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MECHANISM OF BONDING
In adhesive and solvent bonding, also referred

to as cementing, a material different from either of
the parts to be joined is applied to the joint
surfaces.  In solvent bonding, a solvent is used to
dissolve the joint surfaces of plastic parts; the
parts are then held together as the solvent
evaporates, forming a bond.  In adhesive bonding,
an adhesive applied to a joint develops structural
features as it cures, forming a bond to both joint
surfaces.  Adhesive bonding is the most general of
all joining techniques and can be used to join
plastic parts to each other or to dissimilar materials
such as metals, ceramics, or wood.  A range of
bond strengths is available, ranging from low-
strength putty and caulking compounds, which are
used only for space- and void-filling, to high-
strength structural adhesives used in the aerospace
and aircraft industries.

Mechanism of solvent bonding  In solvent
bonding, solvent application softens the parts
being bonded, allowing increased freedom of
movement of polymer chains.  Solvent applied to a
non-crosslinked polymer separates the polymer
chains as if they were in solution.  In a crosslinked
polymer, chains do not separate, but spacing
between chains increases, and swelling of the
polymer occurs.  When the two solvent-softened
parts are pressed together, molecules from each
part come in contact.  Van der Waals attractive
forces are formed between molecules from each
part, and polymer chains from each part
intermingle and entangle.  As the solvent
evaporates, polymer chains become increasingly
restricted in movement; after complete
evaporation, polymer motions cease, and the
amount of entanglement of polymer chains across
the bond interface determines bond strength. In
solvent bonding, the interaction between polymer
and solvent must be maximized.  Solvent
application  must  be  carefully  controlled, since  a

small difference in the amount of solvent applied
to a substrate greatly affects joint strength.
Complete evaporation of solvent may not occur for
hours or days.  [650]

Mechanism of adhesive bonding  In adhesive
bonding, attractive forces form between the
adhesive and the adherends (the parts being
joined).  Types of attractive forces vary with type
of adhesive and adherends but are generally a
combination of adsorptive, electrostatic, and
diffusive forces at the interface between adherend
and adhesive.  Adsorptive forces result from
adsorption, attachment of particles to the joint
surface.  Attachment of atoms or molecules can be
through weak, dipolar or Van der Waals
interactions or through chemical, usually covalent,
bonds.  Electrostatic attractive forces are due to
ionic bonds between oppositely charged
molecules, while diffusive forces result from
molecular chain entanglements of adherend and
adhesive as they diffuse across the bond joint
interface.  Attractive interfacial forces are very
strong; adhesive forces are frequently stronger
than the cohesive forces of the adhesive or
adherend, and joint failure generally occurs in the
adhesive or adherend, not at the joint interface.
[644]

Interface processes and role of surface
preparation in bonding  A strong attraction
between the liquid adhesive and the polymer
surface ensures that intimate contact and wetting
will occur.  Wetting, which relates to the spreading
out of a liquid on a solid surface, is achieved when
the surface tension of the liquid adhesive is lower
than the critical surface tension of the adherends.
Due to cohesive forces, forces of attraction
between liquid molecules, liquids tend to adopt
shapes that minimize their surface area; droplets of
liquids with high surface tensions adopt a more
spherical shape, while droplets of liquids with
lower surface tensions  tend  to  flatten  out on  the
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solid surface.  Organic solvents have low surface
tensions and wet surfaces more easily than water,
with its high surface tension.  If the surface tension
of the adhesive is too high, the liquid will form a
round droplet on the part surface, similar to the
beading of water on a waxed car, instead of
spreading out on the part (Figure 15.1).  Good
surface wettability is achieved when the contact
angle between substrate and liquid droplet is less
than 60o; poor surface wettability occurs with
contact angles greater than 90o.  Surface
preparation techniques can compensate for poor
wetting.  [662, 491, 647, 663, 527]

According to the boundary layer theory of
adhesive joint strength, macromolecules of
adsorbed  adhesive  form  an  interfacial  boundary
layer   with   molecular  properties  different   from

those of the bulk adhesive.  Strong joints occur
when this interfacial layer is strong enough to
withstand external stresses.  Weak joints result
from weak boundary layers that contain entrapped
air, impurities, or weak surface chemical layers on
the adherend.  The boundary layer contains
oriented domains of adhesive polymer molecular
groups called attachment sites; a greater number of
attachment sites results in greater bond strength.
Conversely, environmental deterioration of joint
strength results from destruction of attachment
sites.  [644]

Because it is a chemical joining process that
occurs on the surface, adhesive bonding is very
dependent on surface preparation of adherends and
the technique used for handling, applying, and
curing the adhesive. Surface preparation of the
joint is necessary for optimum attraction and joint
strength.  Joint surfaces should be rough, in order
to more effectively trap adhesive molecules that
bounce across the surface, and free of
contaminants that would interfere with the forces
of attraction.

CURING OF THERMOSETTING ADHESIVES
Cure time and method are important in

obtaining optimum joint strength.  Although the
classical definition of curing a resin refers to the
chemical crosslinking of a thermosetting polymer,
a broader definition is used for the curing of
adhesives.  Adhesive curing generally refers to the
process in which a polymer undergoes a change
from the liquid to the solid (gel, rubber, or hard
plastic) rheological state, regardless of the physical
or chemical method used to induce the change.
The method used to induce the liquid-to-solid
conversion depends on the class of adhesive.  For a
thermoplastic adhesive, curing is the
physiochemical process of cooling the molten
polymer.  Other curing processes involve chemical
reactions; thermosetting adhesives (epoxies,
polyurethanes) are cured through chemical
crosslinking, while other adhesives, such as
cyanoacrylates, cure by polymerization of a liquid
monomer.  [644]

Torsional braid analysis (Figure 15.2) is a
dynamic mechanical method used to describe the

Figure 15.1   Surface wettability.  A contact angle of >90o between
adhesive droplet and substrate surface results in poor surface
wettability; the adhesive will form beads on the surface.  A contact
angle of <60o results in good surface wettability; the adhesive will
spread out over the substrate surface.
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curing of thermosetting adhesives; other methods
used to describe curing include thermomechanical
analysis, thermogravimetric analysis, and
differential scanning calorimetry.  The phase
diagram in Figure 15.2 describes the rheological
states of a thermoset polymer during the cure
process.  For example, a liquid epoxy adhesive can
be cured by an anionic crosslinking mechanism
using a basic polyamine.  Allowing the reactive
mixture to cool to the crystallization temperature
(TCM) or the glass transition temperature (Tgm)
of the pre-cured adhesive would result in either
very slow curing or none at all.  At temperatures
above Tgm, the reactive mixture is in a liquid
state, and crosslinking can occur within a finite
period of time.  At a typical isothermal cure
temperature (TA) below the glass transition
temperature of the cured adhesive, the liquid
would first progress through a gel phase, followed
by a rubber phase, and ending the cure as a
polymeric glass.  A high degree of  crosslinking  is

achieved in the glassy state, the optimum final cure
state for structural adhesives.  If cured
isothermally above the glass transition temperature
of the cured adhesive (TR), only a gel phase would
precede the final rubber phase; a glassy state
would not be reached.  If cured above the thermal
degradation temperature of the adhesive (Tu),
polymer degradation would result in poor
crosslinking and bond strength.  Theoretically,
each thermosetting adhesive has a characteristic
time/temperature profile; however, cure profiles of
many adhesives are not known.  [644]

Some adhesives cure by exposure to high
temperatures; however, curing agents or initiators
are usually necessary to begin polymerization or
crosslinking reactions.  Many adhesives cure by
reaction with weak bases or anionic functional
groups (water, amines, anhydrides, amides).
Others require initiators, such as peroxides,
oxygen,   ultraviolet  light,  or  electron  beams,  in

Figure 15.2   A phase diagram showing the rheological states of a model thermoset polymer during the cure process.  If cured below the glass
temperature of the pre-cured adhesive, very slow or no curing would take place.  At a typical isothermal cure temperature below the glass transition
temperature, (TA) the adhesive would progress through a liquid, gel, and rubber phase before reaching the final glassy phase in the optimal cure zone.
A high-strength, structural adhesive bond would result, with a high degree of crosslinking.  If cured at a typical isothermal cure above the glass transition
temperature (TR), the adhesive would progress only through a liquid phase before reaching the final rubber phase; a glassy state would not be reached.
If cured above the thermal degradation temperature of the adhesive (Tu), polymer degradation would occur, resulting in a low degree of crosslinking and
poor strength.
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order to generate free radicals for a polymerization
chain reaction.  Other adhesives require metal
salts, acids, or sulfur for cure reactions.  Cure
times range from a few seconds to several days.

TYPES OF ADHESIVES
A variety of materials are used as adhesives,

including natural polymeric compounds (starches,
dextrins, proteins, and natural rubber), inorganic
materials (silicones), and synthetic polymeric
materials (thermoplastics, thermosets, elastomers).
Forms of adhesives include pastes, liquids, films,
and foams.  Adhesives can be classified as
anaerobic, which must cure in the absence of air,
or aerobic, in which the curing reactions are not
inhibited by oxygen.  Functional classifications
include holding adhesives, such as masking tape,
which hold parts together for limited amounts of
time, instant adhesives, which cure within seconds,
structural adhesives, adhesives that can sustain
stresses of at least 50% of the original strength of
the part, one-part adhesives, such as rubber
cement, and two-part adhesives, such as epoxies.
[662, 644, 491]

Adhesives can be water-based, in which
surfactants are used to disperse and stabilize
polymer chains into small particles, solvent-based,
or 100% solids.  Most adhesives used in the U.S.
are solvent-based, although use is declining due to
environmental regulations.  [529]

Most commercial adhesives are classified
according to polymer composition.  Major classes
are described below.

HOT MELT ADHESIVES
Thermoplastics are frequently used as hot

melt adhesives.  They are applied to the adherends
at a temperature much higher than the melting
temperature of the thermoplastic, producing a low
viscosity fluid that wets the adherend surface.  The
parts are then clamped, and the thermoplastic
adhesive cools and resolidifies, forming a bond
between the two substrates.  Hot melt adhesives
are in the form of powders, granules, blocks, or
film.  They can form both rigid and flexible bonds
and can fill gaps and irregularities between parts.

