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Introduction

Adhesives have been used successfully in a variety of
applications for centuries. Today, adhesives are more impor-
tant than ever in our daily lives, and their usefulness is
increasing rapidly. In the past few decades there have been
significant advances in materials and in bonding technology.
People now routinely trust their fortunes and their lives to
adhesively bonded structures and rarely think about it.

At the same time, the subject of adhesives and adhesion
continues to receive much attention by both industrial and
academic researchers as evidenced by many measures
including the continued growth of membership and atten-
dance at the annual meeting of The Adhesion Society [1]. The
scientific literature continues to grow at a rapid pace. New
books devoted to general and specialized aspects of adhesion
and adhesives continue to appear [2-23]. New patents on
adhesive compositions and processes are granted almost
daily. Figure 14.1 shows U.S. Patent activity for the past 10
years as discerned by specifically claimed text. There are
more patents that mention the use of one of these types of
structural adhesives elsewhere in the patent for assembly of
some type of article or use other wording with equivalent
meaning. Figure 14.2 shows a sample of the most active
world patenting organizations irrespective of adhesive chem-
istry. There are scientific journals devoted to the science and
technology of adhesives and their use (Table 14.1).
Specialized Internet sites have also appeared in recent years
(Table 14.2). A significant portion of the publications dealing
with adhesives is concerned with epoxy, urethane, and
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acrylic structural adhesives as they are used in a wide variety
of commercially important applications. This chapter
reviews some of the chemistry of these adhesive types as it
applies to structural applications, that is, to those applications
where the adhesive bond must carry a load while being
resistant to dimensional changes, also known as creep.

Adhesion

Materials are generally defined as adhesives by what they
do. Almost any organic polymer and even many inorganic
materials can function as adhesives in some situations. How-
ever, whether they are organic polymers or inorganic, or
perhaps even solders or brazing alloys, all adhesives share
common traits in performing their functions.

1. An adhesive, by surface attachment only, transfers and
distributes mechanical loads among the components of an
assembly.

2. At some time in the course of the bond formation, the
adhesive must be liquid or behave as a liquid in order to
wet the adherends.

3. An adhesive carries some continuous, and often variable,
load throughout its life.

4. An adhesive must work with the other components of the
assembly to provide a durable product that is resistant to
degradation by elements of the environment in which it
will be used.

The expectations of the user are extremely important in
determining whether an adhesive is “good” or “bad.”
Adhesives are judged on the ability of the whole assembly
to meet the user’s expectations, which will, in turn, depend
on the way the assembly is loaded and tested and on what
and where the weakest points of the assembly are located
[8]. Adhesion is not an intrinsic property of any polymer but
is rather a property of the whole assembly. Structural
adhesives are distinguished from nonstructural adhesives
by the magnitude of the load that they carry.
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Fig. 14.1 U. S. patents issued
from 1999 to 2009. Search terms
used in claims were “acrylic
adhesive,” “epoxy adhesive,” and
“urethane adhesive” summed
with “polyurethane adhesive”

Fig. 14.2 Sampling of citations
based on CA Selects Plus:
Adhesives, for

July—August 2010 [24]

Table 14.1 Journals devoted to adhesion and adhesives

Title
The Journal of Adhesion

Journal of Adhesion Science and
Technology

International Journal of Adhesion and

Adhesives
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The chemistry of a structural adhesive is designed to do at
least two important things. First, the adhesive must at some

time pass through a fluid state in order to wet the adherends.

Elsevier

Second, the adhesive in its final state in the bond line must be

a solid, high-molecular-weight polymer that is able to carry

American Chemical
Society

Business News Publishing
Co.

and transfer mechanical forces. In almost all cases, the
polymer matrix of a structural adhesive will be cross-linked.
The chemistry must make possible some manufacturing

process for the assembly that allows for the liquid state,
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Table 14.2 Internet web sites focused on adhesives
Web address Publisher

http://www.adhesivesandsealants. VertMarkets, Inc.
com

http://www.adhesiveshq.com Verdex Group, Thomas

Publishing

http://www.specialchem4adhesives. SpecialChem, S. A.

com

http://www.adhesionsociety.org The Adhesion Society

and there must be some mechanism for passing from the
liquid to the solid, load-bearing state. The process of going
from the liquid to the solid state is usually termed “curing.”

There are three general ways in which adhesives are
cured. In the first “hot-melt” method, the adhesive can be
applied in a molten state and allowed to cool and solidify in
the bond line. In the second method, the adhesive can be
applied as a solution or dispersion and the carrier liquid
allowed to evaporate, leaving behind the high-molecular-
weight polymer. In the third method the adhesive consists
of a low-viscosity fluid containing reactive groups that
undergo polymerization in the bond line to build the molecu-
lar weight sufficiently to carry a load, entailing in most cases
forming a cross-linked network. This method is the one most
commonly used with epoxy, urethane, and acrylic structural
adhesives. The chemistry, methods, and mechanisms for
accomplishing this polymerization will be covered in more
detail in the following sections.

Adhesion Mechanisms

Focusing on the third cure method, once the liquid adhesive
has been applied to the adherends and intimate contact and
wetting have been established, the liquid mass is cured by
polymerizing it to a solid, high-molecular-weight, load-
bearing state. It now transfers load among the components of
the assembly. The mechanisms of adhesion can be grouped
into three or four categories. Kinloch identifies four categories
and devotes an entire chapter to elaborate these in detail [7]. In
this review, three mechanisms will be invoked to explain the
adhesion of one material to another: (1) mechanical
interlocking, (2) electrostatic attraction, and (3) the formation
of chemical bonds across the interface. All three mechanisms
may play some role in any given bonding situation although
often one contributes much more than the others.

Mechanical interlocking is usually invoked when describ-
ing the adhesion of ice to glass. Silver amalgam dental
fillings are held in place largely by mechanical interlocking.
Although there probably are some exceptions, mechanical
interlocking usually is not a major factor in bond formation
with structural adhesives because, unlike water freezing,
most materials contract on cooling or curing. Interdiffusion
of polymer chains (i.e., entanglements) may also be
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considered to be mechanical interlocking at the atomic
scale, but it requires mutually compatible and essentially
uncross-linked compositions to occur. This is likely to be
most important in the welding of plastics.

The other extreme in bonding is the formation of direct
covalent chemical links across the interface. These bonds
would be expected to be quite strong and durable, but they
require special attention not only to the chemistry of the
adhesive, but also to that of the substrate. It is necessary
that there be mutually reactive chemical groups tightly
bound on the adherend surface and in the adhesive. There
is evidence that such bonds can be formed under controlled
conditions. Silane coupling agents are one example of using
specific reactive groups to promote the formation of direct
chemical bonds.

R.
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By far the dominant adhesion mechanism, particularly in
the absence of covalent linkages, is the electrostatic attraction
of the polar groups of the adhesive to polar groups of the
adherends. These are mainly forces arising from the interaction
of permanent dipoles, including the special cases of hydrogen
bonding (10-25 kJ/mol) and Lewis acid-base interactions
(<80 kJ/mol) [25, 26]. These forces provide much of the
attraction between the adhesive and the adherend and also
provide a significant portion of the cohesive strength of the
adhesive polymer. These interactions are generally classified
as attractive long-range forces that drop off inversely to the
sixth power of the distance, 1/7°, when r is very large compared
to the dipole charge separation distance; that is, » > 1.5 nm.
However, at shorter distances attractive interactions rise more
rapidly especially when dipoles are aligned.

In two articles on the cohesive and adhesive strengths of
polymers, Mark [27, 28] derives some estimates of what
adhesive bond strengths might be achievable with covalent
bonds or polar forces across an interface. He concludes that the
bonds actually achieved in real life are only a small fraction of
what he estimates for the situation in which covalent chemical
bonds are the main contributors to adhesion. He further
proposes that even if there are a significant number of covalent
chemical bonds across the interface, the failing strength of the
bond still will depend on the strength of the polar bonds. The
polar bonds will fail at a lower strength than the covalent
bonds, and the applied load then will be concentrated on the
covalent bonds. The measurable mechanical strength of a
partially covalent adhesive bond still will be dominated by
the polar forces. The implication is that although increasing
the proportion of covalent bonds across the interface can
enhance durability, the ultimate load-carrying capacity proba-
bly will not be significantly affected.
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Surfaces

Adhesives must function solely through surface attachment.
Therefore, the nature and the condition of the adherend
surface are crucial to the formation of strong and durable
bonds. By “surface” we usually mean that region of a mate-
rial which interacts with its surroundings. There is some
region of a bonded assembly where the adhesive and
the adherend interact, but only rarely is this a sharp bound-
ary. Usually it is a very diffuse, somewhat ill-defined region
of interaction that has become known as an interphase rather
than an interface. For example, the interaction with a freshly
cleaved single crystal of zinc might occur over only a
few atomic layers or a few nanometers. Rough or porous
surfaces present more surface area than smooth ones of the
same dimensions, and the adhesive might reach a depth of
several hundred nanometers on a porous adherend such as
wood or paper.

One very important aspect of surfaces is that they rarely
have the same chemical composition as the bulk material
and often seem to be entirely unrelated to the bulk. The
surface usually consists of several regions having no clear
boundaries. A metal alloy might have a well-defined bulk
composition, but at the surface there probably will be a
region that is still metallic but is of different chemical
composition because of alloying elements or impurities
that have segregated at the surface. On top of this region
there probably will be a layer of oxides and hydroxides
formed by reaction with the atmosphere. There also will
be many other contaminants such as nitrogen, sulfur, and
halogen compounds formed by interaction with the
pollutants in the atmosphere. Finally there will be several
layers of adsorbed water. The surface of a metal also might
be contaminated with rolling oils, cutting lubricants, draw-
ing compounds, or corrosion inhibitors. Mechanical working
of the metal might even mix these contaminants with the
other surface materials to create something like an inhomo-
geneous “frosting” on the surface.

