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Chapter

An Introduction to
Adhesive and Sealants

1.1 Introduction

This chapter provides an understanding of adhesives and sealants as
a means for assembling and adding value to finished products. The
importance and prominence that adhesives and sealants have as com-
mercial products are highlighted. The multiple functions played by
adhesives and sealants are identified as are the critical procedures
required to achieve successful results. The advantages and disadvan-
tages of using these materials are explained and compared to other
methods of joining.

Basic definitions of common terms used in the adhesive and sealant
industries are provided in this chapter, and a glossary of terms ap-
pears in Appendix A. The processes employed by the manufacturers
of adhesives and sealants and by their end-users are described.
Sources of information for further understanding and study are of-
fered at the conclusion of this chapter and in Appendix B.

Through this chapter, the reader will gain an appreciation of the
complex processes related to adhesives and sealants and the multiple
sciences that form their foundation. This chapter reveals why a multi-
disciplined approach is necessary for the successful application of ad-
hesives and sealants. Most of the topics presented are again visited
in detail in later chapters.
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1.2 Fundamentals of Adhesives and
Sealants

1.2.1 Importance of adhesives and
sealants

Adhesives and sealants surround us in nature and in our daily lives.
Substantial businesses exist to develop, manufacture, and market
these materials, and they are used within virtually every business and
industry. Applications abound from office “post-it notes®” to automo-
tive safety glass to footwear to aerospace structures to “no-lick” post-
age stamps. Many products that we take for granted could never exist
if it were not for adhesive bonding or sealing.

If someone could determine the total value added to our economy
by the relatively small amount of adhesives and sealants that are
used, the result would be staggering. Yet, with adhesives and sealants
all around us, with applications extending back to at least biblical
times, and with many examples of outstanding adhesion in nature
(e.g., barnacles and ice on roads), why are there so many failures when
we try to “engineer” the use of adhesives or sealants in practice? Why
does it seem as if we must resort to trial and error, if not a bit of luck
or magic? Examples of catastrophic disasters such as the 1986 Chal-
lenger space shuttle sealant problem and the 1988 Aloha Airlines 737
fuselage peeling apart in flight unfortunately also invade the history
of adhesives and sealants. Perhaps no other class of materials or tech-
nology is so essential yet so ripe for potential misadventure.

The adhesives and sealants industry is bolstered by thousands of
years of trial and error. This long history can be coupled with signif-
icant additions to the fundamental supporting sciences and with the
development of advanced materials and processes. Consequently, so-
ciety has generally progressed to a point where we actually trust not
only our fortunes but also our lives to these materials. The study of
adhesives and sealants and the sciences surrounding their application
has never been more important.

1.2.2 Definitions

As any science that has progressed over the centuries, the science that
supports adhesives and sealants has developed a jargon and language
of its own. Appendix A defines terms that are commonly used in these
industries. Important, basic terms necessary to develop a fundamental
understanding of how and why adhesives and sealants provide value
are given in this section.

Adhesives and sealants are often made of similar materials, and
they are sometimes used in similar applications. These materials have
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comparable processing requirements and failure mechanisms, and the
fundamentals of how they work are similar. Therefore, adhesives and
sealants are often considered together, as they are in this Handbook.
However, different specifications and test methods apply to adhesives
and sealants, and most often they are designed to perform different
functions. Their definitions hint at these differing functions.

Adhesive—a substance capable of holding at least two surfaces to-
gether in a strong and permanent manner.

Sealant—a substance capable of attaching to at least two surfaces,
thereby, filling the space between them to provide a barrier or pro-
tective coating.

Adhesives and sealants are often considered together because they
both adhere and seal; both must be resistant to their operating envi-
ronments; and their properties are highly dependent on how they are
applied and processed. Adhesives and sealants also share several com-
mon characteristics.

®m They must behave as a liquid, at some time in the course of bond
formation, in order to flow over and wet (make intimate contact
with) the adherends.

®m They form surface attachment through adhesion (the development
of intermolecular forces).

® They must harden to carry sometimes continuous, sometimes vari-
able load throughout their lives.

m They transfer and distribute load among the components in an as-
sembly.

®m They must fill gaps, cavities, and spaces.

® They must work with other components of the assembly to provide
a durable product.

Adhesives are chosen for their holding and bonding power. They are
generally materials having high shear and tensile strength. Structural
adhesive is a term generally used to define an adhesive whose strength
is critical to the success of the assembly. This term is usually reserved
to describe adhesives with high shear strength (in excess of 1,000
pounds per square inch or psi) and good environmental resistance.
Examples of structural adhesives are epoxy, thermosetting acrylic, and
urethane systems. Structural adhesives are usually expected to last
the life of the product to which they are applied.

Non-structural adhesives are adhesives with much lower strength
and permanence. They are generally used for temporary fastening or



4 Chapter One

to bond weak substrates. Examples of non-structural adhesives are
pressure sensitive films, wood glue, elastomers, and sealants.

Sealants are generally chosen for their ability to fill gaps, resist
relative movement of the substrates, and exclude or contain another
material. They are generally lower in strength than adhesives, but
have better flexibility. Common sealants include urethanes, silicones,
and acrylic systems.

Both adhesives and sealants function primarily by the property of
adhesion. Adhesion is the attraction of two different substances re-
sulting from intermolecular forces between the substances. This is dis-
tinctly different from cohesion, which involves only the intermolecular
attractive forces within a single substance. The intermolecular forces
acting in both adhesion and cohesion are primarily van der Waals
forces which will be explained in the next chapter. To better under-
stand the difference between adhesion and cohesion, consider the
failed joints illustrated in Fig. 1.1. Joints fail either adhesively or co-
hesively or by some combination of the two.

Adhesive failure is an interfacial bond failure between the adhesive
and the adherend. Cohesive failure could exist within either the ad-
hesive material or the adherend. Cohesive failure of the adhesive oc-
curs when stress fracture within the adhesive material allows a layer
of adhesive to remain on both substrates (i.e., the attachment of the
adhesive to the substrate is stronger than the internal strength of the
adhesive itself, and the adhesive fails within its bulk). When the ad-
herend fails before the adhesive and the joint area remains intact, it
is known as a cohesive failure of the adherend.

Adherend

77277777 s 7000
I

Cohesive failure Adhesive failure

v,

50% cohesive failure

Adhesive<

Figure 1.1 Examples of cohesive and adhesive failure.
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Other important definitions may be illustrated by considering the
schematic of the joint in Fig. 1.2 where two substrates are bonded
together with an adhesive or sealant. The substrate is the material to
be bonded. After bonding, the substrate is often referred to as an ad-
herend (although sometimes these two terms are used synonymously).

The area between the adhesive and adherend is referred to as the
interphase region. This interphase region is a thin region near the
point of adhesive—adherend contact. The interphase region has dif-
ferent chemical and physical characteristics than either the bulk ad-
hesive or the adherend. The nature of the interphase region is a crit-
ical factor in determining the properties and quality of an adhesive
bond.

Different from the interphase is the interface, which is contained
within the interphase. The interface is the plane of contact between
the surface of one material and the surface of the other. The interface
is often useful in describing surface energetics. The interface is also
at times referred to as a boundary layer. Between the adhesive and
adherend there can be several interfaces composed of layers of differ-
ent materials. The boundary layers will be discussed in detail in the
following chapters.

Sometimes a primer is used with adhesives or sealants. A primer is
applied to a surface prior to the application of an adhesive or sealant,
usually for improving the performance of the bond or protecting the
surface until the adhesive or sealant can be applied. The joint is the

Interphase Regions

/\

Adherends Adhesive or Sea Primer

Figure 1.2 Components of a typical adhesive or sealant joint.
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part of the assembly made up of adherends; adhesive or sealant; prim-
ers, if present; and all associated interphase regions as shown in Fig.
1.2.

1.2.3 Important factors for successfully
using adhesives and sealants

From the complexity of the joint as described above, it should be evi-
dent that what is necessary to successfully understand and use ad-
hesives or sealants is far broader than simply a knowledge of certain
materials. The quality of the resulting application will depend on
many factors, some of which are very entangled and complicated.

One of the principal factors in the success of either an adhesive or
sealant is adhesion. Table 1.1 lists some of the external and internal
factors that influence adhesion. An understanding of how these factors
affect adhesion will determine the success of the bonding or sealing
operation. Knowledge of production processes, economics, and envi-
ronment and safety factors is also important.

Anyone intending to use adhesives or sealants faces the formidable
tasks of selecting the correct materials and determining proper pro-
cesses. The adhesive or sealant must flow onto the substrate surface
and then change from a flowable liquid to a structural solid without
creating harmful internal stresses in the joint. The substrate surface
must have previously been cleaned and, possibly, prepared specially
for maximum adhesion. The joint geometry must be correctly designed
with regard to the materials selected and to the expected loads to
avoid undesirable local stresses that could lead to early and premature
failure. Also, the physical and chemical characteristics of the joint
(adhesive/sealant, adherends, and interphase regions) must be un-
derstood and forecast in relation to the expected operating environ-
ment.

The end-user should not only be concerned with the performance of
the joint immediately after bonding or sealing. The performance of the
joint must also be considered throughout its practical service life. Al-
most all adhesive or sealant systems will undergo some change during
their life. These changes could have a profound effect on the strength
and permanence of the joint.

Unfortunately, substrates and adhesive/sealant materials tend to
change due to external influences from the environment. These
changes could occur: (a) during formation of the joint; and (b) during
aging in service. Not only is the adhesive and adherend subject to
change, but the interphase region could be subject to transformation
as well. These simultaneously occurring, dynamic processes are one
reason why it is so difficult to predict the life of a bonded joint. It may
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TABLE 1.1 Factors Influencing Selection of an Adhesive or Sealant’

Stress

Tension.............

Cleavage............

Fatigue.............

Chemical Factors

External............

Internal ............

Exposure

Weathering . ........

Salt spray ..........

Temperature

High ...............

Forces acting perpendicular to the plane of the adhesive.
Not commonly encountered in bonding thin plastic or metal
sheets, leather, cork compositions, etc.

Forces acting in the plane of the adhesive. Pure shear is
seldom encountered in adhesive assemblies; substantial
tension components are usually found

Minimum force required to cause the adhesive to fail in a
single blow. May be determined in tension or shear.
Measures brittleness

Stripping of a flexible member fastened with adhesive to
another flexible or rigid member. Stress is applied at a line;
test loads are expressed in pounds per inch width.
Commonly used angles of peel in tests are 90° for relatively
stiff and 180° for flexible members

Forces applied at one end of a rigid bonded assembly which
tend to split the bonded members apart. Can be considered
as “peel” of two rigid members

Dynamic—alternate loading in shear or tension-
compression. Static—maximum load sustained for long
periods of time in tension or shear; tests are also used to
determine creep

Effect of chemical agents such as water, salt water,
gasoline, by hydraulic fluid, acids, alkalies, etc.

Effect of adherend on adhesive (i.e., exuded plasticizers in
certain plastics and rubber); effect of adhesive on the
adherend (crazing, staining, etc.)

Combined effect of rainfall, sunlight, temperature changes,
type of atmosphere

Important only with translucent adherends. Effect of
artificial or natural light, or ultraviolet

Usually tested by exposure to ozone with the joint either
unstressed or stressed, in which case deterioration is faster

Either adhesive or adherend may be affected by high
humidity or wet conditions. Cyclic testing with alternate
moist and dry conditions can be valuable. May cause
dimensional changes

Important only in coastal or marine atmospheres. Possible
corrosion of adherend should also be considered

Normal atmospheric variations may be encountered, or
exceptional conditions. Bond strength may be affected by
reactions in adhesive or adherend; decomposition or
changes in physical properties of adhesive are important
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TABLE 1.1 Factors Influencing Selection of an Adhesive or Sealant (Continued)

Low................. May cause crystallization or embrittlement, detected by
strength test. Cyclic testing with low or high temperatures
may detect lack of durability

Biological Factors
Bacteria or mold ..... Usually warm, humid tropical conditions. Can affect bond
strength, and cause emission of odor or discoloration

Rodents or vermin. ... Adhesives of animal or vegetable origin may be attacked by
rats, cockroaches, etc.

Working Properties

Application .......... Brushing, spray, trowel, or knife-spreader application
characteristics are usually determined by trial and error.
Consistency or viscosity may be adequate indications.
Mechanical stability of emulsions and dispersions, and
foaming tendency, can be important for machine
application

Bonding range ....... Minimum drying or solvent-reactivation time before
suitable bond can be obtained. Maximum allowable time
before assembly. Permissible temperature range with heat-
activated adhesives

Blocking............. Tendency of surfaces coated for storage before assembly to
adhere under slight pressure, or changes in humidity or
temperatures

Curing rate.......... Minimum curing time, and effect of overcuring. May be
determined as a shear or tensile-strength vs. curing-time
curve at a specific curing temperature

Storage stability. .. ... Physical and chemical changes in original unapplied state
as a result of storage for extended time periods at
representative storage temperatures

Coverage ............ Area of bond that can be formed with unit weight or
volume of adhesive; expressed as pounds per 1,000 ft of
bond line, or square feet per gallon. Depends on method of
application; dimensions of work or of adhesive-coated area
in relation to part size may affect coverage

be very difficult to know exactly the composition of the joint at any
point in time. The possibility of these transformations resulting in an
unacceptable material within the joint or in altering the mode of fail-
ure is great. In some applications, they could result in a catastrophic,
premature joint failure.

1.2.4 Nature of the technologies related to
adhesives and sealants

A multi-disciplined set of rules and a field-tested methodology are nec-
essary to successfully negotiate the minefield of obstacles listed above.
This requires consideration of fundamental concepts from a number
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of scientific disciplines. Figure 1.3 illustrates the various academic dis-
ciplines that are relevant. The primary sciences of physics, mechanics,
and chemistry will overlap in certain areas to form the disciplines of
surface science, polymeric materials, and joint design that are impor-
tant to the science of adhesion. There are then further segments of
these sciences such as polymer rheology and fracture mechanics,
which are also highly relevant. Each of these specialized disciplines
has contributed significantly to the science of adhesion and to its re-
sulting stature in industrial products. The resulting overlap of all of
these disciplines could be referred to as the “science” needed to suc-
cessfully apply adhesives and sealants.

It is these various disciplines, and especially the areas where they
overlap, that provide the primary subject matter of this Handbook. In
today’s industrial environment, usually the person responsible for in-
tegration of adhesives or sealants into an assembled product must be
conversant with all of the relevant technologies. These are represented
by Fig. 1.3 and by the equally important areas of product design, man-
ufacturing, and economics. It is to this often over-burdened individual
that this Handbook is focused.

Surface
Science

Joint Design

Science
of
Adhesion

Polymeric
Materials

Figure 1.3 The science of adhesion requires the adaptation of multiple dis-
ciplines.
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The steps necessary to achieve a practical and economic bond or seal
will be developed through insight into the fundamentals of these sci-
ences. The Handbook will attempt to identify solutions to satisfy most
applications or, at least, illuminate the correct path for the end-user.

1.3 Markets and Applications
1.3.1 History

Adhesives and sealants were first used many thousands of years ago.
Early hunters may have seen improvement in their aim by bonding
feathers to arrows with beeswax, a primitive form of adhesive. The
Tower of Babel was probably built with the aid of mortar and tar or
pitch as a sealant. Carvings in Thebes (circa 1300 BC) show a glue
pot and brush to bond veneer to a plank of sycamore. Until relatively
recently, most adhesives and sealants evolved from vegetable, animal,
or mineral substances.

In the early 1900s, synthetic polymeric adhesives began displacing
many of these naturally occurring products owing to their stronger
adhesion, greater formulation possibilities, and superior resistance to
operating environments. However, non-polymeric materials are still
widely used and represent the bulk of the total volume of adhesives
and sealants employed today. Common applications for these non-
polymeric materials include bonding porous substrates such as wood
or paper. Casein adhesive (a dairy by-product) and soluble sodium sil-
icate adhesives (an inorganic, ceramic material) are commonly used
in the cardboard packaging industries. Naturally occurring, bitumen
or asphalt materials have been accepted as sealants for many centu-
ries.

The development of modern polymeric adhesives and sealants began
about the same time as the polymer industry itself, early in the 1900s.
In fact, the polymeric and elastomeric resins industry is bound very
closely to the adhesive and sealant industries. Table 1.2 summarizes
highlights of the historical development of adhesive and sealant prod-
ucts. The modern adhesives age began about 1910 with the develop-
ment of phenol formaldehyde adhesives for the plywood industry. Ad-
hesives and sealants found important markets in the construction
industry, which was providing much of the growing infrastructure in
the U.S. at the time.

Significant growth then again occurred in the 1940s and 1950s with
the development of structural adhesives and sealants for the military
aircraft industry. Because of their exceptional strength-to-weight ra-
tio, the development of modern adhesives and sealants is closely re-
lated to the history of the aircraft and aerospace industries. Durability
of adhesive joints was a problem in aircraft service until advanced
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TABLE 1.2 Historical Development of Adhesives and

Sealants

Approximate decade of
commercial
availability

Adhesive or sealant

Pre 1910

1910

1920

1930

1940

1950

1960

1970

1980

1990

Glue from animal bones
Fish glue
Vegetable adhesives

Phenol-formaldehyde
Casein glues

Cellulose ester

Alkyd resin

Cyclized rubber in adhesives
Polychloroprene (Neoprene)
Soybean adhesives

Urea-formaldehyde

Pressure sensitive tapes
Phenolic resin adhesive films
Polyvinyl acetate wood glues

Nitrile-phenolic
Chlorinated rubber
Melamine formaldehyde
Vinyl-phenolic

Acrylic

Polyurethanes

Epoxies
Cyanoacrylates
Anaerobics
Epoxy alloys

Polyimide
Polybenzimidazole
Polyquinoxaline

Second-generation acrylic
Acrylic pressure sensitive
Structural polyurethanes

Tougheners for thermoset resins
Waterborne epoxies

Waterborne contact adhesives
Formable and foamed hot melts

Polyurethane modified epoxy
Curable hot melts
UV and light cure systems

adhesive systems were defined, introduced, and verified in the late

1970’s.

With successful experiences in these industries, it was soon realized
that adhesives could be used to economically replace mechanical fas-
tening methods such as welding, brazing, or riveting. It was also re-
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alized that sealants could be used to provide additional function and
value to products in industries ranging from transportation to con-
struction.

Even the medical profession has come to use adhesives and sealants
in everyday processes. A cyanoacrylate adhesive is used for closing
wounds and lacerations while increasing patient comfort and reducing
scarring. Light or UV cured adhesives and sealants are commonly
used in dental restoration.

The science of adhesion is now well accepted, and the basic rules
and methods for achieving high performance joints have been well
established. The industry has a strong foundation of formulations and
processes. Today, many of the new adhesive and sealant developments
are focusing on production cycle time and cost; environmental en-
hancement; or application to new substrates, such as engineering plas-
tics, advanced composites, and ceramics that are rapidly gaining ac-
ceptance.

Development efforts supporting adhesives and sealants are directed
to optimizing the manufacturing and assembly processes. For exam-
ple, automated meter, mixing, and dispensing equipment and weld-
bonding adhesives have been perfected to reduce production time in
high-volume manufacturing operations. New adhesives and sealants
are often applied with robotic equipment to further enhance produc-
tivity. UV curable adhesives have been developed to take advantage
of their ease of application, elimination of mixing and heat curing, and
elimination of liquid solvent. Ultrasonic and other fast thermal weld-
ing techniques have found a receptive home in the high-volume trans-
portation and consumer product industries. Microwave assisted drying
of water-based adhesives and new hot melt systems have also been
developed to make bonding more agreeable to the fast-paced manu-
facturing world.

1.3.2 Current markets

Adhesives and sealants are used in a variety of industries: construc-
tion, packaging, furniture, automotive, appliance, textile, aircraft, and
many others. A large number of manufacturers supply many different
products to numerous end-users for a multitude of applications. Even
though the number of adhesive and sealant companies dwindle due to
industry-wide consolidation, there are over 1,500 companies in the
U.S. alone manufacturing various types of adhesive products. Many of
these companies are producing products for their own internal use.
One study defines seven major market areas and 59 major market
segments (Table 1.3). However, there are many additional markets
and niche applications where adhesives surpass other methods of join-
ing.
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TABLE 1.3 Classification of Adhesive Markets?

Packaging
Corrugated board
manufacture

Carton side-seam and
closures (including glue
lap and case sealing)
Composite bonding of
disposable products
(towel and tissue
laminating, pick up and
tail-tie diapers, sanitary
napkins, hospital
supplies)

Bags

Labels

Cups

Cigarette and filter
manufacture

Envelope manufacture
(excluding remoistenable
gums)

Remoistenable products
(stamps, envelopes,
tapes, labels)

Flexible food laminates

Other flexible laminates
(including labels on
display cartons and other
packaging lamination)

Point of sale labels

Speciality packages
(cosmetics, toiletries)

Composite containers
and tubes

Tapes
Packaging tapes

Industrial tapes
Surgical tapes
Masking tapes

Consumer tapes

Construction

Acoustic ceiling panels,
floor tile and continuous
flooring installation

Ceramic tile installation
Counter top lamination

Manufacture of
prefabricated beams and
trusses

Carpet layment
adhesives

Flooring underlayment
adhesives

Installation of
prefinished panels

Joint cements (gutters,
plastic pipe)

Curtain wall
manufacture

Wall covering installation

Dry wall lamination
adhesives

Other nonrigid bonding
Fabric combining
(including stitchless
sewing)

Apparel laminates

Shoe assembly—sole
attachment

Other shoe
manufacturing adhesives

Sports equipment
Book binding
Rug backing
Flock cements

Air and liquid filter
manufacture

Consumer adhesives
Do-it-yourself products

Model and hobby
supplies

School and stationery
products

Decorative films

Transportation
Auto, truck, and bus
interior trim attachment

Auto, truck, and bus
exterior trim attachment

Vinyl roof bonding

Auto, truck, and bus
assemblies (including
side panels, doors, hoods,
and trunk lids)

Weatherstrip and gasket
bonding

Aircraft and aerospace
structural assemblies

LNG tank assembly

Other rigid bonding
Shake proof fastening

Furniture manufacture

Manufacture of millwork,
doors, kitchen cabinets,
vanitories (excluding
counter top lamination)

Appliance assembly and
trim attachment

Houseware assembly and
trim attachment

TV, radio, and electronics
assembly

Machinery manufacture
and assembly

Supported and
unsupported film
lamination

Manufacture of sandwich
panels (road signs, etc.)




14 Chapter One

The total U.S. market for adhesive and sealant products is estimated
to be near $10 billion dollars. Figure 1.4a shows the leading adhesives
and sealants products in 1995. Most of the use is in relatively non-
exotic areas such as general-purpose industrial assembly, hot melts,
and binders. The more specialized products account for a relatively
small portion of the overall market. Figure 1.4b shows the leading
adhesives and sealants end-use markets. The largest markets are in-
dustrial assembly, packaging, and wood related products. The U.S. ad-
hesive industry is difficult to define quantitatively because of its
breadth and degree of fragmentation. North America dominates the
world’s adhesive markets with an estimated 38% share of global rev-
enues.

The packaging and construction industries together account for 80%
of adhesives demand. Construction markets are dominated by the use
of phenolic and amino adhesives as binders in wood panels. Non-
structural adhesives account for the largest volume in these markets.
Corrugated boxes are the single largest product for adhesives within
the packaging sectors. Pressure sensitive tapes and labels are also
important products within this segment. The main markets for struc-
tural adhesives are transportation, industrial assembly, and construc-
tion. However, structural adhesives occupy a relatively small segment
of the total adhesives market. The household market is also sizable,
particularly for polyvinyl acetate (wood glue), cyanoacrylates (“super
glue”), two-part epoxies, and modified acrylic adhesives.

The main sealant market segments are the construction, consumer
products, transportation, industrial, aerospace, appliance, and elec-
tronics segments. The leading market is construction, followed by
transportation and industrial. The types of sealant used in each of
these markets are identified in Table 1.4 and described in later chap-
ters. Synthetic sealants account for nearly 70% of the total sealant
market. Synthetic sealants are dominated by polyurethanes and sili-
cones and benefit from a strong construction industry.

1.3.3 Market trends and drivers

The compounded annual growth rate (CAGR) of adhesives from 1996
to 2003 is expected to be 5.3%, and sealants will have an estimated
CAGR of 4.5%. However, certain products will see growth at several
times that average. The markets for high quality adhesives and seal-
ants, such as epoxies, silicones, and polyurethanes, have grown faster
than the markets for larger volume commodity type products. The rea-
sons for this faster growth rate are:

m Lower level of pollutants (especially driving the growth of water
borne and hot melt pressure sensitive materials)
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Leading Adhesives and Sealants Products 1995
Basis: $9.2 Billion
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Leading Adhesives and Sealants End-Use Markets 1995
Basis: $9.2 Billion
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Figure 1.4 Leading adhesive and sealant (a) products and (b) end-use markets in 1995.3
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TABLE 1.4 Sealant Usage by Generic Sealant Type*

Generic type Construction Industrial Transportation Appliances Aerospace

Asphalt, bitumen
Oleoresinous
Butyl

Hypalon

EPDM

Neoprene
Styrene-butadiene
Polyvinyl chloride
Acrylic solution
Acrylic emulsion
Polyvinyl acetate
Polysulfide
Polyurethane
Silicone
Fluoropolymers
Epoxies
Intumescents X

L I T ]
MoM M
o]

MoM O MM

MoK M M K M M M M M MM
MoM M M
MoK XM

LI I ]

M

m New users (e.g., consumer electronics, sporting goods)
m Higher standards of performance

m Newer materials (e.g., the use of nonferrous parts such as alumi-
num, composites, and engineering plastics on car bodies)

The demand for adhesives in the U.S. is forecast to rise to 14 billion
pounds in the year 2001, with market value reaching $9 billion. There
will be continuing shifts from lower cost natural products toward
highly formulated synthetic adhesives. The general focus of adhesive
product development will be on lowering solvent content and volatile
organic compound emissions. These trends will result in many new
environmentally compatible adhesive systems with higher solids con-
tents, such as water based or hot melt products. Natural adhesives
will lag total aggregated demand with almost all growth in this sector
arising in starch and dextrin adhesives used in paperboard packaging.

The U.S. demand for sealants was about 2.1 billion pounds and $2.4
billion market value in 1998. Synthetic sealants dominate and will
expand their share of the sealant market due to superior performance
characteristics over natural sealants. Polyurethanes, silicones, and
acrylics command the synthetic market, taking share from butyl
rubber and polysulfide types. These products are experiencing above
average growth. The overall sealant growth rate will be dictated by
global economies especially in construction and transportation. The
construction market increases will depend on improved non-
residential construction spending, sustained economic growth, and an
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aging infrastructure. The transportation equipment market has grown
due to the increased production of more fuel efficient, quieter riding
cars. Like the adhesives market, the industrial sealants market is
fragmented among a multitude of applications and industries.

1.3.4 Adhesive and sealant industries

The industries that are most influenced by adhesives and sealants
consist of four main categories:

1. Base material producers including resins, mineral fillers, extend-
ers, etc.

2. Formulators who take the base materials and combine, process,
and package them into adhesive and sealant systems that provide
various levels of performance

3. End-users who take the packaged adhesives and sealants and pro-
duce assembled products

4. Associated industries such as equipment manufacturers, testing
laboratories, consultants, etc.

The base material producers are usually large chemical or material
companies that manufacture materials for broader markets such as
petrochemicals or plastics. When demand warrants, they will produce
materials specifically for the adhesive and sealant formulators.

The formulators can range from very small business with several
employees, addressing small niche markets, to large international
companies with several hundred products. Both small and large for-
mulators are generally willing to modify a formulation if they believe
that it will improve performance, production efficiency, or add some
other value. However, a minimum volume is usually necessary before
formulators will make modifications to a standard formulation or de-
velop a new product for a specific application. Formulators have a sig-
nificant knowledge base regarding adhesive or sealant systems and
how they are to be applied in practice.

The end-user usually purchases its adhesive from a formulator,
rather than produce it internally. It is increasingly difficult for an end-
user to keep up with the continuing technological changes. Therefore,
it is often best left to the specialized formulator. The end-user, how-
ever, must select the proper adhesive or sealant, substrate, joint de-
sign, and processing conditions for specific applications. Once these
are selected and verified as to performance and cost, the end-user
must be vigilant that none of the processes, materials, or other rele-
vant factors change.
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Several other industries are also greatly affected by adhesives and
sealants. For example, equipment suppliers specialize in producing
machinery for application, assembly, curing, surface preparation, etc.
Equipment suppliers also specialize in developing and manufacturing
the testing apparatus that can be used to measure joint strength and
processing parameters. Then, there are testing laboratories and con-
sultants who provide assistance and services to the end-user on a con-
tractual basis.

1.4 Advantages and Disadvantages of
Adhesive Bonding

This section addresses the process of choosing a method of joining.
Each joining application should be considered with regard to its spe-
cific requirements. There are times when adhesives are the worst pos-
sible option for joining two substrates, and there are times when ad-
hesives may be the best or only alternative.

Often, one must consider the time, trouble, and expense that may
be necessary to use an adhesive. For example, certain plastics may
require expensive surface preparation processes so that the adhesive
can wet their surface. Applications requiring high temperature service
conditions may call for an adhesive that requires an elevated temper-
ature cure over a prolonged period.

On the other hand, certain applications could not exist without ad-
hesive bonding. Examples of these are joining of ceramic or elasto-
meric materials, the joining of very thin substrates, the joining of sur-
face skin to honeycomb, and numerous other applications. There are
also certain applications where adhesives are chosen because of their
low cost and easy, fast joining ability (e.g., packaging, consumer prod-
ucts, large area joints).

Sometimes conventional welding or a mechanical joining process is
just not possible. Substrate materials may be incompatible for met-
allurgical welding due to their thermal expansion coefficients, chem-
istry, or heat resistance. The end product may not be able to accept
the bulk or shape required by mechanical fasteners.

Usually, the choice of joining process is not all black or white. Cer-
tain processes will have distinct advantages and disadvantages in spe-
cific applications. The choice may involve trade-offs in performance,
production capability, cost, and reliability. This section will provide
sufficient information to make such an analysis.

1.41 Competitive methods

A variety of joining methods can be used to provide the assembly func-
tion. Alternative joining methods include adhesive bonding, welding,
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brazing, soldering, and mechanical fastening. All fastening and joining
systems, including adhesives, fall into one of three general categories
illustrated in Fig. 1.5.

m Periodic—the attachment of two members by occasionally placing
through hole fasteners or other individual mechanisms. (This is the
most widely used joining technique for structures requiring high
mechanical strength and a minimum of sealing or other non-
strength functions.)

®m Linear—a continuous or occasional edge bead attachment, such as
welding.

® Area—an attachment achieved by full-face contact and union be-
tween the two mating surfaces. (Soldering, brazing, and adhesives
are examples of area attachment.)

Although adhesive bonding can be successfully employed in periodic
or linear attachment applications, the main benefits and advantages
are realized when adhesives are used in the “area” attachment de-
signs.

In evaluating the appropriate joining method for a particular appli-
cation, a number of factors must be considered, such as those sug-
gested in Table 1.5. There generally is no single method of fastening
that is obviously the best choice. Some fastening methods can quickly
be eliminated from consideration, such as the welding of ceramic sub-
strates or the use of an organic adhesive in an application that will
see extremely high service temperatures. Adhesives are usually the
proper choice when the substrates are physically dissimilar or met-

Periodic Linear Area
Rivets Welding Soldering
Screws Brazing
Spot Welding Bonding

Figure 1.5 Periodic, linear, and area attachment systems.®
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allurgically incompatible materials, thermoset plastics, ceramics, elas-
tomers, thin materials, or very small parts. Adhesive bonding is also
generally appropriate when there are large areas to join, or when ad-
hesives can be chosen to provide improvement in manufacturing pro-
ductivity.

Usually the decision of which fastening method to use involves sev-
eral trade-offs. A trade-off analysis, as shown in Table 1.6, can be
useful in identifying potential fastening methods. When this is per-
formed, the possibility of using adhesives over other methods becomes
apparent.

The science of adhesive bonding has advanced to a degree where
adhesives must be considered an attractive and practical alternative
to mechanical fastening for many applications. Adhesive bonding pres-
ents several distinct advantages over conventional mechanical meth-
ods of fastening. There are also some disadvantages which may make
adhesive bonding impractical. These pros and cons are summarized in
Table 1.7.

The design engineer must consider and weigh these factors before
deciding on a method of fastening. However, in some applications ad-

TABLE 1.6 How Joining Methods Compare®

Adhesive
Riveting Welding Brazing bonding

Preliminary machining P E P E
With thin metals P P F E
Limits on metal F P P E
combinations

Surface preparation E G F P
Tooling E F F F
Need for access to joint P P E E
Heat requirements E P P F-G
Stress distribution P F-G E E
Sealing function P F E G
Rate of strength development E E E P
Distortion of assembly F P F E
Final machining G-E F E E
Final heat treatment E F F E
Solvent resistance E E E F
Effect of temperature E E E P
Ease of repair G P P F
Level of skill required E G E E

NotEs: E—Excellent, G—Good, F—Fair, P—Poor.
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TABLE 1.7 Advantages and Disadvantages of Adhesive Bonding

Advantages Disadvantages
1. Provides large stress-bearing area. 1. Surfaces must be carefully cleaned.
2. Provides excellent fatigue strength. 2. Long cure times may be needed.
3. Damps vibration and absorbs shock. 3. Limitation on upper continuous
4. Minimizes or prevents galvanic gggl;%f;mg temperature (generally
corrosion between dissimilar metals. :
5. Joins all shapes and thicknesses. 4. Heat and pressure may be required.
6. Provides smooth contours. 5. Jigs and fixtures may be needed.
7. Seals joints. 6. Rigid process control usually
necessary.
8. Joins any combination of similar or

s . 7. Inspection of finished joint difficult.
dissimilar materials.

9. Often less expensive and faster than 8. Useful life depends on environment.

mechanical fastening. 9. Environmental, health, and safety

10. Heat, if required, is too low to affect considerations are necessary.

metal parts. 10. Special training sometimes required.

11. Provides attractive strength-to-
weight ratio.

hesive bonding is the only logical choice. In the aircraft industry, for
example, adhesives make the use of thin metal and honeycomb struc-
tures feasible because stresses are transmitted more effectively by ad-
hesives than by rivets or welds. Plastics, elastomers, and certain met-
als (e.g., aluminum and titanium) can often be more reliably joined
with adhesives than with other methods. Welding usually occurs at
too high a temperature, and mechanical fastening destroys the light-
ness and aesthetics of the final product. Certain examples of less ob-
vious applications where adhesive bonding is a practical method of
assembly are shown in Table 1.8. The following discussion on the ad-
vantages and disadvantages of adhesives should assist the user in
determining the feasibility of adhesives for a specific application.

1.4.2 Mechanical advantages

The most common methods of structural fastening are shown in Fig.
1.6. Adhesive bonding does not have many of the disadvantages of
other methods. Welding or brazing, useful on heavy-gauge metal, is
expensive and requires great heat. Dissimilar metals usually have dif-
ferent coefficients of thermal expansion or thermal conductivities
making them more difficult to weld. Some metals have unstable oxides
that also make welding difficult. Many light metals such as aluminum,
magnesium, and titanium are difficult to weld and are weakened or
distorted by the heat of welding. High temperature metallurgical join-
ing methods can cause thin sheets to distort. Beneficial properties ob-
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TABLE 1.8 Examples of Applications where Bonding is a Practical Method of
Assembly®

Application areas for adhesives Examples

Dissimilar materials Combinations of metals, rubbers, plastics, foamed
materials, fabrics, wood, ceramics, glass, etc.

Dissimilar materials which Iron to copper or brass

constitute a corrosion couple

Heat sensitive materials Thermoplastics, magnetic materials, glass

Laminated structures Sandwich construction based on honeycomb
materials; heat exchangers; sheet laminates, core
laminates

Reinforced structures Stiffeners for wall paneling, boxes and containers,
partitions, automobile chassis parts, aircraft body
parts

Structural applications Load bearing structures in the aircraft fuselage,

automotive and civil engineering industries

Bonded inserts Plug inserts, studs, rivets, concentric shafts; tubes,
frame construction; shaft-rotor joints; tools;
reinforced plastics with metal inserts; paint brush

bristles

Sealed joints and units Pipe joining, encapsulation, container seams, lid
seals

Fragile components Instrumentation, thin films and foils,

microelectronics components and others where
precise location of parts is required

Components of particular Where bonding areas are large or there is a need
dimensions for shape conformity between bonded parts
Temporary fastening Where the intention is to dismantle the bond later,

the use of various labels, surgical and pressure
sensitive tapes, adhesives for positioning and
locating parts, in lieu of jigs, prior to assembly by
other means

tained from metallurgical heat treating processes could be lost because
of a high temperature joining process. Adhesives, on the other hand,
provide a low temperature, high strength, joint with many of these
substrates. They thereby avoid many of the problems commonly en-
countered with other methods of joining.

Many polymeric adhesives are viscoelastic and act like tough, rel-
atively flexible materials with the ability to expand and contract. This
allows the bonding of materials having greatly different coefficients of
thermal expansion or elastic moduli. Toughness also provides resis-
tance to thermal cycling and crack propagation.

Bonded structures are often mechanically equivalent to, or stronger
than, structures built with more conventional assembly methods. An
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Brazing is an expensive bonding method. Requiring
excessive heat, it often results inirregular, distorted
parts. Adhesive bonds are always uniform.

s = = =

When joining @ material with mechanical fasteners,
holes must be drilled through the assembly. These
holes weaken the material and allow concentration
of stress.

P o o - - - - - -
“ W N W W W W . . ., s

A high strength odhesive bond withstands stress more
effectively thaneither welds or mechanical fasteners.

Figure 1.6 Common methods of structural fastening.”

adhesive will spread stress uniformly from one member to another,
thus eliminating localized stress concentrations that can occur with
other fastening systems. When using mechanical fasteners, substrates
may need to be thicker or otherwise strengthened to handle the con-
centrated stress, thereby adding weight and cost to the final assembly.
Consequently, adhesives often allow structures to be built with lower
cost and less weight.



26 Chapter One

Many benefits are obtained because the adhesive joint is capable of
spreading stress relatively evenly over the entire overlap region of the
bond. Alternatively, mechanical fasteners and spot welding provides
points of attachment in small discrete areas. Consequently, adhesive
shear strengths of as high as 7000 psi can be obtained. The stress-
distribution characteristics and inherent toughness of adhesives also
provide bonds with superior fatigue resistance, as shown in Fig. 1.7.
Generally in well-designed joints, the adherends fail in fatigue before
the adhesive. Holes, needed for rivets or other fasteners, are not re-
quired for an adhesive bond, thereby avoiding possible areas of high
stress concentration. The elimination of holes also maintains the in-
tegrity of the structural members.

1.4.3 Design advantages

Adhesives offer certain valuable design advantages. Unlike rivets or
bolts, adhesives produce smooth contours that are aerodynamically
and aesthetically beneficial. Adhesives also offer a better strength-
to-weight ratio than other methods of mechanical fastening. Adhesives
can join any combination of solid materials regardless of shape, thick-
ness, or mismatch in physical properties such as coefficient of thermal
expansion or elastic modulus. Certain substrates may be too thin or
too small to weld reproducibly without distortion. Thus, medical prod-
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Figure 1.7 Fatigue strengths of aluminum-alloy specimens under pulsating tensile
load.®
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ucts and microelectronics are often assembled with adhesives. Non-
metallic materials, such as plastics, elastomers, ceramics, and many
paper products, can be joined together and to one another more eco-
nomically and efficiently with adhesive bonding than with other meth-
ods.

Adhesives may also be a good way of adding options or additions to
a line of manufactured items that share a common design. This allows
the elimination or reduction of extra holes for mechanical fasteners
and can eliminate expensive machining or stamping steps on the com-
mon part. Versatility in product aesthetics, good mechanical reliabil-
ity, and manufacturing speed are also benefits of providing design op-
tions with adhesives.

1.4.4 Production advantages

Adhesive bonding is, at times, faster and less expensive than conven-
tional fastening methods. It is well suited for high-volume production
or assemblies requiring large bonded areas. As the size of the area to
be joined increases, the time and labor saved by using adhesives in-
stead of mechanical fasteners become progressively greater because
the entire joint area can be bonded in one operation. Figure 1.8 shows
the economy of large area metal-to-metal bonding compared with riv-
eting.

Some adhesives are especially well suited to applications requiring
rapid assembly especially if the end-use requirements (i.e., strength,
heat, and chemical resistance) are not too severe. The packaging in-
dustry and much of the decorative furniture industry uses adhesives
because they are fast and consistent. In the medical products industry,
use of ultraviolet curing permits rapid assembly of syringes and other
articles. Certain automotive materials are chosen for their ability to

Estimated hours required
to rivet identical assemblies

24 — .
- Additional with flushrivets and
[ handling double dimples

16 }- man-hours

Average of bonded skin

Production man-hours

8 and stringer assemblies,
bonded flat on hydraulic
bonding presses

Yo} "o N (SN W Y TS N W N Tl A B

0O 8 16 24 32 40 48 656
Areq,ft?

Figure 1.8 The economy of metal-to-metal bonding com-
pared with conventional riveted structure.’
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be ultrasonically welded, thereby, allowing efficient, fast, high volume
assembly operations.

At times, adhesive bonding may be more expensive than other fas-
tening methods. However, the overall cost of the final part may be less
through reduced material requirements, weight savings, elimination
of other operations such as drilling, countersinking, welding, etc., and
simplified assembly. Using associated production processes such as a
paint-drying oven to cure the adhesive may also save costs.

1.4.5 Other advantages

Adhesives are useful for providing secondary functions as well as the
primary function of holding the substrates together. Many designers
feel that one of the most valuable characteristics of adhesive bonding
is their multi-functional nature. In addition to performing a mechan-
ical fastening operation, an adhesive may also be used as a sealant,
vibration damper, insulator, and gap filler—all in the same applica-
tion.

Because adhesives are viscoelastic materials, they can act as vibra-
tion dampers to reduce the noise and oscillation encountered in some
assemblies. Adhesives can also perform sealing functions, offering a
barrier to the passage of fluids and gases. Another property of adhe-
sives that is often advantageous is their ability to function as electrical
and thermal insulators in a joint. The degree of insulation can be
varied with different adhesive formulations and fillers. Adhesives can
even be made electrically and thermally conductive with silver and
boron nitride fillers, respectively. Since adhesives usually do not con-
duct electricity, they prevent galvanic corrosion when dissimilar met-
als are bonded.

1.4.6 Mechanical limitations

The most serious limitation on the use of polymeric adhesives is their
time-dependent strength in degrading environments such as moisture,
high temperatures, or chemicals. For example, organic adhesives per-
form well between —60 and 350°F, but only a few adhesives can with-
stand operating temperatures outside that range. Chemical environ-
ments and outdoor weathering also degrade adhesives. The rate of
strength degradation may be accelerated by continuous stress or ele-
vated temperatures.

The combination of continuous stress along with high moisture con-
ditions is of special concern. Certain adhesives will only survive in
this environment if their service stress is significantly less than their
ultimate strength (e.g., less than 10% of ultimate strength).
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Since nearly every adhesive application is unique, the adhesive
manufacturers often do not have data concerning the aging charac-
teristics of their adhesives in specific environments. Thus, before any
adhesive is established in production, a thorough evaluation should
be made in either a real or a simulated operating environment.

With most structural adhesives, strength is more directional than
with mechanical fasteners. Generally, adhesives perform better when
stressed in shear or tension than when exposed to cleavage or peel
forces. Residual stresses inside the joint can also present serious prob-
lems. Such stresses arise from shrinkage due to cure or aging, from
different coefficients of thermal expansion between substrates, and
from other circumstances.

The adhesive material itself should never be used as a structural
substrate. Very heavy bondlines with uneven joint thickness result in
undesirable concentrations of stresses. Many adhesives cure by an ex-
othermic chemical reaction whose intensity is dependent on the mass
of material. Adhesives are generally formulated to cure in thin sec-
tions. Therefore, certain epoxy adhesives, when applied in significant
bulk, could over-heat due to their own crosslinking reaction and, in
fact, burn or degrade when cured in thick sections.

1.4.7 Design limitations

The adhesive joint must be carefully designed for optimum perform-
ance. Design factors include the type of stress, environmental influ-
ences, and production methods that will be used. Many rigid adhesives
do not work well when external stresses act to peel or cleave the sub-
strates from one another. These stresses can often be reduced or elim-
inated by careful joint design. Seldom can a joint, which is designed
for mechanical fastening, be used successfully for adhesive bonding
without revision. Sometimes such revisions result in added expense
or manufacturing steps.

There are no standards to guide the user with regard to design lim-
its or to provide a safe design margin. These will depend on the ad-
hesive and substrate, on the production methods, on the specific
end-use environment, and on many other factors that are often not
foreseen at the time of design development. Therefore, it is very dif-
ficult to predict the useful life of a bonded joint. Simple life estimation
processes used in other industries (such as Arrhenius plots to predict
the aging of electrical wire insulation) are not effective with adhesives
because of the numerous and sometimes competing reactions that can
take place within a bonded joint. The only effective method of esti-
mating the useful life of an adhesive bond is to test prototypes under
environmental conditions that will accelerate the stress on the bond.



30 Chapter One

Yet, one must be certain that these accelerated conditions do not cause
reactions that are normally not experienced in the application.

1.4.8 Production limitations

Slow and critical processing requirements of some adhesives can be a
major disadvantage particularly in high-volume production opera-
tions. Several production concerns must be considered when bonding
operations are first projected. All adhesives require clean surfaces to
obtain the best results. Depending on the type and condition of the
substrate and the bond strength desired, surface preparations ranging
from a simple solvent wipe to chemical etching are necessary. Adhe-
sives should never be applied onto other coatings or over other adhe-
sives unless the characteristics of these materials are accurately
known. The resulting bond strength will be no greater than the “weak-
est link in the chain”.

If the adhesive has multiple components, the parts must be carefully
weighed and mixed. The setting operation often requires heat and
pressure. Lengthy set time makes jigs and fixtures necessary for as-
sembly. Rigid process controls are also necessary, because the adhesive
properties are dependent on curing parameters and surface prepara-
tions. The inspection of finished joints for quality control is very dif-
ficult. This also necessitates strict control over the entire bonding pro-
cess to ensure uniform quality. Non-destructive test techniques cannot
quantitatively predict joint strength.

1.4.9 Other limitations

Since the true “general-purpose” adhesive has not yet been developed,
the end-user must allow time to test candidate adhesives and bonding
processes. Everyone involved in the design, selection, testing, and
manufacture of adhesive bonded assemblies should be trained as to
the critical requirements and processes. Adhesives are sometimes
composed of material that may present personnel hazards, including
flammability and dermatitis, in which case the necessary precautions
must be considered. Workers must be trained how to handle these
materials safely.

The following items contribute to a “hidden cost” of using adhesives,
and they also could contribute to serious production difficulties:

m The storage life of the adhesive may be unrealistically short; some
adhesives require refrigerated storage.
m The adhesive may begin to solidify before the worker is ready.

m The cost of surface preparation and primers, if necessary, must be
considered.
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m Ease of handling, waste, and reproducibility can be essential cost
factors.

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

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

Many of these hidden costs can be minimized by the proper choice
of adhesives and processes. However, it should be remembered that
storage, cure, and waste disposal are seldom a concern in joining with
mechanical fasteners, and with welding, the joining material is essen-
tially free of charge.

1.4.10 Combining adhesive and
mechanical fastening

There are advantages in combining adhesive bonding with mechanical
fastening. The combination can provide properties that are superior
to either singular method. It is also possible to reduce the number of
mechanical fastening steps without sacrificing strength or reliability.

When combined with adhesives, mechanical joints can provide fix-
turing for the adhesive as it cures. In this way, expensive fixturing
equipment and the time required to set-up such equipment are not
necessary. The curing time is also eliminated as a potential bottleneck
to the overall assembly process. The stress distribution characteristic
of the adhesive bond also allows the designer the freedom to eliminate
thicker substrates or reinforcements that may be necessary with me-
chanical fasteners alone.

The secondary functions of the adhesive, such as sealing, vibration
damping, electrical insulation, etc., may also be used to achieve an
assembly with greater value. In the automotive industry, for example,
adhesives are used in combination with spot welding for joining trunk
assemblies. This combination provides sound deadening and sealing
in addition to a strong joint. Adhesives can also be combined with
fasteners that are designed directly into the part (e.g., snap fit con-
nectors). Here the adhesive eventually assumes the full structural
load with the mechanical fastener providing the fixturing as the ad-
hesive cures.

1.5 Functions of Sealants

Sealants are generally used as a barrier or a means of protection. In
this way, sealants are used to exclude dust, dirt, moisture, and chem-
icals or to contain a liquid or gas. They are also often used as a coating
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to protect a surface or an article. They can exclude noise and vibration,
improve appearance, and perform a joining function. Certain sealants,
like adhesives, can be used to assemble parts, and many adhesives
can be used to seal. Sealants can also be used as electrical or thermal
insulators, fire barriers, and as products for smoothing, filleting or
faying. No matter what the application, a sealant has three basic func-
tions:

1. It fills a gap between two or more substrates

2. It forms a barrier by the physical properties of the sealant itself
and by its adhesion to the substrate

3. It maintains its sealing property for the expected lifetime, service
conditions, and environments.

Unlike adhesives, there are not many functional alternatives to the
sealing process. Innovative product design can possibly accomplish the
same function as a sealant. Soldering or welding can be used instead
of a sealant in certain instances, depending on the substrates and the
relative movement that the substrates will see in service. However,
the simplicity and reliability offered by organic elastomers usually
make them the apparent choice for performing these functions. Many
sealants are designed for specific applications. Table 1.9 gives typical
applications for various classes of sealants.

The proper application of a sealant involves more than merely
choosing a material with the correct physical and chemical properties.
As with adhesives, the substrates to be sealed, the joint design, per-
formance expectations, production requirements, and economic costs
must all be considered. Table 1.10 is a partial list of considerations
that are often used to select sealants in the construction industry.

1.5.1 Mechanical considerations

Important mechanical properties of sealants include elongation, com-
pressibility, tensile strength, modulus of elasticity, tear resistance, and
fatigue resistance. Depending on the nature of the application, a seal-
ant may require very little strength or great strength. The sealant
must have sufficient mechanical characteristics to remain attached to
the substrates during service and to provide a barrier. The substrates
could move considerably, requiring that the sealant expand and con-
tract significantly without loosing adhesion from the surface. Defining
the sealant’s movement capability is a complex process. Temperature,
test rate, and joint configuration will influence the result.