Parts must be assembled quickly, before the
molten material solidifies.  Many hot melts do not
possess good wetting properties.   [621, 495, 655]

Semicrystalline thermoplastics, especially
polyamides and polyesters, are used for structural
applications.  Structural hot melt adhesives must
be able to wet the adherend surface in a reasonable
amount of time at reasonable temperatures without
excessive thermal degradation.  Polyamides are
useful because they melt rapidly to a low-viscosity
fluid. Thermal stability of the melt is low,
however, and processing temperatures are not
much higher than the melting temperature, so that
parts must be rapidly assembled. [655]

Polyethylenes are useful for general purposes.
Polysulfones and ethylene-vinyl acetate
copolymers can be used for high temperature and
low temperature applications, respectively.
Polyesters require high temperatures in order to
produce a melt with a viscosity that is low enough
to adequately wet the adherend surface.  [655, 495]

Hot melt adhesives are convenient and can be
applied rapidly.  They provide good resistance to
solvents and fuels.  High shear strength and
moderate peel strength can be obtained; for high
peel strength, hot melt adhesives based on
thermoplastic rubbers should be used.
Temperature resistance depends on application
temperatures, and special equipment is required
for application.  Because they are not solvent-
based, they are nontoxic and are compatible with
air quality regulations.  [655]

One-part thermoplastic emulsions  Some
thermoplastics and elastomers are applied as one-
part emulsions, polymers dispersed in an aqueous
solvent, instead of as hot melts; vinyl acetate
polymers are commonly used as household white
glue. For most applications, one of the substrates
must be permeable to allow water removal from
the assembly. Emulsions are used for high-speed
production equipment and rapid bonding in the
lumber and paper industries and for bonding wood,
paper, fabric, leather, and other porous substrates.
Addition of solid fillers to emulsions produce
pastes, which are used for tile and wall panel
adhesives and sealants.  Cleanup is easy with these
adhesives, requiring only water.  [644, 662]
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ACRYLIC ADHESIVES
Acrylic adhesives are derivatives of acrylic

acid esters.  They usually have short- or long-
chain ester substituents or cyano groups and may
be a mixture of monomers and prepolymers.
Long-chain acrylics, such as butyl methacrylate,
are relatively soft; methyl methacrylate, with a
short carbon chain, has a higher strength and
modulus.  Blends of short and long chains are also
possible, allowing a wide range of flexibility in
adhesive properties.  Substituted acrylics, such as
the cyanoacrylates, are highly reactive and cure
within seconds of application.  Acrylic adhesives
can dissolve grease and wet contaminated
surfaces.  They are insensitive to adherend surface
preparation when compared to other glassy
adhesives, such as epoxies.    [655]

Curing occurs through polymerization, by
free radical or anionic mechanisms.  Free radical
polymerization, a chain reaction, can be initiated
by organic peroxides or other active oxygen
compounds or by UV light.  Polymerization with
peroxide initiators requires elevated temperatures
(60 - 100o C, 140 - 212oF) to occur at a significant
rate; activators and catalysts are necessary for
polymerization at lower temperatures.  Activators,
such as reducing agents, induce peroxides to
initiate the reaction, while catalysts or accelerators
(tertiary amines, polyvalent metal salts) increase
the polymerization rate.  Acrylic polymerization
can result in a large adhesive shrinkage during
curing.  To avoid the large cure stresses this
shrinkage would generate, polymerized acrylic is
commonly dissolved in acrylic monomer, resulting
in a viscous solution in which shrinkage during
polymerization is reduced.  Crosslinking can occur
in addition to polymerization if a small amount of
polyfunctional acrylic derivatives is present in the
adhesive before curing.  [655, 644]

Once initiated, polymerization proceeds to
completion, forming a high molecular weight
adhesive with a glass transition temperature that is
independent of cure temperature.  Temperature
resistance of the polymerized acrylic is determined
by the monomers and polymers present before
curing and not by cure conditions.  Maximum
operating temperatures are usually ~105oC
(226oF), the glass transition temperature of
polymethyl methacrylate.  Prolonged high

temperature exposure may cause thermal
depolymerization and a reduction of long-term
thermal stability.  [655]

Methacrylates Structural methacrylate
adhesives are composed of elastomers and
toughening agents dissolved in methyl
methacrylate and other monomers.  Cure is
initiated by addition of peroxide, which
decomposes to form free radicals.  Polymerization
occurs at room temperature.  Methacrylates are
available in a range of cure speeds and exhibit
superior low temperature impact performance.
High strength bonds can be achieved with a variety
of materials, especially plastics.  Newer self-
foaming formulations provide excellent gap filling
but maintain all the strength of unfoamed
formulations.  Methacrylates can be reprocessed
with plastic parts for recycling; no separation is
necessary.  They blend with the thermoplastic melt
during reprocessing, and the reprocessed plastics
have similar mechanical properties to those
without adhesive.  [651]

Second- generation acrylics  Second-
generation acrylics or reactive acrylates contain
dissolved polymers to reduce shrinkage and
increase toughness.  They cure rapidly (< 2
minutes at room temperature) by a free radical
mechanism.  They are two-part adhesives but
require no prior mixing.  Each adherend surface is
coated with either adhesive or accelerator, which
diffuse together when parts are mated.  Diffusion
mixing is possible up to a bondline gap of 0.051
cm (0.020 in.); with greater bond gaps, these
adhesives must be mixed beforehand.   [655, 495]

Cyanoacrylates   Highly reactive
cyanoacrylic esters, such as methyl or ethyl
cyanoacrylate, cure through anionic
polymerization at room temperature, with trace
amounts of water or amines as catalysts. Adherend
surfaces generally contain sufficient amounts of
absorbed water to catalyze polymerization, which
is then completed in  ≤ 30 seconds for rubber and
1 - 2 minutes for metals and plastics.  Fixture times
for low viscosity adhesives are lower than for
those with higher viscosity.  Basic surfaces cure
more rapidly than acidic surfaces, and only
minimal shrinkage occurs during curing.  The
rapid curing of cyanoacrylates reduces or
eliminates the need for clamps or holding fixtures.
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Cyanoacrylate bonds are frequently stronger than
the bulk material, especially with plastic
substrates. [644, 646, 655]

Cyanoacrylate adhesives are colorless and
range in viscosity from water-thin liquids to
thixotropic gels (1 - 10,000 cP).  General purpose
cyanoacrylates form brittle bonds with high shear
and tensile strengths and will adhere to most
substrates (metals, plastics, rubbers, wood, skin).
Although strong bonds are formed with glass, the
bonds are not durable.  Cyanoacrylate bonds can
withstand temperatures of from -54o C (-65.2oF) up
to about 82oC (180oF) at low humidity, and
indoors show no significant changes over a
number of years.  Minimal degradation is possible
outdoors, depending on substrates; however,
exposure to severe temperatures, solvents (water,
acetone, alkaline solutions), or weathering will
produce bond weakening and eventual collapse.
Generally, ethyl cyanoacrylate forms stronger,
more durable bonds to rubber and other flexible
substrates; methyl cyanoacrylate adhesives
produce slightly higher bond strengths with metals
and rigid plastics.     [646, 655, 495, 644]

Although catalysts are not necessary for
cyanoacrylate polymerization, they do provide
more rapid curing.  Curing is most rapid with thin
bondlines; thicker gaps (0.051 cm; 0.020 in.)
generally require higher viscosity cyanoacrylates
and may require catalysts or activators to increase
the cure rate.  An amine catalyst can be applied to
a joint surface before bonding.  After the solvent
has evaporated (usually 10 - 60 s), the adhesive is
applied to the joint surface; catalyst activity after
solvent evaporation ranges from one minute to 72
hours.  Phenylethyl-ethanolamine is a common
catalyst used in cyanoacrylate curing; however, it
shortens bond life and does not promote gap
curing.  Newer catalysts can be sprayed over a
drop of free cyanoacrylate for curing, a method
used for tacking wires or small components in
electrical assemblies.  [644, 646]

Cyanoacrylates can be used for bonding
difficult-to-bond plastics such as fluoropolymers,
acetal resins, and polyolefins if primers are first
applied to the part surface.  Primers or adhesive
promoters are substances with chemical structures

that promote strong adhesive properties (surface
tension effects, dipole interactions) when applied
in very thin films.  They increase adhesion and
improve shear, peel, and tensile strength.  After
evaporation of the primer solvent, the adhesive can
be applied; depending on the type of plastic, bond
strengths up to twenty times that of the unprimed
strength can be obtained.  Primers are active from
4 minutes to one hour after solvent evaporation.
[662, 644, 646]

Cyanoacrylate formulations can be modified
to produce bonds with particular properties.
Addition of rubber results in bonds with high peel
strength and impact resistance.  Temperature-
resistant cyanoacrylates retain bond strength even
after exposure to 121oC (250oF) for thousands of
hours.  Other cyanoacrylates cure rapidly on acidic
surfaces such as wood or dichromated metals,
which usually retard polymerization.  “Blooming”
or “frosting”, which can occur when general
purpose cyanoacrylates volatize, react with
moisture in the air, and settle on the part, can be
eliminated by using special “low-odor/low-bloom”
cyanoacrylates with lower vapor pressures. [646]

Shelf life of uncured adhesive is about one
year in polyethylene or metal containers; exposure
to humidity and ultraviolet light shorten shelf life,
while refrigeration extends it.

Applications of cyanoacrylates include
cosmetic containers, lighting instruments, optical
components, photograph cartridges, sporting
goods, office equipment, toys, automotive trim and
rearview mirrors bonded to glass windshields,
wires, and threadlocking.  In these applications,
environmental exposure is minimal, and stresses
are usually absorbed by a soft substrate.  Life of
the bonded article is usually less than five years.
Special precautions should be observed when
handling cyanoacrylates; consult the manufacturer
for details.   [644, 662]

Advantages of cyanoacrylates include lack of
solvents, automated dispensing, rapid curing, the
availability of multiple viscosities, and Class VI
compliance.  Most are one-part systems that cure
rapidly at room temperature and provide excellent
shear and tensile strength.  Disadvantages include
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bond brittleness, limited gap curing, poor peel
strength, low durability of bonds with glass, poor
solvent and temperature resistance, and rapid
bonding to skin.  Certain polymers may exhibit
stress cracking when bonded with cyanoacrylates.
[646]

Light-curing acrylics  Light-curing acrylics,
composed of a blend of acrylic monomers,
oligomers, and polymers, polymerize after
exposure to ultraviolet light of a particular
wavelength and intensity.  They are one-part,
solvent-free adhesives available in a wide range
of viscosities, from 50 cP to thixotropic gels.
Photoinitiators added to the adhesive before
bonding decompose under UV light to produce
free radicals, which initiate polymerization of the
acrylate groups to produce a thermoset polymer.
Cure times generally range from 2 to 60 seconds;
cure depths can be as high as 1.3 cm (0.5 in.).
Cured polymers range from rigid, glassy materials
to soft, flexible elastomers.  [646]

When cured in the presence of air, free
radicals can react with oxygen before initiating
polymerization, leading to incomplete curing and a
tacky surface.  To minimize oxygen inhibition,
light intensity can be increased, or the wavelength
of light used can be matched to the absorbance of
the photoinitiator.  Alternatively, oxygen can be
removed by flooding the adhesive surface with
nitrogen during curing.  [646]

Advantages of light curing acrylics include
the ability to cure on demand, good environmental
resistance, easily automated dispensing, clear
bondlines, Class VI status, and rapid fixtures.
They are suitable for joining dissimilar materials
or for joints with large gaps, and no volatile
substances are formed during the cure.
Disadvantages include oxygen inhibition of curing,
initial expense for light source equipment, and the
necessity of venting ozone produced by the light
source.  At least one substrate must be transparent
so that light is able to reach the joint interface.
Light-curing acrylics are commonly used to join
vinyl and polycarbonate materials.    [495, 646]

