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12.1 Introduction to Adhesives

 

Adhesives were first used many thousands of years ago, and most
were derived from naturally occurring vegetable, animal, or mineral
substances. Synthetic polymeric adhesives displaced many of these
early products due to stronger adhesion and greater resistance to op-
erating environments. These modern plastic- and elastomer-based ad-
hesives are the principal subject of this chapter. 

An adhesive is a substance capable of holding substrates (adher-
ends) together by surface attachment. A material merely conforming
to this definition does not necessarily ensure success in an assembly
process. For an adhesive to be useful, it must not only hold materials
together but also withstand operating loads and last the life of the
product.

The successful application of an adhesive depends on many factors.
Anyone using an adhesive faces a complex task of selecting the proper
adhesive and the correct processing conditions that allow a bond to
form. One must also determine which substrate-surface treatment
will permit an acceptable degree of permanence and bond strength.
The adhesive joint must be correctly designed to avoid stresses within
the joint that could cause premature failure. Also, the physical and
chemical stability of the bond must be forecast with relation to its ser-
vice environment. This chapter is intended to guide the adhesives user
through these numerous considerations.
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12.1.1 Advantages and Disadvantages of 
Adhesive Bonding

 

Adhesive bonding presents several distinct advantages over conven-
tional mechanical methods of fastening. There are also some disad-
vantages that may make adhesive bonding impractical. These are
summarized in Table 12.1.

The design engineer must consider and weigh these factors before
deciding on a method of fastening. However, in many applications,
adhesive bonding is the only practical method for assembly. In the
aircraft industry, for example, adhesives make the use of thin metal
and honeycomb structures feasible, because stresses are transmitted
more effectively by adhesives than by rivets or welds. Plastics and
elastomers can also be more reliably joined with adhesives than by
other methods.

 

12.1.1.1 Mechanical advantages.

 

The most common methods of struc-
tural fastening are shown in Fig. 12.1. Because of the uniformity of an
adhesive bond, certain mechanical advantages can be provided as
shown. The stress-distribution characteristics and inherent toughness
of polymeric adhesives provide bonds with superior fatigue resistance,
as shown in Fig. 12.2. Generally, in well designed joints, the adher-
ends will fail in fatigue before the adhesive.

 

TABLE 

 

12.1 Advantages and Disadvantages of Adhesive Bonding

 

Advantages Disadvantages

1. Provides large stress-bearing area.
2. Provides excellent fatigue strength.
3. Damps vibration and absorbs shock.
4. Minimizes or prevents galvanic corrosion 

between dissimilar metals.
5. Joins all shapes and thicknesses.
6. Provides smooth contours.
7. Seals joints.
8. Joins any combination of similar of 

dissimilar materials.
9. Often less expensive and faster than 

mechanical fastening.
10.Heat, if required, is too low to affect 

metal parts.
11. Provides attractive strength-to-weight 

ratio.

1. Surfaces must be carefully cleaned.
2. Long cure times may be needed.
3. Limitation on upper continuous 

operating temperature (generally 
350°F).

4. Heat and pressure may be required.
5. Jigs and fixtures may be needed.
6. Rigid process control usually 

necessary.
7. Inspection of finished joint difficult.
8. Useful life depends on environment.
9. Environmental, health, and safety 

considerations are necessary.
10.Special training sometimes required.
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12.1.1.2 Design advantages.

 

Adhesives offer certain design advan-
tages that are often valuable. 

 

�

 

Unlike rivets or bolts, adhesives produce smooth contours that are
aerodynamically and cosmetically beneficial. 

 

�

 

Adhesives also offer a better strength-to-weight ratio than mechani-
cal fasteners.

 

�

 

Adhesives can join any combination of solid materials, regardless of
shape or thickness. Materials such as plastics, elastomers, ceramics,
and wood can be joined more economically and efficiently by adhe-
sive bonding than by other methods. 

Figure 12.1 Common methods of structural fas-
tening.1
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�

 

Adhesive bonding is frequently faster and less expensive than con-
ventional fastening methods. As the size of the area to be joined in-
creases, the time and labor saved by using adhesives instead of
mechanical fasteners become progressively greater, because the en-
tire joint area can be assembled in one operation.

 

12.1.1.3 Other advantages.

 

Adhesives can be made to function as elec-
trical and thermal insulators. The degree of insulation can be varied
with different adhesive formulations and fillers. Adhesives can even
be made electrically and thermally conductive with silver and boron
nitride fillers, respectively. Adhesives can also perform sealing func-
tions, offering a barrier to the passage of fluids and gases. Adhesives
may also act as vibration dampers to reduce the noise and oscillation
encountered in assemblies.

Frequently, adhesives may be called upon to do multiple functions.
In addition to being a mechanical fastener, an adhesive may also be
used as a sealant, vibration damper, insulator, and gap filler in the
same application.

 

12.1.1.4 Mechanical limitations.

 

The most serious limitation to the use
of modern polymeric adhesives is their time-dependent strength in de-
grading service environments such as moisture, high temperatures, or
chemicals.

Figure 12.2 Fatigue strengths of aluminum-alloy specimens under pulsat-
ing tensile load.2

 

12Petrie  Page 4  Wednesday, May 23, 2001  10:43 AM



 

Plastics and Elastomers as Adhesives 12.5

 

There are polymeric adhesives that perform well at temperatures
between –60 and 350°F. But only a few adhesives can withstand oper-
ating temperatures outside that range. Adhesives can also be de-
graded by chemical environments and outdoor weathering. The rate of
strength degradation may be accelerated by continuous stress or ele-
vated temperatures.

 

12.1.1.5 Design limitations.

 

The adhesive joint must be carefully de-
signed for optimum performance. Design factors must include the type
of stress, environmental influences, and production methods that will
be used. The strength of the adhesive joint depends on the type and di-
rection of stress. Generally, adhesives perform better when stressed in
shear or tension than when exposed to cleavage or peel forces. 

Since nearly every adhesive application is somewhat unique, the ad-
hesive manufacturers often do not have data concerning the aging
characteristics of their adhesives in specific environments. Thus, be-
fore any adhesive is incorporated into production, a thorough evalua-
tion should be made in a simulated operating environment. Time must
also be allowed to train personnel in what can be a rather complex and
critical manufacturing process.

 

12.1.1.6 Production limitations.

 

All adhesives require clean surfaces to
attain optimum results. Depending on the type and condition of the
substrate and the bond strength desired, surface preparations ranging
from a simple solvent wipe to chemical etching are necessary.

If the adhesive has multiple components, the parts must be care-
fully weighed and mixed. The setting operation often requires heat
and pressure. Lengthy set time could make assembly jigs and fixtures
necessary. 

Adhesives may be composed of materials that present personnel
hazards, including flammability and dermatitis, in which case neces-
sary precautions must be considered. Finally, the inspection of finished
joints for quality control is very difficult. This requires strict control
over the entire bonding process to ensure uniform bond quality.

Although the material cost is relatively low, some adhesive systems
may require metering, mixing, and dispensing equipment as well as
curing fixtures, ovens, and presses. Capital equipment investment
must be included in any economic evaluation. The following items con-
tribute to a “hidden cost” of using adhesives, and they also could lead
to serious production difficulties:

1. The storage life (shelf life) of the adhesive may be unrealistically
short; some adhesives require refrigerated storage.
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2. The adhesive may begin to solidify or gel too early in the bonding
process.

3. Waste, safety, and environmental concerns can be essential cost
factors.

4. Cleanup is a cost factor, especially where misapplied adhesive may
ruin the appearance of a product.

5. Once bonded, samples cannot easily be disassembled; if misalign-
ment occurs and the adhesive cures, usually the part must be
scrapped.

 

12.1.2 Theories of Adhesion

 

Various theories attempt to describe the phenomena of adhesion. No
single theory explains adhesion in a general way. However, knowledge
of adhesion theories can assist in understanding the basic require-
ments for a good bond.

 

12.1.2.1 Mechanical theory.

 

The surface of a solid material is never
truly smooth but consists of a maze of microscopic peaks and valleys.
According to the mechanical theory of adhesion, the adhesive must
penetrate the cavities on the surface and displace the trapped air at
the interface.

Such mechanical anchoring appears to be a prime factor in bonding
many porous substrates. Adhesives also frequently bond better to
abraded surfaces than to natural surfaces. This beneficial effect may
be due to:

1. Mechanical interlocking

2. Formation of a clean surface

3. Formation of a more reactive surface

4. Formation of a larger surface area

 

12.1.2.2 Adsorption theory.

 

The adsorption theory states that adhe-
sion results from molecular contact between two materials and the
surface forces that develop. The process of establishing intimate con-
tact between an adhesive and the adherend is known as 

 

wetting

 

. Fig-
ure 12.3 illustrates good and poor wetting of a liquid spreading over a
surface.

For an adhesive to wet a solid surface, the adhesive should have a
lower surface tension than the solid’s critical surface tension. Tables
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12.2 and 12.3 list the surface tensions of common adherends and
liquids. 

Most organic adhesives easily wet metallic solids. But many solid
organic substrates have surface tensions less than those of common
adhesives. From Tables 12.2 and 12.3, it is apparent that epoxy adhe-
sives will wet clean aluminum or copper surface. However, epoxy resin
will not wet a substrate having a critical surface tension significantly
less than 47 dynes/cm. Epoxies will not, for example, wet either a
metal surface contaminated with silicone oil or a clean polyethylene
substrate.

After intimate contact is achieved between adhesive and adherend
through wetting, it is believed that adhesion results primarily through

Figure 12.3 Illustration of good and poor wetting by adhesive
spreading over a surface.
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forces of molecular attraction. Four general types of chemical bonds
are recognized: electrostatic, covalent, and metallic (which are re-
ferred to as 

 

primary bonds

 

), and van der Walls forces (which are re-
ferred to as 

 

secondary bonds

 

). The adhesion between adhesive and
adherend is thought to be primarily due to van der Walls forces of at-
traction.

 

12.1.2.3 Electrostatic and diffusion theories.

 

The electrostatic theory
states that electrostatic forces in the form of an electrical double layer
are formed at the adhesive–adherend interface. These forces account
for resistance to separation. The theory gathers support from the fact

 

TABLE 

 

12.2 Critical Surface Tension of Common Plastics and Metals

 

Materials Critical surface tension, dyn/cm

Acetal
Acrylonitrile-butadiene-styrene
Cellulose
Epoxy
Fluoroethylene propylene
Polyamide
Polycarbonate
Polyethylene
Polyethylene terephthalate
Polyimide
Polymethylmethacrylate
Polyphenylene sulfide
Polystyrene
Polysulfone
Polytetrafluoroethylene
Polyvinyl chloride
Silicone
Aluminum
Copper

47
35
45
47
16
46
46
31
43
40
39
38
33
41
18
39
24

 

≈

 

500

 

≈

 

1000

 

TABLE 

 

12.3 Surface Tension of Common Adhesives Bonding

 

Material Surface tension, dyn/cm

Epoxy resin
Fluorinated epoxy resin

 

*

 

Glycerol
Petroleum lubricating oil
Silicone oils
Water

47
33
63
29
21
73

 

*

 

Experimental resin; developed to wet low–energy surfaces. (Note low
surface tension relative to most plastics.)
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that electrical discharges have been noticed when an adhesive is
peeled from a substrate.

The fundamental concept of the diffusion theory is that adhesion
arises through the interdiffusion of molecules in the adhesive and ad-
herend. The diffusion theory is primarily applicable when both the ad-
hesive and adherend are polymeric, having long-chain molecules
capable of movement. Bonds formed by solvent or heat welding ther-
moplastics result from the diffusion of molecules.

 

12.1.2.4 Weak boundary layer theory.

 

According to the weak boundary
layer theory, when bond failure seems to be at the interface, usually a
cohesive break of a weak boundary layer is the real event.

 

3

 

 Weak
boundary layers can originate from the adhesive, the adherend, the
environment, or any combination of the three.

Weak boundary layers can occur on the adhesive or adherend if an
impurity concentrates near the bonding surface and forms a weak at-
tachment to the substrate. When bond failure occurs, it is the weak
boundary layer that fails, although failure seems to occur at the adhe-
sive-adherend interface.

Two examples of a weak boundary layer effect are polyethylene and
metal oxides. Conventional grades of polyethylene have weak, low-mo-
lecular-weight constituents evenly distributed throughout the poly-
mer. These weak elements are present at the interface and contribute
to low failing stress when polyethylene is used as an adhesive or ad-
herend. Certain metal oxides are weakly attached to their base met-
als. 

Failure of adhesive joints made with these adherends will occur co-
hesively within the weak oxide. Weak boundary layers can be removed
or strengthened by various surface treatments.

Weak boundary layers formed from the shop environment are very
common. When the adhesive does not wet the substrate as shown in
Fig. 12.3, a weak boundary layer of air is trapped at the interface,
causing lowered joint strength. Moisture from the air may also form a
weak boundary layer on hydrophilic adherends.

 

12.1.3 Requirements of a Good Bond

 

The basic requirements for a good adhesive bond are cleanliness, wet-
ting, solidification, and proper selection of adhesive and joint design.

 

12.1.3.1 Cleanliness.

 

To achieve an effective adhesive bond, one must
start with a clean surface. Foreign materials such as dirt, oil, mois-
ture, and weak oxide layers must be removed from the substrate sur-
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face, or else the adhesive will bond to these weak boundary layers
rather than the actual substrate. There are various surface prepara-
tions that remove or strengthen the weak boundary layer. These
treatments generally involve physical or chemical processes or a com-
bination of both. Surface-preparation methods for specific substrates
will be discussed in a later section.

 

12.1.3.2 Wetting.

 

While it is in the liquid state, the adhesives must

 

wet

 

 the substrate. Examples of good and poor wetting have been ex-
plained. The result of good wetting is greater contact area between ad-
herend and adhesive over which the forces of adhesion may act.

 

12.1.3.3 Solidification.

 

The liquid adhesive, once applied, must be ca-
pable of conversion into a solid. The process of solidifying can be com-
pleted in different ways (e.g., chemical reaction by any combination of
heat, pressure, and curing agents; cooling from a molten liquid to a
solid; and drying due to solvent evaporation). The method by which so-
lidification occurs depends on the adhesive.

 

12.1.3.4 Adhesive choice.

 

Factors most likely to influence adhesive
selection are listed in Table 12.4. With regard to the controlling factors
involved, the many adhesives available can usually be narrowed to a
few candidates that are most likely to be successful. The general areas
of concern to the design engineer when selecting adhesives should be
the material to be bonded, service requirements, production require-
ments, and overall cost.

 

12.1.3.5 Joint design.

 

The adhesive joint should be designed to opti-
mize the forces of adhesion. Such design considerations will be dis-
cussed in the next section. Although adequate adhesive-bonded
assemblies have been made from joints designed for mechanical fas-
tening, maximum benefit can be obtained only in assemblies specifi-
cally designed for adhesive bonding.

