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Preface

Adhesion science is a multidisciplinary field, which encompasses aspects of 
engineering as well as physical and organic chemistry. The breadth of the field is 
possibly the reason that there have been so few books on the subject written by a 
single author. The books in this area have tended to be handbooks, treatises, or other 
compilations by multiple authors. I have attempted to provide a broad view of the 
field, but with a consistent style, that leads the reader from one step to another in 
the understanding of the science. This book also includes problems for the student 
to work in order to help build on the information presented in the text.

The text assumes that the reader has little or no knowledge of the science of adhe-
sion. The bulk of the book is written with the supposition that the reader has had a 
course in college level calculus as well as college level organic and physical chem-
istry. The book has also been written in such a fashion that even a person that has 
a meager knowledge of these subjects can learn something about adhesion science 
from reading this book. That is, the emphasis is on understanding the science rather 
than a complete and detailed exposition on any part of it. An attempt has been made 
to describe as much as possible in words and examples rather than in detailed math-
ematical derivations. That mathematics has been included in those sections where 
more detail seemed necessary. Each section or chapter starts with a simple view 
of the subject area, starting at the same point an entry-level textbook would begin. 
Each section or chapter then builds to a point at which more detail is available for 
the reader who is or wants to be a practitioner of the art and science of adhesion. 
Many sections also includes helpful practical suggestions about how measurements 
can be made, how surfaces can be modified, or how adhesives can be formulated 
to lead to a useful result. The third edition of this book includes a number of new 
topics such as the durability of structural adhesive bonds and adhesion in biological 
systems. The wish of the author is to produce a well-rounded introductory view of 
each of the fields, which form adhesion science no matter what the technical back-
ground of the reader may be. As science progresses, our understanding of natural 
phenomena changes. This book also includes news aspects of the understanding 
of adhesion science, in particular the connection between fundamental adhesion 
and the practical adhesive bond strengths of adhesive bonds is expanded upon.
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1 Introduction

■■ 1.1■ Introduction and Chapter Objectives

Adhesive bonding is a method by which materials can be joined to generate assem-
blies. Adhesive bonding is an alternative to more traditional mechanical methods of 
joining materials, such as nails, rivets, screws, etc. Adhesive bonding is not a new 
joining method. Use of adhesives is described in ancient Egypt [1] and in the Bible 
[2]. Bommarito [3] describes recipes for adhesives that were formulated during the 
Middles Ages. One such recipe shows that people in the middle ages had an appre-
ciation for the generation of composite materials as well as the use of drying oils:

“Very Strong, Very Good Glue”
“Take clay roof tiles and grind them to a fine powder using a flour grinder. 
Add a similar amount of iron rust, also ground to a fine powder. Add live 
lime in an amount equivalent to the clay and iron rust and incorporate the 
mixture with linseed oil. Use immediately to glue what you want as this glue 
is better when used fresh than otherwise”.

A major step in adhesive technology took place in the early 1900s with the advent 
of synthetically prepared adhesives. Thus, widespread use of adhesives as a joining 
medium is a relatively recent phenomenon.

All joining methods have their advantages and disadvantages and adhesive bonding 
is not an exception. This introductory chapter explores some of the positive and 
negative features of adhesive bonding as a joining method. Exploring these features 
sets the stage for many of the chapters to follow. The objectives of this chapter are:

 � to acquaint the reader with the basic definitions used in adhesion science
 � to provide the reader with a basis for understanding the advantages and dis-
advantages of using adhesive bonding

 � to discuss the place of adhesive technology in our economy and to provide examples 
of where adhesives are utilized

 � to describe sources of information about adhesion and adhesives for those who 
are becoming practitioners of the art and science of adhesive bonding.
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■■ 1.2■ Basic Definitions

An assembly made by the use of an adhesive is called an adhesive joint or an adhesive 
bond. Solid materials in the adhesive joint other than the adhesive are known as the 
adherends. The phenomenon, which allows the adhesive to transfer a load from the 
adherend to the adhesive joint, is called adhesion. There is also the phenomenon 
of abhesion, which is the condition of having minimal adhesion. This property is 
important when an assembly is needed from which the adhesive can be removed 
on demand. Materials that exhibit abhesion are also known as release materials and 
they are used to make certain pressure-sensitive adhesive constructions. Pressure-
sensitive adhesives are described in Chapter 10.

The actual strength of an adhesive joint is primarily determined by the mechanical 
properties of the adherends and the adhesive. The term we apply to the measured 
physical strength of an adhesive bond is practical adhesion. The primary purposes 
of this book are to describe the phenomenon of adhesion, to describe the chemis-
try and properties of adhesives and to discuss the current understanding of the 
relationship between practical adhesion, adhesion and the mechanisms of energy 
dissipation in the adhesive joint.

■■ 1.3■ Advantages and Disadvantages 
of Adhesive Bonding

One major differentiation between an adhesive joint and a mechanically fastened 
joint is that in the second, a mechanical fastener must pierce the adherend in order 
to execute an assembly. When a mechanical fastener pierces an adherend, or if 
the adherend is pierced before the installation of a mechanical fastener, a hole is 
created in the adherend.

In Fig. 1.1 we see two examples of an adherend. In Fig. 1.1(a), the adherend is intact. 
If a load was applied to the adherend, the lines of force propagating through the 
adherend would be continuous. If instead, the adherend had a hole in it (such as 
depicted in Fig. 1.1(b)), the lines of force could not be continuous through the adher-
end and would have to go around the hole. Thus, at the edges of the hole, the force 
experienced by the material is much larger than the force experienced by the mate-
rial remote from the hole. The edges of the hole not only have to support the force that 
is applied to those edges, but also must support the force that should have been sup-
ported by the material that would have been in the hole. As we will find in Sections 
2.4 and 3.5.1 on fracture mechanics, this situation is known as a stress concentration. 
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A stress concentration can cause a decrease in many physical properties of the 
adherend as well as those of the mechanical joint. In contrast, if an adhesive is used 
to generate an assembly, no hole is generated in the adherend. Therefore, the physi-
cal properties of the adherend are maintained after the assembly has been created.

The use of mechanical fasteners in a joint can lead to several problems that are 
not present when adhesives are used. First, the overall strength of the joint can 
be reduced. Second, the joint can experience early fatigue failure. Third, if either 
of the adherends is sensitive to shock, the act of applying the mechanical fastener 
could cause the assembly to fail.

Adhesive bonds, when executed in a properly designed adhesive joint, do not 
exhibit high stress concentrations, so the properties of the adherends can be fully 
utilized. However, adhesive joints do require a much larger area of contact between 
the adherends and the adhesive in order to carry the same load as a mechanical 
fastener. Some of the criteria for the proper design of an adhesive joint are described 
in Chapters 3 and 13.

For the most part, adhesives are polymeric materials that exhibit viscoelastic 
properties. Materials that display viscoelasticity have both a viscous character as 
well as an elastic character. These terms are described in more detail in Chapters 
2 and 5. Polymer-based adhesives absorb mechanical energy applied to the joint 
and dissipate that energy as heat. Hence, fatigue failures are delayed in comparison 

(a) (b)

FIgure 1.1■Diagram showing lines of force through a monolithic body (a) and a body 
containing an elliptical hole (b). The lines of force pass continuously through (a) but are unable 
to do so in (b). This results in a stress concentration at the edges of the elliptical hole
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to mechanical fastening. For example, Schliekelmann [4] describes the increase of 
fatigue life for joints made by a combination of mechanical fastening and adhesive 
bonding. Table 1.1 shows this data. The increase in fatigue life of the combination 
joint is obvious. The viscoelastic properties of adhesives and the role they play in 
the adhesive bonding and debonding process are discussed in Chapters 2, 5, 6 and 9.

Finally, many adhesives do not require input of mechanical energy to effect an 
assembly. Hence, shock-sensitive materials can be easily made into an assembly. 
For example, one would not consider joining of dynamite sticks with nails. However, 
dynamite sticks can be easily joined by pressure-sensitive adhesive-backed tape.

The primary disadvantage of adhesive bonding is that it relies on adhesion for 
the transfer of load through the assembly. Adhesion is a surface physico-chemical 
phenomenon that is discussed in Chapters 4 and 6. Since adhesion is a surface phe-
nomenon, it follows that the physical properties of the adhesive joint depend strongly 
on the character of the surface of the adherend and how the adhesive interacts with 
that surface. Thus, an adherend with an improper surface could lead to lower joint 
strengths than might be predicted from the mechanical properties of the adhesive 
and the adherend. Surface problems are even more important when one tries to 
generate adhesive bonds that are durable in adverse environments. The need for 
a proper surface, and the fact that it is not always available, are disadvantages of 
adhesive bonding in comparison to mechanical fasteners which are not affected by 
the state of the surface of the members of a joint. Practical methods by which one can 
generate surfaces that are amenable to adhesive bonding are discussed in Chapter 7.

Adhesives display several other advantages over mechanical fastening. One of these 
advantages is the reason for the widespread use of adhesives in the aerospace indus-
try, specifically the ability of adhesives to not only form a joint but also to seal the 
assembly in one step. Mechanical fastening often requires separate sealing steps 
to create a pressurizable assembly. Adhesives also allow galvanically dissimilar 
materials to adhere to one another without accelerating corrosion. For example, 
the mechanical joining of steel and aluminum would be a disaster in the making. 
Aluminum would act as an anode to steel and corrode rapidly in corrosive environ-
ments. Since most polymeric adhesives are non-ionic and electrical insulators, 
a properly effected adhesive bond would electrically separate the members of the 
galvanic couple while still joining them structurally.

TABle 1.1■ Comparison of Fatigue Life of Joints  
(Aluminum Adherends, 4 cm lap and 1 mm Adherend Thickness)

Sample Fatigue life (cycles)
Riveted 211,000

Riveted and sealed (using an elastomeric sealant) 42,000

Riveted and adhesively bonded using a 2-part epoxy > 1,500,000
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However, mechanical fastening does have a number of advantages over adhesive 
bonding. Once a mechanical fastener is applied, one certainly knows that it is there. 
Adhesives, by their nature, are internal to the joint. In most cases, it is not easy to 
determine (without destructive testing) whether the adhesive was properly applied. 
This lack of non-destructive quality control has led to entire studies on methods 
by which adhesive bonds can be inspected in a non-destructive fashion. One other 
advantage of mechanical fasteners over adhesive bonding is that the engineering of 
mechanically fastened assemblies is part of many schools’ curricula. However, there 
is a paucity of courses on the engineering of adhesively bonded structures. Thus, 
there may be a certain lack of confidence in the use of adhesives among engineers 
and designers. It is hoped that this book will increase confidence in the use of adhe-
sives and potentially lay the groundwork for an engineering curriculum in this area.

Tables 1.2 and 1.3 show a compilation of comparisons of a well-known joining 
method, welding, to adhesive bonding as compiled by Lees [5]. The features of adhe-
sive bonding versus welding further highlight the advantages and disadvantages 
of the former versus the latter.

TABle 1.2■ Comparison of Welding versus Adhesive Bonding in Terms of Their Production 
Characteristics

Welding Adhesive Bonding
Little or no substrate preparation is necessary Adherend surface preparation is often necessary
Post-heat treatment is sometimes necessary Post-cure is often advantageous
Welding equipment is expensive, heavy and 
power intensive

Equipment is only sometimes necessary and 
may be as simple as an oven

Wires, rods and welding tips are inexpensive 
(except for aluminum)

Adhesives are moderately expensive, depending 
upon type

Production rate can be rapid Production rate can be rapid but is heavily 
dependent upon the adhesive

Non-destructive tests are applicable but are 
expensive

Non-destructive tests are available but are not 
predictive of bond strength

Welder must remove heat sensitive and/or 
flammable materials away from the welding 
operation

No need to remove heat sensitive materials 
from the bonding area, dependent upon cure 
conditions

TABle 1.3■ Comparison of Welded Joints versus Adhesive Bonds

Welded Joint Adhesive Bond
Permanent Permanent (with proper surface preparation)
Local stress points Predominantly uniform stress distribution
Joints often have to be “dressed” for aesthetics No surface markings
Useful only for identical materials Dissimilar materials are easily joined
High temperature resistance Low to moderate temperature resistance
Poor fatigue resistance Excellent fatigue resistance
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■■ 1.4■ uses of Adhesive Bonding in Modern 
Industry

For thousands of years, adhesive bonding has been used in the production of 
veneered furniture. Many examples of veneered furniture from Egyptian and 
Roman times are found in museums. Adhesives were also used for the generation of 
wooden musical instruments. In more recent times, adhesives are still used in the 
generation of veneered wood. In addition, adhesives are used in a far wider array 
of applications than could have been imagined by our ancestors. The primary boost 
in the use of adhesives came with the advent of synthetic polymeric materials with 
improved mechanical properties.

There are many types of adhesives, both organic and inorganic. The inorganic adhe-
sives are familiar to most people and include materials such as Portland cement and 
solder. The chemistry and physical properties of these adhesives are not discussed 
in this book although the sections on mechanical properties and surfaces for organic 
materials apply just as well to these adhesives. Rather, the adhesives discussed in 
this book are those which are based entirely or primarily on organic materials. The 
chemistry and physical properties of these polymer-based adhesives are discussed 
in Chapters 8, 10, 11, and 13.

Since these adhesives are organic in nature, they normally have a lower specific 
gravity than either the inorganic adhesives mentioned above or most adherends. 
Thus, assemblies produced with polymer-based adhesives weigh less than those 
produced with inorganic adhesives or with metallic fasteners, a major advantage in 
the aerospace industry where lightweight structures are of paramount importance.

Despite the fact that the use of adhesives is not part of many engineering curricula, 
there are many examples of the use of adhesive bonding in industry. The aerospace 
industry uses adhesive bonding to great advantage in the construction of many 
components. Figure 1.2 is a diagram of a Fokker F-100 passenger aircraft, indicat-
ing the areas that are adhesively bonded. It is easy to see that much of the fuselage, 
the wing structure, and the engine housing are at least partially adhesively bonded. 
What is not apparent from the figure is that many of the internal components in the 
aircraft cabin are also adhesively bonded. For example, floor panels are a special 
construction of a material known as Nomex1 honeycomb core adhesively bonded 
to fiberglass panels. The overhead compartments are made in a similar way. These 
constructions are not only lightweight but they are also stiff. Many of the types 
of adhesives that are used in the aerospace industry are discussed in Chapter 8.

1 “Nomex” is a trademark of E. I. DuPont de Nemours Co.
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FIgure 1.2■Diagram of a Fokker F-100 aircraft showing the sections of the aircraft that 
are adhesively bonded. Note that a substantial amount of the fuselage is constructed using 
structural adhesives (diagram courtesy of the Fokker Aircraft Company, The Netherlands, 
reprinted with permission)

The automobile industry also uses adhesives extensively. Figure 1.3 shows loca-
tions of an automobile where adhesives are used. For example, automobile hoods 
are typically constructed of a top panel and a stiffener. The stiffener is joined to 
the top panel by “anti-flutter” adhesives that allow the hood to maintain its shape 
even under high stresses and wind shear. In newer automobiles, the windshield is 
part of the overall structure of the roof and is fastened by adhesives to the frame. 
Automobile doors are often adhesively bonded in an assembly known as the 
“hem-flange” in which the outer door is bonded to an inner shell. The outer door is 
crimped around the inner shell and the two pieces are joined and sealed by adhesive 
bonding. Figure 1.4 shows the use of adhesives in the manufacture of a frame for 
an autobus. The potential weight savings inherent in adhesive bonding are a major 
reason for their increased use as automotive technology advances. In addition, 
using a combination of adhesive bonding and spot-welding (sometimes known as 
“weld-bonding”), provides improvements in the noise and vibration characteristics 
of the automobile chassis.

Great use of adhesives is found in the wood products industry. Plywood manufactur-
ers use tank car quantities of various types of adhesives, ranging from those made 
with natural products to those made from synthetic materials, such as phenol-form-
aldehyde polymers. Similar materials are used to make pressboard and chipboard, 



8 1 Introduction

FIgure 1.3■Diagram of an automobile body showing at least 15 locations in which adhesives 
and sealants could be used or are being used. Particular note should be made of the 
windshield (8), which is considered a load bearing structure in modern automobiles and is 
adhesively bonded. Attention should also be paid to hem-flange bonding (1) in which adhesives 
are used to bond and seal. Adhesives are used to bond friction surfaces in brakes and 
clutches (10). Anti-flutter adhesive bonding (2) helps control deformation of hood and trunk 
lids under wind shear. Thread-sealing adhesives are used in engine applications (12)

FIgure 1.4■ A production worker applies a paste adhesive to struts, which form the frame for 
an autobus
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both of which are used extensively in home construction. Figure 1.5 shows a con-
struction worker applying adhesives to joists in a home construction project. When 
floorboards are adhesively bonded to joists, the floor tends to be stiffer but quieter 
than when nails are used exclusively in a similar construction.

Adhesives are also used in the manufacture of furniture and cabinets. In particular, 
adhesives are used to make laminates incorporating materials such as Formica2 
bonded to pressboard. Figure 1.6 shows how a rubber-based adhesive is spray-
applied to a veneer and a base wood. The two materials are later laminated to 
generate the furniture article. Adhesives are widely used in other aspects of home 
construction as well. Floor and wall tile is applied with rubber-based mastic cements. 
These materials are discussed in Chapter 10. Similar adhesives are used to apply 
paneling. Wall coverings are also attached by adhesive bonding. The paper industry, 
which might be considered a subset of the wood products industry, also uses large 
quantities of adhesives. Hot melt adhesives, which are discussed in Chapter 11, are 
used to seal cartons as well to bind paperback books. Moisture-activatable adhesives 
are applied to envelopes and postage stamps. A relatively new adhesive application 
is the Post-It3 re-positionable note.

One industry that is not widely recognized as a user of adhesives is the elec-
tronics industry. In particular, the microelectronics industry uses adhesives in 
the construction of integrated circuits and the generation of electronic devices. 

2 “Formica” is a trademark of The Formica Corp.
3 “Post-It” is a trademark of the 3M Company

FIgure 1.5■A construction worker applies a mastic adhesive to the joists in a home 
construction project. The use of a mastic adhesive in such an application provides for a 
quieter floor
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Figure 1.7 shows a diagram of a simple integrated circuit. The combination of 
materials used to generate this integrated circuit is known as the packaging. This 
term should be kept distinct from the term “packaging” that is used in the con-
sumer marketplace. One of the materials used in the microelectronics package is a 
die-attach adhesive. This adhesive may be conductive or insulative but it is used to 
attach the silicon chip or die to the leadframe. The entire assembly is covered with 
an encapsulant to protect the circuit from the environment. Another, thermally 
conductive, adhesive is used to attach a heat spreader to the top of the encapsulant 
to help keep the integrated circuit cool. This industry has very strict requirements 
for these adhesives in terms of their ionic cleanliness and their resistance to pro-
cessing steps and environmental exposure.

FIgure 1.6■Photographs of a spray adhesive used in a lamination line. The top photograph 
shows a spray head applying rubber-based adhesive to an adherend. The lower photograph 
shows a factory worker placing adherends to be sprayed onto a conveyor belt for passage 
under the spray head
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FIgure 1.7■A cross section of an integrated circuit “package”. Attention should be paid 
to the use of adhesives in the “die-attach” application as well as the thermally conductive 
adhesive for attachment of the heat spreader. Adhesion plays a large role in the reliability of 
this package in terms of the retention of adhesion of the encapsulant to all of the components

Consumer usage of adhesives is a growing portion of the market for adhesive 
technology. In fact, in some cases, the consumer-oriented adhesive tradename has 
become synonymous with the adhesive technology. For example, cyanoacrylate 
adhesives (discussed in Chapter 8) are widely known as Super-Glue4. One type of 
pressure-sensitive adhesive-backed tape (discussed in Chapter 10) is recognized 
as Scotch5 tape. Poly(vinyl acetate) emulsions that are used as wood bonding and 
paper adhesives are often called Elmer’s Glue6. Other adhesive products are also well 
accepted in the consumer marketplace. Vinyl adhesives used to repair such items 
as vinyl inflatables are not only widely sold to consumers but are also a very good 
example of one of the primary theories of adhesion, the diffusion theory, which is 
discussed in Chapter 6. Epoxy adhesives, which are widely used in the aerospace 
industry, also are found in the consumer marketplace as two-part adhesives that 
come in tubes or applicator packages. We see adhesives used in the packaging of 
consumer goods from the sealing of blister packs to the closure of cereal boxes.

4 “Super-Glue” is a trademark of Chemence, Ltd
5 “Scotch” is a trademark of the 3M Company
6 “Elmer’s Glue” is a trademark of T. M. I. Assoc.
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■■ 1.5■ economics of Adhesive Technology

A measurable percentage of chemical production is associated with the generation 
of adhesives and related products. In the year 2010, the worldwide adhesive and 
sealant industry is estimated to reach a market total of $ 41 billion [6a]. The Global 
Recession lowered demand by 5% in 2009. The volume for formulated adhesive in 
2009 was $ 20.6 billion [6b]. The Asia-Pacific region was the largest consumer 
of formulated adhesives in 2009 with China being the largest consumer in that 
region. In 2009, North America took approximately 24% of the global adhesive 
volume, while Europe was the second largest consumer with about 30% of the 
global volume. Brazil and other South and Central American countries consumed 
about 5% of the global volume. The global growth rate for adhesives and sealants 
is expected to be about 4%.

The first major use of adhesives comes under the heading of “converting”, which 
includes the generation of various types of packaging and labeling. The second major 
use of adhesives is in the construction industry and includes many of the applica-
tions discussed earlier. The adhesive industry is considered a “fragmented” industry. 
There are a large number of adhesive companies with fewer than 50 employees. Only 
a few adhesive companies have more than 1000 employees. However, the industry 
saw a substantial consolidation through the 1980s and the 1990s with the emer-
gence of several large companies that grew through the acquisition of smaller ones.

■■ 1.6■ literature and Other Sources 
of Information

Literature regarding adhesives and adhesion technology can be found primarily in 
patents, which can be difficult to read. However, review of the patent literature is 
indispensable for anyone wishing to produce innovative adhesive products.

There are many journals devoted to polymeric materials that are the essential 
ingredients used in the adhesives discussed in this book. Journals such as Macro-
molecules, Journal of Applied Polymer Science, and Polymer Science and Engineering, 
etc., are indispensable for keeping up with progress in this field. Also important are 
the mechanical properties of materials. Thus, reading journals such as the Journal 
of Material Science and the Journal of Rheology is very important. Adhesion science 
also deals with surfaces, so journals such as Langmuir and the Journal of Colloid 
and Interface Science often have articles of importance to the adhesiologist.
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There are a number of journals strictly related to the science of adhesion and the 
understanding of adhesives. The oldest of these journals is the Journal of Adhesion, 
which has been published for more than 25 years. A newer journal is the Journal 
of Adhesion Science and Technology. Both of these journals include articles that 
cover all aspects of adhesion science and technology. The International Journal of 
Adhesion and Adhesives has articles primarily written by European authors. These 
three journals are published in English. Other journals important to adhesiologists 
are published in German (Adhäsion) and in Japanese (The Journal of the Japanese 
Adhesion Society). There are also trade journals that deal with adhesives. One of 
these is Adhesives and Sealants Industry. These journals provide some technical 
information but are primarily a source of information about the business of adhe-
sives and sealants.

There are a number of excellent texts in adhesion science. Notable is The Handbook 
of Adhesives [7] edited by Skeist. This volume, now in its third edition, is a compila-
tion of contributed articles describing almost every aspect of adhesive technology. 
Another important series of books is the Treatise on Adhesion and Adhesives [8], 
which has had several editors. This series of books is important because the articles, 
even though written by many authors, are written in greater depth than those 
in the Handbook. A useful series of books is entitled Adhesion [9] and Aspects of 
Adhesion [10]. These books are compilations of articles taken from the proceedings 
of an annual adhesives meeting in the United Kingdom. The Handbook of Pressure 
Sensitive Adhesive Technology [11] is similar to the Handbook of Adhesives, but is 
devoted solely to pressure-sensitive adhesives. A newer review of pressure sensitive 
adhesive technology has been published by Benedek [12]. A two volume compen-
dium of articles concerning adhesion, adhesives and their uses called Adhesion 
Science and Engineering [13] is also available. The U.S. Adhesion Society publishes 
a volume of long abstracts from their annual meeting [14]. There are a few books 
written by individual authors covering adhesion and adhesives technology, most 
notably Kinloch’s Adhesion and Adhesives: Science and Technology [15].

The advent of the Internet has lead to the formation of websites devoted to adhesives. 
These websites can be found by searching under the term “adhesives”. However, 
there are notable websites including “This to That” (thistothat.com) in which the 
web surfer can make a selection of adherends and the site provides a list of adhe-
sives that could work for the application. “Adhesives and Sealants.com” is a “full 
service” website in which the web surfer can find information about adhesive sup-
pliers, processing equipment, as well as new product information. There is even a 
website devoted to “Duck Tape7”. “Duck Tape” is a trademark applied to one type 
of cloth-backed pressure-sensitive adhesive tape, the name being derived from a 
mispronunciation of the actual name of the tape, which is “duct tape”.

7 “Duck Tape” is a trademark of Manco Tape, Inc.
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For the beginning practitioner of adhesive technology, an indispensable tool is the 
trade literature provided by adhesive and adhesive raw material manufacturers. 
In many cases, detailed descriptions are given of the materials offered as well as 
starting formulations for many types of adhesives. For the user of adhesives, trade 
literature can often provide useful methodology for the application of the adhesive 
as well as surface preparation methods. Trade literature also includes the proper-
ties of the adhesive. There is, however, a proviso. Trade literature often provides 
data derived from standard tests (many of which are described in Chapter 3). It is 
important to understand the details of the test procedures used to derive the data 
before the adhesive user makes decisions based upon trade literature data.