Engineering plastics display some of the same surface
phenomena as metals, in that the surface is very different
from the bulk. The manufacturing process often introduces
anisotropy so that the mechanical properties of the material
are different in different directions. In addition, it is common
to find that components of the plastic have accumulated at
the surface. Low-molecular-weight polymers or oligomers,
plasticizers, pigments, mold release agents, shrink control
agents, and other processing aids as well as adsorbed
contaminants often are present.

The nature of the surface of an engineering plastic can
change rapidly in response to its surroundings. The bulk of
the material might be in the glassy state, but because of the
concentration of low-molecular-weight material and
contaminants, the surface region can be quite mobile.
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Exposure of the surface to a polar environment, such as by
wiping with a polar solvent, can cause polar groups in the
plastic surface to preferentially orient themselves outward.
Exposure to a nonpolar medium can bring out the nonpolar
nature of the surface.

The cured adhesive itself can be expected to be inhomo-
geneous particularly when arising from a formulated compo-
sition containing fillers, rubber-toughening agents, and other
additives. Low-molecular-weight materials can be drawn
into the surface of a porous adherend, leaving higher-weight
polymer and fillers behind. The polar or nonpolar nature of
the adherend influences the orientation and morphology of
adhesive polymers in the interphase. Compounds at the
adherend surface can catalyze or inhibit polymerization.
Solvents in the adhesive can swell the adherend or dissolve
portions of the adherend surface.

The interphase region is complex, and its composition is
usually unknown. Primers or surface treatments often are
used to improve control of the interphase and provide
increased adhesion, durability, and resistance to aggressive
environments. The chemistry of primers and surface
treatments is as varied as the chemistry of the adhesives,
but they will not be considered further in this chapter.

Any bonded construction consists of at least two
adherends and one adhesive and contains at least two inter-
phase regions. It is important to remember that the perfor-
mance of the construction, its durability, its mechanical
properties, and its response to tests and challenges, are all
properties of the entire assembly. The successful use of
adhesives depends on taking account of all parts of the
construction and the process. Whereas the adhesive is just
one part of the assembly, its chemistry plays an important
role in the bonding process.

The following sections discuss the chemistry of some
major classes of thermosetting, structural adhesives.

Epoxy Structural Adhesives
Introduction

Epoxy adhesives command a large portion of the structural
adhesives market. Many people are probably familiar with
epoxy structural adhesives, as these are the typical two-part
adhesives found in hardware stores and supermarkets. Epoxy
adhesives owe their popularity with both the general public
and industry to their ease of use, their relative safety, and
their compatibility with many adherends (Fig. 14.3). The
various chemical reactions involving the epoxy ring provide
a fertile field for the development of a wide range of
properties [29]. Even a half century after the first epoxy
patents were issued [30], new patents on epoxy adhesive
technology continue to appear every month (Fig. 14.1).
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Fig. 14.3 Construction of a bicycle frame from carbon fiber composite
tubing using an Araldite™ epoxy adhesive (Courtesy of Huntsman
Advanced Materials)

Epoxy adhesives get their name from the portion of
the adhesive containing 1,2-epoxy, epoxide, or oxirane
ring. This three-member ring consists of two carbon atoms
joined to an oxygen atom. The highly strained geometry of
this moiety with a strain energy of 114 kJ/mol accounts
for its reactivity with many nucleophilic or electrophilic
compounds.

S
P S

Epoxy Ring

Typical epoxy resins used to formulate epoxy adhesives
have at least two epoxy rings, usually at the ends of a
relatively short-chain prepolymer. The epoxy groups then
are reacted with other epoxy groups in a chain-growth poly-
merization or with another curative in a step-growth poly-
merization to produce a polymer network, which can be
either thermoplastic or thermoset. The polymer linkages
created by reaction of the epoxy ring are polar and provide
adhesion to a variety of polar surfaces. With the proper
backbone polymers and curing agents, cured epoxy
adhesives can be very tough and resistant to chemical deg-
radation. Bonded assemblies can have a high degree of
durability and environmental resistance. Epoxy adhesives
are widely used in the transportation industry where they
can greatly reduce the amount of welding required.
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Commercial Epoxy Resins

Epichlorohydrin, or 1-chloro-2,3-epoxypropane, is the key
raw material in the manufacture of the most widely used
epoxy resins known as glycidyl ethers, amines, and esters.
The most commercially important epoxy resins for structural
application, for coatings, or for adhesives are the diglycidyl
ether of bisphenol A (DGEBA, also referred to as bisphenol
A diglycidyl ether, BADGE) and its higher homologues. Pure
DGEBA crystallizes after a short time in storage, melting
point 42 °C. Because of this, most liquid grades used in epoxy
adhesives contain 10-15% higher oligomers, average
n =~ 0.15-0.20 as well as some side products. Typical com-
mercial resins have molecular weights of about 370 and
epoxide equivalent weights in the range of about 180-190,
and will have some small percentage of material that is less
than difunctional. Various grades of liquid DGEBA resins
are manufactured by several companies including Dow
Chemical (D.E.R.™) [31], Momentive Specialty Chemicals
(formerly, Hexion Specialty Chemicals, Resolution Perfor-
mance Products, and Shell Chemical, EPON™) [32],
Reichhold (Epotuf™) [33], Polystar (ChemRes™) [34], and
Huntsman (Araldite™) [35].
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Epichlorohydrin derived epoxy resins

The higher-molecular-weight epoxy resins can be produced
commercially either through the direct reaction of bisphenol
A, NaOH, and epichlorohydrin or by chain extension of the
DGEBA with bisphenol A. For resins with n > 2, the number
of secondary hydroxyls exceeds the number of oxirane groups.
They are often used as the reactive site for coatings. The value
of n can be as high as 90 [36]. The higher-weight polymers
give greater toughness but with a greater tendency for swelling
by solvents. Their high T,’s and higher melt viscosity make
them less suitable for most adhesive applications.
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Bisphenol A resin
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Table 14.3 Select examples of monofunctional epoxy diluents
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Composition Nominal structures Trade name
n-Butyl glycidyl ether ') Helo>l§y Modifier 61*
6741
\/\/O\/<’
2-Ethylhexyl glycidyl ether Heloxy Modifier 116*
0 6746"
o_<]
0-Cresyl glycidyl ether Heloxy Modifier 62*
6742
O Araldite® DY-K®

Phenyl glycidyl ether

Glycidyl ester of neodecanoic acid

0 Helméy Modifier 63*

o CardtlraTM Glycidyl Ester”
6770

o_<] Glydexx™ N 10

O

“Momentive Specialty Chemicals (formerly Hexion Specialty Chemicals/Resolution Performance Chemicals/Shell Chemicals)

PPacific Epoxy Polymers, Inc.
“Huntsman
YExxonMobil Chemical

Another important class of aromatic epoxy resins is the
epoxy novolac resins. Novolacs are polymers made by con-
densing phenol or cresol with formaldehyde in the presence
of an acid catalyst. The result is a chain of phenol or cresol
groups held together by methylene bridges in a mixture of
ortho and para isomers. The hydroxyl groups then can be
reacted with epichlorohydrin and dehydrohalogenated with
base to produce an epoxy functional novolac. The simplest,
containing only two rings, is the diglycidyl ether of
bisphenol F. It is a liquid resin having an epoxy equivalent
weight (EEW) of about 165.

Epoxy phenol novalac

Diglycidyl ether of bisphenol F

Unlike that of the higher molecular weight bisphenol A
resins, the EEW of the epoxy novolac resins remains rela-
tively constant with increasing molecular weight because all
of the aromatic rings contain hydroxyl groups that can be
epoxidized. Higher-molecular-weight epoxy novolac resins
can produce adhesives with higher cross-link densities.
The value of n for epoxy novolac resins used in adhesives
is usually in the range of about 0.2-3.5.

Various aliphatic and aromatic monoglycidyl ethers are
available that can be used as reactive diluents of many
formulated epoxy structural adhesives. They are used to
lower the viscosity of the composition without introducing
low-molecular-weight unreactive species that might migrate
out of the adhesive after it is cured. These compounds are
made in much the same way that the polyfunctional epoxy
resins are made. Some of the common reactive diluents are
given in Table 14.3.

Butyl glycidyl ether has the lowest viscosity and gives the
greatest viscosity reduction for the same weight concentra-
tion. However, it has a higher vapor pressure than either
cresyl glycidyl ether or the higher alkyl glycidyl ethers, and
is more likely to cause problems with skin sensitivity and
toxicity. The cresyl glycidyl ether is particularly effective at
reducing the tendency of liquid epoxy resins to crystallize on
storage. For safety reasons the higher-molecular-weight,
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Table 14.4 Select polyfunctional diluent resins

Composition
Trimethylolpropane triglycidyl ether

Neopentylglycol diglycidyl ether 0

1,4-Butanediol diglycidyl ether

Cyclohexane dimethanol diglycidyl ether

Resorcinol diglycidyl ether

Pacific Epoxy Polymers, Inc.

Nominal structures

Ao,

o) 6749
|>\/O\></O\/<I Heloxy™ Modifier 68°
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Trade name

6752"
Heloxy™ Modifier 48°

Araldite DY-T¢

o) 6749°
Heloxy™ Modifier 67°
Araldite® RD-2°

o) 6757*
Heloxy™ Modifier 107"

o) 6769

®Momentive Specialty Chemicals (formerly Hexion Specialty Chemicals/Resolution Performance Chemicals/Shell Chemicals)

“Huntsman

lower-vapor-pressure materials find more use even though
they might be less efficient than those with a higher vapor
pressure.