Anaerobic adhesives  Anaerobic adhesives
are one-part adhesives composed of dimethacrylate
monomers (esters of alkylene glycols and acrylic
or methacrylic acid) that cure only in the absence
of air.  They are less toxic than other acrylics, have

a mild, inoffensive odor, and are not corrosive to
metals.  Anaerobic adhesives are stored in partially
filled polyethylene containers, in which the ratio
of air-exposed surface to volume is high. A range
of viscosities are available, from four to several
million centipoise, and shelf life is greater than
one year, depending on the amount of air in the
container.  Anaerobic adhesives can fill bond gaps
from 0.0025 cm (0.001 in.) to 0.203 cm (0.080 in.).
[644, 655]

Curing occurs by free radical polymerization,
with hydroperoxides present in the adhesive
system as initiators. Curing proceeds only in the
absence of air, for times ranging from 10 seconds
with the use of surface activators to over 72 hours
for threadlocking and sealing applications.  Usual
cure times with metal parts are 15 - 20 minutes;
cure rates can be accelerated by heat.  Cures with
inactive metals (stainless steel, zinc, cadmium
plated) do not require primers but are slower than
cures with active metals (copper, ferrous alloys) as
substrates. Curing is slower with larger gaps
between part surfaces.  Shear strengths of from
0.52 MPa (75 psi) to over 48.3 MPa (7000 psi) can
be achieved in threaded assemblies, and bonding
can be permanent or made to be easily
disassembled.  Bonds can withstand exposure to
organic solvents and water, weathering, and
temperatures of up to about 200o C (392oF). [644]

Anaerobic adhesives are used for structural
bonds with materials such as metals, glass, wood,
and plastic (thermosets and some thermoplastics).
An activator is applied to one or both joint
surfaces; adhesive is then applied to one surface to
begin curing.  Cure speed is determined by the
choice of activator; cure times range from less than
30 seconds to greater than 30 minutes.  Heat can
be used instead of or in addition to activators,
although its use is not common.  Cures for bonding
glass are initiated by light at wavelengths of 0.366
µm; metal parts are bonded using a fillet cured by
ultraviolet light in addition to anaerobic curing.
[644]

Major applications for anaerobic adhesives
are in locking mechanical threads against vibration
and sealing threads against leakage.  Anaerobic
threadlocking is used in the automobile industry
on carburetor screws, body hardware, engine block
studs, transmission bolts, and axle bolts.  New
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adhesives can be applied to threads up to one year
before use; microencapsulated liquid adhesive is
released when threads are assembled.  Anaerobic
adhesives are also used in porosity sealing and
retaining.  Slip fit assembly of small male shafts or
bearings into larger holed gears or housings is
possible, eliminating the need for press fitting.
[644]

EPOXY ADHESIVES
Epoxy adhesives are polymers that contain

epoxy groups in their molecular structure.  Most
epoxy adhesives contain two end-chain epoxy
groups; however, adhesives with more than two
epoxide functional groups are also available.
Epoxies are usually supplied in the form of liquids
or low melting temperature solids, and most
contain additives that influence the properties of
the material - accelerators, viscosity modifiers,
fillers, pigments, and flexibilizers.  Flexibilizers
reduce sensitivity to localized regions of high
stress by reducing the elastic modulus of the
bonded assembly.  Epoxies are the most commonly
used adhesives for composite materials.  High-
strength bonds can be obtained that have excellent
durability and environmental stability.  [495, 655,
662] .

Depending on the epoxy, cure can take place
at room or elevated temperatures.  Curing of most
epoxies occurs through addition reactions of amine
or, less commonly, acid anhydride functional
groups to the epoxide group of the adhesive,
producing a crosslinked product upon completion.
Cure by a polymerization reaction initiated by
strong organic bases, or, less commonly, acids, is
possible with some epoxies.  Two-part epoxies
must be mixed just before curing with
stoichiometric amounts of amine or anhydride-
containing substances.  The rate of cure may be
increased by adding accelerators to the reaction
mixture or by a temperature increase.  Postcuring,
exposure of the partially cured material to
temperatures that are equal to or exceed the
maximum use temperature of the assembly, is
commonly performed in order to improve
structural properties.  Postcuring relieves stresses,
improves dimensional stability, and results in
decreased volatiles in the part.  [655, 662]

Because most epoxies form a thermosetting
polymer upon curing, reprocessing with
thermoplastics for recycling is difficult.  Injection
screws become stalled or clogged during
reprocessing, and reprocessed material possesses
poor bond strength.  For recycling, the adhesive
and a large part of the surrounding plastic must be
cut out before reprocessing.  [651]

Two-part room temperature cured epoxies
Two-part, room temperature cured epoxies consist
of an epoxy monomer and aliphatic amine curing
agent.  They are supplied separately, as clear
liquids or pastes of varying consistency, from
thixotropic liquids to putties, and have indefinite
shelf life until mixed.  They are mixed before
curing at room temperature; pot life or working
life, the interval between the time of mixing and
the time at which the increased adhesive viscosity
prohibits application of the adhesive to the part
surface, ranges from a few minutes to a few hours.
For some applications, cure time can be five
minutes.  For structural applications, 8 -12 hour
cure times are necessary, and full stength is not
achieved for 2 - 7 days.  Room temperature cured
materials are usually postcured; examples of
postcuring conditions are one hour at 100oC
(212oF) or 4 - 6 hours at 60oC (140oF).  Fast-curing
epoxies generally have low strength, especially at
temperatures greater than 50oC, and low solvent
resistance.  These properties are not generally
improved by postcuring.  [655, 644]

Room temperature cured bonds are brittle,
with good shear strength and low peel strength.
Temperature resistance extends up to the glass-to-
rubber transition, 50 - 105oC (122 - 221oF),
depending on the curing agent and postcuring
procedure. [655]

Two-part heat cured epoxies  Heat cured
epoxies are two-part systems that use less basic
primary amines as curing agents; the decreased
reactivity requires heating to elevated
temperatures.  Pot life is longer than in room
temperature cured epoxies, ranging from two hours
to several days.  Cure temperature depends on the
curing agent:  cycloaliphatic amine curing agents
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can be used up to 120oC (248oF), aromatic amines
up to 160oC (320oF), and anhydrides up to 250oC
(482oF).  [655, 644]

Heat cured materials generally have higher
solvent resistance and better mechanical strength
than materials cured at room temperature.  Cured
materials are rigid glasses, with high elastic
moduli; glass transition temperatures range from
100 - 200oC (212 - 392oF).  Because of low peel
strengths, these materials are not recommended for
bonding dissimilar materials with very different
coefficients of thermal expansion.  Although
flexibilizers can be added to increase peel strength,
they reduce the glass transition temperature,
resulting in degraded resistance to elevated
temperatures.  [495, 655]

Toughness of epoxy bonds can be increased
by adding a semicompatible rubber to the adhesive
system before curing.  During curing, cross-linked,
epoxy-modified rubber particles become
distributed through a glass matrix that is slightly
flexibilized.  Temperature resistance of rubber-
toughened epoxies is decreased to 120 - 160oC
(248 - 320oF).  They are commonly used for
structural bonding in the aircraft industry.  [655]

One-part solid epoxies  Epoxy polymers with
low melting temperatures can be combined with
high temperature curing agents or catalysts, such
as dicyandiamide, to form one-part solid epoxy
adhesives.  The adhesive must be prepared as a
melt, cooled rapidly, and formed into cast rods,
which are then ground to a powder.  Solid epoxies
that cure at high temperatures (177oC, 351oF) can
be stored indefinitely at room temperature; those
that cure at ambient temperatures generally require
refrigeration.  Bonds obtained after curing are
rigid and strong, with high glass transition
temperatures and temperature resistance; however,
peel strength is low due to an inability to
flexibilize the adhesive system.  [655, 644]

Epoxy films  In epoxy films, a thin film of
epoxy and a high temperature curing agent such as
an aromatic amine is coated onto release paper.
Toughening or flexibilizing agents may also be
present in the film. Woven cloth or short mat,
randomly oriented fibers may be added to support
the film during handling before curing and to
control adhesive flow and film thickness during
bonding.  Polyester, polyamide, and glass fibers

are commonly used.  Woven cloth fibers wick
water, resulting in slightly degraded environmental
resistance of the adhesive bond.  Randomly
oriented mat fibers move during bonding and are
not as efficient at controlling film thickness as
woven cloth.  Films can be stored at -18oC (0oF).
[644, 655]

For bonding, the film is cut to the required
shape and applied to one of the adherends.  The
release paper is then removed, and the film is
pressed against the other adherend.  Curing is
usually performed by heating 0.5 - 1 hour at 121 -
177oC (250 - 351oF).  Bonds are temperature
resistant up to 118 - 178oC (244 - 352oF),
depending on the type of epoxy and the toughening
and curing agents used in the film.  Bonds are
brittle and exhibit low peel strength.  The high
structural strength of the bonds makes them useful
in the aerospace industry, and due to the low
weight and handling convenience, they are
commonly used in laminates.  [644, 655]

ELASTOMER ADHESIVES
Natural and synthetic, high molecular weight

rubbers or elastomers, dissolved in either
hydrocarbon or chlorinated hydrocarbon solvents,
are used as adhesives to produce bonds with high
peel strength but low shear strength compared to
glassy adhesives.  They are used when high peel
strength is required, such as when bonding a large
flexible panel to a rigid composite panel, or as
contact adhesives, which do not require pressure
for bond formation, to bond decorative films onto
exterior panels. Contact adhesives are applied to
substrate surfaces for bonding, and solvents are
evaporated off by flash drying before curing.
Unsaturated elastomers such as natural rubber and
polychloroprene (neoprene) are cured through
vulcanization, crosslinking of rubber
macromolecules. Vulcanization commonly occurs
through a free radical mechanism initiated by
peroxides or through sulfur crosslinking.
Crosslinked rubber adhesives exhibit improved
shear strength and creep resistance; however, peel
strength is decreased. Bonds have limited
temperature, solvent, and environmental
resistance, especially when adhesives are not
cross-linked.  [655, 644, 664,]
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Contact adhesives  Neoprene or, less
commonly, nitrile elastomers are widely used in
contact adhesives.  These adhesive solutions
generally contain additives such as t-butylphenol
or coumarone-indene resins to improve tack and
antioxidants to inhibit rubber degradation by
atmospheric oxygen.  Adhesives are applied to
adherends by brush, roller, or spray.  Contact
cement is used on porous surfaces, such as textiles,
and does not require flash drying.  Bonding occurs
when adherends are brought in contact, with
tackiness of the adhesive providing the initial bond
strength.  Curing does not occur in contact
adhesives.  [655, 644, 664].