 

12.1.4 Mechanism of Bond Degradation

 

Adhesive joints may fail adhesively or cohesively. 

 

Adhesive

 

 failure is
interfacial bond failure between the adhesive and adherend. 

 

Cohesive

 

failure occurs when the adhesive fractures, allowing a layer of adhe-
sive to remain on both substrates. When the adherend fails before the
adhesive, it is known as a 

 

cohesive failure of the adherend. 

 

The various
modes of possible bond failures are shown in Fig. 12.4.
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TABLE 

 

12.4 Factors Influencing Adhesive Selection

 

Stress

Chemical factors

Exposure

Temperature

Biological factors

Working properties

Tension
Shear
Impact
Peel
Cleavage
Fatigue

External (service-related)
Internal (effect of adhered on adhesives)

Weathering
Light
Oxidation
Moisture
Salt spray

High
Low
Cycling

Mold
Rodents or vermin

Application
Bonding time and temperature range
Tackiness
Curing rate
Storage stability
Coverage

Figure 12.4 Cohesive and adhesive bond failures.
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Cohesive failure within the adhesive or one of the adherends is the
ideal type of failure, because the maximum strength of the materials
in the joint has been reached. However, failure mode should not be
used as a criterion for a useful joint. Some adhesive-adherend combi-
nations may fail in adhesion but provide sufficient strength margin to
be practical. An analysis of failure mode can be an extremely useful
tool to determine if a failure is due to a weak boundary layer or im-
proper surface preparation.

The exact cause of adhesive failure is very hard to determine, be-
cause so many factors in adhesive bonding are interrelated. However,
there are certain common factors at work when an adhesive bond is
made that contribute to the weakening of all bonds. The influences of
these factors are qualitatively summarized in Fig. 12.5.

If the adhesive does not wet the surface of the substrate, the joint
will be inferior. It is also important to allow the adhesive enough time
to wet the substrate effectively before gelation occurs.

Internal stresses occur in the adhesive joint because of a natural
tendency of the adhesive to shrink during solidification and because of
differences in physical properties between adhesive and substrate.
The coefficient of thermal expansion of adhesive and adherend should
be as close as possible to limit stresses that may develop during ther-

Figure 12.5 Relations between factors involved in adhesion.4
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mal cycling or after cooling from an elevated-temperature cure. Poly-
meric adhesives generally have a thermal-expansion coefficient an
order of magnitude greater than metals. Adhesives can be formulated
with various fillers to modify their thermal-expansion characteristics
and limit internal stresses. A relatively elastic adhesive capable of ac-
commodating internal stress may also be useful when thermal-expan-
sion differences are of concern.

Once an adhesive bond is placed in service, other forces are at work
weakening the bond. The type of stress, its orientation to the joint,
and the rate in which the stress is applied are important. Sustained
loads can cause premature failure in service, even though similar un-
loaded joints may exhibit adequate strength when tested after aging.
Most adhesives have poor strength when stresses are acting to peel or
cleave the adhesive from the substrate. Many adhesives are sensitive
to the rate in which the joint is stressed. Rigid, brittle adhesives some-
times have excellent tensile or shear strength but stand up very
poorly under an impact test.

Operating environments are capable of degrading an adhesive joint
in various ways. The adhesive may have to withstand temperature
variation, weathering, oxidation, moisture, and other exposure condi-
tions. If more than one of these factors are present in the operating en-
vironment, their synergistic effect could cause a rapid decline in
adhesive strength.

 

12.1.5 Adhesive Classification

 

Adhesives may be classified by many methods. The most common
methods are by function, chemical composition, mode of application
and setting, and end use. 

The functional classification defines adhesives as being structural or
nonstructural. Structural adhesives are materials of high strength
and permanence. Their primary function is to hold structures together
and be capable of resisting high loads. Nonstructural adhesives are
not required to support substantial loads. They merely hold light-
weight materials in place or provide a seal without having a high de-
gree of strength.

The chemical composition classification broadly describes adhesives
as thermosetting, thermoplastic, elastomeric, or combinations of
these. There are then many chemical types within each classification.
They are described in Table 12.5.

Adhesives are often classified by their mode of application. Depend-
ing on viscosity, adhesives are sprayable, brushable, or trowelable.
Heavily bodied adhesive pastes and mastics are considered extrud-
able; they are applied by syringe, caulking gun, or pneumatic pumping
equipment.
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12.5 Adhesives Classified by Chemical Composition (from Ref. 5)

 

Classification Thermoplastic Thermosetting Elastomeric Alloys

Types within group...

Most used form...

Common further classi-
fications...

Bond characteristics...

Major type of use...

Materials most com-
monly bonded...

Cellulose acetate, cellulose
acetate butyrate, cellulose
nitrate, polyvinyl acetate,
vinyl vinylidene, polyvinyl
acetals, polyvinyl alcohol,
polyamide, acrylic, phenoxy

Liquid, some dry film

By vehicle (most are solvent 
dispersions or water emul-
sions)

Good to 150–200°F; poor 
creep strength; fair peel 
strength

Unstressed joints; designs 
with caps, overlaps, stiff-
eners

Formulation range covers all 
materials, but emphasis on 
nonmetallics—esp. wood, 
leather, cork, paper, etc.

Cyanoacrylate, polyester,
urea formaldehyde, 

melamine formaldehyde, 
resorcinol and phenol-
resorcinol formaldehyde, 
epoxy, polyimide, poly-
benzimidazole, acrylic, 
acrylate acid diester

Liquid, but all forms com-
mon

By cure requirements (heat 
and/or pressure most 
common but some are 
catalyst types)

Good to 200–500°F; good 
creep strength; fair peel 
strength

Stressed joints at slightly 
elevated temp

For structural uses of most 
materials

Natural rubber, reclaimed rubber, 
butyl, polyisobutylene, nitrile, sty-
rene-butadiene, polyurethane, 
polysulfide, silicone, neoprene

Liquid, some film

By cure requirements (all are com-
mon); also by vehicle (most are sol-
vent dispersions or water 
emulsions)

Good to 150–400°F; never melt com-
pletely; low strength; high flexibil-
ity

Unstressed joints on light-weight 
materials; joints in flexure

Few used “straight” for rubber, fab-
ric, foil, paper, leather, plastics 
films; also as tapes. Most modified 
with synthetic resins

Epoxy-phenolic, epoxy-polysulfide, 
epoxy-nylon, nitrilephenolic, neo-
prene-phenolic, vinyl-phenolic

Liquid, paste, film

By cure requirements (usually heat 
and pressure except some epoxy 
types); by vehicle (most are solvent 
dispersions or 100% solids); and by 
type of adherends or end-service 
conditions

Balanced combination of properties 
of other chemical groups depending 
on formulation; generally higher 
strength over wider temp range

Where highest and strictest end-ser-
vice conditions must be met; some-
times regardless of cost, as military 
uses

Metals, ceramics, glass, thermoset-
ting plastics; nature of adherends 
often not as vital as design or end-
service conditions (i.e., high 
strength, temp)
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Another distinction between adhesives is the manner in which they
flow or solidify. Some adhesives solidify simply by losing solvent,
whereas others harden as a result of heat activation or chemical reac-
tion. Pressure-sensitive adhesives flow under pressure and are stable
when the pressure is removed.

Adhesives may also be classified according to their end use. Thus,
metal adhesives, wood adhesives, and vinyl adhesives refer to the sub-
strates they bond; and acid-resistant adhesives, heat-resistant adhe-
sives, and weatherable adhesives indicate the environments for which
each is suited. 

 

12.1.6 Adhesive Bonding Process

 

A typical flow chart for the adhesive bonding process is shown in Fig.
12.6. The elements of the bonding process are as important as the ad-
hesive itself for a successful end product.

Many of the adhesive problems that develop are not due to a poor
choice of material or joint design but are directly related to faulty pro-
duction techniques. The adhesive user must obtain the proper process-
ing instructions from the manufacturer and follow them closely and
consistently to ensure acceptable results. Adhesive production in-
volves four basic steps:

1. Design of joints and selection of adhesive

2. Preparation of adherends

3. Applying and curing the adhesive

4. Inspection of bonded parts

The remainder of this chapter will discuss these steps in detail

 

12.2 Design and Test of Adhesive Joints

 

12.2.1 Types of Stress

 

Four basic types of loading stress are common to adhesive joints: ten-
sile, shear, cleavage, and peel. Any combination of these stresses, illus-
trated in Fig. 12.7, may be encountered in an adhesive application.

Figure 12.6 Basic steps in bonding process.

Form 
substrates Clean Dry Apply 

adhesive Assemble Hold until 
set Inspect
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Tensile stress develops when forces acting perpendicular to the
plane of the joint are distributed uniformly over the entire bonded
area. Adhesive joints show good resistance to tensile loading, because
all the adhesive contributes to the strength of the joint. In practical
applications, however, loads are rarely axial, and unwanted cleavage
or peel stresses tend to develop. 

Shear stress results when forces acting in the plane of the adhesive
try to separate the adherends. Joints that depend on the adhesive’s
shear strength are relatively easy to design and offer favorable proper-
ties. Adhesive joints are strong when stressed in shear, because all the
bonded area contributes to the strength.

Cleavage and peel stresses are undesirable. Cleavage occurs when
forces at one end of a rigid bonded assembly act to split the adherends
apart. Peel stress is similar to cleavage but applies to a joint where
one or both of the adherends are flexible. Joints loaded in peel or
cleavage offer much lower strength then joints loaded in shear be-
cause the stress is concentrated on only a very small area of the total
bond. The remainder of the bonded area makes no contribution to the
strength of the joint. Peel and cleavage stresses should be avoided
where possible.

 

12.2.2 Joint Efficiency

 

To avoid concentration of stress, the joint designer should take into
consideration the following rules:

1. Keep the stress on the bond line to a minimum.

2. Design the joint so that the operating loads will stress the adhe-
sive in shear.

3. Peel and cleavage stresses should be minimized.

4. Distribute the stress as uniformly as possible over the entire
bonded area.

5. Adhesive strength is directly proportional to bond width. Increas-
ing width will always increase bond strength; increasing the depth
does not always increase strength.

Figure 12.7 Four basic types of adhesive stress.
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6. Generally, rigid adhesives are better in shear, and flexible adhe-
sives are better in peel.

Brittle adhesives are particularly weak in peel, because the stress is
localized at only a very thin line at the edge of the bond, as shown in
Fig. 12.8. Tough, flexible adhesives distribute the peeling stress over a
wider bond area and show greater resistance to peel.

For a given adhesive and adherend, the strength of a joint stressed
in shear depends primarily on the width and depth of the overlap and
the thickness of the adherend. Adhesive shear strength is directly pro-
portional to the width of the joint. Strength can sometimes be in-
creased by increasing the overlap depth, but the relationship is not
linear. Since the ends of the bonded joint carry a higher proportion of
the load than the interior area, the most efficient way of increasing
joint strength is by increasing the width of the bonded area.

In a shear joint made from thin, relatively flexible adherends, there is
a tendency for the bonded area to distort because of eccentricity of the
applied load. This distortion, illustrated in Fig. 12.9, causes cleavage
stress on the ends of the joint, and the joint strength may be consider-
ably impaired. Thicker adherends are more rigid, and the distortion is
not as much a problem as with thin-gage adherends. Figure 12.10
shows the general interrelationship between failure load, depth of over-
lap, and adherend thickness for a specific metallic adhesive joint.

Since the stress distribution across the bonded area is not uniform
and depends on joint geometry, the failure load of one specimen cannot
be used to predict the failure load of another specimen with different
joint geometry. The results of a particular shear test pertain only to
joints that are exact duplicates. To characterize overlap joints more
closely, the ratio of overlap length to adherend thickness 

 

l/t

 

 can be

Figure 12.8 Tough, flexible adhesives distribute peel stress over a
larger area.6
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plotted against shear strength. A set of 

 

l/t

 

 curves for aluminum
bonded with a nitrile-rubber adhesive is shown in Fig. 12.11. 

The strength of an adhesive joint also depends on the thickness of
the adhesive. Thin adhesive films offer the highest strength provided
that the bonded area does not have “starved” areas where all the ad-
hesive has been forced out. Excessively heavy adhesive-film thick-
nesses cause greater internal stresses during cure and concentration
of stress under load at the ends of a joint. Optimum adhesive thick-
ness for maximum shear strength is generally considered to be be-
tween 2 and 10 mils. Strength does not vary significantly with bond-
line thickness in this range.

 

12.2.3 Joint Design

 

A favorable stress can be applied by using proper joint design. How-
ever, joint designs may be impractical, expensive to make, or hard to

Figure 12.9 Distortion caused by loading can introduce
cleavage stresses and must be considered in joint design.5

Figure 12.10 Interrelation of failure loads,
depth of lap, and adherend thickness for
lap joints with a specific adhesive and ad-
herend.7
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align. The design engineer will often have to weigh these factors
against optimum joint performance.

 

12.2.3.1 Flat adherends.

 

The simplest joint to make is the plain butt
joint. However, butt joints cannot withstand bending forces, because
the adhesive would experience cleavage stress. The butt joint can be
improved by redesigning in a number of ways, as shown in Fig. 12.12.

Lap joints are commonly used because they are simple to make, are
applicable to thin adherends, and stress the adhesive in its strongest
direction. Tensile loading of a lap joint causes the adhesive to be
stressed in shear. However, the simple lap joint is offset, and the shear
forces are not in line, as was illustrated in Fig. 12.9. Modifications of
lap-joint design include:

1. Redesigning the joint to bring the load on the adherends in line

2. Making the adherends more rigid (thicker) near the bond area (see
Fig. 12.10)

3. Making the edges of the bonded area more flexible for better con-
formance, thus minimizing peel

Figure 12.11 l/t curves at three test temperatures for
aluminum joints bonded with nitrile-rubber adhesive.8

Figure 12.12 Butt connections.
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Modifications of lap joints are shown in Fig. 12.13.
Strap joints keep the operating loads aligned and are generally used

where overlap joints are impractical because of adherend thickness.
Strap-joint designs are shown in Fig. 12.14. Like the lap joint, the sin-
gle strap is subjected to cleavage stress under bending forces.

When thin members are bonded to thicker sheets, operating loads
generally tend to peel the thin member from its base, as shown in Fig.
12.15

 

a

 

. The subsequent illustrations show what can be done to de-
crease peeling tendencies in simple joints. 

 

12.2.3.2 Cylindrical adherends.

 

Several recommended designs for rod
and tube joints are illustrated in Fig. 12.16. These designs should be
used instead of the simpler butt joint. Their resistance to bending
forces and subsequent cleavage is much better, and the bonded area is
larger. Unfortunately, most of these joint designs require a machining
operation.

 

12.2.3.3 Angle and corner joints.

 

A butt joint is the simplest method of
bonding two surfaces that meet at an angle. Although the butt joint
has good resistance to pure tension and compression, its bending
strength is very poor. Dado, L, and T angle joints, shown in Fig. 12.17,

Figure 12.13 Lap connections.