While movement capability is very important, other consequential
mechanical properties are: unprimed adhesion strength to various
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TABLE 1.9 Typical Applications for Sealants'

Generic base

Typical uses

Oil
Oil and resin

Butyl
Noncuring

Curing

Polyisobutylene
Asphalts

Acrylics
Nonplasticized

Plasticized
Solvent-based

Block copolymer
Solvent-based

Hypalon
Solvent-based

PVC-coal-tar

Polysulfide
One-part

Two-part

Urethane
One-part

Two-part

Silicone
One-part

Two-part
Neoprene
EPDM
Nitrile

Solvent-based
Epoxy

Polyester

Small wooden window sash

Metal windows

With polybutene for metal buildings, slip joints, interlocking
curtain-wall joints, sound deadening, tapes

Home sealants, repair of lock-strip gaskets, tapes; with resins
for hot melts on insulating glass

Primary seal on insulating glass

With bitumen on gutters, driveway repair; with neoprene on
gutters, waterstops, and adhesives

Water-based for interior-use joints on wallboard

Caulks for exterior joints on low-rise housing, with good
movement capabilities, excellent weathering

Exterior joints on high-rise construction, around doors and
windows with low movement

For low-rise buildings with good movement

Exterior joints on high-rise construction, around doors and
windows

As a hot melt on airfield runways and highways

High-rise building joints

High-rise building joints, aircraft fuel tanks, boating, insulating
glass sealant for remedial housing; with coal tar for airport
aprons

High-rise buiding joints

High-rise building joints, insulating glass sealant, with coal tar
and asphalt for membrane waterproofing compounds

Low and medium modulus for high-rise building joints; low
modulus for highways and difficult building joints; medium and
high modulus for insulating glass with polyisobutylene;
structural glazing; home use as bathtub caulk

Mostly in-plant use of prefab units and insulating glass
Fire-resistant gaskets, lock-strip gaskets, foam gaskets
Gaskets, lock-strip gaskets, foam gaskets

For small cracks and narrow joints

Concrete repair, complex beam construction; potting, molding,
sealing transformers; high-voltage splicing, capacitor sealant;
with polymers as a concrete coating on bridges

Potting, molding, and encapsulating
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TABLE 1.10 Checklist of Considerations for the
Selection of Construction Sealants'

m Required Joint Movement

Minimum Joint Width

Required Strength

Chemical Environment

In-service Temperatures
Temperatures at Time of Application
Intensity of Sun and Weather In Service
Longevity

General Climate at Application
Materials Cost: Initial and Lifetime
Installation Cost

Other

Fungicides

Radiation Resistance

Insulating or Conductive Requirements
Color

Intrusion or Abrasion Resistance

Cure Rate

Below-Grade or Continuous Water Immersion
Accessibility of Joint

Priming

Special Cleaning Requirements
Dryness

Other Restrictions

substrates, recovery from stress, and tear resistance. Significant pro-
duction properties are: cure rate, low temperature flow characteristics,
paint-over ability, color, self-leveling properties, non-bubbling proper-
ties, and cost. Aging properties of concern include: resistance to ultra-
violet radiation; low and high temperature mechanical properties; and
resistance to hydrolysis, thermal aging, and oxidation.

1.5.2 Adhesion properties

Adhesion is an important factor in determining a sealant’s perform-
ance. The same rules of adhesion that apply to adhesives also apply
to sealants. Adhesion is primarily affected by the physio-chemical in-
teraction between the sealant material and the surface to which it is
applied. However, in certain joints where there is great movement,
strong adhesion of a sealant to a specific substrate may not be desir-
able. In these situations, the adhesive strength is stronger than the
cohesive strength of the sealant, and the sealant may tear apart when
it expands or contracts. This requires that the sealant be applied so
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that it does not adhere to all surfaces. To achieve this affect, a bond-
breaker or release material at the bottom of the joint is generally used,
as shown in Fig. 1.9.

Conditions that will influence the adhesion of sealants include water
exposure, temperature extremes, movement considerations, and sur-
face cleanliness. Often a surface conditioning process or a priming step
is necessary to make a substrate compatible with a specific sealant.

1.5.3 Design considerations

When working with sealants, concerns such as crack bridging, cover-
age rates, color, practicality of placement, order of placement, unusual
movement conditions, and aesthetics must be addressed. One consid-
eration that is required of sealants and not generally with adhesives
is appearance. A sealant material may be acceptable in all respects,
but appearance problems could make it aesthetically unacceptable.
Usually, sealants are easily visible whether the application is in the
automotive, construction, or appliance industries. Adhesives, on the
other hand, are often hidden by the substrates. The sealant material
could also contain compounds that discolor surrounding areas. They

Sealant

Release Tape

Joint Movement

P b
< »

Figure 1.9 Corner sealant joint showing release tape.!!
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can also be incorrectly applied so that the flow of liquids in contact
with the sealant results in a residual buildup of extraneous matter at
the joint.

1.5.4 Chemical effects

Sealants can also have a chemical effect on the substrate. Chemical
incompatibility could cause the sealant or substrate to soften, harden,
crack, craze, inhibit cure, or cause other changes. An example of this
would be the use of an acid release sealant (such as a silicone sealant
that releases acidic acid on cure) on a surface like concrete, marble,
or limestone. On these surfaces, an acid/base reaction can cause the
formation of bond breaking salts at the bond-line.

Another example of chemical incompatibility is the bleed of plasti-
cizers or other low molecular weight volatiles through sealants, caus-
ing them to discolor after exposure to sunlight. This happens
frequently when sealants or coatings are applied over asphalt or or-
ganic rubber-based materials that are formulated with low molecular
weight plasticizers.

1.5.5 Production considerations

An important consideration for any sealing operation is the relative
ease of handling and applying the sealant. There are wide ranges of
sealants available with varying degrees of application difficulty. There
are single and two component sealants, primer and primerless sealant
systems, hot melt application systems, preformed sealant tapes and
sealants containing solvents. As with adhesives, the time required for
the sealant to harden from a liquid state into a semi-solid with some
degree of handling strength is very important.

1.6 Basic Mechanisms

1.6.1 General requirements for all
adhesives and sealants

If one looks at the adhesive bonding or sealing “process” as a complete
procedure, encompassing all aspects of material selection, joint design,
production, etc., then the basic requirements are the same no matter
what the application. These universal requirements for successful ap-
plication are:

1. Cleanliness of the substrate surface

2. Wetting of the substrate surface (intimate contact of the adhesive
or sealant on the substrate)

3. Solidification of the adhesive or sealant



An Introduction to Adhesives and Sealants 37

4. Forming a “joint” structure (adhesive or sealant material, inter-
phase regions, and adherends) that is resistant to the operating
stress and environment

5. Design of the joint

6. Selection and control of materials and manufacturing processes.

1.6.1.1 Surface condition. Above all else, one must start with a clean
surface. Foreign materials such as dirt, oil, moisture, and weak oxide
layers must be removed from the substrate surface, or else the adhe-
sive or sealant will bond to these weak boundary layers rather than
to the substrate in question.

Various surface preparations remove or strengthen the weak bound-
ary layer. These treatments generally involve physical or chemical pro-
cesses or a combination of both. The choice of surface preparation pro-
cess will depend on the adhesive or sealant, the substrate, the nature
of the substrate before bonding, the required bond strength and du-
rability, and the production processes, time, and budget available to
the user. Surface preparation methods for specific substrates will be
discussed in a later chapter.

1.6.1.2 Wetting the substrate. Initially, the adhesive or sealant must
be either a liquid or a readily deformed solid so that it can be easily
applied and formed to the required geometry within the assembled
joint. It is necessary for the adhesive or sealant to flow and then con-
form to the surfaces of the adherends on both micro- and macro-
scales. Small air pockets caused by the roughness of the substrate at
the interface must be easily displaced with adhesive or sealant. While
it is in the liquid state, the material must “wet” the substrate surface.
The term wetting refers to a liquid spreading over and intimately con-
tacting a solid surface as shown in Fig. 1.10. The causes of good and
poor wetting will be explained in the following chapter. One result of
good wetting is greater contact area between adherend and adhesive
over which the forces of adhesion can act.

1.6.1.3 Solidification of the adhesive or sealant. The liquid adhesive or
sealant, once applied, must be converted into a solid. Solidification
occurs in one of three ways: chemical reaction by any combination of
heat, pressure, curing agent, or other activator such as UV light, ra-
diation, etc.; cooling from a molten liquid to a solid; and drying due
to solvent evaporation. The method by which solidification occurs de-
pends on the choice of adhesive or sealant material.

When organic resins solidify, they undergo volumetric shrinkage due
to the crosslinking reaction, loss of solvent, or thermal expansion co-
efficient (contraction on cooling from an elevated temperature cure).
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ADHESIVE

SUBSTRATE

TRAPPED AIR

ADHESIVE

\ SUBSTRATE

ADHESIVE COMPLETELY
FILLS IRREGULARITIES

Figure 1.10 Illustration of poor (top) and good (bottom) wetting by an adhesive spread-
ing over a surface.

In the case of adhesives or sealants, it is important that the material
does not shrink excessively. Otherwise, undesirable internal stresses
could develop in the joint.

1.6.1.4 Forming an impervious joint. Once solidified, the adhesive or
sealant must have adequate strength and toughness to resist failure
under all expected service conditions. To determine the effect of the
environment on the performance of the joint, one must consider the
adhesive or sealant material, the substrate, and the interphase
regions that are formed before, during, and after the bonding process.

The initial performance and the durability of the joint are strongly
dependent on how the substrates are prepared and on the severity of
the service environment. The structure and chemistry of the surface
region of the parts to be joined and their response to service environ-
ments may well govern bond performance. If these surface regions
change significantly during processing of the joint or during service
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life, then the resulting performance characteristics of the joint may
also change.

1.6.1.5 Joint design. The adhesive or sealant joint should be designed
to take advantage of the high shear and tensile strength properties of
most materials and to spread the resulting load over as great an area
as possible. Such design considerations will be discussed in the follow-
ing chapters. Although adequate adhesive-bonded assemblies have
been made from joints designed for mechanical fastening, the maxi-
mum benefits of the adhesive can be obtained only in assemblies spe-
cifically designed for adhesive bonding.

1.6.1.6 Selection and control of materials and manufacturing pro-
cesses. When determining which adhesives are suitable candidates
for an application, a number of important considerations must be
taken into account. The factors most likely to influence adhesive se-
lection were listed in Table 1.1. With regard to these controlling fac-
tors, the many adhesives available can usually be narrowed to a few
candidates that are most likely to be successful.

The appropriate manufacturing processes must then be chosen to
provide consistent, high strength joints within the allotted time and
cost. The exact manufacturing process will depend on many factors
including the choice of adhesive or sealant and the availability of
equipment. However, once chosen, the manufacturing process must be
rigidly controlled with regard to the incoming adhesive or sealant ma-
terials and with regard to the incoming substrate materials. A change
in processing parameters could change the degree of stress in the joint,
or even the chemical nature of the interphase regions.

Should the user decide to change substrate suppliers, he or she
should re-verify completely the entire bonding processes. An example
is the case of a vulcanized elastomeric substrate such as neoprene.
There are many formulations that an elastomer supplier can use to
meet a material specification. However, the formulations may contain
compounds (e.g., low molecular weight extenders, plasticizers, etc.)
that drastically reduce the adhesion of any material to the surface.

1.6.2 Mechanism of bond failure

As there are general similarities regarding the development of suc-
cessful adhesive and sealant joints, there are similarities regarding
the nature of adhesive or sealant failure. Joints may fail in adhesion
or cohesion or by some combination of the two. Adhesive failure is an
interfacial bond failure between the adhesive and adherend. Cohesive
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failure occurs when the failure is such that a layer of adhesive or
sealant remains on the adherend. When the adherend fails before the
adhesive, it is known as a cohesive failure of the adherend. The var-
ious modes of possible bond failures were shown in Fig. 1.1.

Cohesive failure within the adhesive or one of the adherends is
sometime considered a preferred type of failure, because the maximum
strength of the material in the joint has been reached. However, fail-
ure mode should not be used as a sole criterion for a useful joint. A
cohesive type of failure does not necessarily insure a practical or ec-
onomic assembly or one that will even survive the expected life. The
function of the joint is a more important criterion than the mode of
joint failure. However, an analysis of failure mode can be an extremely
useful guide to determine if the failure was due to a weak boundary
layer or improper surface preparation (see Table 1.11).

An inference to the nature of the failure can be made by examining
the failure mode. For example, if the adhesive failure is interfacial,
the bulk cohesive strength of the adhesive material can be assumed
to be greater than the intermolecular strength of adhesion. If the over-
all joint strength is not sufficient, the user needs to address the “weak-
est link”—probably the surface condition of the substrate. Improving
cohesive strength of the adhesive or sealant would not add to the qual-
ity of the joint in this case.

If on the other hand, the failure exhibits a cohesive mode (either
the adhesive or the adherend), then the bond strength is stronger than
the forces holding the bulk together. To improve the characteristics of
this joint, one must look at the bulk adhesive or sealant material. In
practice, however, one usually cannot improve the adhesive and keep
the interphase area untouched. These interrelated effects make it ap-
pear as if the science of adhesion is primarily one of trial and error.

The exact cause of a premature adhesive failure is very hard to
determine, because so many factors in adhesive bonding are interre-
lated. However, there are certain common factors at work when an
adhesive bond is made that contribute to the weakening of all bonds.
The influences of these factors are qualitatively summarized in Fig.
1.11. This is a very useful illustration showing why one can never

TABLE 1.11 Failure Mode as an Inference to Bond Quality

Failure mode Inference
Adhesive failure (interfacial) Cohesive strength > interfacial strength
Cohesive failure (bulk) Interfacial strength > cohesive strength

Adhesives/cohesive (mixed failure mode) Interfacial strength = cohesive strength
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A-Maximum adhesion-caused by forces of molecular attraction

Maximum bond strength possible

B- Inherent strength of bond L-loss

Determined by ability of molecules of adhesive and adherend to attain Caused by

molecular nearness. Depends on wetting of adherend by adhesive incomplete
wetting

C-Residual strength of S-Internal stress on
bond bond
E _>.<_F_ Defects in test may produce unmeasured
stress on bond £, or reduce effect of internal

stress on bond, F

D-Measured strength
of bond

Breaking of bond by AT
externally opplied stress

This chart is qualitative ,not quantitative,no significance is attached to the relative lengths
of the lines, Ais always greater than B, and B greaterthan C

Figure 1.11 Relations between the forces involved in adhesion.!?

achieve in practice theoretical adhesion values. It also shows clearly
the factors that contribute to the reduction of adhesive strength.

If the adhesive does not wet the surface of the substrate, the max-
imum possible joint strength will be degraded. Internal stresses occur
in the adhesive joint during production because of the different phys-
ical characteristics of the adhesive and substrate. For example, the
coefficient of thermal expansion of adhesive and substrate should be
as close as possible to limit stresses that develop during thermal cy-
cling or after cooling from an elevated-temperature cure. Adhesives
can be formulated with various fillers to modify their thermal-
expansion characteristics and limit such internal stresses. A relatively
elastic adhesive, capable of accommodating internal stress, may also
be useful when thermal-expansion differences are of concern.

Once an adhesive bond is made and placed in service, other forces
are at work weakening the bond. The type of stress, its orientation to
the adhesive, and the rate of loading are important. The external
stress could either reduce the measured bond strength further, or it
could actually increase the measured bond strength by counteracting
degrading internal stresses in the joint as shown in Fig. 1.11.
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1.7 General Materials and Processes

This section will describe the most common materials and processes
used for adhesive bonding and sealing. They are described here in the
most general and functional of terms and then will be addressed again
in more detail in later chapters.

1.7.1 Materials used for adhesives and
sealants

Solid surfaces brought into intimate contact rarely stick to one an-
other, but any liquid placed between them will cause some degree of
adhesion. Therefore, almost anything could be used as an adhesive or
sealant. However, the nature of the substrate, its surface chemistry,
the processing method, and the type of the load and service environ-
ment will dictate what material is best to use. The material scientists
have developed many substances of high molecular weight which give
good adhesion and sealing ability to a variety of substrates.

Although adhesives and sealants are often formulated from the
same types of base materials, they are usually “engineered” to have
different properties. Adhesives and sealants are highly formulated
materials with many components. They generally have an organic
base, although there are some mineral-based adhesives that perform
very well in certain applications. Table 1.12 shows the origin (natural
or synthetic), basic type, and chemical families of common types of
adhesive materials. The modern organic materials are all high poly-
mers: long chains of carbon atoms that can form three-dimensional
networks. The oldest adhesives and sealants, many that are still used
today, are of natural origin. The most common of these are animal
glues, starches, and tar or pitch. Naturally occurring adhesives and
sealants also include dextrin, asphalt, vegetable proteins, natural
rubber, and shellac.

For a material to be a potential adhesive or sealant, it must meet
three basic criteria. First, the material has, at some stage, to be in a
liquid form so that it can readily spread over and make intimate con-
tact with the substrate. Second, the material must be capable of hard-
ening into a solid to withstand and distribute stress. Lastly, the ma-
terial must resist the environments that it will see during processing
and during service.

Modern polymers are ideal materials to use as adhesives and seal-
ants because they can be applied as low viscosity liquids and, then by
various means, hardened into a strong material with relatively good
resistance to stress and various environments. This hardening may
occur through loss of water or solvent, cooling from the molten state,
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TABLE 1.12 Origin, Basic Type, and Chemical Family of Common Adhesives®

Origin Basic type Family Examples
Natural Animal Albumin
Animal glue
Casein
Shellac
Beeswax
Vegetable Natural resins Gum arabic, tragacanth, colophony,
Canada balsam,
Oils and waxes Carnauba wax, linseed oil
Proteins Soybean
Carbohydrates Starch, dextrins
Mineral Inorganic minerals Silicates, magnesia, phosphates,
litharge, sulfur
Mineral waxes Paraffin
Mineral resins Amber
Bitumen Asphalt
Synthetic Elastomers Natural rubber Natural rubber and derivatives
Synthetic rubber Butyl, polyisobutylene,
polybutadiene blends,
polyisoprenes, polychloroprene,
polyurethane, silicone, polysulfide,
polyolefins
Reclaimed rubber
Thermoplastic  Cellulose Acetate, acetate-butyrate, caprate,
derivatives nitrate, methyl cellulose, hydroxyl
ethyl cellulose, ethyl cellulose,
carboxy methyl cellulose
Vinyl polymers Polyvinyl acetate, polyvinyl
and copolymers alcohol, polyvinyl chloride,
polyvinylidene chloride
Polyesters Polystyrene, polyamides
(saturated)
Polyacrylates Methacrylate and acrylate
polymers, cyanoacrylates
Polyethers Polyhydroxy ether, polyphenolic
ethers
Polysulfones
Thermosetting Amino plastics Urea and melamine formaldehydes

Epoxies

Phenolic resins
and modification

Polyesters
(unsaturated)

Polyaromatics

Furanes

Epoxy polyamide, epoxy bitumen,
epoxy polysulfide, epoxy nylon
Phenol and resorcinol
formaldehydes, phenolic-nitrile,
phenolic-neoprene, phenolic-epoxy

Polyimide, polybenzimidazole,
polyphenylene

Phenol furfural
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chemical reaction by crosslinking or curing between the molecular
chains, or by polymerizing from the monomer state. Table 1.13 offers
examples of common adhesives and the changes that are necessary,
after application, for them to solidify and become effective.

Modern synthetic organic based adhesives and sealants will be the
primary topic of this Handbook. However, natural based and mineral
based adhesives and sealants will also be included because they have
wide use in certain applications. Adhesion occurring via metallic pro-
cesses (i.e., welding, soldering, brazing, etc.) will not be included other
than to discuss these as alternative joining methods. Metallic joining
technologies are thoroughly described in other Handbooks.

1.7.2 Manufacturing processes for
adhesives and sealants

Modern adhesives are often a complex formulation of components that
perform specialty functions. The formulation of raw materials into

TABLE 1.13 Methods by Which Common Adhesives Harden'®

Type of adhesive

Applied form

Change necessary to become effective

Carpenter’s glue

Polyvinyl acetate
(white glue)

Hot-melt
adhesive

Contact adhesives

Anaerobic
adhesives

Cyanoacrylate

Urea-
formaldehyde

Epoxy adhesives

Polyvinylformal
with phenol
formaldehyde
resin

Hot aqueous liquid
Aqueous emulsion
Hot viscous liquid

Solution in organic
solvent

Monomer of low viscosity

Monomer with low
viscosity

Mixed with water
immediately before use

Mixed with curing agent
before use; applied as
viscous liquid; some
single component epoxies
can be applied as film to
set under heat and
pressure

Liquid with powder or,
more usually, a film with
the powder set in a
flexible matrix

Loss of water into substrate (wood)
and cooling

Loss of water into porous substrate

Immediate cooling on contact with
surfaces

Allowed to lose solvent until tacky,
then surfaces combined

Polymerizes in joint when oxygen is
excluded

Polymerizes in joint with trace of
moisture on surface in presence of
metal ions

Loss of water into substrate and
setting owing to release of catalyst
by water

Chemical reaction either at room or
elevated temperatures

Set with heat and pressure. The
pressure is essential to prevent
porosity from a small amount of
water liberated on cure
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serviceable adhesive bonding and sealing systems is itself a broad field
of technology. Adhesives and sealants can be produced in various
forms: one and two part liquids, solvent based solutions, water based
emulsion, supported or unsupported film, preformed pellets or shaped
extrusions, and numerous other forms. This variety of formulation
possibilities and end-use forms are indicative of the advanced state of
development of adhesives and sealants.

These products are generally developed and prepared for sale by
formulators that range from very small operations to large interna-
tional businesses. An adhesive or sealant formulation will depend on
the base material that is the principal part of the formulation and on
the requirements of the application. Processes and formulations are
often considered proprietary to the adhesive or sealant manufacturer.
However, there are formulas and processing methods that are public
knowledge due to the tremendous amount of published research on
adhesives and sealants. In general, an adhesive or sealant formulation
consists of the following components.

The adhesive base or binder is the primary component of an adhe-
sive that holds the substrates together. The binder is, generally, the
component from which the name of the adhesive is derived. For ex-
ample, an epoxy adhesive may have many components, but the pri-
mary material is epoxy resin.

A hardener is a substance added to an adhesive to promote the cur-
ing reaction by taking part in it. Two-part adhesive systems generally
have one part, which is the base, and a second part, which is the
hardener. Upon mixing, a chemical reaction ensues which causes the
adhesive to solidify. A catalyst is sometimes incorporated into an ad-
hesive formulation to speed-up the reaction between the base and
hardener. Certain adhesive bases only need a source of energy to cure.
This source may come from ultraviolet light, radiation, etc. In these
cases, the adhesive may contain a catalyst but no hardener.

Solvents are sometimes needed to disperse the adhesive to a spread-
able consistency. Solvents used with synthetic resins and elastomers
are generally organic in nature, and often a mixture of solvents is
required to achieve the desired properties. There must be some way
for the solvent to escape the joint after the adhesive is applied and
the assembly is made. Thus, solvents are generally only used in ap-
plications where passages are available for their escape, such as in
the preparation of pressure sensitive coatings or bonding of porous
substrates.

An ingredient added to an adhesive to reduce the concentration of
base material is called a diluent. Diluents are principally used to lower
the viscosity and modify the processing conditions of some adhesives
and sealants. Reactive diluents chemically react with the base mate-
rial during cure, become part of the product, and do not evaporate as



46 Chapter One

does a solvent. Non-reactive diluents are much like solvents and could
leach out of the adhesive or sealant during its life.

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

A carrier or reinforcement is usually a thin fabric or paper used to
support the semi-cured adhesive composition to provide a tape or film.
The carrier may also serve as a bond-line spacer and reinforcement
for the adhesive.

1.7.3 End-use processes for adhesives and
sealants

It must be realized that the adhesive or sealant itself is only part of
the joint and somewhat surprisingly does not play a singularly im-
portant role in determining the success of the joint. The manufactur-
ing methods used in producing an assembly will also determine the
initial degree of adhesion and service characteristics of the joint. A
typical flow chart for the adhesive bonding or sealing process is shown
in Fig. 1.12. It must be realized, however, that the decisions made in
one process segment may affect the decision in other process seg-
ments. For example, the choice of substrate will most definitely affect
the method of surface preparation used. The choice of adhesive or seal-
ant could also affect the degree of surface preparation required. (Cer-
tain adhesives are less sensitive to contaminated or low energy sur-
faces than others.) The processing equipment, time required, etc. will
affect the type of adhesive or sealant that can be chosen and may also
affect the type of substrate that can be considered for the application.
For example, certain thermoplastics are used in the auto industry be-
cause they can be thermally welded in a few seconds—a necessity in
a large volume production operation. Thus, the general processes in-
volved in adhesive bonding or sealing are interrelated and often de-
pendent on one another. The user must find the proper processing
methods for the specific application and consistently use them to en-
sure acceptable results.

Apply -
Form Surface d Hold Until
—> —>»{ Adhesive —»| —> —>
Substrates Preparation or Sealle\a/nt Assemble Set Inspect

Figure 1.12 Basic steps in the adhesive bonding or sealing process.



An Introduction to Adhesives and Sealants 47

The joining of surfaces with an adhesive or sealant consists of a
series of individual operations, each of which must be done properly
to achieve the desired result. The number of operations and the
method of actually making the bond will depend on several factors.
The factors that must be considered are the type of materials to be
bonded, the nature of the assembly design, the adhesive to be used,
the facilities available, the time allotted (e.g., number of joints per
minute) and the cost allocated. Details of these production processes
are given in later chapters.

Adhesive bonding is somewhat unique in that there are numerous
processes available. Certain methods even use the substrate itself as
an adhesive. These are known as solvent welding and thermal weld-
ing. Heat or solvent can be applied in some manner to the substrate
to turn part of the material into a liquid. This liquefied material then
acts as the adhesive or sealant, filling in the gap at the joint and
solidifying on cooling from the melt or by loss of solvent. The substrate
in essence becomes the adhesive. These processes will be considered
in this Handbook as a special type of adhesive bonding although they
are popularly referred to as welding methods.

Many of the adhesive or sealant problems that evolve are not due
to a poor choice of material or joint design but are directly related to
faulty production techniques. The user must obtain the proper proc-
essing instructions from the manufacturer and follow them consis-
tently to ensure acceptable results.

1.8 Sources of Information

Information and literature available from the manufacturers of ma-
terials can provide useful assistance regarding specific adhesive or
sealant applications. These manufacturers may be classified as:

m Base raw materials suppliers to the adhesives and sealants industry
®m Formulators or adhesive and sealant suppliers

m Manufacturers of raw materials that are used as substrates (i.e.,
aluminum, steel, plastic, composites, etc.)

These manufacturers are usually very happy to provide information
and guidance related to their products. Often, they will offer to the
end-user the utilization of their research and development groups
and/or test laboratories to provide suggestions, develop specific for-
mulations, or look at problems and other issues that may arise. The
use of these resources is highly recommended.

Specifications and standards also provide a significant amount of
information regarding adhesives and sealants. These documents de-
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scribe materials, processes, and test methods. They are identified in
Chapter 4 and in Appendix C.

Other helpful sources of information are identified in the reference

sections at the end of each chapter. In Appendix B, the reader will
find a guide to information sources categorized by: literature (books,
journals, and periodicals); professional societies; specifications and
standards; databases; and Internet sources.
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Chapter

Theories of Adhesion

2.1 Introduction

There is no unifying single theory of adhesion on which to accurately
model all interactions that take place between the adhesive and the
adherend. The existing theories of adhesion presented in this chapter
provide methods by which one can rationalize practical observations.
They are generally useful in understanding why adhesives stick and
why, at times, they fail. Adhesion theories allow us to make predic-
tions and even obtain a qualitative realization of joint strength.

There are several theories of adhesion that have endured the test
of time. Each is applicable in certain circumstances, but none are uni-
versally applicable. By being familiar with these theories, one can de-
velop a knowledge base and an awareness of how adhesives and seal-
ants work in practical situations.

2.2 Forces Involved in Adhesion

The forces involved in holding adhesives and sealants to their sub-
strates or in holding adhesives and sealants together as a bulk ma-
terial arise from the same origins. These same forces are all around
us in nature. To understand what is happening in an adhesive or seal-
ant joint, we must first understand the forces that bind atoms and
molecules together. Although there are many kinds of forces, it is
mainly those of a physical and chemical nature that are important in
understanding the development of adhesive and sealant joints.

2.2.1 Adhesive and cohesive forces

Bond strength is not only the result of adhesion forces. Other forces
contribute to the strength of a joint. For example, molasses may have
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good adhesion, but it is a poor adhesive or sealant. Its failure is usu-
ally cohesive. Cohesive strength of an adhesive or sealant is at least
as important as its adhesive strength. Like a weak link in a chain,
the bond will fail at the place where the intermolecular forces are the
weakest.

Adhesive forces hold two materials together at their surfaces. Co-
hesive forces hold adjacent molecules of a single material together.
Adhesive or sealant joints may fail either adhesively or cohesively.
Adhesive failure is failure at the interface between adherend and the
adhesive. An example would be the peeling of cellophane tape from a
glass surface if the adhesive film separates cleanly from the glass.
Cohesive failure is failure within the adhesive or one of the adherends.
Cohesive failure would result if two metal substrates held together
with grease were pulled apart. The grease would be found on the two
substrates after the joint failed. The grease would have failed cohe-
sively. Another example of cohesive failure is if two wooden panels
were bonded together with an epoxy adhesive and then pulled apart.
Most likely, the resulting failure would show that particles of wood
fiber were left embedded in the adhesive. In this case, the wood or
adherend failed cohesively.

Both adhesive and cohesive forces are the result of forces existing
between atoms or molecules. These forces are the result of unlike
charge attractions between molecules. The positive portion of one mol-
ecule attracts the negative portion of adjacent molecules. The more
positive or negative the charged sites and the closer together the mol-
ecules, the greater will be the forces of attraction.

Adhesive or cohesive forces can be attributed to either short or long
range molecular interactions. These are also referred to as primary or
secondary bonds. Table 2.1 characterizes these forces. The exact types
of forces that could be operating at the interface are generally thought
to be the following:

m van der Waals forces (physical adsorption)
m Hydrogen bonding (strong polar attraction)

® Jonic, covalent, or co-ordination bonds (chemisorption)

Short-range molecular interactions include covalent, ionic, and me-
tallic forces. Covalent forces result from chemical reactions such as
provided by some surface treatments on glass fiber. Welding, soldering,
or brazing processes form metallic bonds. However, these forces gen-
erally are not at work in the more common, everyday adhesive appli-
cations. The most important forces relative to adhesion are the sec-
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TABLE 2.1 Forces at the Interface or Within the Bulk of a Material

Bond
energy
Type of force Source of force (KJ/mol) Description
Primary or Covalent forces 60-700 Diamond or cross-linked
Short Range polymers. Highly directional.
Forces
Tonic or electrostatic 600-1000 Crystals. Less directional than
covalent.
Metallic 100-350 Forces in welded joints.
Secondary or Dispersion 0.1-40 Arise from interactions between
van der Waals temporary dipoles. Accounts for
Forces 75-100% of molecular cohesion.

Forces fall off as the 6th power of
the distance.

Polar 4-20 Arise from the interactions of
permanent dipoles. Decrease with
the 3rd power of the distance.

Hydrogen bonding  Up to 40 Results from sharing of proton
between two atoms possessing
loan pairs of electrons. Longer
range than most polar and
dispersion bonds.

ondary or van der Waals forces. The exact nature of these forces and
their influence on adhesive or cohesive strength are difficult to accu-
rately determine. However, a general awareness of their origin and
characteristics assists in understanding why strong bonds form and
why they fail.

2.2.2 The concept of surface energy

The forces holding an adhesive to a substrate or maintaining the co-
hesive integrity of a solid can be measured as the work necessary to
separate two surfaces beyond the range of the forces holding them
together. In one case, the surfaces are the adhesive and substrate; in
the other, they are like-molecules in the bulk of the material. This
force is dependent on the intermolecular forces that exist in the ma-
terial and upon the intermolecular spacing. It is sometimes referred
to as the surface energy, v (gamma).

The certainty that liquids have a surface energy is easily demon-
strated by the fact that a finely divided liquid, when suspended in
another medium, assumes a spherical shape. In the absence of grav-
itational distortion of shape (i.e., the energy associated with having a
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surface), the liquid tends to go to its lowest energy state—that of a
sphere. The surface energy of a pure liquid is easily obtained because
this is simply its surface tension, y;y.

Surface tension and surface energy are numerically identical for lig-
uids. Surface energy is generally given in units of millijoules per meter
squared (mJ/m?), while surface tension is given in units of dynes/
centimeter (dynes/cm) or Newtons per meter (N/m). The surface ten-
sions of organic liquids and of most inorganic liquids rarely exceed the
value for water (32 dynes/cm).

The surface energies of liquids are readily determined by measuring
the surface tension with a duNouy ring® or Wilhelmy? plate as shown
in Fig. 2.1. With the duNouy ring, a clean platinum ring is placed
under the surface of the test liquid and the liquid is slowly moved
downward until the ring breaks through the liquid surface. The force
is recorded, and by means of appropriate conversion factors, the sur-
face tension of the liquid is calculated. The Wilhelmy plate is a similar
method which measures the force of a liquid on a plate passing
through its surface.

Another method of measuring surface tension is the “drop weight/
drop volume” method.? Here, the average volume of test liquid to cause
a drop to fall from a carefully calibrated syringe is used to calculate
the surface tension of the liquid.

Whereas, the surface tension of a liquid is a real surface stress, the
same cannot be said of a solid surface. With a solid, work is done in
stretching a surface and not in forming the surface. For a solid surface,

Wilhelmy Plate

Figure 2.1 Wilhelmy plate and
du Nouy ring methods of mea-
suring surface tension of a lig-
uid. (Courtesy: Kriiss USA).

duNouy Ring



Theories of Adhesion 53

surface energy and surface tension are not the same. Still it is often
convenient to refer to y indiscriminately as either surface energy or
surface tension, but it is inaccurate because the “tension” in the sur-
face of the solid is greater than the surface energy. It is an easy matter
to measure the surface tension of a liquid in equilibrium with its va-
por, iy, but not to measure the surface energy of a solid. Measure-
ments on high energy solids are mostly made near the melting point;
whereas, it is the room temperature properties that mainly concern
adhesive studies. Surface free energies of low surface energy solids
(i.e., polymeric materials) have been indirectly estimated through con-
tact angle measurement methods as explained below.

In a contact angle measurement, a drop of liquid is placed upon the
surface of a solid. It is assumed that the liquid does not react with the
solid and that the solid surface is perfectly smooth and rigid. The drop
is allowed to flow and equilibrate with the surface. The measurement
of the contact angle, 6 (theta), is usually done with a goniometer that
is simply a protractor mounted inside a telescope. The angle that the
drop makes with the surface is measured carefully. A diagram of the
contact angle measurement is shown in Fig. 2.2.

A force balance between the liquid and the solid can be written as:

Yiv €08 0 = Yoy — YaL

where 7,y is the liquid-vapor interfacial tension, 6 is the contact angle,
vsv is the solid-vapor interfacial tension, and +yg, is the solid-liquid
interfacial tension. This is known as the Young equation after the
scientist who originated the analysis.* The vygy is the solid-vapor in-
terfacial energy and not the true surface energy of the solid. The sur-
face energy is related to ygy through the following relationship:

Ysv = VY T T

where vy is the true surface energy of the solid and =, is a quantity
known as the equilibrium spreading pressure. It is a measure of the
energy released through adsorption of the vapor onto the surface of
the solid, thus lowering the surface energy.

Figure 2.2 Schematic diagram of the contact angle and its
surface free energy (tension) components.
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A rather simple method of estimating the surface energy of solids
was developed by Zisman.’ Zisman proposed that a critical surface
tension, g, can be estimated by measuring the contact angle of a se-
ries of liquids with known surface tensions on the surface of interest.
These contact angles are plotted as a function of the vy of the test
liquid. The critical surface tension is defined as the intercept of the
horizontal line cos 6 = 1 with the extrapolated straight line plot of
cos 0 against y;y as shown in Fig. 2.3. This intersection is the point
where the contact angle is 0 degrees. A hypothetical test liquid hav-
ing this vy would just spread over the substrate.

The critical surface tension value for most inorganic solids is in the
hundreds or thousands of dynes/cm, and for polymers and organic
liquids, is at least an order of magnitude lower than that of inorganic
solids. Values of critical surface tensions for common solids and sur-
face tensions of common liquids are shown in Table 2.2. Critical sur-
face tension is an important concept that leads to a better understand-
ing of wetting. This will be discussed in coming sections.

2.2.3 Work of adhesion and cohesion

If a bulk material is subjected to a sufficient tensile force, the material
will break thereby creating two new surfaces. If the material is com-
pletely brittle, the work done on the sample is dissipated only in cre-
ating the new surface. Under those assumptions, if the failure is truly
cohesive where both sides of the broken material are of the same com-
position, then

where W, is defined as the work of cohesion.

Now similarly consider separating an adhesive (material 1) from a
substrate (material 2). The energy expended should be the sum of the
two surface energies y; and vy,  However, because the two materials
were in contact, there were intermolecular forces present before the
materials were split apart. This interfacial energy can be represented
as y;5. Wy, the work of adhesion, may be defined by the surface en-
ergies of the adhesive and the adherend:

Wo=vy+ v — %

This is the classical Dupre equation,® which was developed in 1869.
This equation could also be represented as:

Wy = vy + Yev — YsL
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Figure 2.3 Zisman plot for determining critical surface tension of polytetrafluoroethylene.
Test liquids are n-alkanes.’

Substitution of the Young equation into the Dupre equation results in
the Young-Dupre equation that states:

W, = vy + cos 6).

This equation relates a thermodynamic parameter, W,, to two easily
determinable quantities: the contact angle and the liquid-vapor sur-
face tension. For conditions of perfect wetting (cos 6 = 1):

Wy =2yy =W,

2.2.4 Bond failure energy

Bond failure energy is composed of two parts: a reversible work of
adhesion and an irreversible work of adhesive deformation. Thus, the
strength of styrene-butadiene rubber adhesive depends on two com-
ponents: a viscoelastic energy dissipation term, which is a function of
test rate and temperature, and the intrinsic failure energy which
agrees closely with the work of adhesion, W,, when bond failure is
apparently interfacial.
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TABLE 2.2 Critical Surface Tensions for Common Solids and
Surface Tensions for Common Liquids

Materials Critical surface tension, dyne/cm
Acetal 47
Acrylonitrile-butadiene-styrene 35
Cellulose 45
Epoxy 47
Fluoroethylene propylene 16
Polyamide 46
Polycarbonate 46
Polyethylene 31
Polyethylene terephthalate 43
Polyimide 40
Polymethylmethacrylate 39
Polyphenylene sulfide 38
Polystyrene 33
Polysulfone 41
Polytetrafluoroethylene 18
Polyvinyl chloride 39
Silicone 24
Aluminum ~500
Copper ~1000
Material Surface tension, dyne/cm

Epoxy resin 47

Fluorinated epoxy resin® 33

Glycerol 63

Petroleum lubricating oil 29

Silicone oils 21

Water 73

*Experimental resin; developed to wet low-energy surfaces. (Note low
surface tension relative to most plastics.)

Much work in adhesion science has centered on the relationship
between W,, the calculated work of adhesion, and practical adhesion,
or the real measured adhesion. Ahagon and Gent’ indicate that prac-
tical adhesion can be related to the work of adhesion plus a function
describing the energy dissipation mechanisms within an adhesive
bond.

Practical Adhesion = W, + f(W,){.

{ (zeta) is a factor related to the viscoelastic properties of the adhesive
and, thereby, is related to the mechanical energy absorption charac-
teristics of the joint. This is sometimes related to the amount of energy
absorbed by the deformation of the joint. As shown in Fig. 2.4, the
practical work of adhesion is equal to the theoretical work of adhesion
as determined by interfacial effects and to the mechanical work which
is absorbed within the joint. Thus, with a completely non-deformable
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WExperimentaI > WExpected + WAdditionaI

L

Interfacial Viscoelastic
Bonding Deformation

Figure 2.4 The measured work of adhesion is made up of thermodynamic and
mechanical components.

adhesive, interphase, and adherend the practical work of adhesion is
equal to the theoretical work of adhesion.

It should be realized that the above discussion on forces and work
of adhesion is very simplistic and summarizes a great deal to a fault.
There are also significant debates over the applicability and direct
usefulness of these relationships. However, the following conclusions
can be derived and are of significant assistance to the user of adhe-
sives and sealants:

1. The work of adhesion is at a maximum when the contact angle, 6,
equals 0 degrees, that is when the liquid spreads completely on the
surface of the solid. This condition implies that there are stronger
forces between the molecules of the liquid and the substrate than
between the liquid molecules themselves.

2. Adhesion will tend to go to zero as the contact angle increases
above 90 degrees.

3. Under conditions of perfect wetting of a surface by a liquid, W, =
2vy;y. Hence Wy= W,.

These conclusions will be discussed further in the following sections.

2.2.5 Surface attachment theory of joint
strength

The preceding discussion looks at adhesive failure and cohesive failure
as separate modes. However, in practice they result from the same
joint specimen. One can generalize on the influence of the degree of
interfacial surface attachment on the adhesive joint strength and on
the mode of failure. The degree of interfacial surface attachment may
vary due to wetting, boundary layer effects, or other phenomena that
influence the degree of adhesion at the interface. The different inter-
facial states of adhesion are summarized in Fig. 2.5.
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, Transition . Cohesive Plateau
Region

Boundary
Failure Region
Adhesive
Joint
Strength

Tenacity of Surface Attachment ——

Figure 2.5 Schematic diagram of interfacial states encountered in adhesion. Here B rep-
resents boundary failure; C, cohesive failure; and B/C or C/B, mixed failure.®

In the boundary failure region, designated by B in Fig. 2.5, the
strength of the bond is controlled by physical and mechanical forces
active at the interface. In this region, the strength of interfacial con-
tact is much less than the cohesive strength of the adhesive material.
At a certain level, the degree of surface attachment begins to influence
the strength of the joint. This critical degree of surface attachment
may be referred to as the threshold value.

In the transition zone, the strength of the adhesive joint is very
sensitive to the degree of surface attachment. In this region, mixed
failure is observed. At a critical degree of surface attachment, which
can be referred to as a minimal or saturation value, the adhesive joint
will rupture, showing total cohesive failure, designated by region C.
The attainment of this state of surface attachment would represent
the ultimate strength of the joint.

Above this so-called saturation degree of surface attachment, the
strength of the joint levels off into a cohesive plateau. Under these
conditions further increases in the degree of surface attachment do
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not result in an increase in the mechanical strength of the adhesive
joint.

2.3 Theories of Adhesion

The actual mechanism of adhesive attachment is not explicitly de-
fined. Several theories attempt to describe adhesion. No single theory
explains adhesion in a general, comprehensive way. Some theories are
more applicable for certain substrates and applications; other theories
are more appropriate for different circumstances. Each theory has
been subjected to much study, question, and controversy. However,
each contains certain concepts and information that are useful in un-
derstanding the basic requirements for a good bond.

The most common theories of adhesion are based on adsorption,
simple mechanical interlocking, diffusion, electrostatic interaction,
and weak-boundary layers.

2.3.1 Adsorption theory

The adsorption theory states that adhesion results from molecular
contact between two materials and the surface forces that develop.
Adhesion results from the adsorption of adhesive molecules onto the
substrate and the resulting attractive forces, usually designated as
secondary or van der Waals forces. For these forces to develop, the
respective surfaces must not be separated more than five angstroms
in distance. Therefore, the adhesive must make intimate, molecular
contact with the substrate surface.

The process of establishing continuous contact between an adhesive
and the adherend is known as “wetting.” Figure 2.6 illustrates good
and poor wetting of an adhesive spreading over a surface. Good wet-
ting results when the adhesive flows into the valleys and crevices on
the substrate surface; poor wetting results when the adhesive bridges
over the valleys formed by these crevices. Obtaining intimate contact
of the adhesive with the surface essentially ensures that interfacial
flaws are minimized or eliminated. Poor wetting causes less actual
area of contact between the adhesive and adherend, and stress regions
develop at the small air pockets along the interface. This results in
lower overall joint strength.

Wetting can be determined by contact angle measurements. It is
governed by the Young equation which relates the equilibrium contact
angle, 6, made by the wetting component on the substrate to the ap-
propriate interfacial tensions:

Yiv €0S 0 = Ysv — YaL
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() Adhesive about to

spread over point X,

Good wetting. Adherend at

ATTLTD point X contacting adhesive.

X
Poor wetting. Air trapped
i) between adherend and adhesive
at point X.

Air bubble or solvent.

Figure 2.6 An illustration of good and poor wetting by an
adhesive spreading over a surface.’

The term +ygy is the interfacial tension of the solid material in equilib-
rium with a fluid vapor; v,y is the surface tension of the fluid material
in equilibrium with its vapor; and vyg is the interfacial tension be-
tween the solid and liquid materials. Complete, spontaneous wetting
occurs when 6 = 0°, or the material spreads uniformly over a substrate
to form a thin film. A contact angle of 0° occurs with a pure water
droplet on a clean, glass slide. Therefore, complete spontaneous wet-
ting occurs when cosine 6 > 1.0 or when:

Ysv = Ys. T Vv

Wetting is favored when the substrate surface tension, ygy, or its
critical surface energy, vy, is high, and the surface tension of the wet-
ting liquid, y;y, is low (i.e., V¢ substrate = Yadhesive)- LOW energy polymers,
therefore easily wet high energy substrates such as metals. Con-
versely, polymeric substrates having low surface energies will not be
readily wet by other materials and are useful for applications requir-
ing nonstick, passive surfaces.

Thus, most common adhesive liquids readily wet clean metal sur-
faces, ceramic surfaces, and many high energy polymeric surfaces.
However, common adhesives do not wet low energy surfaces. This ex-
plains why organic adhesives, such as epoxies, have excellent adhesion
to metals, but offer weak adhesion on many untreated polymeric sub-
strates, such as polyethylene, polypropylene, and the fluorocarbons.

FOI‘ gOOd Wetting: Yadhesive << 7Y C substrate
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FOI‘ poor Wettlng: Yadhesive >> YC substrate

A simple view of the relationship of wetting and adhesion is pro-
vided by Fig. 2.7. Here the contact angle of a drop of epoxy adhesive
on a variety of surfaces is shown. The surface energy of a typical epoxy
resin is about 42 mJ/m? (or dynes/cm). The expected bond strengths
would increase as the contact angle decreases. Therefore, the bond
strength of the epoxy adhesive on the epoxy substrate would be ex-
pected to be the greatest, followed by polyvinylchloride, polyethylene,
and polytetrafluoroethylene in that order.

Some important concepts develop out of the premise that for good
wetting to occur Y,gnesive << Yo substrate- YOU Would expect from this
relationship that polyethylene and fluorocarbon, if used as adhesives,
would provide excellent adhesion to a variety of surfaces including
polymers and metals. In fact, they do provide excellent adhesion. How-
ever, commercial polyethylene generally has many lower molecular
weight constituents that create a weak boundary layer, thus prevent-
ing practical adhesion. Fluorocarbons cannot be easily melted or put
into solution. Thus, they are difficult to get into a fluid state to wet
the surface and then solidify without significant internal stresses.
However, polyethylene makes an excellent base for hot melt adhesives
once the weak low molecular weight constituents are removed. Re-
searchers are attempting to develop epoxy resins with fluorinated
chains so that they can easily wet most surfaces.!!

Epoxy Adhesive

Y =42 mJ/m2
\\V——\
Epoxy Surface Polyvinyl chloride surface
2
‘YC= 42 mJ/m Yy =38 ,nj/m2
o

N N

Polycthylene surface Polytetrafluoroethylene surface

2
Y =18ml/m
C

C=31mJ/m2

Figure 2.7 Contact angle of an uncured epoxy adhesive on four surfaces of varying

critical surface tension. Note that as the critical surface tension of the surfaces

decrease, the contact angle increases indicating less wetting of the surface by the
10

€poxy.



62 Chapter Two

It is also easy to see why silicone and fluorocarbon surfaces provide
good mold release surfaces. Most resins will not easily wet these sur-
faces. It is also easy to see why silicone and mineral oil provide weak
boundary layers. If a very thin layer of such oil is on the substrate,
the adhesive will want to spread over the oil rather than the substrate.
Most adhesives would not wet a surface contaminated by these oils.
It is also interesting to note that by making a coating (or adhesive)
more likely to wet a substrate (by lowering its surface tension), you
may be inadvertently making it more difficult for any subsequent coat-
ing or adhesive to wet this new material once it is cured. Graffiti re-
sistant paints work in this manner.

After intimate contact is achieved between adhesive and adherend
through wetting, it is believed that permanent adhesion results pri-
marily through forces of molecular attraction. Four general types of
chemical bonds are recognized as being involved in adhesion and
cohesion: electrostatic, covalent, and metallic, which are referred to as
primary bonds, and van der Waals forces that are referred to as sec-
ondary bonds.

2.3.2 Mechanical theory

The surface of a solid material is never truly smooth but consists of a
maze of peaks and valleys. At one time, adhesion was thought to occur
only by the adhesive flowing and filling micro-cavities on the sub-
strate. When the adhesive then hardens, the substrates are held to-
gether mechanically. According to the mechanical theory of adhesion,
in order to function properly, the adhesive must penetrate the cavities
on the surface, displace the trapped air at the interface, and lock-on
mechanically to the substrate.

One way that surface roughness aids in adhesion is by increasing
the total contact area between the adhesive or sealant and the adher-
end. If interfacial or intermolecular attraction is the basis for adhe-
sion, increasing the actual area of contact by a large amount will in-
crease the total energy of surface interaction by a proportional
amount. Thus, the mechanical interfacing theory generally teaches
that roughening of surfaces is beneficial because it gives “teeth” to the
substrate, and by virtue of roughening increases the total effective
area over which the forces of adhesion can develop. Exceptions to this
rule will be described in the following sections.

The mechanical theory also teaches that joint designs that have
large bonding areas are better than joint designs having a smaller
area. However, there is a point where increasing the joint area, for
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example the overlap distances of a lap joint, has diminishing returns.
The next chapter will discuss this possibility.

Surface roughness generally aids in adhesive bonding by the me-
chanical interlocking effect. With rough surface preparation as shown
schematically in Fig. 2.8a, the adhesive would have to pass through
the adherend in order for separation to take place. What generally
occurs is that the roughness or micro-overhangs cause the adhesive to
plastically deform which in turn absorbs energy. Consequently, the
strength of the adhesive joint increases.