Polyurethanes  Polyurethane elastomers
produce good adhesion to a wide range of
substrates and are available in one- or two-part
form, for both room temperature and elevated
temperature curing.  Curing occurs by a
polymerization reaction of an aromatic isocyanate
with  hydroxy-terminated aliphatic polyethers,
polyesters, or amines.  The final adhesive displays
both rigidity, from the aromatic functional groups,
and flexibility, due to the aliphatic portions of the
polymer.  Different adhesive properties can be
obtained by varying the isocyanates and polyethers
or polyesters used in the polymerization reaction.
Polyurethanes form bonds with good shear and
temperature resistance.  Polyether-based urethanes
are less expensive, but bond strength is lower than
polyester-based urethanes.  Shear strengths fall
with increasing temperature; upper temperature
limits are less than 250oC (482oF).  Peel strength
either falls slowly with increasing temperature or
peaks, then decreases. Polyurethanes are moisture
sensitive and will foam in the presence of
moisture.  Primers are necessary when used with
thermosets such as sheet molding compounds.
Thermosetting urethane adhesives cannot be
reprocessed with thermoplastic substrates for
recycling.  Similar to epoxies, they clog injection
screws and must be cut out.  [495, 655, 651]

Silicones   Silicone adhesives are derived
from polyfunctional siloxanes.  They form a tough
elastomeric material after curing, and delamination
under load from a flexible or semi-flexible plastic
substrate is lower than that of a more rigid acrylic
or epoxy adhesive.  They are available in one- or
two-part forms.  One-part adhesives consist of a

silicone polymer and hydrolyzable silane or
siloxane catalysts that are activated by atmospheric
moisture; they cure at room temperature.
Methanol, acetic acid, amines, or oximes formed
during curing may cause metal corrosion if vapors
cannot escape from the bonded parts.  Two-part
adhesive systems cure by complex reactions
involving acids and polyvalent metal salt catalysts.
Cure times range from minutes to hours depending
on catalyst activity.  Curing is generally slower
than with other adhesives.  [495, 655]

Silicones do not wet surfaces readily and
usually require a primer for good adhesion.  Peel
strengths of bonds are excellent, but tensile
strengths are much lower than with acrylic or
epoxy adhesives (6.9 MPa, 1000 psi).  They can be
used up to temperatures of 220oC (428oF).  [495,
655]

Polysulfides  Polysulfides are flexible,
chemically resistant elastomers, with a linear
polymer structure consisting of aliphatic carbon
functional groups separated by one or more sulfur
atoms.  They are available as either one- or two-
part adhesives.  One-part adhesives cure slowly
and are used primarily as sealants in the
construction industry.  Two-part adhesives are
composed of polysulfide and epoxy resins.  They
are less brittle than epoxy adhesives and have
greater impact resistance and higher elongation.
Tensile strength is lower, however, and they
possess a disagreeable odor characteristic of
polysulfides.  Due to their exceptional fuel
resistance, they are widely used in the aerospace
industry.  [655, 495, 665]

Polysulfides cure by a cross-linking reaction
using inorganic oxidants and polyvalent metals.
Bonds have reasonable shear and peel strengths
and excellent environmental durability.  [655, 495]

TYPES OF SOLVENTS
Solvents used for bonding can be pure

solvents, a solvent slurry, or a solvent mixture.
Pure solvents have only one component (n-hexane,
water, acetic acid, etc.) and are used to bond
thermoplastics when mating surfaces are in good
contact and no gap filling is required.  A solvent
slurry or solvent dope, a solution of a solvent and
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dissolved thermoplastic pellets, is more viscous
than a pure solvent and is useful when gap filling
is required.  Pellets should be the same material as
the thermoplastic parts; slurries can contain up to
25% solids.  Slurries with high solids contents are
very viscous and can sometimes be used to repair
surface imperfections on the parts.  [643]

A solvent can be mixed with other compatible
solvents or other chemicals to form a solvent
cement; however, any solvent used for bonding,
whether pure or a mixture, is frequently referred to
as a solvent cement.  Solvents are generally mixed
to change the evaporation rate and/or the viscosity
of the solution.  Methylene chloride evaporates
quickly and is often mixed with 20 - 30 parts of
ethylene chloride, which has a much slower
evaporation rate.  The evaporation rate of the
solvent mixture is then decreased, allowing enough
time to effectively bond the parts.  Commercial
solvent mixtures are available in a premixed form.
[643]

Solubility properties of a solvent vary.
Solvents with small, compact molecules generally
dissolve polymers more rapidly than solvents with
larger molecules, although the molecular structure
of the thermoplastic and the surface condition of
the parts also affect solubility.  For optimum
solubility, solvent polarity must match the polarity
of the materials being bonded.  Polarity of a
solvent is indicated by the hydrogen bonding index
and the solubility parameter; more polar solvents
(water, acetone) have higher values than solvents
of lower polarity (ethyl ether, cyclohexane).  [643]

SURFACE PREPARATION METHODS
Surface preparation of the substrate for

adhesive bonding is important in determining bond
strength and durability.  Without proper surface
preparation, the best adhesive will not produce a
durable, high-strength bond.  Surface preparation
cleans the adherend surface and/or introduces
chemical functional groups at the surface to
promote wetting and chemical bonding between
the adherend and adhesive.  Contaminants include
grease, dust, and oil; metal surfaces also become
contaminated with oxides generated by corrosion.
Surface preparation methods used depend on the

class of adherend and type of surface contaminant.
Generally, surface treatments can be mechanical,
chemical, or electrical.  Newer treatments use UV
light or lasers for surface modification.  For
nonmetal surfaces, cleaning order consists of an
initial solvent cleaning, followed by abrasion or a
chemical surface alteration.  Solvent cleaning is
then repeated.  [644]

For solvent bonding, surfaces should be clean
and should fit together uniformly throughout the
joint.  Mechanical, electrical, or chemical
treatments may be needed for surface cleaning or
roughening.  Close-fitting edges are important for
good bonding; machining of the mating surfaces
may be necessary.  Surfaces should not be
polished.  Polishing tends to round corners and
decrease the contact area of the joint.  [622, 430]

Surface contamination can be avoided in
composites by use of a peel ply, a tightly woven,
treated nylon or polyester fabric that is laminated
onto the surface.  The peel ply is then peeled off
immediately before bonding to expose a clean,
roughened surface.  [655]

MECHANICAL TREATMENTS
Mechanical cleaning involves various

methods of abrasion:  scouring with powders or
metal pads and rubbing with sandpaper, emery
cloth, wire brushes, scrapers, or chipping
hammers.  Faster abrasion methods include
sandblasting, tumbling, and power sanding.
Abrasion methods are more commonly used for
metals than for plastics.  They remove gross
contamination and any low molecular weight
material that has migrated to the surface.  They
produce a roughened surface with increased
surface area and may remove softer components
from a two-phase material.  In composites,
abrasion removes the gel coat of the matrix
polymer to expose the main structure of the
composite.  Abrasion results in debris
accumulation on the surface, from the abrasive, the
surface contaminants, and the surface material.
These particles must be removed before adhesive
application, by wiping with a clean, dry cloth or
brush or by application of filtered compressed air
or a vacuum cleaner.  [644, 653]
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In adhesive abrasion, the plastic surface is
abraded in the presence of a liquid adhesive.
Abraded adherends are then immediately mated
and allowed to cure.  Abrasion in the presence of
adhesives may produce free radicals which react
directly with the adhesive; abrasion without
adhesive produces free radicals which are
scavenged by atmospheric oxygen before the
adhesive is applied. Adhesive abrasion is
commonly performed on fluorocarbons, which are
inert, resistant to attack, and difficult to bond.
[647, 653]

CHEMICAL CLEANING TREATMENTS
Detergent cleaning  Detergents, soaps, and

caustic soda are inexpensive and nontoxic.  They
can be applied by spraying, scrubbing, or
immersion of the part in an ultrasonically agitated
solution.  They remove dirt and oil reasonably well
but can react with certain metals to form new
contaminants.   They should be applied hot to
minimize these reactions.  [644]

Solvent cleaning  Solvent cleaning is
generally the first surface preparation method
applied to the parts.  Solvent cleaning removes
release agents, such as silicone, that may coat the
part during molding, and any machine oil
transferred to the part.  Abrading surfaces coated
with oil or grease drives the contaminants further
into the parts, and chemical alteration of the
surface is ineffective in the presence of
contaminants.  Solvent cleaning should both
precede and follow abrasive treatments.  Porous
surfaces should be wiped with a cloth moistened
with solvent; the cloth should not be reused.  A
saturated cloth will not pick up debris particles
from the substrate.  About 20 - 30 minutes are
required for solvent evaporation.  [644]

Degreasing  Solvents such as methyl ethyl
ketone (MEK), toluol, naphtha, acetone,
trichloroethylene, and perchloroethylene are used
for degreasing.  Substrates can be wiped or
sprayed with degreasing solvents, or they can be
immersed in an agitated solution for about five
minutes.  Degreasing alone does not generally
clean the substrate well enough to permit chemical
surface alteration.  [644]

Alkaline cleaning  Substrate immersion in an
alkaline bath usually follows degreasing.  Parts are

continuously agitated in a solution maintained at
77 - 93oC (171 - 200oF) and an alkaline pH.  As
dirt, metal chips, and other contaminants are
removed, more alkaline solution must be added to
maintain the pH, and the bath must be replaced if
contaminant levels become too high.  After
alkaline cleaning, substrates are rinsed in water to
remove all traces of the alkaline solution; the
solution should not be allowed to dry on the
substrates.  [644]

SURFACE MODIFICATION
Pickling   Metals are generally treated with

an acidic solution to remove the surface layer of
oxidized material.  Hydrochloric, hydrofluoric,
nitric, phosphoric, and sulfuric acid are commonly
used with ferrous metal parts.  A solution of water,
sulfuric acid, and either chromic acid or sodium
dichromate is used with aluminum parts; parts are
agitated during immersion (8 - 10 minutes) at
temperatures of 62 - 71oC (144 - 160oF).  Metals
must be rinsed and dried in warm (71oC, 160oF) air
after removal from the acidic solution.  [644]

Etching or Oxidation  Ammonium
peroxydisulfate, chlorine, ozone, perchlorous and
perchloric acid, permanganate, and, most
commonly, chromic acid are used to oxidize the
surface of plastics.  Reactive groups, such as
hydroxyl, carbonyl, carboxylic acid, and hydrogen
sulfite, are introduced, and cavities are formed to
provide sites for mechanical interlocking of
substrate and adhesive.  Chromic acid oxidation or
etching is commonly used with polyolefins,
acrylonitril-butadiene- styrene (ABS),
polyphenylene oxide, and acetals.  Increases in
reaction time and temperature increase the depth
of etching with polypropylene; longer etching
times increase both etch depth and amount of
oxidation in polyethylene substrates.  [647, 653]

Satinizing is an etching process that uses a
mildly acidic solution (perchloroethylene, p-
toluenesulfonic acid, and collodial silica) to
produce uniformly distributed anchor points on the
part surface.  Mechanical bonding of cements to
the anchor points produces a strong adhesive bond.
It was developed for use on Delrin acetal and is
well suited for a production line operation.  [201]

The part is first immersed in the stirred,
mildly acidic solution at 80 - 120oC (176 - 248oF)
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for 5 - 30 seconds for cleansing and for initiation
of the “satinizing action”.  It is then immediately
transferred to a 38 - 120oC (100 - 248oF) oven for
solvent evaporation and etching. Etch depth is
determined by the oven temperature and time of
exposure; adequate etching occurs in one minute at
120oC (248oF).  Thorough rinsing with hot water
terminates the etching process and ensures uniform
etching.  Etched parts are then oven dried; drying
must occur in a clean environment and must be
complete before any cements are applied.  An
additional short, high temperature (120oC) drying
step is not necessary but will reduce the tendency
of the part to release formaldehyde vapors.  [201]