Figure 12.14 Strap connections.
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Figure 12.15 Minimizing peel in adhesive joints.9

Figure 12.16 Recommended designs for rod and tube joints: (a) three joint
designs for adhesive bonding of round bars and (b) six joint configurations
that are useful in adhesive-bonding cylinders or tubes.10

Figure 12.17 Types of angle joints and methods of reducing cleavage.9
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offer greatly improved properties. The T design is the preferable angle
joint because of its large bonding area and good strength in all direc-
tions.

Corner joints made of relatively flexible adherends such as sheet
metal should be designed with reinforcements for support. Various
corner-joint designs are shown in Fig. 12.18.

 

12.2.3.4 Plastic and elastomeric joints.

 

The design of joints for plastic
and elastomeric substrates follows the same practice as for metal.
However, certain characteristics of these materials require special
consideration.

 

Flexible plastics and elastomers.

 

Thin or flexible polymeric substrates
may be joined using a simple or modified lap joint. The double strap
joint is best, but it is also the most time consuming to fabricate. The
strap material should be made out of the same material as the parts to
be joined, or at least have approximately equivalent strength, flexibil-
ity, and thickness. The adhesive should have the same degree of flexi-
bility as the adherends. If the sections to be bonded are relatively
thick, a scarf joint is acceptable. The length of the scarf should be at
least four times the thickness; sometimes larger scarfs may be needed.

When bonding elastomers, forces on the substrate during setting of
the adhesive should be carefully controlled, since excess pressure will
cause residual stresses at the bond interface.

As with all joint designs, polymeric joints should be designed to
avoid peel stress. Figure 12.19 illustrates methods of bonding flexible
substrates so that the adhesive will be stressed in its strongest direc-
tion.

 

Rigid plastics.

 

Rigid unreinforced plastics can be bonded using the
joint design principles for metals. However, reinforced plastics are of-
ten anisotropic materials. This means that their strength properties
are directional. Joints made from anisotropic substrates should be de-

Figure 12.18 Reinforcement of bonded corners.9
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signed to stress both the adhesive and adherend in the direction of
greatest strength. Laminates, for example, should be stressed parallel
to the laminations. Stresses normal to the laminate may cause the
substrate to delaminate. Single and joggle lap joints are more likely to
cause delamination than scarf or beveled lap joints. The strap-joint
variations are useful when bending loads are expected.

 

12.2.4 Test Methods

12.2.4.1 Standard ASTM test methods.

 

A number of standard tests for
adhesive bonds have been specified by the American Society for Test-
ing and Materials (ASTM). Selected ASTM standards are presented in
Table 12.6. The properties usually reported by adhesive suppliers are
ASTM tensile-shear and peel strength.

 

Lap-shear tests.

 

The lap-shear or tensile-shear test measures the
strength of the adhesive in shear. It is the most common adhesive test,
because the specimens are inexpensive, easy to fabricate, and simple
to test. This method is described in ASTM D 1002, and the standard
test specimen is shown in Fig. 12.20

 

a

 

. The specimen is loaded in ten-
sion, causing the adhesive to be stressed in shear until failure occurs.
Since the test calls for a sample population of five, specimens can be
made and cut from large test panels, illustrated in Fig. 12.20

 

b

 

.

 

Tensile tests.

 

The tensile strength of an adhesive joint is seldom re-
ported in the adhesive suppliers’ literature, because pure tensile
stress is not often encountered in actual production. Tensile test speci-
mens also require considerable machining to ensure parallel surfaces.

ASTM tension tests are described in D 897 and D 2095 and employ
bar- or rod-shaped butt joints. The maximum load at which failure oc-

Figure 12.19 Methods of joining flexible plastic or rub-
ber.9
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TABLE 

 

12.6 ASTM Adhesive Standards 

 

Aging Resistance of Adhesives to Cyclic Aging Conditions, Test for (D1183)
Bonding Permanency of Water- or Solvent-Soluble Liquid Adhesives for 

Labeling Glass Bottles, Test for (D 1581)
Bonding Permanency of Water- or Solvent-Soluble Liquid Adhesives for 

Automatic Machine Sealing Top Flaps of Fiber Specimens, Test for 
(D1713)

Permanence of Adhesive-Bonded Joints in Plywood under Mold Condi-
tions, Test for (D 1877)

Accelerated Aging of Adhesive Joints by the Oxygen-Pressure Method, 
Practice for (D 3632)

Amylaceous matter Amylaceous Matter in Adhesives, Test for (D 1488)

Biodeterioration Susceptibility of Dry Adhesive Film to Attack by Roaches, Test for (D 
1382)

Susceptibility of Dry Adhesive Film to Attack by Laboratory Rats, Test 
for (D 1383)

Permanence of Adhesive-Bonded Joints in Plywood under Mold Condi-
tions, Test for (D 1877)

Effect of Bacterial Contamination of Adhesive Preparations and Adhesive 
Films, Test for (D 4299)

Effect of Mold Contamination on Permanence of Adhesive Preparation 
and Adhesive Films, Test for (D 4300)

Blocking point Blocking Point of Potentially Adhesive Layers, Test for (D1146)

Bonding permanency (See Aging.)

Chemical reagents Resistance of Adhesive Bonds to Chemical Reagents, Test for (D 896)

Cleavage Cleavage Strength of Metal-to-Metal Adhesive Bonds, Test for (D 1062)

Cleavage/peel strength Strength Properties of Adhesives in Cleavage Peel by Tension Loading 
(Engineering Plastics-to-Engineering Plastics), Test for (D 3807)

Corrosivity Determining Corrosivity if Adhesive Materials, Practice for (D 3310)

Creep Conducting Creep Tests of Metal-to-Metal Adhesives, Practice for (D 
1780)

Creep Properties of Adhesives in Shear by Compression Loading (Metal-
to-Metal), Test for (D 2293)

Creep Properties of Adhesives in Shear by Tension Loading, Test for (D 
2294)

Cryogenic temperatures Strength Properties of Adhesives in Shear by Tension Loading in the 
Temperature Range from –267.8 to –55°C (–450 to –67°F), Test for (D 
2557)

Density Density of Adhesives in Fluid Form, Test for (D 1875)

Durability (including 
weathering)

Effect of Moisture and Temperature on Adhesive Bonds, Test for (D 1151)
Atmospheric Exposure of Adhesive-Bonded Joints and Structures, Prac-

tice for (D 1828)
Determining Durability of Adhesive Joints Stressed in Peel, Practice for 

(D 2918)
Determining Durability of Adhesive Joints Stressed in Shear by Tension 

Loading, Practice for (D 2919)
(See also Wedge Test)
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Electrical properties Adhesives Relative to Their Use as Electrical Insulation, Testing (D 
1304)

Electrolytic corrosion Determining Electrolytic Corrosion of Copper by Adhesives, Practice for 
(D 3482)

Fatigue Fatigue Properties of Adhesives in Shear by Tension Loading (Metal/
Metal), Test for (D 3166)

Filler content Filler content of Phenol, Resorcinol, and Melamine Adhesives, Test for (D 
3166)

Flexibility (See Flexural strength)

Flexural strength Flexural Strength of Adhesive Bonded Laminated Assemblies, Test for (D 
1184)

Flexibility Determination of Hot Melt Adhesives by Mandrel Bend Test 
Methods, Practice for (D 3111)

Flow properties Flow Properties of Adhesives, Test for (D 2183)

Fracture strength in 
cleavage

Fracture Strength in Cleavage of Adhesives in Bonded Joints, Practice 
for (D 3433)

Gap-filling adhesive 
bonds

Strength of Gap Filling Adhesive Bonds in Shear by Compression Load-
ing, Practice for (D 3931)

High-temperature 
effects

Strength Properties of Adhesives in Shear by Tension Loading at Ele-
vated Temperatures (Metal-to-Metal), Test for (D 2295)

Hydrogen-ion concentra-
tion

Hydrogen Ion Concentration, est for (D 1583)

Impact strength Impact Strength of Adhesive Bonds, Test for (D 950)

Light exposure (See Radiation Exposure)

Low and cryogenic tem-
peratures

Strength Properties of Adhesives in Shear by Tension Loading in the 
Temperature Range from –267.8 to –55°C (–450 to –67°F), Test for (D 
2557)

Nonvolatile content Nonvolatile Content of Aqueous Adhesives, Test for (D 1489)
Nonvolatile Content of Urea-Formaldehyde Resin Solutions, Test for (D 

1490)
Nonvolatile Content of Phenol, Resorcinol, and Melamine Adhesives, Test 

for (D 1582)

Odor Determination of the Odor of Adhesives, Test for (D 4339)

Peel strength (stripping 
strength)

Peel or Stripping Strength of Adhesive Bonds, Test for (D 903)
Climbing Drum Peel Test for Adhesives, Method for (D 1781)
Peel Resistance of Adhesives (T-Peel Test), Test for (D 1876)
Evaluating Peel Strength of Shoe Sole Attaching Adhesives, Test for (D 

2558)
Determining Durability of Adhesive Joints Stressed in Peel, Practice for 

(D 2918)
Floating Roller Peel Resistance, Test for (D 3167)

TABLE 12.6 ASTM Adhesive Standards (Continued)
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Penetration Penetration of Adhesives, Test for (D 1916)

pH (See Hydrogen-Ion Concentration)

Radiation exposure 
(including light)

Exposure of Adhesive Specimens to Artificial (Carbon-Arc Type) and Nat-
ural Light, Practice for (D 904)

Exposure of Adhesive Specimens to High-Energy Radiation, Practice for 
(D 1879)

Rubber cement tests Rubber Cements, Testing of (D 816)

Salt spray (fog) testing Salt Spray (Fog) Testing, Method of (B 117)
Modified Salt Spray (Fog) Testing, Practice for (G 85)

Shear Strength (Tensile 
Shear Strength)

Shear Strength and Shear Modulus of Structural Adhesives, Test for (E 
229)

Strength Properties of Adhesive Bonds in Shear by Compression Load-
ing, Test for (D 905)

Strength Properties of Adhesives in Plywood Type Construction in Shear 
by Tension Loading, Test for (D 906)

Strength Properties of Adhesives in Shear by Tension Loading (Metal-to-
Metal), Test for (D 1002)

Determining Strength Development of Adhesive Bonds, Practice for (D 
1144)

Strength Properties of Metal-to-Metal Adhesives by Compression Load-
ing (Disk Shear), Test for (D 2181)

Strength Properties of Adhesives in Shear by Tension Loading at Ele-
vated Temperatures (Metal-to-Metal), Test for (D 2295)

Strength Properties of Adhesives in Two-Ply Wood construction in Shear 
by Tension Loading, Test for (D 2339)

Strength Properties of Adhesives in Shear by Tension Loading in the 
Temperature Range from –267.8 to –55°C (–450 to –67°F), Test for (D 
2557)

Determining Durability of Adhesive Joints Stressed in Shear by Tension 
Loading, Practice for (D 2919)

Determining the Strength of Adhesively Bonded Rigid Plastic Lap-Shear 
Joints in Shear by Tension Loading, Practice for (D 3163)

Determining the Strength of Adhesively Bonded Plastic Lap-Shear Sand-
wich Joints in Shear by Tension Loading, Practice for (D 3164)

Strength Properties of Adhesives in Shear by Tension Loading of Lami-
nated Assemblies, Test for (D 3165)

Fatigue Properties of Adhesives in Shear by Tension Loading (Metal/
Metal), Test for (D 3166)

Strength Properties of Double Lap Shear Adhesive Joints by Tension 
Loading, Test for (3528)

Strength of Gap-Filling Adhesive Bonds in Shear by Compression Load-
ing, Practice for (D 3931)

Measuring Strength and Shear Modulus of Nonrigid Adhesives by the 
Thick Adherend Tensile Lap Specimen, Practice for (D 3983)

Measuring Shear Properties of Structural Adhesives by the Modified-Rail 
Test, Practice for (D 4027)

Specimen Preparation Preparation of Bar and Rod Specimens for Adhesion Tests, Practice for (D 
2094)

Spot-Adhesion Test Qualitative Determination of Adhesion of Adhesives to Substrates by 
Spot Adhesion Test Method, Practice for (D 3808)

TABLE 12.6 ASTM Adhesive Standards (Continued)
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Spread (Coverage) Applied Weight per Unit ARea of Dried Adhesive Solids, Test for (D 898)
Applied Weight per Unit Area of Liquid Adhesive, Test for (D 899)

Storage Life Storage Life of Adhesives by Consistency and Bond Strength, Test for (D 
1337)

Strength Development Determining Strength Development of Adhesive Bonds, Practice for (D 
1144)

Stress-Cracking Resis-
tance

Evaluating the Stress Cracking of Plastics by Adhesives Using the Bent 
Beam Method, Practice for (D 3929)

Stripping Strength (See Peel Strength)

Surface Preparation Preparation of Surfaces of Plastics Prior to Adhesive Bonding, Practice 
for (D 2093)

Preparation of Metal Surfaces for Adhesive Bonding, Practice for (D 
2651)

Analysis of Sulfochromate Etch Solution Used in Surface Preparation of 
Aluminum, Methods of (D 2674)

Preparation of Aluminum Surfaces for Structural Adhesive Bonding 
(Phosphoric Acid Anodizing), Practice for (D 3933)

Tack Pressure Sensitive Tack of Adhesives Using an Inverted Probe Machine, 
Test for (D 2979)

Tack of Pressure-Sensitive Adhesives by Rolling Ball, Test for (D 3121)

Tensile Strength Tensile Properties of Adhesive Bonds, Test for (D 897)
Determining Strength Development of Adhesive Bonds, Practice for (D 

1144)
Cross-Lap Specimens for Tensile Properties of Adhesives, Testing of (D 

1344)
Tensile Strength of Adhesives by Means of Bar and Rod Specimens, 

Method for (D 2095)

Torque Strength Determining the Torque Strength of Ultraviolet (UV) LIght-Cured Glass/
Metal Adhesive Joints, Practice for (D 3658)

Viscosity Viscosity of Adhesives, Test for (D 1084)
Apparent Viscosity of Adhesives Having Shear-Rate-Dependent Flow 

Properties, Test for (D 2556)
Viscosity of Hot Melt Adhesives and Coating Materials, Test for (D 3236)

Volume Resistivity Volume Resistivity of Conductive Adhesives, Test for (D 2739)

Water Absorptiveness 
(of Paper Labels)

Water Absorptiveness of Paper Labels, Test for (D 1584)

Weathering (See Durability)

Wedge Test Adhesive Bonded Surface Durability of Aluminum (Wedge Test) (D 3762)

Working Life Working Life of Liquid or Paste Adhesive by Consistency and Bond 
Strength, Test for (D 1338)

*The latest revisions of ASTM standards can be obtained from the American Society for Testing and 
Materials, 1916 Race Street, Philadelphia, PA 19103.