Aliphatic and other specialty aromatic polyfunctional
glycidyl ethers are also widely used either for viscosity
reduction or improving one or more particular properties.
Table 14.4 lists examples of some of these.

The diglycidyl ether of 1,4-butanediol is a low-viscosity
difunctional epoxy that is a somewhat less efficient diluent
than the monoepoxides but does offer the advantage of
having two reactive sites. Neopentylglycol diglycidyl ether
and cyclohexane dimethanol diglycidyl ether impart greater
rigidity than the 1,4-butanediol diglycidyl ether. Resorcinol
diglycidyl ether is a very reactive material useful for reduc-
ing viscosity and gives higher cross-link densities than
bisphenol A resins themselves.

Epoxidized oils such as soybean oil or linseed oil,
which are made by oxidizing the internal unsaturation in
the fatty acid chain, find much use as plasticizers, particu-
larly in vinyl resins. An internal epoxy ring is much
less reactive than a terminal epoxy ring and usually does
not take part in typical epoxy curing reactions under mild
conditions. These materials can be used as plasticizers in

epoxy adhesives but cannot really be considered reactive
diluents.

The cycloaliphatic compounds such as 3’,4’-epoxycyclo-
hexylmethyl 3,4-epoxycyclohexane carboxylate (TGY-6110
from Tyger Scientific, Inc. or Uvacure 1500 from Cytec) are
made by direct epoxidation of the corresponding
cyclohexene with peracetic acid. They produce high T,
polymers too brittle for use as the sole epoxy compound in
adhesives. They are marketed towards the ultraviolet cat-
ionic cure coatings applications.

8 O-CH
o Do

3,4’ Epoxycyclohexylmethy

3,4-epoxycyclohexane carboxylate

Tougher polymers of somewhat lower T, are obtained
from glycidyl esters such as the diglycidyl ester of
hexahydrophthalic acid (Epalloy* 5200, Emerald Perfor-
mance Materials Co.). The glycidyl esters are prepared by
reacting the corresponding cycloaliphatic carboxylic acid
with epichlorohydrin and dehydrohalogenating with NaOH.
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Diglycidyl ester of hexahydrophthalic acid

There is also a variety of other specialty epoxy resins
used in limited quantity for applications demanding some
specific performance property. Tri- and tetra-functional
materials such as triglycidyl-p-aminophenol, triglycidyl
isocyanurate, or N,N,N' N’ tetraglycidyl-4,4'-diaminophenyl
methane (tetraglycidyl methylene dianiline, Huntsman MY
720) have been used in adhesives requiring high heat resis-
tance and good chemical resistance.

(&Yoo),

Tetrglycidyl methanedianiline

A typical sales specification for an epoxy resin used in
adhesives will include the epoxy equivalent weight (EEW),
also sometimes called the weight per epoxy (WPE), viscos-
ity, and density at some specified temperature and the aver-
age functionality or number of epoxy groups per molecule.
Sometimes a specification on total chlorine is included,
which gives some indication of bound chlorine not removed
by the NaOH in the dehydrohalogenation process. This
bound chlorine is the result of epichlorohydrin side reactions
during the epoxy synthesis. A high chlorine content indicates
that there will be a large number of molecules of low func-
tionality because each chlorine remaining represents one
epoxy ring not formed in the dehydrohalogenation step.

Epoxy Cure Chemistry

Epoxy structural adhesives rely on the chemical reactions of
the epoxy group with other reactants to pass from a liquid,
wetting state to a solid, load-bearing state. There are a
number of ways in which this is done, but all fall under
one, or some combination, of three general schemes: step-
growth polymerizations through reaction with curing agent,
chain-growth polymerizations initiated by Lewis acids, or
chain-growth polymerizations initiated by Lewis bases.'
Often the cure times of the slower step-growth curing
adhesives are shortened by including Lewis acid or Lewis
base catalysts.

"Lewis acids and Lewis bases are discussed in “Chain-Growth
Polymerizations.”
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It would be tempting to consider the step-growth and
chain-growth polymerization reactions as if they were inde-
pendent and one could have the choice of either in any
particular situation. The truth is that there are aspects of
both types of polymerization in the cure of almost every
epoxy structural adhesive. Such multiple-cure reactions
often make it difficult to calculate the stoichiometry of an
epoxy adhesive formulation. One type might predominate,
depending on the formulation and cure conditions, but the
effects of the other could not be completely discounted. The
significance of this statement can be seen by looking at the
two generalized reactions.

A typical step-growth reaction is one in which a single
epoxy ring reacts with the active hydrogen of the curing
agent. The general reaction is:

OH

RXH R'X—CHy-CHR

*  H,C-CHR
Model epoxy reaction

In order to form a high-molecular-weight polymer, both
the epoxy-containing material and the curative must be at
least difunctional. If both behave as difunctional materials,
the resulting polymer is linear, and then it is necessary to
drive the reaction nearly to completion to obtain a high-
enough molecular weight to be useful. Neither of the
reactants can contain a significant amount of mono-
functional material. Monofunctional impurities or reactive
diluents will act as chain terminators and limit the ultimate
molecular weight obtainable.

Chain-growth polymerizations occur through the reaction
of epoxy rings with the active site on a growing chain and
not with each other or with a second curing agent. After
being initiated by a Lewis acid or a Lewis base, the growing
chain will continue to consume epoxy groups and can reach
a high molecular weight very rapidly. Because the epoxy
groups are reacting with the growing chain, even a
monofunctional epoxy compound can be polymerized. If
A* is the initiator and M the monomer unit, the general
reaction is:

A+ 1M — A — M, M*

Chain-growth reaction
where the asterisk indicates the active site of the growing
chain.
Lewis bases initiate anionic chain-growth
polymerizations, the generalized reaction being that of a
propagating alkoxide anion.

R
o)
A- + (HgC‘CHR)n — Aé/ko%ﬁ/o'
R

Anionic chain growth
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Lewis acids initiate  cationic  chain-growth
polymerizations. There are several possible chain propaga-
tion reactions, and the mechanism of cationic chain growth is
still open to some debate. However, the propagating species
is likely to be an alkylated epoxy cation, or oxonium ion.

Il_ewis Acid
(e}

yioJ\o®

In chain-growth polymerizations, epoxy reactants
containing more than one epoxy ring per molecule can
form tightly cross-linked, three-dimensional networks, as
each epoxy group acts as a difunctional reactant.

Step-Growth Polymerization. Only a relative few of the
dozens of active hydrogen compounds that undergo
reactions with the epoxy ring find widespread use in epoxy
structural adhesives. The most common are amines, acid
anhydrides, phenols, thiols, and carboxylic acids.

Primary and secondary amines react with epoxy groups to
form secondary or tertiary amine linkages. The uncatalyzed
reactions proceed at room temperature with the glycidyl
ethers and glycidyl esters over many hours with handling
strength of >50 psi being achieved in about 2-3 h. The
resulting polymer depends on the structure of the reactants
and the degree of cure, and thus a variety of final adhesive
properties can be had. The reaction is susceptible to general
acid catalysis, that is, by hydrogen bonding. Indeed, the
reaction is autocatalytic as secondary alcohols are generated
during the ring opening reaction. Better hydrogen-bond
donors, such as phenols, are commonly used [37-39]. The
reaction of the secondary amine with the epoxy group
produces a tertiary amine, which can in turn be the Lewis
base that initiates an anionic chain-growth polymerization of
the remaining epoxy groups, depending on cure conditions.

o it
ANMe + pcoorr — RN A,

Epoxy amine reaction

The simple linear aliphatic diamines, H,N(CH,),NH,,
can be used as curatives in adhesives. For small values of
n, the short distance between the amine groups can hinder
the reaction of the second amine and slow the cure process.
Also, the resulting products tend to be brittle for values of n
less than about 6.
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More flexible, tougher products can be obtained by using
liquid diamines or polyamines having more flexible
backbones. For example, Jeffamine T-403 (Huntsman) is a
low-viscosity liquid (70 mPa/s) having a molecular weight
of about 440 and an amine hydrogen equivalent weight of
about 81. It is a poly(propylene oxide) triamine made from
the polyether initiated by trimethylol propane, and is pro-
moted as a flexible cross-linker for epoxy systems. Their
lower reactivity relative to other aliphatic amine may be a
consideration in their usage.

Various polyamines also are useful as curatives for epoxy
adhesives. An example of a simple polyamine is diethylene-
triamine (DETA).

H,NC,H4;NHC,H4;NH,
Diethylenetriamine (DETA)

Its higher-weight homologues also are quite useful and
are made by adding (CH,CH,NH) groups, leading to a
homologous series of the form.

H,N— (C,H4NH), — C,HyNH,

where n is two, the material is triethylenetetraamine
(TETA), and for n =3 it is tetracthylenepentamine
(TEPA), and so on. These three are the most important
members of this series for adhesive applications, and are
used more often than the simple aliphatic diamines. They
often are used in combination with some other curative.
Calculating stoichiometry can be difficult with these
polyamines. All the active hydrogens might not be available
because of steric factors introduced by the first reactions, or
because once the first one or two active hydrogens are
reacted with epoxy rings, the molecule is anchored into the
chain and cannot readily diffuse to other epoxy groups.
Therefore, a modest excess of polyfunctional amine
is often added to the adhesive formulation. If the amine is
used in too much excess, as with any other imbalanced
stoichiometry, the final composition may have too many
dangling chain ends, that is, be soft and cheesy, or even
have unreacted amine that can leach from the product.

