strength. For prior protein adhesives, the main method of denaturation for 
adhesive applications was hot aqueous conditions (Lambuth 2003). The aqueous process is often 
done under caustic conditions and may also involve adding other chemicals to either stabilize the 
denatured glue or add strength to the final bonds. 

Of the protein-based adhesives, soybean flour continues to be used in the largest volume; the 
flour is ground from the residue after the soybeans had the traditionally more valuable oil removed 
by extraction (Sun 2005). Traditionally, the flour was dispersed in aqueous caustic to obtain low 
solids dispersions that had to be used within eight hours before the adhesive starts to degrade 
(Lambuth 2003). These soybean protein adhesives allowed the development of the interior plywood 



Wood Adhesion and Adhesives 307 

industry in the early 1900s. The adhesives were improved to give better water resistance (Lambuth 
2003), but never achieved sufficient moisture resistance to make exterior grade plywood. PF resins 
were slow to displace soybean adhesives due to cost and marginal performance. The need for more 
durable plywood adhesives during World War II led to improved and lower cost PF resins and the 
ultimate demise of the soybean adhesives. The upsurge in soybean use during the 1950s shows the 
potential for soybean adhesives on a cost basis if the water resistance, short storage stability, and 
inconsistency of properties can be overcome. 

With the rising cost of petroleum based adhesives, soy flour based adhesives have been of interest 
as a partial replacement of phenol in PF adhesives. The highest replacement has been about 50% 
when used the resin in the face of oriented strandboard (Wescott et al. 2006a). These alkaline resins 
behave very similarly to the standard PF resin. However, the soy flour can provide an unusual type 
of phenol resin; the alkaline soy-PF can be acidified to make a stable dispersion (Wescott et al. 
Frihart 2006b). This dispersion is light colored and does not give caustic burns. 

Another approach to more durable soybean flour adhesives is the use a poly(amidoamine)-epi-
chlorohydrin (PAE) resin as a curing agent (Li et al. 2004) These protein adhesives do not need the 
highly alkaline conditions previously used with soybean adhesives and have good stability (Allen 
et al. 2010). These adhesives with no added formaldehyde provide products with very low formal-
dehyde emissions not only under standard test conditions (Birkeland et al. 2010) but also at elevated 
temperature and humidity (Frihart et al. 2010). These adhesives have replaced OF in interior ply-
wood, engineered wood flooring, and particleboard (Allen et al. 2010) to meet the new formalde-
hyde emission standards discussed in Section 9.8. 

None of the other protein sources are available with sufficiently low cost, large supply, and con-
sistent composition as soybean flour, but they still have advantages because of their special proper-
ties. Blood protein from beef and hogs has the best water resistance of any of the commercial 
protein adhesives but has great inconsistency (Lambuth 2003). To retard spoilage, the blood is spray 
dried. It has been mixed with PF adhesives for plywood bonding. Animal bone and hide glues are 
used in fine furniture manufacturing because they provide flexible bonds for good durability with 
indoor humidity changes (Pearson 2003). They have many other uses but are being replaced by 
synthetics, such as ethylene vinyl acetate polymers, which have lower cost and greater ability to be 
formulated for specific applications. Casein, like many of the protein adhesives, provides good fire 
resistance and is therefore used in fire doors. Each of these adhesives has its own process for dena-
turation and use (Lambuth 2003). 

9.7.7.2 Tannin Adhesives 
Tannins are polyhydroxypolyphenolics that occur in many plant species, but only a few species have 
a high enough concentration to make it worthwhile to isolate them. The commercial supplies of tan-
nins are limited to a few countries. Tannins are used because they are more reactive than phenol, 
but they are also more expensive than phenol. Extraction of the plant material and subsequent puri-
fication of the isolates, followed by spray drying, yield powdered tannins (Pizzi 2003c). The purified 
isolates behave in many ways like a natural form of resorcinol, with their high reactivity and water-
resistant bonds when polymerized with formaldehyde. Although tannin's reaction rate with formal-
dehyde is quite similar to that of resorcinol, the polymer structure is quite different. Instead of 
multiple additions of formaldehyde to a single aromatic ring, formaldehyde adds mainly as single 
additions and some double additions to the connected rings of the resorcinol, pyrogallol, phloroglu-
cinol and catacheol structures in tannins. Thus, the final polymer structure is very different and will 
have different properties than the resorcinol product due to its lower cross-link density, despite the 
similarity in the chemical reactions. 