■■ 1.7■ Summary

This introductory chapter provides basic definitions used throughout this book, and 
outlines the impact of adhesives and adhesive technology on world industry and 
economy. The advantages and disadvantages of the use of adhesives to generate 
assemblies are discussed as well. A recounting is given in Table 1.4. The chapter 
ends with a discussion of useful literature references for the experienced and begin-
ning practitioner of adhesion science.

TABle 1.4■ Advantages and Disadvantages of Adhesive Bonding

Advantages Disadvantages
No stress concentrations due to piercing of the 
adherend

Strength is dependent upon the condition of the 
adherend surface

Improved fatigue resistance Durability in adverse environments affected by 
surface condition

Lighter weight structures Lack of non-destructive quality control methods

Ability to join and seal simultaneously Lack of engineering curricula describing 
adhesive bonding

Ability to join shock-sensitive substrates Can be more expensive than mechanical 
fastening

Ability to join galvanically problematic metals Adhesives are difficult to rework

Can be less expensive than mechanical 
fasteners

Possibility of slower processing

Ability to join complex shapes Some adhesives have toxic components

Improved stiffness and improved sound 
absorption

Some adhesives have a limited shelf-life

Adhesive can add another function Some adhesives have poor resistance to crack 
propagation



15References   

■■ references 

[1] Inscription in an ancient Egyptian tomb in Thebes, circa 1500 BC
[2] Quote from the Apocrypha, Jesus ben Sirach (Ecclesiasticus, C22)
[3] Bommarito, D., “La tradizione dei ricettari e trattati sui colori nel Mediovo e 

Rinascimento veneto e toscano”. Olschki, L. S. (Ed.), Newberry Library, Firenze
[4] Schliekelmann, R. J., Trans. JSCM (1979) 5 (1/2), 1
[5] Lees, W. A., Adhesives Age (1981) 24 (2), 23
[6a] “Global Adhesives and Sealants Market to Reach $ 52 Billion in 2015”, Adhesives 

and Sealants Industry, www.adhesivesmag.com, October 14, 2010, accessed 5-10-11.
[6b] M. Kusumgar, Adhesives and Sealants Industry (2011) 18, 37
[7] Skeist, I. (Ed.), Handbook of Adhesives (1990) Van Nostrand Reinhold, New York
[8a] Patrick, R. L. (Ed.), Treatise on Adhesion and Adhesives, vols. 1–6 (1967–1990), 

Marcel Dekker, New York
[8b] Minford, J. D. (Ed.), Treatise on Adhesion and Adhesives, vol. 7 (1991) Marcel Dekker, 

New York
[9] Adhesion, vols. 1 ff. (1977–) Applied Science Publishers, London
[10] Aspects of Adhesion, vols. 1–8 (1963–1975) University of London Press, London
[11] Satas, D. (Ed.), Handbook of Pressure Sensitive Adhesive Technology, 2nd ed. (1989) 

Van Nostrand Reinhold, New York
[12a] Benedek, I., Pressure Sensitive Adhesives and Applications, 2nd ed. (2004) Marcel 

Dekker, New York
[12b] Pocius, A. V. (Ed.), Adhesion Science and Engineering, vols. 1 and 2 (2002) Elsevier 

Science, Amsterdam
[13] Proceedings of the Annual Meeting of the Adhesion Society, The Adhesion Society, 

Blacksburg, VA
[14] Kinloch, A. J., Adhesion and Adhesives: Science and Technology (1987) Chapman and 

Hall, New York

http://dx.doi.org/10.1007/978-1-4613-0671-9
http://dx.doi.org/10.1201/9780203021163
http://dx.doi.org/10.1007/978-94-015-7764-9


2 The Mechanical 
Properties of 
Materials as They 
relate to Adhesion

■■ 2.1■ Introduction

It has been emphasized that adhesives are engineering materials. To understand 
how adhesives work, it is necessary to understand their mechanical properties and 
the chemistry used to create those properties. In this chapter, the fundamental 
properties of materials are discussed. In later chapters, we see how these properties 
are used to analyze stresses in adhesive bonds and how certain adhesive bonds can 
be used to determine these properties.

Many of the topics in this chapter form the basis for rheology, the study of the defor-
mation and flow of materials. In its most detailed form, rheology is highly mathemati-
cal. In this book, rheological phenomena and measurements are described in terms 
of “what happens” and mathematical descriptions are used only when necessary.

It is the objective of this chapter to develop an understanding of the basic mechani-
cal properties of materials. In particular, it is important to become familiar with 
the concepts of modulus, elongation, fracture resistance and the ways stress can be 
applied to an adhesive bond. The response of a polymeric material to a sinusoidal 
stress is also analyzed. Finally, materials parameters are used in an analysis of the 
bending of beams.

■■ 2.2■ Definition of Mechanical Stresses 
for Materials Testing

There are three types of forces that can be applied to an adhesive (or to any mate-
rial, for that matter). These forces are shown schematically in Figs. 2.1, 2.2 and 
2.3. The first fundamental measurement is the tensile measurement (Fig. 2.1). In 
this test, an isotropic bar of material of known dimension is firmly clamped into a 
tensile testing machine and a force is applied to the axial dimension of the sample.
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FIgure 2.1■A bar of material to which a tensile force, F, is being applied. Note that for proper 
characterization of the physical properties of the material from which the bar is made, the 
dimensions of the bar must be known well
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FIgure 2.2■Application of a tangential force to a rectangularly shaped material: (a) shows the 
undeformed body with tangential forces applied to two surfaces of the material. Even though 
the force is shown as being applied at a point on those surfaces, the force is actually applied 
over the entire surface, b) shows the bar after deformation by the tangential forces. The sides 
of the body assume a trapezoidal shape. The degree of deformation is described by the angle 
Ψ shown in the figure. The dashed lines show the original shape of the bar. The figure portrays 
a “shearing” force

In a second measurement shown in Fig. 2.2, a sample of known dimension is sub-
jected to a force, F, on its faces in such a way that the forces oppose one another. 
This force is known as a shearing force and is of great importance in the testing 
and performance of adhesive bonds. Most adhesive bonds are designed to subject 
the adhesive to shear, rather than tension or cleavage forces.

The final measurement used to characterize an adhesive is shown in Fig. 2.3. Here, 
we see that the force is applied in a tensile fashion but the material has a pre-existing 
crack in one of its faces. The force to which the sample is subjected is known as a 
cleavage force. This test is also very important for many adhesive materials because 
it measures the property that is weakest in most materials. Much of this chapter 
and the next deals with test methods that use these basic measurements to further 
characterize the properties of adhesive materials.
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F
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FIgure 2.3■A material having a pre-existing crack along one 
of its edges is shown. A force is applied in a tensile fashion 
perpendicular to the crack. The material is said to be placed in 
“cleavage”. Later in this book, we call this method of applying 
a load “Mode I Cleavage”

■■ 2.3■ Stress-Strain Plots and the Definition 
of Materials Property Parameters

2.3.1■ Tensile Forces

In the tensile test described in the previous section, if the sample has a known cross 
sectional area, A, and F is the force applied by the tensile testing machine, then we 
define the tensile stress, , as

F
A

 =  (2.1)

The tensile stress is an important engineering concept in that the force F is applied 
across a specific cross sectional area of sample. Many different materials can have 
the same resistance to an applied force if the cross sectional area of the sample is the 
appropriate size. Elongation is the change in the length of the sample as the result 
of tensile forces. The elongation of the sample is defined in terms of the original 
dimensions of the specimen. Thus, if the original length of the sample is l0 and the 
length (displacement) of the sample after a certain amount of tensile stress was 
applied is l, then we can define the term  as follows

0 0( ) /l l l = −  (2.2)

where  is known as the engineering tensile strain. It is important to note that the 
engineering tensile strain is a dimensionless number and is usually reported as a 
fraction or multiplied by 100 to obtain a percentage. This number is also sometimes 
reported as elongation in industry.
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FIgure 2.4■Schematic stress-strain curve. The engineering strain is plotted on the x axis 
while the stress is plotted on the y axis. The axes are labeled for either tensile or shear stress 
and strain. Similar curves, but with different actual values, will be measured under both types 
of application of force. The yield stress is shown as well as the failure at break (indicated by 
the “X”)

A stress-strain plot can be generated using a tensile testing machine. A specimen 
of known cross-sectional area is subjected to a tensile force and the elongation is 
measured, as shown in Fig. 2.4. The tensile stress is plotted on the y-axis and the 
engineering tensile strain is plotted on the x-axis. At some temperature of test, many 
materials have stress-strain plots similar to that shown in Fig. 2.4. Stress-strain 
plots for individual materials differ in the initial slope, in the position of the knee, 
in the length of the plateau portion of the curve, and in the elongation at break (also 
known as strain at break), which is indicated by the X in the plot. The slope of the 
initial part of the stress-strain plot is exceedingly important in both engineering 
and materials science. For most materials, the initial part of the stress-strain plot 
is linear, thus the relationship of stress and strain is as follows:

E =  (2.3)

where  is the tensile stress,  is the engineering tensile strain and E is a constant.

This relationship should be familiar. It is simply a restatement of Hooke’s Law for 
Springs, that the stress and the strain are proportional. The force applied to a spring 
and the resultant elongation are directly proportional. The proportionality constant 
is called the spring constant.
A spring is usually used as a model for materials that behave according to this 
equation. Materials that obey Hooke’s law are known as linear elastic materials. The 
response is linear with increasing force. If the force is removed, the material returns 
elastically to its original state. Elasticity means that when load is removed from the 
material, it returns to its original shape and size without the loss of mechanical 
energy as heat. The factor E is known as the tensile modulus or Young’s modulus 
of the material in test. Since the engineering tensile strain is dimensionless, the 
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Young’s modulus has the units of stress, Pascal (Pa) in SI units and pounds per 
square inch (psi) in English units. Since the above equation, σ = E  expresses the 
relation between the stress and strain rather than force and displacement, Young’s 
modulus is a materials parameter describing how a material reacts to a given tensile 
force. If the slope of the stress-strain plot is steep, then Young’s modulus is high 
and a large tensile load must be applied to the sample to get a small elongation of 
the material. Materials that have a high Young’s modulus are described as “stiff”. 
Materials that have a low Young’s modulus are described as “flexible”. Table 2.1 pro-
vides a short list of well-known materials and a comparison of their Young’s moduli.

As shown in Fig. 2.4, for most materials there is a stress at which the stress-strain 
curve exhibits a “knee”, known as the yield stress of the material. This parameter 
plays an important role in our understanding of resistance to crack propagation as 
well as one of the parameters necessary for the proper design of adhesive bonds. 
The tensile yield stress is given the symbol y and it marks the stress or strain at 
which the material no longer follows Hooke’s Law. After the yield stress is reached, 
the material is non-elastic and is said to have been plastically deformed. Plastic 
deformation is a sign that the material is absorbing energy. In some adhesive bond 
designs, the yield stress is used as the strength of the adhesive or the adherend. 
This criterion for bond design is often used since the designer wishes the adhesive 
bond to remain elastic under the design loads.

Not all materials display the plateau region shown in Fig. 2.4. The plateau is seen 
in materials that “neck-in” or “draw down” as the sample elongates. Note that in 
the plateau region, the stress on the sample can actually decrease. Eventually, the 
material can no longer sustain the stress and it breaks. The stress at this point is 
known as the stress at break while the strain at this point is known as the strain at 
break or the elongation at break of the material. The ultimate tensile strength of the 
material could be the stress at break. However, the ultimate tensile strength of the 

TABle 2.1■ Young’s Moduli and Poisson’s Ratio of Some Well-Known Materials

Material Young’s modulus
(Pascal = N/m2)

Poisson’s ratio

Aluminum 7 × 1010 0.33

Mild steel 2.2 × 1011 0.28

Silicon 6.9 × 1010

Glass 6 × 1010 0.23

Poly(methyl methacrylate) 2.4 × 109 0.33

Polycarbonate 1.4 × 109

Low density polyethylene 2.4 × 108 0.38

Natural rubber 2 × 106 0.49
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material could occur when the material begins to neck-in. All of these properties 
govern the potential uses for a material and also guide the adhesiologist in deter-
mining what type of adhesive could be made from a material.

When subjected to a tensile stress, most materials not only stretch but also become 
thinner in cross section in order to conserve volume. We define a parameter that 
describes how much the material thins in response to a tensile stress in the fol-
lowing manner:

( )




−

=

0

0

r r
r

 (2.4)

where r is the radius of a cylindrically shaped tensile specimen at a certain stress, 
r0 is the original radius and  is the tensile strain. The quantity  is the ratio of 
the lateral strain to the tensile strain and is known as Poisson’s ratio. This quantity 
is measured while the material is within its elastic region. For isotropic materials, 
i.e., materials that have the same properties in every direction, Poisson predicted 
that this ratio should be 0.25. In fact, many materials have a Poisson’s ratio close 
to 0.25, as shown in Table 2.1.

The unit volume change, DV, of a material in tension can be calculated from the 
expression,

( )1 2V  D = −  (2.5)

Most materials do not exhibit a decrease in volume when put into tensile stress. 
Therefore,  has an upper value of 0.5. Materials such as rubber have Poisson’s 
ratio approaching 0.5. Steel has a Poisson’s ratio of 0.26.

2.3.2■ Shear Forces

Figure 2.2 shows the application of stress to the surfaces rather than the ends of a 
bar. We need to analyze this situation differently from tensile stress. Assume that 
we know the area over which the force is applied. The name shear stress is given 
to the force per unit area applied tangentially as shown in Fig. 2.2. The symbol  
denotes the shear stress and has the same units as the tensile stress.

The response of the material to such a force is a deformation as shown in Fig. 2.2. 
The material deforms to form a parallelepiped where the angle between the original 
shape and the new shape is given by Ψ. The shear strain is defined as the tangent 
of the angle Ψ and is given the symbol . Similar to the tensile test situation, 
tan Ψ is dimensionless. A shear stress-strain experiment yields results similar to 
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a tensile stress-strain experiment. There usually is a region in which the shear 
stress responds linearly to a shear strain, thus obeying Hooke’s law. The following 
equation can be written:

G =  (2.6)

where G is known as the shear modulus of the material. G also has units of Pascal 
(Pa) or pounds per square inch (psi). Materials may also display a yield stress in 
shear and have many of the same features as those in the tensile stress-strain 
curve, as was shown in Fig. 2.4. It can also be shown that the shear modulus and 
the Young’s modulus are related by the following formula:

( )2 1
EG


=
+

 (2.7)

where G is the shear modulus, E is the Young’s modulus and  is the Poisson’s ratio.

2.3.3■ Strain energy Density

If we examine the stress-strain curve shown in Fig. 2.4, we can calculate the energy 
absorbed by the sample as a result of the deformation by finding the area under 
the curve. We define U, the strain energy density, as

dU  = ∫  (2.8)

If a material is completely linear and elastic, the stress-strain curve is a straight line. 
Therefore, the area under the curve is just the area of a triangle. The ultimate strain 
energy density is exceedingly important in judging the usefulness of a material as 
an adhesive. For an adhesive to work, it must be able to absorb as much mechanical 
energy as possible. The ultimate strain energy density is the parameter describing 
how much mechanical energy a material can absorb. For most adhesive applica-
tions, we seek a material that is stiff enough to support the design load with as high 
an ultimate strain energy density as possible. Thus, when loads are applied, the 
mechanical energy can be dissipated in the adhesive without breaking the bond.
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■■ 2.4■ Introduction to linear elastic Fracture 
Mechanics

The deformation of a material also can be described in terms of a force and a displace-
ment rather than a stress and strain. Needless to say, the resultant measurement 
is equally dependent upon the type of sample as well as its mechanical properties. 
That type of thinking is used for the analysis of the cleavage experiment shown in 
Fig. 2.3. In Chapter 1, we discussed a body with and without a hole and the resul-
tant differences in stress concentration. Fracture mechanics describes the ability 
of a material to resist the effect of having a stress concentration (flaw) internal to a 
body. The situation is generalized by utilizing a body of nondescript size and shape, 
but with known width as shown in Fig. 2.5.

F

a

D

W

F

FIgure 2.5■Diagram of a nondescript body used in 
the description of elementary linear-elastic fracture 
mechanics. The body has a non-specified shape but has 
a known width. Somewhere in the body, there exists a 
crack of length a. A force F can be applied to the body 
resulting in a displacement, D

Somewhere in this body there is a sharp crack (analogous to the sharp edge crack 
shown in Fig. 2.3 and the hole in Fig. 1.1). The crack has a length, a. A force is 
applied to the body and displacement results. If we assume that the body is linear 
and elastic, then the stress-strain curve is like the first portion of Fig. 2.6 (the 
thin solid line). A strain energy density is calculated for this situation. Using the 
symbols in Fig. 2.6:

1 1 1
1
2

U F D=  (2.9)

This equation simply describes the area under the thin solid line in Fig. 2.6. At 
some point during the deformation of the body, the crack in the body grows. As this 
happens, the stiffness of the body changes and a new stress-strain curve results. The 
slope of the stress-strain curve changes because the stiffness of the body is different 
because it contains a larger crack. The strain energy density, U2, in the body after 
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the crack propagates is also calculated. This is the area under the thicker solid line. 
Since the material is linear and elastic, we calculate the strain energy density to be

2 1
1
2

U F D F Dδ δ δ= +  (2.10)

The basis for this calculation is also simple. The area under the thicker solid line 
is divided into a small triangle whose area is 1/2 δF δD and a parallelogram whose 
area is F1 δD. The curve for unloading the sample would follow the dashed line 
portion of the curve. The strain energy density, U3, for this portion of the curve is

( ) ( )3 1 1
1
2

U F F D Dδ δ= + +  (2.11)

This is just the area of the triangle under the dashed portion of the curve. U1 and 
U2 describe the energy put into the sample in order to bring it to its final state. 
That state, however, is not the same as the initial state because the material has 
cracked. We take the difference between the energy put into the sample and the 
energy we could get out of the sample if we unloaded it. This is the energy used to 
propagate the crack, UC.

C 1 2 3U U U U= + −  (2.12)

This analysis describes the energetics of crack propagation but it does not give us 
a criterion for the energy necessary to extend a crack. If a certain stress is applied 
to a linear elastic material, we know the strain. A materials parameter for crack 
propagation analogous to the Young’s modulus for the tensile test is needed. Let us 
say that a crack propagates only if UC > UC,min. UC and UC,min have units of energy 

δD

F

D

F1

D1

δF

FIgure 2.6■Stress-strain curve for the linear elastic body shown in Fig 2.5. Note that the 
loading curve (thin solid line) and the unloading curve (dashed line) are both linear. The slopes 
differ because the stiffness of the body changes when the crack propagates. The thick section 
of line shows the change in slope of the loading curve after the crack propagates. The symbols 
are discussed in the text
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and are not dependent on the size of the sample and the amount of crack growth that 
has taken place. The width of the sample, as shown in Fig. 2.5, is w. At the instant 
of crack growth, the infinitesimal change in the available energy with the change 
in the crack’s length must exceed the minimum energy necessary for crack growth. 
If we divide by the width of the specimen, we describe the situation as follows:

C C,min
1 1U U
w a w a
 
 

≥  (2.13)

Define a materials parameter, C, as being the minimum change in the strain energy 
density with crack length necessary to cause the propagation of a crack. A criterion 
for crack propagation is as follows:

C CU ≥   (2.14)

This expression says that for a body of width w, the change in energy with a change 
in crack length has to be greater than or equal to the quantity C, called the critical 
strain energy release rate. Note that the critical strain energy release rate has units 
of energy per unit area and is the rate of release of strain energy per unit area of 
crack growth. This equation forms the basis for linear elastic fracture mechanics 
and is used to describe the experimental results for samples of the form shown in 
Fig. 2.3. It is important to appreciate the elegance of this analysis. Using arguments 
based upon energetics, rather than stresses and strains, we are able to describe the 
propagation of a crack in a material of nondescript form and composition. Methods 
for determination of the critical strain energy release rate of adhesives are discussed 
in the next chapter.

The Young’s modulus and the shear modulus are used to design structures to be 
loaded below the yield stress. The strain energy release rate allows us to decide which 
material should be used to generate a crack-resistant structure. All real materials 
contain flaws. If a material does not have resistance to the propagation of a flaw, the 
structure fails at loads smaller than a flaw-free structure would. Table 2.2 provides 
a list of strain energy release rates for a number of easily recognizable materials. 

TABle 2.2■ Critical Strain Energy Release Rates for Some Recognizable Materials

Material IC (J/m2)
Silicon       3

Steel 2000

Cured epoxy resin   700

Silica     20

Poly(methylmethacrylate)   400

Polycarbonate 2000
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This data provides insight as to why steel is used in construction of buildings and 
silicon is not. Silicon, even though it has a Young’s modulus not substantially less 
than steel, propagates cracks when the strain energy release rate exceeds 3 J/m2. 
Steel requires almost 1,000 times more energy to propagate a crack than does silicon.

■■ 2.5■ Introduction to rheology of liquids

The materials properties described above are for solids. Adhesives, however, often 
begin as liquids. A significant portion of a material’s ability to perform as an adhe-
sive depends upon its ability to “wet” a surface. Wetting of a surface does not just 
depend on interfacial characteristics (discussed in Chapter 4), but also depends 
on the ability of the material to flow on the surface with or without applied force. 
Thus, the characteristics of the adhesive as a liquid are important in the generation 
of adhesive bonds. Some adhesives are never fully solids but retain much of the 
character of liquids throughout their use. These materials are termed viscoelastic. 
Most polymeric materials have some degree of viscoelastic character. Certain adhe-
sives, known as pressure sensitive adhesives, make great use of this characteristic.

Earlier in this chapter, a spring was used as a mechanical analogy for an elastic 
material. For a viscous material, we need a somewhat more complicated model, 
the dashpot. Figure 2.7 shows a dashpot that is a piston inside a liquid-containing 
cylinder. If we pull on the piston shaft slowly and steadily, the piston moves with 
little applied force because liquids are infinitely deformable. If we pull rapidly on 
the piston shaft, however, the liquid cannot move fast enough past the edges of 
the piston and thus resists the motion of the piston. We have all seen dashpots in 
action. Part of the shock absorber in an automobile is a dashpot, as is part of the 
mechanism used to close doors automatically in buildings. If the material in Fig. 2.2 

Igure 2.7■Drawing of a “dashpot”. The dotted area is 
to indicate a liquid. The gray surface is meant to indicate 
a piston. Application of a force causes the liquid to move 
past the piston
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is a liquid and a shear stress is applied, we find that the liquid does not resist defor-
mation when the shear stress is constant. Rather, the liquid shows a resistance to 
deformation when the shear strain rate is varied. Thus, if  is the shear stress and 
δ/δt is the shear strain rate, the following relationship is found for many fluids:

t




δ
δ

=  (2.15)

where  is defined as the viscosity of the fluid material. Rearranging this equation, 
we find:

  =   (2.16)

where  δ / δ= t . Eq. (2.16) is analogous to Eq. (2.2) with viscosity replacing the 
shear modulus and the shear strain rate replacing the shear strain. Viscosity has 
units of poise or Stokes. Water has a viscosity of one centistoke at room temperature. 
All liquids have a viscosity often described as their “thickness”. If the above equa-
tion describes the viscosity of the liquid for all shear rates, then the liquid is said 
to behave in a Newtonian fashion. A curve in Fig. 2.8 shows the shear stress-shear 
strain rate curve for a Newtonian fluid. Most liquids with low molecular weights 
behave in a Newtonian fashion at low to moderately high shear rates. Polymeric 
materials, which form the basis for many adhesives, have high molecular weights 
and their response to shear rate can be non-Newtonian.

Fig. 2.8 also shows flow phenomena observable for higher molecular weight liquids, 
colloids and suspensions. The dilatant liquid shows a nonlinear response of shear 
stress to shear strain rate in that the curve bends towards the ordinate (y-axis). 

Thixotropic fluid

Dilitant fluid
(Shear-thickening)

Newtonian fluid

Pseudoplastic fluid
(Shear-thinning)

Shear strain rate
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FIgure 2.8■Plot of shear stress-shear strain rates for a number of different types of liquids
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A dilatant liquid is also known as a “shear thickening” liquid. The pseudoplastic 
liquid shows a curve that bends towards the abscissa (x-axis). A pseudoplastic liquid 
is also known as a “shear thinning” liquid. A primary example of a shear thinning 
material is a polymer melt. Polymers are high molecular weight molecules and their 
pseudoplasticity is caused by alignment of their long chains in the stress field. Other 
examples of pseudoplastic liquids are emulsions and suspensions.

Both dilatant and pseudoplastic liquids have a zero intercept on the shear stress 
axis at zero shear rate. Other liquids exhibit a non-zero intercept with the ordinate 
or at least what appears to be a non-zero intercept. A curve representing the behav-
ior of such a liquid is also shown in Fig. 2.8. This liquid is said to display a “yield 
stress” analogous to the yield stress for solids. In other words, the material appears 
to act as a solid until the yield stress is reached, after which point it behaves as 
if it were a liquid. A Bingham plastic has a yield stress. After the yield stress has 
been applied, it displays Newtonian character. Liquid-like materials that display a 
yield stress are often called thixotropic materials. Ketchup, bearing grease, and cold 
cream are all examples of thixotropic liquids. The behavior of thixotropic liquids is 
very important for adhesive development. It is often necessary to have an adhesive 
that stays in place on a vertical surface, but must flow when adherends are mated.