Other series of polyamines can be made too. For example,
propyl groups can replace some or all of the ethyl groups, or
the compound might be modified by reaction with an excess
of a monoepoxide to give a hydroxy functional amine. Such
modifications are made to improve adhesive properties and
sometimes to lower toxicity of the curing agent or make it
easier to handle.

Among the most important amine functional epoxy cur-
ing agents are the polyamidoamine resins. These are made
from dimerized unsaturated fatty acids by reaction of the
dimer acid with a polyamine such as DETA.
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O O

HO)LfCQu\OH

HQN\/\N/\/ NH2 'HQO

H —_—

H o 0 H
N N H
HQN/\/ \/\N 034 N/\/ \/\N
H H H
Polyamide Polyamine synthesis

These polyamidoamines are available from several
suppliers worldwide (Cognis (Veramide®™), Arizona Chemi-
cal (Uni-Rez®), Air Products (Ancamide™), and others) and
are among the most common curatives in the general-
purpose, ‘“do-it-yourself” two-package epoxy adhesives.
They have a distinctive odor somewhat like popcorn and
are easily recognized in adhesive formulations. The polyam-
ide backbone does contribute to the overall good mechanical
properties of the polyamide amine cured adhesives.

The polyamidoamines are very high-viscosity liquids,
some having viscosities over 50,000 mPa/s. Typical amine
equivalent weights are 100-150. The polyamidoamines react
with bisphenol A epoxy resins at room temperature although
the adhesives usually require several hours to reach suffi-
cient molecular weight to carry a load. Cure times can be
shortened to a few minutes at about 150 °C.

Epoxy adhesives cured with polyamidoamines are flexible,
tough, durable adhesives useful on a wide variety of adherends.
They probably have contributed heavily to making the words
“epoxy” and “adhesive” equivalent for many people.

A variety of aromatic polyfunctional amines is also used
in curing epoxy adhesives. They generally are slower to
react than the aliphatic amines and require a heat cure to
be practical. They do provide generally better high-
temperature properties than the aliphatic amines. The most
commonly used aromatic amine curatives are m-
phenylenediamine (MPDA, DuPont), methylenedianiline
(MDA, Bayer), and diaminodiphenyl sulfone (DDS,
Aceto). Albemarle Corporation’s Ethacure® 100 is claimed
to be a more user-friendly curative that can be used in place

of MPDA or MDA.
HoN \©/ NH,

m-Phenylenediamine

Methylenedianiline
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O

o}

Diaminodiphenyl sulfone

I
S
I

All of the curatives described so far are used to make
two-package adhesives in which the curing agent is pack-
aged separately from the epoxy resin. Once they are mixed,
they have a limited pot life, usually less than a few hours.

It is possible to make one-package epoxy adhesives
that can have very long shelf lives at room temperature
but cure rapidly when heated. One amine curative widely
used to make single-package heat-cured epoxy adhesives
is dicyandiamide (cyanoguanadine), commonly known
as dicy.

J’\JI\H N
N
H
Dicyandiamide

HoN

It is made by dimerizing cyanamide in basic aqueous
solution, and is a colorless solid melting at 208 °C.
Dicyandiamide is soluble in polar solvents, but at room
temperature is insoluble in bisphenol A epoxy resins.
It can be made into a very fine powder and milled into
epoxy resins to form stable dispersions. Because the dicy
is insoluble in the epoxy, the only possible reaction sites
are at the particle surfaces. Although some reaction cer-
tainly occurs over a short time, the adhesives easily can
have a useful shelf life of 6 months. On heating to about
150 °C, the dicyandiamide becomes soluble in the epoxy
resin, and the adhesive polymerizes rapidly. Cure can be
accelerated by incorporation of tertiary aromatic amines or
substituted ureas.

Carboxylic acids can be used to cure epoxy adhesives
or otherwise modify epoxy adhesives. The reactions can
be complex. If no hydroxyl groups are present initially,
the first reaction will be that of the active hydrogen with
the epoxy ring to form an ester. This will produce a
hydroxyl group on the backbone and allows for competing
reactions. The organic acid can catalyze the etherification
reaction with the hydroxyl group or undergo a condensa-
tion esterification reaction directly with the hydroxyl

group.

0]

P§ +

R™ "OH

R
o R\H/OJ\OH
(0]

Epoxy acid reaction

2
H,C-CHR'
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R
O +
F‘W(O\J\OH + HC-CHR —
(0]
R
RTOJ\ O/\/OH
o) R
Etherification reaction
R R._ _OH
R\n/o\)\OH + \n/ —_—
0 (0]
R O
R\H/OJ\OJ\R + H,O

(0]
Condensation reaction

These reactions usually are slow at room temperature,
and the adhesives must be cured with heat. Tertiary amines
or amidines can be used to catalyze the reaction whereby the
carboxylate anion is the nucleophile and the ammonium or
amidinium ion act as hydrogen-bond donors. Dusek et al.
have shown that transesterification only occurs after essen-
tially complete consumption of the carboxylic acid in
compositions initially having equivalent amounts of acid
and epoxy groups [40, 41]. The transesterification leads to
an equilibrium sol-gel composition.

Acid anhydrides also can be used to cure epoxy adhesives
although they usually are used only where good service at
high temperatures is required. Most of the anhydride-cured
epoxy adhesives are cured at high temperature. Because
most of the anhydrides are relatively small molecules, the
products tend to be tightly cross-linked and can be somewhat
brittle.

The first step in the anhydride cure in the absence of a
tertiary amine catalyst is ring opening of the anhydride by
active hydrogen, perhaps from water or hydroxyl groups
already present on the epoxy resin. The resulting acid then
reacts as a typical organic acid. In the presence of a tertiary
amine, the initial formation of a zwitterionic acylammonium
carboxylate salt is possible. The carboxylate anion then
reacts with the epoxide as a nucleophile.

o)

0O
OR

O +ROH —— i\i
OH

0

()
Anhydride ring opening by hydroxyl

An interesting class of curatives, but with more limited
usage, is that of thiols (also known as mercaptans). Thiols
react with terminal epoxide groups quite rapidly when a
tertiary amine catalyst is present even at temperatures
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below O °C. The reaction is similar to that found with
hydroxyl groups and produces a polythioether product.
These are the familiar “five-minute” epoxy adhesives and
have the characteristic odor of thiols. The rapid cure can be
controlled so as to give very good open, or handling, time by
the incorporation of very minor amounts of weakly acidic
components such as chlorophenol, paraben esters, or carbox-
ylic acids [42]. One limitation on wider application is the
commercial availability of suitable polythiols. CapCure™
(Cognis) or GPM™ (Gabriel Performance Products)
trifunctional thiols are widely used, but give cured products
with low T,’s unsuitable for many structural applications.

Chain-Growth Polymerizations. Chain-growth polymeriza-
tions are very important to many commercially successful
epoxy structural adhesives. They can be extremely rapid and
contribute to the fast cure times needed for high productivity
in many manufacturing operations.

A Lewis base is a compound that contains an unshared pair
of electrons capable of undergoing chemical reactions. Ter-
tiary amines are examples of Lewis bases, and often are used
in epoxy curing agents. In an anionic epoxy polymerization
the propagating species is the alkoxide anion generated by the
reaction of the Lewis base with an epoxy ring.

Q @
RN+ ycchr — 7 RsNJ\O@

Formation of anionic chain initiator

This anion can continue to react with epoxy rings, adding
them to the chain until the anion is destroyed in some side
reaction.

. @ R Q
® f Q o RN 0
RSN\)\O@ * H,C-CHR' ® J\o“(
R
Anionic chain propagation

The product is a polyether, which can be tightly cross-
linked when polyfunctional epoxides are used, as each epoxy
ring can become part of a different chain.

Lewis acids, compounds with empty orbitals capable of
accepting electron pairs, initiate cationic polymerization of
epoxy resins. In this case the propagating species is a posi-
tive ion. The most commonly used Lewis acids are the boron
trihalides, particularly BF; and BCl;. They usually are used
in the form of complexes because both are gases at room
temperature and are so reactive with epoxy resins that they
can be difficult to control. Lewis base complexes with the
boron trihalides have much lower reactivity at room temper-
ature but can react quickly on relatively mild heating,
depending on the particular complex. Boron trifluoride read-
ily forms complexes with ethers, alcohols, and amines, and
several of these complexes are commercially available.
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A boron trifluoride ethanolamine complex can be included in
the curative portion of a two-package epoxy adhesive. When
the two packages are mixed at the time of use, the mixture
can have a pot life of hours at room temperature but poly-
merize in minutes at temperatures of 100-150 °C.

One very interesting new application of Lewis acids in
curing epoxy adhesives has appeared within the last 30
years. The Lewis acid initiator for the cationic polymeriza-
tion is formed by the heat or ultraviolet light-induced
decomposition of Lewis acid:Lewis base salts. Several
patents by Crivello and coworkers [43-47] describe
compounds containing aromatic onium salts such as
iodonium or sulfonium, in which the cation is stabilized by
the aromatic rings. The field is covered in more detail in a
recent review [48].

Diphenyl iodonium salt

The counterion generally is a large stable anion such a
[SbF¢]l™, [AsFg]™, [PFg¢] ™, or, [BF4]~. The more stable
anions are less likely to terminate the growing cationic
chains than are typical anions. The salts can be dissociated
with heat to release the cation, which appears capable of
initiating cationic polymerization of many materials in addi-
tion to epoxy rings. If the proper dye sensitizers are added,
the cation can be liberated by ultraviolet light to initiate the
polymerization. The cations persist for quite some time after
the light source is removed. Acids of the form H*SbFsX ™,
where X is a halogen, also have been used to catalyze epoxy
reactions [49].