Three limitations of tannins compared to synthetic adhesives are their high viscosity, limited 
availability, and inconsistent source and therefore reactivity. Their polycyclic structure that leads to 
fast cure speed also makes solutions of tannins high in viscosity; using more dilute solutions to 
reduce viscosity leads to additional steam in the hot pressing of the composite. Tannins exist in high 
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enough concentrations to be commercially viable in a few species, but are not available in the large 
quantities to compete with synthetic adhesives. Like many natural products, the composition of tan-
nins varies depending on growing conditions; thus, making consistently performing adhesives 
difficult. 

Tannins have been used as adhesives in South Africa, Australia, Zimbabwe, Chile, Argentina, 
Brazil, and New Zealand (Dunky and Pizzi 2002). The use is in composite (particleboard and 
medium density fiberboard) production, laminate and finger joint bonding, and for damp-resistant 
corrugated cardboard (Pizzi 2003c). The tannin market will always be of limited volume due to 
supply limitations. 

9.7.7.3 Lignin Adhesives 
Although lignins are aromatic compounds, they are very different from tannins—they are avail-
able in large quantities at lower cost, but they are much slower in their reaction with formaldehyde. 
The supply of lignin is large, being the by-product of pulping processes for papermaking; they 
constitute 24-33% of the woody substance in softwoods and 16-24% in hardwoods. Native lignin 
is a complex polymer, and this polymeric structure needs to be partially degraded to allow them to 
be separated from the cellulosics. For adhesive purposes, these degraded lignins need to be further 
polymerized to obtain useful adhesive properties. Despite being almost completely aromatic, lignins 

 have only a few phenolic rings and no polyhydroxy phenyl rings, leading to low reactivity with 
formaldehyde. 

The low value of lignins has led to much research in finding ways to convert the lignin into useful 
thermoset adhesives. Lignin from the predominant Kraft pulping process does not lead to a useful 
product because of the cost of separating the lignin from the pulping chemicals and the inconsis-
tency of the lignin product. However, lignosulfonates contained in the spent sulfate liquor (SSL) 
from sulfite pulping of wood have been found to be a more useful feed for the production of reactive 
lignins (Pizzi 2003d). Because of lignin's low reactivity with formaldehyde, other curing mecha-
nisms have been investigated, including thermal cure with acids and oxidative coupling using 
hydrogen peroxide and catalysts. Three methods of using SSL as the main adhesive with particle-
board are to use long press times with a postheating step, to heat with sulfuric acid during bonding, 
and to heat with hydrogen peroxide (Pizzi 2003d). SSL has also been used as PF and OF extenders. 
The poor reactivity of lignin can be altered by pre-methyolation with formaldehyde, and this pre-
methyolated lignin has been used with PF resins in plywood bonding. 

9.7.8 MISCELLANEOUS COMPOSITE ADHESIVES 

Understanding adhesion to wood is as important for composites where wood is the minor compo-
nent as it is for composites where wood is the main component. Three product areas for wood as a 
minor component are wood–fiber cement board, wood–plastic composites, and wood filler for plas-
tics. In all three cases, the nonwood component is the main phase holding the material together, but 
the better the adhesion of the main phase to the wood fiber, the stronger and more durable the 
product. 

Wood-fiber-reinforced cement board competes with traditional cement board that uses other 
reinforcing materials such as fiberglass cloths. The reinforcement serves to reduce the fracture of 
these preformed panels. Making improved products involves knowing the interaction of wood with 
the inorganic cement. Plant fiber reinforcement is still being studied, but the market is dominated 
by fiberglass reinforcement. 

Developing good interaction of wood with low polarity plastics is of growing importance. PPE 
and PP being the most significant for wood–plastic composites with a main market being a wood 
replacement for exterior decking. The limited interaction between wood and PE or PP is not sur-
prising, given the large difference in polarity and the difficulty in obtaining good molecular 
contact between a solid and high molecular weight polymer. The most common method of 
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addressing the polarity difference and the rheological issue is to use medium molecular weight, 
maleic anhydride-modified polyethylene or polypropylene that can serve as a coupling agent 
(Clemons et al. 2012). These agents have the polar maleic anhydride that can either react with 
hydroxyl groups to form esters or react with water to form organic acid groups that will form 
polar bonds with the hydroxyl groups in wood; thus, making the plastic more compatible with the 
wood. Better interaction between the hydrocarbon polymer network and the wood fiber will lead 
to stronger and more durable products. These products are mainly aimed at replacement of wood 
in decking (Morton et al. 2003), while retaining the appearance of wood. 