TABLE 12.6 ASTM Adhesive Standards (Continued)
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curs is recorded in pounds per square inch of bonded area. Test envi-
ronment, joint geometry, and type of failure should also be recorded.

A simple cross-lap specimen to determine tensile strength is de-
scribed in ASTM D 1344. This specimen has the advantage of being
easy to make, but grip alignment and adherend deflection during load-
ing can cause irreproducibility. A sample population of at least 10 is
recommended for this test method.

Peel test. Because adhesives are notoriously weak in peel, tests to
measure peel resistance are very important. Peel tests involve strip-
ping away a flexible adherend from another adherend that may be
flexible or rigid. The specimen is usually peeled at an angle of 90 or
l80o.

The most common types of peel test are the T-peel, Bell, and climb-
ing-drum methods. Representative test specimens are shown in Fig.
12.21. The values resulting from each test method can be substan-
tially different; hence, it is important to specify the test method em-
ployed.

Peel values are recorded in pounds per inch of width of the bonded
specimen. They tend to fluctuate more than other adhesive test results
because of the extremely small area at which the stress is localized
during loading.

The T-peel test is described in ASTM D 1876 and is the most com-
mon of all peel tests. The T-peel specimen is shown in Fig. 12.22. Gen-
erally, this test method is used when both adherends are flexible.

Figure 12.20 Standard lap-shear test specimen design: (a) form and dimensions of lap-
shear test specimen and (b) standard test panel of five lap-shear specimens. (From
ASTM D 1002)

Figure 12.20 Standard lap-shear test specimen design: (a) form and dimensions of lap-
shear test specimen and (b) standard test panel of five lap-shear specimens. (From
ASTM D 1002)
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A 90o peel test, such as the Bell peel (ASTM D 3167), is used when
one adherend is flexible and the other is rigid. The flexible member is
peeled at a constant 90o angle through a spool arrangement. Thus, the
values obtained are generally more reproducible.

The climbing-drum peel specimen is described in ASTM D 1781.
This test method is intended for determining peel strength of thin
metal facings on honeycomb cores, although it can be generally used
for joints where at least one member is flexible.

A variation of the T-peel test is a 180o stripping test illustrated in
Fig. 12.23 and described in ASTM D 903. It is commonly used when
one adherend is flexible enough to permit a 180o turn near the point of

Figure 12.21 Common types of adhesive peel tests.11

Figure 12.22 Test panel and specimen for T peel. (From ASTM D 1876)
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loading. This test offers more reproducible results than the T-peel test,
because the angle of peel is maintained constant.

Cleavage test. Cleavage tests are conducted by prying apart one end
of a rigid bonded joint and measuring the load necessary to cause rup-
ture. The test method is described in ASTM D 1062. A standard test
specimen is illustrated in Fig. 12.24. Cleavage values are reported in
pounds per inch of adhesive width. Because cleavage test specimens
involve considerable machining, peel tests are usually preferred.

Fatigue test. Fatigue testing places a given load repeatedly on a
bonded joint. Standard lap-shear specimens are tested on a fatiguing
machine capable of inducing cyclic loading (usually in tension) on the

Figure 12.23 180° peel test specimens: (a) speci-
men design and (b) specimen under test. (From
ASTM D 903)

Figure 12.24 Cleavage test specimen.
(From ASTM D 1062)
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joint. The fatigue strength of an adhesive is reported as the number of
cycles of a known load necessary to cause failure.

Fatigue strength is dependent on adhesive, curing conditions, joint
geometry, mode of stressing, magnitude of stress, and duration and
frequency of load cycling.

Impact test. The resistance of an adhesive to impact can be deter-
mined by ASTM D 950. The specimen is mounted in a grip as shown in
Fig. 12.25 and placed in a standard impact machine. One adherend is
struck with a pendulum hammer traveling at 11 ft/s, and the energy of
impact is reported in pounds per square inch of bonded area.

Creep test. The dimensional change occurring in a stressed adhesive
over a long time period is called creep. Creep data are seldom reported
in the adhesive suppliers’ literature, because the tests are time con-
suming and expensive. This is very unfortunate, since sustained load-
ing is a common occurrence in adhesive applications. All adhesives
tend to creep—some much more than others. With weak adhesives,
creep may be so extensive that bond failure occurs prematurely. Cer-
tain adhesives have also been found to degrade more rapidly when
aged in a stressed rather than an unstressed condition.

Creep tests are made by loading a specimen with a predetermined
stress and measuring the total deformation as a function of time or
measuring the time necessary for complete failure of the specimen.
Depending on the adhesive, loads, and testing conditions, the time re-
quired for a measurable deformation may be extremely long. ASTM D
2294 defines a test for creep properties of adhesives utilizing a spring-
loaded apparatus to maintain constant stress.

Environmental tests. Strength values determined by short-term tests
do not give an adequate indication of an adhesive’s permanence dur-

Figure 12.25 Impact test specimen and holding fixture. (From ASTM D
950)
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ing continuous environmental exposure. Laboratory-controlled aging
tests seldom last longer than a few thousand hours. To predict the per-
manence of an adhesive over a 20-year product life requires acceler-
ated test procedures and extrapolation of data. Such extrapolations
are extremely risky, because the causes of adhesive-bond deterioration
are many and not well understood.

12.2.4.2 Federal test specifications. A variety of federal and military
specifications describing adhesives and test methods have been pre-
pared. Selected government specifications are described in Table 12.7.

12.3 Surface Preparation

12.3.1 Importance of Surface Preparation

Surface preparation of adherends prior to bonding is one of the most
important factors in the adhesive-bonding process. Initial bond
strength and joint permanence are greatly dependent on the quality of
surface that is in contact with the adhesive. Prebond treatments are
intended to remove weak boundary layers and provide easily wettable
surfaces. As a general rule, all adherends must be treated in some
manner prior to bonding.

Surface preparations can range from simple solvent wiping to a
combination of mechanical abrading, chemical cleaning, and acid etch-
ing. In many low- to medium-strength applications, extensive surface
preparation may be unnecessary. But, where maximum bond strength,
permanence, and reliability are required, carefully controlled surface-
treating processes are necessary. The following factors should be con-
sidered in the selection of a surface preparation process:

1. The ultimate initial bond strength required

2. The degree of permanence necessary and the service environment

3. The degree and type of contamination on the adherend

4. The type of adherend and adhesive

Table 12.8 shows the effect of various metallic-surface preparations on
adhesive-joint strength.

Surface preparations enhance the quality of a bonded joint by per-
forming one or more of the following functions: (1) remove contami-
nants, (2) control adsorbed water, (3) control oxide formation, (4)
poison surface atoms that catalyze adhesive breakdown, (5) protect
the adhesive from the adherend and vice versa, (6) match the adher-
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TABLE 12.7 Government Adhesive Specifications 

Military Specifications

MIL-A-928 Adhesive; metal to wood, structural

MIL-A-1154 Adhesive; bonding, vulcanized synthetic rubber to steel

MIL-C-1219 Cement, iron, and steel

MIL-C-3316 Adhesive; fire resistant, thermal insulation

MIL-C-4003 Cement; general purpose, synthetic base

MIL-C-5092 Adhesive; rubber (synthetic and reclaimed rubber base)

MIL-A-5534 Adhesive; high temperature setting resin (phenol, melamine and resorcinol base)

MIL-C-5339 Cement; natural rubber

MIL-A-5540 Adhesive; polychloroprene

MIL-A-8576 Adhesive; acrylic monomer base, for acrylic plastic

MIL-A-8623 Adhesive; epoxy resin, metal-to-metal structural bonding

MIL-A-9117 Adhesive; sealing, for aromatic fuel cells and general repair

MIL-C-10523 Cement, gasket, for automobile applications

MIL-S-11030 Sealing compound, noncuring polysulfide base

MIL-S-11031 Sealing compound, adhesive; curing, polysulfide base

MIL-A-11238 Adhesive; cellulose nitrate

MIL-C-12850 Cement, rubber

MIL--13554 Adhesive for cellulose nitrate film on metals

MIL-C-13792 Cement, vinyl acetate base solvent type

MIL-A-13883 Adhesive, synthetic rubber (hot or cold bonding)

MIL-A-14042 Adhesive, epoxy

MIL-C-14064 Cement; grinding disk

MIL-P-14536 Polyisobutylene binder

MIL-I-15126 Insulation tape, electrical, pressure-sensitive adhesive and pressure-sensitive ther-
mosetting adhesive

MIL-C-18726 Cement, vinyl alcohol-acetate

MIL-A-22010 Adhesive, solvent type, polyvinyl chloride

MIL-A-22397 Adhesive, phenol and resorcinol resin base

MIL-A-22434 Adhesive, polyester, thixotropic

MIL-C-22608 Compound insulating, high temperature
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end crystal structure to the adhesive molecular structure, and (7) con-
trol surface roughness. Thus, surface preparations can affect the
permanence of the joint as well as its initial strength.

Plastic and elastomeric adherends are even more dependent than
metals on surface preparation. Many of these surfaces are contami-
nated with mold-release agents or processing additives. Such contami-

MIL-A-22895 Adhesive, metal identification plate

MIL-C-23092 Cement, natural rubber

MIL-A-25055 Adhesive; acrylic monomer base, for acrylic plastics

MIL-A-25457 Adhesive, air-drying silicone rubber

MIL-A-25463 Adhesive, metallic structural honeycomb construction

MIL-A-46050 Adhesive, special; rapid room temperature curing, solventless

MIL-A-46051 Adhesive, room-temperature and intermediate-temperature 
setting resin (phenol, resorcinol, and melamine base)

MIL-A-52194 Adhesive, epoxy (for bonding glass reinforced polyester)

MIL-A-9067C Adhesive bonding, process and inspection requirement for

MIL-C-7438 Core material, aluminum, for sandwich construction

MIL-C-8073 Core material, plastic honeycomb, laminated glass fabric base, 
for aircraft structural applications

MIL-C-21275 Core material, metallic, heat-resisting, for structural sandwich 
construction

MIL-H-9884 Honeycomb material, cushioning, paper

MIL-S-9041A Sandwich construction, plastic resin, glass fabric base, laminated 
facings for aircraft structural applications

Federal Specifications

MMM-A-181 Adhesive, room-temperature and intermediate-temperature setting 
resin (phenol, resorcinol and melamine base)

MMM-A-00185 Adhesive, rubber

MMM-A-00187 Adhesive, synthetic, epoxy resin base, paste form, general purpose

MMM-A-132 Adhesives, heat resistant, airframe structural, metal-to-metal

Federal Test 
Method 175

Adhesives: methods of testing

MIL-STD-401 Sandwich construction and core materials; general test methods

TABLE 12.7 Government Adhesive Specifications (Continued)

Military Specifications
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nants must be removed before bonding. Because of their low surface
energy, polytetrafluoroethylene, polyethylene, and certain other poly-
meric materials are completely unsuitable for adhesive bonding in
their natural state. The surfaces of these materials must be chemi-
cally or physically altered prior to bonding to improve wetting.

12.3.2 General Surface Preparation 
Methods

Listed here are several methods of preparing both metal and polymer
substrates for adhesive bonding. The chosen method will ultimately be
the process that yields the necessary strength and permanence with
the least cost.

12.3.2.1 Solvent wiping. Where loosely held dirt, grease, and oil are
the only contaminants, simple solvent wiping will provide surfaces for

TABLE 12.8 Effect of Substrate Pretreatment on Strength of Adhesive-Bonded Joints

Adherend Treatment Adhesive

Shear 
strength, 

lb/in.2 Ref.

Aluminum As received
Vapor degreased
Grit blast
Acid etch

Epoxy 444
837

1751
2756

12

Aluminum As received
Degreased
Acid etch

Vinyl-phenolic 2442
2741
5173

13

Stainless steel As received
Degreased
Acid etch

Vinyl-phenolic 5215
6306
7056

13

Cold-rolled steel As received
Vapor degreased
Grit blast
Acid etch

Epoxy 2900
2910
4260
4470

14

Copper Vapor degreased
Acid etch

Epoxy 1790
2330

15

Titanium As received
Degreased
Acid etch

Vinyl-phenolic 1356
3180
6743

13

Titanium Acid etch
Liquid pickle
Liquid hone
Hydrofluorosilicic acid etch

Epoxy 3183
3317
3900
4005

16
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weak- to medium-strength bonds. Solvent wiping is widely used, but it
is the least effective substrate treatment. Volatile solvents such as ac-
etone and trichloroethylene are acceptable. Trichloroethylene is often
favored because of its nonflammability. A clean cloth should be satu-
rated with the solvent and wiped across the area to be bonded until no
signs of residue are evident on the cloth or substrate. Special precau-
tions are necessary to prevent the solvent from becoming contami-
nated. For example, the wiping cloth should never touch the solvent
container, and new wiping cloths must be used often. After cleaning,
the parts should be air dried in a clean, dry environment before being
bonded.

12.3.2.2 Vapor degreasing. Vapor degreasing is a reproducible form of
solvent cleaning that is attractive when many parts must be prepared.
It consists of suspending the adherends in a container of solvent vapor
such as trichloroethylene or perchloroethylene. When the hot vapors
come into contact with the relatively cool substrate, solvent condensa-
tion occurs on the surface of the part, which dissolves the organic con-
taminants. Vapor degreasing is preferred to solvent wiping, because
the surfaces are continuously being washed in distilled, uncontami-
nated solvent. The vapor degreaser must be kept clean, and a fresh
supply of solvent is used when the contaminants in the solvent trough
lower the boiling point significantly.

Modern vapor degreasing equipment is available with ultrasonic
transducers built into the solvent rinse tank. The parts are initially
cleaned by vapor and then subjected to ultrasonic scrubbing. The clean-
ing solutions and processing parameters must be optimized by test. 

12.3.2.3 Abrasive cleaning. Mechanical methods for surface prepara-
tion include sandblasting, wire brushing, and abrasion with sandpa-
per, emery cloth, or metal wool. These methods are most effective for
removing heavy, loose particles such as dirt, scale, tarnish, and oxide
layers.

The parts should always be degreased prior to abrasive treatment to
prevent contaminants from being rubbed into the surface. Solid parti-
cles left on the surfaces after abrading can be removed by blasts of
clean, oil free, dry air or solvent wiping.

Each metal reacts favorably with a specific range of abrasive sizes.
It has been found that joint strength generally increases with the de-
gree of surface roughness, provided that the adhesive wets the adher-
end (Table 12.9). However, excessively rough surfaces increase the
probability that voids will be left at the interface, causing stress risers
detrimental to the joint.
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12.3.2.4 Chemical cleaning. Strong detergent solutions are used to
emulsify surface contaminants on both metallic and nonmetallic sub-
strates. These solutions are usually heated. Parts for cleaning are gen-
erally immersed in a well agitated solution maintained at 150 to
210°F for approximately 10 min. The surfaces are then rinsed immedi-
ately with deionized water and dried. Chemical cleaning is often used
in combination with other surface treatments. Chemical cleaning by
itself will not remove heavy or strongly attached contaminants such as
rust or scale.