Evolution

The main advances being made on the chemical structure and
manufacture of epoxy resins is being driven by microelec-
tronic applications, which are not typically thought of as
“structural.” For these applications where failure is often
induced by mismatched thermal expansion coefficient and
fatigue on cycling in temperature, extremely low halide con-
tent is essential. The epichlorohydrin route to epoxy resins
generally imparts too much residual chlorine content that is
not easily removed by subsequent purification steps. A num-
ber of alternative routes using hydrogen peroxide have been
proposed with various catalysts or coreactants. The patent by
Khan et al. [50] proposes one improvement and the patent’s
background section provides a good review of related
processes. The direct oxidation of olefins by molecular
oxygen, while limited in scope, can be done to prepare
monofunctional epoxies used as reactive diluents [51].

K.J. Abbey and D.J. Zalucha

Formulations continue to investigate methods to improve
toughness. Several studies of nano-fillers have recently
appeared showing improvements with different curing
agents and temperatures [52-55]. Nano-dispersed triblock
copolymers were also obtained under -certain cure
temperatures that yielded toughening [56]. Hyperbranched
resins terminated with epoxy groups show improvements
over linear liquid rubber including lower viscosity at similar
toughness [57-60].

Summary

Epoxy structural adhesives have proven to be versatile and
reliable compositions. Their widespread use and acceptance
is in part due to the varied chemistry of the epoxy ring and
the skill of scientists and adhesive formulators in developing
high-quality compositions that can produce reliable, repro-
ducible structural joints even when applied by relatively
unskilled users. New compositions and chemical reactions
continue to be disclosed, and it is certain that the knowledge
of epoxy chemistry will continue to grow. Many of the new
discoveries will find their way into new epoxy structural
adhesives.

Urethane Structural Adhesives
Introduction

The term “urethane adhesive” as it is generally used
encompasses a lot of chemistry that is not necessarily ure-
thane chemistry. “Urethane” is the common name for the
compound ethyl carbamate. In common usage, “urethane
adhesive” generally means an adhesive polymer derived
from isocyanate chemistry and reactions of isocyanates
with active hydrogen compounds. However, isocyanate
reactions do not always lead to urethane linkages, and
there are ways of arriving at urethane linkages without
involving isocyanates. In this section the common approach
is taken; that is, an adhesive that uses reactions of the
isocyanate group to bring about polymerization in the bond
line is considered a urethane adhesive.

The study of industrial applications of isocyanate chem-
istry and polymers derived from isocyanates received much
attention in Europe, particularly Germany, in the 1930s and
during World War II. Patents on aspects of urethane chem-
istry appeared as early as 1937 [61]. The effort going into
understanding isocyanate chemistry and commercializing
urethane products continues [62—66].

The isocyanate group consists of a linear arrangement of
nitrogen, carbon, and oxygen atoms.
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—N=C=0

Several possible electronic configurations can be drawn,
most of which involve a positive charge on the central carbon
atom. This partial positive charge on the carbon atom
accounts for much of the reactivity of the isocyanate group
with nucleophilic groups. Not only does the isocyanate group
react with a variety of potential curing agents, but also it is
very reactive with many of the adherend surfaces on which
urethane adhesives are used.

The same high reactivity that makes the isocyanate a
desirable reactant for structural adhesives also renders the
unreacted isocyanate more acutely toxic than, for instance,
epoxy adhesives. Only a few isocyanates are safe enough
and easy enough to handle that they find widespread use in
urethane structural adhesives.

Isocyanate Preparation

Organic isocyanates are the major building blocks of
urethane structural adhesives. They can be synthesized by
a variety of routes, but most of the commercially available
isocyanate compounds used in adhesives are made by the
reaction of a precursor primary amine or amine salt with
phosgene, followed by dehydrohalogenation. The reaction
with phosgene usually is carried out at a relatively low
temperature of less than 60 °C. The temperature then is
raised to 100-200 °C to remove the HCI.

RNH, + COCl, ——»
RNHCOCI + Hcl _heat RNCO + 2 HCI

Isocyanate synthesis by phosgenation

There are many possible side reactions, and the yield
depends on the reaction conditions, which usually are spe-
cific to the starting materials and desired product. Much
work has gone into determining the reaction conditions for
manufacturing as clean a product as possible.

The amount of isocyanate in a commercial isocyanate or
isocyanate-containing formulation usually will be specified
as weight percent isocyanate (as NCO) or as an amine
equivalent weight, which is the weight of material
containing sufficient isocyanate to react with 1 mol of
amine hydrogen.

Isocyanate Reactions
Organic isocyanates can undergo a large number of reactions

with active hydrogen compounds. One test commonly used
to determine the presence of active hydrogen atoms and the
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number of active hydrogens per molecule is the
Tschugaeff—Zerewitinoff analysis or, more commonly, the
Zerewitinoff test. An excess of a Grignard reagent, methyl
magnesium iodide, is added to the sample to be tested, and
the amount of methane evolved in measured.

CH;Mgl + RH — CH, + RMgl

Zerewitinoff reaction

Urethane adhesives take their name from the product of
the most common step-growth polymerization reaction used
to generate the adhesive polymers. Isocyanates react with
hydroxyl groups to create urethane (or carbamate) linkages:

(0]
R—N ! — H
CO + R'OH R—N—”—OR'

Urethane formation

If both the isocyanate and the hydroxyl-containing mate-
rial are difunctional, if the mixture is made up to have one
isocyanate per hydroxyl, if there are no side reactions, and if
the reaction can be driven to completion, a single linear
thermoplastic polymer should result. If one or more of the
reactants is more than difunctional, it is possible to create an
infinite three-dimensional network.

In general, primary hydroxyl groups are faster to react
than secondary hydroxyls, which are in turn faster than
tertiary hydroxyls, absent catalysts. When reacted with
hydroxyl-containing compounds, aliphatic isocyanates tend
to be more sluggish than their aromatic counterparts. Ure-
thane linkages made with tertiary hydroxyls tend to be less
stable and at high temperature can dissociate into an olefin
and an amine with loss of carbon dioxide. Metal compounds,
particularly tin compounds such as dibutyl tin dilaurate, and
various amines catalyze the isocyanate—hydroxyl reaction.

Isocyanates will react with amines to produce substituted
ureas, primary amines being faster than secondary amines.

R-NCO + RNH, —> Hj_
R—N NHR'

Urea formation from 1° amine

0
R-N RNH — _ H
CO + RR'NH S R

Urea formation from 2° amine

The ureas are more rigid linkages than the urethane struc-
ture, but they also are generally more resistant to heat and
chemical degradation. The reaction of isocyanates with
amines is generally so rapid that it is nearly impossible to
control the reaction well enough to make it useful in
formulating urethane adhesives. What usually happens is
that the reaction takes place faster than it is possible to mix
the adhesive. If it is necessary to include urea linkages in the
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final production, it can be done by making a prepolymer that
has the urea linkages in it already or by taking advantage of
the slower reaction of isocyanates with water.

Small (much less than stoichiometric) amounts of
diamines sometimes are added to the hydroxyl portion of
the adhesive to provide a rapid but limited molecular
weight increase as soon as the components are mixed
[67, 68]. In this way a two-package adhesive can be
made that will flow easily before mixing but will not
readily flow after mixing. Such adhesives can be applied
to vertical surfaces or overhead, and will remain in place
until the bonds are closed and cured.

The reactions of amines and isocyanates are important in
adhesives because of the possible reaction of isocyanates
with water. Because isocyanates react readily with water,
raw materials used in formulating adhesives must be
dry, and the compositions must be protected from moisture,
including atmospheric humidity, during storage. The first
reaction with water is the formation of a carbamic acid,
which rapidly loses carbon dioxide to form a primary
amine.

(0]
R—NCO + H,O0 ——> R—H OH —— RNH, + CO,
Water NCO reaction

The primary amine then can react with another isocya-
nate to produce a urea. Thus 1 mol of water consumes at
least two equivalents of isocyanate, builds molecular
weight, and liberates carbon dioxide in the process. If this
happens in a closed container such as a drum of adhesive,
the result can be explosive, particularly as the reaction
mass rises in temperature because of the exothermic
reactions. On the other hand, these reactions can be useful
in a bond line because under the proper conditions desir-
able urea linkages can be introduced into the curing adhe-
sive through the reactions of small amounts of water
normally present on the adherend surfaces.

The hydrogen atom attached to the nitrogen atom of the
urethane group is active enough that it can react with another
isocyanate group to produce an allophanate. This is an addi-
tional cross-linking mechanism for urethane polymers and
can disturb the stoichiometry of the system by consuming an
additional isocyanate group for each allophanate formed.
Elevated temperatures usually are needed to produce
allophanates in uncatalyzed systems; allophanation
reactions can be catalyzed by tertiary amines.

(0] O
H
RNCO +  H T — > R-NnIlor
R—N OR' ﬁ
Allophanate formation

In a similar fashion, a urea hydrogen atom can react with
an additional isocyanate group to produce a biuret.
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o) H o o H
R"NCO + HJJ_H —_— R"—N N N—-R'
R—N N—-R' ﬁ
Biuret formation

Isocyanate groups also will react with themselves to form
a variety of compounds. Two isocyanate groups can react to
form a dimer or uretidinedione.

R—NCO + R—NCO —> R-N_ N-R

o=< >=o0

Isocyanate dimerization

These dimers can be dissociated to regenerate the original
isocyanates with heat, and some of the dimers, such as the
dimer of toluene diisocyanate (TDI), have become commer-
cially important.