Other areas for understanding wood—plastic interactions involve plastics filled with wood for 
applications such as automotive (Suddell and Evans 2003). These products are made to look like 
normal plastics, but wood filler is used as a partial replacement of the inorganic filler to reduce the 
weight of the product. The main polymer network is selected from a wide variety of polymers and 
more of the main fibers are agricultural (nonwood) than is the case in the previous paragraph. 
However, the fiber—polymer interactions are still very important, and worthy of further investiga-
tion. Poor interaction between the fiber and polymer network can cause early failure due to stress 
concentration. Although the plastic slows the migration of water to the fiber, under wet conditions, 
the fiber will eventually become saturated with water and begin to swell, putting additional stress 
on the interface. 

9.7.9  CONSTRUCTION ADHESIVES 

Construction adhesives are used for attachment of floor and wall coverings, and in assembly of 
buildings (Miller 1990). Most building construction still uses nails or screws for attachment of 
wood pieces to each other. However, the use of an adhesive can give extra rigidity to the structure if 
the panel products are also bonded to the frame. Because the nail or screw holds the wood together, 
the adhesive does not need to set rapidly. Construction adhesives are normally made to be flexible 
to provide lateral "give" as the various house components expand and contract with changes in 
moisture and temperature (Blomquist and Vick 1977). A typical application uses an adhesive that is 
noncuring, high in molecular weight and with a small amount of solvent to provide some flow. The 
adhesive is applied at room temperature from a gun to one surface as a bead. Then, the nailing or 
screwing provides the force necessary for transfer, spreading, and penetration of the adhesive to 
both surfaces. Because the surfaces are not uniformly brought into close contact, the adhesive has 
to have gap-filling capabilities. Most standard wood adhesives are not able to be gap-filling due to 
void formation as the water escapes or gas bubbles form during the setting process (River et al. 
1991). However, Vick made a gap-filling phenol—resorcinol resin (Vick 1973), but it would not have 
the flexibility needed for a construction adhesive. 

Construction adhesives are usually elastomers, which provide the deformability needed for 
short-range movement to prevent fracture of the bondline as the wood expands and contracts. 
However, the adhesive is high in molecular weight to prevent long-range movement that would lead 
to separation of the bondline. These adhesives provide good strength for many years, but it is 
unlikely that many will last the lifetime of the building because most elastomers will react with 
oxygen and ozone, leading to embrittlement and fracture over such a long time. 

9.7.10 HOT MELTS 

Hot-melt adhesives are used mainly in specialty wood applications. The main applications in wood 
bonding are related to furniture and cabinetry assembly, although they have also been used in win-
dow construction and edge banding of decorative laminates due to their ability to form bonds 
quickly. Rapid bond formation is valuable for manufacturing operations because minimal clamping 
time is needed for assembly (Dunky 2003). Hot melts generally set by cooling that turns the molten 
polymer into a solid, although some hot melts can acquire additional strength by cross-linking. 
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Hot-melt adhesives are fully formed polymers that are molten for application, but they have such 
high viscosities that their ability to wet wood surfaces is limited. Upon cooling they recover their 
strength as the molten polymer solidifies. 

The hot-melt version of ethylene vinyl acetate (EVA) coploymer sets by cooling to room tempera-
ture and is used more with paper products and nonwovens (Paul 2002) than with wood products, 
although there is some use in wood furniture assembly. These EVAs are made by gas phase polym-
erization to yield nonsolvated polymers that have a range of properties. Variation in the ethylene to 
vinyl acetate ratio and molecular weight of the final polymer creates the various properties needed 
for individual applications. These products are formulated with tackifiers and waxes (Eastman and 
Fullhart 1990). Although EVAs are relatively inexpensive, they often have problems with creep as 
the temperature increases because they contain large amounts of lower molecular weight com-
pounds (tackifiers and waxes) in the adhesive formulations and there is limited attraction between 
the polymer chains. 