Alkaline detergents recommended for prebond cleaning are combi-
nations of alkaline salts such as sodium metasilicate and tetrasodium
pyrophosphate with surfactants included. Many commercial deter-
gents are available.

12.3.2.5 Other cleaning methods. Vapor-honing and ultrasonic clean-
ing are efficient treating methods for small, delicate parts. In cases
where the substrate is so delicate that usual abrasive treatments may
be too rough, contaminants can be removed by vapor honing. This
method is similar to grit blasting except that very fine abrasive parti-

TABLE 12.9 Effect of Surface Roughness in Butt Tensile Strength of DER 332-
Versamid 140 (60/40)* Epoxy Joints (from Ref. 17)

Adherend Adherend surface†

Butt tensile 
strength, lb/

in.2

6061 A1 Polished 4720 ± 1000

6061 A1 0.005-in. grooves 6420 ±   500

6061 A1 0.005-in. grooves, sandblasted 7020 ± 1120

6061 A1 Sandblasted (40–50 grit) 7920 ±   530

6061 A1 Sandblasted (10–20 grit) 7680 ±   360

304 SS Polished 4030 ±   840

304 SS 0.010-in. grooves 5110 ± 1020

304 SS 0.010-in. grooves, sandblasted 5510 ±   770

304 SS Sandblasted (40–50 grit) 7750 ±   840

304 SS Sandblasted (10–20 grit) 9120 ±   470

*74°C/16 hr cure.
†Adherend surfaces were chromate etched.
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cles are suspended in a high-velocity water or steam spray. Thorough
rinsing after vapor honing is usually not required. 

Ultrasonic cleaning employs a bath of cleaning liquid or solvent that
is ultrasonically activated by a high-frequency transducer. The part to
be cleaned is immersed in the liquid, which carries the sonic waves to
the surface of the part. High-frequency vibrations then dislodge the
contaminants. Commercial ultrasonic cleaning units are available
from a number of manufacturers.

12.3.2.6 Alteration of surfaces. Certain treatments of substrate sur-
faces change the physical and chemical properties of the surface to
produce greater wettability and/or a stronger surface. Specific pro-
cesses are required for each substrate material. The part or area to be
bonded is usually immersed in an active solution for a matter of min-
utes. The parts are then immediately rinsed with deionized water and
dried.

Chemical solutions must be changed regularly to prevent contami-
nation and ensure repeatable concentration. Tank temperature and
agitation must also be controlled. Personnel need to be trained in the
safe handling and use of chemical solutions and must wear the proper
clothing.

Some paste-type acid etching products are available that simulta-
neously clean and chemically treat surfaces. They react at room tem-
perature and need only be applied to the specific area to be bonded.
However, these paste etchants generally require much longer treat-
ment time than hot acid-bath processes. 

Treatment of certain polymeric surfaces with excited inert gases
greatly improves the bond strength of adhesive joints prepared from
these materials. With this technique, called plasma treatment, a low-
pressure inert gas is activated by an electrodeless radio-frequency dis-
charge or microwave excitation to produce metastable species that re-
act with the polymeric surface. The type of plasma gas can be selected
to initiate a wide assortment of chemical reactions. In the case of poly-
ethylene, plasma treatment produces a strong, wettable, cross-linked
skin. Commercial instruments are available that can treat polymeric
materials in this manner. Table 12.10 presents bond strength of vari-
ous plastic joints pretreated with activated gas and bonded with an
epoxy adhesive.

12.3.2.7 Combined methods. More than one cleaning method is usu-
ally required for optimum adhesive properties. A three-step process
that is recommended for most substrates consists of (1) degreasing,
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(2) mechanical abrasion, and (3) chemical treatment. Table 12.11
shows the effect of various combinations of aluminum-surface prepa-
rations on lap-shear strength.

12.3.3 Surface Treatment of Polymers

Treating of plastic surfaces usually consists of one or a combination of
the following processes: solvent cleaning, abrasive treatment and
etching, flame, hot air, electric discharge, or plasma treatments. The
purpose of the treatment is to either remove or strengthen the weak
boundary layer or to increase the critical surface tension.

Abrasive treatments consist of scouring, machining, hand sanding,
and dry and wet abrasive blasting. The choice is generally determined
by available production facilities and cost. Laminates can be prepared
by either abrasion or the tear-ply technique. In the tear-ply design,
the laminate is manufactured so that one ply of heavy fabric, such as
Dacron or equivalent, is attached at the bonding surface. Just prior to
bonding the tear-ply is stripped away, and a fresh, clean, bondable
surface is exposed.

TABLE 12.10 Typical Adhesive-Strength Improvement with Plasma Treatment; 
Aluminum-Plastic Shear Specimen Bonded with Epon 828-Versamide 140 (70/30) 
Epoxy Adhesive (from Ref. 18)

Strength of bond, lb/in.2

Material Control After plasma treatment

High-density polyethylene 315 + 38 >3125 + 68

Low-density polyethylene 372 +52 >1466 ± 106

Nylon 6 846 ± 166 >3956 ± 195

Polystyrene 566 ± 17 >4015 ± 85

Mylar*A 530 ± 51 1660 ± 40

Mylar D 618 ± 25 1185 ± 83

Polyvinylfluoride (Tedar)† 278 ± 2 >1280 ± 73

Lexan* 410 ± 10 928 ± 66

Polypropylene 370 ± 3080 ± 180

Teflon* TFE 75 750

*Trademark of E.I. du Pont de Nemours & Company, Inc.
†Trademark of General Electric Co.
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Chemical etching treatments vary with the type of plastic surface.
The plastic resin supplier is the best guide to the appropriate etching
chemicals and process. Etching processes can involve the use of corro-
sive and hazardous materials. The most common processes are sulfu-
ric-dichromate etch (polyethylene and polypropylene) and sodium-
naphthalene etch (fluorocarbons).

TABLE 12.11 Surface Preparation of Aluminum Substrates vs. Lap-Shear Strength12

Group treatment
X,

lb/in.2
s,

lb/in.2
Cv,
%

1. Vapor degrease, grit blast 90-mesh grit, alka-
line clean, Na2Cr2O7-H2SO4, distilled water

3091 103 3.5

2. Vapor degrease, grit blast 90-mesh grit, alka-
line clean, Na2Cr2O7-H2SO4, tap water

2929 215 7.3

3. Vapor degrease, alkaline clean, Na2Cr2O7-
H2SO4, distilled water

2800 307 10.96

4. Vapor degrease, alkaline clean, Na2Cr2O7-
H2SO4, tap water

2826 115 4.1

5. Vapor degrease, alkaline clean, chromic-
H2SO4, deionized water

2874 163 5.6

6. Vapor degrease, Na2Cr2O7-H2SO4, tap water 2756 363 1.3

7. Unsealed anodized 1935 209 10.8

8. Vapor degrease, grit blast 90-mesh grit 1751 138 7.9

9. Vapor degrease, wet and dry sand, 100 + 240 
mesh grit, N2 blown

1758 160 9.1

10. Vapor degrease, wet and dry sand, wipe off 
with sandpaper

1726 60 3.4

11. Solvent wipe, wet and dry sand, wipe off with 
sandpaper (done rapidly)

1540 68 4

12. Solvent wipe, sand (not wet and dry), 120 grit 1329 135 1.0

13. Solvent wipe, wet and dry sand, 240 grit only 1345 205 15.2

14. Vapor degrease, aluminum wood 1478

15. Vapor degrease, 15% NaOH 1671

16. Vapor degrease 837 72 8.5

17. Solvent wipe (benzene) 353

18. As received 444 232 52.2

X = average value. s = standard deviation. Cv = coefficient of variation. Resin employed is EA 934
Hysol Division, Dexter Corp.; cured 16 hr at 75°F plus 1 hr at 180°F.
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Flame, hot air, electrical discharge, and plasma treatments physi-
cally and chemically change the nature of polymeric surfaces. The
plasma treating process has been found to be very successful on most
hard-to-bond plastic surfaces. Table 12.10 shows that plasma treat-
ment results in improved plastic joint strength with common epoxy
adhesives. Plasma treatment requires high vacuum and special pro-
cessing equipment.

Better adhesion can be obtained if parts are formed, treated, and
coated with an adhesive in a continuous operation. The sooner an article
can be bonded after surface treatment, the better will be the adhesion.
After the part is treated, handling and exposure to shop environments
should be kept to a minimum. Some surface treatments, such as
plasma, have a long effective shelf life. However, some treating pro-
cesses, such as electrical discharge and flame treating, will become less
effective the longer the time between surface preparation and bonding.

12.3.4 Evaluation of Surface Preparation 
before and after Bonding

On many nonporous surfaces, a useful and quick method for testing
the effectiveness of the surface preparation is the water-break test. If
distilled water beads up when sprayed on the surface and does not wet
the substrate, the surface-preparation steps should be repeated. If the
water wets the surface in a uniform film, an effective surface opera-
tion has been achieved.

The objective of surface treating is to obtain a joint where the weak-
est link is the adhesive layer and not the interface. Thus, destructively
tested joints should be examined for mode of failure. If failure is cohe-
sive (within the adhesive layer or adherend), the surface treatment is
the optimum for that particular combination of adherend, adhesive,
and testing condition. However, it must be realized that specimens
could exhibit cohesive failure initially and interfacial failure after ag-
ing. Both adhesive and surface preparations need to be tested with re-
spect to the intended service environment.

12.3.5 Substrate Equilibrium

After the surface-preparation process has been completed, the sub-
strates may have to be stored before bonding. During storage, the sur-
face could regain its oxide or weak boundary layer and become
exposed to contaminating environments. Typical storage life for vari-
ous metals subjected to different treatments is shown in Table 12.12.
Because of the relatively short storage life of many treated materials,
bonding should be conducted as soon after the surface preparation as
possible.
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If prolonged storage is necessary, a compatible primer may be used
to coat the treated substrates after surface preparation. The primer
will protect the surface during storage and interact with the adhesive
during bonding. Many primer systems are sold with adhesives for this
purpose.

12.3.6 Primers and Adhesion Promoters

Primers are applied and cured onto the adherend prior to adhesive
bonding. They serve four primary functions singly or in combination:

1. Protection of surfaces after treatment (primers can be used to ex-
tend the time between preparing the adherend surface and bond-
ing)

2. Developing tack for holding or positioning parts to be bonded

3. Inhibiting corrosion during service

4. Serving as an intermediate layer to enhance the physical proper-
ties of the joint and improve bond strength

Some primers have been found to provide corrosion resistance for
the joint during service. The primer protects the adhesive-adherend
interface and lengthens the service life of the bonded joint. Represen-
tative data are shown in Fig. 12.26.

Primers may also be used to modify the characteristics of the joint.
For example, elastomeric primers are used with rigid adhesives to pro-
vide greater peel or cleavage resistance. 

Primers can also chemically react with the adhesive and adherend
to provide greater joint strengths. This type of primer is referred to as
an adhesion promoter. The use of reactive silane to improve the adhe-
sion of resin to glass fibers in polymeric laminates is well known in the
plastic industry. 

TABLE 12.12 Maximum Allowable Time between Surface 
Preparation and Bonding or Priming (from Ref. 19)

Metal Surface Time

Aluminum Wet-abrasive-blasted 72 hr

Aluminum Sulfuric-chromic acid etched   6 days

Aluminum Anodized 30 days

Stainless steel Sulfuric acid etched 30 days

Steel Sandblasted   4 hr

Brass Wet-abrasive-blasted   8 hr

12Petrie  Page 42  Wednesday, May 23, 2001  10:43 AM



Plastics and Elastomers as Adhesives 12.43

12.3.7 Specific Surface Treatments and 
Characteristics

12.3.7.1 Metallic adherends. Table 12.13 lists common surface-treat-
ing procedures for metallic adherends. The general methods previ-

Figure 12.26 Effect of primer on lap-shear strength of aluminum joints ex-
posed to 5% salt spray.20

TABLE 12.13 Surface Preparation for Metals
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TABLE 12.13 Surface Preparation for Metals (Continued)
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TABLE 12.13 Surface Preparation for Metals (Continued)
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TABLE 12.13 Surface Preparation for Metals (Continued)
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TABLE 12.13 Surface Preparation for Metals (Continued)
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TABLE 12.13 Surface Preparation for Metals (Continued)
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TABLE 12.13 Surface Preparation for Metals (Continued)
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ously described are all applicable to metallic surfaces, but the
processes listed in Table 12.13 have been specifically found to provide
reproducible structural bonds and fit easily into the bonding opera-
tion. The metals most commonly used in bonded structures and their
respective surface treatments are described more fully in the following
sections.

Aluminum and aluminum alloys . The effects of various aluminum sur-
face treatments have been studied extensively. The most widely used
process for high-strength, environment-resistant adhesive joints is the
sodium dichromate-sulfuric acid etch, developed by Forest Product
Laboratories and known as the FPL etch process. Abrasion or solvent
degreasing treatments result in lower bond strengths, but these sim-
pler processes are more easily placed into production. Table 12.14
qualitatively lists the bond strengths which can be realized with vari-
ous aluminum treatments.

Copper and copper alloys. Surface preparation of copper alloys is nec-
essary to remove weak oxide layers attached to the copper surface.
This oxide layer is especially troublesome, because it forms very rap-
idly. Copper specimens must be bonded or primed as quickly as possi-
ble after surface preparation. Copper also has a tendency to form
brittle surface compounds when used with certain adhesives that are
corrosive to copper.

One of the better surface treatments for copper, utilizing a commer-
cial product named Ebonol C (Enthane, Inc., New Haven, CT), does
not remove the oxide layer but creates a deeper and stronger oxide for-
mation. This process, called black oxide, is commonly used when bond-

TABLE 12.13 Surface Preparation for Meta s (Continued)
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ing requires elevated temperatures, for example, for laminating
copper foil. Chromate conversion coatings are also used for high-
strength copper joints.

Magnesium and magnesium alloys. Magnesium is one of the lightest
metals. The surface is very sensitive to corrosion, and chemical prod-
ucts are often formed at the adhesive–metal interface during bonding.
Preferred surface preparations for magnesium develop a strong sur-
face coating to prevent corrosion. Proprietary methods of producing
such coatings have been developed by magnesium producers.

Steel and stainless steel. Steels are generally easy to bond, provided
that all rust, scale, and organic contaminants are removed. This may
be accomplished easily by a combination of mechanical abrasion and
solvent cleaning. Table 12.15 shows the effect of various surface treat-
ments on the tensile shear strength of steel joints bonded with a vinyl-
phenolic adhesive.