Another benefit of mechanical interlocking is that a rough surface
will provide a crack propagation barrier. Notice that in Fig. 2.8b as a
wedge is driven into the edge of a sharp interface between adherends
A and B, little energy dissipation is required to separate the adher-
ends, and a clean separation of adherends is possible. The substrates
will simply “unzip”. However, if there is surface roughness as shown
in Fig. 2.8a, then a tortuous interface between the adhering materials
will act as path-breaks between the separating adherends. These ex-
cursions in crack propagation dissipate energy and increase the re-
sulting strength of the joint.

Thus, there are many cases where the forces of adhesion and the
mechanical interlocking forces are working together in the same joint.
In these cases, the practical work of adhesion is equal to the work
developed by adhesion mechanisms (van der Waals forces) in addition
to the work developed by mechanical mechanisms (elastic deforma-
tion).

Mechanical anchoring of the adhesive appears to be a prime factor
in bonding many porous substrates. Adhesives also frequently bond
better to nonporous abraded surfaces than to natural surfaces. This
beneficial effect of surface roughening may be due to:

Force

Rough Interface Site Smooth Interface Site
(a) (b)

Figure 2.8 Schematics showing (a) tortuous interface between two adhering
materials with rough surfaces and (b) two adherends with smooth surfaces.
Note that in (a) the applied force cannot cleanly follow the path between the
two adherends and as excursions are made energy is dissipated.'®
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1. Mechanical interlocking
2. Formation of a clean surface
3. Formation of a highly reactive surface

4. Formation of a larger surface

It is widely believed that although the surface becomes rougher be-
cause of abrasion, it is a change in both physical and chemical prop-
erties of the surface layer that produces an increase in adhesive
strength. While some adhesive applications can be explained by me-
chanical interlocking, it has been shown that mechanical effects are
not always of prime importance.

2.3.3 Electrostatic and diffusion theories

The electrostatic and diffusion theories of adhesion are generally not
regarded as highly as the adsorption theory or mechanical theories.
However, there are certain applications where each is very appropri-
ate.

The electrostatic theory states that electrostatic forces in the form
of an electrical double layer are formed at the adhesive-adherend in-
terface. These forces account for resistance to separation. This theory
gathers support from the fact that electrical discharges have been no-
ticed when an adhesive is peeled from a substrate. Electrostatic ad-
hesion theory is regarded as an accepted theory for biological cell ad-
hesion. A simple form of adhesion can also arise from direct contact
electrification. This has been demonstrated for thin films of metal
sputtered onto polymeric surfaces.

The fundamental concept of the diffusion theory is that adhesion
arises through the inter-diffusion of molecules in the adhesive and
adherend. The diffusion theory is primarily applicable when both the
adhesive and adherend are polymeric, having compatible long-chain
molecules capable of movement. The key is that the adhesive and the
adherend must be chemically compatible in terms of diffusion and mis-
cibility. Solvent or heat welding of thermoplastic substrates is consid-
ered to be due to diffusion of molecules. Other than certain thermo-
plastics, situations in which the adherend and adhesive are soluble in
one another are relatively rare. Therefore, the diffusion theory of ad-
hesion can be applied in only a limited number of cases.

2.3.4 Weak-boundary-layer theory

According to the weak-boundary-layer theory, as first described by
Bikerman,'?2 when bond failure seems to be at the interface, usually a
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cohesive rupture of a weak boundary layer is the real event. This the-
ory largely suggests that true interfacial failure seldom occurs. Failure
may occur so near to the interface that it is apparently at the interface,
but in most cases it is ductile plastic deformation or cohesive failure
of a weak boundary layer material. Weak boundary layers can origi-
nate from the adhesive, the adherend, the environment, or a combi-
nation of any of the three.

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

The history of a typical adhesive joint may be divided into three
time periods: application of the adhesive, setting, and the period it is
in service. Weak boundary layers could develop during any one of
these periods.

Before application of the adhesive, the most important task is to
remove the weak boundary layers. The most common material to be
removed is atmospheric air. Displacement of air by the adhesive is a
process already described: wetting. Two other examples of weak
boundary layers that are present at the time of adhesive application
can be seen in polyethylene and metal substrates. Polyethylene sub-
strates usually have a weak, low-molecular-weight constituent evenly
distributed throughout the polymer. This weak boundary layer is pres-
ent at the interface and contributes to low failing stress when un-
treated polyethylene is used as an adhesive or adherend. Some me-
tallic oxides, such as aluminum oxide, are very strong and do not
significantly impair joint strength. However other oxides, such as
those associated with copper and copper alloys, are weak and require
removal prior to application of the adhesive. Weak boundary layers
such as low molecular weight polyethylene constituents and copper
oxides can be removed or strengthened by various surface treatments.

During the second major time period in the life of an adhesive, so-
lidification of the adhesive is the primary process. In many instances,
new boundary layers may form during the setting stage, and if they
happen to be weak, the final joint will also be weak. An example of a
weak boundary layer formed during this stage may be a chemical re-
action by-product of the setting reaction. Certain active metal surfaces
(e.g., titanium) are known to react with some chemical hardeners used
in adhesive formulations. A clean, reactive substrate surface may also
become contaminated by the components in the adhesive itself. For
example, the adhesive could contain water or low molecular weight
constituents that preferentially adsorb on the substrate surface.
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During the third period in an adhesive’s life (service exposure),
weak boundary layers could occur by environmental moisture diffus-
ing through either the adhesive or the adherend and locating at the
interface. Plasticizers, solvents, or other low molecular weight sub-
stances also may migrate out of the adherend or adhesive and deposit
at the interface. The bonding of plasticized polyvinyl chloride, for ex-
ample, can be difficult because the plasticizers will migrate to the in-
terphase with time. Notice the way some plasticized binder covers will
stick together on your bookshelf? This is due to the highly mobile
nature of the plasticizer. Another weak boundary layer that can form
during aging occurs by the adherend continuing to cure or chemically
react with its surroundings. Corrosion of an aluminum adherend could
occur at the interface and weaken the joint strength. On exposure to
moderately elevated temperatures, under-cured phenolic substrates,
for example, continue to liberate moisture as a by-product of the cur-
ing reaction, thereby degrading the joint strength.

2.4 Stages in an Adhesive’s or a Sealant’s
Life

As was indicated in the previous section, the life of an adhesive bond
has several important stages no matter whether it is in an adhesive
or a sealant joint. These stages are:

(1) Application and wetting
(2) Setting or solidification

(3) Operating in service

The degree of interfacial adhesion is greatly determined by stages 1
and 2. Stages 2 and 3 determine the degree of cohesive strength. All
stages markedly influence the overall joint performance. From a prac-
tical standpoint, the last stage is where the ultimate performance of
the adhesive or sealant is measured. It includes aging of the joint
materials in the service environment as well as exposure to any
stresses in the application.

There are processes going on in all three stages that ultimately will
affect the adhesion and the performance of the adhesive or sealant. It
is important to understand these processes and the effects that they
will have on the quality of the joint.

2.4.1 Application and Wetting

As explained under the adsorption theory of adhesion, an adhesive
must first wet the substrate and come into intimate contact with it.
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The result of good wetting is simply that there is greater contact area
between adherend and adhesive over which the forces of adhesion
(e.g., van der Waals forces) may act. As shown in the preceding sec-
tions, for maximum wetting, the surface energy of the liquid adhesive
must be less than that of the solid adherend or y;y < .. Table 2.2
provides surface tensions for common adhesive liquids and critical sur-
face tension for various solids.

The wetting of surfaces by adhesives can be described by two activ-
ities: a lateral spreading of the film; and a penetration of the fluid
adhesive into the surface cavities that are characteristic of the inher-
ent surface roughness. The first activity is controlled by the relative
surface energies of the adhesive and substrate. The second activity is
controlled mainly by the viscosity of the adhesive and the time it is
in the liquid state.

It may be useful to first consider the adhesion that occurs when only
a wettable liquid is used to provide adhesion (i.e., there is no cohesive
strength component). When two flat, smooth surfaces are spontane-
ously wet by a thin liquid, strong adhesion can result. The reason is
evident from Fig. 2.9 and from an application of the classic Laplace-
Kelvin equation of capillarity:4

1 1
P11~ P2 = Vv }71_}?2

Where p; and p, are respectively the pressure within the liquid and
the pressure in the vapor outside the liquid; R, and R, are respectively

2R,

Adherend

2R, Adhesive

Adherend

Figure 2.9 Idealized adhesive joint.!?
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the radius and half the thickness of a thin, circular layer of liquid in
contact with the solid; and v,y is the surface tension of the liquid. If
R, is greater than R,, then p, will be greater than p,. Hence, the two
plates will be forced together because of the pressure difference p, —
p;. From this equation it follows that many common liquids that spon-
taneously wet two such solid surfaces will hold them together.

In reality, however, the assumptions stated above are never realized.
Extremely close fitting, perfectly smooth, solid adherends would be
very expensive to prepare. The absence of dust or other particles on
the surface could be critically important in forming a strong joint. The
resistance of the joint to stress is determined solely by the viscosity
of the liquid film; hence, only if the viscosity is very great could the
joint withstand practical loading pressures.

Since real surfaces are not smooth or perfectly flat, it is necessary
to understand the effects of surface roughness on joint strength. A
viscous liquid can appear to spread over a solid surface and yet have
many gas pockets or voids in small surface pores and crevices. Even
if the liquid does spread spontaneously over the solid, there is no cer-
tainty that it will have sufficient time to fill in all the voids and dis-
place the air. The gap-filling mechanism is generally competing with
the setting mechanism of the liquid.

Problems occur when the liquid solidifies rapidly after being ap-
plied. Two examples are fast curing epoxies and fast gelling hot melt
adhesives. Very fast reacting epoxy adhesive systems generally do not
have the high adhesion strength that slower curing epoxy systems
have. One reason for this (there are others primarily related to the
chemistry of these fast acting systems) is that the curing reaction does
not provide sufficient time for the adhesive to fill the crevices on the
substrate surface. Cyanoacrylate adhesives, on the other hand, are
also very fast curing adhesives that provide exceptionally high bond
strengths on many substrates. Although cyanoacrylate resins set rap-
idly, their viscosity and wetting characteristics are such that they
quickly permeate the crevices and valleys on a substrate surface.
When a hot melt adhesive is applied in melt form to a cold metal
surface, the adhesion is much weaker than if the hot melt was applied
to a preheated metal surface and then allowed to cool at a slower rate
along with the substrate. When the hot melt makes contact with the
cold surface the adhesive gels immediately, and there is no time for
the adhesive to fill-in the cavities on the surface.

In certain cases, roughening of the surface may be undesirable—
actually decreasing the resulting joint strength. There is a noticeable
difference in measuring the contact angle of a liquid spreading over a
clean dry surface, 6,, and the contact angle measured when the liquid
recedes from a previously wet surface, 0. When a difference is ob-
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served between these two angles, the most common cause is the en-
trapment of liquid in the valleys and pores of the surface as the liquid
advances over it. When the liquid recedes, the surface uncovered usu-
ally includes wet areas. For this reason 6 is smaller than 6,. However,
when extreme care is used in preparing clean, sufficiently smooth sur-
faces, no differences are found. Wenzel!® noticed that the apparent or
measured contact angle (6') between the liquid and the surface of the
solid and the true contact angle (6) between the liquid and the surface
follow the relationship:

_cos ¢

cos 0

where r is a measure of roughness (r = 1.0 for smooth surface and
generally r = 1.5 to 3.0 for machined and ground metal surfaces). Here
0’ can be thought of as the contact angle between the liquid and its
envelope to the solid surface, and 6 is the contact angle between the
liquid and the surface at the air-liquid-solid contact boundary. Since
most organic liquids exhibit contact angles of less than 90 degrees on
clean polished metals, the effect of roughening the surface is to make
0 > 6. Thus, wetting is improved, and the resulting joint strength is
positively affected by the roughening. However, when the surface is
wet by a liquid with a contact angle greater than 90 degrees, then the
effect of roughening is to make 6 < 6’ and to reduce wetting.

This effect is evident when trying to bond a low energy surface, such
as polyethylene, with an epoxy adhesive. Without surface preparation,
the contact angle that the liquid epoxy makes on the polyethylene is
greater than 90 degrees. Therefore, epoxy adhesive joints made by
roughening the surface of polyethylene will be weaker than joint
strengths made with a non-roughened surface. This is sometimes dis-
concerting to those accustomed to bonding metal surfaces. With metal
surfaces, most adhesives make contact angles less than 90 degrees,
and surface roughening is usually, and correctly, looked upon as a pos-
sible way of improving joint strength. However, with untreated poly-
ethylene, the effect is just the opposite—exactly what is not wanted.

2.4.2 Setting or solidification

When a liquid adhesive or sealant solidifies, the loss in joint strength
is much greater than simply the loss of contact area due to the con-
siderations noted above. On setting or curing, there can be possible
reductions in adhesive strength due to:

1. Localized stress concentration points at the interface
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2. Stress due to differences in thermal expansion coefficients of the
adhesive and adherend (mainly associated with adhesives that cure
at temperatures different than their normal service temperatures)

3. Stress due to shrinkage of the adhesive or sealant as it cures

2.4.21 Localized stress. Losses of theoretical adhesive strength arise
from the action of internal stress concentrations caused by the trapped
gas and voids. Griffith'® showed that adhesive joints may fail at rel-
atively low stress if cracks, air bubbles, voids, inclusions, or other sur-
face defects are present. If the gas pockets or voids in the surface
depressions of the adherend are all nearly in the same plane and not
far apart (as is shown in Fig. 2.10 upper), cracks can rapidly propagate
from one void to the next. However, a variable degree of roughness,
such as shown in Fig. 2.10 lower, provides barriers to spontaneous
crack propagation. Therefore, not only is surface roughening impor-
tant, but the degree and type of roughness may be important as well.

It has also been shown!” that a concentration of stress can occur at
the point on the free meniscus surface of the adhesive (edge of the
bond-line). This stress concentration increases in value as the contact
angle, 6, increases. At the same time, the region in which the maxi-
mum stress concentration occurs will move toward the adhesive-
adherend interface. The stress concentration factors for a lap joint in
shear with a contact angle ranging from 0 to 90 degrees are summa-
rized in Fig. 2.11. For contact angles less than about 30 degrees (i.e.,
for good wetting) the maximum stress occurs in the free surface of the
adhesive away from the edges, and the stress concentration is not
much greater than unity. For larger contact angles, the maximum
stress occurs at the edges A, A (i.e., at the actual interface between
adhesive and adherend). The stress concentration factor increases
until, for a value of 6 = 90 degrees (non-wetting), it is greater than
2.5. Thus, poor wetting will be associated with a weak-spot at the

Smooth Adherend

= S el
B9 SR =

1o e MR

Gas Bubbles

Rough Adherend

Figure 2.10 Effect of surface roughness on coplanarity of gas bubbles: upper ad-
herend is smooth and gas bubbles are in the same plane, lower adherend has
roughness and gas bubbles are in several planes.!?



Theories of Adhesion 71

3 .
TR
— — - Maximum | Maximum _
% between | at edges
8 Aand B | A A /
§ 2 i 4
A A = ! /
e !
M = ! /
!
B e
S ] J‘Q__‘_//(
A | }
|
b !
1
i
S SR }
0 30° 60° 90°

Contact angle 8

Figure 2.11 Maximum stress concentration in a lap joint. Poor wetting of the adherend
produces maximum stress concentration at point of contact of adhesive, adherend, and
atmosphere.'3

adhesive—adherend interface with a consequent likelihood of prema-
ture failure at this region.

24.2.2 Setting stresses due to thermal expansion differences. When a
liquid adhesive solidifies, the theoretical strength of the joint is re-
duced because of internal stress concentrations that usually develop.
The most common cause of internal stress is due to the difference in
the thermal expansion coefficients of the adhesive and the adherends.
These stresses must be considered when the adhesive or sealant so-
lidifies at a temperature that is different from the normal temperature
to which it will be exposed in service. Figure 2.12 shows that thermal
expansion coefficients for some common adhesives and substrates are
more than an order of magnitude apart. This means that the bulk
adhesive will move more than 10 times as far as the substrate when
the temperature changes, thereby causing stress at the interface.
The stresses produced by thermal expansion differences can be sig-
nificant. Take for example an annular journal bearing where a poly-
amide-imide insert is bonded to the internal circumference of a stain-
less steel housing (Fig. 2.13). Further, assume that the adhesive used
is one that cures at 250°F. At the cure temperature, all substrates and
the gelled adhesive are in equilibrium. However, when the tempera-
ture begins to reduce as the system approaches ambient conditions,
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Figure 212 Thermal expansion coefficients of common materials.!®

stresses in the adhesive develop because the polyamide-imide sub-
strate wants to shrink to a greater extent than the steel. At ambient
room temperature, these stresses may be significant but not high
enough to cause adhesive failure. Further assume that the bonded
bearing is to be placed in service with operating temperatures that
will vary between 250°F and —40°F. At 250°F the internal stresses due
to the miss-match in thermal expansion are reduced to zero, since we
are back at the equilibrium condition (assuming that there was no
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Figure 2.13 Journal bearing application. Outer cylinder (stainless steel)
is bonded to inner cylinder (polyamide-imide) with an epoxy adhesive.
Exposure to low temperatures causes significant stress on bond due to
differences in coefficient of thermal expansion.

shrinkage in the adhesive as it cured or other stresses in the joint).
However, when the service temperature reaches —40°F, the thermal
expansion differences create internal stress in addition to those al-
ready there due to curing. Thus, a failure could easily occur.

A similar example is evident by a typical graph of an elevated tem-
perature cured adhesive joint as a function of test temperature, Fig.
2.14. Notice that the bond strength actually increases with tempera-
ture to a maximum, and then falls off with increasing temperature.
This is similar to the case above where the internal stresses are ac-
tually reduced by the service temperature. At some elevated temper-
ature, the internal stresses are completely relieved and the bond
strength reaches a maximum. The test temperature at which this oc-
curs is usually very close to the curing temperature. At higher test
temperatures, additional stresses develop or the effects of thermal
degradation become evident, and the bond strength then decreases
with increasing test temperature.

There are several possible solutions to the expansion miss-match
problem. One is to use a resilient adhesive that deforms with the sub-
strate during temperature change. The penalty here is possible creep
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Figure 2.14 Plot of the strength of an aluminum joint (bonded with an
elevated temperature curing epoxy adhesive) as a function of test tem-
perature.

of the adhesive, and highly deformable adhesives usually have low
cohesive strength. Another approach is to adjust the expansion coef-
ficient of the adhesive to a value nearer to that of the substrate. This
is generally accomplished by selection of a different adhesive or by
formulating the adhesive with specific fillers to “tailor” the thermal
expansion coefficient. A third possible solution is to coat one or both
substrates with a primer or coupling agent. This substance can pro-
vide either resiliency or an intermediate thermal expansion coefficient
that will help reduce the overall stress in the joint.

2.4.2.3 Setting stresses due to shrinkage of the adhesive or sealant.
Nearly all polymeric materials (including adhesives and sealants)
shrink during solidification. Sometimes they shrink because of escap-
ing solvent, leaving less mass in the bond line. Even 100% reactive
adhesives, such as epoxies and urethanes, experience some shrinkage
because their solid polymerized mass occupies less volume than the
liquid reactants. Table 2.3 shows typical volume shrinkage for various
reactive adhesive systems during cure.

The result of such shrinkage is internal stresses and the possible
formation of cracks and voids within the bond-line itself. Elastic ad-
hesives deform when exposed to such internal stress and are less af-
fected by shrinkage. Formulators are often able to adjust the final
hardness of the adhesive or sealant to minimize stress during shrink-
age.
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TABLE 2.3 Shrinkage of Common

Adhesives’®
Adhesive types % Shrinkage

Acrylics 5-10
Anaerobics 6-9
Epoxies 4-5
Urethane 3-5
Polyamide Hot Melts 1-2
Silicones (Curable) <1

2.4.3 Operation in service

Once the solidification mechanism is complete, the joint is generally
exposed to its service environment. We refer here to the “joint” rather
than the adhesive or sealant because now that the bond is created,
the joint is a single entity that has individual characteristics of its
own.

The service environment may include cyclic exposure to tempera-
ture, stress, chemicals, radiation, or a number of other environments
that are common to the application. It is important that the joint resist
the environmental conditions so that a practical working strength can
be maintained throughout the expected service life. The effect of ser-
vice conditions on the adhesive joint occurs mainly through localized
stress or environmental aging.

2.4.3.1 Short term effects. Localized stresses are mainly due to the
immediate effects of temperature and differences in thermal expan-
sion coefficient. The effect of differing thermal expansion coefficients
on internal stress generated during cure has been discussed in the
preceding sections. However, thermal stresses could easily occur dur-
ing the joint’s service life.

If the temperature is uniform throughout the bond, the approximate
stress on a thin rigid bond may be calculated from the following re-
lationship:2°

AT (ky — ky)

5= WE) - WE,y)

where S = shear stress on the adhesive due to differential thermal
expansion rates of the adherends, without consideration
for adhesive strain
E,, E, = Young’s moduli of the adherends
AT = temperature differential between zero stress temperature
and service temperature (zero stress condition usually ex-
ists at the cure temperature)
k,, ko = thermal expansion coefficients of adherends
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If the adherends are assumed to be unyielding, and the adhesive is
relatively flexible and thick, the greatest stress on the adhesive, oc-
curring at the ends of the joint, may be approximated from the follow-
ing relationship:

S = AT (k, — ky) (GL/2d)

where S = greatest shear stress in the adhesive due to differential
thermal expansion of the adherends, without considera-
tion for adherend strain
G = shear modulus of the adhesive
d = thickness of the adhesive
L = length of the joint

These theoretical expressions are approximations in that they exclude
the strain capability of either the adhesive or the adherends. Such
strain would tend to relieve some of the stress. The values calculated,
however, are greater than the actual stress and, therefore, conserva-
tive.

Methods of reducing such stresses consist of using flexible materials
or trying to better match the thermal expansion coefficients. The co-
efficient of thermal expansion of adhesive and adherend should be as
close as possible to limit stresses that may develop during thermal
cycling or after cooling from an elevated-temperature cure. As shown
in Table 2.3, polymeric adhesives generally have a thermal-expansion
coefficient an order of magnitude greater than metals. Adhesives can
be formulated with various fillers to modify their thermal-expansion
characteristics and limit internal stresses. A relatively elastic adhe-
sive capable of accommodating internal stress may also be useful
when thermal-expansion differences are of concern.

Once an adhesive bond is made and placed in service, other forces
are at work weakening the bond. The type of stress involved, its ori-
entation to the adhesive, and the rate in which the stress is applied
are important. When a bond separates cohesively, it is because adja-
cent molecular segments have physically moved away from each other.
This could occur from breaking of strong bonds within the molecular
chain or from rupture of weak bonds between the chains. The bond
separation is either rapid (cracking) or slow (creep).

Cracking results when a localized stress becomes great enough to
physically separate adjacent molecular segments. Highly crystalline
or highly crosslinked polymers are likely to crack rather than creep
under stress. When bond separation appears as an adhesive failure,
it is generally because a crack has followed the interface surface or
because some chemical has displaced the adhesive from the adherend
(see below). Cracks may result from internal or external stress.
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Creep can occur when enough force is applied to a mass of linear
molecules to cause them to disentangle or overcome their crystalline
order. Creep is a slow process. Creep is more pronounced at temper-
atures above the adhesive’s glass transition temperature, T,. Polymers
with low T, cannot be used where large loads must be carried at mod-
erate temperatures. Crosslinking reduces creep because the polymer
segments are immobilized by the network structure and cannot easily
slide by one another.

2.4.3.2 Long term effects. Potentially harmful external stress may be
of mechanical, thermal, or chemical origin. Temperature, humidity,
salt spray, fluids, gases, mechanical loads, radiation, and vacuum are
the most common extreme environments. They may be sufficiently
great to cause premature failure. The required environmental resis-
tance depends on the individual application. These requirements must
be established before the final joint configuration and material selec-
tions can be made. The effects of harsh environments on adhesives
and sealants are detailed in Chapter 17.

Sustained loads can cause premature failure in service even though
similar unloaded joints may exhibit adequate strength in the same
environment. The cumulative effect of different types of stress (e.g.,
mechanical and chemical) may often be an overlooked factor regarding
adhesive failure. Temperature variation combined with cyclic loading,
for instance, can greatly reduce durability when compared with simple
single parameter aging of the same sample.

There are times when a properly cured unstressed bond fails for no
apparent reason. It may exhibit apparent adhesive failure under low
or moderate load after extended aging. When behavior of this type is
encountered, the cause is often desorption, i.e., displacement of the
adhesive from the surface by a chemical from the environment or from
within the substrate (Fig. 2.15). Attachment to substrate sites involves
a dynamic equilibrium between the adhesive and other molecules that
may be present. Water, solvent, plasticizer, and various gases and ions
may all compete for the surface attachment sites. Moisture is by far
the most effective desorbing substance commonly available. Bonds are
able to resist desorption only if the low molecular weight substances
are unable to penetrate the joint or if the substrate-adhesive bond is
thermodynamically or kinetically favored over the substrate-desorber
interaction. Some widely used coupling agents form thin films between
the substrate and the adhesive. These have very high affinities for
each material. Such substances will be difficult to displace by itinerant
molecules.

An adhesive joint may contain as many as five different layers: first
adherend, first boundary layer, the adhesive, second boundary layer,
and second adherend. The life of a typical adhesive joint may be di-
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Figure 2.15 Competition between an adhesive and other chemicals for surface sites
leading to displacement of the adhesive from the surface. (a) Adhesive adsorbed at
surface sites. (b) Adhesive displaced from surface sites.?!

vided into three periods: application of the adhesive, setting, and ser-
vice. The behavior of each of the five layers during the three periods
indicates that there may be up to 15 different mechanisms occurring
during the life of a single joint. All of these could affect the perform-
ance characteristics of the joint.

The possible combinations of adhesives, adherends, stresses, and
environments are so great that reliable adhesive strength and aging
data are seldom available to the design engineer. Where time and
funds permit, the candidate adhesive joints should always be evalu-
ated under actual or simulated operating loads in the intended envi-
ronment.

Environmental aging generally causes: additional internal stresses
on the adhesive bond; degradation of the adhesive, adherend, or in-
terphase area; or creation of new interphase regions. The service en-
vironment may produce additional stress on the adhesive bond that
could contribute positively or negatively to the stresses that are al-
ready inherent in the joint.

Consider, for example, aging of an adhesive or sealant joint at mod-
erately elevated temperatures. The adhesive or sealant, depending on
the actual chemical composition, could shrink due to loss of plasticizer
or increased crosslinking. It also could increase in modulus of elastic-
ity for the same reasons. However, if the glass transition temperature
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was exceeded, it is likely that the effects would be different. That is,
the material would expand because of increased thermal expansion
coefficient, and the modulus would decrease because of increased free-
dom of rotation in the molecule. Many of these effects will be described
in detail in later chapters. However, it is important to realize that
these changes could either increase or reduce the stress on the joint.
This is why the “environmental stress” effect that was shown in Fig.
1.11 can either positively or negatively affect the natural bond
strength of a joint.

Aging can also increase degradation of the adhesive, adherend or
interphase regions. These degradation mechanisms generally lead to
a lowering of the cohesive strength of the adhesive. For example, ther-
mal heating may first cause softening of the adhesive and, then, ad-
ditional heating will cause oxidation and finally pyrolysis of the mo-
lecular chains. Exposure to moisture can cause cohesive weakening
through a hydrolysis reaction mechanism.

Environmental factors may also cause new interphase areas that
could provide a weak boundary layer in the joint. Environmental mois-
ture can diffuse through the adhesive and/or adherend, accumulate
at the interface and cause corrosion of metallic adherends. Plasticizer
or moisture migration could also accumulate at the interface and form
a weak boundary layer.

2.5 Special Mechanisms Related to
Sealants

All of the modes of adhesion failure described in the preceding sections
also apply to sealants. Adhesion failure, a loss of bond between the
sealant material and its substrate, is a common type of sealant failure.
Sealant failures most commonly occur under the following conditions.

1. The sealant is improperly formulated and, therefore, does not ad-
here to the substrate (i.e., the surface energetics do not allow good
adhesion to occur).

2. There is a weak boundary layer either initially or formed during
service, and the weak boundary layer fails in service.

3. The sealant becomes brittle and more limited in its movement ca-
pability because of aging or environmental conditions. Thus, it can
no longer compensate for the required substrate movement, and
bond failure results because the cohesive strength is greater than
the adhesive strength.

Cohesive failure is a failure within the body of the sealant material.
This failure frequently begins with a small nick or puncture of the
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material as shown in Fig. 2.16a. This is often because bulk sealant
materials are soft. With repeated movement, usually beyond their
movement capability, the sealant will rupture in the center of the joint.
Spalling failure in sealant joints (Fig. 2.16b) is equivalent to a cohe-
sive failure of the adherend. It is most common with high strength
sealants that are used with concrete. Some sealants have greater co-
hesive strength than concrete especially when the concrete is not fully
cured. Intrusion failure (Fig. 2.16¢) is often seen in construction joints.
The failure occurs when the sealant extends and necks down and then
fills with dirt. During the compression cycle, this pocket of dirt at-
tempts to close, and the closing action causes abrasion on the surface
of the sealant. This abrasion then leads to failure during a subsequent
tension cycle.

An additional common type of sealant failure is shown in Fig. 2.17a.
Here the sealant is extended and held in a necked-down shape. When
the joint closes, the sealant acts as a slender column and buckles. This
exposes the strained sealant to the environment and causes peeling
forces at the edges of the sealant. Compression failure is also common,
as shown in Fig. 2.176. The sealant is compressed and relaxes into

Cohesion failure (a)

Spalling failure (b)

Intrusion failure (c)

Figure 2.16 Cohesion (a), spalling (b), and intrusion failure (c) modes of a sealant joint.??
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Figure 2.17 Change in sealant shape due to flow. (a) Viscous tension-compression effect.
(b) Viscous compression-tension effect.??

equilibrium in its new shape. When the joint opens, the sealant does
not return to its former rectangular shape. Instead, it yields at its
minimum cross-section, which is immediately adjacent to the joint in-
terface. This is a highly concentrated strain that will lead to failure.

Another common problem in using sealants is assuming that the
important properties of the sealant are those that are measured in a
fully cured state. Often because of temperature cycles such as those
occurring at day and night, the movement of the substrates cannot
wait for the sealant to fully cure. Excessive or premature stress on
the undercured sealant will usually lead to cohesive failure. The so-
lution is to use fast curing sealants so that a significant portion of the
cure occurs before the first critical cycle of the substrate.

2.6 Polymer Material Interactions

Adhesion depends, as has been stated above, mainly on the dispersion
forces possessed by all molecules, then on a means of bringing these
into effect by close proximity, and lastly on the cohesive behavior of
the adhesive (i.e., its strength, flexibility, and response to tempera-
ture). Some polymers will be better adhesives or sealants than others
due to the enhancement of van der Waal’s forces by hydrogen bonding
or other donor-acceptor interactions possible at the interface. If these
interfacial effects are neglected, all polymers have similar properties
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or characteristics whose value will determine their general usefulness
as adhesives or sealants in specific applications.

2.6.1 Polymeric materials

It is natural to ask why so many polymeric materials with greatly
different chemical composition and structure make good adhesives or
sealants. The reason is that: all polymeric materials have fundamental
properties that are important in adhesion; polymers can be made to
flow and then set via several reaction mechanisms to form a cohesively
strong solid, and additives can be used to modify these properties.

The performance of a polymeric adhesive or sealant is dependent
upon the physical properties of the polymeric base from which it is
made and the various formulating agents used to modify the base
polymer. Relationships between the chemical structure of a polymer,
its physical properties, and its adhesive performance have interested
scientists for many years. This has resulted in many excellent tech-
nical studies on property-structure relationships and has helped to
improve understanding of the factors controlling adhesive and sealant
performance.

2.6.2 Properties important for adhesives
and sealants

The fundamental parametric properties that are important in suc-
cessful adhesives and sealants are the glass transition temperature,
the solubility parameter, the surface free energy, and the viscosity.
Added to these are the non-parametric qualities of microstructure or
organization. Some of these properties are mainly involved in the ap-
plication of adhesive to the substrate, and they play little direct part
once intimate contact on a molecular scale has been achieved.

2.6.2.1 Properties important for adhesion. Surface energetics are con-
trolled largely by the general chemical composition of the polymer
molecules. Factors such as the polarity and surface functionality of
the molecules affect the surface tension and often account for the great
improvement in adhesion. These properties are usually determined by
the base polymer in the adhesive or sealant formulation.

Addition of carboxyl functionality to polymers is well known as an
adhesion promotion mechanism for polar substrates. Thus, -COOH
groups improve the adhesion of polyesters, acrylics, and olefin poly-
mers to these substrates. Other electronegative atoms, such as chlo-
rine and nitrogen, have been noticed to improve the chances for ad-
hesion via hydrogen bonding across the interface.
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Favorable surface energetics are a necessary, but not singularly suf-
ficient, condition for bond formation. Proper spreading kinetics and
rheology are also required. The adhesive must have the necessary rhe-
ology to flow on the time scale of the bond formation. Time dependent
flow of the adhesive, which is often confused with or combined with
the energetic “wetting” of the substrate by an adhesive, is a major
factor in application of adhesives. The major property affecting flow is
viscosity and, therefore, molecular weight.

2.6.2.2 Properties affecting cohesion. In addition to good adhesion, an
adhesive or sealant must have satisfactory cohesive strength. Factors
that can affect cohesive strength include molecular weight, crystallin-
ity, hydrogen bonding, crosslinking, and compatibility (in multi-phase
systems).

Many properties of adhesive bonds are influenced by the mobility of
the molecular chain structure as shown in Fig. 2.18. When chain seg-
ments can move easily such as when the temperature exceeds the
glass transition temperature, T,, they can deform under impact or

Creep
Impact Resistance
Permeation

Density
Brittleness l
Cohesive Strength

ADHESIVE PROPERTIES

Ty
TEMPERATURE

Figure 2.18 General trends of some adhesive properties related to temperature or mo-
lecular mobility. The sharp change at the T, reflects the abrupt increase in molecular
motion.?!
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assume new alignments under mechanical or thermal-expansion
stress. This movement spreads the applied energy over a greater num-
ber of atoms and, thus, gives the bond a better chance to resist stress.
Brittleness is, therefore, reduced and flexibility is increased. Molecu-
lar flexibility can be controlled by the following conditions.

Effect on flexibility

Molecular weight Negative
Crosslink density Negative
Crystallinity Negative
T, Negative
Fillers Negative
Plasticizers Positive

Flexibilizers Positive

Increasing molecular weight improves cohesive strength but often
weakens adhesion. Crystallinity can significantly improve the cohe-
sive strength of a polymer up to its melting point, but too much crys-
tallinity can also embrittle the adhesive. Heterogeneous nucleation
(crystallinity occurring at the melt surface of a polymer) has been
shown to improve the surface cohesive strength of FEP Teflon, Nylon-
6, and polyethylene when cast against high energy surfaces.

Crosslinked adhesives have cohesive properties that are found to
depend on the molecular weight between crosslinks, M, Shear
strengths of epoxy aluminum joints decreased as M, increased; how-
ever, flexibility and toughness are increased. Figure 2.19 shows the
relationship between crosslink density and the physical state of epoxy
resins.

The excellent cohesive strength of polyamides compared to other
common polymers of equivalent molecular weight is due to the pres-
ence of interchain hydrogen bonding. Excellent adhesion of epoxies to
aluminum, of surface treated rubber and other polymers to glass, and
of polymers to cellulosics are also attributed to interfacial hydrogen
bonding. Hydrogen bonding can be considered a special case of cross-
linking.

Like all polymers, adhesive and sealant materials undergo constant
thermally induced vibration. The amplitude of these vibrations is de-
termined primarily by temperature, chain flexibility, and crosslinking,
and to a lesser extent by fillers and physical stresses. A certain
amount of chain flexibility is desirable since it imparts resiliency and
toughness to the adhesive film. Too much flexibility, however, may lead
to “creep” (i.e., plastic flow under load) or poor temperature resistance.
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Figure 2.19 Effect of crosslink density on the physical state of epoxy resins.?!

Adhesive formulators use the glass transition temperature, T,, as a
practical basis for compounding products with the appropriate amount
of internal motion. T, is the temperature at which the slope of a tem-
perature-volume plot undergoes a sudden upward change shown in
Fig. 2.20. It is the temperature at which there is significantly more
molecular mobility than at lower temperatures (i.e., the molecules
have sufficient thermal energy to be considered mobile). T, is a prop-

Volume

Temperature

Figure 220 The effect of temperature on the total volume
of a polymer.
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erty of a polymer that depends on its chemical composition and the
degree of crosslinking or molecular interaction.

For good bond strength and creep resistance, the T, of the adhesive
or sealant should be well above the maximum temperature that it will
see in service. However, peel strength will be low if the T, is high. It
is very difficult to provide an adhesive that has high peel strength
with good cohesive strength and environmental resistance. This prob-
lem and possible solutions for it will be discussed in detail in following
chapters. A high T, will also limit the low temperature properties of
the adhesive or sealant. Bond strength at elevated temperatures can
be increased by raising crystallinity, hydrogen bonding, and crosslink-
ing. Typical glass transition temperatures for adhesive resins are
shown in Table 2.4.

There is an interdependence on the rheological characteristics of the
bulk adhesive and its adhesion characteristics. For example, if a co-
hesively weak polymeric material is being used as the adhesive, the
demand on the strength of surface attachment would be much less
than if the adhesive were a tough polymeric blend. Hence, the rheo-
logical strength of the adhesive polymer plays an important role in
determining the magnitude of the joint strength.

Figure 2.21 presents the tensile strength of a carboxylic acid con-
taining acrylic terpolymer as a function of temperature. The glass
transition temperature of this terpolymer is 97°F. The joint strength
of this adhesive is typical of noncrystalline thermoplastic adhesive sys-
tems. In the rubbery range (above T,), the joint strengths are low
because the polymer itself is cohesively weak. At lower temperatures,
approaching T,, the adhesive-joint strengths increase and are maxi-
mized near T,. In the glassy region, it has been found that the joint
strength depends on how brittle the adhesive material is. If the ad-
hesive is brittle in the glassy state, the adhesive joint strength will
decrease. With tougher plastics or resins like crosslinked epoxies,
there is little or no drop in joint strength immediately below T,. Usu-
ally a broad maximum joint strength plateau is observed.

From this data, one can now attempt to generalize the effect of the
rheological state on adhesive joint strength. This generalized condition

TABLE 2.4 Glass Transition Temperatures of
Common Polymers™®

Adhesive type Glass transition temperature, °F
Silicone —-130
Natural Rubber -94
Polyamide 140

Epoxy 212
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Figure 2.21 Adhesive joint strength of a carboxylic acid containing acrylic
terpolymer to aluminum as a function of temperature.®
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is presented in Fig. 2.22. It is of interest to point out the similarity
between the adhesive joint strength and the modulus of the material
in the various rheological states. Rubbery systems have low moduli
and exhibit lower adhesive lap shear and tensile strengths; glassy pol-
ymers have higher moduli and produce generally high adhesive joint
strength.

In summery, joint strengths are controlled by the fundamental prop-
erties of the polymeric material that is used to formulate the adhesive
or sealant. These properties include the tenacity of surface attach-
ment, the cohesive strength of the polymer material, and the rheolog-
ical characteristics of the polymer. Rheological characteristics deter-
mine the degree of deformation that the adhesive material undergoes
during rupture of the joint.

2.7 Surface and Interface Interactions

When two materials are bonded, the resultant composite has at least
five elements: adherend 1/interphase 1/adhesive/interphase 2/adher-
end 2. Note that with application of primers or other components, such
as spacers or reinforcing fibers, the number of elements can increase
dramatically. The strength of the joint will be determined by the
strength of the weakest member. Often the weakest member is one of
the interphase regions, since this is generally where weak boundary
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Figure 2.22 Schematic diagram of the effect of the rheological state on adhesive lap
shear and tensile joint strengths.®

layers can occur. Examination of weak boundary layers and investi-
gation of phenomena occurring at the interphase regions of the joint
provides valuable information.

2.7.1 Boundary layer theory

One interpretation of adhesion that has been the most useful in de-
scribing adhesion phenomenon is the boundary layer theory set forth
by Bikerman.?® This theory proposes the existence at an interface of
a finite boundary layer composed of adsorbed molecules that differ in
nature from those in the bulk phases. A schematic diagram showing
examples of weak boundary layers is presented in Fig. 2.23.

The criterion for good adhesion is merely that the boundary layer
be strong enough to withstand the effects of external stress. According
to Bikerman, rupture of an adhesive joint practically always proceeds
through a single material phase rather than between two materials.
The rupture is initiated at a point where the local stress exceeds the
local strength. When failure occurs in the boundary stratum, a weak
boundary layer is present.

Weak boundary layers may form due to a variety of causes. Often
the formation is unpredictable, and it is difficult or impossible to de-
termine the actual composition of the boundary layer. Examples of
common weak boundary layers include:
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Figure 2.23 Examples of weak boundary layers.?*

® Entrapment of air

® Impurities, or low molecular weight species that concentrate near
the surface

m Cohesively weak oxide layers on the substrate surface

® Chemical deterioration of the coating, adhesive polymer, or sub-
strate during the bonding process (e.g., catalytic air oxidation dur-
ing heating)

® Chemical deterioration and/or corrosion between the adhesive and
the substrate. (In some cases, for example with metals, the forma-
tion of brittle inter-metallic compounds can lead to a weak boundary
layer.)

2.7.2 Interphase region

Sharpe? extended Bikerman’s two-dimensional weak boundary layer
concept into a three-dimensional interphase concept. Interphases are
thin regions of the joint that have properties that are widely different
from the bulk materials. These regions are thick enough to have prop-
erties, such as modulus, Poisson’s ratio, tensile strength, etc., that will
affect the final properties of the joint.

Interphase regions can be formed by solidification of certain poly-
mers on certain high energy substrates. The interfacial structure will
be characteristic of the composition and structure of both the polymer
and the substrate, as well as the ambient conditions. Solidification
preserves this organization to create an interphase with unique prop-
erties that becomes a permanent part of the joint, influencing its me-
chanical response. Examples include semicrystalline polymers, such
as polyethylene. When this polymer is solidified from the melt while



90 Chapter Two

in contact with a solid substrate, a visibly different structure in the
polymer near the interface—the so-called transcrystalline struc-
ture—is formed. This region has mechanical properties different from
the ordinary bulk structure of the polyethylene from which it came.

Interphase regions on metals are generally complex oxides. The me-
chanical properties of an oxide on a particular metal substrate depend
on the history of that particular piece of metal. Such interphase prop-
erties are determined by the conditions that generated them.

It is clear that interphases, which are quite thin relative to the
joints in which they are present, will not have much effect on small
deformation properties of the joint. However, they can have remark-
able effects on the ultimate properties such as the breaking stress of
the joint. This is particularly important if the interphase regions are
sensitive to various environments, such as temperate and moisture.

It is also highly probable that interphases are not homogeneous in
the sense that their composition, structure and, therefore, properties
vary across their depth. Research needs to be directed at answering
questions such as how to model the joint to include interphase regions,
what are the appropriate properties of the interphase to measure, and
how do you measure these properties.
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Chapter

Joint Design

3.1 Introduction

The strength of an adhesive or sealant joint in the absence of outside
or environmental factors is determined by the mechanical properties
of the materials comprising the joint, the extent of interfacial contact,
and residual stresses within the joint. To design a practical joint, it is
also essential to know as much as possible about the expected service
requirements including anticipated stresses and environmental ex-
tremes.

The design of the adhesive or sealant joint will play a significant
factor in determining how it will survive outside loads. Although it
may be tempting to use joints originally intended for other methods
of fastening, adhesives and sealants require joints of a special design
for optimum properties. The practice of using joints designed for some
other method of assembly and slightly altering them to adapt to ad-
hesives or sealants can lead to unfavorable results.

As with most fundamental processes involving adhesives or seal-
ants, joint design cannot be completed without consideration of nu-
merous other factors. One must have familiarity with the adhesive or
sealant materials, their physical properties, and the cure conditions
that will be employed. One must also be familiar with the require-
ments and costs of machining and forming substrates into various
joint geometries. Finally, one must be cognizant of the types of stresses
anticipated in service, their magnitude and duration, and their ori-
entation to the joint.

This chapter will define the types of stress that are common to ad-
hesive and sealant joints. The reason why shear stress is preferred
over peel or cleavage stress will be made clear. Various designs will
be recommended for several common joint geometries. Stress distri-
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bution analysis will lead to methods of maximizing the efficiency of
the joint.

3.2 Types of Stress

A uniform stress pattern in an adhesive or sealant joint is seldom
produced by application of an external force. Rather, non-uniform
stress distributions are the norm. Since fracture initiates when and
where local stress exceeds local strength, stress concentrations have
a large influence on the breaking strength of a joint. Residual internal
stresses and their tendency to form stress concentration regions were
discussed in the previous chapter. This chapter considers the appli-
cation of external loads on the joint.

External loads produce local stresses that may be many times the
average stress. These stress concentrations are often unexpected, and
they may determine the actual force that the joint can sustain. It is
the responsibility of the joint designer to compensate or to minimize
these effects, but first they must be understood.

Four basic types of loading stress are common to adhesive or sealant
joints: tensile, shear, cleavage, and peel. Any combination or variation
of these stresses, illustrated in Fig. 3.1, may be encountered in an
application.

3.2.1 Tensile and compressive stress

Tensile stress develops when forces acting perpendicular to the plane
of the joint are distributed uniformly over the entire bonded area. In
tension, the adhesive develops high stress regions at the outer edge
(Fig. 3.2), and those edges then support a disproportionate amount of
the load. The first small crack that occurs at the weakest area of one
of the highly stressed edges will propagate swiftly and lead to failure
of the joint. However, if the joint is properly designed, it will show
good resistance to tensile loading because the loading is more easily
distributed.

Proper design requires that the joint has parallel substrate surfaces
and axial loads. Unfortunately in practical applications, bond thick-

e B @

Tensie Shear Cleavage Peel

Figure 3.1 The four basic types of stress common to adhesives and
sealants.
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ness tolerance is difficult to control, and loads are rarely axial. Un-
desirable cleavage or peel stresses (explained below) then tend to de-
velop. Tensile joints should be designed with physical restraints to
ensure continual axial loading. The adherends must also have suffi-
cient rigidity so that the stress is distributed evenly over the entire

bonded area.

In practice, the stress distribution in simple tensile joints, such as
the butt tensile joint shown in Fig. 3.2, is far from uniform. It is uni-
form only if the adhesive and adherends do not deform laterally when
the joint is stressed, or if they deform by the same amount.
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Compression loads are the opposite of tensile. As with tensile loads,
it is important to keep the loads aligned so that the adhesive will see
purely compressive stress. An adhesive loaded in compression is un-
likely to fail, although it may crack at weak spots due to uneven stress
distribution. Actually, a joint loaded in “pure” compression hardly
needs bonding of any sort. If the compression force is high enough and
there is no movement of the parts, the parts will stay in position rel-
ative to one another unless the adhesive fails cohesively.

The polyamide-imide journal bearing application in Chapter 2 (Fig.
2.13) is an excellent example of this. At elevated temperatures, the
internal cylinder (polyamide-imide) is compressing against the outside
cylinder (steel) because of the thermal expansion coefficient differ-
ences. At elevated service temperatures an adhesive is not necessary
in the classical sense, and the parts are held together by thermal fit.
However, at lower operating temperatures the opposite effect occurs.
The internal cylinder wants to contract more than the steel cylinder,
and the adhesive is exposed to high tensile forces of uneven distri-
bution.

Tensile or compressive stress is measured as force per bonded area
and is usually given in units of pounds per square inch of bonded area
(psi). For example, if two circular rods of 1 in. diameter were bonded
as a butt joint, the tensile strength would be measured as the ultimate
load (in pounds of force) divided by the bonded area [7 X (0.5 in.)?]
and given in units of psi.

In SI (Systéme International d’Unités) units, stress is given as
megapascals (MPa) One psi is equivalent to 0.006895 MPa; or IMPa
is equivalent to 145 psi.

3.2.2 Shear stress

Shear stress results when forces acting in the plane of the adhesive
try to separate the adherends. Joints that are dependent on the ad-
hesive’s shear strength are relatively easy to make and are commonly
used in practice. Adhesives are generally strongest when stressed in
shear because all of the bonded area contributes to the strength of the
joint and the substrates are relatively easy to keep aligned.

The lap shear joint, shown in Fig. 3.3 left, represents the most com-
mon joint design in adhesive bonding. Shear stresses are measured
similar to tensile forces, as force per bonded area, psi. By overlapping
the substrates, one places the load bearing area in shear. Note that
most of the stress is localized at the ends of the overlap. The center
of the lap joint contributes little to joint strength. In fact, depending
on the joint geometry and physical properties of the adhesive and ad-
herends, two small bands of adhesive at each end of the overlap may
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Figure 3.3 Stress distribution on an adhesive when stressed in (left) shear and (right)
peel or cleavage.?

provide the same bond strength as when the entire overlap area is
bonded with adhesive. The reason for this is provided in Section 3.3.4.

3.2.3 Cleavage and peel stress

Cleavage and peel stresses are undesirable for adhesives and sealants.
Cleavage is defined as the stress occurring when forces at one end of
a rigid bonded assembly act to pry the adherends apart. Peel stress is
similar to cleavage, but it applies to a joint where one or both of the
adherends are flexible. Thus, the angle of separation (or the angle
made by the separating substrates) can be much greater for peel than
for cleavage.

Joints loaded in peel or cleavage offer lower strength than joints
loaded in shear because the stress is concentrated at only a very small
area of the total bond. The stress distribution of an adhesive in cleav-
age is shown in Fig. 3.3. All of the stress is localized at the end of the
bond that is bearing the load. The adhesive at the other end of the
bond is providing little to the ultimate strength of the joint.

Cleavage and peel forces are measured as force per linear length of
bond. Consider an application where a 1 in. wide strip of pressure
sensitive adhesive tape is placed on an aluminum substrate and then
peeled off the substrate to measure adhesive strength. The peel
strength would be measured as pounds of force required to strip the
tape off the substrate divided by the width of the bond being peeled,
i.e., 1in.
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Units of peel or cleavage strength are usually expressed as pounds
per inch of bond width (piw). SI units for peel are kg/m where 1 piw
is equivalent to 17.858 kg/m.

Peel or cleavage stress should be avoided where possible, since the
stress is confined to a very thin line at the edge of the bond (Fig. 3.3
right). Brittle adhesives are particularly weak in peel because the
stress is localized at only a very thin line at the edge of the bond as
shown in Fig. 3.4. The stiffness of the adhesive does not allow distri-
bution of stress over an area much larger than the thickness of the
bond-line. On the other hand tough, flexible adhesives distribute the
peeling stress over a wider bond area and show greater resistance to
peeling forces.