Polyamide hot-melt adhesives are also used in wood bonding because of their stronger interac-
tions between chains, leading to better creep resistance. These polyamides are made by the reaction 
of various diamines with "dimer acid," a diacid that is made from the coupling of unsaturated fatty 
acids at their olefinic sites (Rossitto 1990). These polyamides offer good creep and heat resistance 
for a thermoplastic polymer due to the strong hydrogen bonds between the chains. These interchain 
hydrogen bonds resist flow until enough heat is applied to break these bonds, rapidly turning the 
solid into a fluid. After application to the substrate, cooling then converts the melt into a strong 
solid, with good adhesive strength. These properties have made the "dimer acid" polyamides useful 
for edge banding of laminates, cabinet construction, and window assembly. The higher cost of these 
adhesives limits their use to high-value products that need more durable bonds. 

The moisture-cured isocyanates that were discussed in Section 9.7.4 and polyesters are other hot 
melts that are also used in wood products. The polyesters are made by reacting aromatic diacids 
with aliphatic diols, where the aromatic rings provide rigidity to the polymers (Rossitto 1990). 

9.7.11  PRESSURE SENSITIVE ADHESIVES 

Pressure sensitive adhesives (PSAs) have been a high growth area not only for tapes and labels, but 
also for application of decorative laminates. PSAs are different from other adhesives in that there is 
no setting step in their end use. PSAs readily deform to match the topography of the surface to 
which they are being bonded. Because PSAs are high molecular weight polymers, and in some cases 
cross-linked polymers, they have limited ability to flow, though their low modulus allows enough 
deformation to wet the surface. Although these adhesives may not have high interfacial adhesion, 
most of the applied force is not concentrated at the interface, because the force is mainly expended 
in deformation of the elastomeric adhesive (Rohn 1999). Because rheological properties are time 
and temperature dependent, the development of PSAs has been strongly dependent upon dynamic 
mechanical analysis (DMA) measurements. DMA provides useful information about a formula-
tion's effect on the glass transition temperature and modulus (inverse of compliance) with the small 
dimensional changes that occur during bonding (Satas 1999a). However, the debonding process 
occurs over large dimensional changes and is more dependent upon the stress—strain properties of 
the adhesive. PSAs offer a wide range of properties from easily removed tape or Post-ItTM notes to 
high peel and shear strength tapes, by alterations of both the bonding ability and the energy dissipa-
tion ability in debonding. 

Given that bonding involves deformation of the adhesive to conform to the substrate surface, 
PSAs give satisfactory bonds to most surfaces because almost all surfaces are rough on the sub-
micrometer scale. Elastomeric polymers provide the strength for the PSA, but the formulations 
usually contain low molecular weight materials that are used to tackify and plasticize the polymer. 
Many types of homopolymers and copolymers (random and blocked) are used in PSAs; Satas' book 
is an excellent reference source for PSAs (Satas 1999b). 
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Pressure-sensitive adhesives are often used for bonding plastics (usually having information or 
decorations printed on them) to wood products for informational or decorative purposes. Applications 
for this technology range from indoor office furniture to outdoor signs. 

9.7.12 OTHER ADHESIVES 

Contact adhesives have been used for bonding of plastic laminates to wood. A contact adhesive is a reformed 
 polymer dissolved in a solvent that is applied to both surfaces that are brought into con-

tact after most of the solvent has evaporated. Thus, a countertop is produced by first coating both 
the particleboard base and the plastic laminate with a contact adhesive, usually neoprene dissolved 
in a solvent or emulsified in water; then, after the volatiles evaporate, the coated surfaces are pressed 
together. It is interesting to note that plastic laminates are primarily paper that has been impreg-
nated with resin and then surface coated. Contact adhesives are mainly used in bonding plastic 
laminates to particleboard for countertops and furniture. 

Polymerizable acrylic and acrylate adhesives are not used often for wood because of their high 
cost. The most common products of this type are structural acrylic (Righettini 2002) and cyano-
acrylate instant adhesives (Klemarczyk 2002) that can bond to wood, but these generally require 
smooth surfaces. These adhesives are more often used in electronics assembly with radiation (light) 
curing rather than in wood bonding. They do provide rapid cure rates and high strength bonds. Light 
curing of adhesives does not work with an opaque substrate like wood, but the acrylates can be used 
for a tough finish over the paper decorative layer on paneling. 