Three isocyanate groups can react to form a trimer or
substituted isocyanurate ring. Phosphines or bases such as
sodium acetate or sodium formate can catalyze this reaction.
The isocyanurate ring is thermally stable, has good chemical
resistance, and can enhance the resistance of a urethane
adhesive to aggressive environments.

R

OsN._O
3 R-NCO ——> T \Nlé
R” \n/ ‘R

o}

Isocyanates also can react with each other to produce
carbodiimides with the loss of carbon dioxide. This reaction
requires high temperatures unless catalyzed by specific
phosphorus compounds. Formation of carbodiimides
normally is not an important cross-linking mechanism in
polyurethane adhesives. However, carbodiimides are sold
by Angus Chemicals, a division of Dow Chemical
(ZOLDINE™ XL-29SE), Nisshinbo Industries
(Carbodilite™), and Picassain Polymers, a division of
Stahl USA (XL-701). They have been recommended as
water scavengers, cross-linkers, and stabilizers for carboxyl
functional polyurethanes. The carbodiimide can react with
water to give a urea, which still can react with additional
isocyanate to produce a biuret.

catalyst
e

R—NCO + R—NCO R—N=C=N-R

Carbodiimide formation

+ 002

H,O + R-N=C=N-R ——» H S H
R-N-C—-N-R

Carbodiimide reaction with water
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Carbodiimides can react with additional isocyanate
groups to form uretone imines, which sometimes are used
to modify polyisocyanates used in urethane structural
adhesives.

9 9
/C\ /C\\

H CE)J\OH
CH3 H

Methacrylic acid Acrylic acid

Important Isocyanates

Dozens of isocyanate functional compounds have been
synthesized, but only a few find much use in urethane struc-
tural adhesives. The choices are largely dictated by a com-
bination of performance, price, and safety considerations.
Most of the materials used in adhesives are derived from
the aromatic isocyanates, toluene diisocyanate (TDI) and
4.,4'-diphenylmethane diisocyanate (MDI).

CHj3
NCO CHs
OCN NCO
NCO
2,4-Toluene diisocyanate 2,6-Toluene diisocyanate

(TDI)

OCN O CH, @— NCO

4,4’-Diphenylmethane diisocyanate
4,4-Methylene bis(phenyl isocyanate) (MDI)

Where color and light stability of the adhesive are impor-
tant, and cure speed or cost is less important, aliphatic
isocyanates are frequently used. Adhesives derived from
isophorone diisocyanate (IPDI), hexamethylene diisocyanate
(HDI), or 4,4’-dicyclohexylmethane diisocyanate (H;,MDI)
are available.

HsC

NCO

HsC CHoNCO
Isophorone diisocyanate (IPDI)
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AN NN NCO
OCN

Hexamethylene diisocyanate (HDI)

oo on_)weo

4,4-Dicyclohexylmethane diisocyanate (H12MDI)

The common commercial TDI is an 80/20 mixture of the
2,4- and 2,6-isomers. The pure 2,6-isomer is available also
and is sometimes called TDS. To make TDI, toluene first is
nitrated to produce a mixture of the 2,4- and 2,6-dinitro
isomers. The dinitrate is reduced to the diamine and reacted
with phosgene, which is followed by dehydrohalogenation to
give the diisocyanate. Because of its relatively high vapor
pressure and toxicity, adhesives rarely contain TDI mono-
mer. Typically, excess TDI is reacted with another material
such as trimethylolpropane or a polyester diol or polyether
diol to produce a higher-molecular-weight isocyanate func-
tional compound, which is safer and easier to handle than the
free TDI. Still, there will be some free TDI present in the
adduct, and much work has gone into finding synthesis
schemes to minimize the free TDI in prepolymers and
adducts [69, 70].

MDI can be considered the first member of a series of
polyisocyanates of the general form:

NCO
== —

"
CH, CH, )
\ 7/ n\ NGO

N\ /

Aromatic polyisocyanates

MDI is the most important member of the series although
materials with n» of 1 or more also are available. The
precurser amine is made by condensation of aniline hydro-
chloride with formaldehyde, followed by reaction with phos-
gene and dehydrohalogenation. When the aniline is present
in excess, the diamine and consequently the diisocyanate are
produced in greatest yield, with nearly all of this being the
4 A'-isomer.

MDI is a solid at room temperature with a melting point
of about 38°C, which usually is stored and shipped in the
molten state for convenience. However, on standing in the
liquid state, the MDI slowly dimerizes, and the liquid MDI
becomes saturated with dimer at about 1% dimer by weight.
The dimer then begins to precipitate. The isocyanate content
of the remaining liquid will then remain constant.

HDI can be used as an aliphatic cross-linker in urethane
adhesives but presents significant health risks because of its
toxicity and high vapor pressure. HDI is more commonly
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used in the form of its biuret, which is much safer and easier
to handle than HDI.

Biuret of hexamethylene diisocyanate

IPDI is another low-viscosity aliphatic diisocyanate that
is useful in formulating light-stable polyurethane adhesives,
and is somewhat lower in cost than HDI. IPDI has a low
vapor pressure at room temperature but, like most low-
weight isocyanates, still can present a health hazard.
Higher-molecular-weight adducts of IPDI, such as its
isocyanurate trimer, are available. The trimer is a high-
melting solid (100-115 °C), and one loses the advantage of
the low-viscosity liquid in using it but gains in safety and
easy handling.

In IPDI, the two isocyanate groups are not equivalent.
One is attached directly to the aliphatic ring, and a methy-
lene group separates the other from the ring. Because their
environments are different, the reactivity of the two groups
are different; and the reactivity can depend on the choice of
catalyst. For instance, Ono et al. [71] have shown that when
IPDI is reacted with a primary hydroxyl group, the primary
NCO is most reactive when the catalyst is 1,4-diazabicyclo
[2.2.2]octane. The secondary NCO attached to the ring is the
most reactive when dibutyl tin dilaurate is the catalyst.

The saturated analogue of MDI, H;,MDI, has found lim-
ited use as an aliphatic isocyanate in adhesives. This material
is known by a variety of names including Desmodur W™
(Bayer), hydrogenated MDI (or HMDI or H;,MDI), reduced
MDI (RMDI), and saturated MDI (SMDI). It is a low-
viscosity liquid with a fairly high vapor pressure, so it too
must be handled with care. In adhesive compositions, the
diisocyanate usually is used to make an isocyanate functional
prepolymer by reacting excess diisocyanate with a hydroxyl
or amine functional polymer such as a polyester diol.

Because it contains two saturated six-member rings,
H{,MDI can exist in three isomeric forms, in which the
orientations of the NCO groups with respect to the rings
and each other are different. The frans—trans isomer is a
solid at room temperature so that over time this isomer can
precipitate from the remaining liquid isomers. Samples of
H,,MDI that have been stored at cool temperatures for a
while often have a solid layer of trans—trans precipitate in
the bottom.

An offering by Cytec Specialty Chemicals, the meta
isomer of tetramethyl xylene diisocyanate (TMXDI), is
interesting because it contains an aromatic ring, but the
NCO groups themselves are aliphatic isocyanates and have
reaction characteristics typical of aliphatic diisocyanates.
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It reacts even more sluggishly than the more standard ali-
phatic isocyanates because of steric interactions, making the
reactions easier to control. Compounds such as dimethyl tin
dilaurate, lead octoate, or tetrabutyl diacetyl distannoxane
have been shown to be effective catalysts for the isocyana-
te—hydroxyl reaction. The manufacturer claims that it is less
toxic than many other isocyanates.

OCN NCO

m-TMXDI

Blocked Isocyanates

Blocked isocyanates are compounds formed by the reaction
of an organic isocyanate with an active hydrogen compound
where the reaction is reversible with moderate heat. The
blocked isocyanate can be used in formulating adhesives or
other reactive compositions even in the presence of materials
that normally would react rapidly with the isocyanate. Phe-
nol is one example of a blocking agent used with
isocyanates. There are many other blocking agents in use,
including lactams, oximes, and malonates. Even isocyanate
dimers such as TDI dimer could be considered blocked
isocyanates because they will dissociate with heat to regen-

erate the isocyanates.
2 H
®—OH + R—NCO @—oJ—N—R

Phenol blocking reaction

—_—

There are two major limiting factors to the use of blocked
isocyanates in urethane structural adhesives. First, the
adherends must be sufficiently heat resistant to withstand
the temperatures needed to cause rapid dissociation of the
blocked isocyanate. Second, the blocking agent is present to
continue competition with the intended curing agent for reac-
tion with the isocyanate. After the adhesive is cured, the
blocking agent remains trapped in the bond line and could
contribute to poor mechanical properties in the bond, poor
resistance to harsh environments, or exude or extract into the
environment. Applications on porous substrate, such as wood,
or where de-blocking occurs before closure of the bond, such
as laminating, are compatible with some of these limitations.

Evolution

Urethane adhesives have also received much attention. New
processes are being developed for the phosgene-free
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Fig. 14.4 Assembly of an aircraft headliner using an Araldite™ two-
part urethane adhesive (Courtesy of Huntsman Advanced Materials)

production of isocyanate-containing raw materials from
formamides through reaction with organic carbonates [72,
73]. Methods of stabilizing isocyanate compositions con-
tinue to be developed [74, 75]. Formulators continue to
produce new mixtures and intermediates from standard
materials (Fig. 14.4) [76-78]. New blocking agents for
isocyanates are being developed to facilitate the formulation
of stable urethane adhesives compositions rapidly curable
when heated [79, 80].