Prepared steel surfaces are easily oxidized. Once processed, they
should be kept free of moisture and primed or bonded within 4 hr.
Stainless surfaces are not as sensitive to oxidation as carbon steels,
and a slightly longer time between surface preparation and bonding is
acceptable.

TABLE 12.14 Surface Treatment for Adhesive Bonding Aluminum (from Ref. 25)

Surface treatment Type of bond

Solvent wipe (MEK, MIBK, trichloroethylene) Low to medium strength

Abrasion of surface, plus solvent wipe (sandblasting, 
coarse sandpaper, etc.)

Medium to high strength

Hot-vapor degrease (trichloroethylene) Medium strength

Abrasion of surface, plus vapor degrease Medium to high strength

Alodine treatment Low strength

Anodize Medium strength

Caustic etch* High strength

Chromic acid etch (sodium dichromate-surface acid)†

*A good caustic etch is Oakite 164 (Oakite Products, Inc., 19 Rector Street, New York).
†Recommended pretreatment for aluminum to achieve maximum bond strength and weatherability:
1. Degrease in hot trichloroethylene vapor (160°F).
2. Dip in the following chromic acid solution for 10 min at 160°F:
        Sodium dischromate (Na2Cr2)H ⋅ 2H2O                                       1 part/wt
        Cone, sulfuric acid (sp. gr. 1.86)                                                  10 parts/wt.
        Distilled water                                                                              30 parts/wt.
3. Rinse thoroughly in cold, running, distilled, or deionized water.
4. Air dry for 30 min, followed by 10 min at 150°F.

12Petrie  Page 51  Wednesday, May 23, 2001  10:43 AM



12.52 Chapter 12

Titanium alloys. Because of the usual use of titanium at high tempera-
tures, most surface preparations are directed at improving the ther-
mal resistance of titanium joints. Like magnesium, titanium can also
react with the adhesive during cure and create a weak boundary layer.

12.3.7.2 Plastic adherends. Many plastics and plastic composites can
be treated by simple mechanical abrasion or alkaline cleaning to re-
move surface contaminants. In some cases, it is necessary that the
polymeric surface be physically or chemically modified to achieve ac-
ceptable bonding. This applies particularly to crystalline thermoplas-
tics such as the polyolefins, linear polyesters, and fluorocarbons.
Methods used to improve the bonding characteristics of these surfaces
include: 

1. Oxidation via chemical treatment or flame treatment

2. Electrical discharge to leave a more reactive surface

3. Ionized inert gas, which strengthens the surface by cross-linking
and leaves it more reactive

4. Metal-ion treatment

Table 12.16 lists common recommended surface treatments for plas-
tic adherends. These treatments are necessary when plastics are to be

TABLE 12.15 Effect of Pretreatment on the Shear Strength of Steel Joints Bonded 
with a Polyvinyl Formal Phenolic Adhesive (from Ref. 26)

Martensitic steel Austenitic steel Mild steel

Pretreatment M C M C M C

Grit blast + vapor degreasing 5120 13.1 4100   4.7 4360   7.8

Vapor blast + vapor degreasing 6150   5.6 4940   7.1 4800   5.9

The following treatments were preceded by vapor degreasing:

Cleaning in metasilicate solution 4360 5.7 3550   7.8 4540   6.1

Acid-dichromate etch 5780 5.8 2150 22.5 4070   4.0

Vapor blast + acid dichromate 
etch

6180 4.1

Hydrochloric acid etch + phos-
phoric acid etch

3700 17.9   950 20.2 3090 20.7

Nitric/hydrofluoric acid etch 6570   7.5 3210 15.2 4050   8.4

M = mean failing load, lb/in2. C = coefficient of variation, %.
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joined with adhesives. Solvent and heat welding are other methods of
fastening plastics that do not require chemical alteration of the sur-
face. Welding procedures were discussed in the previous chapter.

As with metallic substrates, the effects of plastic surface treatments
decrease with time. It is necessary to prime or bond soon after the sur-
faces are treated. Listed below are some common plastic materials
that require special physical or chemical treatments to achieve ade-
quate surfaces for adhesive bonding.

Fluorocarbons. Fluorocarbons such as polytetrafluoroethylene (TFE),
polyfluoroethylene propylene (FEP), polychlorotrifluoroethylene (CFE),
and polymonochlorotrifluoroethylene (Kel-F) are notoriously difficult
to bond because of their low surface tension. However, epoxy and poly-
urethane adhesives offer moderate strength if the fluorocarbon is
treated prior to bonding.

The fluorocarbon surface may be made more wettable by exposing it
for a brief moment to a hot flame to oxidize the surface. The most sat-
isfactory surface treatment is achieved by immersing the plastic in a
bath consisting of sodium-naphthalene dispersion in tetrahydrofuran.
This process is believed to remove fluorine atoms, leaving a carbonized
surface that can be wet easily. Fluorocarbon films pretreated for adhe-
sive bonding are available from most suppliers. A formulation and de-
scription of the sodium-naphthalene process may be found in Table
12.16. Commercial chemical products for etching fluorocarbons are
also listed. 

Polyethylene terephthalate (mylar). A medium-strength bond can be ob-
tained with polyethylene terephthalate plastics and films by abrasion
and solvent cleaning. However, a stronger bond can be achieved by im-
mersing the surface in a warm solution of sodium hydroxide or in an
alkaline cleaning solution for 2 to 10 min.

Polyolefins, polyformaldehyde, polyether. These materials can be effec-
tively bonded only if the surface is first located. Polyethylene and
polypropylene can be prepared for bonding by holding the flame of an
oxyacetylene torch over the plastic until it becomes glossy, or else by
heating the surface momentarily with a blast of hot air. It is important
not to overheat the plastic, thereby causing deformation. The treated
plastic must be bonded as quickly as possible after surface prepara-
tion.

Polyolefins, such as polyethylene, polypropylene, and polymethyl-
pentene, as well as polyformaldehyde and polyether, may be more ef-
fectively treated with a sodium dichromate-sulfuric acid solution. This
treatment oxidizes the surface, allowing better wetting. Activated gas
plasma treatment, described in the general section on surface treat-
ments is also an effective treatment for these plastics. Table 12.17
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TABLE 12.16 Surface Preparations for Plastics
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TABLE 12.16 Surface Preparations for Plastics (Continued)

12Petrie  Page 55  Wednesday, May 23, 2001  10:43 AM



12.56 Chapter 12

TABLE 12.16 Surface Preparations for Plastics (Continued)
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TABLE 12.16 Surface Preparations for Plastics (Continued)
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shows the tensile-shear strength of bonded polyethylene pretreated by
these various methods.

12.3.7.3 Elastomeric adherends. Vulcanized-rubber joints are often
contaminated with mold release and plasticizers or extenders that can
migrate to the surface. As shown in Table 12.18, solvent washing and
abrading are common treatments for most elastomers, but chemical
treatment may be required for maximum properties. Synthetic and
natural rubbers may require cyclizing with concentrated sulfuric acid
until hairline fractures are evident on the surface.

12.3.7.4 Other adherends. Table 12.19 provides surface treatments
for a variety of materials not covered in the preceding tables. Bonding
to painted or plated parts requires special consideration. The result-
ing adhesive bond is only as strong as the adhesion of the paint or
plating to the base material.

TABLE 12.16 Surface Preparations for P astics (Continued)

12Petrie  Page 58  Wednesday, May 23, 2001  10:43 AM



12.59

TABLE 12.17 Effects of Surface Treatments on Bonding to Polyethylene with Various Types of Adhesives (from Ref. 27)
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12.4 Types of Adhesives

12.4.1 Adhesive Composition

Modern-day adhesives are often fairly complex formulations of compo-
nents that perform specialty functions. The adhesive base or binder is

TABLE 12.18 Surface Preparation for E astomers
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the primary component of an adhesive. The binder is generally the
resinous component from which the name of the adhesive is derived.
For example, an epoxy adhesive may have many components, but the
primary material is epoxy resin.

TABLE 12.18 Surface Preparation for E astomers (Continued)

TABLE 12.19 Surface Preparations for Materials Other than Metals, 
Plastics, and Elastomers
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A hardener is a substance added to an adhesive formulation to ini-
tiate the curing reaction and take part in it. Two-component adhesive
systems have one component, which is the base, and a second compo-
nent, which is the hardener. Upon mixing, a chemical reaction ensues
that causes the adhesive to solidify. A catalyst is sometimes incorpo-

TABLE 12.19 Surface Preparations for Materia s Other than Meta s, 
Plastics, and Elastomers (Continued)
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rated into an adhesive formulation to speed the reaction between base
and hardener.

Solvents are sometimes needed to lower viscosity or to disperse the
adhesive to a spreadable consistency. Often, a mixture of solvents is
required to achieve the desired properties.

A reactive ingredient added to an adhesive to reduce the concentra-
tion of binder is called a diluent. Diluents are principally used to lower
viscosity and modify processing conditions of some adhesives. Diluents
react with the binder during cure, become part of the product, and do
not evaporate as does a solvent.

Fillers are generally inorganic particulates added to the adhesive to
improve working properties, strength, permanence, or other qualities.
Fillers are also used to reduce material cost. By selective use of fillers,
the properties of an adhesive can be changed tremendously. Thermal
expansion, electrical and thermal conduction, shrinkage, viscosity,
and thermal resistance are only a few properties that can be modified
by use of selective fillers.

A carrier or reinforcement is usually a thin fabric used to support a
semicured (B-staged) adhesive to provide a product that can be used
as a tape or film. The carrier can also serve as a spacer between the
adherends and reinforcement for the adhesive.

Adhesives can be broadly classified as being thermoplastic, thermo-
setting, elastomeric, or an alloy blend. These four adhesive classifica-
tions can be further subdivided by specific chemical composition as
described in Tables 12.20 through 12.23. The types of resins that go
into the thermosetting and alloy adhesive classes are noted for high
strength, creep resistance, and resistance to environments such as
heat, moisture, solvents, and oils. Their physical properties are well
suited for structural-adhesive applications.

Elastomeric and thermoplastic adhesive classes are not used in ap-
plications requiring continuous load, because of their tendency to
creep under stress. They are also degraded by many common service
environments. These adhesives find greatest use in low-strength ap-
plications such as pressure-sensitive tape, sealants, and hot melt
products.

12.4.2 Structural Adhesives

12.4.2.1 Epoxy. Epoxy adhesives offer a high degree of adhesion to all
substrates except some untreated plastics and elastomers. Cured ep-
oxies have thermosetting molecular structures. They exhibit excellent
tensile-shear strength but poor peel strength unless modified with a
more resilient polymer. Epoxy adhesives offer excellent resistance to
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TABLE 12.20 Thermosetting Adhesives 

Adhesive Description
Curing
method

Special
characteristics

Usual
adherends

Price
range

Cyanoacrylate One-part liquid Rapidly at RT 
in absence of air

Fast setting; good bond strength; low viscosity; high 
cost; poor heat and shock resistance; will not bond to 
acidic surfaces

Metals, plastics, 
glass

Very high

Polyester Two-part liquid or paste RT or higher Resistant to chemicals, moisture, heat, weathering; 
good electrical properties; wide range of strengths; 
some resins do not fully cure in presence of air; isocy-
anate-cured system bonds well to many plastic films

Metals, foils, 
plastics, plastic 
laminates, glass

Low–
med

Urea formaldehyde Usually supplied as two-part 
resin and hardening agent; 
extenders and fillers used

Under pressure Not as durable as others but suitable for fair range of 
service conditions; generally low cost and ease of 
application and cure; pot life limited to 1 to 24 hr

Plywood Low

Melamine 
formaldehyde

Powder to be mixed with 
hardening agent

Heat and pres-
sure

Equivalent in durability and water resistance (includ-
ing boiling water) to phenolics and resorcinols; often 
combined with ureas to lower cost; higher service 
temp than ureas

Plywood, other
wood products

Med

Resorcinol and 
phenol-resorcinol 
formaldehyde

Usually alcohol-water solutions 
to which formaldehyde must 
be added

RT or higher
with moderate
pressure

Suitable for exterior use; unaffected by boiling water, 
mold, fungus, grease, oil, most solvents; bond 
strength equals or betters strength of wood; do not 
bond directly to metal

Wood, plastics,
paper, fiber-
board,
plywood

Med
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Epoxy Two-part liquid or paste; one-part 
liquid, paste or solid; solutions

RT or higher Most versatile adhesive available; excellent tensile-
shear strength; poor peel strength; excellent resis-
tance to moisture and solvents; low cure shrinkage; 
variety of curing agents/hardeners results in many 
variations

Metals, plastic, 
glass,
rubber, wood, 
ceramics

Med

Polyimide Supported film, solvent solution High temp Excellent thermal and oxidation resistance; suitable for 
continuous use at 550°F and short-term use to 900·F; 
expensive

Metals, metal foil,
honeycomb core

Very high

Polybenzimidazole Supported film Long, high-temp 
cure

Good strength at high temperatures; suitable for con-
tinuous use at 450°F and short-term use at 1000°F; 
volatiles released during cure; deteriorates at high 
temperatures on exposure to air; expensive

Metals, metal foil,
honeycomb core

Very high

Acrylic Two-part liquid or paste RT Excellent bond to many plastics, good weather resis-
tance, fast cure, catalyst can be used as a substrate 
primer; poor peel and impact strength

Metals, many 
plastics, wood

Very high

Acrylate 
acid diester

One-part liquid or paste RT or higher in 
absence of air

Chemically blocked, anaerobic type; excellent wetting 
ability; useful temperature range of –65 to 300°F; 
withstands rapid thermal cycling; high-tensile-
strength grade requires cure at 250°F, cures in min-
utes at 280°F

Metals, plastics, 
glass, wood

Very high

TABLE 12.20 Thermosetting Adhesives (Continued)

12Petrie  Page 65  W
ednesday, M

ay 23, 2001  10:43 A
M



12.66

TABLE 12.21 Thermoplastic Adhesives 

Adhesive Description
Curing
method

Special
characteristics

Usual
adherends

Price
range

Cellulose 
acetate, 
cellulose 
acetate 
butyrate

Solvent solutions Solvent evaporation Water-clear, more heat resistant but less water 
resistant than cellulose nitrate; cellulose acetate 
butyrate has better heat and water resistance 
than cellulose acetate and is compatible with a 
wider range of plasticizers

Plastics, leather, paper, 
wood, glass, fabrics

Low

Cellulose 
nitrate

Solvent solutions Evaporation of sol-
vent

Tough, develops strength rapidly, water resistant; 
bonds to many surfaces; discolors in sunlight; 
dried adhesive is flammable

Glass, metal, cloth, plastics Low

Polyvinyl 
acetate

Solvent solutions and water emul-
sions, plasticized or unplasti-
cized, often containing fillers 
and pigments; also dried film 
that is light stable, water-white, 
transparent

On evaporation of sol-
vent or water; film 
by heat and pres-
sure

Bond strength of several thousand lb/in.2 but not 
under continuous loading; the most versatile in 
terms of formulations and uses; tasteless, odor-
less; good resistance to oil, grease, acid; fair water 
resistance