■■ 2.6■ Introduction to linear Viscoelasticity

Many of the materials used as adhesives are polymers or they are monomers that 
become polymers during the cure or “setting” of the adhesive. Polymers belong to 
a class of materials that can be described as viscoelastic, i.e., they behave both as a 
viscous liquid as well as an elastic solid. The strength and performance of adhesives 
is heavily dependent upon the viscoelastic response of such polymers.

Consider the effect of a sinusoidal stress applied to a Hookean or elastic solid. The 
sinusoidal stress is described as:

( ) ( )0 sint t  =  (2.17)

where (t) is the time-dependent stress, t is the time and  the angular frequency in 
radians per second of the applied stress. A graph of the sinusoidally applied stress 
is shown in Fig. 2.9. 0 is the amplitude of the stress. Equation (2.17) is placed into 
Eq. (2.3) to discover the time dependent strain:

( ) ( )0 sin t t
E


 =  (2.18)
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FIgure 2.9■Sinusoidal shear stress; the period is T (in time) and the amplitude given as 0

But

0
0 E


 =  (2.19)

So

( ) ( )0 sin t t  =  (2.20)

The amount of energy that is absorbed per cycle of the sinusoidal stress can be 
calculated by integrating the instantaneous rate of energy absorption over the 
entire cycle. The instantaneous rate of energy absorption, , is given by the follow-
ing expression:

t


 
δ
δ

=  (2.21)

The calculation is done in a step-wise fashion to determine the energy absorbed in 
each portion of the cycle. The initial portion of the curve in Fig. 2.9 is divided into 
four time periods, T/4, where T is the period of the cycle. In angular frequency, a 
full period is 2 π radians. The integrations are carried out as follows:

( ) ( )

π

D
24

0 0d cos d

T

t t t t


     = =∫ ∫Ξ  (2.22)

The maximum stored elastic energy in a material subjected to a sinusoidal stress 
is:

D
2
0

2
E 

=Ξ  (2.23)
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Integration is carried out over all four parts of the cycle. Portions of the cycle that 
have an upward curvature provide a positive 2

0 / 2E  , while portions of the cycle 
with negative curvature provide 2

0 / 2E − . Over the entire cycle, the DΞtot is 0. For 
an elastic material, all of the energy put into the sample is returned upon unload-
ing of the sample.

Consider a Newtonian fluid that is modeled by the dashpot shown in Fig. 2.7. The 
situation changes substantially. The equation for the response of a Newtonian fluid 
to stress is shown in Eq. (2.16). If the strain is a sinusoidal function, then we write:

( ) ( )0 sint t  =  (2.24)

This relationship for the strain allows us to calculate a strain rate that we place 
into Eq. (2.16). Thus,

( )δ
δ 0 cos t
t

  =  (2.25)

And

( ) ( )0 cost t    =  (2.26)

Figure 2.10 shows a plot of the stress and strain functions for a Newtonian fluid 
undergoing sinusoidal strain.

Note that the response of the Newtonian fluid is 90° out of phase with the excitation 
as would be expected for the derivative of a sine function. The calculation for the 
energy dissipated by the Newtonian fluid over one cycle of the excitation is repeated. 
This is done in the same fashion as described above for the elastic solid by dividing 
the period into four parts and integrating  over each segment. 

Shear Stress
Shear Strain

time

σo
εo

FIgure 2.10■ Graph showing the difference between the shear stress and shear strain for a 
viscous liquid
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We find

( )

π

δ
D

δ

24
2 2 2

0
0 0

d cos d

T

t t t
t




    = =∫ ∫Ξ  (2.27)

Carrying out this integration we find that

π
D 2

04
  

 =   
Ξ  (2.28)

for 1/4 of the period and for the full period

D π 2
tot 0  =Ξ  (2.29)

That is, a Newtonian fluid dissipates energy for each cycle, in contrast to a Hookean 
material (a spring) which stores energy and returns it during each cycle. The strain 
in an elastic solid is in phase with the stress while the strain and the stress are 90° 
out of phase for a viscous liquid. From the above analysis, it might be surmised 
that a viscoelastic material has a response in which the stress and the strain are 
out of phase but that the difference is less than 90°. Such a situation is depicted in 
Fig. 2.11. The following is the function for the strain:

( )0 sin t  =  (2.30)

The corresponding stress is out of phase with the strain by the phase angle , thus:

( )0 sin t   = +  (2.31)

Shear Stress
Shear Strain

time

σo
εo

FIgure 2.11■ Stress and strain response functions for a viscoelastic material.  
Note that the stress and the strain are out of phase by an angle less than 90°
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Using the trigonometric equality

( )sin sin cos cos sin     + = +  (2.32)

and multiplying through by the identity, 0 /0, we have the following relationship:

( ) ( ) ( ) ( )0 0
0 0

0 0
cos sin sin cost t

 
      

 
= +  (2.33)

The first term in the above equation contains a sine of the angular frequency. It 
describes the contribution that is in phase with the strain. The second term in the 
above equation contains a cosine of the angular frequency and it describes the con-
tribution that is 90° out of phase with the strain. Each term in the above equation 
also has the term (0 /0)cos . From Eq. (2.1), we know that this is just a modulus 
multiplied by a number. The following moduli:

0

0
cosE





=′  (2.34)

and

0

0
sinE





=′′  (2.35)

can be defined. The first of these might be termed the “in-phase” modulus while 
the other may be termed the “out-of-phase” modulus. Note that we have given 
these moduli the symbol “E” which indicates that the experiment has been done 
in tension. A similar set of moduli can be defined for an experiment carried out in 
shear. In that case, the moduli would be given the symbols G ′ and G″.
The energy stored or dissipated during a cycle for either an elastic solid or a New-
tonian fluid was derived above. We now do the same for a viscoelastic material:

( ) ( )
π

D
 

2

tot 0 0
0

d
d sin cos d

d
dt t t t

t


        = = = +∫ ∫ ∫Ξ  (2.36)

We use the trigonometric substitution shown as Eq. (2.32) and carry out the inte-
gration to find:

D πtot 0 0 sin  =Ξ  (2.37)
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Multiplying this relationship by the identity, 0 /0, and using the definition found 
in Eq. (2.35), we find that

D π2
tot 0 E= ′′Ξ  (2.38)

This is the total energy lost during a cycle of excitation. This relationship is the basis 
for why E″ is called the loss modulus of the material. E ′ is related to the in-phase 
(elastic) response in which energy is stored in one portion of the cycle and released 
in another. E ′ is the storage modulus of the viscoelastic material.

Another important quantity is the ratio of the storage and loss moduli. The tan  
is defined:

sin
tan

cos





=  (2.39)

Eqs. (2.34) and (2.35) state that sin  = 0 E″/0 and cos  = 0 E ′/0. Making these 
substitutions,

tan
E
E


′′=
′

 (2.40)

We can also show from the energetic basis for our derivation of E ′ and E″, that the 
following is true:


D

π D
=

Ξ

Ξ
tot

stored

1
tan

2
 (2.41)

Thus, tan  is the ratio of the total energy lost during a cycle (related to the loss 
modulus) to the energy stored during 1/4 of a cycle (related to the storage modulus). 
In future chapters it will be seen that all of these quantities have significant bearing 
on the use of polymers in adhesives.

The above description of the viscoelastic properties of materials as they are affected 
by a sinusoidal stress or strain should be very familiar to mechanical and electrical 
engineers. The description is entirely analogous to the damped oscillator problem 
in mechanics and the RC circuit in electronics. The phase angles have the same 
meaning and tan  has a meaning analogous to the “Q” of a circuit.
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■■ 2.7■ An Application of Materials Properties 
and Mechanics: The Bending of Beams

Adhesive bonds are made of one or more adherends and an adhesive. When an 
attempt is made to remove an adherend from an adhesive or an adhesive bond 
is subjected to a force, the adherend often acts as though it is a bending beam. 
A number of the adhesive test specimens discussed in the next chapter have been 
analyzed as though the adherends are bending beams or as if they are beams on 
an elastic foundation. It is therefore appropriate to discuss the basic theory of the 
bending of beams here. Much of the discussion in this section is taken from The 
Strength of Materials by Timoshenko.

The discussion of the bending of beams begins with Newton’s Laws of Motion 
as they are applied to objects in equilibrium. Simply stated, an object that is in 
equilibrium is static. The sum of the forces acting on that body must add to zero 
and the sum of the torques (or moments) acting on that body must sum to zero. 
Mathematically this is stated:

ext 0F =∑  (2.42)

And

ext 0M =∑  (2.43)

where Fext are the vector forces acting on the body externally and Mext are the 
torques or moments acting on the body externally. Each of these equations, since 
they are vectors, can be written as a series of equations for any coordinate system. 
For example, for the external forces we can write:

x y z 0F F F= = =∑ ∑ ∑  (2.44)

for a Cartesian coordinate system. A similar set of equations can be written for the 
moments.

To understand the application of these equations to the theory of the bending of 
beams, we examine the simply supported beam shown in Fig. 2.12. The Fi are acting 
in a plane and the FRi are the reaction forces. In the investigation of the statics of 
this beam, we divide the beam into two parts at the line a–b. Consider the action 
of the left side of the beam on the right side of the beam, divided at a–b. The study 
of statics has shown that a force and a torque can replace any system of parallel 
forces. So, we write for the right hand side of the beam that

1 1 2RV F F F= − −  (2.45)
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FIgure 2.12■ A simply supported beam acted upon by three forces.  
An imaginary plane is drawn through the beam at a–b

M M + dM

V

Vdx

Distributed Load, f

FIgure 2.13■The infinitesimal section of the beam dx in the region of the line a–b 
(see Fig. 2.12). The forces on one side of the beam must be counterbalanced by the forces on 
the other side of the beam. However, because of the distance dx, the moment changes by dM

And

( ) ( )
1 1 2RM F x F x p F x q= − − − −  (2.46)

The force V acts on the a–b line. For the beam to be stable, the forces in the right 
hand side of the beam must balance V and M. Imagine an infinitesimal element in 
the region of a–b. The forces and moments act in the manner shown in Fig. 2.13.

Figure 2.2 shows a situation in which the forces are very similar to those shown 
for the element in Fig. 2.13. That is, a shearing force is being exerted across the 
element. In the absence of any external forces on this element, the magnitude of 
the shearing force on the left hand side of the element must be counterbalanced by 
the shearing force on the right hand side of the element. However, the magnitude of 
the moment on both sides cannot be the same since the force is now being exerted 
over a distance that is longer by dx. The increase in the moment M must be equal 
to the force exerted on the element multiplied by the lever arm length,

d dM V x=  (2.47)

this can be rearranged to say
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d
d
M V
x
=  (2.48)

Simply stated, the rate of change of the moment along the beam is equal to the shear 
force. Suppose a distributed force is placed all along the beam such that the force 
f is applied uniformly per unit length dx. Figure 2.12 would have to be changed to 
show that force. The shearing force must increase from the left-hand side of the 
element to the right-hand side of the element by an amount f. Therefore, we write

d dV f x= −  (2.49)

that can be rearranged to give

d
d
V f
x
= −  (2.50)

This equation says that in the case of a force distributed uniformly along a beam, 
the rate of change of the shearing force with distance is equal to the magnitude of 
the force per unit length. Equations (2.48) and (2.50) form much of the basis for 
the theory of the bending of beams.

Two topics remain for our consideration in this chapter: the definition of the moment 
of inertia of a beam and the equations for the deflection of a beam. These equa-
tions play a central role in the discussions concerning the bending of adherends 
in adhesive bonds. Two examples are discussed in the next chapter.

To understand the discussion in the next several paragraphs, we need to remember 
some relationships from analytical geometry. In particular, we need to remember 
the relationships for curvature and the radius of curvature. Examine Fig. 2.14a. 
This general curve shows the definition of the angle, , and the arc length s.  is 
the angle formed between a tangent to the curve and the x-axis. The curvature is 
given by the following equation:

d
ds


 =  (2.51)

A formula for curvature can be derived as follows

2

2

3
2 2

d
d

d
1

d

x
y

x
y

 =
   +     

 (2.52)
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Examine Fig. 2.14b that shows these parameters for a circle. From the circle, we 
can write the following equation

d d 1
d ds a a
 




= = =  (2.53)

where a is the radius. The curvature of a circle is the reciprocal of its radius. For 
any curve, we can inscribe an osculating circle whose curvature matches that of the 
curve at any one point. We can then define the radius of curvature, r, of a general 
curve at that point to be the radius of this osculating circle. For the osculating circle 
we can write the following:

d ds a =  (2.54)

where these quantities are shown in Fig. 2.14b.

Examine Fig. 2.15. A beam that is not subjected to any forces is not deflected. Draw 
imaginary lines down the length of the beam. Draw lines perpendicular to the 
length of the beam. Apply forces to the beam, whether they are distributed forces 
or point forces. The beam assumes a shape where the imaginary lines described 
above change in shape or orientation. As shown in Fig. 2.15, the imaginary lines 
drawn perpendicular to the beam length turn in towards the side to which the 
force is applied. The imaginary lines drawn parallel to the length of the beam stay 
parallel to the sides of the beam for small increments down the length of the beam. 

(a)

s
φ

    (b)

a
s

θ φ

FIgure 2.14■(a) Shows a curve to which a tangent has been drawn. The figure shows line 
segment s and the angle ϕ. (b) Shows a circle and the variables describing the radius of 
curvature and the radius of the circle. The line segment s is shown in this figure also
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However, the lines assume the same radius of curvature that the beam assumes 
under the applied force. The length of the parallel lines changes. At the center of the 
beam is a line that does not change in length. This is called the neutral axis. Above 
the neutral axis, the lines shorten in length (they are in compression) while below 
the neutral axis, the lines are longer (they are in tension). Even though Fig. 2.15 is 
idealized, this same situation is found in any beam problem. We can now analyze 
the state of strain in the beam using the mechanical properties discussed earlier 
in this chapter.

Geometry is used to determine the state of strain of the imaginary lines below the 
neutral axis (those in tension). This will be hard to visualize because the origin 
is distant from the imaginary lines with which we are dealing. Draw a line n′–s, 
which is parallel to the line a–a. Taking the angle < n O n′, we find that the angle is 
similar to the angle < s″ n′ s′, therefore:

s s y
n n r


′ ′′= =
′

 (2.55)

where s′ s″ and n n′ denote the line segments shown in Fig. 2.15, y is the distance 
from the neutral axis of the imaginary line in question, and r is the radius of cur-
vature of the deflection of the beam.

O

r
dθ

dξ

dsn n’

s y

dx

s’’ s’

a b

a b

FIgure 2.15■Diagram of a uniform rectangular beam in a pure bending situation. The beam 
has been subjected to a force or a system of forces which gives rise to the moment, M. The 
lines a–a and b–b were, before the application of the force, both perpendicular to the axis 
of the beam as well as parallel to each other. After the force was applied, the lines remain 
perpendicular to the neutral axis of the beam but are no longer parallel to each other. On the 
upper side of the beam, the material is in compression while the lower side of the beam is in 
tension. The neutral axis n–n′ suffers no change in length. s–s′ denotes a line of material in 
the lower half of the beam which is in tension and has elongated. Remote from the beam is 
the origin, “O”, and the bent beam has a radius of curvature r (redrawn from Timoshenko with 
permission of Wadsworth Publishing Co.)
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Alternatively, we can use the equations for curvature to determine the elongation 
of the “fibers” away from the neutral axis. From Eq. (2.54), we write

d ds r =  (2.56)

where ds is the arc length along the neutral axis. Since the lines n s and n′ s′ are 
parallel, then the angle d similar to angle d. Then,

d dx y =  (2.57)

where y is the distance of the fiber in question from the neutral axis and dx is 
the increment of length increase of the fiber in question. From the definition of 
elongation,

d
d
x
s

 =  (2.58)

Combining equations, we have

dd
d d

yx y
s r r





= = =  (2.59)

From the definition of Hooke’s Law for elastic materials,

yE
r

 =  (2.60)

For any plane drawn through the beam, there will be a moment formed around 
the neutral axis. Figure 2.16 shows a diagram of the situation. With respect to 
the neutral axis, the value of that moment must be zero because the beam is in 

x

y

dA

FIgure 2.16■Diagram showing the stresses around neutral axis n n′. The infinitesimal area dA 
is a distance y from the neutral axis (redrawn from Timoshenko with permission of Wadsworth 
Publishing Co.)



412.7 An Application of Materials Properties and Mechanics: The Bending of Beams

equilibrium. Thus, the force on the infinitesimal area dA is  dA = (E y/r) dA and 
the total moment over that cross section of the beam in the x direction must be:

d d 0
E y EA y A
r r

= =∫ ∫  (2.61)

This equation defines the location of the neutral axis. The moment of the force acting 
on the area dA in the y direction, with respect to the neutral axis is (E y/r) y dA 
since the lever arm for the moment is the distance y from the neutral axis. The sum 
of these forces must be such to counterbalance the external moment. Therefore:

2 2 zd d
E IE Ey A y A M

r r r
= = =∫ ∫  (2.62)

where Iz is the integral of y2 over all of the infinitesimal areas and it is known as 
the moment of inertia of the beam. The product E Iz is known as the flexural rigidity 
of the beam.

The remaining task in this chapter is to describe the equations for the deflection of 
a beam under load. Some of that has been done in the paragraph above but now we 
analyze the beam more globally. Figure 2.17 provides a diagram of the situation.

In order to determine the deflection curve for this beam, we must first assume that 
the bending depends only upon the magnitude of the external bending moment M 
at the point of analysis. Use Eq. (2.62), i.e., 1/r = M/E Iz. The curvature is examined 
geometrically. A small segment of the beam, a–a′, is picked. A tangent is drawn from 
the segment a–a′ back to the x-axis. The tangent forms an angle  with the x-axis. 
Lines are drawn perpendicular to the points a and a′. At some point they intersect 
at O forming the angle d. This defines the length of the radius of curvature, r. 
The length of the line segment is given as ds and we have ds = r d or d/ds = 1/r. 

θ

O

A

a a’

A’

r

x dθ
ds

dx
y

FIgure 2.17■Diagram used in the derivation of the equations for the deflection of a beam. 
The beam A–A′ is in pure bending. We geometrically examine the small length along the line 
segment a–a′ with respect to the x and y axes, which are defined in the diagram (redrawn from 
Timoshenko with permission of Wadsworth Publishing Co.)
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If the deflection of the beam is small (as it is for many adherends in actual adhesive 
bonds), then ds is similar to dx.  is similar to tan  and tan  is similar to dy/dx, 
which is just the instantaneous slope of the deflection curve. These approximate 
values are placed into the above equations, thus

2

2
1 d 1 d d d d d

d d d d d d
y y y

r s r s x x x x
= − ⇒ ≈ − = − = −  (2.63)

The negative sign arises from the fact that the deflection is downward concave.

Alternatively, Eq. (2.63) can be determined from the definition of curvature given 
as Eq. (2.52), above and making the assumption that the deflection of the beam is 
very small. Thus,
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 = =
   +     

 (2.64)

If the deflection is small, then (dx/dy)2 is very small and we can say that

2

2
1 d

d
x

r y
≅ −  (2.65)

which is the same result obtained above. Substitute Eq. (2.62) into Eq. (2.65) and find:

2

z 2
d
d

yE I M
x

= −  (2.66)

This differential equation can be integrated to find the deflection curve of a beam 
that is acted upon by an external moment, M. This equation can be further modified 
if we remember Eq. (2.48). Taking the derivative with respect to x of each side of 
Eq. (2.66), and substituting Eq. (2.48), we find that

3

z 3
d
d

yE I V
x

= −  (2.67)

Finally, we can take another derivative of this Eq. (2.67) with respect to x and 
remembering Eq. (2.50), we find

4

z 4
d
d

yE I f
x

=  (2.68)
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where f is the force per unit area in a situation of a uniformly distributed load on 
the beam.

In the next chapter, we see how Goland and Reissner as well as Kaelble used these 
basic equations to analyze the mechanics of two types of adhesive bonds.

■■ 2.8■ Summary

In this chapter, we have defined and examined many of the materials properties 
that are used as a basis for discussion in future chapters. In particular, we defined 
important quantities such as the Young’s and shear moduli, the Poisson’s ratio, the 
strain energy and the critical strain energy release rate. The properties of liquids 
were also examined and the viscosity was defined. Descriptions were given of char-
acteristics of liquids under varying shear rates. Important viscoelastic parameters 
were defined such as the storage and loss moduli. Finally, the bending of beams 
was analyzed according to the description given by Timoshenko. Inherent in the 
beam analysis was the use of the elongation, tensile modulus and shear and tensile 
Hooke’s law properties that were described early in the chapter.
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■■ Problems and review Questions 

1. Explain the difference between load and stress. Why is the differentiation 
important when considering the properties of materials?

2. Examine the following stress-strain curves for three adhesives. The first figure 
gives the entire stress-strain curve while the second is a blow-up of the low 
strain region.
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a. Calculate the Young’s modulus in Megapascal (MPa) for each adhesive. 
(To convert psi to MPa, multiply by 0.006897).

b. What is the ultimate strain of each adhesive?
c. Which polymer is considered to be tough/leathery? Why?
d. Which adhesive is considered brittle? Why?
e. Which adhesive is considered elastomeric? Why?
f. If sample B is a cured epoxy resin, calculate the shear modulus assuming 

that the Poisson’s ratio is 0.32.

3. Show that a material that does not change volume under the application of a 
strain must have a Poisson’s ratio of 0.5.

4. You are developing an adhesive for attaching tiles to a vertical surface. 
What type of rheology should your adhesive display and why?

5. An elastic material and a viscoelastic material are subjected to a sinusoidal 
stress of frequency . The instantaneous rate of energy absorption is given as:


 

δ
δ

=
t

 Calculate the amount of energy dissipated by the material over a full period 
of oscillation.

6. A beam supports a uniform load of g kilograms per meter of length.  
What is the relationship between the moment and the load?  
(Does not have to be in integral form.)

7. For any statically determinate beam problem, one can generate a beam 
shear and moment diagram. One does this by using the equations of statics 
to determine the shear and moment at cross sections along the beam. 
For example, for the following three beams, the shear and moment diagrams 
are as follows and are indicated algebraically.

Shear
Diagrams

R1 F R2 R1 F1 F2 F3 R2

a b

c

Fb/c

Fa/c

Moment
Diagrams

Fab/c

R1 F2

F1

F3
R2

a
b

c
d

R1a R2c

R1b-F1(b-a)
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 How do these diagrams illustrate the equations we derived for the relation-
ship between shear, moments and forces?

Uniformly distributed load, f

f

fc/2

fc/2

c

fc2/2

8. An aluminum alloy rod is 0.5 in in diameter and 36 in long. The rod is sub-
jected to a tensile load of 3200 lb. The following materials data is provided: 
Poisson’s ratio = 0.36, Young’s modulus = 107 psi. What are the changes in 
the dimensions of the rod assuming that the rod does not neck.



3 Mechanical Tests 
of Adhesive Bond 
Performance

■■ 3.1■ Introduction

The previous chapter gave us the basis for developing and understanding methods 
for testing the physical properties of adhesives and adhesive bonds. The primary 
ways of testing a material are tension, shear and cleavage. In this chapter, we discuss 
various specimens described in the literature on adhesive bond testing. The chapter 
is divided into sections dealing with each type of mechanical test. In each section, 
a general description of the test type is given along with suggestions for proper 
methodology for the test. With two test methods, the analysis of the bending of 
beams is used to examine the stress state in the adhesive as well as the adherend. 
The analysis shows that certain types of loading of adhesive bonds are to be avoided, 
if at all possible. It should be cautioned that this book is not a designer’s guide. 
We hope to provide a useful discussion as to how adhesive bond specimens may be 
prepared and what fundamental information about the performance of adhesives 
can be gained. Considerable text is devoted to examination of adhesive bond tests 
described in the literature of the American Society for Testing and Materials (ASTM) 
[1]. The tests described in this chapter are used for structural adhesives, rubber-
based adhesives, wood construction adhesives, hot melt adhesives, and other types. 
There is, however, a series of tests particularly important for pressure sensitive 
adhesives (see Chapter 10).

There are several objectives for this chapter:

 � to develop an appreciation for the three main types of adhesive bond tests
 � to become familiar with what can and cannot be learned from each of the tests
 � to develop an appreciation for the use of beam theory in understanding the stress 
state in adhesive bonds

 � to gain practical knowledge about useful bond preparation procedures for a 
number of specimens.
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■■ 3.2■ Failure Modes and the Definition 
of Practical Adhesion

In this book, we use the term mode of failure. By this we mean the locus in the adhe-
sive bond through which the failure propagates. If we can visually see adhesive on 
both sides of the specimen, we use the term failure in cohesion in the adhesive. We 
can also have failure in cohesion in the adherend. This mode of failure is also known 
as adherend failure. If we visually inspect the adhesive bond and find what appears 
to be adhesive on one adherend and adherend surface on the other adherend, we 
describe the failure as apparent failure in adhesion. Note that the word “apparent” 
is used. Failures that are visual in adhesion may not necessarily be failures in adhe-
sion. A thin failure in cohesion in the adhesive or the adherend near the adherend 
surface could have occurred. Such a failure mode can be detected by modern surface 
analysis techniques or proper application of older techniques such as staining or 
contact angle measurements. Sophisticated users of adhesives not only specify the 
strength of an adhesive used in a certain bonding situation but also specify the 
mode of failure that is observed when that bond is tested. Failure in cohesion in 
either the adhesive or the adherend is the preferred mode of failure because this 
type of failure provides assurance to the adhesive user that the adhesive has indeed 
“stuck”. Therefore, the strength of the bond was limited by the physical properties of 
the adhesive and not adhesion. An adhesive bond that has been properly designed 
is often one that exhibits cohesion failure in the adherend. This design criterion 
will be discussed in Chapter 13.