Common rigid epoxy adhesives can generally provide greater than
2000 psi shear strength, but they may only provide on the order of 2
piw of peel strength. Tough, flexible adhesives that are specifically
formulated for high peel resistance could provide peel strength values
in the range of 25—50 piw.

3.3 Maximizing Joint Efficiency

For maximum joint efficiency, non-uniform stress distribution should
be reduced though proper joint design and selection of certain design
variables that are of importance to stress distribution. The number of
variables affecting the stress distribution, even in the most common
joint designs, is large. The following variables are most important.

Tough adhesive

]..

Figure 3.4 Tough, flexible adhesives distribute peel stress over a larger area.?
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1. Adhesive material properties
2. Adhesive thickness

3. Geometry of the bond area
4. Adherend properties

The effect of non-uniform stress distribution is that the average
stress (i.e., the load divided by bond area) is always lower than the
maximum stress at localized areas within the joint. Only in cases
where there is a near uniform stress does the average stress approach
the maximum stress. Failure in the bond always begins at the maxi-
mum stress regions. Therefore, an understanding of the stress distri-
bution in a joint is of primary importance in the design of adhesive
joints.

3.3.1 Adhesive properties

The simplest example of how adhesive properties affect joint design
efficiencies can be demonstrated by the stress distribution analysis of
a simple lap shear or peel joint, Fig. 3.3. The maximum shear stress
is dependent on the rheological characteristics of the adhesive. Tough,
flexible adhesives have less of a maximum stress, but the average
stress is generally higher. Since typically high elongation adhesives
have lower cohesive strengths, the advantage of high elongation and
peel strength is usually compromised by a corresponding decrease in
the adhesive’s internal shear strength.

Adhesive modulus also influences the stress distribution; however,
it is not a direct effect. For two adhesives of the same strength and
elongation, the higher modulus adhesive would carry more load. How-
ever, the higher elongating adhesives that have good peel and cleavage
strength, tend to have lower moduli and poorer shear strength.

Crack propagation sensitivity is greater with brittle adhesives Gi.e.,
those having low elongation and high modulus). Fatigue life is, gen-
erally, lower with brittle adhesives. If the applied fatigue stress is
measured as a percentage of ultimate, then the fatigue life of joints
fabricated from high elongation adhesives is considerably superior to
more brittle adhesives. This is due to both uniform stress distribution
and high internal energy damping with more flexible adhesives.

If high stress nonuniform distributions are expected in service ei-
ther because of external loading, such as peel or cleavage, or from
internal stress, such as from thermal expansion differences or shrink-
age, then tough, flexible adhesives and sealants are usually better
than more brittle ones. This is why flexible adhesives are often rec-
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ommended for bonding plastic or elastomeric surfaces. The physical
nature of these substrates often results in cleavage or peeling forces
acting on the adhesive, and generally, there are significant differences
in thermal expansion coefficients. Brittle adhesives would provide
joints having high stress concentrations; whereas, flexible adhesives
would provide more uniform stress distribution.

When an application requires both high temperature resistance and
high peel strength the adhesive user faces a difficult compromise.
Usually, the more heat resistant polymers are also more densely cross-
linked and brittle. Flexibilized polymers have better resistance to peel,
impact, and fatigue forces but reduced heat resistance. As we will see
in later chapters, modern adhesive formulations, notably temperature
resistant thermoset base resins with a discrete elastomeric phase,
have come a long way in solving this dilemma.

In summary, usually a tough, flexible adhesive or sealant is pre-
ferred over a brittle stiff one as long as the adhesive has sufficient
cohesive strength for the application. With these adhesives, it is much
easier to have a joint with uniformly distributed stress. However,
there are disadvantages in using tough, flexible adhesives that must
be overcome. They usually have lower cohesive strength. Since the
forces that hold the internal molecules together are lower, the tem-
perature capability and environmental resistance also suffer. As a re-
sult, tough, flexible adhesives are commonly used on substrates such
as plastics and elastomers where the environmental service conditions
are usually not extreme and the physical properties of the adhesive
closely match those of the substrates. More brittle adhesives are more
densely cross-linked and usually employed in structural applications
that are likely to see elevated temperatures and aggressive environ-
mental conditioning.

3.3.2 Adhesive thickness

The most important aspects of adhesive thickness, or bond-line thick-
ness, are its magnitude and its uniformity or homogeneity. Generally,
one tries to have as thin an adhesive layer as possible without any
chance of bond starvation. In practice, this translates into bond-line
thicknesses from 0.002 in. to 0.008 in. Adhesive strength does not vary
significantly in this range. It is usually best to attempt to have a con-
stant bond-line thickness of about 0.005 in. With thicker adhesive
bond-lines, one runs the risk of incorporating higher void concentra-
tions into the joint. In addition, stresses at the corner of the
adhesive-adherend tend to be larger because it is difficult to keep the
loads axial with a very thick bond-line. It should also be remembered
that adhesives are generally formulated to cure in thin sections.
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Thicker sections could change the curing properties and result in in-
creased internal stresses and non-optimal physical properties.

The substrates should be as parallel as possible, thus requiring uni-
formity in adhesive thickness across the bonded area. If the substrates
are not parallel, the loading will not remain aligned and this condition
could translate into cleavage stress on the adhesive.

There are several methods used for maintaining a constant, prede-
termined adhesive thickness. These methods include:

® Adjusting the viscosity of the adhesive
m Application of a precalculated amount of pressure during cure
m Using fixturing that is specifically designed for the application

®m Application of a shim or insert within the bond-line so that a uni-
form, predetermined thickness can be maintained

These techniques will be reviewed in Chapter 18.

3.3.3 Effect of bond area geometry

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

A plot of failure load versus overlap length for brittle and ductile
adhesives is shown in Fig. 3.5. Increasing overlap length increases the
joint strength to a point where a further increase in bond overlap
length does not result in an increase in load carrying ability. This
curve is the result of the capability of ductile adhesives resisting non-
uniform loads more than brittle adhesives.

Since the stress distribution across the bonded area is not uniform
and depends on joint geometry, the failure load of one joint design
cannot be used to predict the failure load of another design having a
different geometry. The results of a particular test pertain only to
joints that are exact duplicates of one another. This means that the
results of laboratory tests on lap shear specimens cannot be directly
converted to more complex joint geometries.

To compare different geometries, curves showing the ratios of over-
lap length to adherend thickness, [/¢, are sometimes useful. Figure 3.6
shows an example of the effect of [/¢ ratio on aluminum joints bonded
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Figure 3.6 The effect of ratio of length of overlap to ad-
herend thickness (I/t) on adhesive strength at three test
temperatures for aluminum joints bonded with a nitrile
rubber adhesive.®

with a nitrile-rubber adhesive. From such a chart, the design engineer
can determine the overlap length required for a given adherend thick-
ness to obtain a specific joint strength.

3.3.4 Adherend properties

The properties of the substrates being joined have a major influence
on the stress distribution in the joint. Non-uniform stress distribution
in the adhesive is caused by the relative displacement of the adher-
ends due to the strain in the adherends. Since the adhesive must ac-
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cept this displacement differential, the flexibility of the adhesive is,
involved.

The stiffness of the adherend is characterized by the product of the
Young’s modulus, E, and the adherend thickness, ¢. Then Et of each
adherend becomes an important factor in the shear stress distribution.
As the product Et becomes large, the shear stress distribution becomes
more uniform.

In a shear joint made from thin, relatively flexible adherends, there
is a tendency for the bonded area to distort. This distortion, illustrated
in Fig. 3.7, causes cleavage stress on the ends of the joint, and the
joint strength may be considerably impaired. Thicker adherends are
more rigid, and the distortion is not as much a problem as with
thin-gauge adherends. Figure 3.8 shows the general interrelationship
between failure load, depth of overlap, and adherend thickness for a
specific metallic adhesive joint. As the adherend thickness (i.e., the
relationship Et) increases, the failure load increases for identical over-
lap lengths. For constant adherend thicknesses or constant Et, the
failure load increases with increasing overlap length up to a certain
point. Beyond that overlap distance the failure load remains constant.
In this region the entire load is supported by the edge region of the
overlap. The central section of adhesive is not contributing to the
strength of the joint.

—
E— };‘ ]
S—
\\\ ]
No load : \\\.\
l \\\:b

Moderate load

e -

—

Extreme load

Figure 3.7 Distortion caused by loading can introduce cleavage stresses and must be
considered in the joint design.®
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3.4 General Joint Design Rules

The designer should take into consideration the following rules in the
design of adhesive or sealant joints. These rules are the basis for rec-
ommended joint design geometries in the next section.

1.
2.

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

Whenever possible, design the joint so that the operating loads
will stress the adhesive in shear.

Peel and cleavage stresses should be minimized.

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

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

. Generally, rigid adhesives are better in shear, and flexible adhe-

sives are better in peel.

. Although typically a stronger adhesive material may produce a

stronger joint, a high elongation adhesive with a lower cohesive
strength could produce a stronger joint in applications where the
stress is distributed nonuniformly.

. The stiffness of the adherends and adhesive influence the strength

of a joint. In general, the stiffer the adherend with respect to the
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adhesive, the more uniform the stress distribution in the joint and
the higher the bond strength.

9. The higher the Et (modulus x thickness) of the adherend, the less
likely the deformation during load, and the stronger the joint.

10. Within reasonable limits, the adhesive bond-line thickness is not
a strong influence on the strength of the joint. More important
characteristics are a uniform joint thickness and void free adhe-
sive layer.

The remainder of this chapter will provide practical applications of
these rules.

3.5 Common Adhesive Joint Designs

The ideal bonded joint is one in which under all practical loading con-
ditions the adhesive is stressed in the direction in which it most resists
failure. A favorable stress can be applied to the bond by using proper
joint design.

Some joint designs may be impractical, expensive to make, or hard
to align. The design engineer will often have to weigh these factors
against optimum adhesive performance. Common joint designs are
shown in the next several sections for flat and cylindrical adherends,
stiffeners, angle and corner joints, plastic and elastomer joints, and
wood.

3.5.1 Joints for flat adherends

3.5.1.1 Butt joints. The simplest joint to make is the plain butt joint.
However, butt joints cannot withstand bending forces because the ad-
hesive would experience cleavage stress. If the adherends are too thick
to design as simple overlap-type joints, the butt joint can be improved
in a number of ways, as shown in Fig. 3.9. All the modified butt joints
reduce the cleavage effect caused by side loading. Tongue-and-groove
joints have an advantage in that they are self-aligning and act as a
reservoir for the adhesive. The scarf joint keeps the axis of loading in-
line with the joint and does not require a major machining operation.

3.5.1.2 Lap joints. Lap joints are the most commonly used adhesive
joint because they are simple to fabricate, applicable to thin adher-
ends, and stress the adhesive in shear. However, the adherends in the
simple lap joint are offset, and the shear forces are not in-line, as was
illustrated in Fig. 3.7. This twisting of the lap shear specimen results
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Tongue and groove
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Figure 3.9 Butt joint designs.

in cleavage stress at the ends of the joint, which seriously impairs its
efficiency. Modifications of lap-joint design include:

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

2. Making the adherends more rigid (thicker) near the bond area (see
Fig. 3.8); and

3. Making the edges of the bonded area more flexible for better con-
formance, thus minimizing peel (i.e., tapering the edges of the ad-
herend).

Modifications of lap joints are shown in Fig. 3.10. The joggle-lap
joint design is the easiest method of bringing loads into alignment.
The joggle lap can be made by simply bending the adherends. It also
provides a surface to which it is easy to apply pressure. The double-
lap joint has a balanced construction that is subjected to bending only
if loads on the double side of the lap are not balanced. The beveled
lap joint is also more efficient than the plain lap joint. The beveled
edges, made by tapering the ends of the adherends, allow conformance
during loading. This reduces cleavage stress on the ends of the joint.
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Plain lap
good-practical

Beveled lap

good - usually practical

Double lap
good -difficult to balonce load

Joggle lap Figure 3.10 Lap joint designs.

good-practical

As shown in Fig. 3.11, tapering or beveling the edges of the joint
greatly improves the load bearing capacity, because it permits those
regions to bend and, thus, to distribute the stress down the length of
the bonded area to some degree. Comparison of curve 1 for untapered
and curve 2 for tapered lap shear joints reveals how much better the
load is shared along the linear axis of the adhesive bond. Figure 3.12
shows the strength advantage that can be gained by tapering the ends
of the standard lap shear specimen.

3.5.1.3 Strap joints. Strap joints keep the operating loads aligned and
are generally used where overlap joints are impractical because of
adherend thickness. Strap joint designs are shown in Fig. 3.13. Like
the lap joint, the single strap is subjected to cleavage stress under
bending forces. The double strap joint is more desirable when bending
stresses are encountered. The beveled double strap and recessed dou-
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Single strap
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Double strap
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Recessed double strap
good -expensive machining

Beveled double strap Figure 3.13 Strap joint designs.
very good - difficult production

ble strap are the best joint designs to resist bending forces. Unfortu-
nately, they both require expensive machining.

3.5.2 Stiffening joints and other methods
of reducing peel stress

When thin members are bonded to thicker sheets, operating loads gen-
erally tend to peel the thin member from its base, as shown in Fig.
3.14 (top). The subsequent illustrations show what can be done to
decrease peeling tendencies in simple joints.

Often thin sheets of a material are made more rigid by bonding
stiffening members to the sheet. When such sheets are flexed, the
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Figure 3.14 Minimizing peel in
adhesive joints.®

bonded joints are subjected to cleavage stress. Some design methods
for reducing cleavage stress on stiffening joints are illustrated in Fig.
3.15. Resistance of stiffening members to bending forces is increased
by extending the bond area, providing greater flange flexibility, and
increasing the stiffness of the base sheet.

3.5.3 Cylindrical joints

Several recommended designs for rod and tube joints are illustrated
in Fig. 3.16. These designs should be used instead of the simpler butt
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(b)

Figure 3.16 Designs for rod and tube joints. (@) Three de-
signs for round bars. (b) Six designs for cylinders or
tubes.!?

joint. Their resistance to bending forces and subsequent cleavage is
much better, and the bonded area is larger. Unfortunately, most of
these joint designs require a machining operation.

3.5.4 Angle and corner joints

A butt joint is the simplest method of bonding two surfaces that meet
at an odd angle. Although the butt joint has good resistance to pure
tension and compression, its bending strength is very poor. Dado, L,
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and T angle joints, shown in Fig. 3.17, offer greatly improved prop-
erties. The T design is the preferable angle joint because of its large
bonding area and good strength in all directions.

Corner joints for relatively flexible adherends such as sheet metal
should be designed with reinforcements for support. Various corner-
joint designs are shown in Fig. 3.18. With very thin adherends, angle
joints offer low strength because of high peel concentrations. A design
consisting of right-angle corner plates or slip joints offers the most
satisfactory performance. Thick, rigid members such as rectangular
bars and wood may be bonded with an end lap joint, but greater
strength can be obtained with mortise and tenon. Hollow members,
such as extrusions, fasten together best with mitered joints and inner
splines.

Stress direction
—

—— |} |/
LI S [ [ QR R [ FESPU g S DU | B
P PG G F F G G LG G G G G FG G G 6 G G
Butt angle Butt angle Dado angle “L" angle “T"angle
joint joint joint joint joint
P=Poor F=Fair G=Good
Figure 3.17 Angle joint designs. °
Stress direction —
— Poor — Fair — Fair
<— Poor <— Poor <— Fair
|
Poor Fair Better
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End lap Mortise and tenon Mitered joint

with spline
(b)

Figure 3.18 Corner joint designs. (a) Corner joints for relatively thin adherends. (b)
Corner joints for thick adherends.%!!
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3.5.5 Plastic and elastomer joints

Design of joints for plastics and elastomers generally follows the same
practice as for metal. However, the designer should be aware of certain
characteristics for these materials that require special consideration.
Such characteristics include flexibility, low modulus, high thermal ex-
pansion coefficients, thin section availability, and anisotropy. These
characteristics tend to produce significant non-uniform stress distri-
bution in the joint. Thus, tough, flexible adhesives are usually rec-
ommended to bond plastic or elastomer substrates.

3.5.5.1 Flexible plastics and elastomers. Thin or flexible polymeric sub-
strates may be joined using a simple or modified lap joint. The double
strap joint is best, but also the most time-consuming to fabricate. The
strap material should be made out of the same material as the parts
to be joined, or at least have approximately equivalent strength, flex-
ibility, and thickness. The adhesive should have the same degree of
flexibility as the adherends.

If the sections to be bonded are relatively thick, a scarf joint is ac-
ceptable. The length of the scarf should be at least four times the
thickness; sometimes larger scarfs may be needed.

When bonding elastic material, forces on the elastomer during cure
of the adhesive should be carefully controlled, since excess pressure
will cause residual stresses at the bond interface. Stress concentra-
tions may also be minimized in rubber-to-metal joints by elimination
of sharp corners and using metal thick enough to prevent peel stresses
that arise with thinner-gauge metals.

As with all joint designs, flexible plastic and elastomeric joints
should avoid peel stress. Figure 3.19 illustrates methods of bonding
flexible substrates so that the adhesive will be stressed in its strongest
direction.

Stress direction
—
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Figure 3.19 Joint designs for flexible substrates.®
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3.5.5.2 Reinforced plastics. Reinforced plastics are often anisotropic
materials. This means their strength properties are directional. Joints
made from anisotropic substrates should be designed to stress both
the adhesive and adherend in the direction of greatest strength. Plas-
tic laminates, for example, should be stressed parallel to the lamina-
tions. Stresses normal to the laminate may cause the substrate to
delaminate. Single and joggle lap joints are more likely to cause de-
lamination than scarf or beveled lap joints. The strap-joint variations
are useful when bending loads occur.

3.5.6 Wood joints

Wood is an anisotropic and dimensionally unstable material. Proper-
ties differ with grain direction. Joints should be made from similar
types and cuts of wood to avoid stress concentrations.

Tensile strength of wood in the line of the grain is approximately
ten times greater than in a direction perpendicular to the grain. Ad-
hesive joints should be designed to take this factor into account.

Wood changes dimensions with moisture absorption. The degree of
dimensional stability is also dependent on grain direction. When wood
is bonded to a much more dimensionally stable material, the adhesive
must be strong enough to withstand the loads caused by dimensional
distortion of the wood.

A plain scarf joint with very flat slopes is the most efficient joint
design for wood, but it requires the application of lateral or transverse
pressure during the time the adhesive hardens. Common wood joints
that are self-aligning and require no pressure are shown in Figs. 3.20
and 3.21.

3.6 Sealant Joint Efficiency

Many factors ultimately affect the performance of a sealant joint, but
the shape and dimensions of the sealant cross-section are considered
of primary importance. The primary dimensions of a sealant joint are
its depth and width as shown in Fig. 3.22b. As with adhesives, the
design of the seal varies with the types of material being used. How-
ever, there are only two main types of sealant joint configurations: butt
joints and lap joints.

3.6.1 Stress distribution in butt joints

In butt joints, as temperature rises, the sealant will go into compres-
sion due to the thermal expansion of the adherends being sealed. As
the temperature declines, the adherends will contract and the joint
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will go into tension. The movement of a sealant in a butt joint is shown
in Fig. 3.22.

Early investigators used dog-bone tensile specimens of the cured
sealant itself to determine elongation capacity and tensile strength;
however, these results do not compare with the behavior of the sealant
in actual joints. Peterson'? showed that this was the result of unequal
stress distribution. Figure 3.23 shows the concentration of stress in a
butt joint at the corners.

3.6.1.1 Elastic sealants. Elastic sealant materials are prime candi-
dates for working joints because they return to their original shape
after the removal of the imposed force. This property of recovery is
desirable for sealants that must have a +25% joint movement capa-
bility.

When large movement capabilities are required, joints with shallow
depth are the best design for reducing strain. It is not possible to

' ———{ Width }-»—

Maximum strain

Figure 3.22 Movement of sealant in a butt joint.!?
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Figure 3.23 Unequal stress distributions in sealant butt joints.®
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designate a depth relationship that holds for all sealant widths. The
following rules cover joint designs and sealants commonly used in con-
struction applications.*

The minimum size joint should be ¥4 X Y4 in.

For widths from Y4 to Y% in., depth should equal the width.

For widths from % to 1 in., depth should be approximately Y% in.

Ll

For widths more than 1 in., depths may be % to % in., depending
on the width and application area, as well as the type of sealant.

The minimum joint size is given because it is difficult to seal a joint
that is any smaller unless a liquid sealant is used. A depth of at least
Y in. is needed to ensure adhesion to the side of the joint.

Figure 3.24 shows two joints with an equal width but different
depths. The sealant does not change in volume during extension. As
a result, the deeper seal has to neck down farther when both joints
are extended the same distance. Note also that the top and bottom
surface of the sealant material in the deeper design has extended a
great deal more than the corresponding surface in the shallow but
more proper seal.
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Figure 3.24 Comparisons of maximum strains (left) for a 2 inch deep seal; ex-
tension of joint 100%, sealant strain 550%; and (right) for a ¥4 inch deep seal;
extension of joint 100%, sealant strain 160%.*
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A parabolic stress deformation of a sealant also occurs when the
sealant is in compression. Figure 3.25 shows that a compressed seal-
ant will extrude outside the joint area under load. This may become
subject to abrasion and provide a safety hazard as well as an unsightly
joint. It is advisable in horizontal joints that are subject to traffic to
keep the level of the sealant a distance % in. below the substrate level.

An improvement in the rectangular cross section can be achieved by
using a curved back-up material in the joint and tooling the top sur-
face as shown in Fig. 3.26 (top). The tooling must be done with care,
because if the sealant is too thin at its center it will buckle under
compression as shown in Fig. 3.26 (bottom).

Elastic sealants should be bonded to only two sides of the joint in
order to perform properly. The bottom surface of the sealant must be
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Figure 3.25 Sealant under compression.!*
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Figure 3.26 Tooled sealant showing (top) uniform substrate stress
and (bottom) under compression if the sealant is too thin.!*
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free to deform. If the bottom of the joint is bonded, the sealant may
rupture in order to deform.

Sealants can be installed at any temperature, and outdoor sealants
can be installed at any season of the year. The ideal situation is when
the sealant is installed during moderate temperatures so that it will
be subjected to both compression and tension during a normal tem-
perature cycle.

3.6.1.2 Deformable sealants. The rules described in the preceding sec-
tion hold true for elastic sealants that are characterized by their re-
covery. Another broad class of sealants is deformable sealants that
show some degree of instantaneous elasticity or recovery under short-
term load, but they creep under longer-term loading. The deformable
or low recovery sealants show a great deal of stress relaxation. When
held in a deformed state, these materials will relax into equilibrium
so that a new shape is formed in this unstressed state.

The maximum width of these sealants should never be more than
% in. since the sealant could begin to show some permanent change
with several cycles. Another limitation for this class of sealant is that
they are limited to areas of application in which the movements do
not exceed *12.5%. By limiting this group of sealants to applications
requiring less than #+12.5% movement, the sealant will not become
distorted with repeated temperature cycles. Another property of most
sealants in this group is that with the loss of solvent, some sealants
become quite tough and can get harder in time. This age hardening
is not conducive to large joint movements.

3.6.2 Shear joints

The most typical types of sealant shear joints occur in glazing sealants
and sealants placed between glass panels. Strains in shear joints are
less than in butt joints for a given thickness. However, the movement
in shear can cause catastrophic failures under certain circumstances!*.

The strain on the sealant when the shear joint moves 50% is only
25%. The proper joint shape is a square, such as Y2 in. X Y% in., if a
great amount of movement is expected. If a sealant with +50% joint
movement is used, the surface could be displaced 112% without ex-
tending the sealant more than 50% in either direction. With use of
low modulus silicone sealant with 100% extensibility, the surfaces
could be displaced up to 175% without extending the sealant more
than 100%. In each case the sealant gets no compression.

Figure 3.27 illustrates the movement in lap shear joints. If greater
movement is anticipated, then it is necessary only to widen the dis-
tance between the moving surfaces.
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Figure 3.27 Movements in lap shear joints. Original sealant dimensions are Y2 X %
inches. (a) Displacement of 0.56 inches with sealant only extended 50%, using a +50%
capacity sealant (medium modulus). (b) Displacement of 0.87 inches with sealant only
extended 100%, using sealant with +100% extension capability (low modulus).**

3.7 Common Sealant Joint Designs

Design of a sealant joint depends to a great deal on the type of sealant
selected. Common joints are the simple butt joint, lap joint, and angle
joint, as shown in Fig. 3.28.

Where a choice is available, the sealant most compatible with the
part configuration should be used. For example, a free flowing liquid
sealant cannot be applied to a vertical surface, such as a wall joint.
In this application, a non-sagging type must be used.

3.7.1 Butt joints

There are many variations of the common sealant joint configurations.
Various versions of the compound butt joint are shown in Fig. 3.29.

If sealant extension is important in a working butt joint, a release
agent should be placed on the bottom inner surface so that the sealant
does not bond to this face. Thus, the sealant is free to stretch when
joint volume increases (Fig. 3.295, ¢, and d). Figure 3.30 shows that
the same basic principle applies to corner joint designs. Here a corner
bead is used as a back-up material.

3.7.2 Lap joints

Lap joints can be easily sealed with tape; bead sealed, if the thickness
of the joined sheets is sufficient to support a bead of sealant; and
sandwich sealed. Sandwich sealing is a common method with struc-
tural adhesives. Sealant thickness is more critical when the material
is applied between surfaces. In all joints, production time can be de-
layed considerably by excessively thick applications of the material.
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() (b) (c)

Butt joint—Use sealant if thickness of plate is sufficient (a), or bead seal if plates are thin
(b). Tape can also be used. If joint moves due to dynamic loads or thermal expansion and
contraction, a flexible sealant with good adhesion must be selected (c). Select flexible tape
for butt joint if movement is anticipated.

c,‘ij : - N
) ! ©
(a) (b)
Lap joint—Sandwich sealant between mating surfaces and rivet, bolt or spot weld seam to

secure joint (a). Thick plates can be sealed with a bead of sealant (b); and tape can also be
used if sufficient overlap is provided as a surface to which the tape can adhere (c).

Poor Good Better Best

Angle joint—Simple butt joint can be sealed as shown (a) if material thickness tis sufficient.
But a better choice is the bead of sealant (b), which is independent of material thickness.
Supported angle joints with bead (c) or sandwich seal (d) are better choices.

Figure 3.28 Common methods for sealing butt, lap, and angle joints.!?

If lap joints cannot be sandwich sealed, the joint should be designed
with a built-in receptacle or lip to receive the sealant as shown in Fig.
3.31. Joint designs should allow for free and easy application.

If the joint (Fig. 3.31c) is the seam of a tank made from two stamped
steel pieces, it can be sealed with tape on the inside, provided that the
seam is accessible. The tape must be capable of holding in the fluid.
Inside sealing in this fashion is augmented by fluid pressure. Liquid
sealants can also be gun extruded on the inside of the seam. Putty
consistency sealant can be knifed or thumbed into place. Tape can also
be used on the outside, but it must be able to hold the liquid pressure
and resist attack from the outside environment and mechanical wear.

Many aspects of sealant joint design need to be considered in concert
with sealant selection. The reader is, therefore, referred to Chapter
14 where a more detailed discussion occurs on sealant joint design.
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Figure 3.29 Compound butt joints: joint (a) has back-up material, which should be un-
der compression even at maximum joint volume. Sealant must withstand compression
and extension. A compound joint of similar materials (b) may cause sealant failure due
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either chemical or film, prevents sealant from bonding to bottom and allows materials
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Poor Better
Total joint thickness, t,is not large Provide lip o receive sealont. Be sure distonce
enough to permit sealingthe seam Xis sufficient to allow applicotion of sealont
with on edge bead by gun or knife. Angled oppiication nozzle can
be used for close clearance situotions

(b}

(o) (c¢)
m f
(d) (e) (f)
T g m { _T/
Figure 3.31 Various joint designs for a standard edge seal (a): lip on joint (b) provides

handy receptacle for sealant. Seam can be inside-sealed by tape (c), putty (d), or sand-
wich sealed with putty or anaerobic (e), tape can also be used on the outside seam (f).*
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Chapter

Standard Test Methods

4.1 Introduction

The testing of adhesives and sealants is a complex subject because
there are many parameters that can affect the test result. Interactions
of the adhesive and adherend are often obscure. The joint design and
type of load strongly influence the final stress distribution. The par-
ameters by which the test is conducted, such as strain rate, temper-
ature, and environmental conditions, also have a strong impact on the
test results.

Although complex, testing is an extremely important subject since
one cannot reliably predict the strength of the adhesive bond based
solely on characteristics of the adhesive, substrate, and the joint de-
sign. To determine the strength of the joint, one must resort to testing.

Through testing the many factors that can affect the strength of the
joint can be measured. Sometimes it is difficult to separate the vari-
ables that control joint strength, but at least through testing, we have
a vehicle to provide a quantitative approximation. Standard tests,
such as ASTM tests, are very useful for comparing and determining
the consistency of materials and processes. They are less valuable in
accurately predicting the strength of specific production joints. Usu-
ally, prototype tests must be designed for this purpose.

In this chapter, standard test methods for both adhesives and seal-
ants will be described. Similar test methods are often applied to both
adhesives and sealants since adhesion is a major factor in both appli-
cations. This chapter will review fundamental tests that are used to
control the consistency of materials used in these processes. The more
common end-use tests and the effect of testing variables, such as ad-
hesive thickness and strain rate, will be reviewed. Where possible,
correlation of end-use test results and the fundamental properties of
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the adhesive or sealant will be suggested. This chapter will conclude
with a discussion regarding a methodology that can be used for estab-
lishing the service life of the adhesive or sealant joint. The next chap-
ter will address tests that are generally used for quality control and
for nondestructive evaluation of the finished joint.

4.2 Reasons to Test and Basic Principles

Adhesive and sealant tests are conducted for a variety of reasons.
They are used to either:

1. Choose among materials or processes, such as adhesive, adherend,
or joint design;

2. Monitor the quality of production materials to make certain that
they have not changed since the last time they were verified for
use in the bonding process;

3. Confirm the effectiveness of a bonding process, such as surface
cleaning or curing; or

4. Investigate parameters or process variables that may lead to mea-
sured differences in the performance of the bond.

There are two general categories of tests for adhesives and sealants:
fundamental property tests and end-use tests. End-use tests, such as
T-peel and lap shear, are those which try to simulate the type of load-
ing and service conditions to which a joint will be subjected. These
tests are relatively straight-forward, but experience is required to es-
tablish the correct specimen type and testing procedures, judge the
reliability of the resulting data, and interpret the results and apply
them to a practical application.

The measurement of a fundamental or bulk property, such as vis-
cosity, hardness, or setting rate, is usually simpler and more repro-
ducible than end-use tests. However, a correlation between fundamen-
tal properties and the results of end-use testing is difficult.
Fundamental property tests are usually employed to assess the con-
sistency of the incoming adhesive or substrate once the joint system
is verified as suitable in a specific application. Often fundamental
property testing is undertaken after there is a failure or unexplained
occurrence to determine if a change in the incoming material may
have been the possible culprit.

A number of standard tests for adhesives and sealants have been
specified by the American Society for Testing and Materials (ASTM)
and other professional organizations such as the U.S. Department of
Defense and the Society of Automotive Engineers. By far, ASTM stan-
dards are the most commonly referenced test methods. Selected ASTM
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standards are presented in Table 4.1 for adhesives and in Table 4.2
for sealants. A more detailed listing of test specifications and stan-
dards may be found in Appendix C. The properties reported by sup-
pliers of adhesives and sealants often reference ASTM standards.

A word of caution should be noted here. Standard test data are suf-
ficient to compare strengths of various bonding systems. They can be
used to compare relative effectiveness of different adhesives, surface
treatments, curing schedules, and so forth. They can also be used to
separate and quantitatively define the many variables that ultimately
determine the performance of a joint. However, standard test results
cannot be readily translated into specific strength values for an actual
production joint. Actual joints generally have a complex geometry that
is significantly different from the standard test specimen geometry.
Under specific operating environments and depending on the kinds,
frequency, and severity of the stress that the joint actually sees in
service, an adhesive or sealant may perform spectacularly better or
worse than what is represented by ASTM tests on a supplier’s data
sheet.

The most noticeable differences between standard test results and
the results from an actual joint in service are due to several factors.

1. Joint design is seldom the same.

2. The mode and application of stress loading are usually different
and more complex in practice.

3. Environmental aging is usually less severe in service (laboratory
tests tend to “accelerate” aging so that the testing can be completed
in a reasonable time). However, the effects of the actual service
environment are generally more complex. For example, when in
service, the joint may be simultaneously exposed to cyclic stress,
cyclic temperature, and humid environments.

4. Laboratory test specimens are usually made in “controlled” envi-
ronments. This control pertains to the equipment, the cleanliness
(less weak boundary layer opportunity in the lab), and the person-
nel (training, care, and awareness).

5. The sample population is limited with actual production parts be-
cause of expense. Even with laboratory specimens, a full design-
of-experiment statistical process is difficult to achieve because of
the many production variables that can affect the joint strength.

Thus, the most reliable test is to measure the strength of an actual
assembly under actual operating conditions. Unfortunately, such tests
are often expensive or impractical. The next best method is to measure
the strength of an actual assembly under simulated operating condi-
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TABLE 4.1 Selected ASTM Tests for Adhesives

Aging

Resistance of Adhesives to Cyclic Aging Conditions, Test for (D 1183)

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

Bonding Permanency of Water- or Solvent-Soluble Liquid Adhesives for Automatic
Machine Sealing Top Flaps of Fiber Specimens, Test for (D 1713)

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

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

Amylaceous matter

Amylaceous Matter in Adhesives, Test for (D 1488)

Biodeterioration

Susceptibility of Dry Adhesive Film to Attack by Roaches, Test for (D 1382)
Susceptibility of Dry Adhesive Film to Attack by Laboratory Rats, Test for (D 1383)

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

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

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

Blocking point

Blocking Point of Potentially Adhesive Layers, Test for (D 1146)

Bonding permanency

(See Aging)

Chemical reagents

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

Cleavage

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

Cleavage/peel strength

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

(See also Peel Strength)

Corrosivity

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

Creep

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

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

Creep Properties of Adhesives in Shear by Tension Loading, Test for (D 2294)
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TABLE 4.1 Selected ASTM Tests for Adhesives (Continued)

Cryogenic temperatures

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

Density

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

Durability (including weathering)
Effect of Moisture and Temperature on Adhesive Bonds, Test for (D 1151)

Atmospheric Exposure of Adhesive-Bonded Joints and Structures, Practice for
(D 1828)

Determining Durability of Adhesive Joints Stressed in Peel, Practice for (D 2918)

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

(See also Wedge Test)

Electrical properties

Adhesives Relative to Their Use as Electrical Insulation, Testing (D 1304)

Electrolytic corrosion

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

Fatigue

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

Filler content

Filler Content of Phenol, Resorcinol, and Melamine Adhesives, Test for (D 1579)

Flexibility

(See Flexural Strength)

Flexural strength

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

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

Flow properties

Flow Properties of Adhesives, Test for (D 2183)

Fracture strength in cleavage

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

Gap-filling adhesive bonds

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

High-temperature effects

Strength Properties of Adhesives in Shear by Tension Loading at Elevated
Temperatures (Metal-to-Metal), Test for (D 2295)
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TABLE 4.1 Selected ASTM Tests for Adhesives (Continued)

Hydrogen-ion concentration

Hydrogen Ion Concentration, Test for (D 1583)

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

Light exposure

(See Radiation Exposure)

Low and cryogenic temperatures

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

Nonvolatile content
Nonvolatile Content of Aqueous Adhesives, Test for (D 1489)

Nonvolatile Content of Urea-Formaldehyde Resin Solutions, Test for (D 1490)
Nonvolatile Content of Phenol, Resorcinol, and Melamine Adhesives, Test for (D 1582)
Odor

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

Peel strength (stripping strength)
Peel or Stripping Strength of Adhesive Bonds, Test for (D 903)
Climbing Drum Peel Test for Adhesives, Method for (D 1781)
Peel Resistance of Adhesives (T-Peel Test), Test for (D 1876)
Evaluating Peel Strength of Shoe Sole Attaching Adhesives, Test for (D 2558)
Determining Durability of Adhesive Joints Stressed in Peel, Practice for (D 2918)
Floating Roller Peel Resistance, Test for (D 3167)

Penetration
Penetration of Adhesives, Test for (D 1916)
pH

(See Hydrogen-Ion Concentration)

Radiation exposure (including light)

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

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

Rubber cement tests

Rubber Cements, Testing of (D 816)

Salt spray (fog) testing
Salt Spray (Fog) Testing, Method of (B 117)
Modified Salt Spray (Fog) Testing, Practice for (G 85)
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TABLE 4.1 Selected ASTM Tests for Adhesives (Continued)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Specimen preparation

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

Spot-adhesion test

Qualitative Determination of Adhesion of Adhesives to Substrates by Spot Adhesion
Test Method, Practice for (D 3808)
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TABLE 4.1 Selected ASTM Tests for Adhesives (Continued)

Spread (coverage)

Applied Weight per Unit Area of Dried Adhesive Solids, Test for (D 898)
Applied Weight per Unit Area of Liquid Adhesive, Test for (D 899)

Storage life

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

Strength development

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

Stress-cracking resistance

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

Stripping strength

(See Peel Strength)

Surface preparation

Preparation of Surfaces of Plastics Prior to Adhesive Bonding, Practice for (D 2093)
Preparation of Metal Surfaces for Adhesive Bonding, Practice for (D 2651)

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

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

Tack

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

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

Tensile strength

Tensile Properties of Adhesive Bonds, Test for (D 897)
Determining Strength Development of Adhesive Bonds, Practice for (D 1144)
Cross-Lap Specimens for Tensile Properties of Adhesives, Testing of (D 1344)

Tensile Strength of Adhesives by Means of Bar and Rod Specimens, Method for
(D 2095)

Torque strength

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

Viscosity

Viscosity of Adhesives, Test for (D 1084)

Apparent Viscosity of Adhesives Having Shear-Rate-Dependent Flow Properties, Test
for (D 2556)

Viscosity of Hot Melt Adhesives and Coating Materials, Test for (D 3236)
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TABLE 4.1 Selected ASTM Tests for Adhesives (Continued)

Volume resistivity

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

Water absorptiveness (of paper labels)

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

Weathering

(See Durability)
Wedge test

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

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

*The latest revisions of ASTM standards can be obtained from the American Society for
Testing and Materials, 100 Barr Harbor Drive, Conshohocken, PA 19428.

tions that do not stress the joint significantly different than it would
normally be stressed in service.

The usefulness and limitations of standard testing methods should
be understood clearly before a testing program is established. The user
of adhesives and sealants must choose the test geometry, procedure,
and methodology that best serves the application. To do this, one
needs to understand the differences in the various test methods and
the parameters that will affect the data. Once the advantages and
limitations of the various standard tests are understood, the end-user
may find it necessary to devise his own methods to test specific com-
binations of loads and environments that are anticipated.

It should be apparent by now, that there are numerous parameters
that can affect the performance of a joint, and many combinations of
parameters are possible. Therefore, a prime rule in any adhesive or
sealant testing program is to standardize and document test variables
as thoroughly as possible. The adhesive formulator, supplier, and end-
user should all utilize the exact same procedures and specimen con-
struction. Test programs that are performed at different locations in
the company and by different personnel should make every effort to
be identical to one another.

4.3 Fundamental Material Property Tests

Fundamental tests can be used for monitoring the consistency of in-
coming products that are used in the adhesive bonding or sealing op-
erations. Such tests may be used to characterize either the adhesive,
adherend, or other materials, such as primers or solvents, used in the
joint or in its construction.
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TABLE 4.2 Selected ASTM Tests for Sealants

Adhesion testing
T-Peel Strength of Hot Applied Sealants, Test Method for, (C 906)

Tensile Adhesion Properties of Structural Sealants, Test Method for Determining,
(C 1135)

Lap Shear Strength of Hot Applied Sealants, Test Method for, (C 961)
Cracks

Melting of Hot Applied Joint and Crack Sealant and Filler for Evaluation, Practice
for, (D 5167)

Applications
Seal Durability of Sealed Insulating Glass Units, Test Methods for, (E 773)
Evaluating Pipeline Coating and Patching Materials, Method for, (G 55)
Seal Strength of Flexible Barrier Materials, Test Method for, (F 88)

Preparing Concrete Blocks for Testing Sealants for Joints and Cracks, Practice for,
(D 1985)

Use in Selection of Liquid Applied Sealants, Guide for, (C 1299)
Performance Tests of Clear Floor Sealers, Method for, (D 1546)

Sealing Seams of Resilient Sheet Flooring Products by Use of Liquid Seam Sealers,
Practice for, (F 693)

Glossaries

Building Seals and Sealants, Terminology of, (C 717)

Formed in Place Sealants for Joints and Cracks in Pavements, Terminology Relating
to, (D 5535)

High temperatures

Testing Polymeric Seal Materials for Geothermal and/or High Temperature Service Un-
der Sealing Stress, Test Method for, (E 1069)

Effects of Heat Aging on Weight Loss, Cracking, and Chalking of Elastomeric Sealants,
Test Method for, (C 792)

Weight Loss After Heat Aging of Preformed Sealing Tape, Test Method for, (C 771)

Laboratories

Laboratories Engaged in the Testing of Building Sealants, Practice for, (C 1021)

Sealing

Fluid Tightness Ability of Adhesives Used on Threaded Fasteners, Test Method for,
(D 5657)

Seal Strength of Flexible Barrier Materials, Test Method for, (F 88)
Sealability of Gasket Materials, Test Methods for, (F 37)
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TABLE 4.2 Selected ASTM Tests for Sealants (Continued)

Sealant backer material

Determination of Water Absorption of Sealant Backup (Joint Filler) Material, Test
Method for, (C 1016)

Determining the Outgassing Potential of Sealant Backing, Test Method for, (C1253)

Solvent release

Use of Solvent Release Type Sealants, Standard Practices for, (C 804)

Immersion Testing Nonmetallic Sealant Materials by Immersion in a Simulated
Geothermal Test Fluid, Test Method for, (E 1068)

Fundamental tests are also referred to as bulk property tests be-
cause they define the properties of the material in the bulk and not
in the adhesive or sealant joint. These tests include ultimate tensile
strength and elongation, modulus of elasticity, hardness, tear resis-
tance, abrasion resistance, toxicity, electrical properties, and color re-
tention. It is easy to test for these properties using simple sample
sections.

Once a combination of materials has been verified to provide ac-
ceptable joints, the materials are tested and a “fingerprint” is gener-
ally made of the resulting fundamental properties. Samples taken
from subsequent lots or suspicious materials can then be subjected to
test and the results compared to the original fingerprint. A significant
difference in a measured fundamental property could be evidence sup-
porting further investigation into the reason for the change and for
determining how the change affects adhesion.

4.3.1 Adhesives and sealants

The most commonly used fundamental property tests measure the vis-
cosity, shelf life, working life (setting characteristic in bulk), tack, cure
rate (setting characteristic in the joint), hardness, and percent solids.
Unless otherwise specified, the conditions surrounding the specimens
at least 24 hours prior to and during the test are controlled to 73.5 =
2°F and 50 + 4% relative humidity.

4.3.1.1 Viscosity. Viscosity is defined as the resistance of a liquid ma-
terial to flow. It is usually measured in fundamental units of poise or
centipoise. The unit of centipoise (cps) is sometimes confusing unless
one is familiar with these particular units. The following comparisons
of common liquids may be of assistance in understanding centipoise
values.
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1 cps Water

400 cps #10 Motor oil

1,000 cps Castor oil

3,500 cps Karo syrup

4,500 cps #40 Motor oil

25,000 cps Hershey Chocolate Syrup

There are also a number of specialty viscosity tests that employ their
own relative units. These tests have been developed for specific in-
dustries such as paints and coatings. Generally, their viscosity units
can be directly converted to poise.

Adhesive viscosity is an indication of how easily the product can be
pumped or spread onto a surface. It reveals information, together with
the liquid’s setting rate and surface tension, that is pertinent to the
wetting characteristics of the adhesive. The viscosity also reveals in-
formation regarding the age and compounding of the adhesive.
Through the relatively easy measurement of viscosity, changes in den-
sity, stability, solvent content, and molecular weight can be noticed.
Viscosity measurements for free flowing adhesives or sealants are usu-
ally based on one of the following methods described in ASTM D 1084.

The most popular test for products ranging in viscosity from 50 to
200,000 cps is by a rotating spindle instrument such as the Brookfield
viscometer. The simple equipment used for this measurement is shown
in Fig. 4.1. The instrument measures the resistance of the fluid on a
spindle of certain size that is rotating at a predetermined rate. The
method is relatively simple and quick. It can be adapted to either the
laboratory or production floor.

Another test for determining the viscosity of liquid adhesives mea-
sures the time it takes the test liquid to flow by gravity completely
out of a cup with a certain size hole in the bottom. These consistency
cups are designed to expel 50 ml of sample in 30-100 secs under con-
trolled temperature and relative humidity conditions. The number of
seconds for complete flow-out of the sample is determined. There are
different cup volumes and hole sizes that can be used and conversions
exist for relating the viscosity measured in one cup to another. This
test is commonly used in the paint industry for adjusting the solvent
content in paint systems.

The viscosity of thixotropic materials that exhibit a shear rate de-
pendency is usually determined by the procedure described in ASTM
D-2556. The viscosity is determined at different shear rates with a
viscometer. From this plot, apparent viscosity associated with a par-
ticular rotation speed and spindle shape can be obtained. Materials
with thixotropic characteristics include Vaseline jelly and toothpaste.
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Figure 4.1 Digital Brookfield vis-
cometer allows laboratory tech-
nician to measure viscosity and
torque. (Photo courtesy of
Brookfield Engineering Labora-
tories)

They are materials that tend to have high viscosity characteristics and
exhibit no flow at low shear rates. However, when pressure is applied
(higher shear rates), the material flows easily, exhibiting a character-
istic of lower viscosity. Such materials are very common in the adhe-
sive and sealant industries. Thixotropic materials can be pumped
through a nozzle, mixed, or applied to a surface with little resistance.
When applied to a vertical surface, they will not flow under their own
weight. Yet, they can be easily spread or tooled before hardening with
only slight pressure.

The viscosity of non-flowable products is determined by an extrusion
test. A Semco 440 nozzle! or its equivalent is attached to a standard
adhesive/sealant cartridge filled with the material to be tested. The
cartridge is then placed in an air operated sealant gun set for a pres-
sure of 90-95 psi. The weight of material that is extruded in 10 sec is
measured, and the extrusion rate is reported in gms/min. Care must
be taken to clear trapped air from the cartridge and nozzle.

4.3.1.2 Shelf life. When a polymeric resin is stored for a considerable
length of time, physical and chemical changes may occur within the
material that will affect its performance as an adhesive or sealant.
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The shelf life is generally defined as the time that an adhesive or
sealant can be stored, preferably under controlled conditions, and re-
main unchanged at least from a fundamental property point of view.
ASTM D 1337 provides a method for determining the shelf life of an
adhesive or sealant. The changes in consistency (viscosity) or bond
strength are measured after various storage periods at a specified tem-
perature.

All of the materials tested for shelf life are stored in unopened con-
tainers. Storage in containers that are once opened exposes the resin
to oxygen and humidity that, depending on the type of resin, could
drastically reduce the shelf life and affect final properties. Most poly-
meric adhesives and sealants have a shelf life greater than 6 months
at room temperature. However, some one-component adhesives need
to be stored at refrigerated conditions to have a practical shelf life.

Certain adhesives or sealants may also have limited life when stored
at cold temperatures or when exposed to repeated freeze/thaw cycles.
Generally, these are water based products, but freeze/thaw stability
problems are not restricted to them. The resistance to freeze/thaw
cycles or to low temperature storage is measured using procedures
similar to the shelf life measurement discussed above. Even though
an adhesive or sealant may have good low temperature storage prop-
erties, it should be brought to room temperature before mixing or ap-
plication.

4.3.1.3 Working life. The working life of an adhesive or sealant is the
time from when the product is ready for use (i.e., mixed and ready to
apply to a substrate) and the time when it is no longer usable because
the setting mechanism has progressed to such an extent that the prod-
uct is no longer workable. This characteristic is also known as the pot
life of the adhesive. ASTM D 1338 establishes two procedures for de-
termining working life. One method uses viscosity change, and the
other uses shear strength as the criteria for determining when the
effective working life has expired.

Working life is usually determined on a volume of adhesive or seal-
ant material that is practical and normally used in production. The
volume of the tested material must be defined in the test report be-
cause many adhesives and sealants have a working life that is depen-
dent on sample mass.

4.3.1.4 Tack. Tack is the property of an adhesive to adhere to another
surface on immediate contact. It is the “stickiness” of the adhesive
while in the fluid state. Sometimes tack is also referred to as “green
strength”. Tack is an important property for many pressure sensitive
adhesives and preformed sealants.
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Tackiness is generally determined with a tensile testing machine
and test blocks. The blocks are pulled apart immediately after the
adhesive is applied and the blocks are joined. The result is reported
in force required per square inch of bonded area (psi) to separate the
blocks. Various instruments have also been developed to measure tack
for specific applications. Table 4.3 lists and compares various test
methods that have been used.

Other important characteristics related to tack and commonly mea-
sured are:

®m Dry tack—a property of certain adhesives to stick to one another
even though they seem dry to the touch

m Tack range—the time that an adhesive will remain in a tacky con-
dition

4.3.1.5 Cure rate. Structural adhesives usually require curing by ei-
ther the application of heat, the addition of a catalyst, the addition of
pressure, or a combination of the three. The strength developed in the
adhesive joint at various times during the curing process may be mea-
sured by lap shear tensile specimens. This test is commonly used to
determine when an adhesive or sealant is fully cured or when the
system reaches a “handling” strength so that the assembled product
can be moved with moderate care.

TABLE 4.3 Comparison of Test Methods to Determine Tack of an Adhesive?