Emulsions particularly use-
ful with porous materials 
like wood and paper; solu-
tions used with plastic 
films, mica, glass, metal, 
ceramics

Low

Vinyl 
vinylidene

Solutions in solvents like methyl 
ethyl ketone

Evaporation of sol-
vent

Tough, strong, transparent, and colorless; resistant 
to hydrocarbon solvents, greases, oils

Particularly useful with tex-
tiles; also porous materials, 
plastics

Med
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Polyvinyl 
acetals

Solvent solutions, film, and solids Evaporation of sol-
vent; film and solid 
by heat and pres-
sure

Flexible bond; modified with phenolics for struc-
tural use; good resistance to chemicals and oils; 
includes polyvinyl formal and polyvinyl butyral 
types

Metals, mica, glass, rubber, 
wood, paper

Med

Polyvinyl 
alcohol

Water solutions, often extended 
with starch or clay

Evaporation of water Odorless, tasteless, and fungus-resistant (if 
desired); excellent resistance to grease and oils; 
water soluble

Porous materials such as 
fiberboard, paper, cloth

Low

Polyamide Solid hot-melt, film, solvent solu-
tions

Heat and pressure Good film flexibility; resistant to oil and water; used 
for heat-sealing compounds

Metals, paper, plastic films Med

Acrylic Solvent solutions, emulsions, and 
mixtures requiring added cata-
lysts

Evaporation of sol-
vent; RT or ele-
vated temp (two-
part)

Good low-temperature bonds; poor heat resistance; 
excellent resistance to ultraviolet; clear; colorless

Glass, metals, paper, textiles, 
metallic foils, plastics

Med

Phenoxy Solvent solutions, film, solid hot-
melt

Heat and pressure Retains high strength from 40 to 180°F; resists 
creep up to 180°F; suitable for structural use

Metals, wood, paper, plastic 
film

Med

TABLE 12.21 Thermoplastic Adhesives (Continued)
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TABLE 12.22 Elastomeric Adhesives 

Adhesive Description
Curing
method

Special
characteristics

Usual
adherends

Price
range

Natural 
rubber

Solvent solutions, latexes, and 
vulcanizing type

Solvent evapora-
tion, vulcaniz-
ing type by heat 
or RT (two-part)

Excellent tack, good strength; shear strength 30–180 
lb/in.2; peel strength 0.56 lb/in. width; surface can be 
tack-free to touch and yet bond to similarly coated 
surface

Natural rubber, maso-
nite, wood, felt, fabric, 
paper, metal

Med

Reclaimed 
rubber

Solvent solutions, some water dis-
persions; most are black, some 
gray and red

Evaporation of 
solvent

Low cost, widely used; peel strength higher than natu-
ral rubber; failure occurs under relatively low con-
stant loads

Rubber, sponge rubber, 
fabric, leather, wood, 
metal, painted metal, 
building materials

Low

Butyl Solvent system, latex Solvent evapora-
tion, chemical 
cross-linking 
with curing 
agents and heat

Low permeability to gases, good resistance to water 
and chemicals, poor resistance to oils, low strength

Rubber, metals Med

Polyisobutylene Solvent solution Evaporation of 
solvent

Sticky, low-strength bonds; copolymers can be cured to 
improve adhesion, environmental resistance, and 
elasticity; good aging; poor thermal resistance; 
attacked by solvents

Plastic film, rubber, 
metal foil, paper

Low

Nitrile Latexes and solvent solutions 
compounded with resins, metal-
lic oxides, fillers, etc.

Evaporation of 
solvent and/or 
heat and pres-
sure

Most versatile rubber adhesive; superior resistance to 
oil and hydrocarbon solvents; inferior in tack range, 
but most dry tack-free, an advantage in precoated 
assemblies; shear strength of 150–2000 lb/in.2, higher 
than neoprene, if cured

Rubber (particularly 
nitrile), metal, vinyl 
plastics

Med
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Styrene 
butadiene

Solvent solutions and latexes; 
because tack is low, rubber is 
compounded with tackifiers and 
plasticizing oils

Evaporation of 
solvent

Usually better aging properties than natural or 
reclaimed; low dead load strength; bond strength sim-
ilar to reclaimed; useful temp range from –40 to 
160°F

Fabrics, foils, plastic 
film laminates, rubber 
and sponge rubber, 
wood

Low

Polyurethane Two-part liquid or paste RT or higher Excellent tensile-shear strength from –400 to 200°F; 
poor resistance to moisture before and after cure; 
good adhesion to plastics

Plastics, metals, rubber Med

Polysulfide Two-part liquid or paste RT or higher Resistant to wide range of solvents, oils, and greases; 
good gas impermeability; resistant to weather, sun-
light, ozone; retains flexibility over wide temperature 
range; not suitable for permanent load-bearing appli-
cations

Metals, wood, plastics High

Silicone Solvent solution; heat or RT cur-
ing and pressure sensitive; and 
RT vulcanizing pastes

Solvent evapora-
tion, RT or ele-
vated temp

Of primary interest is pressure-sensitive type used for 
tape; high strengths for other forms are reported from 
–100 to 500°F; limited service to 700°F; excellent 
dielectric properties

Metals; glass; paper; 
plastics and rubber, 
including silicone and 
butyl rubber and fluo-
rocarbons

High–
very 
high

Neoprene Latexes and solvent solutions, 
often compounded with resins, 
metallic oxides, fillers, etc.

Evaporation of 
solvent

Superior to other rubber adhesives in most 
respects—quickness; strength; max temp (to 200°F, 
sometimes 350°F); aging; resistant to light, weather-
ing, mild acids, oils

Metals, leather, fabric, 
plastics, rubber (par-
ticularly neoprene), 
wood, building materi-
als

Med

TABLE 12.22 Elastomeric Adhesives (Continued)
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TABLE 12.23 Alloy Adhesives

Adhesive Description
Curing
method

Special
characteristics

Usual
adherends

Price
range

Epoxy-
phenolic

Two-part paste, 
supported film

Heat and 
pressure

Good properties at moderate cures; volatiles released 
during cure; retains 50% of bond strength at 500°F; 
limited shelf life; low peel strength and shock resis-
tance

Metals, honeycomb core, plastic laminates, 
ceramics

Med

Epoxy-
polysulfide

Two-part liquid or 
paste

RT or 
higher

Useful temperature range –70 to 200°F, greater resis-
tance to impact, higher elongation, and less brittle-
ness than epoxies

Metals, plastic, wood, concrete Med

Epoxy-
nylon

Solvent solutions, 
supported and 
unsupported film

Heat and 
pressure

Excellent tensile-shear strength at cryogenic tempera-
ture; useful temperature range –423 to 180°F; limited 
shelf life

Metals, honeycomb core, plastics Med

Nitrile-
phenolic

Solvent solutions, 
unsupported and 
supported film

Heat and 
pressure

Excellent shear strength; good peel strength; superior to 
vinyl and neoprene—phenolics; good adhesion

Metals, plastics, glass, rubber Med

Neoprene-
phenolic

Solvent solutions, 
unsupported and 
supported film

Heat and 
pressure

Good bonds to a variety of substrates; useful temp range 
–70 to 200°F, excellent fatigue and impact strength

Metals, glass, plastics Med

Vinyl-
phenolic

Solvent solutions and 
emulsions, tape, 
liquid, and coreact-
ing powder

Heat and 
pressure

Good shear and peel strength; good heat resistance; 
good resistance to weathering, humidity, oil, water, 
and solvents; vinyl formal and vinyl butyral forms 
available, vinyl formal–phenolic is strongest

Metals, paper, honeycomb core Low
–med
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oil, moisture, and many solvents. Low cure shrinkage and high resis-
tance to creep under prolonged stress are characteristic of epoxy res-
ins.

Epoxy adhesives are commercially available as liquids, pastes, and
semicured (B-staged) film and solids. Epoxy adhesives are generally
supplied as a 100% solids (nonsolvent) formulation, but some spray-
able epoxy adhesives are available in solvent systems. Epoxy resins
have no evolution of volatiles during cure and are useful in gap-filling
applications.

Depending on the type of curing agent, epoxy adhesives can cure at
room or elevated temperatures. Higher strengths and better heat re-
sistance are usually obtained with the heat-curing types. Room-tem-
perature-curing epoxies can harden in as little as 1 min at room
temperature, but most systems require from 18 to 72 hr. The curing
time is greatly temperature-dependent, as shown in Fig. 12.27.

Epoxy resins are the most versatile of structural adhesives, because
they can be cured and co-reacted with many different resins to provide
widely varying properties. Table 12.24 describes the influence of cur-
ing agents on the bond strength of epoxy to various adherends. The
type of epoxy resin used in most adhesives is derived from the reaction
of bisphenol A and epichlorohydrin. This resin can be cured with
amines or polyamides for room-temperature-setting systems; anhy-
drides for elevated-temperature cure; or latent curing agents such as
boron trifluoride complexes for use in one-component, heat-curing ad-
hesives. Polyamide curing agents are used in most “general-purpose”
epoxy adhesives. They provide a room-temperature cure and bond well
to many substrates including plastics, glass, and elastomers. The
polyamide-cured epoxy also offers a relatively flexible adhesive with
fair peel and thermal-cycling properties.

12.4.2.2 Epoxy alloy or hybrids. A variety of polymers can be blended
and co-reacted with epoxy resins to provide certain desired proper-
ties. The most common of these are phenolic, nylon, and polysulfide
resins.

Figure 12.27 Characteristics of particular
epoxy adhesive under different curing
time and temperature relationships.28
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TABLE 12.24 Influence of Epoxy Curing Agent on Bond Strength Obtained with Various Base Materials29
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Epoxy-phenolic. Adhesives based on epoxy-phenolic blends are good
for continuous high-temperature service in the 350°F range or inter-
mittent service as high as 500°F. They retain their properties over a
very wide temperature range, as shown in Fig. 12.28. Shear strengths
of up to 3,000 lb/in.2 at room temperature and 1,000 to 2,000 lb/in.2 at
500°F are available. Resistance to oil, solvents, and moisture is very
good. Because of their rigid nature, epoxy-phenolic adhesives have low
peel strength and limited thermal-shock resistance.

These adhesives are available as pastes, solvent solutions, and B-
staged film supported on glass fabric. Cure generally requires 350°F
for l hr under moderate pressure. Epoxy-phenolic adhesives were de-
veloped primarily for bonding metal joints in high-temperature appli-
cations.

Epoxy-nylon. Epoxy-nylon adhesives offer both excellent shear and
peel strength. They maintain physical properties at cryogenic temper-
atures but are limited to a maximum service temperature of 180°F.

Epoxy-nylon adhesives are available as unsupported B-staged film
or in solvent solutions. A moderate pressure of 25 lb/in.2 and tempera-
ture of 350°F are generally required for 1 hr to cure the adhesive. Be-
cause of their excellent filleting properties and high peel strength,
epoxy-nylon adhesives are used to bond aluminum skins to honeycomb
core in aircraft structures.

Epoxy-polysulfide. Polysulfide resins combine with epoxy resins to
provide adhesives with excellent flexibility and chemical resistance.
These adhesives bond well to many different substrates. Shear
strength and elevated temperature properties are poor, but resistance
to peel forces and low temperatures is very good. The epoxy-polysul-
fide alloy is supplied as a two-part, flowable paste that cures to a rub-
bery solid at room temperature. A common application for epoxy-
polysulfide adhesives is as a sealant.

12.4.2.3 Resorcinol and phenol resorcinol. Resorcinol adhesives are
primarily used for bonding wood, plastic skins to wood cores, and

Figure 12.28 Effect of temperature on ten-
sile-shear strength of adhesive alloys
(substrate material is aluminum).28
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primed metal to wood. Adhesive bonds as strong as wood itself are ob-
tainable. Resorcinol adhesives are resistant to boiling water, oil, many
solvents, and mold growth. Their service temperature ranges from
–300 to 350°F. Because of the high cost, resorcinol resins are often
modified by the addition of phenolic resins to form phenol resorcinol.

Resorcinol and phenol resorcinol adhesives are available in liquid
form and are mixed with a powder hardener before application. These
adhesives are cold-setting, but they can also be pressed at elevated
temperatures for faster production.

12.4.2.4 Melamine formaldehyde and urea formaldehydes. Melamine
formaldehyde resins are colorless adhesives for wood. Because of the
high cost, they are sometimes blended with urea formaldehyde.
Melamine formaldehyde is usually supplied in powder form and recon-
stituted with water; a hardener is added at the time of use. Tempera-
tures of about 200°F are necessary for cure. Adhesive strength is
greater than the strength of the wood substrate.

Urea formaldehyde adhesives are not as strong or as moisture-resis-
tant as resorcinol adhesives. However, they are inexpensive, and both
hot- and cold-setting types are available. Maximum service tempera-
ture of urea adhesive is approximately 140°F. Cold water resistance is
good, but boiling-water resistance may be improved by the addition of
melamine formaldehyde or phenol resorcinol resins. Urea-based adhe-
sives are used in plywood manufacture.

12.4.2.5 Modified phenolics. Phenolic or phenol formaldehyde is also
used as an adhesive for bonding wood. However, because of its brittle
nature, this resin is unsuitable alone for more extensive adhesive ap-
plications. By modifying phenolic resin with various synthetic rubbers
and thermoplastic materials, flexibility is greatly improved. The modi-
fied adhesive is well suited for structural bonding of many materials. 

Nitrile-phenolic. Certain blends of phenolic resins with nitrile rubber
produce adhesives useful to 300°F. On metals, nitrile phenolics offer
shear strength in excess of 4,000 lb/in.2 and excellent peel properties.
Good bond strengths can also be achieved on rubber, plastics, and
glass. These adhesives have high impact strength and resistance to
creep and fatigue. Their resistance to solvent, oil, and water is also
good.

Nitrile-phenolic adhesives are available as solvent solutions and as
supported and unsupported film. They require heat curing at 300 to
500°F under pressure of up to 200 lb/in.2. The nitrile-phenolic systems
with the highest curing temperature have the greatest resistance to

12Petrie  Page 74  Wednesday, May 23, 2001  10:43 AM



Plastics and Elastomers as Adhesives 12.75

elevated temperatures during service. Because of good peel strength
and elevated-temperature properties, nitrile-phenolic adhesives are
commonly used for bonding linings to automobile brake shoes. 

Vinyl-phenolic. Vinyl-phenolic adhesives are based on a combination
of phenolic resin with polyvinyl formal or polyvinyl butyral resins.
They have excellent shear and peel strength. Room-temperature shear
strength as high as 5,000 lb/in.2 is available. Maximum operating tem-
perature, however, is only 200°F, because the thermoplastic constitu-
ent softens at elevated temperatures. Chemical resistance and impact
strength are excellent.