Sodium treatment  Fluorinated plastics are
difficult to bond and require highly reactive
solutions such as metallic sodium in anhydrous
liquid ammonia or sodium naphthanate in
tetrahydrofuran. These solutions dissolve the
amorphous regions of the surface, increasing
mechanical interlocking during bonding by
increasing surface roughness.  In addition,
unsaturated bonds and carbonyl groups are
introduced to the surface, increasing chemical
reactivity.  Sodium treatment darkens the part
surface to a depth of about 1 micrometer, and
extended exposure will substantially degrade the
part surface.  Although the treated surface can
remain constant for years, heat and exposure to
UV light rapidly degrade it.  Sodium etching
solutions are very hazardous and degrade rapidly
in the presence of oxygen.  [647, 653]

Iodine treatment  Treatment with iodine is
used to alter the surface crystallinity of nylons
from the α form, in which amino groups are
parallel to the surface, to the β form, in which the
amino groups are perpendicular to the surface.
Improved adhesion is believed to result from
increased chemical activity and not mechanical
interlocking.  [647]

Surface grafting   A chemical species can be
grafted onto the substrate surface to increase
adhesion.  When polyethylene is exposed to
gamma radiation in the presence of vinyl acetate
monomer, the vinyl acetate monomer becomes
chemically grafted onto the polyethylene surface,
increasing the reactivity of polyethylene with an
adhesive.  [647]

Thermal treatment.  Exposing the plastic to a
blast of hot air (~500oC, 932oF)) oxidizes the
surface of the plastic by a free radical mechanism,
introducing polar groups (carbonyl, carboxyl,
amide, and hydroperoxide) that increase
wettability.  Crosslinking also occurs, and
interfacial diffusion during bonding is enhanced by
chain scission.  Thermal treatment is similar to
flame treatment and is commonly used for
polyolefins.  [647]

Primers  Primers are sometimes applied to
part surfaces before bonding.  Solvent is flashed
off, leaving the reactive chemical species on the
surface.  Primers form a chemical bridge between
the substrate and adhesive by multifunctional
groups that react preferentially with either the
adhesive or substrate.  Primers are commonly used
for acetals, fluoropolymers, polybutylene,
polyolefins, polyurethanes, and silicones.
Polyolefin surfaces can be bonded immediately;
however, silane and isocyanate-based primers,
used for silicone and polyurethane adhesives,
respectively must react with atmospheric moisture
before adhesive application.  [647]

Phosphate or conversion coating  Steel is
often coated with a layer of iron or zinc phosphate,
in order to reduce corrosion.  Phosphate coating is
used for rubber to steel bonding in the engineering
and decorative laminate industries.  The process
can be difficult to control, producing a phosphate
layer of varying thickness with varying crystalline
structures.  Hardened steels with a martensite
microstructure support a fine flake phosphate
coating, while cold-rolled steel can produce a
lumpy, large flake phosphate structure that is
easily broken under stress.  Steel can be
galvanized, or coated with zinc, by hot dipping of
the cleaned metal. Bonding to galvanized steel is
difficult to achieve, because the crystalline
structure of the galvanized zinc can cause flaking
under stress, resulting in bond failure.  A fused
zinc surface can be coated onto steel by zinc
sheradizing, in order to provide environmental
resistance to the steel.  In this process, the steel
part is baked while being agitated in zinc dust.  It
is not suitable for delicate parts and will cause zinc
buildup in screw threaded components.  [663]
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Anodizing  Aluminum is anodized
electrolytically, in the presence of an acid
(sulfuric, chromic, phosphoric), producing a tough,
resistant oxide film.  Anodizing should be
performed so that a uniform reticulated structure is
produced on the aluminum surface, not a
microscopically fragmented rippled surface. A
rippled surface is unstable and easily fractured.
[663]

 ELECTRICAL DISCHARGE TREATMENTS
Corona discharge  Corona discharge occurs

when an electrode at a high electric potential
ionizes the gas surrounding it. The gas discharges
the potential.  If a plastic film is passed between
the high-potential electrode and a grounded
electrode, some of the ionized gas particles will
undergo chemical reactions with the plastic
surface, introducing reactive groups to the surface
and increasing surface roughness.  Groups such as
carbonyls, hydroxyls, hydroperoxides, aldehydes,
ethers, esters, carboxylic acids, and unsaturated
bonds have been proposed as the reactive species.
Corona discharge is usually performed at
atmospheric pressure in air, which oxidizes the
surface, although nitrogen is sometimes used as
the ionizing gas. It is commonly performed on
polyolefins.  Polyethylene and polypropylene are
treated using an electrical potential of 15 kV at 20
kHz.  [653, 647]

Plasma discharge  In plasma discharge, a gas
(oxygen, argon, helium, air) at low pressure (0.1 -
1.0 torr) is excited by applying radiofrequency
energy to a pair of electrodes.  Electrons are
stripped from the gas particles, producing free
radicals at high energy levels.  Excited gas
particles at higher energy levels fall to lower
energy levels, resulting in emission of radiation in
the UV and far-UV ranges.  The characteristic
glow obtained in plasma discharge is similar to
that of neon bulbs, fluorescent bulbs, and

lightning.  When the part is placed in the low
pressure chamber, water, oils, and other organic
materials are removed from the part surface by
free radicals.  Plasma treatment reacts to a depth of
0.01 - 0.1 micrometers and reduces the contact
angle of the substrate, increasing wettability.
[652, 647, 653]

A liquid adhesive on a polypropylene surface
is shown in Figure 15.3, before and after plasma
treatment.  Before treatment, the adhesive beads
on the surface; after plasma treatment, it spreads
out.  Substrates should be bonded immediately
following plasma treatment, since contact angles
increase again due to air exposure.  Theories
explaining the mechanism of plasma treatment
include crosslinking of the substrate surface,
which prevents a thin layer of substrate from
peeling off, and chain scissions on the surface,
which increase interfacial diffusion by lowering
surface viscosity and increasing mobility of
molecules at the plastic surface.  Plasma treatment
is used for many types of plastics.  The type of gas
used affects lap-shear strengths; ammonia works
best with polyphenylene, argon with liquid crystal
polyesters, and oxygen with polyamideimide.
[652, 647, 653]

Plasma treatment of carbon-polyetherether
ketone (carbon-PEEK) using oxidizing (oxygen,
air) and inert (nitrogen, argon) gases, followed by
bonding with epoxy adhesives increased the
concentration of oxygenated and nitrogenated
functional groups at the joint surface.  Wettability
was also increased.  High pull strengths were
obtained with plasma treated samples, and failure
was cohesive in the bulk material.  Pull strengths
were generally insensitive to the type of gas used.
Aging either increased or did not affect pull
strength, indicating that plasma treatment results in
crosslinking at the joint surface.  [652]
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OTHER SURFACE PREPARATION TECHNIQUES
Laser treatment  Laser treatment of

polypropylene and polyethylene, using XeCl, ArF,
and KrF lasers introduces oxygenated functional
groups to the surface and removes surface
contaminants.  [624]

Surface treatment of low and high density
polyethylenes (LDPE and HDPE), polypropylene
(PP), and glass-reinforced polypropylene (GRPP)
by ArF, XeCl, and KrF lasers resulted in increased
bond strength.  A cyanoacrylate adhesive was used
with single lap shear joints; control joints were
degreased and treated with primers prior to
bonding. Bond strengths at optimum frequencies
were higher with laser treatment than with the
control samples.  Bond strengths of joints treated
with the XeCl laser decreased with increasing laser
frequency.  Highest bond strength was obtained
with HDPE at 10 Hz (1.81 MPa with failure at the
bond); at 50 Hz, joints failed on handling.  ArF
and KrF were more effective in increasing
adhesion than XeCl lasers.  With LDPE and
HDPE, bond strengths increased with increasing
ArF and KrF laser frequency up to 50 Hz.  With
PP and GRPP, ArF and KrF lasers were more
effective at lower frequencies (2 - 5 Hz).  Storage
of parts up to 15 days after laser treatment did not
significantly affect bond strengths.  [624]

Scanning electron micrographs of laser-treated
surfaces indicated that surfaces underwent little
physical change.  SEM micrographs of untreated
LDPE, laser-treated HDPE (10 Hz, XeCl laser),
and abraded HDPE are shown in Figure 15.4.
Untreated and laser treated surfaces were generally
smooth, except for a few flaws and some
particulate matter, while the abraded surface had a
roughened and layered texture.  X -ray
photoelectron spectroscopy showed that laser
treatment removed surface contaminants such as
Na, Cl, Si, N, and O and increased the
concentration of oxygenated functional groups at
the joint surface.  [624]

Surface treatment by CO2 lasers was effective
in increasing bond strength in polyetherimide and
other engineering plastics.  CO2  laser treatment is
believed to soften the surface of the thermoplastic
part.  [652]

Transcrystalline growth  In transcrystalline
growth, substrates are molded against a high
energy metallic substrate that causes crystallites to
form on the plastic surface.  Rod-like or columnar
spherulites form inward from the plastic-metal
interface, and low molecular weight material is
driven into the plastic interior.  Oxidation of the
plastic surface may also occur, increasing
wettability.  Molding conditions, such as the
cooling rate and mold surface, are important in
determining the effectiveness of this treatment.  It
is used for polyolefins, polyamides and
polyurethanes.  [647]

Ultraviolet radiation  UV radiation at
particular wavelengths causes chain scissions,
crosslinking, and oxidation of the part surface.
Surface changes are dependent on the wavelength
of light used; crosslinking of polyethylene will
occur at a wavelength of 184 nm but not at 253.7
nm.  Proposed mechanisms to describe the
enhanced adhesive properties after UV light
exposure include increasing the wettability,
strengthening the plastic’s boundary layer through
crosslinking, inducing hydrogen bonding, and
especially, promotion of interfacial diffusion and
polar interactions through chain scission.  [647]

Figure 15.3  The effect of plasma treatment on wettability.  Before
plasma treatment, top, the adhesive beads on the substrate surface.
After plasma treatment, bottom, adhesive spreads out, coating the
surface.