Organization Method Common name Notes
ASTM D 2979 Probe Tack

ASTM D 3121 Rolling Ball Tack 1
TLMI LIB1 Loop Tack 2
TLMI LIB 2 Loop Tack 3
PSTC 5 Quick Stick 4
PSTC 6 Rolling Ball Tack 1
FINAT FTM 9 Loop Tack 5
AFERA 4015 Quick Stick 4

NorTES:

1-The methods described in ASTM D 3121 and PSTC 6 are virtually identical.
2-This method describes Loop Tack measurement using a specially designed piece of test
equipment.
3-This method describes Loop Tack measurement using an adapted tensile tester.
4-PSTC 5 and AFERA 4015 describe nearly the same testing technique. The AFERA method
describes the use of a lightweight (25 grams) roller to apply the test specimen to the panel,
whereas the PSTC method uses only the weight of the test strip to accomplish lamination.
5-The FINAT method is similar to the TLMI method for Loop Tack, except that the FINAT
method uses glass rather than stainless steel as the test surface.
6-ASTM (American Society for Testing and Materials)
TLMI (Tag and Label Manufacturers Institute)
PSTC (Pressure Sensitive Tape Council)
FINAT (European Assn. for the Self Adhesive, Labeling Industry)
AFERA (Association des Fabricants Europeens de Rubans, Auto-Adhesifs)
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Cure rate is an important factor when the expense of jigs and fix-
turing equipment is high or fast production rates are critical. It is also
used as a quality control test to determine if the adhesive’s or sealant’s
curing mechanism has changed from lot to lot or if it may have been
spoiled by storage, moisture contamination, etc. ASTM D 1144 pro-
vides a recommended practice for determining the rate of bond
strength development for either tensile or lap shear specimens.

There are also several methods of determining cure rate on the bulk
material. These are generally analytical procedures that are common
in most polymeric material laboratories. With these methods, funda-
mental properties, such as dielectric loss, mechanical damping, and
exotherm, are measured as a function of time and temperature. Sev-
eral of these test methods are described in the next chapter.

Cure time is very important for sealants as well as adhesives. Often
the sealant will be required to function as a barrier or resist the move-
ment of substrates very soon after it is applied. With construction
sealants, for example, it may not be possible to delay the environmen-
tal conditions until after the adhesive cures. Thus, curing time be-
comes a critical parameter in selection of the sealant. ASTM C 679 is
a method for determining the time that a mechanic can work the seal-
ant into the joint before the sealant starts to skin or solidify.

4.3.1.6 Hardness. Hardness of the adhesive or sealant may be used
as an indication of cure. It may also be used as a quality control check
on certain substrates. Hardness may be determined in several ways:
resistance to indentation, rebound efficiency, and resistance to scratch-
ing or abrasion. The indentation method is the most commonly used
technique.

There are several ways of measuring indentation, but they only dif-
fer in the type of equipment used. Basically, they all measure the size
of indentation produced by a hardened steel or diamond tool under a
defined pressure. A durometer is an instrument for measuring hard-
ness by pressing a needle-like instrument into the specimen. Durom-
eters are available in several scales for measuring hard materials to
soft elastomers. The two types appropriate for most cured adhesives
and sealants are the Shore Type A and Shore Type D. ASTM C 661
offers a method for measuring indentation hardness of elastomeric
type sealants.

Lower hardness readings than expected may be an indication of un-
der-cure or of a formulation change in the product. It may also be an
indication of entrapped air in the adhesive or sealant or an unwanted
chemical reaction with the environment. Higher hardness readings
than expected may be an indication of over-cure.
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A simple, but not very quantitative, hardness test has been used for
hundreds of years—the fingernail indentation test. The indentation
that a fingernail makes in the edge of an adhesive bond or in the body
of a sealant can often be used as an approximate indication of hard-
ness of the material.

4.3.1.7 Solids content. The solids content of an adhesive or sealant
should be checked to assure that formulation or dilution errors have
not been made. “Solids” can refer either to the non-volatile component
of the adhesive or the inorganic component of the adhesive.

The nonvolatile solids content is usually determined by weighing a
small amount of material in a clean container, heating or curing until
a constant weight is obtained, and then weighing the container again.
The percentage of solids may be determined as the ratio of the sample
weights before and after curing X 100. The percent solids is an indi-
rect measurement of the amount of volatile material in the sample
that was driven off during the heating cycle. The volatile material may
be solvent, water, or other additives. ASTM D 1489 offers a test
method for determining the non-volatile content of aqueous adhesives.

The solids content provides a measurement of the non-volatile ma-
terials that are contained within the formulation. Addition of solvent
can be used to “correct” the viscosity of adhesives to account for var-
iabilities in the manufacturing process or inconsistent base materials
in the resin formulation. Measurement of solids content will generally
identify such practices.

The ash test is a measure of the total inorganic content in a sample.
In this test, a weighed sample is placed in a muffle furnace at ap-
proximately 1000°F for 30 min or at a temperature and time long
enough to completely pyrolize any organic matter. The remaining ma-
terial is inorganic filler, reinforcement, etc. ASTM D 5040 provides a
method of measuring the ash content of adhesives. Ash content will
determine the amount of inorganic fillers that are in an adhesive or
sealant sample. The manufacturer can adjust the filler content, like
the solids content, to correct for errors or inconsistency in formulation.
Higher concentrations of solvent or filler are also often used to lower
the cost of the adhesive or sealant system.

4.3.2 Adherends and other materials used
in the bonding process

Fundamental property tests are also commonly used to characterize
the substrate and provide a “signature” for lot to lot comparisons. In
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all too many cases, the substrate is considered to be a constant
throughout the life of a production part. In practice, there are a num-
ber of common reasons for substrates to change.

Metallic substrates change primarily with regard to their surfaces.
Different oxide layers can be formed that are depending on the chem-
istry of the surface and the way it was treated during fabrication of
the part. The degree of surface cleaning or surface roughness may also
change throughout a production run due to differences in processing
chemicals, or procedures, or to contamination of the materials that are
used.

For organic substrates, the possible types of change are numerous
and potentially more significant. Polymeric substrates may change in
modulus due to aging, loss of plasticizer, or continued chemical reac-
tion. They may change because of slight formulation variations that
take place from lot to lot. These changes may not be sufficient to cause
a change in the bulk physical properties. Therefore, the change may
go unnoticed to the quality control department because they are look-
ing at only bulk properties and not at subtle formulation variations
that could affect adhesion properties. Such substrate modifications
could result in drastic changes in the surface properties of the mate-
rial.

A case in point is an elastomeric substrate, such as compounded
nitrile rubber. Generally, the user will specify the rubber part by com-
pressive strength, extension, hardness, or other standard bulk prop-
erty tests. The supplier can formulate virtually thousands of formu-
lations that will meet these specified properties. In doing so he may
use an incompatible plasticizer, or a low molecular weight extender,
or a new filler that is more hydroscopic. These small changes could
have a very large effect on the resulting joint strength. Therefore, any
change in substrate formulation or processing must be re-verified with
regard to its adhesion characteristics.

Test methods used to determine the uniformity of substrates are
numerous and vary with the type of material. They are generally the
same tests used to characterize the material or to determine its fun-
damental physical properties. Tests that are commonly employed are
hardness, tensile strength, modulus, and surface characteristics such
as roughness or contact angle measured with a standard liquid. Often
a test similar to the non-volatile test mentioned above is used to de-
termine if there are any compounds in the substrate that are capable
of outgasing on exposure to elevated temperatures. Internal moisture
content of certain polymers, such as nylon and polycarbonate, is also
known to affect adhesion.
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4.4 Standard Test Methods for
Adhesive Joints

The physical testing of standard adhesive joints provides a method of
comparison for materials and processes that are being evaluated.
Standard tests also provide a means to control the adequacy of the
bonding process, once it is established, and of assessing its confor-
mance to specification.

Standard test methods are only useful if they can be reproduced. It
is important that the same results can be measured by both the ad-
hesive developer and the end-user. It is also important that the results
are reproducible with time and with different testing personnel. The
accuracy and reproducibility of test results depend on the conditions
under which the bonding process is performed. The following variables
must be strictly controlled.

1. Procedures for cleaning, etching, and drying the surface of the sub-
strates prior to application of adhesive.

2. The time between surface preparation and application of adhesive
and the environmental conditions present during this period. This
includes the temperature and percent relative humidity. Usually
standard atmospheric conditions are specified (73.5° = 2°F and 50
+ 4% relative humidity).

3. Complete procedures for mixing the adhesive components.

4. Conditions and methods for application of the adhesive to the sub-
strate surface.

5. Curing conditions, including the pressure, temperature, and time
of the curing cycle. It should be specified whether or not the tem-
perature is measured within the glue line, or on some other point
on the substrate, or at some location within the curing oven. The
temperatures could vary significantly at these different locations
depending on the weight and size of the assembly. When an ad-
hesive producer specifies a temperature and time for cure, it refers
to the conditions of the actual adhesive within the bond-line.

6. Conditioning procedures for specimens after curing and prior to
testing.

7. The rate at which the sample is loaded during test. Peel and impact
tests especially are dependent on the speed at which the sample is
tested.

A standard test report usually documents the resulting measurements
such as tensile shear strength, peel strength, etc. It should also indi-
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cate all of the pertinent conditions that are required to assure repro-
ducibility in subsequent testing. It is also very useful to describe the
failure mode of the tested specimens. An analysis of the type (or mode)
of failure is a valuable tool to determine the cause of adhesive or seal-
ant failure. The failed joint should be visually examined to determine
where and to what extent failure occurred. The percent of the failure
in the adhesion and cohesion mode should be provided. A description
of the failure mode itself (location, percent coverage, uniformity, etc.)
is also useful. The purpose of this exercise is to help identify the weak
link in the joint to better understand the mechanism of failure.

Numerous standard test methods have been developed by various
government, industrial, and university investigators. Many of these
have been prepared or adopted under the auspices of the ASTM Com-
mittee D 14 on Adhesives, D 24 on Sealants, or other professional
societies. Reference to the appropriate standards will adequately
equip one with the background necessary to conduct the test or a ver-
sion of it. Several of the more common standard tests will be described
in this section. Numerous variations exist for specific applications or
materials. In these descriptions, the emphasis will be on understand-
ing the reasons for the test, its relationship to a specific adhesive prop-
erty, advantages and limitations of the test, and possible variations or
extrapolations of the test method. The detailed description of the test
mechanics will be kept to a minimum, since they are adequately cov-
ered in the existing standards and specifications.

4.41 Tensile tests

The tensile strength of an adhesive joint is seldom reported in the
adhesive supplier’s literature because pure tensile stress is not often
encountered in actual production. An exception to this is the tensile
test of the bonds between the skin and core of a honeycomb or com-
posite sandwich. However, the tensile test is not only useful as a qual-
ity control test for metal and sandwich adhesives; it can also be em-
ployed to yield fundamental and uncomplicated tensile strain,
modulus, and strength data for the adhesive.

The ASTM D 897 tensile button test is widely used to measure ten-
sile strength of a butt joint made with cylindrical specimens (Fig. 4.2).
The tensile strength of this bond is defined as the maximum tensile
load per unit area required to break the bond (psi). The cross-sectional
bond area is specified to be equal to one square inch. The specimen is
loaded by means of two grips that are designed to keep the loads ax-
ially in-line. The tensile test specimen requires considerable machin-
ing to ensure parallel surfaces.

A similar specimen design uses a sandwich construction with a dis-
similar material bonded between the two cylindrical halves of the but-
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ton specimen. This design is commonly used to measure the tensile
strength of adhesives between dissimilar materials. This method is
also useful if the adherend cannot be machined into the shape of the
button specimen. With some modifications in the dimensions, the
button tensile test has also been adapted for testing adherence of
honeycomb-cover sheets to the core (ASTM C 297).

Although developed and used primarily for testing wood joints, the
cross type tension test, shown in Fig. 4.3, can be used to test other
substrates or honeycomb specimens (Fig. 4.3c). This simple cross lap
specimen is described in ASTM D 1344. This test method is attractive
in that it does not involve significant machining or high specimen cost,
as the button tensile test specimens do. It is very important that the
specimens are thick and rigid enough to resist bending. With only
moderate bending, the loads will quickly go into peel or cleavage
stress. Because of a high degree of variation arising out of possible
bending modes, a sample population of at least ten is recommended
for this test method.

7
F/ J%l

{a)-Wood specimen

: =

e (bl-Meta! specimen

4__«’%

Figure 4.3 Cross-lap tension test

{c)-Honeycomb sandwich specimen.*
specimen
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Generally, high modulus adhesives possess the highest tensile
strengths. There appears to be an inverse relationship between thick-
ness and tensile bond strength for particular adhesive-adherend com-
binations. Thin bonds are best as long as the bond-line is not starved
of adhesive. Thicker bonds give lower strengths because cleavage
forces more readily occur due to non-axial loading, or internal stresses
in the adhesive.

4.4.2 Lap-shear tests

The lap-shear or tensile-shear test measures the strength of the ad-
hesive in shear. It is the most common adhesive test because the spec-
imens are inexpensive, easy to fabricate, and simple to test. However,
at times it is difficult to minimize or eliminate bending stresses in
common shear joint specimens. Because the standard lap shear tests
introduce some degree of peel into the adhesive joint, values obtained
for the lap shear strength of epoxy adhesives may average 4000-5000
psi; whereas, values for bulk tensile strengths have been reported up
to 12000 psi.?

The common lap-shear test method is described in ASTM D 1002,
and the standard test specimen is shown in Fig. 4.4. This is the most
commonly used shear test for structural adhesives. However, due to
the nonuniform stress distribution in the adhesive arising from the
joint configuration, the failure strength values are of little use for en-
gineering design purposes.

Testing is carried out by pulling the two ends of the overlap in ten-
sion causing the adhesive to be stressed in shear. Hence, this test is
frequently called the tensile-shear test. Since the test calls for a sam-
ple population of five, specimens can be made and cut from larger test
panels illustrated in Fig. 4.4b.

The width of the lap shear specimen is generally one inch. The rec-
ommended length of overlap, for metal substrates of 0.064 in. thick-
ness, is 0.5 = 0.05 in. The length should be chosen so that the yield
point of the substrate is not exceeded. In lap shear specimens, an
optimum adhesive thickness exists. For maximum bond strengths, the
optimum thickness varies with adhesives of different moduli (from
about 2 mils for high modulus adhesives to about 6 mils for low mod-
ulus adhesives).*

The lap shear specimen can be used for determining shear strength
of dissimilar materials in a manner similar to that which was de-
scribed for the laminated button tension specimen. Thin or relatively
weak materials such as plastics, rubber, or fabrics are sandwiched
between stronger adherends and tested.

Two variations are used to avoid the bending forces that occur with
simple ASTM 1002 specimens: the laminated lap shear specimen
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Figure 4.4 Standard lap shear test specimen design:
(a) form and dimensions of lap shear specimen; (b)
standard test panel of five lap shear specimens. From
ASTM D 1002

(ASTM D 3165) shown in Fig. 4.5a¢ and the double lap specimen
(ASTM D 3528) shown in Fig. 4.5b. These specimens minimize joint
eccentricity and provide higher strength values than does the single
overlap specimen. For the specimen in Fig. 4.5a, the overlap joint can
be made from saw cuts in the top and bottom substrates of a bonded
laminate. This process negates the effects of extruded adhesive at the
edges of the lap and the sheared edge of the standard type of lap shear
specimen. As a result, the chances of deformation and uneven surface
preparation are lessened.

Compression shear tests are also commonly used. ASTM D 2182
describes a simple compression specimen geometry and the compres-
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Figure 4.5 Modified lap shear specimens used to maintain axial
loading: (a) single saw cut specimen, (b) double lap specimen.*

sion shear test apparatus. The compression shear design also reduces
bending and, therefore, peeling at the edges of the laps. Higher and
more realistic strength values are obtained with the compression
shear specimen over the standard lap shear specimen.

4.4.3 Peel tests

A well-designed joint will minimize peel stress, but not all peel forces
can be eliminated. Because adhesives are notoriously weak in peel,
tests to measure peel resistance are very important. Peel tests involve
stripping away a flexible adherend from another adherend that may
be flexible or rigid. The specimen is usually peeled at an angle of 90
or 180 degrees. The most common types of peel test are the T-peel, the
floating roller peel, and the climbing-drum methods. Representative
test specimens are shown in Fig. 4.6. The values resulting from each
test method can be substantially different; hence it is important to
specify the test method employed.

Peel values are recorded in pounds per inch of width (piw) of the
bonded specimen. They tend to fluctuate more than any other adhesive
test result because of the extremely small area at which the stress is
localized during loading. Even during the test, the peel strength val-
ues tend to fluctuate depending on the type of adhesive, adherend,
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Figure 4.6 Common types of adhesive peel tests: (left) floating roller peel, (center) climb-
ing drum peel, (right) t-peel.®

and condition of the test. In preparing the samples, care must be taken
to produce void-free laminated bond-lines. A typical load curve for the
T-peel test is shown in Fig. 4.7. Peel strength is taken as the average
value of the center portion of the curve, usually over at least a 5 in.
length of crosshead travel.

The rate of peel loading is more important than in lap-shear loading,
and should be known and controlled as closely as possible. The rate
at which the load is applied is usually specified in the ASTM test
procedure. Adhesive thickness has a significant effect on peel-strength
values as does the angle of peeling. The relative effects of these pa-
rameters are also dependent on the elasticity of the adhesives.

Figure 4.8 shows the effect of peel speed and angle on the strength
of an epoxy adhesive. With elastomeric adhesives, thicker bond-lines
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Figure 4.7 Peel test record.*
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Figure 4.8 Peel strength of 3 mil aluminum foil bonded
with DETA cured DGEBA epoxy adhesive.®

will generally result in higher peel strengths. The elongation charac-
teristics of these adhesives permit a greater area of the bond to absorb
the applied load. With more rigid adhesives, the thicker bond-line low-
ers the peel strength (as shown in Fig. 4.9 for an epoxy adhesive)
because of stresses at the edge of the bond. Peel strength is also a
function of the stiffness or modulus of the substrates and of the ad-
hesive, and it is also a function of the thickness of the two substrates
being peeled.”®

The T-peel test is described in ASTM D 1876 and is the most popular
of all peel tests. The T-peel specimen is shown in Fig. 4.10. Generally,
this test method is used when both adherends are flexible. Because
the angle of peel is uncontrolled and dependent on the properties of
the adherends and the adhesive, the test is less reproducible than
other peel tests. A sample population of at least ten is required,
whereas most other ASTM tests require a minimum of five.

The floating roller peel test is used when one adherend is flexible
and the other is rigid. The flexible member is peeled through a spool
arrangement to maintain a constant angle of peel. Thus, the values
obtained are generally more reproducible than the T-peel test method.
The floating roller peel resistance test is designated ASTM D 3167.

The climbing-drum peel specimen is described in ASTM D 1781.
This test method is intended primarily for determining peel strength
of thin metal facings on honeycomb cores, although it can be used for
joints where at least one member is flexible. The fixtures of the float-
ing roller peel and drum peel tests help control the angle of peel so
that they generally provide more reproducible peel values for a given
adhesive than the T-peel method.1%1!

A variation of the T-peel test is a 180 deg stripping test illustrated
in Fig. 4.11 and described in ASTM D 903. This method is commonly
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Figure 4.9 Effect of adhesive thickness on peel resistance of Resiweld 7007
epoxy adhesive.”

used when one adherend is flexible enough to permit a 180 deg turn
near the point of loading. This test offers more reproducible results
than the T-peel test because the angle of peel is maintained constant
although it is dependent on the nature of the adherend.

Considerable work has been done, notably by D. H. Kaeble!'*!3 and
J. J. Bikerman,'*1% to develop formulae for the force required to peel
a flexible tape from a rigid substrate. Figure 4.12 shows those equa-
tions for a peeling force. An examination of the Kaeble formula would
indicate that the peel force is directly proportional to the adhesive
thickness. Work has shown, however, that the relationship is logarith-
mic as seen in Fig. 4.13. Considerable study has been made of the
effect of backing on peel force.® The peel angle and the joint strength
depend on the type of backing and its thickness.
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Bikerman—Peel force at 90° from substrate
F = 0.3799a (E)¥s"
(E1)

Kaelble—Peel force at any angle

_ KQGbGog
2E1{1 —cosW)

where K — Bme B — Eia .

Bme-sin™ (4 Ela)"t

At 180°, K = 1, when the Peel Force

relation reduces to

F oo 00~ ab
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where—

F — Peel Force; a — Bond Width; b —

Thickness of Adhesive; h — Thickness of
Flexible member; w — Peel angle; 0o =
Adhesive Stress at f{ailure; E = Young’s
Modulus of Flexible Member,j El = Young’'s
Modulus of Adhesive; | — Moment of In-
ertia of Flexible Member; m — Moment Arm;
me = -m-hcos™; K = Complex dimension-

less parameter depending on geometry and

moduli.

Figure 4.12 Equation for peel force required to strip a flexible adherend from a rigid
substrate.®

4.4.4 Cleavage test

Cleavage tests are conducted by prying apart one end of a rigid bonded
joint and measuring the load necessary to cause rupture. Cleavage
tests are used in place of peel tests when both adherends are rigid.
The test is also a qualitative measure of the fracture toughness of the
adhesive. Data obtained are adaptable to engineering design.

The cleavage test utilizes a specimen similar to a compressive shear
specimen except that the load is intentionally placed on one edge of
the bonded area. The test method is described in ASTM D 1062. The
specimen is usually loaded at a rate of 0.05 in/min until failure occurs.
The failing load is reported as breaking load per unit area in psi units.
A standard test specimen is illustrated in Fig. 4.14. Because cleavage
test specimens involve considerable machining, peel tests are usually
preferred where possible.
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Figure 4.13 Comparison of peel force with adhesive thickness (0.5 mil
polyester film used as backing in all tests).®

4.4.5 Fatigue tests

Fatigue testing places a given load repeatedly on a bonded joint.
Lap-shear or other specimens are tested on a fatiguing machine ca-
pable of inducing cyclic loading (usually in tension or a combination
of tension and compression but also in bending) on the joint. ASTM D
3166 provides procedures for testing and measurement of the fatigue
strength of lap specimens.

The fatigue strength of an adhesive is reported as the number of
cycles of a known load necessary to cause failure. Cycles to failure and
the corresponding loads are plotted on coordinates of stress versus the
logarithm of the number of cycles. The point at which the smooth
curve connecting the points of minimum stress crosses the 10 million
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Figure 4.14 Cleavage test specimen. [From ASTM D
1062]

cycle line is usually reported as the fatigue strength. Fatigue strength
is dependent on adhesive, curing conditions, joint geometry, mode of
stressing, magnitude of stress, and frequency and amplitude of load
cycling.

Lap shear fatigue data are limited in engineering design because of
the stress distribution patterns of the lap shear specimen configura-
tion relative to practical joint designs. However, fatigue testing of the
actual part or of the joint itself provides useful engineering design
values.

4.4.6 Impact tests

Impact testing is of importance because adhesives, like most polymeric
materials, are sensitive to high rates of applied force. The resistance
of an adhesive to impact can be determined by ASTM D 950. This test
is analogous to the Izod impact test method used for impact studies
on materials.

The specimen is mounted in a grip shown in Fig. 4.15 and placed
in a standard impact machine. One adherend is struck with a pen-
dulum hammer traveling at 11 ft/s, and the energy of impact is re-
ported in pounds per square inch of bonded area. It is often difficult
to achieve reproducible results with impact testing, and as a result,
the test is not widely used in production situations. Impact data in-
dicate that as the thickness of the adhesive film increases, its appar-



Standard Test Methods 159

machine

Adhesive bond

—-I lin. }<— _,{ tin. ].‘-

o St aaa &

}3/8in.

3/4in.

l<- 1-3/4in. —4 Test specimen

Figure 4.15 Impact test specimen. [From ASTM D
950]

ent strength also increases.!® This suggests that a portion of the en-
ergy required to rupture the bond is absorbed by the adhesive layer
and is independent of adhesion.

The impact strength of a viscoelastic adhesive is affected by the rate
of which the impact occurs. Often it is very difficult to achieve very
high rates of impact with conventional laboratory testing. One ex-
ample of this is an adhesive system used to bond shock mounting pads
to electrical equipment aboard submarines. Impact testing of speci-
mens done in a laboratory using pendulum or drop-weight impact fix-
tures showed that the adhesive would not fail under the loads ex-
pected. However, the proof test was to place the electrical equipment,
with shock mounting attached, aboard a barge and then set-off explo-
sive charges at various depths under the barge. The proof test showed
that the viscoelastic adhesive failed when explosive-induced high rates
of impact were experienced. The adhesive acts like a brittle polymer
at high rates of loading because the molecular chains within the ma-
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terial do not have time to slip by one another and absorb a great deal
of the energy. Special, high speed impact tests have been developed
for certain applications. These tests generally use chemical explosive
force or electromagnetic energy to establish the high speeds required.

4.4.7 Creep tests

In practical joints, adhesives are not always loaded for short periods
of times. Often the application requires that the adhesive joint survive
continuous loading or stress. The dimensional change occurring in a
stressed adhesive over a long time period is called creep. Creep data
are seldom reported in the adhesive supplier’s literature because the
tests are time-consuming and expensive. This is very unfortunate,
since sustained loading is a common occurrence in adhesive applica-
tions. All adhesives tend to creep, some much more than others. With
weak adhesives, creep may be so extensive that bond failure occurs
prematurely. Adhesives have also been found to degrade much more
rapidly when environmentally aged in a stressed rather than an un-
stressed condition. This phenomenon will be investigated more closely
in Chapter 17.

Creep-test data are accumulated by loading a specimen with a pre-
determined stress and measuring the total deformation as a function
of time or measuring the time necessary for complete failure of the
specimen. Depending on the adhesive, loads, and testing conditions,
the time required for a measurable deformation may be extremely
long.

ASTM D 2294 defines a test for creep properties of adhesives util-
izing a spring-loaded apparatus to maintain constant stress. With this
apparatus (Fig. 4.16) once loaded, the elongation of the lap shear spec-
imen is measured by observing the separation of fine razor scratches
across its polished edges through a microscope. A typical creep curve
of an adhesive bonded lap shear specimen is shown in Fig. 4.17. There
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Figure 416 Compressive spring with tension creep-shear specimen.*
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Figure 4.17 Typical creep-time curve for a lap shear adhesive joint bonded with a visco-
elastic adhesive.*

is a substantial increase within the first time period followed by a
gradual increase with time. Once the load is removed at the conclusion
of the test, there will be a gradual recovery of strain with time. Since
the capacity of adhesive to recover will vary, the basis on which to
judge and compare creep behavior should not be the total strain at
the conclusion of the test, but the irrecoverable strain or permanent
set. The strain of an adhesive increases with thickness of film, and
hence the creep per unit thickness is the recommended measure of the
creep of an adhesive.

4.4.8 Environmental tests

It is desirable to know the rate at which an adhesive bond will lose
strength due to environmental factors in service. Strength values de-
termined by short-term tests do not always give an adequate indica-
tion of an adhesive’s performance during continuous environmental
exposure. Laboratory-controlled aging tests seldom last longer than a
few thousand hours. To predict the permanence of an adhesive over a
20-year product life requires accelerated test procedures and extrap-
olation of data. Such extrapolations are extremely risky because the
causes of adhesive-bond deterioration are complex. Unfortunately no
universal method has yet been established to estimate bond life ac-
curately from short-term aging data.

Adhesives and sealants may experience many different and exotic
environments. Laboratory environmental aging is accomplished by ex-
posing a stressed or unstressed joint to simulated operating condi-
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tions. Exposure is typically to elevated temperature, water, salt spray,
or various chemical solutions that are representative of the service
conditions. A number of standard chemicals that are used to soak
bonded specimens for seven days at room temperate are described in
ASTM D 896 (see Table 4.4). The method merely outlines the manner
in which the test specimens are conditioned before testing. After suit-
able exposure, bonds may be tested in whatever manner seems ap-
propriate.

The type of stress and environment should be selected to be a close
approximation of real-life conditions. Two simultaneous environ-
ments, such as heat and moisture, may cause the adhesive to degrade
much faster than when exposed in any single environment because
one condition could accelerate the effect of the other.

Stressed aging tests are important because they more accurately
simulate service conditions than do simple tests where the specimens
are merely hung or placed in a test environment. The Alcoa Stress

TABLE 4.4 Standard Test Exposure of Adhesives'’

Test
Exposure Temperature,
Number F(a) Moisture conditions
1 -70 As conditioned
2 -30 As conditioned
3 -30 Presoaked (b)
4 32 As conditioned
5 73.4 50% relative humidity
6 73.4 Immersed in water
7 100 88% relative humidity
8 145 Oven, uncontrolled humidity
9 145 Over water (c)
10 145 Immersed in water
11 158 Oven, uncontrolled humidity
12 158 Over water (c)
13 180 Oven, uncontrolled humidity
14 180 Over water (c)
15 212 Oven, uncontrolled humidity
16 212 Immersed in water
17 221 Oven, uncontrolled humidity
18 300 Oven, uncontrolled humidity
19 400 Oven, uncontrolled humidity
20 500 Oven, uncontrolled humidity
21 600 Oven, uncontrolled humidity
NOTES:

a-The tolerance for test temperature shall be +1.8F up to 180F and + 1% for temperatures
above 180F.

b-Presoaking shall consist of submerging specimens in water and applying vacuum at 20
in. of mercury until weight equilibrium is reached.

c-The relative humidity will ordinarily be 95 to 100%.
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Test Fixture (Fig. 4.18) is a device for applying stresses of various
magnitudes to lap shear specimens and then aging these stressed
specimens in different environments. A plot of stress to time of failure
can give important information about the loss of bond strength under
stressed conditions. This aging phenomenon and a typical stress-to-
failure plot are shown in Chapter 17.

There are several analytical tools that provide methods of extrapo-
lating rate and temperature test data. One of these tools is the Wil-
liams, Landel, Ferry (WLF) transformation.!® This method uses the
principle that the work expended in deforming a flexible adhesive is
a major component of the overall practical work of adhesion. The ma-
terials used as flexible adhesives are usually viscoelastic polymers. As
such, the force of separation is highly dependent on their viscoelastic
properties and is, therefore, rate and temperature dependent. Test
data, taken as a function of rate and temperature, then can be ex-
pressed in the form of master curves obtained by WLF transformation.
This offers the possibility of studying adhesive behavior over a suffi-
cient range of temperature and rate for most practical applications.
High rates of strain may be simulated by testing at lower rates of
strain and lower temperatures.

4.5 Standard Test Methods for
Sealant Joints

Many of the standard adhesive tests described in the previous section
also pertain to sealants, especially if the need is to determine the ad-
hesion characteristics of the sealant. The fundamental property tests
used to measure consistency or working characteristics of the adhesive
before it is placed in a joint are equally relevant to sealants. However,
high performance sealants generally require test methods that are
different from those used with adhesives.

Many test methods have been developed specifically by the indus-
tries that utilize sealants, such as automotive and construction. There
are various industrial and professional organizations that are at-
tempting to standardize the large number of sealant tests that have
been developed over the years. The International Standards Organi-
zation (ISO) is writing test methods and specifications on a global
basis. As with adhesive joints, many of the most useful and popular
tests for sealant joints are defined in terms of ASTM test specifica-
tions. The more important properties and methods of testing sealants
are described below.

There are several important comprehensive specifications that are
used for sealant materials. These specifications describe test methods
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Figure 4.18 Alcoa stressing fixture for measuring simultaneous effect of stress
and environmental conditions.®

and also provide minimum values for several different properties of
sealants. Unlike test methods for adhesives, which are separate doc-
uments, these specifications for sealants combine several test meth-
ods. They also provide minimum values for categories of sealants.
ASTM C 920 is such a comprehensive document. It describes the min-
imum acceptable properties required to meet the specification, as well
as movement capabilities of the sealant.

4.5.1 Movement capability

The movement capability of a sealant joint is perhaps one of its most
important characteristics. At a minimum, the sealant joint will move
with response to daily and seasonal temperature changes. This move-
ment capability is determined by the specimen geometry and the co-
efficient of thermal expansion of the substrates.

The movement capability is always stated as a + percentage value
that indicates the amount of movement the sealant can take in exten-
sion and compression. Movement capability must consider the envi-
ronment and length of exposure time (i.e., prolonged elongation at low
temperatures, prolonged compression at high temperatures, and com-
binations of the two).

ASTM C 719 is a sealant test procedure that defines several con-
ditions for which the sealant must operate in both extension and com-
pression. The test involves the cycling of sealant joints at a movement
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rate of 0.125 in/hr after various exposures to water and hot and cold
temperatures. These conditions are shown in Table 4.5. Typical spec-
imen geometries are shown in Fig. 4.19. The ISO Committee on Con-
struction has also developed a similar test method that differs some-
what from ASTM C 719. It requires extended periods of sustained
elongation (Table 4.6). There are a number of generally recognized
categories of movement capability in which these test methods at-
tempt to place sealants, for example +5%, +10%, +12.5%, +25%,
+50%, and +100%/—50%.

ASTM C 920 describes a bond cohesion test using specimens similar
to ASTM C 719. The test measures initial adhesive strength and cy-
cling after compression and water immersion. Another test includes
cycling after UV exposure. Failure is defined as an adhesive or cohe-
sive separation exceeding 1/10 in. in depth. Values can be obtained
for various extensions. Measured strengths of 5—10 piw are common
for low modulus sealants with extensions of up to 100%; medium mod-
ulus sealants, 15—-30 psi; and high modulus sealants, 25—-50 psi.

4.5.2 Peel adhesion

The peel adhesion test in combination with the tensile adhesion test
above gives a good indication of how a sealant might perform in ser-
vice. Peel specimens are formed from a substrate of interest and the
sealant which is reinforced with a strip of cotton fabric or fine stainless
wire mesh. Once cured, the cloth or wire is folded back 180 degrees
and peeled at a rate of separation of 2 in/min as shown in Fig. 4.20.
The load is reported in lbs per inch of width. The test is usually run
after the test specimens are immersed in water for three weeks. This

TABLE 4.5 ASTM Movement Capability Test Method C 719'°

Cure cycle Conditions

7 days Standard conditions.

7 days 37.8F, 95% relative humidity.

7 days Standard conditions.

7 days Distilled water.

Interim test Bend 60 deg, examine for failure, if OK, continue.

7 days Compress specimens to required compression (e.g., 25% for
+25%). Hold at 70C. After 7 days cool to ambient for 1 hr.

10 cycles Extension/compression at 0.125 in/hr.

10 cycles Place in —26C compartment. Compress while cooling.
Remove, allow to reach room temperature.
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meric joint sealants under cyclic movement.®

is a quick and easy way to determine adhesion either in the laboratory
or at a job site. Minimum values of 5 piw are considered satisfactory
in ASTM C 920.

4.5.3 Tear strength

The tear strength of a sealant is important because often the sealant
must resist abrasion. Abrasion can come from outside sources, such
as automobile tires continually running over a concrete sealant. Ab-
rasion can also come from internal sources, such as when dirt particles
become trapped in the sealant and then cause abrasion each time the
sealant goes through an expansion-contraction cycle.

Tear strength is measured by ASTM D 624. This is a general mea-
sure of the toughness and abrasion resistance of the sealant. However,
one can also get a general idea of the tear strength of a sealant by
simply scraping at it with a fingernail.
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TABLE 4.6 1SO Movement Capability Test Method®

Cycle 1 Cycle 2
1 hr cool to —20C 1 hr heat to 70C
2 hrs cool to —20C extend 2 hrs compression at 70C
1 hr heat to 70C 1 hr cool to —20C
2 hrs compress at 70C 2 hrs extend at —20C
1 hr cool to —20C 1 hr heat to 70C
17 hrs extend to —20C 17 hrs compress at 80C

Figure 4.20 Peel adhesion test
for sealants.!®

4.5.4 Compression set resistance
and creep

To test compression set resistance or stress relaxation, two parallel
plates hold a section of cured sealant compressed under a known set
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of conditions. Good recovery is characteristic of high performance ad-
hesives.

Compression set characteristics are determined by first placing a
test specimen under load for a period of time at temperature and then
subjecting the specimen to cyclic testing. Such a test method has been
adopted in ASTM C 719 and specification C 920. With certain sealants,
e.g., polysulfides, it has been determined that compression set often
leads to failure in tension.2%2

The stress relaxation test is conducted by extending the sealant 25—
50% in a tensile testing machine. The specimen is then locked into
position at a constant deformation. The stress relaxation may be re-
ported as a curve (Fig. 4.21) of stress versus time at constant defor-
mation or as a stress relaxation time (the time required for the stress
in the specimen to decay to 36.8% of its initial value). ASTM C 920
includes a compression cycle in part of the test exposure.

Similarly, creep properties can also be measured. The creep of a
sealant is generally reported as a curve of deformation versus time
under constant load (Fig. 4.22).

4.5.5 Environmental tests

Many of the environmental tests used with sealants have their foun-
dations in the construction industry because of the significant amount
of sealants used there. Water immersion of the specimens before test-
ing is a part of most specifications because water or moisture is gen-
erally encountered in outdoor sealant applications. Three weeks is the
time period recommended for most immersion tests.
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Figure 421 Typical stress relaxation curve for sealant.?’
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Figure 4.22 Typical creep curve for sealant.?

Ozone and ultraviolet (UV) radiation are factors in environmental
exposure of many sealants. Major cities now exhibit 50 pphm of ozone
in their atmospheres, which is the level set in standard ozone envi-
ronmental tests. Ozone at this level will cause surface cracking after
reasonable exposure. UV will similarly cause some hardening of cer-
tain sealants and will cause some to lose adhesion. UV is of special
concern for sealants that are used in glass applications. Resistance to
surface degradation after several hours in a standard weatherometer
is indicative of good performance for a sealant.

Resistance to solvents or chemicals is not a standard requirement
for sealants. However, the tests are easy to run, and most sealant
manufacturers have such data. The time for immersion varies consid-
erably, and it should be recognized that the absorption of chemical
into the sealant is generally not very fast.

The effect of heat aging at moderate temperatures on sealants is
generally through the loss of volatile plasticizers. Higher tempera-
tures result in increased crosslinking, oxidation, and pyrolysis of the
sealant. This, in turn, results in increased hardness and reduction of
movement capability. ASTM C 920 specification requires a maximum
percentage of weight loss of 10-12% after heat aging for two weeks at
158°F. The conditioning generally specified is the application of accu-
mulated time at temperature expected in service. For example, the
total hours of service expected at 200°F is estimated over the sealant’s
life and incorporated into the testing methodology. It is unwise to at-
tempt to accelerate testing by increasing temperature above the actual
service temperature without knowledge of the material characteristics
of the sealant. At higher temperatures, additional reaction mecha-
nisms may take place related to the thermal movement of molecules
within the sealant.
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4.6 Prototype and Non-standard
Test Methods

One must keep in mind that the final product will never be a T-peel
specimen or a lap shear specimen. ASTM and other standard test
methods are excellent tests to offer relative comparisons of adhesives
and/or bonding conditions. They also offer a valuable starting point
for adhesive evaluation. However, there may be better ways to obtain
information for predicting performance of the actual joint in service.
The standard test methods are well defined and, therefore, can be well
controlled. However, their relationship, if any, to performance in the
product must be established by trial and error or advanced analytical
means.

The methodology of the test and evaluation program requires care-
ful thought. A critical feature is that the tests must have a known
relationship to the final product. Often this requires either developing
creative, non-standard tests that stress the part in a mode that is more
indicative of its service load, or producing actual prototype specimens
with the adhesives and bonding conditions that are intended to be
used in production. These prototype specimens then would be sub-
jected to simulated service environments. The environmental exposure
can be accelerated to reduce testing time. Caution needs to be exerted
so that the acceleration does not cause reactions or mechanisms
within the materials or bond-line that would not actually be present
in the intended real environment. These “non-standard” test methods
should be controlled so that the tests are repeatable and the variabil-
ity is low. Among the obvious variables that need to be controlled are
surface cleaning, joint geometries, method and extent of material mix-
ing, method of application, fixtures utilized, and cure conditions.

To develop a joint with an adequate service life and with a realistic
design margin, the use of a “Mathes” ladder? is suggested to establish
a testing hierarchy. In this process, shown in Fig. 4.23, testing pro-
ceeds from simple, standard tests of basic materials where well-
defined test specifications are available to increasingly complex tests.
Depending on the application and the type of information available
from the lower rungs of the ladder, the need for more complex testing
may be reduced or even eliminated. However, the need to completely
understand the simpler tests is mandatory. Unexpected failure in ser-
vice is often associated with a lack of understanding of the effects of
the service environment on the basic materials or on a lack of under-
standing of the test variables (e.g., rate of loading).

The most difficult failure situations to predict are those that result
from interactive effects. Thus, it is important to consider and evaluate
the adhesive or sealant joint as a “system”. There is a thought pro-
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Simulated Service Tests

Component Tests

Simple Non-Conventional Tests

Simple Tests -- Standard or Conventional

Figure 4.23 Testing hierarchy as illustrated by the “Mathes ladder”.?3

cesses which will help to guide the engineer toward systematically
getting the information required.

1.

Define extent of service condition variables (upper limits of condi-
tions to be encountered).

2. Identify specific failure mode(s).

3. Determine rate of damage for each failure mode at the extreme

No e

service conditions.

Define critical failure mode.

Establish endurance limit of the system.
Determine reliability of endurance limit value(s).

Plan margin of safety for engineering design from established en-
durance limit.

The testing and characterization of adhesives or sealants is a key

to their successful application. However, testing must be combined
with understanding of the principles of adhesion and the many pro-
cesses that are involved.
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TABLE 4.7 Examples of Government Adhesive Specifications and Standards

Military specifications

MIL-A-928. ..
MIL-A-1154. .
MIL-C-1219. .
MIL-C-3316. .
MIL-C-4003. .
MIL-A-5092. .
MIL-A-5534. .

MIL-C-5339. .
MIL-A-5540. .
MIL-A-8576. .
MIL-A-8623. .
MIL-A-9117..

MIL-C-10523

MIL-S-11030.
MIL-S-11031.

MIL-A-11238
MIL-C-12850
MIL-A-13554
MIL-C-13792
MIL-A-13883
MIL-A-14042
MIL-C-14064

MIL-P-14536.
MIL-I-15126 .

MIL-C-18726
MIL-A-22010
MIL-A-22397
MIL-A-22434
MIL-C-22608
MIL-A-22895
MIL-C-23092
MIL-A-25055
MIL-A-25457
MIL-A-25463
MIL-A-46050

MIL-A-46051

MIL-A-52194
MIL-A-9067C

Adhesive, Metal to Wood, Structural

Adhesive, Bonding, Vulcanized Synthetic Rubber to Steel
Cement, Iron and Steel

Adhesive, Fire Resistant, Thermal Insulation

Cement; General Purpose, Synthetic Base

Adhesive, Rubber (Synthetic and Reclaimed Rubber Base)
Adhesive, High Temperature Setting Resin (Phenol,
Melamine and Resorcinol Base)

Cement, Natural Rubber

Adhesive, Polychloroprene

Adhesive, Acrylic Monomer Base, for Acrylic Plastic
Adhesive, Epoxy Resin, Metal-to-Metal Structural Bonding
Adhesive, Sealing, for Aromatic Fuel Cells and General
Repair

Cement, Gasket, for Automobile Applications

Sealing Compound, Noncuring Polysulfide Base

Sealing Compound, Adhesive; Curing, Polysulfide Base
Adhesive, Cellulose Nitrate

Cement, Rubber

Adhesive for Cellulose Nitrate Film on Metals

Cement, Vinyl Acetate Base Solvent Type

Adhesive, Synthetic Rubber (Hot or Cold Bonding)
Adhesive, Epoxy

Cement, Grinding Disk

Polyisobutylene Binder

Insulation Tape, Electrical, Pressure-Sensitive Adhesive
and Pressure-Sensitive Thermosetting Adhesive
Cement, Vinyl Alcohol-Acetate

Adhesive, Solvent Type, Polyvinyl Chloride

Adhesive, Phenol and Resorcinol Resin Base

Adhesive, Polyester, Thixotropic

Compound Insulating, High Temperature

Adhesive, Metal Identification Plate

Cement, Natural Rubber

Adhesive; Acrylic Monomer Base, for Acrylic Plastics
Adhesive, Air-drying Silicone Rubber

Adhesive, Metallic Structural Honeycomb Construction
Adhesive, Special; Rapid Room Temperature Curing,
Solventless

Adhesive, Room-Temperature and Intermediate-
Temperature Setting Resin (Phenol, Resorcinol, and
Melamine Base)

Adhesive, Epoxy (for Bonding Glass Reinforced Polyester)
Adhesive Bonding, Process and Inspection Requirements
for
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TABLE 4.7 Examples of Government Adhesive Specifications and Standards
(Continued)

Military specifications (Continued)

MIL-STD-401.......... Sandwich Construction and Core Materials, General Test
Methods

Federal specifications

MMM-A-121........... Adhesive, Room-Temperature and Intermediate-
Temperature Setting Resin (Phenol, Resorcinol and
Melamine Base)

MMM-A-00185......... Adhesive, Rubber

MMM-A-00187......... Adhesive, Synthetic, Epoxy Resin Base, Paste Form,
General Purpose

MMM-A-132........... Adhesives, Heat Resistant, Airframe Structural, Metal-to-
Metal

MMM-A-134........... Adhesive, Epoxy Resin, Metal to Metal Structural Bonding

A-A-1556 .............. Sealing Compound (Elastomeric Joint Sealants)

TT-S-277B............. Sealing Compound, Rubber Base, Two Component for
Caulking, Sealing, and Glazing in Building Construction

Federal Test ........... Adhesives, Methods of Testing

Method 175

4.7 Specifications and Standards

An adhesive or sealant specification, like all material specifications, is
a document that specifies values for all the important properties to-
gether with limits of variability and methods for determining these
values. There are many adhesives and sealant specifications, of which
the most prominent are the industrial and government specifications,
which describe and establish the technical and physical characteristics
or performance requirements of these materials. The most common
sources of standards and specifications for the adhesives and sealants
industry are the following:

® American Society of Testing and Materials (ASTM)

m International Organization for Standardization (ISO)

m U.S. Department of Defense (military and federal specifications and
standards)

m National Aeronautics and Space Administration (NASA)

m Society of Automotive Engineers (SAE)

m Technical Association of the Pulp and Paper Industry (TAPPI)
Relevant ASTM specifications and standards were presented in Ta-

bles 4.1 and 4.2. A variety of federal and military specification de-
scribing adhesives and test methods have been prepared. Selected gov-
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TABLE 4.8 Sources of Common Specifications and Standards for
Adhesives and Sealants

1. Military
Naval Publication and Forms Center
5801 Tabor Ave.
Philadelphia, PA 19120

2. Federal Standards
Specification Sales
3FRSBS Bldg. 197
Washington Navy Yard
General Services Administration
Washington, DC 20407

3. Society of Automotive Engineers
SAE, Inc.
400 Commonwealth Drive
Warrendale, PA 15096

4. American Society for Testing and Materials (ASTM)
ASTM
100 Barr Harbor Dr.
Conshohocken, PA 19428

5. American Society for Nondestructive Testing
1711 Arlingate Ln.
P.O. Box 28518
Columbus, OH 43228

6. Technical Association for the Pulp and Paper Industries (TAPPI)
Technology Park/Atlanta
P. O. Box 105113
Atlanta, GA 30348

7. Pressure Sensitive Tape Council
401 N. Michigan Ave.
Chicago, IL 60611

ernment specifications are described in Table 4.7. Table 4.8 identifies
several sources of specifications for adhesives, sealants and related
equipment. A more complete list of specifications and standards are
provided in Appendix C.

Certain specifications and standards provide excellent tutorials on
adhesives and sealants. MIL-HDBK-691 offers a handbook on adhe-
sive bonding, and MIL-HDBK-725 provides a guide to the properties
and uses of adhesives. ASTM C 962 provides an excellent source of
information regarding sealant joint design and the types of sealants
that are appropriate for various substrates. Although this specification
is primarily for construction sealants, much of the information that it
contains is generally useful for other sealant applications. A useful
guide to proper sealant application procedures is also available from
the Sealant, Water-Proofers, and Restoration Institute (SWRI) as an
application manual and a videotape.?*
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Chapter

Quality Control and Nondestructive Tests

5.1 Introduction

In this chapter, various methods of controlling the consistency of the
sealing or bonding operation will be introduced. These processes usu-
ally fall into the categories of quality control or nondestructive testing.
Although some are sophisticated, many of these processes do not re-
quire advanced equipment or knowledge. Simple equipment, visual
examination, and common sense are the main tools in most quality
control departments. They are supported by strong specifications and
proper training.

The control processes that are practiced by the end-user of the ad-
hesive or sealant will be the main subject of this chapter. Important
processes, such as training and plant cleanliness, that need to be con-
sidered even before the manufacturing operation are included in this
discussion. Quality control methods that are commonly used for check-
ing incoming materials and controlling the various processes are re-
viewed. Bond inspection techniques will include both destructive and
nondestructive tests. Analytical methods will also be described that
can be used to examine failed joints for cause of failure.

5.2 Quality Control

Quality control encompasses all of the processes and activities that
ensure adequate quality in the final product. Quality control is very
important when using adhesives or sealants because once fully
bonded, joints are difficult to take apart or correct. By the time it takes
to notice that one step in the bonding process is out of control, signif-
icant costs could occur. For adhesives and sealants, quality control
must be defined in its broadest sense. This consists of defining the
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means to prevent problems whether they be training, controlling man-
ufacturing procedures, incoming inspection, or visual and physical ex-

Chapter Five

amination of the finished product.

A flow chart for a quality control system is illustrated in Fig. 5.1.
This system is designed to ensure reproducible bonds and, if a sub-
standard bond is detected, to make suitable corrections. However, good
quality control will begin even before the receipt of materials. This
usually begins with proper training of personnel and conditioning of

the manufacturing area.
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5.2.1 Pre-manufacturing processes

The human element enters the adhesive-bonding process probably
more than in any other fabrication technique. An extremely high per-
centage of defects can be traced to poor workmanship or lack of un-
derstanding regarding adhesion. This generally appears first in the
surface-preparation steps, but may also arise in any of the other steps
necessary to achieve a bonded assembly. This problem can be largely
overcome by proper motivation and education. All employees from de-
sign engineer to laborer to quality-control inspector should be familiar
with adhesive bonding technology and be aware of the circumstances
that can lead to poor joints.

A great many defects can also be traced to poor design engineering.
Table 5.1 lists the polled replies of experts to a question: “Where do
design engineers most often err in designing bonded joints?” The most
common errors relate to training, design considerations, and produc-
tion line problems. The probability of many of these problems occuring
can be minimized or eliminated through proper training and educa-
tion.

Specifications are a necessary part of a quality control program. A
specification simply is a statement of the requirements that the ad-
hesive, sealant, or process must meet in order to be accepted for use.
A product specification is an agreement between supplier and user.

TABLE 5.1 Where Design Engineers Commonly Make Errors?