“Mixed mode failure” is another term used to describe how an adhesive bond has 
failed. This term is applied to the situation when a combination of apparent failure 
in adhesion and failure is cohesion is observed. Sometimes this failure mode is 
due to contamination in the adhesive or on the adherend. It may also be due to 
the type of test being used to evaluate an adhesives performance. It may also be 
due to improper application of a test procedure. Several of these instances will be 
discussed in this chapter.

The actual measured strength of an adhesive bond is termed practical adhesion. This 
term was coined by Mittal [2] who rightly emphasized that practical adhesion must 
be differentiated from the term adhesion defined in Section 1.2. Practical adhesion 
must depend upon adhesion. If there was no adhesion between the adhesive and the 
adherend, stress could not be transmitted from the adherend into the adhesive and 
so on. Practical adhesion (stress necessary to break an adhesive bond) is primarily 
dependent upon the physical properties of the adhesive and the adherend. Practical 
adhesion depends upon adhesion in a complex way that is discussed in Chapter 6.
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■■ 3.3■ Tensile Testing of Adhesive Bonds

A tensile test of an adhesive bond puts the adhesive in a state of stress similar to 
Fig. 2.1. A listing of adhesive bond tensile test methods is given in Table 3.1. The 
table includes a number of “miscellaneous” test methods that are in some ways 
associated with tensile forces. For example, the “probe tack” test used for pressure-
sensitive adhesives is listed here.

A typical specimen for evaluating the tensile properties of an adhesive is shown in 
Fig. 3.1. This specimen is similar to that used in ASTM Test Method D2095. Metal 
rods are generated to exacting specifications (described in ASTM Standard Practice 
D2094) and they are cleaned according to one of the methods described in Chapter 7 
of this book. The metal rod ends must be polished so that the surfaces contain no 
burrs that could cross the adhesive gap, and must be machined so that the surfaces 
can be parallel during assembly. Any cocking of the surfaces with respect to one 
another could force the test to be one of cleavage rather than tension. The metal rods 
are “butted up” to an adhesive which joins them, hence the term “butt tensile” test. 

TABle 3.1■ A Selected Listing of ASTM Test Methods for Tensile and Miscellaneous Properties 
of Adhesive Bonds or Adhesives

Test 
number

Title of test Short description of test

D897 Test method for tensile properties of 
adhesive bonds

Tensile loading to ultimate strength of button-like 
specimens of wood or metal

D950 Test method for impact strength of 
adhesive bonds

Determination of the level of pendulum impact 
force necessary to break a shear specimen

D1184 Test method for flexural strength of 
adhesive bonded laminated assem-
blies

Use of a three-point bend test to determine the 
level of force necessary to delaminate a laminate

D2095 Test method for tensile strength of 
adhesives by means of bar and rod 
specimens

Bars or rods are glued together at their ends and 
tested to ultimates strength in a tensile mode

D2979 Test method for determining tack of 
adhesives using an inverted probe 
machine

A special probe is brought into controlled light 
contact with an adhesive surface and the force 
to remove the probe is measured

D3121 Test method for tack of pressure 
sensitive adhesives by rolling ball

A steel ball is rolled down an incline and tack 
is measured by the distance the ball can move 
after it contacts an adhesive

D3808 Practice for qualitative determination 
of adhesion of adhesives to sub-
strates by spot adhesion test method

A “spot” of adhesive is applied to a surface, 
allowed to set and an attempt is made to pry the 
spot from the surface. Very qualitative

D4688 Test method for evaluating structural 
adhesives for finger-joining lumber

Finger-jointed wood (typically used in furniture 
manufacture) is tensile tested for ultimate 
strength
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After the adhesive cures or sets, the specimen is loaded in tension as depicted in 
Fig. 3.1. The specimen is loaded to failure. One reports the tensile stress at break 
as well as the mode of failure.

The major failing of this type of test is that even though an average stress at failure is 
reported, the actual stress distribution in the adhesive bond is not uniform through-
out the adhesive. The stress distribution could be akin to that shown in Fig. 3.2. 
The adhesive at the edges of the butt tensile specimen is at a higher tensile stress 
than the adhesive in the center of the specimen. The average stress at failure is 
more likely due to these edge effects rather than the actual tensile strength of the 
adhesive. Butt tensile tests are not often used to evaluate adhesives because this 
mode of loading is not one that is normally used in adhesively bonded structures. 
The test has been used to good advantage in several fundamental studies, two of 
which we examine in Chapter 6.

Te
ns

ile
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tr
es

s

Distance from one of the bond edges

Average tensile stress

FIgure 3.2■Stress state in a butt tensile specimen. The average tensile stress in the bond is 
not indicative of the actual state of stress in the bond since the adhesive at the edges of the 
specimen is at a higher state of stress than the adhesive in the interior

F

F

Metal rod

Adhesive

FIgure 3.1■Diagram of a “butt tensile” specimen. Metal rods 
are used for the adherends. The surfaces of the metal rods 
must be smooth and parallel when the bond is made
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A test method similar to D2095 is described in ASTM D897 in which studs are 
glued together and are pulled apart in a tensile fashion. The stud pull-off test [3] 
is an interesting variation on the tensile test. In this test, a metal stud is adhered 
to a surface by means of a structural adhesive. The stud is machined in such a 
fashion that an actuator can be attached to the back of the stud so that a tensile 
force can be applied between the stud and the sample surface. This test could be 
used to determine a practical adhesion value to a particular surface. In addition, 
the test method can be modified such that the stud is bonded to a coated surface. If 
the adhesion between the adhesive used to bond the stud and the coating is good, 
then the test method can be used to obtain a figure of merit for the adhesion of the 
coating to the surface.

Another type of tensile test for adhesive bonds is the flatwise tensile test of bonded 
honeycomb core. Honeycomb core and structures made from it are a unique appli-
cation of adhesives, generating a stiff but lightweight structure. It is important to 
know how well an adhesive can bond to the face sheet as well as to the honeycomb 
core. The flatwise tensile test, shown in Fig. 3.3, is used to determine the ability of 
film adhesives to wet the core and adhere to the facesheet. Film adhesives come in 
the form of self-supporting films. They are described in Chapter 8. To generate the 
flatwise tensile specimen, large blocks (usually made from aluminum) are cleaned 
by methods similar to those described in Chapter 7, as are the face sheets. The 
honeycomb core may be vapor-degreased, but may also be used as received from 
the manufacturer. Film adhesive is applied between the core and the face sheet as 
well as between the face sheet and the metal block. The entire assembly is cured 
under conditions which mimic those used to make honeycomb core sandwich panels. 
Sometimes the honeycomb core-face sheet sandwich is generated, cut to size and 
then post-bonded to make the specimen as shown in Fig. 3.3. After the assembly is 

Face sheet

Honeycomb core

Adhesive

Adhesive

Hole to affix into
testing machine

Loading block
Hole to affix into
testing machine
Adhesive
Adhesive
Face sheet

Loading block

FIgure 3.3■Diagram showing the construction of a flatwise tension specimen. The honey-
comb coreface sheet sandwich is generated and then posted-bonded to the tensile testing 
blocks. Pins to affix the specimen in the tensile testing machine are placed through the holes 
shown in the diagram. The specimen is tested to failure
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generated, pins are placed through the holes in the aluminum blocks and fixtured 
in a tensile testing machine. The testing machine thus places a “flatwise” load on 
the core. When generating a honeycomb core containing adhesive bonds, the objec-
tive is to obtain good wetting of the core by the adhesive. This forces the failure to 
occur by ripping of the core rather than extraction of the core from the adhesive. 
In general, those adhesives with appropriate flow and the ability to climb the walls 
of the core provide flatwise tensile bonds which fail the core. This test is used in 
aerospace and allied industries.

■■ 3.4■ Shear loading of Adhesive Bonds

In general, adhesives display their highest strength when loaded in shear. We have 
already described the loading conditions that place a material in shear in Chapter 2. 
If we look at Fig. 2.2, we can imagine adherends attached to each of the faces of 
the block and we can imagine the block in Fig. 2.2 to be the adhesive. There are 
many types of adhesive bond tests that place the adhesive in a state of shear such 
as those listed in Table 3.2. Indeed, most adhesive bonds used in actual structures 
are designed so that the adhesive is primarily in a state of shear. The reasons for 
this design choice become apparent as we begin to quote values of shear strength 
versus cleavage or peel strength for various adhesive types. Therefore, an under-
standing of shear loading is very important.

TABle 3.2■ ASTM Test Methods Pertaining to Determination of the Shear Properties of 
Adhesive Bonds

Test 
number

Title of test Short description of test

D905 Test method for strength properties of 
adhesive bonds in shear by compres-
sion loading

2 × 4 in lumber is bonded and then tested by 
shearing the pieces in compression (the force 
is opposite to the sense shown in Fig. 3.4)

D1002 Test method for strength properties of 
adhesives in shear by tension loading

Most used test method for evaluating adhe-
sives, shown in Fig. 3.4

D1780 Practice for conducting creep tests of 
metal-to-metal adhesives

D1002 shear specimens are subjected to a 
constant load and the movement of the adher-
ends with respect to one another is determined

D2293 Test method for creep properties of 
adhesives in shear by compression 
loading (metal-to-metal)

A test similar to D1780 except that the con-
stant load is in compression and is applied by a 
spring loaded device.

D2294 Test method for creep properties of 
adhesives in shear by tension loading 
(metal-to-metal)

A test similar to D1780 except that the con-
stant tensile load is applied by a spring-loaded 
device
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Test 
number

Title of test Short description of test

D2295 Test method for strength of adhesives 
in shear by tension loading at elevated 
temperatures

A test similar to D1002 except that provisions 
are made for very high temperatures

D2339 Test method for strength properties of 
adhesives in two-ply wood constuction 
in shear by tension loading

A no-filet test of plywood laminate shear 
strength. The plywood is made into a shear 
specimen by milling slots into the plywood.

D2557 Test method for strength properties of 
adhesives in shear by tension loading 
in the temperature range of –267.8 to 
–55 °C.

A test similar to D1002 except that provision is 
made for very low temperatures

D3163 Test method for determining the 
strength of adhesively bonded rigid 
plastic lap shear joints in shear by 
tension loading

A test similar to D1002 except that provisions 
are made for the adherends to be rigid plastics

D3164 Test method for determining the 
strength of adhesively bonded plastic 
lap-shear sandwich joints in shear by 
tension loading

A special test similar to D1002 except that 
a plastic is “sandwiched” between adhesive 
layers which are bonded to metal adherends. 
This test measures the adhesion of the adhe-
sive to the plastic

D3528 Test method for strength properties 
of double lap shear adhesive joints by 
tension loading

A lap shear test which attempts to correct for 
the non-linearity of the loading path for D1002 
specimens by having two adherends instead of 
one on one end of the bond

D3983 Test method for measuring strength 
and shear modulus of nonrigid adhe-
sives by the thick adherend tensile lap 
shear specimen

Instrumented thick adherend lap shear test in 
which stress-strain curves for the adhesive are 
generated

D4027 Test method for measuring shear 
properties of structural adhesives by 
the modified rail test

A complicated test for measuring the resis-
tance of a wood/wood adhesive to combined 
tensile and shear loads or combined compres-
sion and shear loading

D4501 Test method for shear strength of 
adhesive bonds between rigid sub-
strates by the block shear method

A small block is bonded to a large block. The 
specimen is fixtured to shear away the small 
block from the large block

D4562 Test method for shear strength of adhe-
sives using pin and collar specimen

A pin is bonded into a collar and the collar is 
sheared from the pin

D4896 Guide for use of adhesive bonded 
single lap joint results

A description of the “do’s and don’ts” with 
respect to D1002 lap shear data

D5656 Standard test method for thick adher-
end metal lap-shear joints for deter-
mination of stress-strain behavior in 
shear by tension loading

This method uses very thick adherends to 
approach a true shear state in a lap shear 
specimen. Useful for measuring shear stress-
strain properties 

E229 Standard test method for shear 
strength and shear modulus of struc-
tural adhesives

A torsion test for measuring the true shear 
stress-strain properties of an adhesive

TABle 3.2■ (continued)
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3.4.1■ The Standard lap Shear Specimen

The standard test method for evaluating the shear strength of adhesive bonds is 
described in ASTM D1002. This test method is one of the most common, most 
maligned and most studied test methods for the evaluation of adhesive bonds. The 
specimen used in ASTM D1002 is shown in Fig. 3.4. The adherends are cleaned by 
an appropriate surface preparation method (see Chapter 7). The adhesive is applied 
to the region to be lapped. Paste adhesives (defined in Chapter 8), are usually applied 
to both adherends before mating. Film adhesives (defined in Chapter 8), are applied 
to only one of the adherends. In general, the adhesive is applied only in the region 
to be lapped. The lap length is 0.5 in and the bond width is 1 in. The thickness of 
the applied adhesive is determined by its intended use. The bond is fixtured in some 
fashion. Fixturing can be as simple as the application of clips to the edges of the 
bond or as complicated as the vacuum bagging procedures used in the aerospace 
industry. The purpose of the fixturing device is to apply pressure to the adhesive 
bondline and to keep the adherends in place as the adhesive cures. Note that the 
adhesive is expected to flow out of the bonded area to form a “fillet” of adhesive 
extending beyond the range of the adherends (see Fig. 3.4.) There are variations 
of this test specimen where the fillet is purposefully eliminated to evaluate the 
adhesive bond performance in its absence. Adams [4] has shown that the fillet can 
have a substantial effect on the measured strength of a lap shear specimen. The 
fillet nominally increases the length of the lap and minimizes the discontinuity of 
the properties at the end of the adherend.

The adhesive is cured or allowed to set. After cure, one possible test is to place the 
sample in a tensile testing machine and load the sample to failure. The direction 
of application of the load is shown in Fig. 3.4. Many lap shear specifications define 
how much of the adherend should be clamped in the jaws of the tensile testing 
machine. It is certainly reasonable to believe that the bending of the specimen (and 
hence the real stress applied to the adhesive) is dependent upon the distance from 
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Adhesive fillet

Adhesive

1/2”

4” 1”

FIgure 3.4■Diagram of the ASTM D1002 lap shear specimen. The adherends can be made 
from any material but the test is primarily used for rigid substrates such as metal, wood, and 
engineering plastics. The lap length and the specimen dimensions are those prescribed in 
ASTM D1002, but for special situations, can be any reasonable size that is agreed upon by the 
vendor and the buyer
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the loading point to the lap region. The lap shear bond may also be placed in an 
adverse environment (such as exposure to elevated temperatures, solvents, or high 
humidity) before testing to failure. Specimens like that shown in Fig. 3.4 can also 
be used to determine fatigue life of adhesive bonds. The specimen is installed in a 
machine that applies a cyclic load and the number of cycles to failure is determined. 
With most modern structural adhesives, high frequency cyclic loading seldom leads 
to bond failure. However, low frequency cyclic loading, especially under adverse 
environmental conditions, can often show fatigue failure at loads lower than expected 
from the ultimate strength measured in a tensile testing machine.

Depending upon the type of adhesive, care must be taken to carefully monitor 
the conditions to which the adhesive bond is exposed before ultimate strength is 
determined. The reason for this concern is that the adhesive may exhibit post-cure 
or annealing as a result of such exposure. Such pre-test exposure could lead to 
anomalous high strengths not indicative of actual use conditions. This is discussed 
further in Chapter 8 when the chemistry of room temperature curing adhesives is 
described.

The lap shear specimen can be prepared in a number of ways including the single 
specimen (“finger specimen”) and multiple specimen methods. In the single speci-
men method, the bonds are prepared individually as shown in Fig. 3.4. The bonds 
can then be tested. However, there are several potential pitfalls with the use of the 
single specimen method. First, care must be taken to keep the adherends aligned 
during cure, otherwise an extra torque on the bond could occur during test. Second, 
care must be taken that “flash” does not form on the sides of the bond. The adhe-
sive “flash” would seal the bond in a manner not intended by the test. Third, it is 
important that the mating ends of the adherends be square and free of burrs. Burrs 
could dam up the adhesive and a lack of squareness would further complicate the 
already complicated stress state in this specimen.

In the multiple specimen method, large pieces of adherend are mated at one edge. 
Typically, adherends measuring 4 × 7 in are bonded along their long edge. Once 
the adhesive is fixtured and cured, the large bonds can be cut or sawn into nar-
rower strips, resulting in specimens like that shown in Fig. 3.4. One advantage of 
this method over the finger specimen method is that problems with adhesive flash 
are eliminated. There are also fewer chances that the adherends are cocked with 
respect to one another. However, the concerns about burrs and squareness of the 
adherend edge nearest the bond remain. Another advantage of the multiple speci-
men method is that the lap shear strength is more reproducible than when the 
finger specimen method is used.

The ASTM D1002 lap shear test, when applied logically and realistically, can be used 
as a reasonable and easy comparison of the strength of adhesives. It can also be used 
as a quality control method when testing for consistency of adhesive bond strength. 
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However, there are a number of reasons this test specimen is much maligned. 
The primary criticism is that D1002 does not accurately represent the actual way 
adhesive bonds are designed. Lap lengths and lap areas in engineering adhesive 
joints are far larger than those used in ASTM D1002. Another major criticism is 
that the shear state in this small specimen is not uniform [5]. The non-uniformity 
of the stress state forms the basis for numerous studies and has some interesting 
consequences in the formulation of adhesives (see Chapter 8).

Figure 3.5(a) shows a D1002 shear specimen as force is applied. The line through the 
specimen shows the direction of the loading force. It is easy to see that the loading 
line (the dotted line) cannot possibly follow the adherends. Rather, the bond must 
act as a hinge in the region of the lap. The center of the lap is the point through 
which the force acts and it does not move during the test. However, the ends of the 
lap region must move in order to “linearize” the stress (see Fig. 3.5(b)). Note that 
the adherends have deflected at the ends of the lap. For the adherends to deflect 
in such a manner, the adhesive cannot be in a state of pure shear. Rather, there 
is a tensile (normal) force in the adhesive at the ends of the lap. The normal force 
is shown as an “N” in Fig. 3.5. A simple mechanical experiment can demonstrate 
this effect. Visualize two stiff hinges joined with a nut and bolt. If the combined 
hinges are pulled firmly at the non-joined ends, the ends of the joined parts deflect 
in order to linearize the load.

F F

F F

N

N

(a) (b)

FIgure 3.5■(a) The diagram shows a lap shear specimen 
at low levels of applied force, F. The dotted line shows 
the line of force that the applied load wished to take. 
(b) The diagram shows the lap shear specimen force 
has attempted to be linear through the specimen. 
The specimen attempts to comply with the necessity for 
linearization of the line of force by bending at the lap 
ends of the specimen
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The combination of shear load and normal loading of the adhesive forms the basis 
for the major criticism of the D1002 lap shear specimen. This criticism, as stated 
before, is somewhat unfounded if care is taken not to use the specimen as the 
basis for the design of adhesive bonds. The state of stress in this specimen can be 
quite useful because it places the adhesive in shear and in cleavage loading at the 
same time. In fact, we can state that adhesives that do not have good resistance to 
cleavage forces, as well as shear strength, will not exhibit high D1002 lap shear 
strengths. Despite the stress state of the adhesive in this specimen and despite its 
lack of realism, the D1002 lap shear specimen has been used to evaluate essentially 
every adhesive. Because of its simplicity, this specimen will likely continue to be a 
used extensively in the evaluation of adhesives.

3.4.2■ Variations on the lap Shear Specimen

A specimen similar to the D1002 lap shear test can be used in compression rather 
than tension loading. The test method that describes this is ASTM D905, as applied 
to wood adherends. The loading state is theoretically the same as the D1002 speci-
men. However, practically, for the specimen to work, the adherends must be much 
shorter to minimize bending away from the lap. If metal adherends are used, the 
adherend length is usually slightly longer than the lap length itself. The compact 
size of this specimen makes it useful in those situations in which materials or facili-
ties are limited. Figure 3.6 shows a compression lap shear specimen.

Krieger [6] and Hart-Smith [7] realized the limitations of the D1002 shear speci-
men. They also realized the importance of knowing the stress-strain properties of an 
adhesive in shear. ASTM D5656 describes the test developed by Krieger and Hart-
Smith. The test specimen is shown in Fig. 3.7 and is similar to the D1002 specimen 
with three very important exceptions. First, the adherends are much thicker. For 
aircraft aluminum, the adherends are 0,5 to 1 in thick. The increased thickness of 
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FIgure 3.6■ Compression lap shear specimen. Short adherends are used to minimize bending 
under the application of the compressive load
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the specimen is meant to eliminate any normal loads on the adhesive by minimiz-
ing deflection of the adherends. The specimen width is 1 in and the lap length is 
0,5 in. Second, fillets are eliminated which causes the adhesive to carry the load 
only in the bonded area and not outside it. Third, the specimen is instrumented to 
measure the deflection of the bondline. Instruments known as extensometers are 
mounted in positions shown approximately by the crosses in Fig. 3.7. A tensile 
testing machine applies the load and the deflection of the adherends is measured 
by the extensometers. A plot of shear stress (load divided by the lap area) versus 
the shear strain (determined from the adherend deflection) is measured. From 
this plot, the shear modulus of the adhesive, the shear yield stress, and the shear 
strain energy density can be determined. The shear strain energy density plays an 
important role in the bond design criteria devised by Hart-Smith [7]. This specimen 
and test are also different from the D1002 in that the data obtained are useful in 
bond design. Many adhesive manufacturers are now providing such data for their 
structural adhesives.

There are several other variations on lap shear specimens and lap shear tests. The 
primary variations attempt to linearize the loading path, increase the bonded area, 
or measure creep properties. Lap shear specimens that attempt to linearize the load 
are described in test methods such as ASTM D3528. Both of the bonds shown in 
Fig. 3.8 provide a more linear load path. The specimens in Fig. 3.8 form the basis 
for many adhesive bond designs. The problem with these specimens is that they 
are substantially more difficult to make than D1002 and, thus, are less useful as an 
adhesive product design or adhesive quality control tool. However, they are useful 
in actual engineering structures.

Generating specimens with increasing lap area is an instructive exercise. Several 
users of adhesively bonded structures have specifications that require lap shear 
strengths as a function of lap length with constant lap width. Figure 3.9 shows 
lap shear performance as a function of L/t for an epoxy structural adhesive on 
aircraft aluminum alloy. L is the lap length and t is the thickness of the adherend. 
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F

FIgure 3.7■Thick adherend lap shear specimen. Adherends are thick enough so that bending 
at the ends of the lap is essentially eliminated. The force is applied by placing pins through 
the holes in the ends of the adherends. In tests used to determine the shear stress-strain 
properties of an adhesive, the specimen is fitted with an extensometer at the points indicated 
by crosses in the diagram. Thus, as force is applied, the adherends move with respect to one 
another, and the adhesive is sheared. The assumption is that the compliance of the adhesive 
is much less than that of the adherends, so that all movement in the adherends causes equal 
movement in the adhesive
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Since the bond width is kept constant (usually 1 in), the bonded area increases 
with increasing L/t. Note that the apparent shear strength seems to decrease as a 
function of increasing lap area. We would expect that as the lap area increases, the 
shear strength should remain the same, since we divide the force to break by the 
lap area. The apparent decrease comes primarily from the effect discussed above. 
It is also interesting to note that the lowest lap shear strength in the graph is that 
attained with the highest lap area. It is also attained with failure in the adherend 
rather than the adhesive. The lap area at which the metal fails, rather than the 
adhesive, would normally be considered to be a design parameter. Structures 
using an L/t ratio providing adherend failure could be designed to withstand loads 
that are some factor lower than the breaking strength of this bond and the tensile 
strength of the adherend.
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FIgure 3.8■ Two lap shear specimens that attempt to linearize the load path through the 
bond. The adhesive bondline thickness is exaggerated
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FIgure 3.9■Plot of apparent lap shear versus L/t where L is the lap length and t is the 
adherend thickness. If the bond width and bond thickness are held constant, this is a plot of 
lap shear versus lap area. Note that after a certain lap area is achieved, the failure mode is in 
the adherend
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3.4.3■ Specimen for Determining the True Shear Properties 
of an Adhesive

A more true state of shear is exhibited by the thick adherend lap shear specimen 
compared to the ASTM D1002 specimen. However, the adhesive is still not in a true 
state of shear even with the modified specimen since normal loading is minimized 
but not eliminated. To exhibit a true state of shear, the adhesive has to be fabricated 
into a special torsion specimen. The reason the torsion specimen provides a true 
state of shear is shown in Fig. 3.10. A cylinder in the non-torqued state is shown 
in Fig. 3.10(a). An imaginary element of rectangular shape is drawn on the side of 
the cylinder. If we twist the top and the bottom of the cylinder with respect to one 
another, this imaginary shape assumes the shape shown in Fig. 3.10(b). Compare 
the change in shape between these two figures and the change in shape in Fig. 2.2. 
The cylindrical specimen shown in Fig. 3.10(b) is in a state of pure shear. ASTM 
E229 provides for such a shear specimen, and it can also be found in Benson [8]. 
In the Benson description, two cups are bonded together, lip to lip, so as to create 
a uniform bondline around the cups. The bonded cups are then placed in a torque 
machine designed to keep the cup faces parallel. Torque is applied to the bottom of 
one of the cups while the other is kept stationary. Instrumentation can be applied 
to the specimen or the cups are marked to show deflection with respect to one 
another. G, the true shear modulus of the adhesive, can be measured. This test 
has interesting ramifications for the determination of the Poisson’s ratio. Since E 
of monolithic adhesives can be determined easily by tensile measurements and G 
can be measured by this torsion method, one can easily calculate  by Eq. (2.5). The 
determination of the Poisson’s ratio by this method is probably easier than trying 
to test a material so that both lateral contraction as well as tensile elongation are 
determined simultaneously.