Adhesive and Solvent Bonding                                                                                                   © Plastics Design Library

152

Flame treatment  A brief exposure to flame
oxidizes the surface of plastics through a free
radical mechanism, introducing hydroxyl,
carbonyl, carboxyl, and  amide  groups  to the  part

surface.  Chain scissions and crosslinking also
occur, increasing wettability and interfacial
diffusion during bonding.  Flame treatment affects
the part to a depth of about 4 to 9 nanometers and
is commonly used on polyolefins, polyacetals, and
polyethylene terephthalate.  [647]

Removal of surface layers  High energy ion
beams or radio-frequency plasma discharges can
be used to etch the surface and remove surface
layers, including surface contamination.  A
roughened, textured surface is produced for
bonding.    [653]

FACTORS AFFECTING
ADHESIVE AND SOLVENT BONDING

Solubility  Solvent bonding is most effective
with polymers having low intermolecular forces.
Amorphous polymers or polymers with low
crystallinity are more soluble in most solvents.
Lower molecular weight polymers and polymer
molecules with less cross-linking and more
branching structures are more easily dissolved in
solvents.  Elevated temperatures increase the
solubility of all polymers.  Polymers dissolve most
easily in solvents of the same polarity; polar
polymers generally dissolve in polar solvents, and
nonpolar polymers dissolve more easily in
nonpolar solvents.  The solubility parameter is an
indication of polarity; nonpolar polymers, such as
polyethylene, have a low value (7.9), while more
polar materials, such as polyacrylonitrile, have
higher values (15.4).  Solubility of a polymer is
most likely when the solubility parameter of the
polymer and the solubility parameter of the solvent
vary by less than 0.5.  Dissimilar materials can be
solvent bonded as long as the solubility parameters
of both materials match that of the solvent.
Solubility of either the same or dissimilar
thermoplastics is not assured, however, and prior
testing of the solvent is recommended.  [643, 578]

Stress cracking  Many plastic parts exhibit
stress cracking, external or internal cracks
resulting from stresses that are lower than the
short-term mechanical strength of the plastic.
Thermosets, acetals, polyphenylene sulfide,
polyolefins, polyamide, rigid polyvinyl chloride,

Figure 15.4   Scanning electron micrographs of a) untreated
LDPE  b) HDPE treated with a 10 Hz XeCl laser   c) an abraded
surface of HDPE.  Untreated and laser treated surfaces are generally
smooth, except for flows and particulate matter.  Abraded surfaces
are rough, with a layered texture.
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and polyethylene and polybutylene terephthalate
are resistant to stress cracking.  Acrylics,
polycarbonate, polystyrene, styrene-acrylonitrile,
polysulfone, acrylonitrile-butadiene-styrene, and
polyphenylene oxide are most prone to stress
cracking.  Esters, ketones, and aromatic
hydrocarbons are the solvents most likely to cause
stress cracking.   [621, 647, 662]

Stress cracking can be induced by strenuous
or improper molding conditions, machining
operations, or thermoforming at reduced
temperatures.  The presence of molded-in metal
inserts or sharp corners in the part produces
greater stress.  These conditions produce small
cracks in the plastic; when liquid adhesive is
applied, it can penetrate the part, aggravating the
damage.  The crack may eventually propagate
through the entire part, causing part failure.
Molded-in stresses can be reduced by modifying
the molding cycle or annealing parts after molding.
Only solvents, adhesives, and primers that are
compatible with the plastic should be used.  A
minimum of adhesive should be used, and excess
adhesive should be immediately cleaned up.
Anaerobic threadlocking adhesives should not be
used with plastics that are prone to stress cracking.
Stresses induced by the threads in addition to
stress from uncured adhesive outside the joint
produce very high stress levels in the part.  Surface
preparation methods to alleviate stress cracking
include abrading the surface with sandpaper,
cleaning with isopropyl alcohol, and assembling
the parts immediately after application of alcohol.
[621, 661, 647]

Use of an incompatible adhesive for the
substrates can produce stress cracks.  The part
surface softens and weakens, creating a crack.
Joining materials with different coefficients of
thermal expansion can produce stress cracking
when the part is subjected to high or low
temperatures.  Plastics expand at high
temperatures and contract at low temperatures by
different amounts, depending on their coefficients
of thermal expansion.  After bonding, part
movement is restricted, and the two materials must

expand or contract to the same extent.  If the
plastics have different coefficients of thermal
expansion, stresses are produced, which lower the
strength of the joint.  Coefficients of thermal
expansion can be decreased by adding fillers or
reinforcements or by increasing the amount of
crosslinking.  If material selections cannot be
modified, thicker bondlines and more flexible
adhesives can help reduce problems with stress
cracking; however, the adhesive film cannot
restrain large relative motions of parts.   [662, 647,
621]

Chemical attack of uncured UV-curable
adhesives produced stress cracking in medical
grade polycarbonate.  Stress cracking was more
prevalent in low molecular weight polycarbonates;
increasing polycarbonate molecular weight from
22,000 to 26,000 increased bond strength by 15%.
In solvent bonding of hollow articles, stress
cracking can result if enclosed areas are not
vented.  [660, 622]

In solvent bonding, plasticizer migration from
a less rigid substrate, such as flexible polyvinyl
chloride, to a more rigid substrate can result in
stress cracking and crazing, depending on the
solvents and combination of substrates used in
bonding.  Plasticizer migration will occur after a
plasticizer-free surface has been obtained.  The
most satisfactory adhesives for polyvinyl chloride
are the acrylates, epoxies, urethanes, and hot
melts.  [661]

Part thickness and colored dyes in UV-
curable adhesives  When using UV-curable
adhesives, increased part thickness or the presence
of tints or colored dyes can decrease bond strength
if the cure time is not increased.  In medical grade
polycarbonate, increasing part thickness by 0.15
cm (0.06 in.) resulted in 25% attenuation of the
light beam.  Bond strengths of parts with tints or
colored dyes attenuated light transmission, and
bond strength decreased unless cure time was
increased.  [660]

Nonpolar plastics  Nonpolar polymers, such
as polyethylene and polypropylene, are relatively
inert and are difficult to bond.  They require
extensive surface preparation to oxidize the
surface and introduce polar reactive groups.  [653]
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Figure 15.5   Joint designs for solvent and adhesive bonding.
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JOINT DESIGN
Joint design in adhesive and solvent bonding

is an important determinant of the strength,
reliability, and durability of the bond.  The most
effective joint design for a particular application
depends on the stresses the part will encounter and
the mechanical properties of the adhesive and
adherends.

Joints used in adhesive and solvent bonding
are shown in Figures 15.5 and 15.6.  The joint
must accommodate all loads on the part.  For
structural joints, the load in one adherend must be
transferred through the adhesive layers to the other
joint component.  Higher strength is generally
obtained by larger bond surface areas; for
structural bonds with composite adherends, in
which the bulk adhesive strength is lower than that
of the bulk adherends, the bonded area usually
must be larger than the cross-sectional area of the
adherends.  A lap joint or lap combination joint
(joggle lap, double lap, double lap scarf, butt scarf
lap) provides maximum surface area for bonding.
In T-joints and butt joints, the bond area is limited
by the wall thickness of the part; these joints are
not recommended for solvent and adhesive
bonding.  For joining curved surfaces, each surface
should have the same radius in order to provide
uniform contact over the entire joint area.  [622,
647,643, 655, 644]

Joints are subjected to several types of
stresses throughout the lifetime of the part.  In
tensile stress (Figure 15.7), forces exerted on the
part are perpendicular to the plane of the joint;
tensile stresses tend to pull a joint apart or
elongate the part.  Compressive stress (Figure
15.8) also acts perpendicular to the joint plane but
tends to squeeze the parts together.  In shear stress
(Figure 15.9), forces are parallel to the joint plane,
and joint surfaces tend to slide over one another.
Cleavage stress (Figure 15.10) occurs when a joint
is opened at one end, and peel stress (Figure
15.11) develops when a flexible substrate is peeled
or lifted off the other substrate.  [647, 662]

Figure 15.6   Joint designs for solvent and adhesive bonding.

Figure 15.7   Tensile stress.  Forces on the part are perpendicular
to the joint surface.  Tensile stress tends to elongate the part and pull
it apart.
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Figure 15.8   Compressive stress.  Forces on the part are
perpendicular to the joint surface.  Compressive stress squeezes the
part together.

The stress distribution on the adhesive affects
the ability of the joint to accommodate loads.
Joint design should strive to distribute the stresses
equally over the bond area in order to create
uniform stress on the adhesive.  Adhesive bonds
subjected to tensile, compressive, or shear stress
during loading experience a more uniform stress
distribution than bonds exposed to cleavage or
peel stress.  Tensile and compressive stress is
evenly distributed throughout the bond area; stress
is represented by a straight line in Figure 15.12.
Compressive strength of most adhesive films is
greater than tensile strength; optimal joint design
should maximize compression and minimize
tensile stresses. The stress distribution of a
cleavage or peel stress is concentrated at one end
of the joint (Figure 15.13).  Peel strength of any
adhesive   may   be   as  low  as  1%  of  its    shear

strength; low-modulus, elastic adhesives usually
have higher peel strengths.   Peel stress can be
reduced through symmetrical joints, such as
double lap (Figure 15.6).  Joint design should
ensure that peel and cleavage stress are minimized,
and shear stress is maximized.  [647, 655]

In shear stress, the ends of the bond resist a
greater amount of stress than the middle of the
bond (Figure 15.14).  Maximum stress experienced
by the ends of the joint is greater than the average
stress (joint load divided by bond area); lower-
than-average stress occurs in the middle of the
joint.  This stress distribution is due to the
flexibility of plastic materials, which tend to bend
when a load is applied, increasing stress
concentrations at the joint ends.  Stress ratios

Figure 15.9   Shear stress.  Forces are parallel to the joint surface
but in opposite directions.  In shear stress, part surfaces slide over
one another.

Figure 15.10   Cleavage stress.  Cleavage stress occurs when a
joint is opened at one end.

Figure 15.11   Peel stress.  Peel stress occurs when a flexible
substrate is lifted or peeled off another substrate.
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 (highest stress/average stress) of plastics (15),
with relatively low elastic moduli (2068 MPa, 300
kpsi, unfilled plastic) are much greater than stress
ratios (1.7) for steel, with a high elastic modulus
(212,000 MPa, 30,000 kpsi).  Stress concentrations
can lead to joint failure at relatively low loads;
however, stress concentrations can be reduced by a
joint design that takes into account the elastic
modulus of the adhesive, the joint overlap length,
and the bondline thickness. [647, 644]

The elastic modulus of the adhesive
influences the stress distribution of the joint.  The
shear stress distribution of a more brittle, higher
modulus adhesive, with a stress-strain curve as
shown in Figure 15.14b, shows a linear increase in
stress from the center to the end of the joint
(Figure 15.14a).  A more elastic adhesive with a
higher elongation and stress-strain behavior as
shown in Figure 15.14d exhibits a non-linear stress
distribution (Figure 15.14c).  The flexibility of the
more elastic adhesive allows the joint to more
easily accommodate motion of the adherends;
stress is then distributed over a larger area, and the
stress ratio (highest stress/average stress) is
reduced.  Substitution of a lower modulus (1.4
MPa, 200 psi) adhesive for a higher modulus
(2068 MPa, 300 kpsi) adhesive can reduce the
stress ratio from 22.4 to 1.2.  Although a lower
modulus adhesive may for some applications
produce a stronger joint, it may not be able to
accommodate structural loads without excessive
deformation.  Due to the greater area under the
stress distribution curve, the more elastic adhesive
experiences a higher average stress than a brittle
adhesive of the same strength. For two adhesives
of the same strength and elongation, the higher-
modulus, brittle adhesive would tolerate higher
loads.  Brittle adhesives, however, are more
sensitive to crack propagation and generally have
lower fatigue life than more elastic adhesives.
[644, 647]

Although bonds with larger areas generally
have higher strength, bond width is a more
important design parameter than bond length or
overlap.  Bond strength increases slightly with
overlap length (Figure 15.15) up to a point, then
remains constant.  Due to the shear stress
concentration at the ends of the joint, however,

Figure 15.12   Distribution of tensile and compressive stress
along the joint.  Stress is distributed evenly along the joint for both
tensile and compressive stress, as shown by the straight line.