Adhesive technology

Design consideration

Production-line problems

Low peel strength

Overlooking such factors
as pot life, curing time,
operating temperatures

Failure to get technical
help from supplier in
selecting an adhesive

Assuming that strongest
adhesive is always the
best without considering
cost or processing

Lack of care in test
procedures

Using a butt joint when
lap joint would be
stronger

Loads causing
unsuspected cleavage
forces

Overlooking effect of
increased service temp in
decreasing resistance to
chemicals

Failure to check
coefficients of expansion
when unlike materials
are bonded

Calling for heat-curing
adhesive on a part that
will not stand the heat

Overdesigning by asking
for more strength or heat
resistance than is needed

Lack of careful surface
preparation

Expecting prototype
performance from bonds
made on assembly line

Failure to keep surfaces
clean until adhesive is
applied

Failure to consider the
application method and
equipment when
designing joint
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Conformance to a specification does not mean that the adhesive or
sealant will perform perfectly in service. It only means that the prod-
uct conforms to the specification. Bonding or sealing specifications
should not only account for the adhesive or sealant, but they should
also define the adherends and the ancillary processes for preparing
the adherends and the joint assembly.

The product specification writer must try to put into the specifica-
tion the requirements that, if met, will provide the greatest likelihood
of success. These requirements should be standard tests that are
agreed upon by both the supplier and the user. The tests should be
indicative of how the adhesive is used in production and how the fin-
ished joint is to be used in service. Tests that are not directly related
to the specific application should not be included. Tests should not be
used simply because they are standard test methods or have been used
in the past. Specifications from other sources (e.g., ASTM, military,
etc.) may be used if they are applicable.

Specifications may require different categories of testing. For ex-
ample, there may be extensive series of tests that are required for
initial verification or qualification of the adhesive and supplier. These
tests would be used to approve a certain product at the onset. Other
receiving tests may be used to verify the consistency of the product
from lot to lot. A typical specification has the following format: title;
scope; general requirements; performance requirements; test methods;
controls; reference documents; and approved source list.

In addition to the staff, the operational facilities must be well pre-
pared before the use of adhesives or sealants. The plant’s bonding area
should be as clean as possible prior to receipt of materials. The basic
approach to keeping the assembly area clean is to segregate it from
the other manufacturing operations either in a corner of the plant or
in isolated rooms. The air should be dry and filtered to prevent mois-
ture or other contaminants from gathering at a possible interface. The
cleaning and bonding operations should be separated from each other.
If mold release is used to prevent adhesive flash from sticking to bond-
ing equipment, it is advisable that great care be taken to assure that
the release does not contaminate either the adhesive or the adherends.
Spray mold releases, especially silicone release agents, have a ten-
dency to migrate to undesirable areas.

5.2.2 Quality control of the incoming
materials

Acceptance tests on adhesives or sealants as well as adherends should
be directed toward assurance that incoming materials are identical
from lot to lot. The tests should be those which can quickly and ac-
curately detect deficiencies in the product’s physical or chemical prop-
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erties. ASTM lists various test methods that are commonly used for
adhesive or sealant acceptance. Many of the more common test meth-
ods were described in the previous chapter.

A receiving inspection program consists of comparison of the pur-
chase order with what is received. If the vendor’s test reports are re-
quired with the shipment, it is verified that they were received and
that the test values are acceptable as defined by the original material
specification.

It may also be necessary to test the incoming bulk product in-house
for fundamental properties. These inspections usually consist of an
evaluation of physical and chemical properties such as: color, viscosity,
percent solids, weight per gallon, pot life, open time, and flow.

Test specimens may also be made to verify strength of the adhesive.
These specimens should be stressed in directions that are represen-
tative of the forces which the bond will see in service, i.e., shear, peel,
tension, or cleavage. If possible, the specimens should be prepared and
cured in the same manner as actual production assemblies. If time
permits, specimens should also be tested in simulated service envi-
ronments, e.g., high temperature and humidity.

Because of cost and time required for extensive in-house testing, the
trend today is to have most of the quality control tests done by the
supplier. The supplier then provides a certified test report with ship-
ment of the product. The test program used by the supplier, his inter-
nal controls, etc. are usually verified and approved by the user on a
periodic basis, such as once per year.

Once identified and approved for receipt, all incoming material
should be labeled with a receipt date. This date will be prominently
shown on the container or material while it is in inventory. Precau-
tions must be taken to assure that the oldest material is used first
and that the shelf life of the product does not expire before it is used.
The date stamp on the product is the most reliable method of doing
this.

5.2.3 Quality control of surface treatment

Generally, some sort of surface preparation is required for reliable
adhesion. The extent of the actual surface preparation process will
vary depending on the performance characteristics desired, the nature
of the adherend, and time and cost considerations.

Surface preparation processes must be carefully controlled for reli-
able production of bonded parts. If a chemical surface treatment is
required, the process must be monitored for proper sequence, bath
temperature, solution concentration, and contaminants. If sand or grit
blasting is employed, the abrasive must be changed regularly. An ad-
equate supply of clean wiping cloths for solvent cleaning is also man-
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datory. Checks should be made to determine if cloths or solvent con-
tainers may have become contaminated.

The surface preparation process can be checked for effectiveness by
the water-break free test. After the final treating step, the substrate
surface is checked for a continuous film of water that should form
when deionized water droplets are placed on the surface. A similar
test for treatment of polymeric fabric is shown in Fig. 5.2. A surface
which is uniformly wet by distilled water will likely also be wet by the
adhesive since the specific surface energy of water is 72 dynes/cm and
most organic adhesives is 30—-50 dynes/cm. However, this test tells
little about weak boundary layers or other contaminants that may be
present on the substrate’s surface but still be capable of wetting with
water.

After the adequacy of the surface treatment has been determined,
precautions must be taken to assure that the substrates are kept clean
and dry until bonding. The adhesive or primer should be applied to
the treated surface as quickly as possible.

5.2.4 Quality control of the bonding
process

All parts should be fitted together first without adhesive or sealant to
minimize production problems due to fit. The suitability of fit is either
established by visual inspection or direct measurement with a gauge
or shim. It is desirable that the extremes in mechanical tolerances
also be noted and that test specimens be made with the worst possible
fit to assure that the bonding process will always provide reliable
joints.

The adhesive metering and mixing operation should be monitored
by periodically sampling the mixed adhesive and testing it for adhe-
sive properties. Simple viscosity measurements, flow tests, or visual
inspection of consistency are the best methods of monitoring confor-
mance. A visual inspection can also be made for air entrapment. The
quality-control engineer should be sure that the oldest adhesive is
used first and that the specified shelf life has not been exceeded.

During the actual assembly operation, the cleanliness of the shop
and tools should be verified. The shop atmosphere should be controlled
as closely as possible. Temperature in the range of 65 to 90°F and
relative humidity from 20 to 65% is best for almost all bonding oper-
ations.

The amount of applied adhesive and the final bond-line thickness
must also be monitored because they may have an effect on joint
strength. Curing conditions should be monitored for pressure, heat-up
rate, maximum and minimum temperature during cure, time at the
required temperature, and cool-down rate.
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Figure 5.2 Example of water break free test for treated polymeric fabric. (Photo courtesy
of Kriiss USA).

5.3 Bond Inspection

After the adhesive or sealant is cured, the joint area can be inspected
to detect gross flaws or defects. This inspection procedure can either
be destructive or nondestructive in nature. The nondestructive type of
tests can be either visual or use advanced analytical equipment. These
types of bond inspections are described below.

5.3.1 Destructive testing

Destructive testing generally involves placing samples of the produc-
tion run in simulated or accelerated service and determining if it has
similar properties to a specimen that is known to have a good bond
and adequate service performance. It is desirable to fabricate a stan-
dard test specimen in the same cycle as the part actually being
bonded. The test specimen could be either test coupons (standard
ASTM test specimens), extensions of actual parts (i.e., tabs that can
be removed from the part and tested), or special test specimens that
are close to the actual part design but amenable to mechanical testing.
If a special test specimen is used, the specimen should be designed for
a test method that is easy to perform and indicative of the way the
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part will be loaded in service, but it should also be designed so that
the geometry and mass does not depart too severely from the actual
production part. The test specimen is then either tested immediately
after bonding or after a simulated environmental cycle.

After testing, the joint area and mode of failure should be examined
closely. This generally leads to clues that are indicative of problems.
The causes and remedies for faults revealed by such mechanical tests
and subsequent visual inspection are described in Table 5.2. Similar
visual techniques have been developed to determine the causes of con-
tact adhesive failures.?

Test specimens such as those mentioned above are often used to
verify the quality of the first article through the production line and
then to periodically test articles for conformance. This type of testing
will detect discrepancies affecting the entire lot, but it cannot evaluate
factors that affect individual joints or specific areas of a particular
joint.

5.3.2 Non-destructive testing

Non-destructive testing (NDT) is usually far more economical than
destructive test methods, and every assembly can be tested if desired.
However, nondestructive testing primarily offers qualitative informa-
tion reguarding the strength of the joint. Several non-destructive test
methods are used to check appearance and quality of structures made
with adhesives or sealants. The main methods are simple ones like
visual inspection, tap, and proof testing. More advanced nondestruc-
tive monitoring such as ultrasonic or radiographic inspection is also
used in critical applications. The most difficult defect to find are those
related to improper curing and surface treatments. Therefore, great
care and control must be given to these processes.

5.3.2.1 Visual inspection. A trained eye can detect a surprising num-
ber of faulty joints by close inspection of the adhesive around the bond
area even if the substrate is not transparent or translucent. Close
examination of the visually apparent adhesive or sealant (generally
around the edges of the joint) can lead to useful conclusions. Unfilled
areas and voids can sometimes be detected by noting lack of adhesive
or sealant material. Misalignment of parts are readily visible. The
texture of the adhesive around the edges of the joint can also be a clue
to the effectiveness of the curing process and whether air was en-
trapped in the adhesive. The adhesion of the flash to the substrates
can be qualitatively measured by attempting to pry the flash away
from the substrate. This can indirectly be a measure of surface clean-
liness. Table 5.3 lists the characteristics of faulty joints that can be
detected visually, their cause, and possible remedies.
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TABLE 5.2 Faults Revealed by Mechanical Tests

Fault

Cause

Remedy

Thick, uneven glue
line

Adhesive residue
has spongy
appearance or
contains bubbles

Voids in bond (i.e.,
areas that are not
bonded), clean
bare metal
exposed, adhesive
failure at interface

Adhesive can be
softened by
heating or wiping
with solvent

Clamping pressure
too low

No follow-up
pressure

Curing
temperature too
low

Adhesive exceeded
its shelf life,
resulting in
increased viscosity

Excess air stirred
into adhesive

Solvents not
completely dried
out before bonding

Adhesive material
contains volatile
constituent

A low-boiling
constituent boiled
away

Joint surfaces not
properly treated

Resin may be
contaminated

Substrates
distorted

Adhesive not
properly cured

Increase pressure. Check that clamps
are seating properly

Modify clamps or check for freedom of
moving parts

Use higher curing temperature
Check that temperature is above the
minimum specified throughout the
curing cycle

Use fresh adhesive

Vacuum-degas adhesive before
application

Increase drying time or temperature
Make sure drying area is properly
ventilated

Seek advice from manufacturers

Curing temperature is too high

Check treating procedure; use clean
solvents and wiping rags. Wiping rags
must not be made from synthetic
fiber. Make sure cleaned parts are not
touched before bonding. Cover stored
parts to prevent dust from settling on
them

Replace resin. Check solids content
Clean resin tank

Check for distortion; correct or
discard distorted components. If
distorted components must be used,
try adhesive with better gap-filling
ability

Use higher curing temperature or
extend curing time. Temperature and
time must be above the minimum
specified throughout the curing cycle.
Check mixing ratios and
thoroughness of mixing. Large parts
act as a heat sink, necessitating
larger cure times
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TABLE 5.3 Visual Inspection of Faulty Bonds

Fault

Cause

Remedy

No appearance of
adhesive around edges of
joint or adhesive bond
line too thick

Adhesive bond line too
thin

Adhesive flash breaks
easily away from
substrate

Adhesive flash is
excessively porous

Adhesive flash can be
softened by heating or
wiping with solvent

Clamping pressure too
low

Starved joint

Curing temperature too
low

Clamping pressure too
high

Curing temperature too
high

Starved joint

Improper surface
treatment

Excess air stirred into
adhesive

Solvent not completely
dried out before bonding

Adhesive material
contains volatile
constituent

Adhesive not properly
cured

Increase pressure. Check
that clamps are seating
properly

Apply more adhesive

Use higher curing
temperature. Check that
temperature is above the
minimum specified

Lessen pressure

Use lower curing
temperature

Apply more adhesive

Check treating
procedure; use clean
solvents and wiping rags
Make sure cleaned parts
are not touched before
bonding

Vacuum-degas adhesive
before application

Increase drying time or
temperature

Seek advice from
manufacturers

Use higher curing
temperature or extend
curing time
Temperature and time
must be above minimum
specified. Check mixing

5.3.2.2 Tap test. One of the first non-destructive methods used to
evaluate the quality of an adhesive joint was by tapping the bonded
joint and assessing the resulting tone. Tone differences indicate incon-
sistencies in the bonded joint. This could be due to insufficient cure,
voids, or other problems. Simple tapping of a bonded joint with a coin
or light hammer can indicate an unbonded area. Sharp clear tones
indicate that adhesive is present and adhering to the substrate in
some degree; dull hollow tones indicate a void or unattached area.
The success of the tap test depends on the skill and experience of
the operator, the background noise level, and the type of structure.
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Some improvement in the tap test can be achieved by using a solenoid
operated hammer and a microphone pickup. The resulting electrical
signals can be analyzed on the basis of amplitude and frequency. How-
ever, the tap test, in its most successful mode, will only measure the
qualitative characteristics of the joint. It will tell whether adhesive is
in the joint or not, providing an acoustical path from substrate to sub-
strate, or it will tell if the adhesive is undercured or filled with air,
thereby, causing a damped path for the acoustical signal. The tap test
provides no quantitative information and little information about the
presence and/or nature of a weak boundary layer.

5.3.2.3 Proof tests. If a high degree of reliability is required, it is
necessary to proof test the production unit. The proof test should sim-
ulate actual service conditions in the manner in which the joint or
structure is loaded and the stress level should be higher than that
expected in service. The duration of the proof test should reflect the
expected life of the joint, but usually this is not possible. The proof
test should be designed so that it is normally a non-destructive test,
unless the bond is unexpectedly weak. Care must be taken to design
the proof test so that it does not overstress the part and cause damage
that will result in a reduced service life.

A common example of a proof test is to apply a cleavage load to a
bonded honeycomb sandwich by placing an instrument between the
face and core and applying a predetermined force perpendicular to the
core. If there is no bond disruption due to this test, it is supposed that
the product will meet all its service requirements. A common proof
evaluation used with sealants is leak testing with a mobile and easily
detected gas such as helium or application of hydrostatic pressures.

5.3.2.4 Ultrasonic inspection. The success of the tap test, although
limited, led to the use of ultrasonics to determine bond quality. Ultra-
sonic methods are at present the most popular NDT technique for use
on adhesive joints. Ultrasonic testing measures the response of the
bonded joint to loading by low-power ultrasonic energy. Short pulses
of ultrasonic energy can be introduced on one side of the structure and
detected on the other side. This is called through-transmission testing.
An unbonded area, void, or high damped adhesive (undercured or
filled with air) prevents the ultrasonic energy from passing efficiently
through the structure.

A number of different types of ultrasonic inspection techniques us-
ing pulsed ultrasound waves from 2.25 to 10 MHz can be applied to
bonded structures.* The most common methods are:

m Contact pulse echo—the ultrasonic signal is transmitted and re-
ceived by a single unit;
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m Contact through transmission—the transmitting search unit is on
one side of the bonded structure and the receiving unit is on the
other; and

® Immersion method—the assembly is immersed in a tank of water;
the water acts as a coupling mechanism for the ultrasonic signal.

Figure 5.3 illustrates these various NDT ultrasonic methods.

Pulse echo techniques are perhaps the easiest to use in production.
The sound is transmitted through the part, and reflections are ob-
tained from voids at the bond interface. The result is generally con-
sidered only qualitative because a poorly bonded joint will show as a
good joint as long as it is acoustically coupled. A thin layer of oil or
water at the interface may act as a coupling and disguise an unbonded

/Transducer / Transmitter

v 1

]

7 ! 7

™T

Receiver -~

(&) (o)

__—— Transducer

Ultrasonic beam

Water \ Transmitter

Reflector plate

Receiver
(d) (e)

Figure 5.3 Ultrasonic inspection techniques. (¢) Contact pulse echo with a search unit
combining a transmitter and receiver. (b) Contact through transmission. Transmitting
search unit on top and receiving search unit on bottom. (¢) Immersion pulse echo with
search unit (transmitter/receiver) and part inspected under water. (d) Immersion
through transmission with both search units (transmitter and receiver) and part under
water. (¢) Immersion reflector plate. Same as (¢) but each unit requires a reflector plate
below the part being inspected.*
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area. Shear waves can also be introduced into the structure with a
wedge shaped transducer.’ This technique is effective in analyzing
sandwich structures.

Bonded structures that are ultrasonically tested by the immersion
method often use a C-scan recorder to record the test. This recorder
is an electrical device that accepts signals from the pulser/receiver
and prints out a plan view of the part. The ultrasonic search unit is
automatically scanned over the part. The ultrasonic signals for bond
or unbond are detected from built-in reference standards. C-scan NDT
techniques are used extensively by aircraft manufacturers to inspect
bonded parts.

One of the oldest and best known ultrasonic testing system is the
Fokker Bond Tester originally manufactured by the Fokker Aircraft
Company in Germany. This method uses a sweep frequency resonance
method of ultrasonic inspection. Some degree of quantitative analysis
is claimed with the Fokker Bond Tester in the aircraft industry. Table
5.4 indicates the degree of correlation between predicted and actual
bond strength of the Fokker Bond Tester compared with two other
NDT instruments.

5.3.2.5 Other NDT methods. Radiography (x-ray) inspection can be
used to detect voids or discontinuities in the adhesive bond. This
method is more expensive and requires more skilled experience than
ultrasonic methods. The adhesive must contain some metal powder or
other suitable filler to create enough contrast to make defects visible.

TABLE 5.4 Correlation between Predicted and Actual Bond Strengths Made by
Three Ultrasonic NDT Instruments’

Nondestructive test instrument

Coinda
Adhesive Fokker, scope, Stubmeter,
Type of bond material Ib/in.2 Ib/in.2 Ib/in.?

Overlap ............ FM-47 +950 +1,300 +1,400
Overlap ............ HT-424 +360 +1,100 +950
Overlap ............ FM-58 +740 +1,175 +1,050
Overlap ............ Metlbond 4021 +730 +600 +1,150
Honeycomb......... FM-47 +250

Honeycomb......... HT-424 +200

Overlap ............ FM-47 +750

Honeycomb......... Epoxy-phenolic +20 to +150

Overlap ............ Redux 775 +570

95% confidence limits.
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This method is applicable to honeycomb sandwich structures as well
as metal and non-metal joints.

Thermal transmission methods are relatively new techniques for
adhesive inspection. Heat flow is determined by monitoring the sur-
face temperature of a test piece immediately after external heating or
cooling has been applied. Subsurface anomalies will alter the heat flow
pattern and, thereby, affect the surface temperature. The surface tem-
perature difference can be detected by thermometers, thermocouples,
or heat sensitive coatings. Liquid crystals applied to the joint can
make voids visible if the substrate is heated.

Thermal transmission testing is an excellent way for detecting var-
ious types of anomalies such as surface corrosion under paint before
the corrosion becomes visually evident. Thin single layer structures,
such as aircraft skin panels, can be inspected for surface and subsur-
face discontinuities. This test, as shown in Fig. 5.4, is simple and in-
expensive, although materials with poor heat transfer properties are
difficult to test, and the joint must be accessible from both sides. For
nonmetallic materials, the defect diameter must be on the order of
four times its depth below the surface to obtain a reliable thermal
indication. For metals, the defect diameter must be approximately
eight times its depth. Some bright surfaces such as bare copper and
aluminum do not emit sufficient infrared radiation and may require
application of a dark coating on their surface.

Thermal wave inspection is also a relatively new technique for stud-
ying adhesive disbonding.” With this method, heat is injected into the
test object’s surface from a hot gas pulse. The resulting surface tem-
perature transient is analyzed to determine the bond quality in nearly
real time. The surface temperature transients are sensed using a non-
contacting, emissivity independent infrared sensor or video camera.
This method is not adversely affected by surface blemishes or rough-
ness.

Table 5.5 shows the types of defects that can be detected with var-
ious NDT techniques. Table 5.5a shows the correlation of NDT results
for built-in defects for laminate panels, and Table 5.56 shows a similar
correlation for honeycomb structures. A universal NDT method for
evaluating all bonded structures is not currently available. Generally,
the selection of a test method is based on:

Part configuration and materials of construction

Types and sizes of flaws to be detected

Accessibility to the inspection area

Availability and qualifications of equipment and personnel
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Focused Heat Source (a)

Direction

Signal Processing/—\ (b)
Amplifier

Radiometer
Thermal

Facsimile
Recorder

Honeycomb
Part Bonded Structure
Motion\ >

Figure 5.4 Two methods of scanning with thermal NDT system. In (a) the
focused thermal source and radiometer sensor are stationary while the
product is moved in two directions to produce the scanning pattern. In (b)
the product moves in one direction as the radiometer detector oscillates to
provide the scanning motion.5

®m Through-put rate required of the NDT process

®m Required documentation of the process and test results.

5.4 Testing of Failed Joints for Cause
of Failure

Close examination of failed joints can sometimes lead to an explana-
tion of why the specimen failed. With visual or microscopic examina-
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tion it is sometimes evident why adhesive failure occurred. Evidence
may suggest improper wetting at the original interface or some new
interface.

In comparing surface features after bond failure with the original
adherend surface, the maximum resolution of about 1 X 1078 m (100
A) for scanning electron microscopes may not always be sufficient to
detect a thin film of adhesive closely reproducing the original surface
profile. Optical and staining methods described by Brett® to determine
the presence of such films are mainly applicable to fairly thick films
since optical techniques use interference phenomenon. Films a few
angstroms thick are still largely undetected.

The sciences of microphotography and holography have also been
used for NDT of adhesive bonds. Magnification and photography of
the failed substrate will often lead to useful clues to the cause of fail-
ure. Holography is a method of producing photographic images of
flaws and voids using coherent light such as that produced by a laser.
The major advantage of holography is that it photographs successive
“slices” through the scene volume. A true three dimensional image of
a defect or void can then be reconstructed.

The use of highly specialized surface characterization tools has
greatly improved the opportunity for deducing the surface chemical
composition. These tools have been developed for the purpose of ana-
lyzing both the adherend and the adhesive. For adherends, analytical
examination generally centers on either:

(1) The surface chemistry by elemental analysis, chemical species, or
analysis of contaminates and boundary layers, or

(2) On analysis of failed surface for evidence of interfacial failure, fail-
ure within the adherend (e.g., metal oxide, composite matrix or
fiber, etc.) or within a primer or other boundary layer. Analysis of
the adhesive generally consists of characterizing the cured film,
curing agents, and failed specimen surface chemistry.

Over the last 20 years, analytical tools have become available that
allow for the characterization of the elemental and chemical compo-
sition of solid surfaces. The application of these analytical tools has
increased our understanding of surface properties and successfully
characterized surface layers. Table 5.6 shows a comparison of analyt-
ical capabilities of some surface sensitive analytical tools. The most
popular of these are secondary ion mass spectroscopy (SIMS), ion scat-
tering spectroscopy (ISS), and Auger electron spectroscopy (AES).10-14
These tools have proven practical even when the surface films are only
on the order of atomic dimensions or when the failure occurred near
the original interface and included parts of both the adhesive and the
adherend.
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TABLE 5.6 Techniques for Studying Surface Structure and Composition®

Technique Probe Species Description
ESCA Electron Spectroscopy for X-rays Chemical information
Chemical Analysis through line shape

analysis. Useful for
insulators and
conductors. Widely used
on polymers. Sample
may be damaged due to

X-rays.
SIMS Secondary Ion Mass Tons Semi-quantitative
Spectrometry elemental analysis.

Useful only for
conductors or Ionic
insulators. Sample is
severely damaged.

AES Auger Electron Spectroscopy Electrons Quantitative elemental
analysis tool for
determining surface
composition of
semiconductors and
conductors. Limited to
non-insulators.

ATR-FTIR Attenuated Total Infrared light Detailed chemical
Reflectance Fourier information. Non-vacuum
Transform Infrared method. Specimens must
Spectroscopy be flat and capable of

intimate contact with the
necessary crystal.

ISS Ton Scattering Spectroscopy  Ions Information gained on
surface composition.
Elemental analysis with
single layer atomic

resolution.
XES X-Ray Emission X-rays Information on energy
Spectroscopy levels and chemical state

of adsorbed molecules;
surface composition.

By itself, SIMS has been shown to be a powerful tool for elemental
surface characterization by Benninghoven!® and Schubert and Tracy*S.
However, uncertain or rapidly changing secondary ion yield due to
changes in chemical bonding make quantitative analysis virtually im-
possible using SIMS alone.!”-!8 SIMS is most helpful when combined
with other techniques, such as ISS and AES.

The greatest strength of ESCA (Electron Spectroscopy for Chemical
Analysis) lies in its ability to provide information on the surface chem-
istry of polymers or organics.!® ESCA is also known as x-ray photo-
electron spectroscopy (XPS). The surface excitation produced by ESCA
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analysis is relatively non-destructive. AES is a useful high spatial res-
olution technique for the analysis of metals, alloys, and inorganic ma-
terials. Polymer and organic surfaces pose problems because of beam
damage and sample charging. ISS is also an elemental analysis tech-
nique with single atomic layer resolution and is often used in con-
junction with other surface techniques.
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Chapter

Surfaces and
Surface Preparation

6.1 Introduction

Since adhesives and sealants must function by surface attachment,
the nature and condition of the substrate surface are critical to the
success of any bonding or sealing operation. Four common criteria are
generally recognized for an ideal bonding surface: cleanliness, conti-
nuity, stability, and wetting of the surface by the adhesive or sealant.

Cleanliness does not necessarily mean the absence of all surface
films, since some surface films are very strongly attached to the bulk
substrate and offer a suitable surface for adhesion. However, cleanli-
ness does require the removal of unwanted or weak boundary layers
such as oil, dirt, or corrosion. The purpose of cleaning the surface is
to remove any weakly attached materials and to provide a surface that
is relatively consistent from part to part.

Discontinuities on the adherend surface, whether chemical or phys-
ical, may adversely affect the apparent strength of the joint by cre-
ating localized regions of poor bonding and stress concentration within
the joint. Discontinuities may also make surface cleaning or treating
processes non-homogeneous. These discontinuities could be due to in-
consistent manufacturing processes or chemical inhomogeneity within
the substrate.

Stability of the substrate surface is important before bonding as well
as after bonding. Unwanted boundary layers could form during the
time between surface preparation and application of the adhesive, de-
pending on the shop environment and the reactivity of the surface.
Boundary layers could also form during the time period after the ad-
hesive is applied and before it sets, depending on the reactivity of the
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surface with the components in the adhesive or sealant. Certain
boundary layers can also form after the adhesive or sealant is cured,
depending on the nature of the bond and the type of aggressive en-
vironment to which the joint is exposed. The boundary layers that
form after the assembled joint is in service may be the most perplexing
because they are often unexpected and may lead to catastrophically
early bond failure.

As discussed in Chapter 2, wetting of the adherend surface is a
required and important process in establishing adhesion. There will
be various degrees of wetting, dependent on the chemistry of the sur-
face that comes into contact with the adhesive. Along with the wett-
ability of the surface, surface roughness and topology also influence
the strength of bonded joints. The suitability of the bonding surface
will also depend on the type and degree of cleaning or surface treat-
ment that was performed before application of the adhesive or sealant.

This chapter introduces the critical surface factors that affect the
formation, strength, and durability of adhesive and sealant joints. It
is important to have a general knowledge of substrate surfaces and
the factors that cause them to change. The surface conditions will
dictate the success of most bonding operations. This chapter will also
describe various commercial methods that have been developed to con-
trol the surface and to provide a suitable foundation for attachment
of the adhesive or sealant. Different cleaning and surface treatments
are described as well as their common applications. Appendices C-1
through C-4 offer recipes and processing procedures that have been
reported to be effective surface treatments for metals, plastics, elas-
tomers, and other substrates. These surface treatments have proved
successful in many adhesive and sealant applications. Whereas this
chapter looks at surfaces in a general way, the surface characteristics
and recommended surface treatments for specific substrates are cov-
ered in detail in Chapter 16.

6.2 Nature of Substrate Surfaces

The term “surface” in adhesive science is usually defined as that por-
tion of the adherend with which the adhesive interacts. The surface
is defined by both area and depth of interaction. For a freshly cleaved
single crystal, this interaction region might be only one or two atomic
layers in depth. For anodized aluminum, a low viscosity adhesive
might reach a depth of several hundred nanometers or more. For a
very porous surface, such as wood, the interaction region may be sev-
eral millimeters in depth.
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When a supposedly smooth solid surface is examined closely under
a microscope, it is found to contain irregularities. It is not flat and
smooth but contains many surface asperities, such as peaks and val-
leys, with a certain degree of roughness. A rough surface provides
more bonding area than a smooth one of the same gross dimensions.
The greater effective surface area offers a larger area for the forces of
adhesion to operate, thereby providing a stronger joint. However, a
greater degree of surface roughness could also contribute to stress con-
centrations in the adhesive joint, which reduces its strength, similar
to a notch effect in metals. This effect depends on how well the ad-
hesive wets the surface and penetrates into the surface roughness.

Surfaces are full of surprises, and they are seldom what they seem.
Often they contain constituents that are very different from the bulk
material. For metals and alloys, these surfaces may consist of oxides
and adsorbed gases. For many nonmetals, they may be moisture, mi-
grating additives, or adsorbed films, such as shop contaminants. These
outer layers can either be loosely bound or tightly adhered to the base
material, and they may have high or low cohesive strength. Two sur-
face characteristics that can hurt adhesion are when: (1) the chemical
nature provides a low surface energy; and (2) the surface is either
cohesively weak or weakly attached to the base substrate. When either
one of these conditions are present, the substrate surface must be
treated in some manner to either increase the surface energy or
strengthen the surface layer.

It does not take much contamination to affect adhesion. A single
molecular layer of contaminant can prevent proper wetting of the sub-
strate by the adhesive or sealant. The adhesive or sealant will try to
wet the contaminant surface layer rather than the substrate itself.
Since most contaminants (oils, greases, fingerprints, mold release,
etc.) have a low surface energy, the adhesive will not wet the surface
nor will it form a continuous film.

Certain surfaces also may have weakly attached surface or bound-
ary layers. Examples of these are contaminant films, oxide layers,
rust, corrosion, scale, and loose surface particles. A weak substrate
boundary layer can provide the “weak-link” for reduced bond strength
or premature failure as shown in Fig. 6.1.

In an ideal bonded assembly, the substrate should be the weakest
link. In most assemblies that are properly bonded, the adhesive is the
weak link because the forces of adhesion are greater than the forces
holding the adhesive material together. Usually, the internal strength
of the substrate and adhesive or sealant system is well understood
and can be controlled. However, when the surface region becomes the
weakest link, it may result in low failure strength and an inconsis-
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Figure 6.1 In an ideal joint the substrate should be the weakest link. The adhesive
joint (@) can be divided into at least five regions that are similar to the links (b) in a
chain.!

tency in failure values. Thus, it is imperative that these surface char-
acteristics be understood and controlled in some manner. The char-
acteristics of generic substrate surfaces will be described in the
following sections.

The chemical constituents that are present on the surface may be
different in structure and chemistry from those that are in the bulk
material. This difference can be due to adsorption of contaminants
from the environment or from segregation of bulk constituents at the
surface during the material’s processing. Contaminants and segre-
gated bulk components are not always homogeneously distributed in
the surface region, and inhomogeneities can lead to bond discontinu-
ities that can concentrate stress. For polymeric materials, there may
be greater crystallinity or chemical orientation at the surface due to
the way in which the material was processed. There may also be a
greater concentration of absorbed species such as water, polar sub-
stances, or oxidized polymer at the polymer’s surface as opposed to
the bulk material.

6.2.1 Metallic surfaces

The “surface” of metals, such as steel or aluminum alloys, might con-
sist of several regions having no clearly defined boundaries between
them as shown in Fig. 6.2a. Moving outward from the bulk metal,
there will likely be a region that is still metallic but which has a
chemical composition different from the bulk region due to segregation
of alloying elements or impurities. Next, there will be a mixed oxide
of the metals followed by a hydroxide layer and probably an absorbed
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Figure 6.2 Schematic representation of metal (¢) and polymer (b) substrate surface
regions.

water layer. In addition, there will be contaminants absorbed from the
atmosphere that might include sulfur, nitrogen, halogen, or other com-
pounds depending on the reactivity of the metal and the pollutants in
the substrate’s manufacturing environment. The contamination layer
will also depend on how the metal had been stored and handled. There
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could also be processing aids on the surface such as rolling oils, lu-
bricants, drawing compounds, and corrosion inhibitors. Finally, the
mechanical working of the metal will probably have, to some degree,
mixed all these regions together into a non-homogeneous mixture.
Virtually all common metal surfaces exist as hydrated oxides as
shown in Fig. 6.3. Even materials such as stainless steels, nickel, and
chromium are coated with transparent metal oxides that tenaciously
bind at least one layer of water. Thus, the adhesive or sealant used
for these materials must be compatible with the firmly bound layer of
water attached to the surface metal oxide layer. The nature of the
oxide layer will depend on the metal beneath the surface and the con-
ditions that caused the oxide surface to grow. Certain adhesives or
sealants will interact more effectively with certain oxide layers. For
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Figure 6.3 Metal surfaces are actually hydrated metal oxides.?
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example, low viscosity adhesives are more likely to penetrate a porous
oxide layer than high viscosity adhesives.

When working with metal adherends, one must recognize that the
nature of the surface can be significantly different for the same type
of metal. The surface characteristics will depend on how the metal
was processed and heat treated. They may also be determined by the
secondary finishing processes (machining, forming, etc.) and how the
material is handled and stored. The surface characteristics will also
depend on the type and conditions of any prebond surface preparation
process. For example with certain surface prebond treatments for alu-
minum, impurities in the rinsing water or etch solution and variations
in the treating temperature can critically change the nature of the
resulting surface.

The kind and degree of surface treatment required for optimal ad-
hesion will depend on many factors. It is sometimes desired, although
not always practical or wise, to have the pure, bulk adherend material
exposed directly to the adhesive, with no intervening layer of oxide
film, anodizing coating, or contaminant. However, with some sub-
strates, such as aluminum, the oxide layer is thin, dense, and strong
and will retard diffusion and further oxide growth. Certain oxide lay-
ers actually protect the aluminum surface from corrosion and trans-
formation during aging in service. Therefore, it may not be necessary
to remove a clean aluminum oxide layer. However, other oxide layers,
such as those formed on copper alloy surfaces, are cohesively weak
and should be removed before application of the adhesive or sealant.
Depending on the nature of the application and the substrate, at times
it may be best to completely remove the original (and unknown) oxide
layer that was delivered with the substrate, and “manufacture” a
known, protective oxide layer before bonding. Various chemical con-
versions and other prebond treatments have been developed to per-
form this task.

6.2.2 Polymeric surfaces

The situation with organic substrates, such as plastics or elastomers,
is even more complex than with metals. These materials have lower
surface energies and lower tensile strength than metals, and most
importantly, polymeric surfaces are more dynamic and likely to change
than metals. Thus, there is a greater probability of variation in the
surface. As shown in Fig. 6.2b, polymeric surfaces have the potential
for low molecular weight fragments, oxidation products, plasticizers,
processing aids, lubricants and slip aids, adsorbed water, and organic
contaminants along with various other surprises for the end-user.
These could all be present in the surface region. They will affect the
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resulting bond strength without having a significant influence on the
bulk properties of the material.

Components within the polymeric bulk material can also migrate to
the surface. It is common to find low molecular weight polymers or
oligomers, plasticizers, pigments, mold release agents, shrink control
agents, and other processing aids as well as adsorbed contaminants
in the surface region. More so than with metals, the surface regions
of plastics are dynamic regions, continuously establishing new equi-
librium internally with the bulk material and externally with the sur-
roundings. In flexible amorphous plastics above the glass transition
temperature, low molecular weight components are able to diffuse out
of the bulk and to the surface region while elements of the surround-
ings can diffuse into the adherend.

A well-known example of this effect is the migration of plasticizer
from flexible polyvinyl chloride. The plasticizer can migrate from the
bulk adherend to the joint region and then to the interface. If the
adhesive is an effective barrier to plasticizer migration, this will create
a weak boundary layer at the interface. If the adhesive is not an ef-
fective barrier, then the plasticizer will migrate through the interface
and into the adhesive and thereby possibly change the physical prop-
erties of the adhesive.

The nature of the polymeric surface can change rapidly in response
to its surroundings. Even when the bulk material is in the glassy state
(below its glass transition temperature), the surface region can be
quite mobile owing to the presence of low molecular weight polymer
constituents and contaminants. Polymers, having both polar and
non-polar regions in their molecular chain, can present different chain
segments at the surface depending on whether the surroundings are
polar or not. Wiping a surface with an ionic solution will cause the
polar groups to orient toward the surface. While the same treatment
with a non-polar solvent, such as hexane, can bring the non-polar com-
ponents to the surface. Exposure to heat after surface treatment could
cause fresh, untreated molecular species to appear on the surface,
thereby losing the beneficial characteristics of the surface treatment.

As a result of these dynamic reactions, it is difficult to be confident
about the surface of any polymeric material. The actual surface to
which we are bonding is not always the surface that we anticipate. It
is also possible that the surface could change once the bond is made
and the assembled joint is placed into service. Thus, a weak boundary
layer that is not present during the bonding process may form during
the joint’s operating life and contribute to a weakening of the inter-
face. Although these dynamic processes are not always damaging to
the bond strength or to the integrity of the assembled joint, they need
to be considered early in the assembly design process. If such surface
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interactions are considered possible, then they should be fully tested
with prototype joints made in the production process.

6.2.3 Other surfaces

Many natural and man-made surfaces vary significantly in character-
istics important for bonding or sealing. Wood and cellulose based prod-
ucts, for example, will differ widely in surface roughness, pH, porosity
and moisture content even within a single sample. The nature of these
surfaces will also change with aging and oxidation. The presence of
sap, pitch, resins, or preservatives will also affect bond strength. Gen-
erally, freshly cut wood substrates are ideal for bonding because of
their porosity. However, care must be taken to remove loose sawdust.

Ceramic materials have smooth, glass-like surfaces, usually with
very high surface energy. Since ceramics have high surface energies,
they are usually easy to bond under normal conditions. However,
many commercially important ceramics have glazed (glass-like) sur-
faces. This glazed surface could provide another interface in the joint
that must be addressed. The polar nature of the bonds between atoms
in a ceramic material means that there will likely be an adsorbed layer
of water and hydroxide ions. This layer is tightly held to the ceramic
surface. Adhesives used with ceramics, as those used with metals,
must be compatible with the surface moisture layer.

Concrete is a substrate whose surface characteristics are likely to
be affected by the environment in which it cures. Once cured, concrete
has several surface characteristics that are hazardous for bonding or
sealing. The concrete surface is extremely alkaline and will destroy
any hydrolysis sensitive materials that are at the interface. It often
has a weak, powdery surface layer that must be penetrated or re-
moved. Thus, sealers are commonly used to moisture proof and
strengthen the concrete surface prior to bonding.

Bonding to painted or plated parts presents a problem not encoun-
tered with other adherends. It is not recommended to bond to painted
surfaces because the resulting bond is only as strong as the adhesion
of the paint to the base material. Generally, the paint must be removed
or abraded sufficiently so that any weakly attached areas are removed.
Plated surfaces should also be tested before bonding to determine how
strongly the plating is attached to the base substrate. Plated surfaces
are often porous and usually exhibit poor resistance to moisture, es-
pecially if the bonding agent does not seal the joint.

Modern polymeric composites are being considered for light weight
vehicles because of their high strength and low weight. Surfaces of
these materials are usually liberally coated with mold-release agents
such as silicone or fluorocarbon to aid release from the mold. Mold-
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release films, such as cellophane, have also been used. It is essential
that these surface layers are removed before bonding. Just as the mold
release agents provide release of the composite from its mold, if not
removed from the part before bonding, they will also provide release
from the adhesive or sealant. Polymeric composites may also be fab-
ricated to have a resin rich surface for a glassy appearance called a
gel coat. This will provide a weaker surface layer than the material
in the bulk of the composite.

Elastomeric surfaces are very similar to plastic surfaces. However,
the more fluid nature of the elastomer’s molecules allow easy diffusion
of contaminants and low molecular weight fragments to the surface
region. These could find their way to the interface and cause a weak
boundary layer. Elastomeric substrates are especially susceptible to
this problem, because the formulations are generally more complex,
and they have more low molecular weight constituents than plastics.
Like plastics, many elastomeric surfaces are low energy surfaces and
require treatment to raise the surface energy prior to bonding.

6.3 Surface Treatment

The main purpose of surface preparation is to ensure that adhesion
develops to the extent that the weakest link in the joint is either in
the adhesive or sealant or in the adherend. With optimum surface
treatment, failure should not occur at the interface because of a weak
boundary layer or insufficient wetting. As a general rule, all sub-
strates must be treated in some manner prior to bonding if not to
remove or prevent the formation of weak boundary layers then to pro-
vide a consistent surface. Certain low energy surfaces must be modi-
fied chemically or physically prior to bonding so that the adhesive or
sealant can adequately wet the surface and provide the attractive
forces necessary for good adhesion. Surface preparation can range
from simple solvent wiping to a combination of mechanical abrading,
chemical cleaning, and acid etching.
Surface preparation can provide several principal functions:

® Remove weak boundary layers that impede wetting of the substrate
and create “weak links” at the interface. Common weak boundary
layers are greases, oils, scale, rust, tarnish, and other oxides.

m Protect the substrate surface so that weak boundary layers do not
develop during processing of the joint or during aging in service.

m Influence the surface energy of the substrate so as to reduce the
contact angle between the adhesive and substrate.
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To make an economical and practical joint, the surface preparation
methods must also meet several other requirements. They must be
safe to handle and should not be flammable or toxic. They should be
inexpensive and provide fast processing times. The processes should
be easy to monitor and control in a production situation. In addition,
the surface treating process should not in itself leave a weak boundary
layer. If chemical solutions are used, they should rinse off easily and
not continue to react with the surface. The surface treating process
should allow for practical time between preparation and application
of the adhesive or sealant. Finally, the surface provided by the treat-
ment should not change once the assembled joint is made and placed
into service.

6.3.1 Importance of the surface treatment

Surface preparation of substrates prior to bonding is one of the most
important factors in the adhesive bonding process. Prebond treat-
ments are intended to provide cohesively strong and easily wettable
surfaces. The strength of an adhesive joint is significantly increased
when loose deposits such as rust, scales, flaking paint, and organic
contaminants are removed from the surface so that the adhesive can
more easily wet the substrate. Table 6.1 shows the effect of surface
preparations on adhesive-joint strength of several metallic adherends.
The bond strength provided by the surface preparation is dependent
on the type of adherend as well as the type of adhesive or sealant
used.

Surface preparations enhance the quality of a bonded metal joint by
performing one or more of the following functions: remove contami-
nants; control adsorbed water; control oxide formation; poison surface
atoms which catalyze polymer breakdown; protect the adhesive from
the adherend and vice versa; match the adherend crystal structure to
the adhesive molecular structure; and control surface roughness.® Sur-
face preparations enhance the quality of polymeric joints in a similar
manner. However, polymeric surface preparations may also chemically
alter the surface to raise the surface energy of the substrate.

Surface treatments control and protect the substrate surface before
bonding, and they protect the surface from changing after the assem-
bly is placed in service. Thus, surface preparations affect the perma-
nence of the joint as well as its initial strength. Figure 6.4 illustrates
the effect of surface treatment on the performance of aluminum alloy
epoxy adhesive joints after various times of exposure to water at 122°F.

Plastic and elastomeric adherends are even more dependent than
metals on surface preparation. Most of these materials have complex
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TABLE 6.1 Effect of Substrate Pretreatment on Strength of Adhesive Bonded Joints

Shear
strength,
Adherend Treatment Adhesive Ib/in.? Ref.

Aluminum ...... As received Epoxy 444 3
Vapor degreased 837
Grit blast 1,751
Acid etch 2,756

Aluminum ...... As received Vinyl-phenolic 2,442 4
Degreased 2,741
Acid etch 5,173

Stainless steel...  As received Vinyl-phenolic 5,215 4
Degreased 6,306
Acid etch 7,056

Cold-rolled steel As received Epoxy 2,900 5
Vapor degreased 2,910
Grit blast 4,260
Acid etch 4,470

Copper ......... Vapor degreased Epoxy 1,790 6
Acid etch 2,330

Titanium ....... As received Vinyl-phenolic 1,356 4
Degreased 3,180
Acid etch 6,743

Titanium ....... Acid etch Epoxy 3,183 7
Liquid pickle 3,317
Liquid hone 3,900
Hydrofluorosilicic acid etch 4,005

Note: See references at end of chapter.

formulations, and their surfaces are often contaminated with mold-
release agents or other additives. These contaminants must be re-
moved before bonding. Many plastics and plastic composites can be
treated prior to bonding by simple mechanical abrasion or alkaline
cleaning to remove such contaminants.

In some cases, however, it is necessary that the polymeric surface
be physically or chemically modified to encourage wetting and achieve
acceptable bonding. Usually the critical surface energy of the sub-
strate must be raised to a level where it is equivalent to or greater
than the surface energy of the adhesive. This applies particularly to
crystalline thermoplastics such as polyolefins, linear polyesters, and
fluorocarbons. These and certain other polymeric substrates are gen-
erally unsuitable for adhesive bonding in their natural state. Methods
used to improve the bonding characteristics of these polymeric sur-
faces include:

1. Oxidation via chemical or flame treatment

2. Electrical (corona) discharge to leave a more reactive surface
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Figure 6.4 Effect of surface pretreatments on the performance of alumi-
num joints bonded with a toughened epoxy adhesive and subjected to aging
in water at 50°C.°

3. Ionized inert gas treatment which strengthens the surface by a
chemical change (e.g., crosslinking) or physical change and leaves
it more reactive

4. Metal-ion treatment that removes fluorine from the surfaces of flu-
orocarbons

5. Application of primers, adhesion promoters, and other wettable
chemical species

These processes have been developed over time and are conventionally
used in production applications. Other, newer surface preparation pro-
cesses are now being developed specifically for the increased usage of
engineering plastics and composites for light weight, energy saving
vehicles in the automotive and aerospace industries. Safety and en-
vironmental regulations are also driving the development of new pre-
bond treatments for metal and polymeric surfaces.

6.3.2 Choosing the surface treatment

The degree to which adherends must be prepared is related to the
service environment and the ultimate joint strength required. Surface
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preparations can range from simple solvent wiping to a combination
of mechanical abrading, chemical cleaning, and acid etching. In many
low- to medium-strength applications, extensive surface preparation
may be unnecessary. However, where maximum bond strength, per-
manence, and reliability are necessary, carefully controlled surface-
treating processes are required. As shown in Fig. 6.5, high strength
durable bonds generally require aggressive and expensive surface
treatment processes. These optimized processes also require prolonged
production time and provide safety and environmental concerns. Thus,
one should be careful not to over-specify the surface treatment re-
quired. Only the minimal process necessary to accomplish the func-
tional objectives of the application is required. The following factors
should be considered in the selection of a surface preparation:

The ultimate initial bond strength required
The degree of permanence necessary and the service environment

The amount of and type of contamination initially on the adherend

The type of adherend and nature of its surface

oUW N

Production factors such as cost, cycle time, safety and environmen-
tal compliance, training, monitoring and control

Any surface treatment used for bonding or sealing requires the com-
pletion of one or more of the following operations: cleaning, mechan-

Surface Treatment Cost Quality
None Inexpensive Poor
Dry Rag Wipe

Solvent Degrease
Vapor Degrease
Mechanical Abrasion
Plasma

Chemical Etch

Conversion Coating \

Anodizing Expensive Excellent

Figure 6.5 The objective of surface preparation is to provide a
consistent, reproducible adherend surface that when bonded
meets the strength and durability required for the application.
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ical abrasion, or active surface modification. Passive surface treatment
processes do not alter the chemistry of the surface but only clean and
remove weakly attached surface layers (i.e., solvent washing, mechan-
ical abrasion). Active surface treatment processes cause a chemical
change to the surface (i.e., anodizing, etching, plasma treatment). Ta-
bles 6.2 and 6.3 characterize surface treatments for metallic and poly-
meric substrates respectively.

More than one surface treatment may be required for optimum joint
properties. A four-step process that is often recommended for achiev-
ing high strength joints with many substrates consists of degreasing,
mechanical abrasion, repeated degreasing, and chemical treatment or
etching. Table 6.4 shows the relative bond strengths that can be re-
alized when bonding aluminum after various surface treatment pro-
cesses. Note that when low or medium strength is sufficient for the
application, only minimal surface preparation is required.

TABLE 6.2 Characterization of Common Surface Treatments for Metals™

Pretreatment type Possible effects of pretreatment
Solvent Removal of most of organic contamination
Mechanical Removal of most of organic contamination. Removal

of weak or loosely adhering inorganic layers, e.g.
mill scale. Change to topography (increase in surface
roughness). Change to surface chemistry

Conversion coating Change to topography (increase in surface
roughness). Change to surface chemistry, e.g. the
incorporation of a phosphate into the surface layers

Chemical (etching, anodizing)  Removal of organic contamination. Change to
topography (increase in surface roughness). Change
to surface chemistry. Change in the thickness and
morphology of metal oxide

TABLE 6.3 Characterization of Common Surface Treatments for Polymers™

Pretreatment type Possible effects of pretreatment

Solvent Removal of contaminants and additives. Roughening (e.g.
trichloroethylene vapor/polypropylene). Weakening of surface
regions if excessive attack by the solvent

Mechanical Removal of contaminants and additives. Roughening

Oxidative Removal of contaminants and additives. Introduction of
functional groups. Change in topography (e.g. roughening with
chromic acid treatment of polyolefins)

Plasma Removal of contaminants and cross-linking (if inert gas used).
Introduction of functional groups if active gases such as oxygen
are used. Grafting of monomers to polymer surface after
activation, e.g. by argon plasma
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TABLE 6.4 Surface Treatments for the Adhesive Bonding of Aluminum™?