Summary

Urethane structural adhesives have proved quite successful
in bonding applications that take advantage of their tough-
ness, particularly when the adhesive must function at low
temperatures. The reactivity of the isocyanate group may
require some extra care in handling and storing the
adhesives but the same reactivity provides many
opportunities for the polymer chemist and adhesive formu-
lator. The principal reaction used in curing urethane struc-
tural adhesives is the reaction of the isocyanate group with
primary and secondary hydroxyl groups. Both the isocya-
nate groups and the hydroxyl groups can be carried on a
wide variety of low-molecular-weight oligomers such as
polyesters, polyethers, polybutadienes, polyurethanes, and
polymer blends so that many of the desired properties of the
final adhesive can be built into the polymer before the
adhesive is cured.

Acrylic Structural Adhesives
Introduction

Acrylic structural adhesives are more recently developed
products compared to epoxy or urethane adhesives. They
first appeared in Europe in the mid-1960s and were
commercialized in the United States a few years later [81].
They share many similarities to anaerobic adhesives that
preceded them by a few years.” The first offerings were
rather brittle products of use in limited applications where
toughness and flexibility were not critical. However, because
these new acrylic structural adhesives polymerized in
the bond line through a free-radical chain-growth polymeri-
zation mechanism, they did have the big advantage of curing
rapidly at room temperature. This polymerization mecha-
nism offered a variety of potential advantages in manu-
facturing. Bonded structures could be assembled relatively
rapidly without the need of curing ovens. Assemblies did not
need to be stored for long periods while room-temperature
cures were completed. The adhesives could be made at very
low viscosities for easy handling and dispensing. In the past
40 years there has been much creative work done with the
chemistry of acrylic adhesives so that now they are available
in many forms with a wide range of properties.

Acrylic Monomers

All acrylic structural adhesives consist basically of a solution
or a mixture of polymers and unsaturated, low-molecular-
weight, free-radical-polymerizable monomers with other
materials added as needed for the particular intended use.
In addition, some precursor of the polymerization initiator
will be present. The most common monomers used are
methacrylic acid (2-methyl propenoic acid) and its esters or,
less commonly, acrylic acid (propenoic acid) and its esters.

(B T9
/C\ RN
: \(?JJ\OH e C)J\OH
|
CH3 H

Methacrylic acid Acrylic acid

Several processes for making acrylic acid have been
developed [82]. Since the 1980s manufacturers have almost
exclusively used a two-step, vapor-phase oxidation of pro-
pylene that proceeds through acrolein. The acrylic acid then

2 See the discussion in [6], pp. 217.
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can be esterified with the appropriate alcohols. If current
shifts in petroleum prices continue, one of the alternative
routes to acrylic acid may become economically preferable.

Unlike acrylic acid, methacrylic acid continues to be
produced by a variety of processes including oxidation of
ethylene, propylene, or isobutylene [83]. The older commer-
cial process for making methacrylic acid based on propylene
proceeded through acetone cyanohydrin. This process is
steadily declining in usage because of high waste costs.
Rapid development of specialty catalysts in the 1980s by
several Japanese companies has moved isobutylene-based
production to the forefront. Also, for companies with inter-
nal synthesis gas (syngas) production, routes based on ethyl-
ene are economically viable.

Direct esterification of methacrylic acid with alcohols
using sulfuric acid or other catalysts can be used to prepare
methyl methacrylate (MMA) and other esters. Commercial
routes for the direct preparation of MMA and some
lower alkyl esters also exist. In the 1990s, researchers at
Shell developed a direct route to MMA from propyne
(methylacetylene), carbon monoxide, and methanol using a
Pd(II) catalyst. The limited availability of propyne may slow
the expansion of this highly efficient route to high purity
MMA. Transesterification of MMA is often the preferred
route for the preparation of other esters.

)\NO\ + ROH  catalyst )\WO\R + CH4OH

o} O
Transesterification of MMA to other methacrylate esters

The choice of monomers that are useful in acrylic struc-
tural adhesives is rather limited. Cost always is an important
factor, and because acrylic structural adhesives consume
only a very small portion of the world’s output of acrylic
monomer, the formulator usually must rely on acrylic
monomers that are made in large quantity for other uses. In
addition, the monomers must polymerize readily at room
temperature. If a mixture of monomers is to be used, the
monomers must copolymerize easily. Finally, the monomers
must be good solvents or dispersants for the polymers used
in formulating the adhesive. The acrylic monomers finding
most use in acrylic structural adhesives are methyl methac-

o)
<:j>—MC%b + <::>_JLO_

+o
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rylate and tetrahydrofurfuryl methacrylate. The later, albeit
more expensive, has a much higher flashpoint and a gener-
ally perceived low odor, yet maintains good solvency.

Curing

The curing reaction of an acrylic structural adhesive is the
chain-growth polymerization of the acrylic monomer.
The monomer units are not reactive with each other but
react only with a growing chain having an active site on
one end. In order to begin a chain, one must generate an
initiator in the monomer solution. In the case of acrylic
structural adhesives, this initiator nearly always is a free
radical, a species having an unpaired, reactive electron.
After chains have been initiated, there are three general
types of reaction that can occur: propagation, chain transfer,
and chain termination. If “*” represents the active site, “A*”
represents the initiator, and M is a monomer unit, then the
four reaction types are:

A*+M — AM*

AM* + nM — AMnM*

AMnM* + M — AMnM + M*

RM* + R'M* — RMMR’ (combination)
RM* + R’'M* — RMC = CH,; + RMCHCH3;
(disproportionation)

Initiation
Propagation
Chain transfer
Termination

In addition, a growing chain might undergo chain transfer
or be terminated by reaction with a variety of unknown
impurities invariably present in any mixture.

The initiating radical is usually created in a redox reac-
tion. Common reactions involve the reduction of an organic
peroxide by some reducing agent such as an amine or an ion
capable of undergoing a one-electron transfer reaction.
Anaerobic adhesives generally rely on metal ions derived
from the surface to be bonded as part of the redox system.
Acrylic adhesives generally embody the reducing agent in
the monomer mixture and place the oxidizer in a monomer
free package.

One example of an efficient free-radical initiator
generating reaction is the reduction of diacyl peroxides
such as benzoyl peroxide (BPO) by tertiary aromatic amines
such as N,N-dimethyl aniline (DMA).

O
A5 —
o} O

initiates
—

Benzoyl peroxide reaction with N,N-dimethyl aniline
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Fig. 14.5 Four stages of free-radical polymerization in bulk

The condensation products of amines and aldehydes have
often been used as the reductant. The most common com-
mercial example is that arising from aniline and butyralde-
hyde for which the active ingredient has been identified as
3,5-diethyl-1,2-dihydro-1-phenyl-2-propylpyridine (DHP).
A high purity grade, >85% active, has become available in
recent years (Vertellus Specialties Inc., formerly Reilly
Industries, Reilly PDHP™ Adhesive Accelerator; R. T.
Vanderbilt Company, Vanax™ 808 HP).

DHP

The free-radical polymerization of methacrylate adhesives
may show four stages, Fig. 14.5: inhibition, solution polymer-
ization, “gel” polymerization, and glassy polymerization. All
commercial monomers have inhibitors added to help prevent
premature polymerization during storage. During the inhibi-
tion stage, the redox system generates radicals and some
minor addition to monomer may occur, but the inhibitors
and any dissolved oxygen, a very potent inhibitor of free-
radical polymerization, will prevent the formation of polymer
and any significant consumption of monomer. Once the oxy-
gen and inhibitors are consumed, very high-molecular-weight
polymer will form, 0.1-1 x 105, if no efficient chain transfer
agents are present. As the reaction progresses, the
polymer—monomer solution becomes increasingly viscous
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and the termination process is retarded. At about 25-30%
monomer consumption, the polymer entanglements (gel)
become so profound that a rapid rise in observed rate of
polymerization is noted as the rate of termination reactions
plummets. This rapid acceleration is referred to as the
Trommsdorff effect. Because the diffusion of monomer
molecules is not appreciably retarded by the “gel,” there is
no significant reduction in the propagation rate. Eventually,
the polymer—monomer solution will approach the glassy state
and even small molecules such as monomer and the redox
components cannot move easily. For all practical purposes,
the reaction comes to a halt soon thereafter as the smaller,
more rapidly diffusing oxygen molecules reenter the bondline
and quench the remaining polymer radicals.

Another consequence of oxygen inhibition of free-radical
reactions is that the adhesive surface exposed to air will
contain a higher concentration of lower-molecular-weight
species than the bulk of the adhesive. This can result in the
surface being soft, tacky, or even remaining fluid.

Formulation

Although the free-radical chain-growth polymerization
brings processing advantages, it also brings limitations.
The product of the polymerization of the monofunctional
acrylic monomers is a linear thermoplastic polymer. In the
case of a copolymer that is largely MMA, the glass transition
temperature of the polymer will be well above room temper-
ature if the polymer has been driven to a high-enough
molecular weight. The resulting adhesive is brittle, and
although its shear strength might be quite high, its ability
to withstand peeling forces or impacts will be low. One
could use monomer mixtures yielding copolymers having
lower glass transition temperatures and expect that the adhe-
sive might be somewhat tougher. However, this parameter is
difficult to control because when curing the acrylic adhesive
in the bond line, one really is doing a bulk polymerization
under uncontrolled conditions and trying to produce a spe-
cific polymer with a specific set of material and performance
properties. The approach taken by most adhesive manu-
facturers or formulators is to use “prepolymers,” high-
molecular-weight oligomers that can be made under
controlled conditions and then dissolved or dispersed in the
acrylic monomer. By forming key elements of the polymer
chains under controlled conditions, many of the desired
properties of the final product can be built into the adhesive
when it is formulated and before the material is cured. The
prepolymer can cause the solution polymerization stage of
polymerization to be skipped, thereby decreasing the cure
time substantially.