Figure 15.13   Distribution of peel and cleavage stress.  In both
types of stress, stress is concentrated at one end of the joint.
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shear strength is directly proportional to bond
width (Figure 15.15).  A 2 cm (0.8 in.) wide joint
is twice as strong as a 1 cm (0.4 in.) wide bond,
but a 2 cm (0.8 in.) long joint is not twice as strong
as a 1 cm (0.4 in.) joint.  A short, wide bond area
(Figure 15.16b) is stronger than a long, narrow
bond area (Figure 15.16a).  Bending and
differential shear stress concentrations are reduced
with shorter bond overlaps; decreases in overlap
length from 2.54 cm (1.0 in.) to 0.32 cm (0.13 in.)
can result in reduction of the stress ratio (highest
stress/average stress) from 22.5 to 3.78.  [647, 644,
643]

A thicker bondline can reduce shear stress
concentration by spreading the strain over a larger
dimension, resulting in less strain on the adhesive.
An increase in bondline gap from 0.0025 cm
(0.001 in.) to 0.10 cm (0.040 in.) can decrease the
stress ratio from 18.4 to 3.06. [647, 644]

Figure 15.14   Shear stress distribution in brittle and elastic
materials.  In brittle plastics, with a typical stress vs. strain curve as
shown in (b), stress increases linearly from the center to the ends of
the joint (a).  In elastic materials, with a typical stress vs. strain curve
as shown in (d), the shear stress distribution is nonlinear (c), and
stress is distributed over a larger area near the ends of the joints.

Figure 15.15   Dependence of shear strength on bond width and
bond overlap.  Strength increases linearly with increasing joint width.
The increase in strength with increasing overlap is gradual; after a
particular overlap is reached, there is no further increase in joint
strength.

Figure 15.16   Dependence of shear strength on bond geometry.
A long, narrow bond area (a) produces a lower strength bond than a
short bond area with greater width (b).
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The most common method for reducing stress
concentration in lap joints is by tapering the
adherends, in a tapered lap joint (Figure 15.17a).
Stress at the joint ends is reduced, allowing for a
more uniform stress distribution.  Modeling
studies indicate that both adhesive peel and shear
stresses decrease with a decrease in taper angle,
with the optimum angle being the smallest angle
that can be economically machined and assembled.
A step lap joint (Figure 15.17b) can be used to
avoid a large change in stress concentration from
the ends of the joint to the center when long
overlap lengths are necessary.  [644, 647]

EQUIPMENT AND APPLICATION METHODS
Solvents and adhesives can be applied to

substrates by many different methods.  Manual
methods make use of simple, low-cost equipment
(spatulas, brushes, rollers, squeeze bottles, glue
guns) and are usually used in low-speed, low-
production applications but can also be employed
in high-speed production lines.  Automatic
application of adhesives is performed using high-
speed, mechanized machines such as roll coaters
and flow coaters.  Semi-automatic application
methods are a compromise between expensive
automated equipment and slower, inexpensive
manual methods.  Air-pressured equipment such as
spray guns, caulking guns, and high-pressure

extrusion guns are used for semi-automatic
application.  Related equipment necessary for
solvent and adhesive bonding may include UV
curing systems, solvent incinerators or recovery
systems, proper storage facilities, ventilation
systems, and safety-related equipment.  [644, 529]

Spatulas (trowels and putty knives) are useful
for difficult-to-spread adhesives and are the only
way to spread heavy adhesives.  Uniform
application is difficult to achieve.  Some spatulas
have notches along the application edge, which
help to control the amount of adhesive applied.
Spatula application requires an open adhesive
container, which makes ventilation necessary.
[644]

Brushing is the most commonly used
application method.  It is a labor-intensive method
used to apply adhesive to small areas of large parts
or small or irregularly shaped parts.  Uniform
adhesive application is difficult to achieve, and
some cleanup of drips is required using a solvent
cleaner.  Flow brushes, in which adhesive flows
through the handle to the bristles, are used for high
speed production.  Application is more uniform,
and less waste is produced.  Air pressure can be
added for semi-automatic application, and
ventilation is necessary for solvent adhesives.
[501, 644]

Dipping is used for completely coating parts
and is useful for processing many parts of the same
size or parts of different shapes.  It is faster than
other manual processes and can be automated for
greater speed.  Masking is required for partial
application, and ventilation is necessary for
solvent adhesives.  Dipping is wasteful of
adhesive, and many adhesives and solvents cannot
be applied by this method.  [501, 511]

Rollers and roll coaters are used to spread
heavy or tacky adhesives that cannot be spread by
other methods.  Manual rollers are made of hard
rubber or plastic and are available in many lengths
and diameters.  Extenders are also available to
lengthen the handle.  They can be used on many
different surfaces.  For rollers, adhesive must be
deposited on the part before spreading; uniformity
of spreading depends on the skill of the operator.
Roll coaters are automated machines that apply

Figure 15.17   Joints used to reduce stress concentrations in
adhesive bonding.  a) A tapered lap joint reduces stress at the joint
ends.  b) A step lap joint avoids a large change in stress
concentration from the middle to the ends of the joint when long
overlap lengths are necessary.
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adhesive rapidly and uniformly, with almost no
adhesive waste.  They are available in a variety of
sizes; larger models generally process continuous
webs of metal, foil, film, woven fabrics, and non-
woven materials.  [644]

Spraying is a rapid method used for large
application areas.  Air spray guns are used to coat
plastic, metal, wood, glass, ceramic, leather, paper,
and fabric using air pressure to spray a fine mist of
atomized adhesive.  Airless spray guns use
hydraulic pressure to propel the adhesive.  Airless
spray requires less energy than air spray and is
more efficient, and overspray, spray that misses
the designated area, is reduced.  Use of airless
spray eliminates adhesive contamination from any
oil or moisture present in the air.  Both air and
airless spray guns have heat attachments, allowing
the use of high viscosity adhesives.  Because
heated adhesives require less energy to atomize,
heavier coatings are possible, and overspray is
reduced.  Nozzles can become clogged during
spray operations, requiring shutdowns for
cleaning, and spraying is slower than dipping and
automated roll coating due to the need to make
frequent passes in order to form a sufficiently
thick film of adhesive. [644]

Spraying can be performed by hand or using
automated equipment.  Configurations of many
components require hand spraying, in which
control of viscosity is necessary for reproducible
application, and a skilled operator is needed to
produce a uniform surface coating.  Automated
equipment consists of a spray conveyor booth, in
which adhesive is applied to one side of small
metal components.  A large volume of parts can be
processed simultaneously as they travel through
the booth. Sophisticated mechanical spray systems
can be designed specifically for a manufacturer’s
coating requirements. [527]

Pressure-time applicators include glue guns,
needles, and squeeze bottles and can place drops
or ribbons of adhesives precisely where needed.
Glue guns are accurate and rapid and can be made
semiautomatic by attaching an air pressure feed
hose.  Oil cans and polyethylene squeeze bottles
can be used for spot applications; use of a multiple
spout tip allows application to several spots
simultaneously.  Polyethylene squeeze bottles

should not be used for adhesives that react
chemically with polyethylene.  Ventilation is
necessary for solvents.  [644, 501]

Silk screening is used to apply low-viscosity
adhesives to particular areas of a flat surface.
Adhesive is passed through a cloth differing in
porosity, preventing adhesive penetration to
surface areas where coating is not desired.  This
process results in thin films of adhesive and is
difficult to use for tacky or fast-drying adhesives.
[644]

In flow coating, also called veiling and
curtain coating, metal, plastic, paper, wood, or
leather substrates move along a conveyor, and a
curtain of adhesive flows down to coat the
surfaces.  Excess adhesive flows back to a storage
reservoir for reuse.  Monitoring is necessary, since
the adhesive viscosity changes as solvent
evaporates, increasing coating thickness.
Equipment cleaning is difficult because the
adhesive is constantly re-exposed to air.  [644]

In hot melt adhesives, heat instead of solvents
liquefy the adhesive.  Due to its high speed, hot
melt application is commonly used in high-volume
packing lines.  Equipment used for hot melts
include air and airless sprays and wheel and
extrusion or nozzle applicators.  Use of sprayers
eliminates the need for direct contact with the
adherend.  Wheel applicators, frequently used for
carton sealing, allow adhesive to be dispensed in
precise quantities and configurations.  Contact
extrusion applicators are used in bag making and
web conversions.  [644]

Examples of equipment used in adhesive and
solvent bonding are shown in Figure 15.18.

ADVANTAGES AND DISADVANTAGES
Adhesive bonding is an efficient, economical,

and durable method for assembling plastics to
plastics or to metals, brass, wood, ceramics, or
other materials.  It is the most versatile joining
method, capable of joining 36 types of plastics,
compared to 28 types of plastics for mechanical
fasteners, 15 types for staking, and 18 types for
ultrasonic welding, according to the “Engineer’s
Guide to Plastics”, published by Materials
Engineering magazine.  It can be used for joining
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films, sheets, fabrics, and particles, and substrates
with unusual shapes or physical configurations,
such as sandwich panels and honeycomb cores for
aerospace applications, laminated wooden beams,
fabrics, grinding wheels, sandpaper, laminated
films, cardboard boxes, and flocked wallpaper can
be adhesively bonded.  It can be used for difficult-
to-fasten materials, such as fastening films and
fabrics to solid substrates.  A tackiness in some
adhesives before curing helps to hold components
in place until curing is completed.  It is a
permanent assembly method and produces a
continuous, almost uniform, seal impervious to
gases and liquids. It is an aesthetically pleasing
bond, since no fasteners are visible and, since
adhesive covers the entire joint area, stress is
distributed over a large area.   [644, 501, 643, 647]

Adhesives possess a range of physical
properties, allowing selection of a suitable
adhesive for a particular application, and bond
properties, such as expansion and contraction, can
be tailored to application requirements.  Adhesives
are electrically insulating materials and minimize
corrosion of metals by interrupting the cathodic
effect.  They are lightweight (1.1 - 1.2 g/cm3 or
0.007 lb/in.3 for unfilled, unhalogenated
adhesives), and the thin bondline adds little weight
to the assembly.  Adhesives are easily applied with
automated systems and can be used to augment
mechanical assembly.  [501, 646, 644]

Adhesive bonding has many advantages over
mechanical fastening.  Adhesive bonding is

lightweight and does not require any extra
components, resulting in cost savings and reduced
labor for processing.  In mechanical fastening,
holes often must be machined into the part,
creating points of stress in the plastic that can lead
to cracking and distortion; joint failure occurs
rapidly when mechanical fastening is used to join
ceramics or glass to other components. In
mechanical fastening, the applied load is
concentrated at the fastener location.  Adhesive
bonding spreads stresses out over the entire bond
area, and contour irregularities produced by bolts
and rivets are not present.  In addition, part design
in mechanical fastening must accommodate bosses
and holes, and aesthetic appearance of the final
assembly is impaired.  Adhesive bonding can
provide bonds in irregularly shaped parts where
bosses cannot be used.  [647, 644, 652, 643]