Film adhesives involve either partially cured adhesives or adhesives applied onto a carrier such 
as a fiberglass mat or tissue paper. They are used where applying a liquid adhesive may be difficult, 
such as in bonding of very thin wood veneers. 

9.7.13  FORMULATION OF ADHESIVES 

Adhesives are composed of several different components in addition to the base polymer. Although 
the other components are added for a specific purpose, they often will alter several properties of the 
adhesive, as applied or after setting. 

Base is the polymer, either synthetic, biobased, or a combination, that provides the adhesive the 
strength to hold the two substrates together. This is the material from which the adhesive usually 
takes its name, such as PF, epoxy or casein. The base material provides the "backbone" of the adhe-
sive, controlling its application, setting, and curing. 

Solvents are liquids often used to dissolve or disperse the base material and additives in order to 
provide a liquid system for application to the adherends, but are removed from the adhesive in the 
setting step. The most common solvent for wood adhesives is water. Water is not used in many other 
adhesive applications due to poor wetting, low volatility, and corrosion of surfaces, but for wood it 
is an ideal and low-cost solvent. In some cases, the base material of the adhesive is a liquid itself and 
can be applied in this form without the need for solvents; for example, epoxies or pMDI. These are 
often referred to as "100-percent solid" adhesives. Such systems shrink less on hardening, thus 
reducing internal stresses in the film. 

Diluents or thinners are liquids added to reduce the viscosity of the adhesive systems, and make 
them suitable for spraying or other special methods of application. However, unlike solvents, they 
have low volatile. A reactive diluent not only reduces the viscosity of the adhesive for application 
purposes, but also becomes part of the final polymeric chain. 

Catalysts or accelerators are chemicals added in small amounts to increase the rate of chemical 
reaction in the curing or hardening process. True catalysts are not consumed in the reaction, while 
accelerators may be consumed in the reaction. An example of a catalyst is the acid catalyst gener-
ated from ammonium salts for curing OF resins (Pizzi 2003e), while an example of an accelerator 
is an ortho ester used to speed up the cure of PF resins (Conner et al. 2002). 
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Curing agents or hardeners are chemicals that actually undergo chemical reaction in stoichiomet-
ric proportions with the base resin and are combined in the final cured polymer structure. A good 
example is the amine component that reacts with an epoxy resin to form the final adhesive. 

Fillers are solids that are added primarily to lower the cost and to give body to liquid adhesives, 
reducing undesired flow or over-penetration into wood. Fillers usually increase the rigidity of the 
cured adhesive. They may also modify the thermal expansion coefficient of the film to more nearly 
approximate that of the adjacent adherends, thus reducing thermal stresses in the joint formed dur-
ing the cooling, following heat-curing conditions or when thermally cycled in service. Two exam-
ples of such fillers include walnut shell flour, incorporated in urea or phenolic adhesives to improve 
spreading or reduce penetration into open wood pores, and china clay that is sometimes added to 
epoxy resin systems primarily for thickening or to modify thermal expansion coefficients. 

Extenders primary purpose is reducing the adhesive costs while also improving some adhesive 
properties. At times they can also alter other properties, such as increasing the tack of the adhesive. 
A good example of an extender is wheat gluten added to UF resins in making hardwood plywood 
for interior applications. 

Stabilizers or preservatives are chemicals added to an adhesive to protect one or more of the 
components and/or the final adhesive against some type of deterioration. Preservatives are usually 
used for preventing biological deterioration, while a stabilizer can protect against either biological 
or chemical degradation. Prevention of biological deterioration can involve the use of fungicides or 
biocides, while chemical degradation prevention may involve the use of antioxidants or antiozon-
ates. In some cases stabilizers are used to avoid the premature curing of an adhesive. 

Fortifiers are generally other base materials added to modify or improve the durability of the 
adhesive system under some specific type of service. A good example is the addition of more dura-
ble melamine resins to UF resins in wood bonding to provide greater resistance to deterioration 
under hot and moist conditions (Dunky and Pizzi 2002). 

Carriers are sometimes used to produce film-type adhesives. The carrier is usually a very thin, 
rather porous fabric or paper on which the liquid adhesive is applied and then dried. Examples 
include the use of thin tissue paper as a carrier for phenolic film adhesives in making thin hardwood 
plywood, where spreading the liquid adhesive on a conventional roller spreader might tear or break 
the thin veneers. 