Surface treatment Type of bond
Solvent wipe (MEK, MIBK, trichloroethylene)............ Low to medium strength
Abrasion of surface, plus solvent wipe (sandblasting,
coarse sandpaper, e1C.) .. ... ... Medium to high strength
Hot-vapor degrease (trichloroethylene)................... Medium strength
Abrasion of surface, plus vapor degrease................. Medium to high strength
Alodine treatment ........... ... ... ... i, Low strength
ANodize . . ... e Medium strength
Causticetch®. ... ... ... . High strength
Chromic acid etch (sodium dichromate—sulfuric acid)f .... Maximum strength

*A good caustic etch is Oakite 164 (Oakite Products, Inc., 19 Rector Street, New York, N.Y.).
tRecommended pretreatment for aluminum to achieve maximum bond strength and weath-
erability:
1. Degrease in hot trichloroethylene vapor (160°F).
2. Dip in the following chromic acid solution for 10 min at 160°F:

Sodium dichromate (Na,Cr,O; - 2H,O. ... ... ... ... .. i, 1 part/wt.
Conc. sulfuric acid (sp. gr. 1.86) . . . ...ttt 10 parts/wt.
Distilled water . ........ ... e 30 parts/wt.

3. Rinse thoroughly in cold, running, distilled, or deionized water.
4. Air-dry for 30 min, followed by 10 min at 150°F.

The sequence of these surface treating steps is important. The sub-
strate is initially degreased to remove gross organic contamination. It
is then subjected to mechanical abrasion to remove strongly attached
weak boundary layers. A second degreasing step is then performed to
clean the substrate of residue and possible contaminants leftover from
the abrasion processes. Note that the first degreasing step is neces-
sary; otherwise, the contaminants would be driven further into the
substrate by the mechanical abrasion process. The abrasive medium
could itself become contaminated and spread a weak boundary layer
from article to article. Once the substrate is clean, the final step, if
necessary, is usually one that acts on the pure substrate surface. This
process is intended to alter the physical or chemical nature of the
substrate. Its goal is to provide better wetting, to passivate the surface
so that weak boundary layers cannot develop, or to simply give the
substrate more “teeth” for mechanical interlocking with an adhesive.

Table 6.5 shows the effect of various combinations of aluminum sur-
face preparations on lap shear strength. With this particular combi-
nation of adhesive, adherend, and processing conditions, optimum
bond strength (3,000 psi) on aluminum occurs when a treatment con-
sisting of vapor degreasing, abrading, alkaline cleaning and acid etch-
ing is used. However, simple solvent wiping and abrasion results in
moderate and relatively consistent bond strength (1,500-2,000 psi).
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TABLE 6.5 Surface Preparaton of Aluminum Substrates vs. Lap Shear Strength®

X, s, C,,
Group treatment Ib/in.2  1b/in.2 %
1. Vapor degrease, grit blast 90-mesh grit, alkaline
clean, Na,Cr,0,—H,SO,, distilled water............. 3.091 103 3.5
2. Vapor degrease, grit blast 90-mesh grit, alkaline
clean, Na,Cr,0,—H,SO,, tap water ................. 2,929 215 7.3
3. Vapor degrease, alkaline clean, Na,Cr,0,-H,SO,, 307
distilled water ............ ..o, 2,800 10.96
4. Vapor degrease, alkaline clean, Na,Cr,0,-H,SO,,
tapwater ....... .. 2,826 115 4.1
5. Vapor degrease, alkaline clean, chromic-H,SO,,
deionized water........... ...ttt 2,874 163 5.6
6. Vapor degrease, Na,Cr,0,—H,SO,, tap water ........ 2,756 363 1.3
7. Unsealed anodized ................ ... ..., 1.935 209 10.8
8. Vapor degrease, grit blast 90-mesh grit............. 1,751 138 7.9
9. Vapor degrease, wet and dry sand, 100 + 240 mesh
grit, Noblown ....... ... ... i 1,758 160 9.1
10. Vapor degrease, wet and dry sand, wipe off with
SANAPAPET . .« e ettt et 1,726 60 3.4
11. Solvent wipe, wet and dry sand, wipe off with
sandpaper (done rapidly) .............. ..., 1,540 68 4
12. Solvent wipe, sand (not wet and dry), 120 grit ...... 1,329 135 1.0
13. Solvent wipe, wet and dry sand, 240 grit only....... 1,345 205 15.2
14. Vapor degrease, aluminum wool.................... 1,478
15. Vapor degrease, 15% NaOH. ....................... 1,671
16. Vapor degrease .. ......ovveeiinee e 837 72 8.5
17. Solvent wipe (benzene) 353
18. Asreceived. ... 444 232 52.2

X = average value. s = standard deviation. C, = coefficient of variation. Resin employed is
EA 934 Hysol Division, Dexter Corp.; cured 16 h at 75°F plus 1 h at 180°F.

6.3.3 Evaluation of treated parts before
and after bonding

The common goals of surface treatment are to produce a clean and
wettable surface. There is, unfortunately, no standard procedure or
equipment available to tell when a surface is clean. Thus, the term
“clean” is difficult to define. One can try to define clean as no visible
soil or foreign matter on the surface when inspected with the naked
eye. Since this is very subjective, the quality of the surface treatment
process will ultimately be dependent upon rigid process controls and
well-trained operators. These process controls include the monitoring
of critical parameters such as solvent purity, temperature, and time;
equipment maintenance; the accumulated number of parts or bond
area being treated with the same solution; and the handling and stor-
age of the clean parts prior to application of adhesive or sealant. Pe-
riodically through a production run, the bond strengths of prototype
parts should be tested to determine if the surface treatment process
is still working as expected.
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On many nonporous surfaces a useful and quick method for testing
the effectiveness of the surface preparation is the “water-break test.”
If distilled water beads when sprayed on the surface and does not wet
the substrate, the surface-preparation steps should be repeated. A
break in the water film may signal a soiled or contaminated area. If
the water wets the surface in a uniform film, an effective surface op-
eration may be assumed. However, the water-break test only provides
a rough approximation of the surface condition. For quantitative in-
terpretation of the cleanliness of a substrate, one could also measure
contact angle directly on the treated substrate with a drop of reference
liquid. The reference liquid could be distilled water or a liquid having
a surface tension similar to the adhesive or sealant that will be used.

Another test to determine cleanliness of the substrate involves wip-
ing a clean white towel across the prepared surface to see if any gross
contaminants are present. This technique is often used to check flat
surfaces and surfaces that are not easily cleaned because of the part
geometry. Similarly, a small strip of common office tape could be ap-
plied to the surface, peeled off and then examined on a white back-
ground for evidence of contamination. Of course, any residue left by
the tape will then need to be cleaned from the substrate. Certain forms
of contamination, notably oils, can also be more easily seen under ul-
traviolet (UV) light. An ultraviolet detection process has been sug-
gested which requires soiling the substrate with a fluorescent oil, nor-
mal cleaning, and then inspecting the surface under ultraviolet light.'3
The degree of cleanliness can be quantified through photoelectron
emission or reflectance measurements. The higher the reflectance, the
cleaner the surface is. Other advanced analytical methods for detect-
ing surface contamination are described in Chapter 5.

The objective of treating an adherend prior to bonding is to obtain
a joint where the weakest link is the adhesive layer and not the in-
terface. Thus, destructively tested joints should be examined for the
mode of failure. If failure is in the cohesive-mode (within the adhesive
layer or adherend), the surface treatment may be considered to be
optimum for that particular combination of adherend, adhesive, and
testing conditions. If an adhesion-mode of failure appears to be at the
interface, one may assume that additional surface optimization is nec-
essary if higher bond strengths are required. It must also be realized
that specimens may exhibit cohesive failure initially and then inter-
facial failure after aging for a period of time. In these cases, a devel-
oping weak boundary layer can be considered a possible culprit. Both
adhesive and surface preparations need to be tested with respect to
initial bond strength and permanence in the intended service environ-
ment.
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6.3.4 Substrate equilibrium

After the surface-preparation process has been completed, the sub-
strates may have to be stored before bonding. Typical storage lives for
various metals subjected to different treatments are shown in Table
6.6.

The maximum allowable time between surface treatment and ap-
plication of the adhesive will be dependent on how soon the substrate
surface can change in the shop environment and how strong the sub-
sequent reformed surface is attached to the base material. For ex-
ample, after its natural surface is exposed, copper alloys can form
oxide layers relatively quickly. In the case of copper, this boundary
layer is weakly attached to the base metal. On the other hand, alu-
minum oxide layers are formed very fast: however, they are generally
tightly attached to the base metal and do not provide a significant
problem for adhesion. Certain polymeric surface treatments lose their
effectiveness very quickly because of the reactive and mobile nature
of the polymer molecules. Because of the relatively short storage life
of many treated materials, the bonding operation should be conducted
as soon as possible after the surface preparation process.

If prolonged storage is necessary, either (1) the parts should be care-
fully protected and stored in a controlled, clean environment, or (2) a
compatible organic primer may be used to coat the treated substrates
immediately after surface preparation. The primer will protect the
treated surface during storage and interact with the adhesive during
bonding. Many primer systems are sold together with adhesives for
this purpose. Certain primers have also been formulated specifically
for corrosion resistance and, thereby, continue to protect the surface
after the joint is placed in service. Such primers are described in the
next chapter.

6.4 Passive Surface Preparation Methods

The surface preparation processes described in this section are clas-
sified as passive processes. They do not actively alter the chemical
nature of the surface. Passive processes only clean the substrate and
remove weak boundary layers in the form of contamination. Solvent
washing, chemical cleaning, and mechanical abrasion are considered
passive processes. Depending on the degree of adhesion and perma-
nence required, passive processes may be used as either the only sur-
face preparation or as the initial step in a more detailed surface treat-
ment process.
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TABLE 6.6 Maximum Allowable Time between Surface Preparation and Bonding or
Priming of Metal Substrates'

Metal Surface Time
Aluminum ........... ... ..ol Wet-abrasive-blasted 72 h
Aluminum ............ ... ..ol Sulfuric—chromic acid etched 6 days
Aluminum ................ ... . . Anodized 30 days
Stainless steel......................... Sulfuric acid etched 30 days
Steel. ... Sandblasted 4h
Brass...........ooooiii Wet-abrasive-blasted 8h

Passive mechanical processes use physical or mechanical means to
remove some of the surface material and its contaminants, thereby
exposing a fresh, clean, and chemically active surface. Mechanical sur-
face treatments are usually not sufficient by themselves. Some form
of chemical or solvent cleaning is also necessary to remove organic
contaminants from the surface. Chemical or solvent cleaning is per-
formed before mechanical abrasion and again immediately afterward
to remove dust and other remnants from the abrasion process. Sand-
ing, abrasive scrubbing, wire brushing, grit blasting, grinding, and
machining are common examples of mechanical processes. Surface ab-
rasion is important because it increases the substrate surface area
that is in contact with the adhesive in addition to removing weak
boundary layers. Although mechanical abrasion processes are fast and
quickly expose the bulk material, they often have a high material cost
and labor content. Care must be observed regarding the contamination
of the abrasive media and possible recontamination of cleaned sub-
strates. Therefore, the abrasive media must be checked and changed
often.

Passive chemical cleaning processes merely remove obvious surface
contamination, including soil, grease, oil, fingerprints, etc. by chemical
means without altering the parent material. Vapor degreasing, solvent
washing, alkaline and detergent cleaning, and ultrasonic cleaning are
typical examples. As with any process utilizing cleaning solutions,
sudden or gradual contamination is always a possibility and must be
considered in a quality control plan. There are significant new devel-
opments occurring with these processes due to safety and health is-
sues and new environmental regulations.’®!® New equipment and pro-
cesses have been designed to eliminate or reduce harmful emissions,
and new “safety solvents” have been developed to replace harsh clean-
ing solvents and chemicals.

6.4.1 Passive chemical surface treatment

Passive chemical surface treatments remove soil and organic contam-
inants from the surface. They include such common processes as sol-
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vent wiping, vapor degreasing, and chemical cleaning. Contaminants
removed by passive cleaning include dirt, oil, mold release, moisture,
grease, fingerprints and other foreign substances on the surface. All
cleaning methods are improved by additional agitation that can take
the form of scrubbing, aggressive stirring, or ultrasonic agitation. Ta-
ble 6.7 provides an indication of the wide variation in surface clean-
liness as a function of cleaning medium and level of agitation.

Most cleaning methods require the use of solvents or chemicals;
thus, safety and consideration of the environment are of prime impor-
tance. Toxicity, flammability, materials incompatibility, and hazardous
equipment are all important safety factors that must be considered in
choosing the proper cleaning or surface treating system. Environmen-
tal factors that must be considered are volatile emissions and waste
handling, storage, and disposal.

6.4.1.1 Solvent cleaning. Solvent cleaning is the process of removing
soil and organic contaminants from a substrate surface with an or-
ganic solvent. Where loosely held dirt, grease, and oil are the only
contaminants, simple solvent wiping alone will provide surfaces for
weak- to medium-strength bonds. Solvent cleaning is widely used and
should precede any chemical or abrasive surface preparation. How-
ever, it is the least effective substrate treatment in that it only cleans
the surface of organic contaminants and loosely held particles.
Volatile solvents such as toluene, acetone, methyl ethyl ketone,
methyl alcohol, and trichloroethylene are acceptable. However, the lo-
cal and most recent safety and environmental restrictions must be
consulted before selecting any solvent. For many years 1,1,1-
trichloroethane was the work-horse for most cleaning processes be-
cause of its excellent solvency, low toxicity, nonflammability, and high
permissible exposure levels. However, because it is a depleter of strat-
ospheric ozone, it has been phased out.!® In its place are substitutes
like aqueous cleaners and chlorinated solvents such as methylene
chloride, perchloroethylene, and trichloroethylene. Today, trichloroeth-
ylene and mineral spirits are perhaps the most commonly used sol-

TABLE 6.7 Efficiency of Degreasing as a Function of

Process'’
Cleaning
efficiency
Degreasing method (%)
1. Pressure washing with detergent solution 14
2. Mechanical agitation in petroleum solvent 30
3. Vapour degreasing in trichloroethylene 35
4. Wire brushing in detergent solution 92
5. Ultrasonic agitation in detergent solution 100
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vents for cleaning substrates prior to bonding. They will not attack
steel, copper, zinc, or other metals, and they are economical. They have
many of the same advantages as trichloroethane without the problem
of ozone depletion.

The solvent industry has also made significant strides in developing
newer grades and blends of solvents for a variety of applications that
are either biodegradable and/or EPA compatible. New low volatile sol-
vents are taking the place of the older, less environmentally safe sol-
vents in the adhesive and sealant industries. Substitute solvents for
methyl ethyl ketone; 1,1,1-trichloroethane, and freon 113, have been
found acceptable for surface cleaning in many industrial applica-
tions.'

Since the surface cleanliness is difficult to measure, special precau-
tions are necessary to prevent the solvent from becoming contami-
nated. For example, the wiping cloth should never touch the solvent
container, and new wiping cloths must be used often. A clean cloth
should be saturated with the solvent and wiped across the area to be
bonded until no signs of residue are evident on the cloth or substrate.
With solvent wiping, the cleanliness of the surfaces tends to be de-
pendent on the training and attention given by the operator. Auto-
mated spray or immersion processes are less dependent on the oper-
ator’s skill. After cleaning, the parts should be air-dried in a clean,
dry environment before being bonded. Usually they are placed in a
drying oven with circulating warm air.

The solvent immersion method is more suited for production vol-
umes, and it is often sufficient to remove light contamination and soil.
In this method, the part is immersed in a container of solvent and
mildly agitated by tumbling, solvent mixing, brushing, or wiping. Af-
ter being soaked and scrubbed, the parts must be rinsed by a clean
flowing liquid or spray. A number of different solvents may be used in
this process. It is important to note that the parts will be no cleaner
than the final rinse solvent.

The multiple bath method of solvent immersion, Fig. 6.6, is the most
common immersion method. The first tank is the wash tank in which
scrubbing may be performed. The second and third tanks are rinse
tanks. With this method, one must prevent contamination of the
cleaner solvents by continually changing the scrub and rinse solvents.

The spray method of solvent cleaning is very efficient due to the
scrubbing effect produced by the impingement of high speed particles
on the surfaces being cleaned. The spray causes flow and drainage on
the surface of the substrate which washes away loosened soil. Tri-
chloroethylene and perchloroethylene are generally used for spraying.

Vapor degreasing is a form of solvent cleaning that is attractive
when many parts must be prepared. This method is also more repro-
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Figure 6.6 Three bath method of solvent immersion cleaning.?’

ducible than solvent wiping. It will remove soluble soils and contam-
inants from a variety of metallic and non-metallic parts. Vapor de-
greasing consists of suspending the adherends in a container of hot
chlorinated solvent, such as trichloroethylene (boiling point 250°F), for
about 30 secs. When the hot vapors come into contact with the rela-
tively cool substrate, solvent condensation occurs on the substrate
which dissolves the organic contaminants from the surface. Vapor de-
greasing is preferred to solvent wiping because the surfaces are con-
tinuously being washed in distilled uncontaminated solvent. It is rec-
ommended that the vapor degreaser be cleaned, and a fresh supply of
solvent used when the contaminants dissolved in the old solvent lower
the boiling point significantly. Extremely soiled parts may not be suit-
able for vapor degreasing unless initially cleaned by other methods.
Plastic and elastomeric materials should not be treated by the va-
por-degreasing process without testing because the hot solvent may
detrimentally affect the part. For these materials, carefully selected
solvents or detergent solutions are acceptable cleaning liquids.

A simple vapor degreaser consists of a large beaker on a hot plate
under a fume hood with a cooling coil suspended several inches from
the top of the beaker. Cold tap water is circulated through the coil.
The solvent is added to the beaker and heated until boiling. The parts
are suspended in a wire basket or equivalent and held in the solvent
vapors until clean. Usually commercial vapor degreasing equipment
is used. Vapor degreasing can be combined with immersion and spray
cleaning or even with ultrasonic cleaning. Figure 6.7 illustrates rep-
resentative processes.

Vapor degreasing requires both the proper types of solvent and de-
greasing equipment. The solvents used must have certain properties,
including the following?°:

m High solvency of oils, greases, and other soils

m Non-flammable, non-explosive, and non-reactive
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Figure 6.7 Representative methods of vapor degreasing: (a) straight vapor cleaning, (b)
immersion vapor cleaning, (¢) spray vapor cleaning, and (d) ultrasonic vapor cleaning.
Numbers represent the sequence in the processing steps.’

m High vapor density compared to air

m Low heat of vaporization and specific heat in order to maximize
condensation and heat consumption

m Chemical stability
m Safe to operate

® Low boiling point for easy distillation but high enough for easy con-
densation

m Conformance to air pollution control legislation

Perchloroethylene and trichloroethylene are the most commonly
used of the vapor degreasing solvents. Although non-flammable, these
solvents are still toxic in both their liquid and vapor forms. Proper
ventilation and safety precautions must be taken. These solvents are
considered to have high boiling temperatures and are generally used
for metal parts contaminated with greases, oils, or processing lubri-
cants. Methylene chloride, Freon TF, Freon TA, and Freon TE are
generally used for temperature sensitive parts, particularly electronic
and delicate mechanical components and assemblies. These solvents
are considered to have low boiling temperatures. The temperature at
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which they condense on the substrate surface is generally too low to
affect the part.

6.4.1.2 Chemical cleaning. Strong detergent solutions are often used
to emulsify surface contaminants on both metallic and nonmetallic
substrates. These methods are popular on polymeric surfaces where
solvent cleaning may degrade the part or on parts where the contam-
ination is more easily removed by an aqueous cleaner (e.g., salt films,
dirt). Chemical cleaning is generally used in combination with other
surface treatments. Chemical cleaning by itself will not remove heavy
or strongly attached contaminants such as rust or scale. All of the
chemical cleaning processes should be preceded and followed by sol-
vent cleaning (when possible) or water rinsing.

Detergents, soaps, and other cleaning chemicals are the least ex-
pensive and easiest cleaning agents to handle. Two basic environmen-
tally friendly cleaning products are available: aqueous cleaners and
non-chlorinated solvents.

Aqueous cleaners are generally manufactured in concentrated forms
and are diluted with water before use. They come in three major clas-
ses: acidic, neutral, and alkaline. The alkaline cleaners are generally
used for cleaning metal surfaces prior to bonding. The following types
of aqueous cleaners are available.?!

m Caustics (sodium or potassium hydroxide): Caustics work well on
steel, removing scale, smut, light rust and heavy oils, but cannot be
used on aluminum. They are also dangerous if not handled carefully.

m Silicates (sodium meta silicate): Silicated cleaners work well on alu-
minum, but often are too aggressive on brass or copper.

® Amines (triethanolamine, monoethanolamine): Amines are good on
all metals, but pose odor concerns.

®m Phosphates (trisodium phosphate, tetra potassium pyro phosphate):
Phosphates are very safe for the user (9.5 to 10.5 pH), but often are
not aggressive enough for heavy cleaning unless they are combined
with large amounts of wetting agents and/or solvents.

® Acids (phosphoric, hydrofluoric, citric, etc.): Acids are very effective
on metals that require oxide removal, but they often require strict
safety precautions.

m Chelates (EDTA): In small doses, chelates can help extend the life
of cleaning solutions. However, they often prompt wastewater con-
cerns because of the dissolved metals in the spent waste.

There are many detergents that are capable of cleaning substrates
prior to bonding. Generally, one to five ounces of liquid detergent per
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gallon of tap water is used. Many commercial detergents such as Oak-
ite (Oakite Products, Inc., 19 Rector Street, New York) and Sprex
(DuBois Co., 1120 West Front, Cincinnati, OH) are also available.
Formulation and processing methods for a mild alkaline cleaning
process and a heavy duty alkaline cleaning process are shown in Table
6.8. The parts are immersed for 8-—12 minutes in the hot, agitated
solution. As dirt and other contaminants collect in the bath, more al-
kalinity must be added to restore the pH factor to a suitable level.
The parts are finally rinsed with tap water followed by distilled water.
A wet abrasive method of cleaning consists of scouring the surface
of the adherend with detergent. This process consists of thoroughly
scrubbing the substrate with a clean cloth or non-metallic bristle
brush and a detergent solution maintained at 110-140°F. It is a com-
mon surface cleaning method used for many polymeric substrates.

6.4.1.3 Other cleaning methods. Vapor-honing and ultrasonic cleaning
are efficient treating methods for small, delicate parts. When the sub-
strate is so delicate that abrasive treatment is too rough, contami-
nants can be removed by vapor honing. This method is similar to grit
blasting except that very fine abrasive particles are suspended in a
high-velocity water or steam spray. Sometimes solvents are used as
the liquid medium in vapor-honing operations. Thorough rinsing after
vapor honing is usually not required.

Ultrasonic cleaning employs a bath of cleaning liquid or solvent ul-
trasonically activated by a high-frequency transducer. The part to be
cleaned is immersed in the liquid, which carries the sonic waves to
the surface of the part. High frequency vibrations then dislodge the

TABLE 6.8 Mild and Heavy Duty Alkaline Cleaning Processes for All Substrates

Mild alkaline cleaning method Heavy duty akaline
cleaning method
Cleaning solution m tetrasodium pyrophosphate B sodium metalsilicate
15 pbw 46 pbw
B sodium metasilicate 80 pbw B trisodium phosphate
® Nacconol 40F (a surfactant) 23 pbw
5 pbw ¥ sodium hydroxide
23 pbw
® Nacconol 40F 8 pbw
Mixing Mix 6-8 oz of above into one Mix 6-8 oz of above
gallon of water into one gallon of
water
Immersion 160-180°F 160-180°F
temperature

Immersion time 8-12 min 8-12 min
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contaminants. Ultrasonic cleaning is ideal for lightly soiled parts with
intricate shapes, surfaces, and cavities that are not easily cleaned by
spray or immersion techniques. Commercial ultrasonic cleaning units
are available from a number of manufacturers.

Electrolytic cleaning is a modification of alkaline cleaning in which
an electric current is imposed on the part to produce vigorous gassing
on the surface to produce release of solids and contamination. With
anodic cleaning the gas bubbles are oxygen, and with cathodic clean-
ing they are hydrogen. The effect of this cleaning process on metal
surfaces and its influence on long term strength on metal-adhesive
bonding is superior to normal industrial cleaning processes.??

6.4.2 Passive mechanical treatment

Mechanical methods for surface preparation include abrasive blasting,
wire brushing, and abrasion with sandpaper, emery cloth, or metal
wool. These methods are most effective for removing heavy, loose par-
ticles such as dirt, scale, tarnish, and oxide layers. Cleaning is gen-
erally required both before and after mechanical surface preparation.
The parts should be degreased before abrasive treatment to prevent
contaminants from being rubbed into the surface. Solid particles left
on the surfaces after abrading can be removed by blasts of clean, dry
air and solvent wiping.

Dry abrasion consists of lightly and uniformly sanding the surface
of the substrate material with medium (180-325 grit) abrasive paper.
Composite abrasive materials, such as “Scotch-Brite®” (3M Company),
have proved popular for mechanical surface preparation.?® These ab-
rasive materials are available in pad and sheet form, and they can
conform easily to the shape of a surface. When combined with water
flushing, they can provide clean almost oxide free surfaces. Hand
sanding, wire brushing, and other methods that are highly related to
the operator’s skill and patience must be carefully controlled. These
methods provide inconsistency and should be used only when no other
method is possible.

Abrasive blasting is generally the preferred method for removing
contamination from most metal surfaces. It is particularly appropriate
for removal of rust, oxide layers, old coatings, and other heavy con-
tamination. Blasting is a fast, efficient, and easily controlled process.
It requires containment of the blast media and the resulting dust. The
abrasive medium must be regularly renewed and/or cleaned to main-
tain efficiency and avoid contamination. Blasting is impractical for
thin or delicate parts because of warping and possible physical damage
to the part. Blasting is also a line-of-sight process, and certain part
geometries may be inappropriate.
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Dry abrasive blast consists of a uniform blasting of the adherend
surface with a clean, fine, non-metallic grit such as flintstones, silica,
silicon carbide, aluminum oxide, or glass beads. The particle size will
vary with the surface and the material. The degree of blasting for
metal substrates should be a “white metal blast”—complete removal
of all visible rust, mill scale, paint, and foreign matter. Written defi-
nitions and visible standards as to the degree of surface abrasion are
available. A white metal blast is defined in SSPC-SP 5 (Steel Struc-
tures Painting Council) or NACE No. 1 (National Association of Cor-
rosion Engineers).?* The degree of blasting for polymeric substrates
should be sufficient to remove the surface glaze from the part.

Each substrate reacts favorably with a specific range of abrasive
sizes. In many applications joint strength generally increases with the
degree of surface roughness.>* Often the joint performance is more
dependent on the type of mechanical abrasion rather than the depth
of the abrasion. Table 6.9 shows that for stainless steel and aluminum,
sandblasted surfaces provide greater adhesion than when the surface
is only machined. However, excessively rough surfaces also increase
the probability that voids will be left at the interface, causing stress
risers that may be detrimental to the joint in service. Table 6.10 pre-

TABLE 6.9 Effect of Surface Roughness on Butt Tensile Strength of Joints Bonded
an Epoxy Adhesive®

Butt tensile

Adherend Adherend surfacet strength, 1b/in.2
6061 Al Polished 4,720 + 1,000
6061 Al 0.005-in. grooves 6,420 + 500
6061 Al......... ... . 0.005-in. grooves, sandblasted 7,020 + 1,120
6061 N Sandblasted (40-50 grit) 7,920 = 530
6061 Al ... Sandblasted (10-20 grit) 7,680 = 360
304 SS . Polished 4,030 + 840
304 SS 0.010-in. grooves 5,110 = 1,020
304 SS 0.010-in. grooves, sandblasted 5,510 = 770
304 SS .o Sandblasted (40-50 grit) 7,750 + 840
304 SS .. Sandblasted (10-20 grit) 9,120 + 470

*74°C/16 h cure.
TAdherend surfaces were chromate-etched.

TABLE 6.10 Recommended Abrasive Methods and Size for Various Metal Substrates'*

Material Method Size
Steel. . ... Dry blast 80-100 grit abrasive
Aluminum ..., Wet blast 140-325 grit abrasive
Brass........cooiiii i Dry blast 80-100 grit abrasive
Brass........ooiiii Wet blast 140-325 grit abrasive

Stainless steel............................ Wet blast 140-325 grit abrasive
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sents a range of abrasive sizes and methods that have been found
favorable for abrasive cleaning of several common metal substrates.
Recommended abrasive sizes for metals are in the 80—-325 grit range;
sizes recommended for polymeric substrates are in the 120-220 grit
range.

Certain low energy surfaces, such as polyolefins and fluorocarbons,
should generally not be abraded at all prior to application of an ad-
hesive or sealant. Abrasion and the resulting roughness on a low en-
ergy surface will only increase the probability of air pockets being
trapped in the crevices and valleys at the interface. These air pockets
contribute to stress concentration points and a generally weaker joint.
A general rule of thumb is that unless the adhesive makes a contact
angle of 90 degrees or less with the substrate, mechanical abrasion
and surface roughening should be avoided.

A wet-abrasive blasting process can be employed which may be more
adaptable than conventional dry blasting. With this process a 20-325
grit aluminum oxide or glass bead abrasive slurry is used as the blast-
ing medium. Generally, three parts of water by volume to one part by
volume of the abrasive is used. Wet-blasting units can handle a wider
range of abrasive materials, and a spray rinse automatically removes
the blasting residue.

Several specialty mechanical blasting systems have been developed
over the years for applications where standard grit blasting is not
appropriate. These methods include cryogenic, hydrodynamic, and pol-
ymeric blasting.

Cryogenic and hydrodynamic blasting have been used as an abra-
sive-free surface treatment prior to adhesive bonding. Both processes
are ideal when conventional abrasive media provides a contaminant
or when the collection and reprocessing of the abrasive are prohibitive.
These processes are often used in the field for surface preparation of
structures in the need of repair.

The cryogenic process uses peletized carbon dioxide at —100°F as a
fluidized abrasive cleaning agent for surface preparation and removal
of corrosion and old coatings.?® Not only does this provide an abrasion
mechanism, but certain inorganic salts and organic contaminants can
be dissolved with supercritical carbon dioxide.

High pressure water blast has been used for prebond surface treat-
ments to eliminate hazardous materials. The combination of high
pressure water abrasion with subsequent application of an adhesive
promoter/primer has been found to provide high strength and durable
aluminum bonds.2"2®

Polymeric blasting media has also been used for removal of paint,
coatings, and other contaminants for a variety of different applica-
tions.2? The abrasive medium consists of hard plastic material. Various
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types of grits are available with a relatively wide hardness range. The
grit hardness is usually sufficient to remove paint coatings and other
organic contaminants from the surface, but it is not hard enough to
cause abrasion of the base metal or damage to relatively delicate
parts. Although polymer blasting is generally thought of as a coating
removal process rather than a surface preparation process, it has
found use as a prebond process in electrical and electronic applications
where a conductive blast medium is not acceptable.

6.5 Active Surface Treatments

Active surface treatments are chemical or physical processes that not
merely clean the surface or remove weak boundary layers, but they
also transform the inherent surface chemistry. They either improve
wetting or modify the boundary layer to be more receptive to bonding.
Acid etching, oxidation, anodizing, and pickling processes are exam-
ples of active surface treatments.

Active surface treatments of metal substrates are usually chemical
treatments that cause the formation of a predetermined type of oxide
layer or surface structure that is strong, stable, and receptive to ad-
hesives or sealants. Active surface treatments for polymeric surfaces
are usually chemical or physical treatments that alter the chemistry
of the surface to make it more wettable. Tables 6.11 and 6.12 sum-
marize the active surface preparations that are commonly used for
these substrates.

Active surface treatments are usually the last step in the sequence
of surface preparation processes and are only used when maximum
strength and permanence are required in a joint. It is always preceded
and followed by surface cleaning via one of the passive processes de-
fined in the last section.

Active surface treatments provide improved bond strength and du-
rability through several processes.

1. Remove the weak boundary layer or alternately modify the bound-
ary layer to provide a cohesively strong layer that is well bonded
to the bulk, stable, and receptive to common adhesives.

2. (Primarily for polymeric surfaces) Increase the surface energy of
the natural surface so that it is greater than the surface energy of
the adhesive used.

3. Improve the surface topography to enable the capillary action of
the adhesive to maximize joint strength.
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TABLE 6.11 Common Active Surface Treatments for Metallic Substrates

Treatment Metal Result
Acid etch: Micro-rough oxide
FPL (Forest Product Lab) Aluminum morphology that is
chromic sulfuric acid etch appropriate for
P2 etch: chromate free etch Aluminum adhesion
Phosphoric acid Steel
Nitric—phosphoric acid Steel

Hydrofluoric
Sulfuric acid

Stainless steel
Stainless steel

Anodization Development of a
Phosphoric acid Aluminum protective oxide layer
Chromic acid Aluminum and that is resistant to

titanium corrosion
Sodium hydroxide Titanium

Alkaline Etch Protective oxide layer

Alkaline peroxide solution Titanium

Specialty copper etch solutions
Ebonol C
Alkaline chlorite

Copper and its alloys

Thick matte black
oxide with significant
microfiberous
roughness for
interlocking

Phosphate conversion coatings:

Zinc
Iron

Steel

Precipitates crystallites
onto the surface which
provide good bonding
morphology

4. Protect the surface or provide a new surface that is more resistant
to environmental influences once the joint is in service.

6.5.1 Active chemical surface treatments

Chemical treatments change the physical and chemical properties of
the surface to produce one that is highly receptive to adhesion. Specific
chemical treatments have been developed for various metallic and
nonmetallic surfaces. The chemicals used are acidic or alkaline in na-
ture. Common chemical treatments include the use of sulfuric
acid—sodium dichromate, phenol, sodium naphthalene, ferric chlo-
ride—nitric acid, and nitric-hydrofluoric acid solutions.

In all cases, extreme care and good laboratory practice should be
used in handling these materials. Personnel need to be trained in the
handling and use of acid and alkaline solutions and must wear the
proper clothing as the chemicals could be very harmful if they come
into contact with the skin. Ventilation and spill containment are par-
ticularly important safety considerations. Individuals must be aware
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TABLE 6.12 Common Active Surface Treatments for Polymeric Substrates

(1) Common Active Chemical Treatments

Treatment Polymer Result
Oxidizing acids and acid Polyolefins, ABS, Oxidation of the
mixtures: polycarbonate, nylon, surface

gllltr(?mlc polgrpheinilene oxide, Reactive groups
S 111;10_ and aceta (hydroxyl, carbonyl,
Fu uric carboxylic acid and
ormuce hydrogen sulfite) are
introduced
Cavities formed to
provide interlocking
sites
“Satinizing”—mildly acidic Delrin acetal Produces uniformly
solution of perchloroethylene, distributed “anchor”
p-toluenesulfonic acid and points on the part’s
colloidal silica surface
Sodium naphthalane solution Fluorinated plastics Dissolves amorphous
regions on the surface
and removes fluorine
atoms
Increases mechanical
interlocking by
microroughening
Unsaturated bonds and
carbonyl bonds
introduced
Todine Nylon Alters surface
crystallinity from
alpha to beta form
“Cyeclizing”—concentrated Natural rubber, Hairline fractures on
sulfuric acid styrene butadiene the surface increases
rubber, and mechanical
acrylonitrile interlocking
butadiene rubber
elastomers

of disposal regulations and the cost of disposing these solutions prop-
erly. Like cleaning solutions, active surface preparation solutions be-
come contaminated and lose their efficiency with time. Continuous
monitoring and quality control are required to yield reproducible re-
sults.

Figure 6.8 shows a common flow chart for surface preparation for a
metallic substrate that is already clean of loose boundary layers such
as scale and rust. The first degreasing operation is to remove gross
organic contaminants from the surface prior to chemical treatment.
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TABLE 6.12 Common Active Surface Treatments for Polymeric Substrates
(Continued)

(20 Common Active Physical Treatments

Treatment Polymer Result
Flame Polyolefins, nylon, Oxidizes the surface
other low surface introducing polar
energy plastics groups (carbonyl,
carboxyl, amide, and
hydroperoxide)
Corona or electrical discharge Polyolefins, Oxidation and
polyethylene introduction of active
terephthalate, PVC, groups such as
polystyrene, carbonyls, hydroxyls,
cellulose, hydroperoxides,
fluorocarbons aldehydes, ethers,
esters, and

carbonoxylic acids

Increased surface

roughness
Plasma discharge Nearly all low Crosslinking of the
energy surfaces surface
including mqst Surface oxidation with
thermoplastics

the formation of polar
Silicone rubber and groups
other low surface

Grafting of active
energy elastomers

chemical species to the
surface

Halogenation of the

surface
Ultraviolet radiation Polyolefins, Chain scission of
polyethylene surface molecules
terephthalate, followed by
EPDM rubber, other crosslinking
low energy polymers Surface oxidation
Laser treatment Polyolefins, Removal of surface
engineering plastics, contamination and
sheet molding weak boundary layers
compounds

Roughening of filled
surfaces

Soften the surface of
thermoplastics

Ion beam etching Fluorocarbons Creation of needles or
spires on the surface
for improved
interlocking
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During the surface treatment, the part or area to be bonded is usually
immersed in a chemical solution at room or elevated temperature for
a matter of minutes. Tank temperature and agitation must also be
controlled. Chemical solutions must be changed regularly to prevent
contamination and ensure repeatable concentration. After chemical
treatment, the parts are immediately rinsed with water and dried. The
rinse operations are to remove the residue of the surface treatment
steps. Chemical treatments are usually specified by the following par-
ameters:

m Solution used. Such as caustic etch, sulfuric—dichromate, sodium
etch, ferric chloride—nitric acid, etc.

m Solution temperature. Usually room temperature to 100°C.
m [mmersion time. Usually seconds to minutes.
m Type of rinse. Usually running tap water followed by distilled water.

m Type of drying. Usually in air at room temperature. However, ele-
vated temperatures or other conditions are not uncommon.

Chemical treating solutions should be prepared in containers of
glass, ceramic, or chemical resistant plastic. Stirring rods should be
made of the same material. Metals others than those to be treated
should not touch the solution. For solutions containing chemicals that
attack glass and polyolefin containers (e.g., hydrofluoric acid, fluo-
rides), TFE fluorocarbon containers should be used. Solutions in plas-
tic trays can be heated by immersion in hot water baths. Hot plates
or infrared heaters can be used for glass and porcelain trays.

Many chemical treating solutions have been developed over the
years for both metallic and non-metallic substrates. These are de-
scribed in detail in the final sections of this chapter and in Appendices
C-1 through C-4. Many proprietary metal surface treatment solutions
have also been developed by companies that specialize in this field.
These usually contain mixtures of acids and specialty chemicals to
control over-etching. Since these solutions come already mixed, their
hazardous nature is less than if one had to formulate a solution from
raw materials. However, the commercial solutions are still hazardous
and provide environmental problems particularly in regard to the dis-
posal of spent liquid. Some paste-type etching products are also avail-
able that simultaneously clean and chemically treat surfaces. They
react at room temperature and need only be applied to the specific
area to be bonded. Thus, these treatments are very useful for complex
part geometries and for parts that cannot be immersed in a chemical
solution. However, these paste etchants generally require much longer
treatment time than acid-bath processes.
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6.5.1.1 Chemical treatment of metal surfaces. The purpose of chemi-
cally treating a metal surface is generally either to remove an un-
wanted oxide or other weak boundary layer, or to protect the surface
from corrosion. Chemical treatments also provide surface roughening
on a microscale which improves mechanical adhesion. Chemical treat-
ment processes generally remove the complex elements that are on
the substrate surface and replace them with a more uniform, more
tightly held structure.

Metal surfaces are usually some combination of oxides, sulfides,
chlorides, acid salts, absorbed moisture, oil, and atmospheric gases.
These weak boundary layers are formed by the process used to fab-
ricate the metal, and their surface characteristics are dependent on
the parameters of these processes. The resulting surface structure is
usually weakly bonded to the base metal and prone to crack or flake
off. With many metal substrates, it is not sufficient to only remove
these weak layers. The pure, bare metal surface may be very reactive,
and unwanted oxide layers and corrosion products could quickly form.
Thus, the surface preparation must not only remove the original sur-
face, but replace it with a surface coating that will protect the inter-
face during further processing and during the joint’s service life.

The best method of removing surface material is by mechanical pro-
cesses described previously. However, chemical pickling or acid des-
caling are chemical methods to remove mass surface material. With
these processes, the metal oxide surface is effectively and rapidly dis-
solved leaving bare bulk metal. Pickling may employ a dip or spray
system. Hydrochloric, sulfuric, and nitric acids are often used. The
particular acid will depend upon the metal and the type of oxide being
treated. The rinsing and drying of the substrate, once pickling is com-
plete, is a very important step so that all acid and acid by-products
are completely removed from the surface. It is important to use inhib-
ited acid cleaners to avoid corrosion of cleaned surfaces. A limitation
of acid descaling is that some dimensional change will occur in addi-
tion to oxide removal.

Chemical etching processes are similar to pickling except that a
more complex solution is generally used. This surface preparation pro-
cess not only removes surface layers, but it also transforms the sur-
face, making it more chemically active and more receptive to bonding
with certain adhesives. Common etching processes for aluminum al-
loys use chromic—sulfuric or phosphoric acids. Sulfuric acid based etch-
ing processes are commonly used for steel. These multi-stage processes
require careful control, and safety and environmental issues are often
difficult.

Corrosion of many metal surfaces begins immediately after removal
of the protecting oils or contamination. Corrosion can quickly affect
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the bond by providing a weak boundary layer before the adhesive is
applied. Corrosion can also occur after the joint is made and, thereby,
affect its permanence. Mechanical abrasion or solvent cleaning can
provide adhesive joints that are strong in dry conditions. However, this
is not the case when joints are exposed to water or water vapor. This
fact is illustrated in Fig. 6.9 for aluminum. Resistance to water is
much improved if metal surfaces can be treated with a protective coat-
ing before being bonded.

A number of techniques have been developed to convert corrosion
prone, clean surfaces to less reactive ones. Three common conversion
processes are phosphating, anodizing, and chromating. These pro-
cesses remove the inconsistent, weak surface on metal substrates and
replace it with one that is strong, permanent, and reproducible. The
type of conversion processes will depend on the substrate, the nature
of the oxide layer on its surface, and the type of adhesive or sealant
used. The formation of a nonconductive coating on a steel surface will
minimize the effect of galvanic corrosion.

The crystalline nature of a phosphate coating will normally increase
the bonding properties of a surface. The two most common types of
phosphate coatings are iron and zinc. They are produced by treating
the surface with acid solutions of iron or zinc phosphate.3! Iron phos-
phate coatings are easier to apply and more environmentally accept-
able. Zinc phosphate coatings provide better corrosion protection. An
important consideration when using these conversion coatings is es-
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Figure 6.9 Effect of high humidity (97% relative humidity at 43°C) on the strength of
aluminum joints bonded with an epoxy-polyamide adhesive. Surface treatments are
(O) chromic—sulfuric acid etch, ([J) alkaline etch, (@) solvent degrease, and (ll) phos-
phoric acid anodize.*®
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tablishing how much coating weight is required. This is best done by
the actual testing of finished parts.

For aluminum, anodizing provides the most water durable adhesive
joints. It is used by many automotive and aerospace suppliers. The
corrosion protection is provided by anodizing the clean deoxidized alu-
minum surface in either chromic or phosphoric acid electrolytic baths.
In the U.S., phosphoric acid anodizing is often used because of its
lower toxicity and easier disposal. Anodizing creates an oxide under
controlled voltage and temperature conditions, thereby creating a
more protective surface.?! As with phosphating, care must be taken to
ensure the optimum coating thickness.

Chromate conversion coatings are used with some metals, such as
aluminum, zine, magnesium, and copper alloys, to enhance adhesion
and to protect the surface. They are tough, hydrated gel structures
that are usually applied by immersion in heated solutions of propri-
etary, chromium containing compounds. Chromium compounds have
also been elecrolytically applied to steel.

6.5.1.2 Chemical treatment of polymeric surfaces. The chemical modi-
fication of low energy polymer surfaces may be carried out by treat-
ment with chromic acid, metallic sodium complex dispersions,
bleach/detergents, potassium iodate/sulfuric acid and other mixtures.
The chemical used and the treating conditions are dependent on the
type of polymer being treated and the degree of adhesion required.

Chemical treatment of polymeric surfaces is generally more difficult
than metallic surfaces and requires special considerations. Polymeric
products often contain pigments, antioxidants, slip agents, mold re-
lease agents, etc. that can migrate to the surface and interfere or alter
a surface treatment process. Slight changes in the polymer formula-
tion or its fabrication process may result in changes in the surface
condition and the effectiveness of treating operations. Depending on
the exact formulation and method of manufacture, the surfaces can be
considerably different on parts manufactured from the same generic
plastic and having the same bulk physical properties. Polymers that
are molded against a hot metallic surface may have very different
surface characteristics, for example, than the same polymer that is
formed without contact to a metal surface. Melt temperature and cool-
ing rate can also affect the surface properties of the polymer. The con-
trol of surface crystallization during plastic processing is important.
Molding conditions can alter the surface crystalline content when com-
pared to the bulk polymer. Normally crystalline regions are much less
susceptible to etching than amorphous regions.

Most important, however, is the fact that surface treatments on
polymeric materials are subject to the degree of handling after treat-
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ment. Certain treatments can be removed by rubbing or scuffing or by
exposure of the part to elevated temperatures before the adhesive is
applied. It is best to bond polymeric parts as soon as possible after
they are treated. The actual “shelf life” of treated polymeric parts will
depend on the nature of the part, the handling and storage conditions,
and the type of surface treatment that was administered.

Liquid etchants can be used for chemical modification or dissolving
surface contamination. Etchants effectively treat irregularly shaped
objects that are difficult to treat by corona or flame treatments. A
number of etching solutions and procedures have been developed for
specific polymeric surfaces. The choice of the liquid etchant depends
on the polymer. Polyolefins are usually treated by oxidizing acids such
as chromic, sulfuric, nitric, or mixtures of these. Fluorocarbons are
usually treated by sodium-napthalene etching solution.

To facilitate the etching process, removal of organic surface contam-
inants must first be accomplished by passive chemical cleaning. Some-
times solvent degreasing is used prior to etching to gently soften and
swell the polymer surface. Chemical etching solutions for polymeric
substrates can be recipes that are mixed from raw materials or they
can be proprietary, commercial solutions. The temperature of these
chemical etching treatments is generally above 122—-140°C to ensure
fast processing; however, effective treatments can also be carried out
at room temperature. These acids chemically alter the polymer surface
as well as produce roughened or even porous-like surfaces. The nature
of the surface modification is dependent on the polymer and the etch-
ant used. Chromic acid, for example, will oxidize polyolefin surfaces.
Whereas, sodium naphthalene etching processes will remove the sur-
face fluorine atoms from a fluorocarbon surface. Extensive etching of
the surface can lead to a cohesively weakened surface structure that
is undesirable for bonding purposes. As a result, surface treating pro-
cesses must be followed explicitly. Complete removal of the etching
chemicals by a rinse step is essential. Highly reactive etchants can
continue reacting with the surface after application of the adhesive
and, thereby, degrade the chemical and physical stability of the sur-
face.

Several novel active chemical treating processes have been recently
developed for polymeric substrates. Much of this development is due
to the increased usage of engineering plastics in certain industries and
concerns over environmental and safety issues with conventional
chemical processes. The newer processes include fluorine surface
treatment, grafting, and adhesive abrasion.

The fluorine treatment of plastics for improved adhesion is a rela-
tively new process. Through this treatment a new surface is applied
to the polymer. The new surface that will eventually be in contact with
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the adhesive is a polar surface having higher surface energy. Such
“engineered” surface treatments of polypropylene and polyethylene
claim to give a six fold increase in peel strength when bonded with an
epoxy adhesive.?2 Evidence indicates that covalent bond formation oc-
curs between the fluorinated surface and the amine component of the
epoxy hardener. It is claimed that nearly all plastic surfaces can be
effectively improved by fluorine treatment.3334

Another approach to active surface treatment is to graft polar mon-
omers onto surfaces of low energy polymers to alter the surface by
making them more polar. Very thin coatings can be applied by plasma
technology. Significant improvements in bond strength have been
made with polyolefin substrates and epoxy adhesives.?>~%° However, on
a commercial scale these procedures would require considerable cap-
ital investment and the use of hazardous chemicals. The use of con-
ventionally applied surface primers and adhesion promoters to treat
polymeric surfaces has proved to be a more desirable alternative on
the production line. These primers are discussed in Chapter 7.

Adhesive abrasion is a process developed for polymeric substrates
such as the fluorocarbons.*° It is primarily used in the microelectronics
industry. With this process, the plastic surface is abraded while im-
mersed in a liquid adhesive. The abraded substrates are then imme-
diately mated and allowed to cure. Abrasion in the presence of the
liquid adhesive produces free radicals that react directly with the ad-
hesive before they can be scavenged by atmospheric oxygen.

Although bond strength can be improved significantly by these
chemical methods, most are time consuming batch processes, often
taking hours to treat, wash, and dry parts. There is also the problem
of disposing of hazardous waste from these processes and the opera-
tor’s safety. Thus, the application has been mostly for small volume,
high value parts.

There are many industries performing fast, high volume assembling
or sealing operations on substrates with low surface energy. Many of
the high volume assembly applications selectively use thermoplastic
substrate materials so that thermal welding or solvent cementing as-
sembly processes can be used which do not require active surface
treatment. These processes are described in Chapter 15.

6.5.2 Active physical surface treatments
for polymeric materials

Because of the main disadvantages of chemical treatments (hazardous
nature and a slow, batch type process), a number of other active sur-
face treatments have been developed for polymeric materials. These
processes utilize the reactivity of the polymeric surface to gain change
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that is favorable for adhesion. Rather than chemical solutions, these
surface modifications are usually made by physical means such as
flame, electric discharge, UV light, or laser.

6.5.2.1 Corona discharge. Corona discharge treatment is a popular
method of dry surface preparation of polymer films. The purpose of
the treatment is to make the polymer surface more receptive to inks
or coatings; however, it has also been used effectively as a pretreat-
ment for adhesives. The treatment is believed to oxidize the surface
of the polymer so that the ink, coating, or adhesive can permeate the
roughness of the thin oxidized layer. The most common methods of
treating surfaces by oxidizing are corona treatment and flame treat-
ment (see next section). For film, corona treatment is the preferred
method of the two.

The schematic in Fig. 6.10 illustrates two basic arrangements for
treating film and coated paper with corona treating equipment. The
electric equipment consists basically of a high frequency generator
(10-20 kHz), a stationary electrode electrically connected to the gen-
erator, and a dielectrically covered treater roll that serves as the
grounded electrode. The material to be treated is carried over this
roller for continuous processing. A suitable voltage, typically 20 kV, is
developed between the electrodes. This produces a spark or corona
discharge by ionizing the air in the gap between the electrodes. The
ionized particles in the air gap bombard and penetrate into the mo-
lecular structure of the substrate. Free electrons and ions impact the
substrate with energies sufficient to break the molecular bonds on the
surface of most polymeric substrates. This creates free radicals that
react rapidly with oxygen to form polar chemical groups on the sub-
strate surface and increase the surface energy to a point where many
adhesives, paints, and coatings can wet the substrate.