The simplest approach to improving toughness is to
dissolve or disperse a nonreactive rubbery polymer in the
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monomer mixture that is to be polymerized. Examples of
such materials are nitrile rubbers, polyethers, and acrylic
rubbers. The choice will depend on cost, desired properties,
and the solubility of the polymer in the monomer. As the
monomer polymerizes, it will lose its solvating ability for
the dissolved polymer. Eventually, when enough of the
monomer has been consumed, it can no longer hold
the polymer in solution, and the polymer precipitates. The
polymer then can segregate as a totally separate phase or as
distinct domains heterogeneously dispersed throughout the
acrylic polymer matrix, or it can be homogeneously trapped
in the acrylic matrix, depending on the rates of reaction, the
compatibility with the acrylic polymer, and the relative
mobility of the dissolved polymer.

One way of influencing the way in which the added
oligomer is distributed in the final cured produce is to pro-
vide reactive sites on the oligomer so that it can be
incorporated into the acrylic matrix as it forms. For instance,
if the added oligomer contains terminal, active, acrylic, or
methacrylic unsaturation, it can be easily incorporated into
the growing acrylic polymer chains as the adhesive cures.
Then it is unable to precipitate as a separate phase and must
remain more or less uniformly distributed throughout the
matrix. On the other hand, incompatible polymers can be
added to deliberately encourage the formation of reinforcing
domains. If the oligomer has two or more functional groups
capable of participating in the polymerization, there is at
least the possibility of forming cross-links in the poly-
acrylate matrix. Particular advantage has been claimed for
combinations of reactive and nonreactive rubbers with atten-
tion to their molecular weights [84].

A technology developed at du Pont [85] combines the use
of reactive sites on the oligomers with the initiation reaction.
The resulting family of acrylic structural adhesives has
become popularly known as “second generation acrylics.”
They consist essentially of solutions of chlorosulfonated
polyethylene (formerly made by du Pont as Hypalon, but
discontinued in 2010; available from Tosoh Chemical as
Toso-CSM™) in acrylic or methacrylic monomers. The
chlorosulfonyl groups present on the polymer will react
with amine aldehyde condensation products, DHP above, to
generate free-radical initiators, at least some of which are
claimed to be on the oligomer backbone. The speculation is
that the adhesive polymer chains then grow by graft polymer-
ization from various sites on the rubber oligomer. Peroxides
and metal ions can be added to accelerate the initiation and
polymerization. One of the significant advantages of this type
of acrylic structural adhesive is the ability to bond oily or
dirty metals with only minimal surface preparation, although
some surface preparation usually is necessary to improve
bond durability (Fig. 14.6).

Other acrylic structural adhesives can be used on poorly
prepared metal surfaces. Inclusion of reactive monomers
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Fig. 14.6 Applying Fusor™ adhesive for repair of a steel automobile
hood (Courtesy of Lord Corporation)

having phosphate groups can lead to significant improve-
ments in primary bonds to many unprepared metals [86].
Kowa  American supplies one such monomer,
2-hydroxyethylmethacrylate acid phosphate.

Many other modifications to acrylic adhesives are useful.
Improved heat resistance of acrylic adhesives can be
achieved by incorporating small amounts of epoxy resin
into the formulations [87], or by including cyanate esters
and organometallic compounds to provide an additional
cross-linking mechanism [88]. Lower sensitivity of oxygen
can be achieved by incorporation of a wax that migrates to
the monomer—air interface providing a diffusion barrier or
by using more efficient initiators [86, 89]. Innovations in
acrylic adhesive have led to new initiator reactions that
provide rapid initiation and cure while at the same time
allowing for improved shelf life [90]. Acrylic adhesives
cured by ultraviolet light have been made from mixtures of
acrylic functional urethane prepolymers mixed with free
radically polymerizable monomers and photo initiators
[91-93]. Refined formulations with significantly improved
peel strength have recently been introduced [94].

Organoborane initiators for acrylic adhesives have
received much attention arising from the observation that
they give exceptional adhesion to low energy surfaces, such
as polyethylene and polypropylene without surface prepara-
tion [95]. Earlier use of tributylborane—amine complexes in
MMA and activated with isocyanates, acid chlorides, or
sulfonyl chlorides for a dental resin was reported in 1969
[96]. In the mid-1990s, 3M became active in the area of
amine-blocked organoboranes with a focus on polyolefin
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bonding [97]. A commercial product appeared in the
mid-1990s that was later twice improved, Scotch-Weld™
DP-8010 [98]. By 2005, more than 30 patents had since
appeared covering particular blocking groups, de-blocking
agents, and additives to improve adhesive performance.
Later Dow Chemical made a push into this field with more
than 16 patents on adhesive composition as well as others in
specific automotive applications [99]. It has been
commercialized under the LESA trademark [100]. The
amine-blocked organoborane adhesives generally require
refrigeration for good shelf live. A family of more robust,
internally coordinated organoboranes has been disclosed
[101, 102].

Summary

Acrylic structural adhesives have the advantage of easy
handling and processing and rapid cure at room temperature.
The ability of some compositions to adhere to unprepared
metal surfaces or low surface energy substrates can allow
substantial cost savings in manufacturing processes. The
brittleness of the polymers made from the monomers often
can be overcome by formulating to include tough, reactive
oligomers in the liquid adhesive. The variety of possible
initiators and mechanisms for generating them has brought
many innovative compositions to market.

Hybrid Adhesives

Adhesives usually are classified as epoxy, urethane, or
acrylic, based upon the chemistry used to bring about the
polymerization of the liquid adhesive. However, the distinc-
tion among the various types of adhesives is not always
clear, and many hybrid adhesives have been developed and
marketed. The objective usually is to take advantage of the
desirable mechanical properties or chemical resistance of
one polymer while retaining the processing attributes of a
different cure system [103].

It is common in acrylic structural adhesives to use
oligomers that have a desirable backbone and are terminated
with free-radical-polymerizable bonds. A variety of
isocyanate-terminated polyurethanes can be adapted for
use in acrylic structural adhesives by reacting the terminal
isocyanates with a hydroxy functional acrylic monomer such
as 2-hydroxyethyl methacrylate [86, 104, 105]. A recent
acrylic/siloxane hybrid adhesive using a trialkylborane initi-
ator has recently been described [106].

Sometimes the system is formulated so that multiple-cure
mechanisms are possible and can occur sequentially or
simultaneously. Compositions that rely on both epoxy and
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urethane chemistry are examples [68, 107, 108]. These are
compositions containing the DGEBA, an isocyanate or
isocyanate-terminated prepolymer, amines or other reactants
for either epoxy or isocyanates, and catalysts.

Some of the more interesting and innovative work has
occurred in areas combining aspects of more than one chem-
istry type. For instance, moisture-curable thermoplastic
adhesives have received much attention. Hot-melt adhesives
have been developed that contain active, moisture-curable
isocyanate groups. The compositions provide rapid
processing on assembly lines because a reasonable bond is
formed as soon as the thermoplastic adhesive cools from the
melt. However, bond strength and performance improve
with time as the composition is slowly cross-linked to a
thermoset by reaction of the isocyanates with atmospheric
moisture [109, 110].

Evolution

The fundamental chemistry of the structural adhesives
described here can change very little. Vinyl and acrylic
monomers polymerize by chain-growth polymerization
initiated by free radicals or ions. Isocyanate and epoxy
compounds react with compounds containing active hydro-
gen in step-growth polymerizations. Epoxy-containing
compounds undergo chain-growth polymerization initiated
by certain Lewis acids and Lewis bases. These reactions will
remain the most important ones for the polymerization of
these raw materials.

Most of the raw materials used in large quantities in
structural adhesives are used because they are widely avail-
able, relatively safe, and inexpensive. Quite often they are
made in large quantities for uses other than adhesives and the
adhesive manufacturers have taken advantage of supply and
price. Few new basic raw materials are being developed
specifically for the adhesive industry although the traditional
raw materials are being combined in new ways to enhance
desired adhesive properties. New initiators, adhesion
promoters, primers, and specialty chemicals are being devel-
oped for use in small quantities to provide wider application
latitude and improved performance.

The evolution of structural adhesives will certainly con-
tinue. Each increment in strength, durability, processing
speed and ease, safety, reliability and reproducibility opens
new commercial markets, not only to displace older joining
methods but also to allow for the manufacture of new
structures not possible without adhesives. One area receiv-
ing much academic as well as patent activity is “self-
healing” systems. One such epoxy system is described by
Wu et al. where the healing chemistry can be the same or
different such as olefin methathesis [111].
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Conclusion

Epoxy, urethane, and acrylic structural adhesives have been
commercially successful because each can be used, under
the proper conditions, to make reliable, durable, and useful
adhesively joined assemblies. The adhesives are classified
according to the polymerization reactions used to bring the
liquid adhesive to a high-molecular-weight load-bearing
state. The reactive sites on the uncured adhesive and the
overall polarity of the cured adhesive are important in the
adhesion of the polymer to any specific material. The poly-
merization reactions determine the processing requirements
and are important to the mechanical properties and environ-
mental resistance of the cured adhesive. Through the use of
specific reactive oligomers it is possible to build certain
molecular structures into the composition that will remain
in the cured adhesive to provide desired mechanical or
chemical properties.

The successful use of adhesive joining in producing any
assembly depends on viewing the assembly as a whole from
the very beginning of its design. The key is remembering
that the adhesive is only one component of the assembly.
Adhesion is a property of the whole assembly.
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