(a) (b)

Imaginary
lines

Torsion

Torque

FIgure 3.10■A cylindrically shaped body. The lines shown are imaginary or can be drawn on 
the body for the analysis. If the faces of the cylinder are torqued with respect to one another, 
the imaginary lines change to form the shape shown in (b). The change in shape of the lines is 
the same as expected from a shear force applied to a rectangular element
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3.4.4■ The goland-reissner Analysis of the lap Shear Specimen [5]

Some of the elements of beam theory were described in Section 2.7. Now, we shall 
see how these elements are used to describe the bending of the adherends in a lap 
shear specimen. The importance of this analysis lies in the description of the state 
of stress in the adhesive. The analysis begins with Eqs. (2.48), (2.50) and (2.66) 
through (2.68). The analysis for the lap shear specimen is somewhat different from 
the bending of beams analysis. It is actually an analysis of the bending of thin, 
cylindrically bent plates. However, the basic equations and their derivations are 
analogous to those discussed in the previous chapter.

The adhesive bond analyzed by Goland and Reissner is shown in Fig. 3.11. The 
problem is divided into two parts. First, the bending of the adherend away from 
the lap region is analyzed. This is the region of length l from the end a. Then the 
region of the lap is analyzed. This is shown as the length 2 c in Fig. 3.11. Naturally, 
the solutions for the two sections must agree at the position where they meet. The 
problem is similar to deflections of beams, and we must consider moments and 
shearing forces. Figure 3.12 is a diagram of the coordinate systems and the way in 
which the moments and shear forces are depicted.

a
l 2c

t
O

b

FIgure 3.11■Schematic of the specimen analyzed by Goland and Reissner. The adherends 
have a length of (l + 2 c). The loading line runs between points a and b and passes through the 
origin, O. The adherends have a thickness t

a
x1

y1

x2

y2
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+M +M

FIgure 3.12■Diagram of the basis for the analysis of the lap shear specimen outside of the 
bonded area. Diagram (a) shows the neutral axis of the adherend and center of the bonded 
area before deflection (solid line) and after deflection (dotted line). Also shown are axes for 
the analysis; x1 and y1 are for the end of the adherend while x2 and y2 are the end of the 
lap. Diagram (b) shows the bending moments for a small segment of the adherend, M, the 
shearing forces, V, and the applied load, F. The sign convention is given and is important for 
the complete analysis (redrawn from Goland and Reissner)
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The analysis begins with the formulation of the equations for the bending moments 
at position 1 and 2. According to Goland and Reissner, those expressions are:

1 1 1M F x y= −    (3.1)

and

( )2 2 2 2
tM F l x y

 = + − −  
 (3.2)

These equations come from geometric considerations of the neutral axis of the plate 
and the moments caused by the load, F. Note that F is not properly a force since F t 
is the applied tensile stress. The angle  is the angle between the line of force (as 
shown in Figs. 3.11 and 3.12) and the x coordinates (x1 or x2). Eq. (2.66) is invoked 
for each of these conditions and the following equations can be written.
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In the above equations the Ri are known as the flexural rigidity of the plates (adher-
ends) given by

( )
3

212 1

E tR


=
−

 (3.5)

where E is the Young’s modulus, t is the thickness and  is the Poisson’s ratio, all 
of the plate. The above four equations can be combined to give two coupled second 
order differential equations for which a trigonometric solution can be found. Note 
that two moments with the associated R are specified, one for the end of the adher-
end at point a (and coordinates x1 and y1) and one for the point nearest the bonded 
area (at coordinates x2 and y2).

Boundary conditions and some simplifying assumptions are applied. One such 
assumption is that R1 is just R2 /8 since the lap region is almost twice as thick as 
the adherend. Expressions of the following form are found for the moment and 
shearing force at the transition region between the adherend and the lap:
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0 2
F tM k=  (3.6)
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These equations are used in the next discussion when the forces in the region of 
the adhesive bond are analyzed.

Let us now analyze the lap region, or the region defined by the length 2 c in Fig. 3.11. 
The lap region is divided into two parts, an upper, u, and a lower, l. Figure 3.13 
is a diagram of the situation. An assumption is made that the deformation of the 
adherends is due completely to the longitudinal stress in the x direction in the 
adherend. As a result of this assumption, the adhesive then basically acts as a 

dxVu

Fu

Mu
τdx

σdx

t
t

T

c c

σdx
τdx

dx
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FIgure 3.13■Diagram showing the elements of the analysis of the lap region of the lap shear 
joint. The symbols c and t are as defined in Fig. 3.11. T is the adhesive thickness. The lower 
diagrams show an element of length dx of the lap which has been divided into upper (u) and 
lower (l) portions.  and  are the tensile and shear forces, respectively. F is the force applied 
to the segment, V is the shear force applied to the segment while M is the moment applied to 
the segment (redrawn from Goland and Reissner)
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Hooke’s Law solid between the two adherends. As shown in Fig. 3.13, the adhesive 
is divided down the middle. Shear stresses () and normal stresses () are defined 
for the adhesive. Also shown are the shearing forces for each element (dx) in the 
bonded area. The shearing stresses are denoted by Vu and Vl where the subscripts 
stand for the upper and lower segment, respectively. The moments (M) are defined 
in a similar way. In a manner entirely analogous to the way in which Timoshenko 
(see Bibliography) analyzed the beam problems described in the previous chapter, 
we write the conditions for equilibrium for both the upper and lower segments of 
the adhesive bond.

u l
0 0

d d
0, 0

d d
V V
x x

 − = + =  (3.10)

The conditions for vertical equilibrium are:

u l
0 0

d d
0, 0

d d
F F
x x

 − = + =  (3.11)

These are the conditions for force equilibrium in direction of tension in the adher-
ends.

u l
u 0 l 0

d d
0, 0

d 2 d 2
M Mt tV V
x x

 − + = − + =  (3.12)

are the conditions for moment equilibrium in the adherends. Analogous to the 
situation encountered in Chapter 2 and using Eq. (2.66) we write the following for 
the vertical displacements of the upper and lower adherend:

2 2
u u l l
2 2

d d
,

d d
v M v M

R Rx x
= − = −  (3.13)

where R is the flexural rigidity of the adherend as defined in Eq. (3.5). The next equa-
tions are for the longitudinal displacements of the adherends next to the adhesive:
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 (3.14)

The final set of equations that Goland and Reissner needed to complete their analysis 
are the Hooke’s Law stress-strain relationships for the adhesive:

0 u l 0 u l

A A
and

u u v v
G T E T
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= =  (3.15)
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where GA and EA are the shear and tensile modulus of the adhesive, respectively. The 
manipulation of all of these expressions begins with the substitution of Eq. (3.14) 
into the first of Eq. (3.15), differentiating twice with respect to x and taking into 
account Eqs. (3.11) and (3.12). We find
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An equation for 0 can be found in a somewhat analogous way by using the second 
of Eq. (3.15) differentiating twice and substituting Eq. (3.13), thus
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Differentiating again and using the equations for moment equilibrium, Eq. (3.12), 
and the conditions for shearing force equilibrium, Eq. (3.10), we find
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= −  (3.18)

In order to solve any set of differential equations, the boundary conditions must 
be set and must agree with the physical reality of the problem being analyzed. To 
solve Eqs. (3.16) and (3.18), the boundary conditions are:

at   x = c, Mu = Tu = Vu = 0 and   Ml = M0 and   Vl = V0 and   Fl = F
at   x = –c, Ml = Tl = Vl = 0 and   Mu = –M0 and   Vu = V0 and   Fu = F

Note that the boundary conditions include the shearing force, V0, and moment, M0, 
which were determined for the adherend at the edge of the lap. These are combined 
with the equations in the above analysis to give the boundary conditions for the 
tensile force in the adhesive:
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is the condition for equilibrium. Finally, the boundary conditions for the tensile 
forces can be set as being
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After applying the boundary conditions to the differential equations previously 
given, the shear stress in the adhesive is found to be:
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where
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The term k was defined in the previous discussion on the stresses in the adherend 
away from the joint. The equation for the tensile stresses in the adhesive is much 
more complicated than that for the shear stresses and is written as follows:
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This extremely complicated expression looks even more obtuse when we define the 
terms that are included, namely:
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 (3.26)

and

1 cosh sin sinh cosK    = +  (3.27)

2 sinh cos cosh sinK    = −  (3.28)
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The mathematics in the previous discussion is very complicated and leads to expres-
sions not easily interpreted. However, it should be noted that many of the terms in 
the above equations are based on the concepts discussed in the previous chapter, 
i.e., moduli, Poisson’s ratio, moments, shear forces, and the bending of beams. An 
appropriate way to understand the above expressions is to plot the shear and tensile 
stress in the adhesive as a function of the distance from the center of the joint. Such 
plots are shown schematically in Figs. 3.14 and 3.15.

τ0

Ft

o 1x/c

Mean shear stress
in the joint

FIgure 3.14■Schematic representation of the results of the Goland–Reissner analysis of the 
lap shear joint for the shear stresses in the joint (divided by the tensile stress applied to the 
adherend) as a function of the distance from the center of the joint

σ0

Ft

0

0 1x/c

FIgure 3.15■Schematic diagram showing the results of a plot of the tensile stresses in the 
adhesive (divided by the tensile load applied to the adherend) as a function of the distance 
from the center of the adhesive bond
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Figure 3.14 shows that the shear stress in the joint is not at all uniform. Rather, 
at the center of the bond, the shear stress is less than the average shear stress of 
the bond while at the edge of the bond, the shear stress is much larger than the 
average shear stress of the bond.

A similar situation is encountered when the tensile stresses are calculated and 
plotted. Figure 3.15 is such a plot. Note that when we say tensile stresses in the 
adhesive, we mean stresses that are perpendicular (or “normal”) to the primary 
tensile stress which has been applied to the adherend. That is, these stresses are 
perpendicular to the adhesive bondline.

In this figure, we see that the tensile stresses in the adhesive are zero at the center 
of the joint. This explains some of the phenomena observed when lap shear testing 
a structural adhesive. The center of the joint often displays failure in cohesion in 
the adhesive even when apparent adhesion failure is observed away from the center. 
The normal stresses in the bond are maximized at the edges of the lap. This can be 
visualized by thinking about which part of the bond has to bend the most in order 
to linearize the load. One item that would not necessarily be obvious from the math-
ematical analysis is the compression region immediately before the rapid increase 
in the tensile stress. When applying a lever, there must be a fulcrum. The compres-
sion region from this analysis shows that the fulcrum for the lever formed by the 
adherend is just behind the maximum bend, in towards the center of the bond. We 
encounter a situation similar to this later in this chapter. The existence of the normal 
stresses in this joint has important ramifications to be discussed in Chapter 8.

■■ 3.5■ Cleavage loading of Adhesive Bonds

In the previous chapter, we discussed what happens when a sharp crack propagates 
through a material. Using linear elastic fracture mechanics, we were able to define a 
materials parameter known as the strain energy release rate, C. The strain energy 
release rate results from the balance of energies necessary to propagate a crack with 
the available strain energy. In this section, we discuss specimens called cleavage 
specimens, which allow us to measure this parameter. These methods are based 
on adherends that are not deformed significantly during the measurement. There 
are other adhesive evaluation specimens, called peel specimens, in which a crack 
is propagated through the adhesive but the adherends are measurably plastically 
deformed. Peel specimens are more widely used than cleavage specimens. The 
stress analysis of a type of peeling joint is also described in a following section. 
A listing of many of the ASTM test methods for cleavage loading and peel loading 
of adhesive bonds is given in Table 3.3.
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TABle 3.3■ ASTM Test Methods Pertaining to the Determination of Cleavage or Peel Properties 
of Adhesive Bonds

Test 
number

Title of test Short description of test

D903 Test method for peel 
or stripping strength of 
adhesive bonds

A thin adherend in bonded to a thick adherend. The thin 
adherend is stripped from the thick one at a 180° angle

D1062 Test method for cleavage 
strength of metal-to-metal 
adhesive bonds

Blocks of metal are bonded together and the specimen is 
loaded to make a cleavage load on the adhesive. Different 
from D903 in that neither adherend is flexible

D1781 Practice for climbing drum 
peel test for adhesives

A test method used primarily in the aerospace industry in 
which a thin adherend is stripped from a thicker adherend 
by having a drum “climb” the bond. Also used to measure 
the stripping force to remove a face sheet from a honey-
comb sandwich bond

D1876 Test method for peel 
resistance of adhesives 
(T-peel test)

The most widely used peel test in which two equally thick, 
flexible adherends are bonded together and then peeled 
apart in a symmetrical fashion such that the bond looks 
like a “T” while peeling

D3167 Test method for floating 
roller peel resistance of 
adhesives

A test method used mainly in the aerospace industry in 
which a thin adherend is peeled from a thick adherend 
over a 1 in diameter mandrel. The angle of the bond to the 
load is maintained constant

D3433 Practice for fracture 
strength in cleavage of 
adhesives in bonded joints

A double cantilever beam test used to measure IC for 
adhesives. Thick adherends are used

D3762 Test method for adhesive-
bonded surface durability 
of aluminum (wedge test)

A thin adherend fracture test in which surface-prepared 
metal is adhesively bonded and then a wedge is driven 
into the edge of the bond. The bond is exposed to an 
adverse environment and crack growth is measured

D3807 Test method for strength 
properties of adhesives in 
cleavage peel by tension 
loading (plastic-to-plastic)

A cross between D3433 and D1876 in which thick plastic 
samples are bonded and then pulled apart in mode similar 
to that of D3433

D5041 Test method for fracture 
strength in cleavage of 
adhesives in bonded joints

Thick adherends are bonded together with a bead of 
adhesive that is remote from the end of the test speci-
men. A specified wedge is driven into the end of the spec-
imen and the energy to propogate a crack is measured

3.5.1■ Cleavage or Fracture Specimens

This section examines a few commonly used cleavage and fracture specimens. It 
is important to note that fracture processes can be initiated in a material or in an 
adhesive bond in a number of ways, known as fracture modes. The most common 
mode is cleavage and is called Mode I. Cleavage has been depicted in Fig. 2.3 and is 
once again shown in Fig. 3.16. The next mode of fracture, called Mode II, is shear-
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ing and is similar to the shear force depicted in Fig. 2.2 but with the addition of a 
crack in the body. Mode II is also shown schematically in Fig. 3.16. The final mode 
of fracture is tearing or Mode III. Tearing can be described as pushing the faces of 
the material above and below the crack in opposite directions from one another and 
is also depicted in Fig. 3.16. Roman numerals are used to designate these modes 
of fracture and they are usually given as a subscript to the strain energy release 
rate. It should be noted that the smallest strain energy release rates are almost 
always measured for Mode I fracture. The specimens which we will discuss are 
only Mode I and the strain energy release rate is designated as IC. When reading 
other literature on this topic, make note of the mode of fracture.

3.5.1.1■ Double Cantilever Beam Specimens

The simplest fracture mechanics specimen to generate and analyze is the uniform, 
double cantilever beam specimen. This specimen is shown schematically in Fig. 3.17 
and described in ASTM D3433. In this specimen, the adherends are uniform in 
shape and profile. Their shape is usually square in cross section with dimensions 
of 1 × 1 in. Initially, a razor blade is driven into the end of the specimen to generate 
an end-crack. The blade is removed before testing. The load is applied at the end of 
the specimen in one of a number of ways. Most commonly, holes are drilled through 
the specimen as shown in Fig. 3.17 and the specimen is fixed in a tensile testing 
machine by means of these holes. As the load is applied, the initial crack propagates. 
One parameter measured is the displacement of the specimen determined by the 
crosshead movement of the tensile testing machine. The second parameter mea-
sured is the crack length as a function of load. This measurement is substantially 
more difficult and is made by either fast photography or by affixing instruments to 
the adhesive bond. For example, one method is to paint the side of the bond with 
conductive paint at intervals and to measure the crack length by following the 
disruption of the conductive paths formed by the paint stripes.

Mode I Mode II

Mode III

FIgure 3.16■Schematic of the three modes of fracture. Mode I is known as cleavage. 
Mode II is known as shearing. Mode III is known as tearing. Note that Roman numerals are 
used to designate these modes



713.5 Cleavage Loading of Adhesive Bonds

F

F FIgure 3.17■Double cantilever beam specimen

3.5.1.2■ linear elastic Fracture Mechanics Applied to the Double Cantilever 
Beam Specimen

Rewriting Eq. (2.12) in terms of differential forces and displacement, we have

( )C
1 1
2 2

U F D F D F D D F F Dδ δ δ δ δ δ δ= + − + +  (3.31)

This equation can be simplified to be:

( )C
1
2

U F D D Fδ δ= −  (3.32)

Substituting Eq. (3.32) into Eq. (2.13) and Eq. (2.14), we have
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D FU F D
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δ δ δ

δ δ δ
 = − ≥  

  (3.33)

This provides an expression for the strain energy release rate in terms of measur-
able parameters, F, D, and their derivatives with respect to the crack length. We 
can make this equation an equality and by doing so, we make the measureables F 
and D into FC and DC, the critical force and displacement for crack growth. Thus,

C C IC
1

2
D FF D

w a a
δ δ
δ δ

 − =  
  (3.34)

Examination of Fig. 2.6 provides a way we can make Eq. (3.34) into an expression 
that measures one variable instead of two. If the axes of Fig. 2.6 were in terms of 
stress and strain, the slope of the line would be the modulus. However, since the 
axes are force and displacement, we may say only that the slope of the line is the 
stiffness of that particular specimen. The inverse of the stiffness is the pliability or 
the compliance of the specimen. C = D/F, because we are dealing with linear elastic 
materials, where C is the compliance. Using this expression we can simplify the 
equation for the critical force and displacement for crack growth:
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This last equation is important because the quantity C/a can either be calculated 
or measured. For double cantilever beams, the quantity C/a can be determined 
from beam theory. For a beam of uniform cross section, height h, width w, and 
modulus E, the change in compliance with crack length is found to be:
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This equation says that we can make C/a a constant if the quantity in the paren-
theses is a constant. This was accomplished and researchers generated height-or 
width-tapered double cantilever beams. A height-tapered, double cantilever beam 
has been used in the examination of structural adhesives with aluminum adherends, 
while a width-tapered, double cantilever beam has been used to study adhesive-
bonded, carbon fiber-reinforced composites [9]. Depending on the Young’s modulus 
of the adherends, different tapers are used to produce specimens of appropriate 
dimensions. The determination of IC is made simpler by using tapered beams 
because the critical strain energy release rate is directly related to the critical force 
for crack propagation. Figure 3.18 shows a comparison of F–D plots for the deter-
mination of IC for both uniform and tapered, double cantilever beam specimens.

Examination of the curves in the two sides of Fig. 3.18 demonstrates how the data 
from the two specimens differs. Figure 3.18(a) shows the data obtained for a uniform 
double cantilever beam. Each straight-line section is associated with loading the 
specimen until a crack begins to propagate. When the specimen is reloaded, the 
compliance has changed (the length of the lever arm is longer) and the reloading 
curve is different. In each case, a different FC is measured. These FCs correspond 

F F

Fc

Fc

Fc

D

(a)

Fc

D

(b)

FIgure 3.18■Schematic diagram of force-displacement curves measured for a double 
cantilever beam specimen. (a) Shows a result for a uniform, double cantilever beam.  
(b) Shows a result for a tapered, double cantilever beam. Note that the critical force for crack 
growth is easily determined from the force-displacement curve from a double cantilever beam
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to the same IC, which can be calculated from each measured FC when the FC is 
corrected for C/a. It is obvious from Fig. 3.18(b), that the tapered specimen pro-
vides a constant FC no matter what the crack length was when it was measured. 
The tapered specimen provides a direct measure of IC.

3.5.2■ Blister Test

There are a number of other specimens used to determine the critical strain energy 
release rate of an adhesive. One method described by Dannenberg[10] is called 
the “blister test”. It involves the use of a plate through which a hole has been 
drilled. A schematic of this apparatus is shown in Fig. 3.19. The hole is covered by 
poly(tetrafluoroethylene) tape or other release material and the adhesive as well 
as another substrate, are applied over the tape and the rest of the adherend. The 
hole is connected to a pressure source and the pressure is ramped from zero until 
it drops precipitously, indicating propagation of the crack. The critical strain energy 
release rate is then determined by the following equation:

C
IC

a

F a
E Q

=   (3.37)

where Ea is the adhesive modulus, a is the initial crack length (the radius of the 
hole), FC has been previously defined and Q is a geometry factor dependent upon 
the modulus of the upper adherend. This test is known as the blister test because 
of the shape of the adhesive/adherend combination when the crack is propagating. 
This test method has been modified to provide a constrained blister test in which a 
box is placed over the entire specimen [11]. This constrains the blister to grow only 
to a certain vertical dimension and provides a method by which adhesive bonds 
having a more flexible top adherend can be evaluated.

Adherend
Adhesive

Teflon tape
as crack
initiator

P

Lower adherend
with hole in middle

Plumbing for applying pressure

FIgure 3.19■Schematic diagram of the blister crack propagation test. A hole is drilled 
through the lower adherend and fixtured with plumbing, allowing the application of pressure 
through the hole. Poly(tetrafluoroethylene) tape is applied over the hole. Adhesive and another 
adherend are then applied. Pressure is applied to the joint until measurable crack propagation 
occurs
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3.5.3■ Compact Tension Test

The compact tension specimen provides a means of determining the inherent 
fracture resistance of the adhesive because the entire specimen is made from the 
adhesive. This type of specimen is useful only for reasonably stiff adhesives, not 
for rubbery materials. A diagram of the test specimen is shown in Fig. 3.20. A mold 
is prepared with the desired dimensions. Adhesive is placed in the mold and then 
appropriately cured. After the specimen is removed from the mold, a sharp crack 
is driven into its edge by a razor blade. The specimen is fixtured in a tensile testing 
device and the force-displacement curve is measured. This specimen has a number 
of advantages. Not much material is necessary and the test has been described in 
several places in the literature so comparisons can be drawn.

F

F

FIgure 3.20■Compact tension specimen. Adhesive is cast 
and cured in a mold. Holes are drilled in the monolithic piece of 
adhesive. A crack is initiated by a sharp razor blade

3.5.4■ Wedge Test

A popular fracture mechanics test for the study of the durability of structural adhe-
sive bonds is the wedge test. The test is described in ASTM D3762. Relatively thin 
adherends (if the adherends are aluminum, the thickness is 0.25 in) are surface-
prepared (see Chapter 7) and then bonded. The bond is cut into 1 in wide strips and 
then a wedge is driven into the end of the specimen. The specimen is shown sche-
matically in Fig. 3.21. One side of the specimen is polished so that easily discernible 
marks can be inscribed. After the wedge is driven into the end of the specimen, the 
initial length of the crack is determined. In most cases, the specimen is placed in a 

1” Wedge

FIgure 3.21■Wedge test specimen. The adherends are usually thin (about 1/8 in thick for 
aluminum). The wedge is of a specified size and is usually driven in by a hammer. The bondline 
thickness is exaggerated in this diagram
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hostile environment. As discussed in Chapter 7, hostile environments for structural 
adhesive bonds on aluminum include high temperatures and high humidity. The 
bonds are placed in such aggressive environments and the crack growth is measured 
as a function of time of exposure. The Boeing Corporation has shown that there is 
a strong correlation between the in-service durability of adhesive bonds and the 
extent of crack growth in the wedge test specimen [12]. In addition, the mode of 
failure can be an indicator of environmental durability. Thus, if one carries out a 
wedge test and the failure mode is apparently interfacial and the crack growth is 
long, the prediction is that the bond will not be durable in service. In contrast, a 
failure mode where the failure is cohesive in the adhesive and the crack growth is 
short is considered to be a predictor of good in-service bond durability.

■■ 3.6■ Peel Tests

Peel tests are cleavage tests. However, at least one of the adherends is made from 
a flexible material that could be plastically deformed during the measurement. 
A typical peel test is shown in Fig. 3.22 and is known as the T-peel test, described in 
ASTM D1876. Two adherends of equal thickness are bonded with an adhesive. The 
ends or “tabs” of the specimen are placed in the jaws of a tensile testing machine 
and then separated at a chosen rate or rates.

The test can also be carried out below and above room temperature. If the adherends 
in this specimen are the same thickness and have the same bending modulus and 
yield strength, the peel is symmetrical and the crack front propagates down the 
center of the adhesive bondline. If one of the adherends has thickness or bending 
properties substantially different from the other, the adhesive bond cocks so that 
the bond end bends towards the test fixture that is grasping the thinner adherend. 
The locus of failure also shifts towards the thinner adherend.

F

F

FIgure 3.22■T-peel test specimen. Two thin adherends are bonded with an adhesive.  
For aluminum, the adherend thickness is 0.020 in to 0.032 in.  
The adherend will plastically deform during this test
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Another peel test is known as a 90° Peel Test that involves bonding a flexible adher-
end to a rigid adherend. There is no specific test standard in the ASTM literature 
for this test. One can picture this test by looking at Fig. 3.22 and imagining that the 
lower flexible adherend is replaced by a thick, rigid adherend. The flexible adherend 
is peeled away from the rigid adherend at a fixed rate so that the angle between the 
tab and the rigid adherend is kept at 90°. The rigid adherend must then be fixed 
to a trolley of some sort allowing the peel front to stay in a constant position under 
the testing machine crosshead as the bond is peeled. This test is described in more 
detail in Chapter 10 as it is used with pressure-sensitive adhesives.