Advantages over ultrasonic welding include
the ability to bond thermosets, metals, glass, and
other materials.   Dissimilar thermoplastics joined
using ultrasonic welding must be chemically
compatible with similar melting points; any
thermoplastics can be joined with adhesive
bonding.  Joints in ultrasonic welding are
restricted in geometry, generally requiring a small,
triangular contact area to concentrate the
ultrasonic energy; a large variety of joint designs,
including those with irregular bond lines, is
possible with adhesive bonding.  Ultrasonic
welding requires expensive equipment and tooling,

Figure 15.18   Examples of equipment used in solvent and adhesive bonding.  a) a pneumatic applicator or gun  b) an automatic adhesive dispensing
system  c) a UV curing system for UV light-curing adhesives
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while only simple equipment is needed for
adhesive bonding.  [647]

Adhesive bonding has several advantages
over solvent bonding.  Solvent bonding cannot be
used to bond thermosets or materials such as metal
or glass.  Solvents cannot be used for parts with
large gaps, and they are more likely than adhesives
to cause stress cracking.  The time between solvent
application and joining is critical; weak joints
result if too much solvent is present or if too much
solvent has evaporated before joining.  [647]

Disadvantages include limited shelf lives and
working lives of some adhesives, rigorous surface
preparation, and lengthy cure times.  Adhesive
application can be messy, requiring extensive
cleanup, and hazardous vapors can be given off
during curing.  Sufficient bond area is necessary
for optimum strength, and bond integrity cannot be
inspected easily.  Stress cracking can occur from
reaction between the polymer and the adhesive.
Adhesives have a limited temperature range over
which they are useful; oxidative degradation can
occur at high temperatures, and some adhesives
become brittle at low temperatures.  Adhesives are
flammable, especially when uncured, due to the
presence of volatile, flammable solvents, and can
be attacked by chemicals.  Adhesives and
application tools can be expensive, and
disassembly is usually not possible without
destruction of the component parts.  Recycling is
possible with some methacrylate adhesives.  [643,
652, 644]

Advantages of solvents include good wetting
and penetration and easy application.  A wide
variety of solvents are available, and they can be
used on many thermoplastics.  They can be applied
to large areas, they require only low clamping
pressures and no special equipment, and have a
long storage life.  Disadvantages include strength
lower than that of the bulk polymer, shrinkage (up
to 70%), and long drying or evaporating times.
They must be applied to both parts and can attack
some plastic materials.  Many solvents are
flammable and/or toxic and must be stored and
handled carefully.  [621]

APPLICATIONS
Adhesive bonding can be used to join

different types of plastics, composites, and metals

to themselves and to other materials, such as
wood, fabric, film, or cardboard.  With a clean
substrate surface, most materials can be adhesively
bonded to a similar or dissimilar material; for
difficult materials, primers or special surface
preparation techniques can increase bondability.
The substrates can be in the form of blocks, films,
sheets, particles, sandwich structures, or
honeycomb cores.   [644]

Structural adhesives are used in the
aerospace, automotive, sport, and appliance
industries for joining structural components.
Adhesives are used in assembling medical
components, such as orthopedic braces, hearing
aids, transducers, infusion devices and pumps,
medical electronic equipment, and catheters.
Adhesive applications include threadlocking,
thread sealing, retaining, and gasketing.  [648,
625]

Automotive applications include a two-piece
thermoplastic bumper consisting of a box beam
and facia bonded using a thermoset adhesive.
Cold solvent cement is used to join ABS pipes on
site at a nuclear power station, producing leak-free
joints with a lifetime of 50 years.  Pipes are used
for transporting hypochlorite solution through
cooling water intake tunnels. [648, 651, 667]

A two-part methacrylate adhesive is used to
bond thermoformed plastic, metal, and wood parts
for electronic product housings.  Adhesive is
applied using pneumatic applicator guns, and parts
are clamped for the ten-minute cure.  Switching
from using three different adhesives to the
methacrylate adhesive cut assembly time by 15%
and produced a cost savings of $20,000 annually.
The pneumatic guns are ergonomically designed
and reduce wrist strain.  They also eliminate
mixing and reduce waste, because workers can
control the volume of adhesive applied.  [649]

A recreational vehicle manufacturer switched
from a solvent based adhesive to an
environmentally friendly, moisture curing, one-
part, 100% solids, urethane laminating adhesive to
use on laminated walls and ceiling panels.
Benefits included reduced emissions of volatile
organic compounds (VOCs), elimination of
delamination problems, an increase in the vehicle
life span, and an increase in sales.  [668]
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A methacrylate adhesive was used in exterior
sign fabrication on a university campus,  bonding
fiber reinforced plastic, fiberglass, and foam.  It
was flexible enough to accommodate expansion
and contraction resulting from temperature
fluctuations and was strong enough to resist wear
and potential vandalism. [649]

An ABS platform mobility aid (PMA),
consisting of seven injection-molded components,
is assembled using a polyurethane adhesive.  The
plastic PMA replaced a metal PMA with 113 parts.
The polyurethane adhesive best fit the adhesive
requirements, including a room temperature cure,
sag resistance, non-volatility, high flash point,
greater than six minute work life, greater than six
month shelf life, 15.79 MPa (2290 psi) lap shear
strength on etched aluminum, and minimal surface
preparation.  Surface preparation consists of a
solvent wipe; adhesive is then applied from dual-
barrel dispensing cartridges with a pneumatic gun
to the underbody and top half of the platform
housing. The cartridges contain premeasured
amounts of adhesive and hardener, and mixing
occurs in disposable mixing nozzles.  Small
protrusions molded into the parts help to achieve a
uniform bondline thickness.  Mounting brackets
are bonded in place, and the top and bottom
sections of the PMA are joined, spreading
adhesive across the part. The 15 minute work life
allows time to position housing halves together
and apply clamps before the adhesive begins to
cure.  The plastic PMA is 10% lighter and more
durable than the previous metal model. [645]

ADHESIVE BONDING TIPS
•  Using adhesives with mechanical fasteners aids

in assembling the adhesive joint and reduces
peel loads at the edges of lap joints, in addition
to providing extra strength.  [655]

•  Magnesium, aluminum, and steel have a
tendency to form a loose oxide coat on the
metal surface.  Careful surface preparation is
required to avoid this problem.  [655]

•  Acrylic adhesives that use either adsorbed
moisture on one adherend or catalyst
application to one adherend are generally not

suitable for joining poor-fitting surfaces.  These
adhesives will fill gaps reliably only up to 0.25
mm (0.010 in.).  Fluid adhesives may flow
excessively in joints with large gaps if surface
forces do not prevent runoff.  Thixotropic,
filled adhesives should be used instead.  [655]

•  The most common source of voids in heat-
cured adhesives is the evolution of gases from
volatile materials in the adhesive; water vapor
is the most common gas given off.  If adhesive
is cured above the boiling point of water,
moisture contamination of the adhesive should
be avoided, and the adhesive should not gel
below the boiling point of water under the
curing conditions.  Another source of voids is
air trapped during mixing of two-part adhesives
and during joint assembly.  If this air is not
expelled when the parts are clamped, or if the
adhesive is too fluid, it can become entrapped
in the adhesive in the bondline.  [655]

•  Small crevices or voids in a part can be filled
by inserting solvent or adhesive with a
hypodermic syringe before the adhesive or
solvent sets.  [622]

•  Thermal stresses may develop if dissimilar
adherends are bonded using heat-cured
adhesives, resulting in bond failure or part
distortion after cooling.  Thermal stresses can
be minimized by reducing the temperature at
which the adhesive gels; postcuring will be
required in order to increase the glass transition
temperature of the adhesive.  Careful joint
design can prevent the formation of thermal
stresses.   [655]

•  Any adhesive or solvent that adheres well to
the surface should produce an impervious, air-
and water-tight seal with careful joint design
and application of bonding agent.  Urethanes or
very viscous, ductile acrylics seal imperfect
joints well without being too difficult to apply.
[643]

•  Solvents can be used to bond dissimilar
thermoplastics if the two materials have similar
polarities (matching solubility parameters) and
the solvent will dissolve both materials.  An
epoxy or acrylic can be used if these conditions
are not met.  [643]
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•  For a very small joint area that must carry a
high load, along with virtually no allowance for
cure time in the production cycle, mechanical
fasteners, such as screws or inserts, would work
better than adhesives or solvents.  A
cyanoacrylate may be suitable if it does not
embrittle the plastic or result in stress cracking.
[643]

•  Solvent bonding is suitable for bonding two
parts composed of similar materials, when cure
time is restricted by production.  Solvents
provide high strength bonds quickly due to
rapid evaporation rates.  [643]

•  Adhesives used for bonding metal to a
thermoplastic depend on the application
requirements.  A flexible adhesive should be
used if the assembled part will be exposed to
large temperature changes, to accommodate the
significant differences in the coefficients of
thermal expansion between the metal and the
thermoplastic.  Urethane adhesives are ductile
and bond well to metals and thermoplastics.
Acrylics can also be used if the environmental
temperature variation of the part is
insignificant.  [643]

•  When received, adhesives should be tested for
compliance with specifications.  Physical and
chemical tests for moisture content, resin
content, base resin, secondary resins, curing
agent, and accelerator should be performed.
[655]

•  Selection of a structural adhesive should
include durability tests for the combined effects
of heat, humidity and/or fluids, and stress.
[655]

•  Adhesives should be stored at the lowest
available, recommended temperature.  [655]

•  Cold adhesive should be warmed to room
temperature in a sealed container.  If possible,
paste mixes should be degassed.  [655]

•  Adhesives that produce volatile gases during
curing should be avoided.  [655]

•  Humidity in the lay-up area should be below
40% relative humidity.  Humidity is absorbed
by the adhesive and released during heat curing
as steam, interfering with the chemical
reactions and producing porous bondlines.
[655]

•  Heat curing is usually preferred for composite
materials; bonds have higher strength and heat
and humidity resistance.  [655]

•  The temperature of a second cure (such as for
repairs) should be at least 28oC lower than the
first cure temperature.  If this is not possible,
the part must be maintained in proper
alignment during the cure cycle using a bond
form.  [655]

•  Exposed composite joint edges should be
protected with an elastomeric sealant or paint.
Honeycomb assemblies should be hermetically
sealed.  [655]

•  Traveler coupons, composed of the same
material and having the same joint design as the
adherends, should be made for testing.  They
should be cut from the same basic part as the
adherends.  Coupon surfaces should be
prepared identically to the adherends, and
surface preparation and bonding of both
coupons and adherends should be performed
together with the same adhesive.  [655]

•  Adhesives used in sandwich structures must
bond an open cellular honeycomb core to a
stiff, continuous facing.  Flow of adhesive must
be carefully controlled to prevent it from
flowing down the cell wall, producing a low-
strength top-skin bond and an overweight,
bottom-skin attachment. If the two surfaces to
be bonded do not fit precisely, adhesive can be
squeezed out when pressure is applied during
curing to a local area of the part, resulting in a
region of low bond strength.  Squeeze-out of all
the adhesive can be prevented by casting a
scrim cloth, an open-weave cloth or fibrous
web, within a thicker adhesive film.   [666]