Adhesive formulating is an important skill, often requiring a mixture of empirical and scientific 
knowledge. Because there is no universal adhesive, systems must be formulated for the specific 
applications, for example, for a given type of joint or even for a given type of commercial bonding 
operation. While billions of pounds of phenolic adhesives are used each year in wood bonding, the 
actual adhesive formulation used in one plant may be quite different from that used in another. 
Additionally the adhesive formulation used within the same plant may vary with the season due to 
changes in temperature and humidity. The moisture content or surface roughness of the veneers or 
the time sequence between one operation and the next influences the actual types and proportions 
of additives, solvents, and resins used to make a cost effective adhesive. 

9.8 ENVIRONMENTAL ASPECTS 

Although wood is a natural material, some bonded wood products have caused environmental 
concerns. There are a number of problem areas, but the foremost area of concern has been formal-
dehyde emissions from the bonded products, mainly using UF resins. Formaldehyde can react with 
biological systems in reactions similar to those that are used for curing of adhesives. The problem 
can arise from both unreacted and generated formaldehyde. Unreacted formaldehyde is also a 
problem during the manufacturing operation and in freshly produced composites, but has been 
handled through formulation and engineering solutions. Formaldehyde emissions from composites 
decrease with time after production (Birkeland et al. 2010). The rate is high initially, but slowly 
decreases due to diffusion limitations. On the other hand, formaldehyde can be generated by the 
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decomposition of some formaldehyde containing adhesives, in particular the OF adhesives (Myers 
1984a,b). These adhesive bonds are more prone to hydrolysis, generating free formaldehyde. The 
biggest concern is with particleboard, due to the large volume of indoor usage and the high level of 
adhesive in the product. The formulations of formaldehyde adhesives have been altered over the 
years to reduce the amount of formaldehyde used and formaldehyde scavengers have been used. 
The reduction in formaldehyde altered the curing rate and the strength of the product; thus, the 
process required much research. Many of the formaldehyde concerns were addressed through 
adhesive reformulation (Dunky and Pizzi 2002, Dunky 2003) with the science of formaldehyde in 
wood products has been extensively reviewed (Marutzky 1989). The formaldehyde issue continues 
to be an issue as the acceptable emission levels decrease. The level in the United States was low-
ered by the California Air Resources Board (Williams 2010), which were used for the United 
States federal law. 

The main concern, emissions, has focused on formaldehyde, but this is not the only compound 
emitted by bonded wood products. Other volatile compounds in the adhesive formulation have also 
been detected. In addition, a number of other volatiles are present in wood and additional ones can 
be generated by the heat and moisture in the production of the composite (Wang et al. 2003). Careful 
analysis has revealed the presence of formaldehyde, other aldehydes, methanol, and pinenes, many 
of which come from the wood itself rather than from the adhesive (Baumann et al. 2000). 

During the use of the adhesives, volatiles from the monomers that are used to produce the poly-
mers generate additional health concerns. Thus, free formaldehyde, phenol, methanediphenyl diiso-
cyanate, polyethylene polyamines, and so on, are all of concern depending on the type of adhesive 
used. Heating certainly increases the problem because it raises the vapor pressure of these reactive 
chemicals. In addition, many hot pressing methods cause other chemicals to be entrained in the 
steam from the presses (Wang et al. 2003). 

9.9 SUMMARY 
Although wood bonding is one of the oldest adhesive applications, it is less understood than the 
most bonding applications. Many modes are possible for both bond formation and failure. Wood 
structure has so many variables in the different species, cell structures within a tree, and complex 
morphology at all spatial scales that it is hard to model the process. Despite these problems, many 
adhesives have been developed that are stronger and some are even more durable than the wood 
itself. In addition, many functional adhesives have been developed that allow a wide variety of 
woods and wood pieces to be glued together in a useful and cost-effective manner. 

The area that is best understood is the chemistry of the adhesives, even though there are aspects, 
such as the effects of the composite processing dynamics that need to be more thoroughly researched. 
The development of the physical properties during the setting process and the interaction of the 
adhesive with the wood need to be better understood to allow for a more cost effective development 
of new adhesives. 
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