Another variation of the peel test is shown in Fig. 3.23 and is described in ASTM 
D903. The flexible adherend is bonded to a rigid adherend. The specimen is placed 
in a tensile testing machine so that the tab is pulled away parallel to the rigid 
adherend. The flexible adherend undergoes substantial bending to conform to 
the stress under which it is placed. This adherend must be flexible enough not 
to yield to failure by such a bend. This test is often used to examine the adhesion 
of films or sheets to an adhesive. It is also used to examine peel adhesion of very 
soft adhesives and the flexible adherend is often canvas in that case. A sealant or 
rubber based mastic is applied in a uniform manner to the rigid adherend. Before 
the adhesive is allowed to cure or the solvent is allowed to evaporate, the canvas is 
pressed into the adhesive. When the adhesive has cured, the canvas forms an ideal 
flexible adherend for this test.

Two other variations of peel tests are shown in Figs. 3.24 and 3.25. Both of these 
tests are fixed radius of curvature tests. In the 90° and 180° peel tests, the radius 
of curvature of the adherend in the region immediately adjacent to the peel front 
is controlled mainly by the bending stiffness of the adherend. Depending on the 

F

F

FIgure 3.23■180° peel test. Adhesive is applied to a rigid adherend to which 
a very flexible adherend is attached. The thin adherend must be capable of 
extensive bending without yielding to failure. Canvas is often used as the thin 
adherend
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F
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F

Thick adherend

Thin adherend

Mandrel

FIgure 3.24■Diagram of the floating roller peel test. A thin adherend is bonded to a thick 
adherend. The specimen is placed in a fixture set up such that the bond rolls over two rollers. 
The thin adherend bends over the lower roller. The force is applied from the two rollers which 
are kept at a fixed angle with respect to the load and to the end of the thin adherend

F

F

Climbing drum Thick adherend

Thin adherend

Metal bands affixed 
to testing maschine
and climbing drum

FIgure 3.25■Schematic of the climbing drum peel test. A thin adherend is bonded to a 
thicker adherend. The end of the more flexible member is affixed to a drum. The bonded end 
of the specimen is affixed firmly to the other crosshead. The metal drum is attached to the 
bottom crosshead by metal bands. As the test proceeds, the drum appears to climb the bond 
while wrapping the thin adherend around itself

type of adhesive and the type of adherend, the crack could propagate through the 
adhesive or at some other locus (remember the discussion above regarding the 
T-peel test). In the floating roller peel test (Fig. 3.24) or the climbing drum peel test 
(Fig. 3.25), the radius of curvature near the peel front is controlled by the radius of 
the mandrel over which the flexible adherend is peeled. This system will also control 
the locus of the crack in the adhesive layer. For example, if a flexible adherend is 
peeled over a mandrel of small radius, the locus of crack propagation shifts close to 
the thin adherend. This becomes very useful if one is trying to examine the effect 
of surface preparations on practical adhesion [13]. In the climbing drum peel test, 
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the radius of curvature is much larger than in the floating roller peel test. This test 
is often used to determine the level of peel performance in honeycomb sandwich 
specimens. The floating roller peel is described in ASTM D3167 while the climbing 
drum peel is described in ASTM D1781.

In Fig. 3.24, we present an idealized version of the floating roller peel test. The 
mandrels shown are not free floating but are mounted in a fixture and roll over a 
race of ball bearings. In general, the fixture has the line between the centers of the 
mandrels at an angle of 45° with respect to the line of force. As the thin adherend 
is peeled around the lower mandrel, the thick adherend travels along the line 
formed by the mandrels. It is important to note that the radius of curvature of the 
mandrels plays a role in controlling the locus of failure in the bond. If the radius of 
the lower mandrel is small, it tends to force the failure near the thin adherend. If 
the radius of the lower mandrel is large, the failure is more towards the center of 
the bond. In this way, the floating roller peel specimen can be used to study surface 
preparations or primers [13]. The floating roller peel test was developed originally 
to test the bond strength of components in a helicopter rotor blade construction.

The climbing drum peel test is, in some sense, similar to the floating roller peel test 
in that the bond is peeled over a mandrel and the radius of the mandrel controls the 
peel front. The tests appear physically to be quite different, however. A schematic 
of the climbing drum peel test is shown in Fig. 3.25.

The drum is affixed to the testing machine by means of metal bands, one on each end 
of the drum. The flexible adherend is affixed to the drum by some mechanical means 
so that the adherend does not slip during the test. The other end of the adhesive 
bond is fixed firmly into the testing machine. This test seems peculiar when it is 
observed because the drum seems to climb the adhesive bond as the crossheads of 
the testing machine are moved apart. The results are reported as torque rather than 
as force to propagate a crack. This test is used for the testing of the peel strength 
of metal honeycomb adhesive bond sandwiches as well as metal-to-metal adhesive 
bond peel strengths. The test was originally developed to determine the torque 
which an aerospace fuselage or wing surface skin could withstand before it peeled.

3.6.1■ Stress Analysis in a Peel Specimen

In this section, we will analyze the state of stress in an adhesive bond that is tested 
in peel. Much of the discussion is similar to the discussion in Sections 2.7 and 3.4.4. 
The analysis of the mechanics of the peeling of an adhesive from a surface results 
primarily from the work of Spies [14] and later Kaelble [15]. Most of Kaelble’s work 
involved the analysis of peel of pressure sensitive adhesives from a rigid substrate. 
We discuss pressure sensitive adhesives in Chapter 10.
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FIgure 3.26■Schematic of the essential components of the Kaelble–Dahlquist stress analysis 
of peel. Important parameters include the peel angle, , the deflection angle at the peel 
boundary, , and the cleavage moment arm, mc. The identity of the remaining variables should 
be discernible from the diagram (redrawn from Dahlquist)

The analysis is based on the theory of bending of beams on an elastic foundation. 
Therefore, it is equally applicable to other adhesives, taking into account the 
assumptions that Kaelble made in order to make his analysis tractable. As with the 
previous analyses, Kaelble’s work is based on that of Timoshenko.

A peel specimen which has a load applied at the end is examined. Such a situation 
is shown schematically in Fig. 3.26, which also contains many of the variables used 
in this analysis. Figure 3.26 shows that the state of the adherend can be analyzed 
in two segments, bonded and unbonded. The analysis that we present is that of the 
bonded area. The analysis is based on work by Kaelble, as corrected by Dahlquist 
[16], who corrected the analysis for the bending of the adherend away from the 
peel front. We do not include that discussion in this book.

The derivation begins with Eq. (2.68) that describes the deflection of a beam under 
a distributed load:

4

z 4
d
d

yE I f
x

=  (3.38)

Remember that f  is a distributed force along the length of the beam. This equa-
tion must be modified for the coordinate change shown in Fig. 3.26 and must also 
provide an expression for the distributed force. For an elastic beam on an elastic 
foundation, the distributed force on the unloaded portion of the beam is just the 
distributed reaction on the beam by the foundation. Taking this change in coordi-
nates into account, we write
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4
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= −  (3.39)

E is the Young’s modulus of the beam (in this case the tape backing) and f  is the 
now written as a negative f  because it is the reaction of the foundation. Iz, as defined 
in Chapter 2, i.e., the moment of inertia of the beam (backing).

It is assumed that the adherend is elastic. In most cases, this assumption is reason-
able, especially in comparison to the properties of pressure-sensitive adhesives. 
Another assumption is that the adhesive follows Hooke’s Law for all displacements. 
Since pressure-sensitive adhesives are inherently rubber-like materials, the elonga-
tion of the adhesive can be many hundred percent. Therefore, this assumption is 
somewhat dubious. It is gratifying and surprising that answers are obtained that 
are not far off from experimental results. For the specimen under consideration, a 
statement of Hooke’s Law for the adhesive is:

a
1 d

d
F xE

b y a
=  (3.40)

where b dy is the area over which the force F is applied (hence an infinitesimal 
stress), x/a is the strain in the adhesive and Ea is the Young’s modulus of the 
adhesive. Rearranging this equation we find that

a
d
d
F bE x
y a
=  (3.41)

which is then substituted for the reaction of the beam to the adhesive layer.
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z a4
d
d

x bE I E x
ay

= −  (3.42)

The solution for Eq. (3.42) is similar to that found in the Goland Reissner analysis 
for lap shear specimens:

( )cos sinyx e A y B y  = +  (3.43)

where 1/4
a z[ / 4 ]E b E I a =

The constants in this equation can be determined by differentiating several times 
and applying the other equations for the bending of beams, appropriately modified 
for the situation shown in Fig. 3.26. The first boundary condition is that the cleav-
age moment at the bond boundary is equal to the bending moment in the backing. 
Applying these conditions and using Eq. (2.66), we have
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2
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= =  (3.44)

where Mc is the cleavage moment at the bond boundary and mc is the normal to the 
line of action of the applied force, F. As shown in Fig. 3.26, it is the normal from 
the line of action of the force to the bond boundary. We also apply Eq. (2.67) for the 
shearing force perpendicular to the plane of the bond, thus

3

z 3
d

sin
d

xE I V F
y

= − =  (3.45)

where  is the angle shown in Fig. 3.26 and F sin  is the resolution of the force 
applied to the bond in the x direction. When these equation are used in the triply 
differentiated solution to the solution for the equation for the deflection curve of a 
beam, the following equation results:

( )c c3
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sin cos sin
2

yex M f y M y
E I



    


 = + +   (3.46)

This equation describes a damped wave function with a period determined by  
which is, in turn, determined by the physical constants of the adhesive and adherend.

Kaelble devised a rather unique apparatus called the bond stress analyzer [17] by 
which he was able to measure the stress normal to a peeling joint. His measurements 
were in surprisingly good agreement with the above analysis. The deflection equa-
tion also shows the same sort of compressive zone that was found from the Goland-
Reissner analysis (see Fig. 3.15). This zone indicates that the adhesive is actually 
in compression in the region immediately behind the peel nip. This curious result 
is observable experimentally. The compression zone provides the rather interest-
ing and useful phenomenon that pressure-sensitive tapes actually increase their 
practical adhesion to a substrate while they are being peeled away. This happens 
because the compressive force immediately behind the peel nip induces improved 
wetting of the substrate by the adhesive. The subject of wetting is discussed in more 
detail in Chapters 4 and 6.
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■■ 3.7■ Summary

In this chapter we have discussed a number of tests used to study the physical 
properties of adhesives and adhesive bonds. The tests were broadly separated into 
four categories: tensile, shear, cleavage, and peel. The tensile tests are typified by the 
tensile rod specimen in which the adhesive bond is found between two rod sections. 
The shear tests are typified by the standard lap shear test in which two adherends 
are lapped in a 1/2 square inch (3.21 cm2) area. Fracture tests are typified by the 
uniform, double cantilever beam specimen. Peel tests are typified by the T-peel 
test. Many of the tests described in this chapter are found in the ASTM literature 
and a listing of some of those tests was presented. Various guidelines and hints 
for the preparation of the test specimens were presented throughout the chapter. 
More detailed mathematical analysis of the stresses in the lap shear and peel test 
specimens were given. The theory was based on the theory of the bending of beams.
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■■ Problems and review Questions 

1. List and describe the primary advantages and disadvantages of the tensile 
test described in ASTM D2095 as a test for adhesive bond strength.

2. List and describe the primary advantages and disadvantages of the lap shear 
test described in ASTM D1002.

3. Two structural adhesives have been developed. Both have essentially the same 
shear modulus but one adhesive has a lap shear strength (ASTM D1002) which 
is twice as high as the other. Give a plausible reason for this observation.

4. Calculate a profile that would generate a reasonably sized constant compli-
ance double cantilever beam specimen when the tensile modulus of the 
adherend is 10 GPa and the width of the specimen is 2.54 cm.

5. Given the following data and formulas, calculate the deflection of the backing 
of a pressure sensitive adhesive tape at 0.02 cm and 0.05 cm into the bond 
from the bond boundary.

 Backing thickness = 0.00305 cm
 Backing modulus = 1.1 × 1010 dynes/cm2

 Adhesive thickness = 0.00254 cm
 Adhesive modulus = 1 × 106 dynes/cm2

 Peeling force = 8.514 × 104 dynes/cm width
 Tape width = 1 cm
 Peel angle = 90°
 Cleavage moment = 376 dyne cm

3

z 12
E h bE I =  where h = backing thickness

6. Describe methods by which one can measure the Poisson’s ratio of a struc-
tural adhesive.

7. The critical force to cause a crack to propagate in a constant compliance 
double cantilever beam specimen is 24 pounds. The profile (geometry factor) 
is 90, the width of the specimen is 2.54 cm and the modulus of the adher-
ends is 23.4 pounds/square in. Calculate IC for the adhesive.
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http://dx.doi.org/10.1122/1.548868
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4 The Basics of 
Intermolecular Forces 
and Surface Science

■■ 4.1■ Introduction

In the previous chapters we have concerned ourselves with the mechanics of 
adhesive bonds. The discussion assumed that the interface or interphase of the 
adherend and adhesive was perfectly capable of transferring stress from the first to 
the second and so on. The phenomenon by which the adhesive takes up stress from 
the adherend is known as adhesion. Adhesion is a physical phenomenon resulting 
from the same attractive forces which bind atoms together to make molecules and 
molecules together to make liquids and solids. To understand adhesion, we must 
first understand the forces existing between atoms or molecules and then apply that 
knowledge to what occurs at surfaces and within interphases. In this chapter, we 
first discuss the forces binding atoms and molecules together. These concepts are 
familiar to those who have taken freshman chemistry and the mathematics employed 
are understandable to those who have taken college level physical chemistry. 
Enough explanatory material is provided so that understanding of the mathemat-
ics is not necessary to develop an understanding of the phenomena. Observable 
surface chemical phenomena are described in terms of these basic physical forces. 
In Chapter 6, surface chemical phenomena are related to adhesion phenomena. 
Guidelines for good adhesion needed for the design of reliable adhesive bonds are 
given in Chapter 6, as well.

The objectives of this chapter are to develop or review information on the physical 
forces binding atoms or molecules together to make liquids and solids. This knowl-
edge should naturally lead to an understanding of the physical basis for surface 
energy. Methods used to measure surface energy of materials as well as modern 
methods for determining their surface chemistry are discussed. In particular, contact 
angle measurements and how they play a role in surface science is emphasized. 
In addition, thermodynamics, force balances and the measurement of adhesion 
through the surface forces apparatus are discussed.
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■■ 4.2■ Fundamental Forces

A basic tenant of physics is that all natural phenomena can be described when 
all of the forces between bodies and their energy states are described. Physical 
forces in nature range from nuclear forces that bind protons and neutrons in an 
atom’s nucleus to gravitational forces that control the motion of celestial bodies. 
Gravitational forces are, for the most part, unimportant in the study of adhesion. 
Gravitational forces can play a role in the wetting of an adhesive or in the design 
of an adhesive bond. However, it is only those forces of a chemical nature that are 
important in understanding adhesion. The forces binding atoms to make molecules 
and molecules to make liquids and solids are most relevant in the study of adhesion. 
These topics are similar to the theory of solutions and the theories of the cohesive 
strength of materials.

There are several fundamental terms that need to be remembered or learned from 
basic physics before we can continue. The term potential energy has to do with 
the ability to do work. A rock sitting on a ledge has the potential to do work. Work 
is defined as a force times a distance. Thus, the work done by the rock falling off 
the ledge is the action of the gravitational force over the distance the rock falls. 
Once the rock has reached its final resting place, we say that the rock has a lower 
potential energy than it had before its fall and now it has less potential to do work. 
Mathematically,

W F d=  (4.1)

where W is work, F is the force and d is the distance over which the force acts. The 
work done is the difference in potential energy between the starting and resting 
positions of the system. If Φ1 is the potential energy of the starting state and Φ2 is 
the potential energy of the final state of the system,

1 2W = −Φ Φ  (4.2)

This important equation indicates the relationship between potential energy and 
work. Throughout the next section we discuss various mathematical functions 
describing the potential energy of various interactions between molecules and 
atoms. From Eq. (4.1) and Eq. (4.2), and assuming Φ1 – Φ2 is an infinitesimally 
small change such that it is equal to δΦ and F is constant, then

W F dδ δ δ= =Φ  (4.3)

and

F
d

δ
δ

− =Φ  (4.4)
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The force in a system can then be determined by differentiating the potential energy 
function by the distance over which the force acts. Similarly, the potential energy 
function can be determined by integrating a function describing the force with 
respect to the distance over which it acts. We use these simple physical concepts 
repeatedly in the next sections.

We also recall the laws of thermodynamics. The first law of thermodynamics states 
that the heat added to a system and the work done by a system changes the internal 
energy in a physical system. Mathematically, this is stated

E q wD = −  (4.5)

where E is the internal energy in the system, q is the heat and w is the work. For 
our purposes, this means that the energy in a physical system depends upon how 
much mechanical or thermal energy is put into a system. In particular, it is impor-
tant to remember that doing work on a system is the addition of internal energy to 
a system. Alternatively, if a system does work, its internal energy decreases. The 
second law of thermodynamics has to do with the disorder in a system. Entropy, 
S, is the measure of disorder. The second law of thermodynamics says that for a 
reversible process, the entropy in the universe stays constant. For an irreversible 
process, the entropy in the universe increases. This law can give us an insight into 
which physical processes happen spontaneously. In particular, when one combines 
the concepts of the internal energy, E, with the entropy, S, we obtain the free energy 
of the system. If the free energy of a system is negative, the process that the system 
is doing is spontaneous. The third law of thermodynamics states that entropy is 
zero for all pure elements and perfect crystals at the absolute zero of temperature. 
This provides a reference state for all chemical systems. For the purposes of this 
book, the laws of thermodynamics tell us that all physical systems tend to states 
that are lowest in potential energy and highest in entropy.

4.2.1■ electrostatic Forces

The electrostatic force occurs between atoms or molecules that bear a charge. This 
force is also known as the Coulombic force. Particles bearing like electrical charges 
repel each other while particles bearing opposite electrical charges attract each 
other. The potential energy of interaction between atoms or molecules having a 
charge is given by the following equation:

El 1 2

4
q q

rπ
=Φ  (4.6)

where qi are the charges on the atoms or molecules (the charges have a positive 
or negative sign),  is the dielectric constant of the medium in which the charged 
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particles are found, and r is the distance between the atoms or molecules. If the 
particles have like charges, the energy of interaction is positive or repulsive. If the 
particles carry unlike charges, the potential energy is negative or attractive. We can 
calculate the force of interaction by taking the derivative of the potential energy 
with respect to distance:

El
1 2

2
d

d 4
q q

r rπ
=Φ

 (4.7)

The electrostatic force is the strongest force of interaction (other than covalent 
bonding) between atoms or molecules. This force has been studied as a potential 
contributor to adhesion phenomena. However, not all adhesion phenomena can be 
explained by electrostatics. Electrostatic forces play a primary role in the formation 
of ionic bonds and ionic crystals. In an ionic crystal, such as NaCl, an electron has 
been transferred from sodium to chlorine. The resulting ions attract each other in 
a manner described by Coulomb’s Law, which can (in turn) be used to calculate the 
lattice energy of ionic crystals. The energy required to break an ionic bond is very 
large, usually on the order of 100 kcal/mole or more. This number is important for 
comparison to the other forces of attraction discussed below.

4.2.2■ van der Waals Interactions

In standard freshman chemistry textbooks, the ideal gas is normally thoroughly 
discussed. The ideal gas law is stated as:

P V n R T=  (4.8)

where P is the pressure, V is the volume, n is the number of moles of gas, R is the 
gas constant, and T is the absolute temperature. It was noted early in the study of 
the physical properties of materials that most gases do not follow the perfect gas 
law exactly. One of the first attempts to describe the deviation of gases from the 
perfect gas law was the equation of state developed by J. D. van der Waals, a Dutch 
physicist who lived 1837–1923:

( )
2

2
a nP V b n n R T
V

 
+ − =  

 (4.9)

P, V, n, R and T are as described above while the constants a and b are meant to 
describe the attractive and repulsive forces between gas atoms or molecules which 
the perfect gas law neglects. All of the forces leading gases to deviate from the 
perfect gas law are considered to be “van der Waals forces” [1]. We discuss each of 
these forces individually in the next sections.
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4.2.2.1■ Dipole–Dipole Interactions

Each element in the periodic table can be characterized by how much it attracts 
electrons. Thus, elements on the right hand side of the periodic table are said to be 
electronegative in comparison to the elements on the left-hand side of the periodic 
table. When atoms are bound together to make molecules, the electronegativity 
of the individual atoms acts to draw electrons towards those that are the most 
electronegative. Thus, a molecule such as CF3CH3, with the very electronegative 
fluorine atoms on one end of the molecule, has more of the electron density in the 
molecule residing more on one end than on the other. One could say that there was 
a partial charge on either end of the molecule. The CF3 side has a partial negative 
charge and correspondingly, the CH3 end has a partial positive charge. In terms 
of quantum mechanics, the probability function for the electron is greater in the 
region around the fluorine atoms than it is around the hydrogen atoms. This type 
of molecule, with a partial separation of charge is known as a dipole.

The dipole is characterized by the magnitude of the virtual charge on the ends of 
the molecule as well as by the distance separating the virtual charges. It is usual to 
draw a dipole as a dumbbell. The charges reside in the “balls” of the dumbbell. The 
handle of the dumbbell is the length separating the charges. The dipole is able to 
act in a mechanical way. If an interaction occurs between a singly charged species 
and a dipole, the opposite charges attract and the negative charges repel according 
to Coulomb’s Law. The line of action of this force is controlled by the “lever” holding 
the virtual charges together. A force acting on a lever in this way is a “moment” 
and for this situation, we can define a dipole moment, :

q l =  (4.10)

where q is the magnitude of the virtual charge, and l is the molecular length sepa-
rating the charges.

Two dipoles can interact. The oppositely charged ends of the dipole attract and the 
similarly charged ends of the dipoles repel, thus changing the spatial orientation 
of one with respect to the other. Figure 4.1, shows such a situation. The potential 
energy of interaction of two dipoles becomes a matter of trigonometric analysis of 
charges and moments acting upon one another. This dipole-dipole potential energy 
of interaction is written as follows:

( )P 1 2
1 2 1 2 1 23 2 cos cos sin sin cos

r
 

      = − − Φ  (4.11)

where 1 and 2 are the dipole moments and r is the distance of separation of the 
centroids of the two dipole moments [2]. The angles are all shown in Fig. 4.1.
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FIgure 4.1■ Diagram showing the interaction between two dipoles. The interaction is specified 
by the angles of orientation as well as by the dipole moments of the two molecules

An important advancement concerning the understanding of dipolar species came 
with the work of Keesom [3]. He surmised that dipoles in a liquid or gas did not 
exist as species rigidly fixed with one another. Rather, if a liquid or a gas is at a 
temperature such that its thermal energy is greater than the rotational energy of 
the dipoles in that material, then the dipoles are free to rotate with respect to one 
another. The potential energy of interaction must be averaged over all values of 
 and  to provide a thermally averaged interaction. Keesom derived the follow-
ing expression for the potential energy of interaction for rotating dipoles with an 
average thermal energy of k T, where k is Boltzmann’s constant and T is the absolute 
temperature:

2 2
P,K 1 2

6
2
3 k T r
 

= −Φ  (4.12)

Other constants in the equation were described previously. An adhesive, when 
applied, is almost always a liquid and may be described by a Keesom potential, 
although it is somewhat dubious for us to assume that the interactions that occur 
between a solid adherend and a liquid adhesive would best be described this way. 
The Keesom potential may be a reasonable approximation.

4.2.2.2■ Dipole-Induced Dipole

In another type of van der Waals interaction between molecules, greater attention 
is given to the interaction of the electron clouds surrounding molecules. When a 
molecule with a spherical, symmetrical charge distribution encounters a dipole, 
we might expect no interaction between these molecules. However, this is not the 
case. There is a measurable interaction between the two molecules, called the 
dipole-induced dipole interaction. This interaction occurs because of the nature of 
electron probability distributions around the nuclei in a molecule. We know from 
atomic theory that electrons move in molecular orbitals and these molecular orbit-
als can interact with other charges, changing the probability distribution of the 
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electron in its orbital. Simply stated, the electrons in the spherical, symmetrical 
molecule see the dipole as two charges. The electrons are attracted to the positive 
end of the dipole and repelled by the negative end. This creates a dipole moment in 
the otherwise spherical, symmetrical molecule. We then have a dipole interacting 
with a dipole that was created by the first dipole’s presence, hence the term dipole-
induced dipole interaction [4]. The expression that describes the potential energy 
of the dipole-induced dipole interaction is as follows:

2 2
I 1 2 2 1

6r
   +

= −Φ  (4.13)

in which the dipole moments, i, are as previously described and i are the molecular 
polarizabilities. This expression is written as if each of the interacting molecules 
has a dipole moment and these dipoles act upon each other to further increase 
the dipole strength of the other molecule. If one of the molecules did not have a 
permanent dipole moment, then the expression is written:

2
I 1 2

6r
 

= −Φ  (4.14)

The quantity, , the polarizability, is a measure of how tightly the electrons are 
held by the atom or molecule and is roughly proportional to the molecular or atomic 
volume.