Vinyl-phenolic adhesives are supplied in solvent solutions and as
supported and unsupported film. The adhesive cures rapidly at ele-
vated temperatures under pressure. They are used to bond metals,
elastomers, and plastics to themselves or each other. A major applica-
tion of vinyl-phenolic adhesive is the bonding of copper sheet to plastic
laminate in printed circuit board manufacture.

Neoprene-phenolic. Neoprene-phenolic alloys are used to bond a vari-
ety of substrates. Normal service temperature is –70 to 200°F. Be-
cause of high resistance to creep and most service environments,
neoprene-phenolic joints can withstand prolonged stress. Fatigue and
impact strengths are also excellent. Shear strength, however, is lower
than that of other modified phenolic adhesives.

Temperatures over 300°F and pressure greater than 50 lb/in.2 are
needed for cure. Neoprene-phenolic adhesives are available as solvent
solutions and film. During cure, these adhesives are quite sensitive to
atmospheric moisture, surface contamination, and other processing
variables.

12.4.2.6 Polyaromatics. Polyimide and polybenzimidazole resins be-
long to the aromatic heterocycle polymer family, which is noted for its
outstanding thermal resistance. These two highly cross-linked adhe-
sives are the most thermally stable systems commercially available.
The polybenzimidazole (PBI) adhesive has shear strength on steel of
3000 lb/in.2 at room temperature and 2500 lb/in.2 at 700°F. The poly-
imide adhesive offers a shear strength of approximately 3,000 lb/in.2

at room temperature, but it does not have the excellent strength at
700 to 1,000°F, which is characteristic of PBI. Polyimide adhesives of-
fer better elevated-temperature aging properties than PBI. The maxi-
mum continuous operating temperature for a polyimide adhesive is
600 to 650°F, whereas PBI adhesives oxidize rapidly at temperatures
over 500°F. 

Both adhesives are available as supported film, and polyimide res-
ins are also available in solvent solution. During cure, temperatures of
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550 to 650°F and high pressure are required. Volatiles are released
during cure which contribute to a porous, brittle bond line with rela-
tively low peel strength.

12.4.2.7 Polyester. Polyesters are a large class of synthetic resins
having widely varying properties. They may be divided into two dis-
tinct groups: saturated and unsaturated.

Unsaturated polyesters are fast-curing, two-part systems that
harden by the addition of catalysts, usually peroxides. Styrene mono-
mer is generally used as a reactive diluent for polyester resins. Cure
can occur at room or elevated temperature, depending on the type of
catalyst. Accelerators such as cobalt naphthalene are sometimes incor-
porated into the resin to speed cure. Unsaturated polyester adhesives
exhibit greater shrinkage during cure and poorer chemical resistance
than epoxy adhesives. Certain types of polyesters are inhibited from
curing by the presence of air, but they cure fully when enclosed be-
tween two substrates. Depending on the type of resin, polyester adhe-
sives can be quite flexible or very rigid. Uses include patching kits for
the repair of automobile bodies and concrete flooring. Polyester adhe-
sives also have strong bond strength to glass-reinforced polyester lam-
inates.

Saturated polyester resins exhibit high peel strength and are used
to laminate plastic films such as polyethylene terephthalate (Mylar).
They also offer excellent clarity and color stability. These polyester
types, in both solution and solid form, can be chemically cross-linked
with curing agents such as the isocyanates for improved thermal and
chemical stability.

12.4.2.8 Polyurethane. Polyurethane-based adhesives form tough
bonds with high peel strength. Generally supplied as a two-part liquid,
polyurethane adhesives can be cured at room or elevated tempera-
tures. They have exceptionally high strength at cryogenic tempera-
tures, but only a few formulations offer operating temperatures
greater than 250°F. Like epoxies, urethane adhesives can be applied by
a variety of methods and form strong bonds to most surfaces. Some
polyurethane adhesives degrade substantially when exposed to high-
humidity environments.

Polyurethane adhesives bond well to many substrates, including
hard-to-bond plastics. Since they are very flexible, polyurethane adhe-
sives are often used to bond films, foils, and elastomers. Moisture cur-
ing one-part urethanes are also available. These adhesives utilize the
humidity in the air to activate their curing mechanism.
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12.4.2.9 Anaerobic adhesives. Acrylate acid diester and cyanoacrylate
resins are called anaerobic adhesives because they cure when air is ex-
cluded from the resin. Anaerobic resins are noted for being simple to
use, one-part adhesives, having fast cure at room temperature and
high cost. However, the cost is moderate when considering a bonded-
area basis, because only a small volume of adhesive is required. Most
anaerobic adhesives do not cure when gaps between adherend sur-
faces are greater than 10 mils, although some monomers have been
developed to provide for thicker bond-lines.

The acrylate acid diester adhesives are available in various viscosi-
ties. They cure in minutes at room temperature when a special primer
is used or in 3 to 10 min at 250°F without the primer. Without the
primer, the adhesive requires 3 to 4 hr at room temperature to cure.

The cyanoacrylate adhesives are more rigid and less resistant to
moisture than acrylate acid diester adhesives. They are available only
as low-viscosity liquids that cure in seconds at room temperature
without the need of a primer. The cyanoacrylate adhesives bond well
to a variety of substrates, as shown in Table 12.25, but have relatively
poor thermal resistance. Modifications of the original cyanoacrylate
resins have been introduced to provide faster cures, higher strengths
with some plastics, and greater thermal resistance.

12.4.2.10 Thermosetting acrylics. Thermosetting acrylic adhesives are
newly developed two-part systems that provide high shear strength to
many metals and plastics, as shown in Table 12.26. These acrylics re-
tain their strength to 200°F. They are relatively rigid adhesives with
poor peel strength. These adhesives are particularly noted for their
weather and moisture resistance as well as fast cure at room tempera-
ture.

One manufacturer has developed an acrylic adhesive system in
which the hardener is applied to the substrate as a primer solution.
The substrate can then be dried and stored for up to six months. When
the parts are to be bonded, only the acrylic resin need be applied be-
tween the already primed substrates. Cure can occur in minutes at
room temperature, depending on the type of acrylic resin used. Thus,
this system offers the user a fast-reacting, one-part adhesive (with
primer) with long shelf life.

12.4.3 Nonstructural Adhesives

Nonstructural adhesives are characterized by low shear strength,
(usually less than 1000 psi) and poor creep resistance at slightly ele-
vated temperatures. The most common nonstructural adhesives are
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based on elastomers and thermoplastics. Although these systems have
low strength, they usually are easy to use and fast setting. Most non-
structural adhesives are used in assembly-line fastening operations or
as sealants and pressure-sensitive tapes.

12.4.3.1 Elastomer-based adhesives. Natural- or synthetic-rubber-
based adhesives usually have excellent peel strength but low shear
strength. Their resiliency provides good fatigue and impact properties.
Temperature resistance is generally limited to 150 to 200°F, and creep
under load occurs at room temperature.

The basic types of rubber-based adhesives used for nonstructural
applications are shown in Table 12.27. These systems are generally
supplied as solvent solutions, latex cements, and pressure-sensitive
tapes. The first two forms require driving the solvent or water vehicle
from the adhesive before bonding. This is accomplished by either sim-

TABLE 12.25 Performance of Cyanoacrylate Adhesives on Various 
Substrates (from Ref. 30)

Substrate
Age of
bond

Shear strength,
lb/in.2 of

adhesive bonds

Steel–steel

Aluminum–aluminum

Butyl rubber–butyl rubber
SBR rubber–SBR rubber
Neoprene rubber–neoprene rubber
SBR rubber–phenolic
Phenolic–phenolic

Phenolic–aluminum

Aluminum–nylon

Nylon–nylon

Neoprene rubber–polyester glass
Polyester glass–polyester glass
Acrylic–acrylic

ABS–ABS

Polystyrene–polystyrene
Polycarbonate–polycarbonate

10 min
48 hr
10 min
48 hr
10 min
10 min
10 min
10 min
10 min
48 hr
10 min
48 hr
10 min
48 hr
10 min
48 hr
10 min
10 min
10 min
48 hr
10 min
48 hr
10 min
10 min
48 hr

1920
3300
1480
2270
150*

130
100*

110*

930*

940*

650
920*

500
950
330
600
110*

680
810*

790*

640*

710*

330*

790
850*

*Substrate failure.

12Petrie  Page 78  Wednesday, May 23, 2001  10:43 AM



Plastics and Elastomers as Adhesives 12.79

ple ambient air evaporation or forced heating. Some of the stronger
and more environmental-resistant rubber-based adhesives require an
elevated-temperature cure. Generally, only slight pressure is required
to achieve a substantial bond. 

Pressure-sensitive adhesives are permanently tacky and flow under
pressure to provide intimate contact with the adherend surface. Pres-
sure-sensitive tapes are made by placing these adhesives on a backing
material such as rubber, vinyl, canvas, or cotton cloth. After pressure
is applied, the adhesive tightly grips the part being mounted as well
as the surface to which it is affixed. The ease of application and the
many different properties that can be obtained from elastomeric adhe-
sives account for their wide use. 

In addition to pressure-sensitive adhesives, elastomers go into mas-
tic compounds that find wide use in the construction industry. Neo-
prene and reclaimed-rubber mastics are used to bond gypsum board
and plywood flooring to wood-framing members. Often, the adhesive
bond is much stronger than the substrate. These mastic systems cure
by evaporation of solvent through the porous substrates.

12.4.3.2 Silicone. Silicone pressure-sensitive adhesives have low
shear strength but excellent peel strength and heat resistance. Sili-
cone adhesives can be supplied as solvent solutions for pressure-sensi-

TABLE 12.26 Tensile-Shear Strength of Various Substrates Bonded with 
Thermosetting Acrylic Adhesives (from Ref. 31)

Average lap shear, lb/in.2 at 77°F

Substrate* Adhesive A Adhesive B Adhesive C

Alclad aluminum, etched
Bare aluminum, etched
Bare aluminum, blasted
Brass, blasted
302 stainless steel, blasted
302 stainless steel, etched
Cold-rolled steel, blasted
Copper, blasted
Polyvinyl chloride, solvent wiped
Polymethyl methacrylate, solvent wiped
Polycarbonate, solvent wiped
ABS, solvent wiped
Alclad aluminum–PVC
Plywood, 5/8-in. exterior glued (lb/in.)
AFG-01 gap fill (1/16-in.) (lb/in.)

4430
4305
3375
4015
4645
2840
2050
2915
1375†

1550†

2570†

1610†

1180†

802†

4235
3985
3695
3150
4700
4275
3385
2740
1250†

1160†

960
1635

978†

1083†

5420
5015
4375
4075
5170
2650
2135
3255
1250†

865†

2570†

1280†

*Metals solvent cleaned and degreased before etching or blasting.
†Substrate failure.
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tive application. The adhesive reaches maximum physical properties
after being cured at elevated temperature with an organic peroxide
catalyst. A lesser degree of adhesion can also be developed at room
temperature. Silicone adhesives retain their qualities over a wide tem-
perature range and after extended exposure to elevated temperature.
Table 12.28 shows typical adhesive-strength properties of a silicone
pressure-sensitive tape prepared with aluminum-foil backing.

Room-temperature-vulcanizing (RTV) silicone-rubber adhesives and
sealants form flexible bonds with high peel strength to many sub-
strates. These resins are one-component pastes that cure by reacting
with moisture in the air. Because of this unique curing mechanism,
nonporous substrates should not overlap by more than 1 in.

TABLE 12.27 Properties of Elastomeric Adhesives Used in Nonstructural 
Applications (from Ref. 29)
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RTV silicone materials cure at room temperature in about 24 hr.
Fully cured adhesives can be used for extended periods up to 450°F
and for shorter periods up to 500°F. Figure 12.29 illustrates the peel
strength of an RTV adhesive on aluminum as a function of heat aging.
With most RTV silicone formulations, acetic acid is released during
cure. Consequently, corrosion of metals such as copper and brass in
the bonding area may be a problem. However, special formulations are
available that liberate methanol instead of acetic acid during cure. Sil-
icone rubber bonds to clean metal, glass, wood, silicone resin, vulca-
nized silicone rubber, ceramic, and many plastic surfaces.

12.4.3.3 Thermoplastic adhesives. Table 12.21 describes the most
common types of thermoplastic adhesives. These adhesives are useful
in the –20o to 150°F temperature range. Their physical properties
vary with chemical type. Some resins like the polyamides are quite
tacky and flexible, while others are very rigid.

Thermoplastic adhesives are generally available as solvent solu-
tions, water-based emulsions, and hot melts. The first two systems are

TABLE 12.28 Effect of Temperature and Aging on Si icone Pressure-
Sensitive Tape (Aluminum Foil Backing) (from Ref. 32)

Figure 12.29 Peel strength of RTV silicone
rubber bonded to aluminum as a function
of heat aging.33

12Petrie  Page 81  Wednesday, May 23, 2001  10:43 AM



12.82 Chapter 12

useful in bonding porous materials such as wood, plastic foam, and pa-
per. Water-based systems are especially useful for bonding foams that
could be affected adversely by solvents. When hardened, thermoplas-
tic adhesives are very nonresistant to the solvent in which they are
originally supplied.

Hot-melt systems are usually flexible and tough. They are used ex-
tensively for sealing applications involving paper, plastic films, and
metal foil. Table 12.29 offers a general comparison of hot-melt adhe-
sives. Hot melts can be supplied as (1) tapes or ribbons, (2) films, (3)
granules, (4) pellets, (5) blocks, or (6) cards, which are melted and
pressed between the substrate. The rate at which the adhesive cools
and sets depends on the type of substrate and whether it is preheated.
Table 12.30 lists the advantages and disadvantages associated with
the use of water-based, solvent-based, and hot-melt thermoplastic ad-
hesives.

12.5 Selecting an Adhesive

12.5.1 Factors Affecting Selection

There is no general-purpose adhesive. The best adhesive for a particu-
lar application will depend on the materials to be bonded, the service
and assembly requirements, and the economics of the bonding opera-
tion. By using these factors as criteria for selection, the many commer-
cially available adhesives can be narrowed down to a few possible
candidates. One can seldom achieve all of the desired properties in a
single adhesive system. However, a compromise adhesive can usually
be chosen by deciding which properties are of major and minor impor-
tance.

12.5.1.1 Adhesive substrates. The materials to be bonded are a prime
factor in determining which adhesive to use. Some adherends such as
stainless steel or wood can be successfully bonded with a great many
adhesive types; other adherends such as nylon can be bonded with
only a few. Typical adhesive-adherend combinations are listed in Table
12.31. A number in a given column indicates the particular adhesive
that will bond to a cross-referenced substrate. If two different materi-
als are to be bonded, the recommended adhesives in Table 12.31 are
those showing identical numbers under both substrates.

This information is intended only as a guideline to show common
adhesives that have been used successfully in various applications.
The adhesive selections are listed without regard to strength or ser-
vice requirements. Lack of a suggested adhesive for a particular sub-
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