Corona treating equipment is inexpensive, clean, and easily adapted
to in-line operations. Parameters that positively affect the efficiency
of the treating process include power input and temperature.
Whereas, line speed and humidity negatively affect the efficiency.
Stored film is generally considered more difficult to treat than film
that has just been processed (e.g., exiting an extruder). The opportu-
nity of low molecular weight additives and contaminants to migrate
to the surface is greater for stored film. These surface contaminants
impede the treating efficiency of the corona.

Corona treatment is mainly suitable for films although thin con-
tainers have been treated by nesting them on a shaped electrode and
rotating the part adjacent to a high voltage electrode. Approximately
25 mils (0.025 in) is the maximum thickness of sheet that can be
treated by the corona discharge method. However, high frequency arc
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Figure 6.10 Basic arrangements for corona surface treating of (a) plastic coated
paper and (b) plastic film.*!

treatment has been applied to automotive trim parts of up to 1/8 inch
thick. Significant bond strength improvements were noticed by treat-
ing talc filled polypropylene parts before bonding with hot melt ad-
hesives.*?

Corona discharge treatments have been commonly employed to
treat substrates such as films or polymer coated paper for printing.
The polymers commonly treated are polyethylene, polypropylene, and
polyethylene terephthalate, or Mylar®. Fluorocarbon film surfaces
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have also been treated with corona in environments other than air.
Metal foil surfaces have been treated with corona, but the effect is
only moderate, probably due to removal of organic contaminants by
the oxidizing exposure.

6.5.2.2 Flame treatment. Flame treatment consists of exposing a sur-
face to a gas flame for less than several seconds. Flame treatment
burns-off contaminants and oxidizes the surface of the polymer similar
to corona treatment. Flame treatment is used as a surface treatment
for many low energy polymeric parts prior to bonding, printing, or
painting. Figure 6.11 shows the flame treatment of a plastic bottle.
Flame treatment is believed to provide a polar surface that is con-
ducive to adhesion. A brief exposure to the flame oxidizes the surface
through a free radical mechanism, introducing higher surface energy
groups (hydroxyl, carbonyl, carboxyl, and amide groups) to the part’s

P

Burner

am

/

_ Bottle

Air / Gas ————

:

Flame inner cone l/

Holder

Figure 6.11 Flame treatment of a plastic bottle. The treatment will depend on
the gas mixture and flow rate, position of part relative to flame, and exposure
time.
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surface. Molecular chain scission and crosslinking also occur depend-
ing on the polymer and on the nature of the flame treatment. This
process is widely used to prepare polyolefin surfaces for painting,
printing, or adhesive bonding. Flame treatment can be used for both
film and shaped products and can be used for both continuous and
bulk processing.

In the flame treating process gas burners are fed from the facility’s
mains (chief component methane) or bottled gas (propane or butane).
Of importance in the operation of a flame treater is the gas/air mix
ratio. Depending on the level of gas in the mix, the flame can have
substantially different characteristics. A slight excess of oxygen over
that required for complete combustion is recommended. This treating
method increases the resulting adhesive strength of joints made with
polyolefins and other low energy plastics. The flame oxidizes the sur-
face, resulting in an increase in critical surface energy. The time that
the flame is applied and its nearness to the surface are also important
quality control factors. A surface is typically exposed to the flame re-
gion just above the blue cone until it becomes glossy. It is important
not to overexpose the plastic because warping or other damage of the
part may result.

Automated flame processing equipment are available, similar to the
corona treaters. Hand-held equipment such as a torch or Bunsen
burner can also be used, although uniform treatment is more difficult.
The effect of polymer additives on the treatment efficiency are not as
great as with corona treatment.

6.5.2.3 Plasma treatment. A gas plasma treating process has been de-
veloped for surface treatment of many polymeric materials. It is a dry
process that is becoming a common method of treating many different
engineering plastics when maximum joint strength is required. Low
energy materials, such as polyolefins, polytetrafluoroethylene, poly-
ethylene terephthalate, nylon, silicone rubber, etc. are readily treated
with gas plasma. Relative bond strength improvements of ten to sev-
eral hundred times are possible depending on the substrate and gas
plasma. Plasma treatment has become a very popular treatment for
small to medium sized parts that can fit into a vacuum chamber and
for production volumes that are amenable to a batch type process.

Operationally, a plasma differs from corona and flame treatment in
that the process is completed at less than atmospheric pressure and
with gases other than air. Because of the necessity for partial vacuum,
plasma treatment is essentially a batch process. The type of plasma
gas can be selected to initiate a wide assortment of chemical reactions,
including:
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Surface crosslinking
Surface oxidation or reduction
Grafting of active radicals to material surfaces

Halogenation of surfaces

N e

Deposition of inorganic and organic films

Gases or mixtures of gases used for plasma treatment of polymers
include nitrogen, argon, oxygen, nitrous oxide, helium, tetrafluoro-
methane, water, and ammonia. Each gas produces a unique surface
treatment process. It should be noted that surface chemistry modifi-
cation by plasma treatment can make polymer surfaces totally wet-
table or non-wettable. Non-wettable plasma treatments generally in-
volve the deposition of fluorine containing chemical groups to produce
medical products.

Gas plasma is an extremely reactive ionized gas. The main differ-
ence between plasma surface treatment and corona surface treat-
ments is the nature of the plasma (specialty gas vs. air) and the op-
erating pressure of the plasma (0.1 to 10 torr vs. 760 torr). With the
plasma treatment technique, a low-pressure inert gas is activated by
an electrodeless radio-frequency discharge or microwave excitation to
produce metastable excited species that react with the polymeric sur-
face. The plasma treatment produces changes only to the depth of
several molecular layers. Generally, only very short treating times
(secs to mins) are necessary. Commercial instruments are available
from several manufacturers to plasma treat parts prior to bonding.
Because of the necessity for very low pressures, a glass or ceramic
vacuum container is generally used. Thus, plasma treatment is gen-
erally thought of as a batch type process for parts of up to moderate
size. Continuous plasma treaters have been developed for processing
film and fiber and large volume chambers have been built for treating
large parts. However, capital expense has limited these applications
to specialty markets.

It is generally believed that the plasma treating process provides
surfaces with greater stability than chemical etch, corona, flame, or
other common polymeric treatment processes. Plasma treated parts
can be stored for weeks or longer in a clean, dry storage area. Expo-
sure to temperatures near the polymer’s glass transition temperature
will deteriorate the surface treatment. Once well bonded, the surfaces
of treated polymers are relatively stable excluding the effects of out-
side environmental influences.

With plasma treatment, surface wettability can be readily induced
on a variety of normally non-wettable materials as shown in Table
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6.13. Certain polymeric surfaces, such as the polyolefins, become cross-
linked during plasma treatment. The surface skin of polyethylene, for
example, will become crosslinked so that if the part were placed on a
hot plate of sufficient heat, the interior would turn to a molten liquid
while the crosslinked outer skin held a solid shape. Other polymers
are affected in different ways. Plasma treated polymers usually form
adhesive bonds that are 2 to 4 times the strength of untreated poly-
mers. Table 6.14 presents bond strength of various plastic substrates
that were pretreated with gas plasma and bonded with an epoxy or
urethane adhesive.

6.5.2.4 Other physical surface treatments for polymers. Other surface
treatments have been reported to enhance adhesion of low energy
polymers. Bond strengths of some materials can be improved if the
mating surfaces are etched or otherwise textured prior to joining. Ion
beam etching and excimer laser radiation are two ways of doing this.

Ion beam etching has been used on stainless steel, graphite, and
fluorocarbon surfaces.** The resulting surface is composed of needles
or spires that allow improved mechanical bonding. Bonds are stronger
both in tension and in shear than those made on chemically etched
plastics. An additional benefit of ion beam treatment is that its effect
does not diminish with time as in the case of chemical etching.

Excimer laser surface treatment has been used for preparing poly-
ester sheet molding compounds (SMC) for adhesive bonding in the
automotive industry. The excimer laser preparation of SMC surfaces
occurs through the following stages: ablation of surface contaminates,
selective ablation of calcium carbonate filler from the SMC, and re-
moval of polyester resin from the SMC.4546

UV irradiation has also been applied as a prebond surface treatment
to a variety of plastics.*” Basically, this process involves applying a 5%
solution of benzophenone (a light sensitizer) to the surface of the part.
The part is then briefly exposed to an ultraviolet light source. This
causes chemical changes in the polymer surface, including an increase
in wettability and a certain amount of crosslinking that reportedly
strengthens the surface and improves the physical interaction neces-
sary for adhesion. It is likely that this process promotes controlled
degradation of the surface of the polymer, offering a better surface on
which to bond. The process was originally developed for application to
EPDM rubber, but it may also be applicable for polypropylene, poly-
ethylene, and other thermoplastics.

Primers are widely recognized for preparing metals for adhesive
bonding. It has also been reported that certain polymeric surfaces,
notably polyolefins, can be modified by applications of primer solutions
such as chlorinated polyethylene. The probable mechanism by which
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TABLE 6.14 Lap Shear Strength for Several Plasma Treatmented Polymers
Bond strength, psi
After plasma
Adherends Adhesive Control treatment Source
High density polyethylene— | Epoxy—polyamide 315 3500 1
aluminum
Low density polyethylene— Epoxy—polyamide 372 1466 1
aluminum
Nylon 6—aluminum Epoxy—polyamide 846 3956 1
Polystyrene—aluminum Epoxy—polyamide 566 4015 1
Mylar—aluminum Epoxy—polyamide 530 1660 1
Polymethylmethacrylate— Epoxy—polyamide 410 928 1
aluminum
Polypropylene—aluminum Epoxy—polyamide 370 3080 1
Tedlar, PVF—-aluminum Epoxy—polyamide 278 1370 1
Celcon acetal-aluminum Epoxy—polyamide 118 258 1
Cellulose acetate butyrate— | Epoxy—polyamide 1090 2516 1
aluminum
Thermoplastic polyester Epoxy 520 1640 2
PBT
Thermoplastic polyester Polyurethane 190 960 2
Polyetherimide Epoxy 190 2060 2
Polycarbonate Epoxy 1700 2240 2
Polycarbonate Polyurethane 540 1140 2
Delrin acetal Epoxy 160 650 2
Polyester PET Epoxy 683 6067 3
Fluorocarbon, ETFE Epoxy 10 293 4

SOURCES:

1. Hall J. R, et al., “Activated Gas: Plasma Surface Treatment of Polymers for Adhesive
Bonding”, Journal of Applied Polymer Science, 13, 2085—-2096, 1969.

2. Kaplan, S. L., and Rose, P. W., “Plasma Treatment Upgrades Adhesion of Plastic Parts”,
Plastics Engineering, May 1988.

3. Sangiuolo, S., and Hansen, W. L., International Coil Winding Association Technical Con-
ference, Rosemont, IL, 1990.

4. Hansen, G. P.,, Rushing, R. A,, et al., “Achieving Optimum Bond Strength with Plasma
Treatment”, Technical Paper AD89-537, Society of Manufacturing Engineers, Dearborn,
Mich., 1989.

these primers operate is diffusion into the plastic and the creation of
partially chlorinated surface, which can interact more strongly with
polar adhesives. A resorcinol formaldehyde primer substantially im-
proves the adhesion to nylon. Isocyanate primers give large improve-
ments in the adhesion between urethane adhesives and styrene bu-



246 Chapter Six

tadiene elastomers. Several diverse materials such as transition metal
complexes, triphenylphosphine, and cobalt acetylacetonate have been
found to be excellent primers to polyolefins bonded with a cyanoac-
rylate adhesive. In these cases, the strength of the joint is often
greater than the strength of the parent plastic. Primers and adhesion
promoters are discussed in detail in the next chapter.

6.6 Specific Surface Treatments

Appendix C lists recommended surface-treating procedures for most
common substrates. There are several text books that provide excel-
lent reviews regarding specific surface treatments for a variety of sub-
strates. These are listed here.

Shields, J., Adhesives Handbook, 3rd edition, (London: Butterworths 1984)

Skeist, 1. (ed.), Handbook of Adhesives, 3rd edition (New York: Van Nostrand Reinhold
1990)

Wegman, R. F., Surface Preparation Techniques for Adhesive Bonding, (Park Ridge, NdJ:
Noyes Publications 1989)

Snogren, R. C., The Handbook of Surface Preparation, (New York: Palmerton Publishing
1974)

Landrock, A. H., Adhesives Technology Handbook, (Park Ridge, NJ: Noyes Publications
1985)

Cagle, C. V. (ed.), Handbook of Adhesive Bonding, (McGraw Hill: New York 1973)

MIL-HDBK-691B, Adhesive Bonding, Department of Defense, March 1987.

In Chapter 16, common metallic, plastic, elastomeric and other sub-
strates are covered in depth with respect of their unique surface char-
acteristics and recommended bonding processes. These processes have
been found to provide high bond strength and durability.

6.6.1 Metallic adherends

Appendix C-1 lists common recommended surface-treating procedures
for metallic adherends. These methods have been specifically found to
provide reproducible structural bonds and fit easily into the bonding
operation.

ASTM D 2651 describes practices that have proved satisfactory for
preparing various metal surfaces for adhesive bonding. Surface prep-
arations are included for aluminum alloy, titanium alloy, copper and
copper alloys. Formulation and procedures are described in detail that
are based on commercial practice of numerous agencies and organi-
zations.

6.6.2 Plastic adherends

There are many surface treatments available for plastic parts. These
have been developed by the resin manufacturers, assembly manufac-
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turers, and adhesive developers. ASTM D 2093 describes recom-
mended surface preparations for plastic adherends. Appendix C-2 lists
common recommended surface treatments for plastic adherends. Table
6.15 provides a comparison of general surface treatment techniques.

Solvent and heat welding are methods of fastening plastics that do
not require chemical alteration of the surface although cleaning or
degreasing is recommended. These welding procedures will be dis-
cussed in Chapter 15 of this Handbook. The plastic materials com-
monly used in bonded structures, their unique characteristics, and
successful surface treatments and bonding process are more fully de-
scribed in Chapter 16.

6.6.3 Polymeric composite adherends

All of the surface preparations described in Appendix C-2 for poly-
meric substrates are also applicable for when they are reinforced and
made to form a composite material. However, care must be taken so
that the liquid surface preparation chemicals do not wick into the com-
posite along the interface between the fibers and the resin matrix. As
a result, immersion treatments are usually not used. Surface wipe
with a solvent or cleaning agent and abrasion followed by another
surface wipe is usually all that is necessary for treating the high en-
ergy composite substrates prior to bonding. For low energy composite
substrates, chemical etching (protecting the cut edges of the compos-
ite) or plasma treatment are sometimes used.

Plasma treatment has been found to give significantly improved
adhesion properties to thermoplastic based carbon composites (poly-
etheretherketone and polyphenylene suflide). Whereas, thermosetting
composites (e.g., epoxy) provide sufficient joint strength with only light
abrasion and solvent cleaning.*®

The nature of the composite surface treatment will depend on the
resin matrix, the permanence characteristics required, the nature of
the cut surfaces where reinforcement may be exposed to the environ-
ment, and the production facilities that are available.

Many surface roughening approaches have been tried for compos-
ites, and all have some merit. One method that has gained wide ac-
ceptance is the use of a peel ply. In this technique, a densely woven
nylon or polyester cloth is used as the outer layer of the composite
during its manufacture (Fig. 6.12). This ply is then torn or peeled away
just before bonding. The tearing or peeling process fractures the resin
matrix coating and exposes a clean, virgin, roughened surface for the
bonding process.

In the cases where the peel ply is not used, some sort of light ab-
rasion is required to break the glazed resin finish on the composite
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Tear ply

Bonding
surface

Tear ply (Dacron fabric)

Fiber glass
reinforced
plastic laminate

Figure 6.12 Structural reinforced plastic laminate with tear ply to
produce fresh bonding surface.?®

surface. The surface glaze should be roughened without damaging the
reinforcing fibers or forming subsurface cracks in the matrix.

6.6.4 Elastomeric adherends

As shown in Appendix C-3, solvent washing and abrasion are common
treatments for most elastomers, but chemical treatment may be re-
quired for maximum properties. Vulcanized rubber parts are often con-
taminated with mold release and plasticizers or extenders that can
migrate to the surface. Solvents for cleaning must be carefully chosen
to avoid possible swelling of the elastomer and entrapment of solvent
in the bulk material. Certain synthetic and natural rubbers require
“cyclizing” with concentrated sulfuric acid until hairline fractures are
evident on the surface. Fluorosilicone and silicone rubbers must be
primed before bonding. The primer acts as an intermediate interface,
providing good adhesion to the rubber and a more wettable surface
for the adhesive.

The elastomers commonly used in bonded structures, their unique
characteristics, and successful surface treatments and bonding process
are more fully described in Chapter 16.



250 Chapter Six

6.6.5 Other adherends

Appendix C-4 provides surface treatments for a variety of materials
not covered in the preceding tables. Other adherends commonly used
in bonded structures, their unique characteristics, and successful sur-
face treatments and bonding process are more fully described in Chap-
ter 16.
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Chapter

Primers and Adhesion Promoters

7.1 Introduction

Some adhesives and sealants may provide only marginal adhesion to
certain substrates. This could be due to the low surface energy of the
substrate relative to the adhesive (e.g., epoxy bonding polyethylene)
or to a boundary layer that is cohesively weak (e.g., powdery surface
on concrete). The substrate may also be pervious, allowing moisture
and environmental chemicals to easily pass through the substrate to
the adhesive interface, thereby degrading the bond’s permanence.
Generally, attempts are made to overcome these problems through ad-
hesive formulation and by substrate surface treatments. When these
approaches do not work, additional bond strength and permanence
may possibly be provided by primers or adhesion promoters.

Primers and adhesion promoters work in a similar fashion to im-
prove adhesion. They add a new, usually organic, layer at the interface
such as shown in Fig. 7.1. The new layer is usually bifunctional and
bonds well to both the substrate and the adhesive or sealant. The new
layer is very thin so that it provides improved interfacial bonding
characteristics, yet it is not thick enough so that its bulk properties
significantly affect the overall properties of the bond.

Both primers and adhesion promoters are strongly adsorbed onto
the surface of the substrate. The adsorption may be so strong that
instead of merely being physical adsorption, it has the nature of a
chemical bond. Such adsorption is referred to as chemisorption to dis-
tinguish it from reversible physical adsorption.

The main difference between primers and adhesion promoters is
that primers are liquids that are applied to the substrate as a rela-
tively heavy surface coating prior to the application of the adhesive.
Adhesion promoters are liquids that form a very thin (usually mono-
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Interphase
region affected
by primer or
adhesion

promoters.

Primers Adherends

Adhesive

Figure 7.1 Primers and adhesion promoters provide a stronger interphase region hav-
ing improved adhesion and permanence.

molecular) layer between the substrate and the adhesive. Usually
chemical bonds are formed between the adhesion promoter and the
adhesive, and between the adhesion promoter and the substrate sur-
face. These bonds are stronger than the internal chemical bonds
within the adhesive. These new bonds also provide an interface region
that is more resistant to chemical attack from the environment. Ad-
hesion promoters are also often referred to as coupling agents.

Adhesion promoters can be applied by either incorporating them
directly into the adhesive formulation or by applying them to a sub-
strate, similar to a primer. When applied “in-situ”, through the ad-
hesive formulation, the adhesion promoter migrates to the interface
region and attaches itself between the adhesive molecule and the sub-
strate before the adhesive cures.

Adhesion promoters or coupling agents are also used in applications
other than conventional adhesives or sealants. They give plastic com-
pounders a way of effectively improving properties and reducing the
overall cost of the compound. Adhesion promoters can be applied to
particulate fillers for reinforcing polymeric molding compounds and to
fibers for reinforcing composites. Thus, when discussing adhesion pro-
moters, the term “substrate” takes on the added possibilities of fillers,
reinforcements, etc. as well as conventional adherends.

Specific adhesion promoters have been developed for bonding glass
fibers to polyester resin, carbon fibers to epoxy resins, talc particles to
nylon, and reinforcing tire cord to rubber tire compounds. In these
applications, adhesion promoters not only improve the bond strength
and permanence of the interface but also increase the physical prop-
erties of the resulting bulk material. Bulk properties, such as tensile
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strength and modulus can be significantly improved. Virtually all
glass fibers used in glass fiber reinforced composites are silane
treated, and the resistance to deterioration by moist environments is
greatly enhanced in this way.

Classifying primers and adhesion promoters is as difficult as clas-
sifying adhesives. Usually, these materials are grouped by their chem-
ical composition, such as silane, titanate, epoxy/amine, phenolic, and
chlorinated polyethylene. The selection of a primer or adhesion pro-
moter is normally less of a problem than selecting the adhesive since
the adhesive supplier can usually offer a complete package or make
recommendations. Often a primer is chemically similar to the adhesive
material; only the primer has a much lower viscosity so that it can be
painted or brushed on the substrate in thin coatings. Adhesion pro-
moters are generally already included in the formulation or they are
supplied as an additional “primer” material along with the adhesive
or sealant.

In this chapter, we will first consider primers and how they can be
used to improve the performance of bonded joints. Examples will be
provided as to their application and use on various substrate surfaces.
The discussion of adhesion promoters will be relative to their function
and use. Various chemical classifications will be described that are
commonly used for both surface application and “in-situ” application
within formulated adhesive and sealant products. Several common
uses of these systems in adhesive and sealant application and in poly-
mer material reinforcement will be provided.

7.2 Primers

Primers are liquids that may be applied to a substrate prior to appli-
cation of an adhesive or a sealant. The reasons for their use are varied
and may include, either singularly or in combination, the following:

m Protection of surfaces after treatment (primers can be used to ex-
tend the time between preparing the adherend surface and bonding)

® Adjusting the free surface energy by providing a surface that is more
easily wettable than the substrate

m Dissolving low levels of organic contamination that otherwise would
remain at the interface as a weak boundary layer

® Promoting chemical reaction between adhesive and adherend
m Inhibiting corrosion of the substrate during service

m Serving as an intermediate layer to enhance the physical properties
of the joint and improve bond strength (e.g., adjustment of the rhe-
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ological properties at the interface or strengthening weak substrate
regions)

Being lower in viscosity than the adhesive or sealant, primers can
be used to penetrate porous or rough surfaces to provide better me-
chanical interlocking and for sealing such surfaces from the environ-
ment. Primers are often applied and appear as protective surface coat-
ings. Application processes and equipment for applying primers are
similar to those used in applying a paint coating to a substrate.

The application of a primer is an additional step in the bonding
process, and it comes with associated costs and quality control require-
ments. Therefore, primers should only be used when justified. The
most likely occasions when a primer is needed are: when the adhesive
or sealant cannot be applied immediately after surface preparation,
when the substrate surface is weak or porous, or when the adhesive-
adherend interface requires additional protection from environments
such as moisture.

7.2.1 Application and use

Unlike substrate surface treatments described in Chapter 6, primers
always add a new organic layer to the surface and two new interfaces
to the joint structure. Most primers are developed for specific adhe-
sives, and many are developed for specific adhesive/substrate combi-
nations.

Primers are applied quickly after surface preparation and result in
a dry or slightly tacky film. It is generally recommended that they
have a dried coating thickness range from tenths of a mil to approxi-
mately two mils. It is necessary to control the primer thickness, since
if the primer layer becomes too thick its bulk properties may predom-
inate, and the primer could become the weakest part of the joint.

Primers usually require solvent evaporation and several curing
steps before the adhesive or sealant can be applied. Adhesive primers
are usually not fully cured during their initial application. They are
dried at room temperature and some are forced-air dried for 30-60 min
at 150°F. This provides a dry, nontacky surface that can be protected
from contamination and physical damage by good housekeeping prac-
tices until the substrate is ready to be bonded with an adhesive. Full
primer cure is generally achieved during the cure of the adhesive.

Primers developed to protect treated surfaces prior to bonding are
generally proprietary formulations manufactured by the adhesive pro-
ducer to match the adhesive. These usually consist of a diluted solu-
tion (approximately 10% by weight) of the base adhesive in an organic
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solvent. Like the adhesive formulation, the primer may also contain
wetting agents, flow control agents, and toughening compounds. If the
primer is for a metal surface, corrosion inhibitors such as zinc and
strontium chromate and other inorganic chromate salts may also be
added to the primer formulation.

The application of corrosion resistant primers has become standard
practice for the structural bonding of aluminum in the automotive and
aerospace industries. The adhesive/primer combinations are chosen
to provide maximum durability in severe environments in addition to
providing higher initial joint strength. Improved service life is typi-
cally achieved by establishing strong and moisture resistant interfa-
cial bonds and protecting the substrates’ surface region from hydration
and corrosion.

Primers can also be used to protect both treated metal and non-
metal substrates after surface treatment. The use of a primer as a
shop protectant may increase production costs, but it may also provide
enhanced and more consistent adhesive strength. The use of a primer
also greatly increases production flexibility in bonding operations.
Usually primer application can be incorporated as the final step in the
surface preparation process. The primer is applied as soon as possible
after surface preparation and usually no more than a few hours later.
The actual application of the adhesive may then be delayed for up to
several months.

With steel, for example, the maximum safe surface exposure time
(SET) interval between mechanical surface preparation and bonding
is 8 hours. Many other substrates have maximum SETSs that are less
than this. By utilizing an adhesive primer, the SET may be extended
to days and even months depending on the particular adhesive/primer
system used and the storage conditions prior to bonding. This process
allows a shop to prepare the surface of a large number of parts, prime
them, and store them for relatively long periods prior to bonding. It
also enables an assembly shop to outsource the more hazardous sur-
face preparation processes. The primer provides protection of the
treated joints during transportation between the treating shop and the
bonding shop. With primers, scheduling of the entire assembly oper-
ation is not dependent on the type of surface preparation.

As with metallic substrates, primers may be used to protect treated
non-metallic substrates. After surface treatment, a high energy sub-
strate has an active surface that will readily adsorb atmospheric con-
tamination. The primer protects the treated surface until the time
when the adhesive or sealant is applied. Primers are especially useful
for the protection of polymeric parts that are treated by flame or co-
rona discharge. Primers also find benefit on polymeric substrates in
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that their solvents will soften the surface, and some of the primer
resin will diffuse into the bulk of the substrate, thereby increasing
adhesive strength by molecular diffusion.

Primers also have production advantages with bonded assemblies
having many sub-sections. The nature of the assembly may not be
suitable for immersion in pretreating solution as a single structure.
With primers, individual sub-sections can be treated, primed, and
then fit into place before the bonding step without regard to time. This
allows the entire assembly to be bonded at one time.

Sometimes primers can take the place of surface treatments. Two
examples of this are with porous substrates and with certain plastic
substrates. With weak porous substrates, such as wood, cement, or
porous stone, the primer can be formulated to penetrate and bind
weakly adhering material to provide a new, tightly anchored surface
for the adhesive. Chlorinated polyolefin primers will increase the ad-
hesion of coatings and adhesives to polypropylene and to thermoplas-
tic olefins. The chlorine atoms on the outer surface of the primer in-
crease surface energy and enhance adhesion. Examples of these are
discussed in the next sections.

Low viscosity primers can also easily fill the irregularities on the
substrate surface and displace air and fill hollows. This can improve
the wetting of the adhesive “system”. For example, if the adhesive is
a hot melt applied to a bare, roughened metallic surface, the adhesive
will gel before it gets a chance to efficiently wet the surface and me-
chanically interact with any surface roughness. However, if a dilute
primer is first applied to the substrate and dried, the hot melt adhe-
sive could bond directly to the primer which in turn has bonded to the
interstices of the substrate, thus providing excellent adhesion.

There are several possible reasons for a primer to fail when a joint
is placed in service. The most common causes of primer failure relate
to production issues as shown in Table 7.1. Fortunately many of these

TABLE 7.1 Possible Reasons for Primer Failure

® Single layer application which is too thick

® Too long an open time (time between application and curing) allowing hydrolysis
and contamination

® Frothy coating and porous layer caused by too fast a heat-up curing rate

B Low crosslink density allowing plasticizer or low molecular weight agents to

migrate from the primer to the interface

Too high a crosslink density causing a brittle primer that cannot take flexing or

thermal changes

Incompatibilty with the substrate surface or the adhesive

Undercured or overcured primer

Attack by solvents in the adhesive

Attack by temperature of the adhesive curing process
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problems can be detected soon after the primer is applied and before
great expense is incurred in the bonding operation. Ideally the primer
is a bridge to transfer stress between the adhesive and the adherend.
With properly applied primers joint failures should be cohesive within
the adhesive or sealant material.

Examples of some commercial primers for structural adhesives are
shown in Table 7.2. It should be noted that these are formulated for
specific adhesives and applications (e.g., aluminum bonding), and they
have recommended curing processes and coating thickness that must
be followed for optimum benefit. The substrate surface treatment,
which provides the base for the primer, is generally one of the pro-
cesses commonly used for adhesives or sealants as described in Chap-
ter 6.

7.2.2 Primers for metal substrates

When a corrosive medium contacts the edge of a bonded joint, and
finds an extremely active surface such as that produced by a fresh
acid treatment to improve adhesion, corrosion at the metal-adhesive
interface can occur. This initial corrosion and its subsequent penetra-
tion can take several forms. These are discussed more fully in Chap-
ters 16 (bonding aluminum) and 17 (effects of the environment).

Some primers will inhibit the corrosion of metal adherends during
service. By protecting the substrate’s surface area from hydration and
corrosion, these primers suppress the formation of weak boundary lay-
ers that could develop during exposure to wet environments. Primers
that contain film forming resins are sometimes considered interfacial
water barriers. They keep water out of the joint interface area and
prevent corrosion of the metal surfaces. By establishing strong, mois-
ture resistant bonds, the primer protects the adhesive-adherend in-
terface and lengthens the service life of the bonded joint. However,
moisture can diffuse through any polymeric primer, and eventually it
will reach the interface area of the joint. Therefore, the onset of cor-
rosion and other degradation reactions can only be delayed by the
application of a primer unless the primer contains corrosion inhibitors
or it chemically reacts with the substrate to provide a completely new
surface layer that provides additional protection.

Representative data are shown in Fig. 7.2 for aluminum joints
bonded with an epoxy film adhesive and a standard chromate con-
taining primer. Until recently standard corrosion resistant primers
contained high levels of solvent, contributing to high levels of volatile
organic compounds (VOCs), and chromium compounds, which are con-
sidered to be carcinogens. As a result, development programs have
been conducted on water borne adhesive primers that contain low
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Figure 7.2 Effect of primer on lap-shear strength of aluminum joints exposed to 5 per-
cent salt spray.?

VOC levels and low or no levels chrome. Data are presented on several
of these newer primers in Table 7.3.

Recent advances in primer development have included water-based
primer systems, primers that can be applied by the electrodeposition
process, and primers with more effective corrosion resistance proper-
ties. The water-based systems have been the result of recent devel-
opments in water soluble polymers such as epoxy and phenol/resor-
cinol formaldehyde novolac polymers. Low and zero level VOC primers
have been developed which meet the requirements of the aerospace
industry.3~® An electrodeposited primer system has been developed pri-
marily by the automobile industry. This is pollution-free and offers
uniform film distribution, controlled film thickness, and rapid appli-
cation.® The U.S. military has developed improved primers for struc-
tural bonding of aluminum and titanium.” These include environmen-
tally safe primers.

Plasma applied coatings have also been evaluated as surface treat-
ments for aluminum substrates being prepared for adhesive bonding.
Plasma sprayed aluminum-silicon/polyester primers gave results su-
perior to those of etched or anodized specimens.® Plasma spraying has
also shown excellent high temperature bond performance with tita-
nium.® The plasma spray process involves the rapid heating of pow-
dered material to the molten or semi-molten state and then propelling
it against the substrate at high velocities. These treatments eliminate
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TABLE 7.3 Tensile Lap Shear Strengths Using Environmentally Acceptable Adhesive
Primers for 250°F Curing Adhesives?®

Tensile lap shear strength, psi
Primer 180F 30 day salt | 60 day salt
(source) Adhesive 73F 180F (1) | wet (2) fog (3) fog (3)

BR 127 FM 73 6005 4312 2622 6105 5846
(Cyanamid)

BR 250 FM 73 5685 3498 2162 5479 —
(Cyanamid)

BR 250-2 FM 73 7980 4145 2614 5853 5722
(Cyanamid)

BR X250-NC FM 73 6163 4186 2722 6062 5927
(Cyanamid)

EC 3982 (3M) | FM 73 6182 4395 2891 6427 6051

XEA 9290 FM 73 5255 — — 4791 —
(Hysol)

BR 127 AF163-2K | 6421 4617 3499 6505 6400
(Cyanamid)

BR 250 AF163-2K | 6420 4636 3234 6393 —
(Cyanamid

BR250-2 AF163-2K | 6564 4358 3304 6465 6366
(Cyanamid)

BRX250-NC AF163-2K | 6589 3528 3299 6634 6397
(Cyanamid)

EC 3982 (3M) | AF163-2K | 6733 4271 3633 6711 6573

XEA 9290 AF163-2K | 6217 — — 6079 —
(Hysol)

NOTES: (1)-Heat soaked at 180F for 10 min

(2)-Wet specimens conditioned at 140F and 95-100% RH for 60 days. Heat soaked at 180F
for 4 min

(3) 50% salt fog at 95F

liquid and gaseous wastes and provide bond strength and durability
comparable to that provided by conventional chemical treatments.

In addition to providing corrosion protection, primers may also be
used as mediating layers between the adherend and adhesive under
conditions where the adherend and adhesive are incompatible. The
adhesive or sealant may not be able to chemically react with the sub-
strate surface; however, the primer may be able to react with both the
adhesive and the adherend. The primer may also be able to modify
the physical characteristics of the joint. For example, elastomeric
primers may be used with rigid adhesives to provide greater peel or
impact resistance. A flexible interface may also provide for less inter-
nal stress due to thermal expansion differences.
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Epoxy based primers are commonly used in the aerospace and auto-
motive industries. These primers have good chemical resistance and
provide corrosion resistance to aluminum and other common metals.
Polysulfide based primers have been developed for applications where
a high degree of elongation is necessary. These systems are used where
the joint is expected to encounter a high degree of flexing or thermal
movement. Resins, curing agents, and additives used in primer for-
mulation are much like adhesive or sealant formulations except for
the addition of solvents or low viscosity resins to provide a high degree
of flow.

7.2.3 Primers for polymeric substrates

Primers can also be an effective way of protecting the surface of
treated polymeric substrates until an adhesive can be applied and a
bond formed. With polymeric substrates, the permanence of the sur-
face treatment before adhesive application is of critical importance.
Because of the dynamic and mobile nature of the polymer molecule,
the treated surface molecules can turn inward into the bulk polymer
and become ineffective. Conventional plastic surface treatments, such
as flame treating and corona treatment, have especially short expo-
sure times during which the treatments are effective. A primer can be
used to protect the treated surface and lengthen the production win-
dow between surface treatment and application of the adhesive or
sealant.

Primers generally cannot be used as a substitute for surface prep-
aration. However, there are several instances with polymeric surfaces
that primers have provided excellent adhesion without having to go
through the process of surface preparation. This is a distinct advan-
tage because surface treatment methods may be hazardous, inconven-
ient, time consuming, and often expensive. The use of a surface pri-
mer, although an extra step in the bonding process, is a desirable
alternative for use on the production line.

Cyanoacrylate adhesives (or super-glues) do not wet or adhere well
to polyolefins. The surface tension of the adhesive is much higher than
that of the substrate. However, polyolefins can be primed for adhesion
to cyanoacrylates by certain chemical compounds normally considered
to be activators for cyanoacrylate polymerization. Materials such as
long chain amines, quaternary ammonium salts, and phosphine can
be applied in either pure form or in solution to the surface of the
polyolefin. These primers are simply sprayed or brushed onto the
substrate. After drying of the primer, the cyanoacrylate adhesive is
conventionally applied and bonds extremely well to the substrate.11!
Several companies have discovered primers that interact with
cyanoacrylates.'%1213 Triphenylphosphine or cobalt acetylacetonate
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primers used with cyanoacrylate adhesives produce adhesive bonds
with polypropylene and low density polyethylene that are sufficiently
strong to exceed the bulk shear strength of the substrate. They are
also sufficiently durable to withstand immersion in boiling water for
long periods of time.*

It appears that one of the main reasons for improved adhesion by
primers with cyanoacrylate adhesives is that the solvents in the pri-
mer wet-out and swell the polyolefin. This facilitates interpenetration
of the low viscosity cyanoacrylate resin.

A similar effect seems to work with free radical cured acrylic ad-
hesive systems. In this system, the primer consists of a solution of a
copper salt, and the adhesive is based on methyl methacrylate mon-
omer. The bonds formed on low density polyethylene result in sub-
strate failure, and an interphase of mixed adhesive and polyethylene
is formed up to 1.5 mm thick.'®

Chlorinated polyolefins are used for priming low energy surfaces
such as polyolefins. These primers are based on either chlorinated
polyethylene or polypropylene and are usually used as a solvent based
solution. The application of chlorinated polyolefin as a primer on the
surface of polypropylene provides a significant improvement in the
adhesion of a latex topcoat to the polypropylene.’®!” A primer based
on a solution of chlorinated polypropylene has been used to adhere
paint to polypropylene automobile bumpers with some interdiffusion
of primer into the part. Chlorine atoms in the outer surface of the
primer are believed to increase polarity and enhance paint adhesion
in this case.! Solvent-free, water borne chlorinated polyolefin primers
based on emulsions and dispersions of chlorinated polyolefin have also
been developed.!®!® They provide increase in bond strength and water
resistance for polypropylene and other thermoplastic polyolefin joints.

7.2.4 Primers for unvulcanized elastomers

Adhesion primers have also found significant application in treating
the surface of inserts that are to be embedded in elastomeric parts.
There are many instances when unvulcanized rubber is required to
bond to itself or to another substrate such as a metal insert. Primers
are generally used in these applications to provide a strong bond be-
tween the elastomer and the adherend. An example is the manufac-
ture of roller wheels. Here the metal insert (bearing assembly) needs
to be well bonded to the surrounding elastomer that serves as the
elastomeric wheel.

The primer is coated on the part and then air or heat dried. In the
case of the roller wheel, the metal hub must be surface treated, primed
and dried, and then carefully placed in the mold. The molten elasto-
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meric resin is forced into the mold, and it contacts and wets the sur-
face of the hub. As the elastomer cures in the mold, a strong adhesive
bond forms between the metal and elastomer by virtue of the primer.

Primers are applied as intermediate layers between the insert ad-
herend and elastomeric resin under conditions where the adherend
and resin are incompatible or where a chemical reaction is required
for strong adhesion. The primer is able, by its chemical formulation,
to react with both adherend surface and the elastomer. A very strong
bond is formed between the curing elastomer compound and the pri-
mer system during cure of the rubber. In these cases, the primer may
be considered an adhesive. Although, more accurately, it is a surface
primer, and the unvulcanized rubber provides the adhesion. The pri-
mer provides a protected surface that is easy to wet; but more impor-
tantly, it provides a reactive surface that is chemically compatible with
the elastomer.

Often solutions of unvulcanized rubber in polymeric resin are used
for the primer. For example, a typical primer formulation may include
chlorinated rubber, phenolic resin, and solvent. However, several wa-
ter borne elastomer bonding agents have been developed and are com-
mercially available. The resin component provides cohesive strength
and enhances adhesion to the metal. The rubber component provides
toughness to the system and assists in reducing residual bond-line
stress. Proprietary primers for elastomer-to-insert bonding include
Chemlok, Ty Ply, Thixon, and Cilbond brand names. Table 7.4 gives
details of several proprietary products.

The most common elastomers to be bonded in this way include ni-
trile, neoprene, urethane, natural rubber, SBR, and butyl rubber. Less

TABLE 7.4 Proprietary Primers for Bonding Unvulcanized Elastomers to Metal
Inserts?

Product Manufacturer Suitable to bond Type product
Chemlok 205 Hughson Chemicals NBR Metal primer
Ty Ply UP CR
Ty Ply T NBR, ACM, OT
Thixon P5 Dayton Coatings and NBR, CR, CO Metal primer
Thixon P6 Chemicals NBR
Thixon P7 NBR
Thixon P9 NBR, CR
Cilbond 10 Compounding Ingredients NBR Metal primer

Limited (UK)
Cilbond 17 NBR ACM
NBR-Nitrile rubber
CR-Neoprene
ACM-Polyacrylate rubber
OT-Polysulfide rubber

CO-Epichlorohydrin rubber
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common unvulcanized elastomers such as the silicone, fluorocarbon,
chlorosulfonated polyethylene, and polyacrylate are more difficult to
bond. However, recently developed adhesive primers also improve the
bond of these elastomers to metal. Proprietary primers are available
from the manufacturers listed in Table 7.4. Suggestions for specific
primers to be used for particular elastomers and for certain applica-
tions can usually be obtained from the adhesive/primer manufacturer.

Surface treatment of the adherend before priming should, of course,
be according to good standards. Care must be taken so that the
primer/adhesive system is not wiped off the substrate during the flow
of the unvulcanized elastomer during molding. Equal care must be
exerted to not allow the elastomeric fluid to wash away mold release
from protected surfaces onto critical surfaces where adhesion will be
necessary.

Plastic inserts can similarly be bonded to unvulcanized rubber with
selected primers. The plastic part will need to be treated by one of the
processes discussed in the last chapter. The plastic must also be able
to withstand the rubber vulcanization temperatures. Primers are also
used for elastomer to fiber bonding. Applications include reinforced
hose, belts, and tires. Resorcinol formaldehyde resins are commonly
used as primers in these applications.

7.3 Adhesion Promoters

Adhesion promoters or coupling agents are a group of specialty bi-
functional compounds that can react chemically with both the sub-
strate and the adhesive. The adhesion promoter forms covalent bonds
across the interface that are both strong and durable. Adhesion pro-
moters can be applied directly to the substrate, similar to primers, or
they can be mixed with the adhesive itself. When mixed with the ad-
hesive, the coupling agent is capable of migrating to the interface and
reacting with the substrate surface as the adhesive cures. When ap-
plied directly to the substrate, adhesion promoters are applied in a
very thin coating that ideally is only one molecular layer thick.

Adhesion promoters usually consist of molecules with short organic
chains having different chemical composition on either end of the
chain. On one end is an organofunctional group that is particularly
compatible with the given adhesive material. At the other end of the
chain is an inorganic functionality that is especially compatible with
a given substrate. The adhesion promoter, therefore, acts as a chem-
ical bridge between the adhesive and the substrate.

Adhesion promoters were first used to treat glass fibers and other
fillers before they are incorporated into liquid resin to make composite
materials. In the fiber industry, adhesion promoters are also known
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as finishes. Certain finishes have been specially developed to match a
particular fiber with a resin matrix. Without adhesion promoters, the
interfacial resin-to-glass fiber adhesion is relatively weak, and water
can diffuse along the interface with catastrophic results to the end-
properties of the composite.

7.3.1 Silane adhesion promoters

Silanes are the most common commercial adhesion promoter. They are
commonly used to enhance adhesion between polymeric and inorganic
materials.25?2 They usually have the form X;Si-R, where X is typically
a chlorine or alkoxy group and R is the organofunctionality. The or-
ganofunctional portion bonds with the resin in the adhesive or the
organic medium, and the silane portion bonds to the inorganic or sub-
strate surface. Silane coupling agents are commonly used between the
adhesive and the adherend, between resin matrix and reinforcing fi-
bers in composites, and between resin matrix and mineral fillers in
plastic compounds. The resulting interface provides:

A chemical bridge between the surface and organic polymer or be-
tween organic polymers

A barrier to prevent moisture penetration to the interface

Transfer of stress from the resin to the substrate or inorganic filler
component thereby improving joint strength or bulk properties

Effective dispersion of fillers and reduction in the apparent viscosity
of the system

These chemicals are usually applied to fibrous reinforcements or to
the substrate surface as an aqueous solution. The solutions usually
are very dilute, only 0.01 to 2% by weight of silane to keep the highly
reactive hydrolyzed molecules from reacting with one another. The
bond strength enhancement increases with silane concentration up to
a maximum of about 2%, and then the enhancement falls-off with
additional concentration. Silane coupling agents react with water in
aqueous solutions to form hydrolyzed silanes, which react with the
surface of the inorganic substrate. The bound silanes then polymerize,
building up layers outward from the substrate with the organic func-
tionality oriented toward the adhesive. This process is shown in Fig.
7.3.

Silanes form strongly adsorbed polysiloxane films on ceramic and
metal surfaces. The chemical and mechanical integrity of these films
are highly dependent on application parameters such as solution con-
centration, solution pH, and drying time and temperature. The char-
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acter of the substrate may also influence the polysiloxane film struc-
ture.?? Silanes are applied as primers to the surface of the substrate
by wiping, spraying, brushing, or dipping. The film thickness is gen-
erally less than 0.1 mil. The solvent in the silane system is removed
by drying at 122—140°F for 10 min. The advantage of the primer ap-
plication method is that it efficiently utilizes the silane material, and
there are minimal stability problems. The disadvantages are that it
is a two step process, and it is difficult to see the clear silane coating
unless it is pigmented. Therefore, complete surface coverage may be
in doubt.

Tests have shown that silanes arrange themselves in layers with a
high degree of order, influenced to a great extent by the surface of the
substrate. The molecules order themselves virtually perpendicular to
the surface to which they attach, and subsequent layers arrange them-
selves step-like in a head-to-head fashion. A rough surface can
break-up the first ordered layer, preventing the formation of the sec-
ond. The thickness of the silane interphase has important effects on
mechanical performance. Thin, but continuous, layers seem to provide
stronger and more durable adhesive bonds.

Three primary mechanisms have been suggested for enhanced ad-
hesion via silane coupling agents.?> The classical explanation is that
the functional group on the silane molecule reacts with the adhesive
resin. Another possibility is that the polysiloxane surface layer has an
open porous structure and the liquid adhesive penetrates this and
then hardens to form an interpenetrating interphase region. The third
mechanism applies only to polymeric adherends. It is possible that the
solvent used to dilute and apply the silane adhesion promoter opens
the molecular structure on the substrate surface, allowing the silane
to penetrate and diffuse into the adherend.

The coupling agent interphase may be hard or soft and could affect
mechanical properties of the interphase region. A soft interphase, for
example, can significantly improve fatigue and other properties. Soft
interlayers reduce stress concentrations in the adhesive or in the resin
matrix if the system is a composite. In composites, a rigid interlayer
improves stress transfer of resin to the fiber and improves interfacial
shear strength. Coupling agents generally increase adhesion between
the resin matrix and substrate, thus raising the fracture energy re-
quired to initiate a crack. However, the same bond prevents the resin
matrix from stretching. Because of this reduction in tearing capacity,
the interface is less able to resist crack propagation once a crack is
initiated.

There are a number of silane adhesion promoters available, and
they differ from each other in the degree of their reactivity. Silanes
may be produced with amine, epoxy, mercaptan, and other function-
alities. Some examples are given in Table 7.5.
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TABLE 7.5 Recommended Silane Coupling Agents for Various Resins. (Union
Carbide, Dow Corning Corp. and General Electric Co. Supply Silane Coupling
Agents)

Silane functionality Applications

Vinyl Free radical cure systems: crosslinked polyethylene,
peroxide cured elastomers, polyesters. Polyethylene.
Polypropylene

Epoxy Epoxy, acrylics, urethanes, polysulfide

Methacryl Unsaturated polyester, acrylic

Amino Epoxy, phenolic, melamine, urethane, butyl rubber

Mercapto Epoxy, sulfur cure rubbers, urethane, polysulfide

Ureido Phenolic, urethane

Virtually all glass fibers used in fiber glass composites are treated
with silane “finishes”. The resulting physical properties and the resis-
tance of the composite to deterioration by water immersion are greatly
enhanced by the addition of the coupling agent. Table 7.6 shows the
effect of silane treatment to reinforcing glass fibers on the dry and wet
flexural strength of several composite materials. The moisture resis-
tance properties of filled molding compounds are also enhanced by the
treatment of the fillers with silane adhesion promoters prior to com-
pounding. Silane promoters on wollastonite fillers in thermoplastic
polyester molding compounds (50% filled) will improve the flexural
strength after 16 hrs in 122°F water by as much as 40%.

Silanes are also generally effective in improving adhesion to metals,
including aluminum, steel, cadmium, copper, and zinc. Table 7.7 shows
the relative influence of the type of substrate on the effectiveness of
the silane coupling agent in improving adhesion. It should be noted

TABLE 7.6 Effect of Various Silanes on Glass Reinforced Thermoset Resins®®

Flexural strength

Resin system Silane Dry Wet
Polyester control 60,000 35,000
A-174 87,000 79,000
Epoxy control 78,000 29,000
A-186 101,000 66,000
Malamine control 42,000 17,000
A-187 91,000 86,000
Dry High temperature?®
Phenolic control 69,000 14,000
A-1100 85,000 50,000

2Aged 100 hr at 500°F and tested at 500°F.
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TABLE 7.7 Effect of Substrate on Silane
Adhesion Effectiveness?

Silica

Quartz

Glass

Aluminum

Copper

Alumina

Inorganics
Alumino-Silicates (Clays)
Mica

Talc

Inorganic Oxides

Steel, Iron

Asbestos

Nickel

Zinc

Lead

Chalk (Calcium Carbonate)
Gypsum (Calcium Sulfate)
Barytes (Barium Sulfate)
Graphite

Carbon Black

Excellent

B —

Good

B —

Silane Effectiveness

Slight

B —

None

that smooth, high energy substrates are excellent substrates for silane
attachment. Rough, discontinuous substrates show very little benefit.

Silane adhesion promoters increase the initial bond strength and
also stabilize the surface to increase the permanence of the joint in
moist aging environments.?>?* The effect of a silane adhesion promoter
on the durability of mild steel joint bonded with an epoxy adhesive is
shown in Fig. 7.4. Silane based coupling agents are also capable of
increasing the environmental resistance of aluminum,?® titanium,*
and stainless steel®! joints.

Although the best results can be obtained in using silanes as sub-
strate primers, they can also be added to the adhesive with some ef-
fect. The lap-shear values in Table 7.8 show the improvement in bond
strength when silane coupling agents are incorporated into the ad-
hesive formulation, specifically nitrile phenolics. The integral blend
method of applying the silane involves adding 0.1 to 2.0% by weight
of the silane to the polymer matrix prior to application. The advantage
of this method is that it does not require a separate substrate coating
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