4.2.2.3■ Dispersion Forces

The final energy of interaction is fundamental to the study of adhesion and to the 
study of polymeric materials. Let us consider a situation in which two atoms or 
molecules with spherical charge distributions are brought near one another. Noble 
gases and molecules such as methane have spherical, symmetrical charge distribu-
tions. We might think that because they do not have a charge or a virtual separation 
of charge, that there would be no interaction between these two species. There is, 
however, a measurable interaction and it is found in all materials. A description of 
the source of this interaction stems naturally from the discussion on the dipole-
induced dipole interaction. In a spherical, symmetrical charge distribution, there 
is a finite probability, at any one instant in time, that the electrons in an atom or 
molecule are all on one or the other side of the atom or molecule. If that is the 
case, then the atom or molecule has a partially unshielded nucleus or nuclei on 
one side and an excess of electrical charge on the other. This situation forms an 
instantaneous dipole, which can induce an instantaneous dipole in the other atom 
or molecule with a spherical charge distribution. The result is a net potential energy 
of interaction that leads to an attraction between these two atoms or molecules. 
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Because of the instantaneous nature of this interaction, its magnitude can be 
expected to be small. The expression that describes the potential energy of inter-
action between two atoms or molecules acting through instantaneous dipole-induced 
instantaneous dipole interaction is:

2 2
D 1 1 1 1

6 6
3 3
4 4

C I
r r
    

= − ≈ −   
   

Φ  (4.15)

and
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The first expression is for the interaction of like atoms or molecules, while the second 
expression is for unlike atoms or molecules. In the above expressions, the quanti-
ties i are the polarizabilities as described above, the Ci are molecular constants 
which can be approximated by the Ii, which are the ionization potentials for atom 
or molecule i. This potential energy of interaction is given the symbol ΦD where 
D stands for dispersion force interaction. The name dispersion force comes from 
the relationship of this force to the dispersion of light in the visible and ultraviolet 
regions of the spectrum. Inherently, “dispersion force” does not accurately describe 
this phenomenon and may be misleading. However, the literature has adopted this 
name to describe the instantaneous dipole-induced dipole force.

Upon examination of the equations for the dispersion force potential energy, we 
can see three things. First, the interaction is directly dependent upon the polariz-
ability of each of the interacting species. Thus, atoms or molecules that have loosely 
held electrons (loosely held electrons are more easily displaced in an electric field) 
have large dispersion force interactions in comparison to those molecules that have 
tightly held electrons. Second, the dispersion force interaction is dependent upon 
the first ionization potential for the species. Third, the dispersion force interaction 
is inversely dependent upon the sixth power of the distance separating the two 
species. The interacting species must be close together for this potential energy of 
interaction to have any effect. This should be compared to the Coulombic potential 
energy of interaction which is dependent upon the inverse first power of distance. 
In charge-charge interactions, the action is over long distances.

The detailed description of the dispersion force interaction between surfaces is based 
on quantum electrodynamics that is outside of the scope of this book. The theory 
most often cited is that of Lifschitz [5]. The Lifschitz theory is somewhat difficult 
and the reader is referred to the useful explanation by Grimley [6]. Israelachvili [7] 
provides methodology to approximate the measurements needed to calculate the 
dispersion force interaction between two bodies.
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4.2.3■ Interactions through electron Pair Sharing

The final interaction that can take place between two atoms or molecules is the 
formation of a chemical bond through the sharing of an electron pair. We call these 
“chemical bonds” to distinguish them from “physical bonds” formed by van der 
Waals interactions or ionic bonds formed by the interaction of two charged species. 
The types of chemical bonds formed by electron pair sharing fall into two broad 
categories: covalent bonding and donor-acceptor interactions. In covalent bonding, 
molecular species are formed by sharing of electron pairs. The electrons, originally 
centered on one atom or part of one molecule, are now shared by the atoms in the 
new molecule. The description of the interaction of atoms or molecules to form new 
molecules is not a simple one. It requires knowledge of quantum mechanics that 
is outside the scope of this book.

Covalent bonds are most often described in organic chemistry. Coordinate covalent 
bonding is a variation of covalent bonding in that a metal atom, usually an ion, 
acts as an acceptor, receiving electron pairs from ligands that are donor molecules. 
Reactions between transition metal ions and amines are examples of coordinate 
covalent bonding. This form of bonding can also be considered a subset of reactions 
known as donor-acceptor interactions, in which electron pairs are partially shared 
between atoms or between atoms and molecules.

Another particularly important subset of donor-acceptor interactions is acid-base 
interactions. These interactions include the well-known Bronsted-Lowrey reactions 
in which a base (e.g., NaOH) reacts with an acid (e.g., H2SO4) to give a salt (e.g., 
Na2SO4) and water. The reactions of Lewis acid-bases, such as antimony penta-
fluoride (a Lewis acid) with ammonia (a Lewis base), are also examples. The key 
feature of Lewis acid-base reactions is that Lewis acids are electron deficient and 
Lewis bases have a non-bonded electron pair. Acid-base interactions have recently 
become very popular for describing observed adhesion phenomena. It should be 
clearly noted, however, that acid-base interactions are just one of a set of inter actions 
that can take place between atoms and molecules and are not a fundamental force 
of nature. We discuss each of these interactions and how they may play a role in 
the understanding of adhesion phenomena in ensuing sections.

4.2.4■ repulsive Forces

We have laid the groundwork describing the interactions between atoms or mole-
cules through the interaction of their electron clouds and nuclei. However, remember 
that electrons are negatively charged particles. If two electron clouds come close 
enough together, the electrons see each other for what they are. When atoms or 
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molecules come very near each other, there is a repulsion of their respective electron 
clouds and a resulting repulsion of the atoms or molecules. The equations described 
earlier all show potential energies of interaction which vary with the inverse power 
of distance to the sixth power or less. In comparison to repulsive forces, these are 
long range interactions. To describe repulsive forces, the inverse distance must be 
raised to a much higher power to signify just how short range these interactions 
are. One of the earliest and most famous potential energy expressions proposed to 
describe the interactions between atoms or molecules was developed by Lennard-
Jones [8], specifically:

L J
6 12

A B
r r

− = − +Φ  (4.17)

In this expression, A is a constant that scales the attractive interactions while B is 
a constant that scales the repulsive interactions. The attractive potential is written 
as the reciprocal sixth power of distance. If we compare this expression with those 
written above for the various van der Waals interactions, we find that all of them 
depend on distance to the reciprocal sixth power. The repulsive interaction is very 
short range in that the reciprocal is raised to the twelfth power of distance. This 
expression allows us to at least infer the effect of the various attractive constants 
on things having to do with surfaces. A Lennard-Jones force can also be calculated 
by taking the derivative of the potential with respect to distance as follows:
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 (4.18)

This expression plays a role in our calculation of the interaction of two surfaces.

■■ 4.3■ Surface Forces and Surface energy

Surfaces abound in nature. Surfaces and interfaces are the demarcations between 
various states of matter, between different chemical entities, and between aggregates 
of those chemical entities, such as materials and living things. Materials, especially 
liquids, exhibit easily observable surface forces. If you attempt to slowly push a 
probe through the surface of a pure liquid such as water, you encounter a resistance 
that is a manifestation of surface forces. In nature, surface forces allow insects to 
walk on water, for example. Interfacial forces induce the phenomenon of capillary 
rise which, when accompanied by transpiration, allows fluids to be transported 
from the roots to the tops of trees. The fact that liquids have a surface energy is 
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also demonstrated by a simple thought experiment. We know, for example, that all 
things in nature tend to their lowest available energy state. A finely divided liquid, 
when suspended in another medium, assumes a spherical shape. Why?

Liquids have an extra energy associated with the surface. Spheres have the lowest 
possible surface area of any three-dimensional object. Since all things tend to their 
lowest energy state, liquid droplets tend to be spherical (in the absence of gravi-
tational distortion of shape) so that the energy associated with having a surface 
is minimized. Understanding surfaces and surface energetics is an important part 
of understanding adhesion and adhesives. It is the interfacial region that plays a 
crucial role not only in the forming of the adhesive bond, but also in the transfer 
of stress once the bond has formed.

Adamson [9] provides a simple molecular view of why liquids have an extra energy 
associated with their surface. Let us view the molecules in a liquid as a collection of 
balls interacting with each other by the set of forces described above. A molecule in 
the bulk of the liquid interacts with all of its nearest neighbors equally. However, a 
molecule that exists at a surface can interact only with molecules below and to the 
sides of it. This molecule has “unrequited valences”. To counteract this imbalance 
of forces at the surface, the molecules tend to be further apart, thus increasing 
the force acting in the plane of the surface. This leads to the feel that a liquid has 
a “skin”. In fact, it has been experimentally demonstrated that liquids (at their 
triple point) have lower density in the surface region [10]. Thus, we could explain 
the observed phenomena by saying that surface forces result from an imbalance 
in intermolecular forces for molecules that exist at a demarcation between phases 
and materials. We use this description to provide a means of estimating surface 
energy for liquids that have simple (non-directional) interactions between atoms 
or molecules.

Let us suppose that the energy of interaction between two molecules, A, is given by 
the quantity . In a simple lattice model, the molecule will have zb nearest neighbors, 
where z stands for the coordination number and b stands for “bulk” (interior of the 
liquid.) Thus, the total energy of interaction between the molecule of interest and 
its nearest neighbors is:

AA
A,b b 2

z


=Χ
 (4.19)

At a surface, the coordination number will be some number less than zb. We call 
the coordination number at the surface zs. Therefore, the energy of interaction of 
the molecule with its neighbors at the surface is:

AA
A,s s 2

z


=Χ  (4.20)
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FIgure 4.2■Diagram showing the basis of the calculation carried out by Fowler and 
Guggenheim. The diagram shows the indices over which the integrations are carried out. 
The basic idea is to sum all the interactions between all elements on one side of the interface 
with all the elements on the other (redrawn from Fowler and Guggenheim)

In both of these expressions, the interaction energy is divided by two in order to 
correct for double counting. Thus, the molecules at the surface have a difference 
from the bulk molecules in their energy as described in the following expression:

( ) s bAA
A,s A,b

1
2

z z


 

−
− = =Χ Χ  (4.21)

where  is the area on the surface occupied by molecule A and  is known as the 
surface energy.

Another means of calculating the effect of molecular interactions between two 
surfaces is that described by Fowler and Guggenheim [11]. This type of calculation 
is similar to others found in the literature and its basis is shown in Fig. 4.2. Two 
important assumptions are used in this calculation. The first is that the density of 
the molecules is a constant throughout either side of the interacting surfaces. On 
a molecular scale, this is incorrect. However, qualitatively it provides a reasonable 
answer. The second assumption is that each point on either side of the interacting 
surfaces is acting by means of the Lennard-Jones force described earlier.

The entire integral used in the calculation is as follows:
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 (4.22)

In this expression, n is the density of molecules on either side of the two surfaces, 
a is the distance of separation of the two surfaces and A and B are the attractive 
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and repulsive Lennard-Jones constants, respectively. The calculation starts by 
determining the number of molecules in an annulus at a distance r and varying 
the angle d and the interaction of all possible annuli on the leftmost surface on 
a point on the rightmost surface. The calculation then integrates over all possible 
points in the rightmost surface.

Now look at the total energy, T, necessary to separate these two surfaces to an 
infinite distance. We integrate the total force over all distances from the equilibrium 
distance, r0, out to infinity:

0

L J
T T d

a

a r

F a
=∞

−

=

= ∫  (4.23)

A force times a distance is energy. The term, r0 is the equilibrium distance between 
the two surfaces. Plugging the result of Eq. (4.22) into Eq. (4.23) gives us the total 
energy of interaction between these two surfaces:
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 (4.24)

Realizing that at r0 (the equilibrium distance), the total force is zero, we have:

6
012 90

A B
r

=  (4.25)

Substituting this equation into the expression for the total energy we have:

π π2 2

T 2 2
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n A n A
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  = = ⇒ =  (4.26)

This is a crucial equation for this section of this book. Using the method of Fowler 
and Guggenheim, we have calculated the total energy of interaction existing between 
two surfaces whose molecules are interacting by means of a Lennard-Jones force. 
The interaction is found to depend upon the density of molecules in the surface, the 
equilibrium distance between the two surfaces (which could just as well be taken 
as an intermolecular spacing, making the assumption that the two surfaces were 
actually in contact at equilibrium), and the attractive constant A. The total energy 
due to the presence of two surfaces in contact is dependent upon the intermolecular 
forces that exist in the material and upon the intermolecular spacing. Equation (4.26) 
goes on to define a quantity  that is one-half of the total energy of interaction. 
This quantity, , is the surface energy of the material, as we discussed before. Note 
that  depends upon the magnitude of intermolecular forces as demonstrated by 
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its dependence on the constant A. Note that the expression previously derived via 
coordination number (Eq. (4.21)) has a mathematical form similar to Eq. (4.26).

The surface energy  plays a crucial role in the understanding of adhesion phenom-
ena. It is important to know that it is just as much a materials parameter as the 
tensile strength or other descriptors of materials properties. Table 4.1 provides a 
listing of the measured surface energy for a number of familiar liquids.

We now consider the relationship between surface energy and the stiffness of a 
material. The isothermal Young’s modulus of a material can be shown to be [12]:
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The subscripts indicate that the differential is taken at constant temperature and 
at r = r0. The Lennard-Jones potential can be substituted into this expression and 
through algebra and the use of the equilibrium distance argument presented earlier, 
we find that
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0
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=  (4.28)

Using Eq. (4.27), we can show that

0

32E
r
=  (4.29)

This very interesting result shows that the isothermal Young’s modulus is directly 
related to the surface energy of a material. We find that those materials with the 
highest stiffness are also those with the highest surface energies. Similar correla-
tions can be drawn with other parameters related to the cohesive properties of 
materials.

TABle 4.1■ Surface Energies of Familiar Liquids

Liquid Surface Energy (mJ/m2) at 25 °C
Water 72

Epoxy resin 43

Glycerol 63

Ethylene glycol 47

n-hexane 18

Benzene 28.9

Nitrobenzene 43.9



994.4 Work of Cohesion and Adhesion

■■ 4.4■ Work of Cohesion and Adhesion

Consider the situation shown in Fig. 4.3. In this thought experiment, the elastic 
material of unit cross sectional area is subjected to a tensile force. The material 
breaks, creating two new surfaces. Since the material is completely elastic, the 
work done on the sample is dissipated only in creating the new surface. Under 
those assumptions, if both sides of the broken material are of the same composi-
tion, then we can say

coh 2W =  (4.30)

where Wcoh is defined as the work of cohesion. This equation has much the same 
sense as the result of the Fowler-Guggenheim analysis that resulted in Eq. (4.26). 
We can understand the origin of Eq. (4.30) if we just realize that the only thing that 
we have done by the application of work to the imaginary specimen is the creation 
of two new surfaces, each of unit area. If the new surfaces are each made of the 
same material, then the total energy expended must have been twice the surface 
energy of the material.

We have already discussed a similar situation when we discussed the definition of 
the strain energy release rate. The reader should examine Sections 2.4 and 3.5.1.2. 
When we derived the equation for the strain energy release rate, we discussed the 
effect of a crack propagating in a body. What happens when that crack propagates? 
Two new surfaces are created! Thus, in the case of a completely elastic material:
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= =  (4.31)
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dissimilar materials or 
an imaginary surface 
internal to a monolithic 
material

New surfaces

FIgure 4.3■Diagram showing the basis for the calculation of the work of cohesion and adhesion. 
A monolithic material is broken to create two surfaces of unit area. An interface between two 
materials is separated to create two new surfaces, each of unit area. The materials are assumed 
to be completely non-energy-absorbing and non-energy-dissipating, that is, entirely elastic
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In this equation, the lower case “c” stands for “critical” while the upper case “C” 
stands for the compliance of the material. The other symbols are defined in Chapters 
2 and 3. This equation states that a crack grows in an elastic material, when the 
strain energy exceeds the surface energy of the material. This criterion is known 
as the Griffith fracture criterion [13] and was the first of its type. Griffith and his 
co-workers found that very few materials had a strain energy release rate as low as 
the work of cohesion, un-sized glass fibers being one of those materials. It is found 
that most materials do not fail in a brittle, elastic manner, but absorb energy in a 
number of ways, including viscoelastically. Only a few materials behave according 
to the Griffith fracture criterion.
Imagine a situation in which two dissimilar materials are in intimate contact. 
A tensile force splits the materials into two dissimilar materials. If the sample is of 
a unit cross sectional area, then the energy expended should be the sum of the two 
surface energies. This is an incomplete description of this imaginary experiment. 
Because the two dissimilar materials were in contact, there were intermolecular 
forces present that are now missing since the materials were separated. That is, 
an interfacial energy may have been present before the materials were split apart. 
As this energy is missing after the two surfaces are separated, we must subtract it 
from the energy used to create the two new surfaces:

A 1 2 12W   = + −  (4.32)

where WA is the work of adhesion, i is the surface energy of the ith material and 
12 is the interfacial energy between the two materials in contact. This equation 
was postulated centuries ago and is known as the Dupré equation [14]. The inter-
facial energy can also be considered as the energy necessary to create a unit area 
of interface. The Dupré equation plays a central role in the study of adhesion. It is 
important to note that the work of adhesion is a thermodynamic parameter. There-
fore, it should not depend upon factors such as rate, thickness of adhesive, or other 
parameters that could affect the physical properties of the bulk adhesive. However, 
the work of adhesion is dependent upon temperature as well as the chemical con-
stitution of the adhesive, as would be any chemical system.
We can also describe interfacial energies by means of the same type of simple lattice 
description used to describe surface energy. Suppose we have materials in contact at 
an interface, one material containing atoms or molecules of A and the other atoms 
or molecules of B. When either A or B is at the interface, A loses interaction energy 
with some A atoms or molecules but gains some interaction energy with B atoms 
or molecules. A similar situation occurs for B. Suppose that there are N molecules 
of A and B at the interface. We can write:

( )b ii AA BB
AB AB2 2

N z z
a

 
 

−  = − − =  
Χ

Ω
 (4.33)
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where the ’s are interaction energies between atoms or molecules, AB is the inter-
action energy between an A and a B at the interface, zi is the coordination number 
at the interface, a is the average cross-sectional area per molecular pair at the 
interface, Ω is the total interfacial area and AB is the interfacial energy between 
the liquids A and B. From the form of Eq. (4.33), we can see that it will be likely that 
interfacial energies are going to be smaller than surface energies since the energy 
parameters used in this expression are subtracted from one another.

■■ 4.5■ Methods of Measurement of Surface 
energy and related Parameters

4.5.1■ Surface Tension

If an attempt is made to push a probe through the surface of a liquid, the probe 
encounters a resistance to the deformation of the surface; known as the surface 
tension. Surface tension and surface energy are numerically identical for liquids. 
Surface energy is generally given in units of millijoules per meter squared (mJ/m2) 
while surface tension is given in units of dynes/cm or Newtons per meter (N/m), 
i.e., the surface tension is given as a force per unit length. Techniques for the 
measurement of the surface tension of liquids have their basis in two types of 
measurements: probes and surface area increase. The probe methods generally 
involve the passage of a probe through the surface and the measurement of the 
force necessary to accomplish that passage. Such methods include the Wilhelmy 
plate [15] and the du Nuoy [16] ring.

Surface area increase can be used to measure the surface tension of liquids since 
the minimization of surface energy is a driving force in nature. We can measure 
surface area by suspending a drop of liquid on the tip of a syringe and then increas-
ing the volume of the drop until it falls from the syringe under the action of gravity. 
The drop’s shape depends upon the surface tension of the liquid. We could also 
place a clean capillary tube into a pool of liquid and observe the height to which the 
liquid travels up the tube under the influence of capillary pressure. The following 
sections include short descriptions of a few of these methods. When determining 
liquid surface tensions, the liquids must be in the purest possible state. A double 
distillation of the liquid in scrupulously clean glassware is recommended. Extremely 
small quantities of contaminants, especially those materials that are surface active, 
can cause very large changes in surface tension.
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4.5.1.1■ Drop Weight/Volume Method

The “Drop Weight/Drop Volume” [17] method is one of the easiest ways to deter-
mine both surface and interfacial tensions of liquids. The main piece of equipment 
necessary to perform this measurement is a hypodermic syringe equipped with a 
micrometer-driven plunger. A hypodermic needle with a highly polished tip and 
with known dimensions is applied to the end of the syringe. The liquid of interest is 
placed in the syringe, which is then placed over a vessel. The micrometer is slowly 
driven until a drop falls from the tip of the needle. The number of drops is counted 
and the volume measured. Alternatively, the number of drops is counted and their 
weight is measured. The weight is converted to volume through knowledge of the 
density of the liquid. The average volume necessary to cause the drop to fall is 
used to calculate the surface tension of the liquid. Appropriate geometry factors 
are applied to arrive at the correct surface tension [18]. Interfacial tensions can be 
measured by placing the end of the hypodermic needle in another liquid in which 
the test liquid is not soluble. The liquid of higher density should be in the syringe. 
With a correction for buoyancy, the interfacial tension between the liquids can be 
measured.

4.5.1.2■ Du Nuoy Tensiometer

Commercial instruments based upon the du Nuoy ring tensiometer [16] are available. 
The instrument consists of a sensitive force-measuring device, such as a torsion 
wire, from which is suspended a lever arm and from the lever arm is suspended 
a harness and ring. The ring is usually made of platinum or another noble metal 
and is kept scrupulously clean. Normal cleaning procedures are usually followed 
by firing the ring with a propane torch.

The dimensions and shape of the ring are usually lumped into a “ring factor” sup-
plied by its manufacturer. The shape of the ring is extremely important as any 
distortion results in incorrect measurements of the surface tension. The ring is 
placed under the surface of the test liquid. The liquid is slowly moved downward 
until the ring is near the surface. The force is repeatedly balanced by means of the 
torsion wire and eventually the ring breaks through the liquid surface. That force 
is recorded and, by means of appropriate conversion factors, the surface tension 
of the liquid is calculated.

4.5.2■ Surface energy of Solids

The concept of surface tension is not applicable to solids. Even though it is likely that 
solid surfaces are under tension, it is not easy to conceive of a method to measure 
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surface area increases or forces necessary to pass probes through the surface of a 
solid since both would irreparably damage the solid surface. Since the damage is 
irreversible, this would not be considered a thermodynamic measurement. However, 
the concept of a surface energy is certainly applicable to solid surfaces. Because 
a solid surface contains unrequited bonds, just as those between the molecules in 
the surface of a liquid do, a solid surface has a surface energy. Unfortunately, none 
of the methods even remotely similar to the ones we have described earlier are 
applicable to solids. For the most part, we have only indirect methods for estimat-
ing the surface energy of a solid. The easiest ways to estimate the surface energy 
of a solid are based upon contact angle measurements. These measurements are 
so fundamental to the study of adhesives and adhesion, that it is appropriate to 
devote considerable space to their description. In the next section, we also describe 
a mechanical method for determining the surface energy of solid materials: the 
surface forces apparatus.

4.5.2.1■ Contact Angle Methods

In a contact angle measurement, a drop of a liquid is placed upon the surface of a 
solid. The liquid is chosen so that it does not swell the surface of the solid nor does 
it react with the surface. The solid is assumed to be perfectly smooth and rigid. We 
can often find liquids that do not chemically interact with the solid, but it is dif-
ficult to find perfectly smooth solids. In addition, the forces that act at an interface 
are not only not negligible but in many cases, can distort the surface at a distance 
considerably remote from the area of contact. This can happen even in substrates 
that are nominally rigid. Thus, many of the suppositions necessary for the analysis 
of the contact angle measurement are difficult to achieve in reality. However, the 
simplicity of the technique, as well as its ability to provide useful data, tends to 
overshadow these shortcomings.

A diagram of the contact angle measurement is shown in Fig. 4.4. The liquid is 
placed on the surface so that the effects of gravity to flatten the drop are negligible. 
Drop size is usually small (tens of microliters). The dispensing instrument is held 
very close to the surface and the drop of liquid is “laid” on the surface rather than 
“dropped”. The drop is allowed to flow and equilibrate with the surface. Viscous 
liquids are allowed a longer time to equilibrate than low viscosity liquids. The 
measurement is usually done with a goniometer, which is nothing more than a pro-
tractor mounted inside a telescope. The table upon which the solid rests should be 
precisely leveled and that level is used as the baseline of the protractor. Care must 
be taken to ensure that the cross hairs of the protractor are at the exact drop edge. 
This can be difficult when contact angles are either very high or very low. Several 
measurements are made on several drops that are placed in several locations on 
the surface. Accuracy of ±1° are attainable with careful measurement.
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γLV
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FIgure 4.4■Schematic of the contact angle experiment. A drop of liquid is placed on a 
perfectly smooth, rigid solid. The angle of contact is measured at the three phase point 
between the solid, the liquid, and the vapor. The “interfacial tensions” between the phases 
used by Young to generate his equation are shown

Contact angle measurements are dependent upon the direction in which the mea-
surement is made. When a drop is laid down upon a surface and advances over the 
surface as it spreads, the contact angle in this situation is known as the advancing 
contact angle. If liquid is withdrawn from a drop that has already come into equilib-
rium with the surface, the contact angle is known as the receding contact angle. In 
general, the advancing angle is larger than the receding angle. The phenomenon of 
having a different contact angle under advancing and receding conditions is known 
as contact angle hysteresis. Johnson and Dettre [19] have described a number of 
reasons contact angle measurements are hysteretic, specifically: non-homogeneous 
surface chemistry, surface roughness, and molecular rearrangement in the solid 
induced by the liquid and vice versa. The hysteretic character of contact angle mea-
surements raises some doubts as to their character as equilibrium measurements 
of surface energetics.

The importance of the contact angle measurement was established by the analysis 
originally done by Young [20]. However, his analysis is inherently incorrect because 
solid surfaces do not have a well-defined “surface tension”. Additionally, the analysis 
did not take into account the potential distortion of the solid surface by the action of 
the surface tension of the liquid. Cherry [21] was able to show by thermodynamic 
arguments that the expression was correct, but not for the vectorial kind of argu-
ment originally provided by Young. The Young equation states:

LV SV SLcos   = −  (4.34)

where  is the contact angle (as shown in Fig. 4.4) and the ij are the appropriate 
interfacial tensions between the “S” solid, the “L” liquid and, the “V” vapor. It should 
be noted the SV is the solid-vapor interfacial energy and not the true surface free 
energy of the solid. The surface free energy is related to SV through the following 
relationship:

SV S e  p= −  (4.35)
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where S is the true surface free energy of the solid and pe is a quantity known 
as the equilibrium spreading pressure. The term, pe, is a measure of the energy 
released through adsorption of vapor onto the surface of the solid, thus lowering 
its surface free energy. The equilibrium spreading pressure is important when the 
solid surface energy is high and the liquid surface energy is low.

An example of this situation is the wetting of a clean metal by a hydrocarbon. The 
equilibrium spreading pressure is manifested in the observation that the contact 
angle of the hydrocarbon on the clean metal surface is not zero even though the metal 
surface energy is much higher than that of the hydrocarbon. The equilibrium spread-
ing pressure is not important when a high surface energy liquid wets a low surface 
energy material. Such a situation is exemplified by water on polyethylene. In most of 
this book, we will ignore pe. Any quotation of S which has been measured without 
consideration of the equilibrium spreading pressure should be considered suspect.

We know from our discussion of the Dupré Equation that

A LV SV SLW   = + −  (4.36)

Substitution of the Young Equation into the Dupré Equation results in the Young-
Dupré Equation that states:

( )A LV 1 cosW  = +  (4.37)

This deceptively simple equation relates a thermodynamic parameter to two easily 
determinable quantities: the contact angle and the liquid-vapor interfacial tension. 
Examination of the data in Table 4.1 provides estimates of the prediction of the 
work of adhesion between a solid and a liquid. Suppose that an epoxy resin (surface 
tension of about 43 dynes/cm) completely wets the surface of an aluminum plate. 
The contact angle would be 0, 1 + cos  would be 2, and the work of adhesion would 
be 86 mJ/m2. This is an exceedingly small quantity. This energy is far lower than 
the amount needed to break all but the weakest of adhesive bonds. With the sub-
stantial difference between the work of adhesion and the actual amount of energy 
necessary to break an adhesive bond, one would assume that the work of adhesion 
plays an insignificant role on the practical work of adhesion. In Chapter 6, we find 
that this is not the case and discuss attempts to relate the thermodynamic work of 
adhesion to practical adhesion.

4.5.2.2■ Contact Mechanics and Direct Measurement of Solid Surface energy

The above discussion indicates that the direct measurement of the surface energy 
of solids is a difficult task. In the modern examination of interactions at surfaces, 
another technique allows us to probe directly the interactions between solid surfaces. 
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The technique is the surface forces apparatus (SFA) [22] and the analysis of the 
experiment was done by Johnson, Kendall, and Roberts (JKR) [23]. Understanding 
the basis of the JKR theory and the measurement gives insight into many of the 
basic physical phenomena of adhesion. Energy balance, fracture mechanics, and 
mechanical properties of materials all play a role in the measurement as well as 
the analysis of the measurement.

Fig. 4.5 shows a schematic of the meeting of two spheres. Hertz [24] was the first 
to analyze this situation and made the assumption that the spheres were perfectly 
elastic and exhibited no adhesion. Hertz was able to show that:
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The term, i, is the Poisson’s ratio of the i th material, Ei is its tensile modulus, Ri 
is the radius of curvature of the i th material, F is the force which is applied to the 
two materials, and a is the radius of contact between the two spheres. In addition, 
the Hertz theory demonstrated that the distance of approach of the centers of the 
two spheres, d, would be:
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FIgure 4.5■Diagram showing the basis for the Hertz analysis. 
Shown are two elastic spheres in contact.  
The radii of curvature are shown as well as the distance of 
separation of the two centers
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FIgure 4.6■Schematic of the situation analyzed by JKR. The Hertz radius of contact is given 
by a0 while the radius of contact for two bodies displaying adhesion is given by a1. The radii of 
curvature are as described in Fig. 4.5. The dotted lines show the Hertz situation while the solid 
lines show the situation in which the two bodies display adhesion to one another

Figure 4.6 shows the situation as analyzed by Johnson, Kendall and Roberts. These 
workers noted that the force necessary to separate two bodies in contact was not zero 
as assumed by Hertz and that the radius of contact of the two bodies was not well 
predicted by the Hertz equation written above. The distance of separation equation 
was also incorrect. Johnson, Kendall and Roberts made the correct supposition in 
stating that the deviation of the Hertz equations from experimental observations 
was due to the forces of adhesion.

The method for examining the contact mechanics of two spheres with forces of 
adhesion between their surfaces is very similar to the method we used to analyze 
linear elastic fracture mechanics in Chapters 2 and 3. It involves an energy balance 
approach. That is, the situation is not analyzed in terms of stresses and strains as it 
was in the case of the Goland-Reissner analysis of lap shear specimens, but rather 
in terms of energies. For the system shown in Fig. 4.6, we say that the total energy 
in the system, UT, is made up of three parts: UM, the mechanical potential energy, 
UE, the elastic energy in the system, and US, the surface energy in the system. US is 
simply the work of adhesion in the case of spheres made of different materials in 
contact with one another and the work of cohesion in the case of similar materials 
in contact with one another. Let’s look at the mechanical potential energy next. For 
this analysis, we need to examine Fig. 4.7.

We first calculate the mechanical potential energy in the system. If a force F0 is 
applied to the two spheres and a resultant displacement (d2) occurs, we can easily 
write the mechanical potential energy in the system as F0 d2 (position 3 in Fig. 4.7). 
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We can calculate the elastic energy by first saying that the spheres are pushed 
into Hertzian contact by a force F0, which results in a Hertz displacement of d0. 
This situation ensues when no surface forces are present and corresponds with 
position 1 in Fig. 4.7 and with radius a0 as shown in Fig. 4.6. We can now invoke 
the presence of surface forces by saying that this is equivalent to having an extra 
Hertz force applied to the two spheres. This is now the situation at position 2 with 
force F1, displacement d1 (Fig. 4.7) and radius a1 (Fig. 4.6). Positions 1 and 2 are 
not real, but rather virtual situations, which allow us to calculate the energy in the 
system. We now relax the system to get to the experimentally determined state at 
position 3 in Fig. 4.7. The total elastic energy in the system is now the amount of 
energy necessary to attain position 2 minus the energy required to attain posi-
tion 3. The energy necessary to attain position 2 is easily determined, since we 
have assumed that the body follows Hertzian mechanics. Rearranging Eq. (4.40), 
we can find d and then integrate d dF from F = 0 to F = F1:

1
2
3

2 2 1
0 3 3

2
d

3

F
FU F

K R

= ∫  (4.41)
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The calculation of U3 can be equally straightforward if one knows the relationship 
between F and d for the “unloading” curve. The load-displacement curve for this 
situation was derived by Johnson [25] and it has the form:

F

F1

F0

2

1 3

d0 d2 d1

d

FIgure 4.7■ Force-displacement plot for the analysis of the contact mechanics of two spheres 
by means of the energy balance approach
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Combining all of these relationships we have:
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This complicated algebraic expression can be used to find a relationship between 
F1 and F0 and, more importantly, a relationship between F0 and a1. At equilibrium 
(here is the energy balance part):

T

1

d
0

d
U
F

=  (4.45)

Applying this equilibrium condition to the equation for UT we find

( )π π= + + + 2
1 0 A A 0 A3 6 3F F W R W R F W R  (4.46)

This equation shows that the apparent Hertz force is greater than the actual applied 
load and that the increase is due to the work of adhesion. This result can also be 
used to predict other aspects of the contact region when surface forces are taken 
into account. The radius of the contact area is found to be bigger than the Hertz 
contact area according to the following equation:

( )23
A A A3 6 3

Ra F W R W R F W R
K

π π π = + + +    (4.47)

Examination of this equation shows that at zero applied force, there is still a finite 
contact radius that is not predicted by the Hertz analysis and which is one of the 
possible experimental proofs of the JKR theory. Also, by examination of the equation 
for the contact radius, we find that if a tensile force is applied to the two spheres 
(i.e., a –F), the radius decreases until the point that

JKR A
3
2

F W Rπ= −  (4.48)
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An alternative examination of the mechanics of two elastic spheres in contact was 
presented by Maugis and Barquins [26]. In this situation, the spheres are being 
unloaded and the situation is modeled as a crack propagating at the interface 
between the two elastic spheres. The equation provided by Maugis and Barquins 
states:

23

a 36

a K F
R

a Kπ

 
− 

  =  (4.49)

The notation a is used in Eq. (4.49) to indicate that it is similar in sense to the 
strain energy release rate described in Chapter 2. The quantity a has recently been 
given the name “adhesion energy”, that is the strain energy inherent in the system 
in contact that is due to adhesion. This parameter will appear in our discussion of 
the relationship between adhesion and practical adhesion in Chapter 6.

One can form two elastic spheres and place them in intimate contact. A tensile 
load is applied until they spontaneously separate. A force can be measured and 
directly related to the work of adhesion. If the two materials in contact are the same 
material, then WA = WC = 2 S and Eq. (4.48) can be used to measure directly the 
surface energy of a solid.

Two basic kinds of equipment are used to measure directly the surface energy of 
solids based on the JKR theory. The first one was described by JKR; a schematic of 
this apparatus is shown in Fig. 4.8.

The apparatus is remarkably simple. The sample must be optically clear and elastic 
under the loads of interest. The other half of the sample can also be a sphere but 
most often is flat and coated either with the same material as the hemisphere is 

Microscope

Micrometer
Driven
Stage
Holder

Analytical 
balance

Specimen

Specimen
hemisphere

Optically clear, 
rigid support

FIgure 4.8■ Schematic diagram of an apparatus useful for determining surface energy by 
means of the JKR theory
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made or another material of interest (a sphere in contact with a sphere is the same 
as a sphere in contact with a flat material according to the Derjaguin approxima-
tion [27] if the radius of curvature of the sphere is large in comparison to the 
measurement area). The hemisphere of sample is mounted on an optically clear, 
rigid support capable of vertical movement. The force is measured by means of 
an analytical balance and the radius of contact between the sphere and the flat is 
measured through the optical microscope. Equation (4.47) is used to determine the 
work of adhesion between the two materials.

The apparatus most often used for direct measurements of the forces of adhe-
sion between solid surfaces is the surface forces apparatus (SFA) [22]. Originally 
described by Tabor [28], but extensively developed and used by Israelachvili [29] 
and co-workers, the SFA uses a direct mechanical means to measure the distances 
between surfaces down to the Angstrom level as well a mechanical means to measure 
the forces between those surfaces. Figure 4.9 shows a diagram of the surface forces 
apparatus.

The apparatus measures force by the deflection of a double cantilever of known force 
constant and the measurement of the distance of separation of the two surfaces 
through interferometry. The samples need to be almost atomically flat, thin (about 
2–5 microns) and optically clear. The back of each sample is silvered to make it 
partially reflective. The samples are then mounted on the lenses by means of an 
adhesive. The lenses are mounted into the apparatus so that the apexes of the lenses 
are crossed with respect to one another, resulting in essentially a point contact. 
The sample surfaces are brought close together by a motor. Passing white light 
through the samples allows measurement of the distance separating the sample 
surfaces. As the samples near each other, interferometric fringes can be observed 
in the spectrometer. These are known as “Fringes of Equal Chromatic Order” or 
FECO. The distance between the fringes (as observed in the spectrometer) can be 
used to measure the distance between the surfaces. The shape of the fringes also 
corresponds to the shape of the lens’ surfaces.

Optics To spectrometer

Lens

Sample

White light Motor

Double
cantilever
spring

Box
Stiff spring

Loose spring

FIgure 4.9■Schematic of the Israelachvili Surface Forces Apparatus (SFA)
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When the sample surface is not in contact, the FECO are roughly parabolic in 
shape. At some distance of separation, the forces of attraction between the surfaces 
overcome the restraining force of the spring, and the samples jump into contact. 
When the surfaces are in contact, the contact area is flat and the rest of the FECO 
mirrors the shape of the surfaces outside of the contact zone. The JKR theory pre-
dicts such a shape and experiments have shown it to be correct [30]. After contact, 
compressive force can be applied and Eq. (4.47) can be used to measure the work 
of adhesion between the two surfaces.

Alternatively, after the jump to contact is made, a tensile force can be applied and 
the force necessary to remove the samples from contact can be measured using 
Eq. (4.48). If possible, both measurements should be made and the results should 
agree. Results of measurements of this type and their implications to adhesion 
science are discussed in Chapter 6.

■■ 4.6■ Surface Thermodynamics 
and Predictions of Surface 
and Interfacial Tensions

In the context of this book, the understanding of adhesion and adhesives, it is 
important to relate contact angle measurements to the basic forces between atoms 
and molecules. The seminal work in this area was done during the 1950s by Good 
and Girifalco [31]. To understand this work, we must first realize another important 
aspect of surface energy, its status as a thermodynamic parameter. If we examine 
Fig. 4.10, we see an imaginary situation with a section of surface drawn as a free 
body.

F

F

Line of length 1 (dashes)

FIgure 4.10■A section of surface through which a dashed imaginary line has been drawn. 
The action of surface tension is to pull in two dimensions across this line.  
In a liquid, surface tension and surface energy have the same value as well as the same sense
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Imagine that we have a line (indicated by the dashed line) drawn somewhere in that 
body. We imagine a force acting across the line as shown in Fig. 4.10. We know from 
our earlier discussion that the surface tends to resist deformation. If the surface is a 
liquid, the amount of resistance is the “surface tension”. If the surface is deformed, 
such as by increasing area, work is done on this system. Following Cherry [32], we 
can describe the internal energy of a system as follows:

d d d di i
i

q w N = − +∑  (4.50)

where  is the internal energy of the system, q is heat, w is work, i is the chemical 
potential of the i th constituent in the system, and Ni is the number of moles of the 
ith component in the system. For the situation of importance to our discussion, the 
work in the system includes not only the normally considered pressure (P)-volume 
(V ) work, but since the system contains a surface, it also can do work by expanding 
the surface area. Thus:

d d dw P V = − Ω  (4.51)

where Ω is the surface area. The change in heat in the system is defined in terms 
of the entropy (S):

d dq T S=  (4.52)

Using the above equations and constraining the system to be at constant tempera-
ture, pressure and moles of materials, we can easily show that:

d d d d di i
i

T S P V N  = − + +∑Ω  (4.53)

The Helmholtz free energy of a system is:

A T S= −  (4.54)

and

d d d d di i
i

A P V S T N Ω= − − +∑  (4.55)

which, if we define a system under constraints of constant volume, temperature, 
and moles of materials, gives:

, , iV T N

A


∂ =   ∂Ω
 (4.56)
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The importance of this equation is simply stated in that the surface energy can be 
described as the change in a thermodynamic system free energy variable with a 
change in area. A similar derivation can be made for the Gibbs free energy of the 
system, G, in that situation:

, , iP T N

G


∂ =   ∂Ω
 (4.57)

The Gibbs free energy and the Helmholtz free energy are related as follows:

G A P V= +  (4.58)

The work of cohesion and adhesion that we have previously described are therefore 
also thermodynamic variables. This derivation and the definition of the surface 
energy as a free energy variable sets the stage for the Good-Girifalco derivation.

4.6.1■ The good-girifalco relationship

Good and Girifalco define a thermodynamic parameter, usually denoted , based 
upon the following ratio:

A

C,1 C,2

W
W W

 =  (4.59)

where  is known as the interaction parameter, WA is the work of adhesion and 
the WC,i are the works of cohesion of the two phases in contact. If we enter the 
equations for the definitions of the works of cohesion and adhesion, the Dupré 
equations, we find:

1 2 12

1 22
  


 

+ −
=  (4.60)

rearranging

12 1 2 1 22     = + −  (4.61)

This is an interesting equation. It shows that if we have a way to calculate or 
measure , we can get the value of 12 by knowing the values of 1 and 2. We know 
from the thermodynamic derivation we performed above and from the calculations 
that we did in deriving the basis for the surface energy (Eq. 4.26), we find the fol-
lowing:
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Knowledge of the attractive constants of the materials allows us to calculate , which 
in turn allows us to calculate 12. The attractive constants for a number of liquids 
are known and thus  can be calculated. Good and Elbing [33] used this relation-
ship to predict interfacial energies of materials. An example is shown in Table 4.2.

The results of Good and Elbing are important for a number of reasons. First of all, 
it gives credence to the idea that molecules can act at interfaces in the same way 
they interact in their own bulk material. It also shows that we can calculate those 
forces in a manner familiar to anyone with some knowledge of physical chemistry. 
The Good and Girifalco relationship and the measurements of Good and Elbing 
provided the basis for further work, which has added much to the understanding 
of adhesion. Finally, this work ties together contact angle measurements and basic 
physical forces leading to further insight into the science of adhesion.

TABle 4.2■ A Sampling of the Results of Good and Elbing, showing the Relationship Between 
Measured and Calculated Interfacial Energies

Liquid Polarizability 
(cm3 × 10–23)

Dipole 
moment 
(Debye)

Ioniza-
tion 
potential 
(eV)

Liquid 
surface 
tension 
(dynes/cm)

Interfacial 
tension 
with water 
(dynes/cm)

calc exp

n-hexane 1.15 0.0 10.43 18.0 50.7 0.552 0.55

Chlorobenzene 1.235 1.58 10.5 33.6 37.4 0.697 0.671

Isovaleronitrile 0.991 3.53 10 43.9 25.7 0.973 0.971

Benzene 1.038 0.0   9.24 28.9 33.9 0.739 0.550

Carbontetra-
chloride

1.060 0.0 11.1 26.95 45 0.618 0.553

4.6.2■ The Fowkes Hypothesis and Fractional Polarity

Fowkes [34] proposed a separation of the surface energy of a material into the 
potential energies of interaction that we described in the first part of this chapter. 
We know from quantum mechanics that the summation of potential energies is 
inherently incorrect in that many cross terms are neglected. The Fowkes hypothesis 
is a first order approximation which, simply stated, is that the surface energy of a 
material can be divided into component parts. Thus:
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d p i   = + + +  (4.63)

where p is the polar contribution to the surface energy, i is the dipole induced 
dipole contribution to the surface energy and d is the dispersion force contribu-
tion to the surface energy. Fowkes also made a fundamental hypothesis important 
to the study of interfaces and adhesion, namely that materials exhibiting only dis-
persion force interactions interact with other surfaces by only those interactions. 
It was also Fowkes’ contention that polar force and dipole-induced dipole forces 
were insignificant when one of the two materials at an interface was non-polar. 
Mathematically this can be stated:

d d
12 1 2 1 22    = + −  (4.64)

where g1 and 2 are surface energies as we have previously defined them and d
1  

and d
2  are the dispersion force components of the surface energy of materials 

1 and 2, respectively. Examination of Eq. (4.64) and comparison to Eq. (4.61) show 
that the Fowkes hypothesis states that in the case of dispersion force interactions, 
the interaction parameter is essentially 1.

Fowkes provided some ingenious experiments [35] that showed the validity of 
Eq. (4.64) in which he measured the interfacial energy between a series of liquids. 
One liquid was an n-alkane (which is purely dispersion force in nature) and the 
other liquid was mercury. The measured interfacial tensions were remarkably con-
stant from hydrocarbon to hydrocarbon. From these measurements, he was able to 
calculate the dispersion force component of the surface energy of mercury. Other 
interfacial tension measurements with mercury then provided the dispersion force 
components for another series of liquids, including water, which was found to be 
17 mJ/m2, remarkably close to the value obtained from theoretical calculations [36]. 
Thus, the Fowkes measurements provide some credence for the equation as well 
as the separability of the surface energy of materials into their components. This 
subject is discussed again later in the section on acid base interactions.

The success of the Fowkes hypothesis for dispersion force liquids prompted others 
to develop what is now called a theory of fractional polarity. That is, each liquid and 
solid was thought to have both dispersion force as well as polar force character. One 
such equation was developed by Owens and Wendt [37] who wrote:

d d p p
A 1 2 1 22 2W    = +  (4.65)

This equation states that if one knows the polar force and dispersion components 
to the surface energy of a solid, then the work of adhesion can be determined from 
the sum of the square roots of their products. This equation has proven useful in the 
analysis of a number of experimental situations. However, the theory of fractional 
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polarity cannot be taken to extremes. Erroneous results are obtained if the analysis 
is taken beyond the Owens and Wendt equation.

4.6.3■ The Zisman Plot

Another fundamentally important work relating contact angles and estimation 
of the surface energy of solids was that of Zisman [38]. In an important series of 
papers, Zisman and his co-workers were able to show that contact angle measure-
ments could be used to determine a criterion for wettability as well as a means for 
probing the chemistry of surfaces. In these experiments, a series of probe liquids 
of known surface energy were used to measure contact angles against a series of 
pure polymeric and non-polymeric solids. For a series of liquids, it was found that 
a linear or quasi-linear relationship existed between the cosine of the contact angle 
made by a liquid on a particular surface and the surface energy of that liquid. The 
linear relationship could be extrapolated to cos  = 1 (or  = 0), thus predicting the 
liquid surface tension at which a liquid would spontaneously wet the solid surface. 
This liquid surface tension was given a special name, the critical wetting tension of 
the solid surface or C.

The mathematical formulation of the Zisman relationship is as follows:

( )C LVcos 1 b  = + −  (4.66)

where  is the contact angle, LV is the interfacial tension between the probe liquid 
and air saturated with the vapor of the liquid, C is the critical wetting tension, and 
b is the slope of the line. In general, a linear relationship is obtained only for those 
liquids that form a homologous series (e.g., n-alkanes) on a non-wetting surface. 
However, quasi-linear relationships are determined for a wide range of liquids. 
Kitazaki and Hata [39] have shown that the C, which is measured for a particular 
surface, is dependent upon the type of liquids used. Thus, these authors proposed 
that different Cs be measured and quoted for different homologous series of liquids. 
Kitazaki and Hata would have measured and quoted a C for a series of dispersion 
force liquids, a different C for hydrogen bonding liquids, and a different C for 
polar liquids. The fact that a different critical wetting tension is measured for each 
type of liquid series indicates that C cannot be considered a thermodynamic para-
meter and should not be confused with the true surface energy of a solid, which can 
only be approximated by contact angle methods. A method by which solid surface 
energies can be measured was described in a previous section (the surface forces 
apparatus). The non-thermodynamic character of the critical wetting tension does 
not diminish its utility, however. In Chapter 6, we examine the critical wetting 
tension as the basis for a criterion for good adhesion.
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TABle 4.3■ The Relationship between Surface Chemical Composition and the Critical Wetting 
Tension of a Number of Solids

Surface Critical Wetting Tension 
(dynes/cm or Newtons/meter)

Polytetrafluoroethylene 18

Polydimethyl siloxane (silicone) 21

Polyethylene 31

Polystyrene 33

Polyvinyl chloride 39

Cured epoxy resin 43

Polyethylene terephthalate (PET) 43

Nylon-6,6 46

The critical wetting tension of a solid surface can be used to characterize surface 
chemistry. Zisman and co-workers demonstrated the relationship between C and 
the chemical structure of a series of polymers. They were able to show that a 
surface containing a preponderance of CH2 groups had a higher critical wetting 
tension (31 dynes/cm) than a surface containing a preponderance of CH3 groups 
(22 dynes/cm). A similar relationship was found between CF2 (18 dynes/cm) 
and CF3 groups (15 dynes/cm). Similar relationships could be found for partially 
fluorinated hydrocarbons as well as partially chlorinated hydrocarbons. A list of the 
relationship between surface chemical functionality and critical wetting tension is 
shown in Table 4.3.

4.6.4■ Modern Application of Contact Angle Measurements

Contact angle measurements are the most sensitive of surface characterization 
tools. Contact angle measurements probe short-range van der Waals forces. The 
typical “analysis depth” of contact angle measurements is on the order of only five 
Angstrom units. One example of this type of surface chemical probing is the work 
by Whitesides and his co-workers [40] on the unique class of materials known as 
self-assembling monolayers. These materials are long chain hydrocarbons with a 
reactive surface reactive group at one end and another functionality at the other 
end. The reactive group provides chemisorption and the crystallizable hydrocarbon 
group provides the driving force for self-assembly. Whitesides performed a series 
of unique experiments; two are described here. In the first experiment, a series of 
mixtures of alkane thiol alcohols were chemisorbed and self-assembled on gold. 
The series of mixtures ranged from total C11 hydrocarbon with a hydroxyl termi-
nus to a total C19 hydrocarbon with a hydroxyl terminus and several compositions 
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in between. The contact angle of water was measured on this series of surfaces. 
A schematic representation of the data is shown in Fig. 4.11.

As can be seen, the contact angle varies from low at full coverage of C11–OH groups 
to higher at mixed coverage to a once again low contact angle at complete C19–OH 
coverage. Whitesides and his co-workers ascribed this variation to the change of the 
surface from one which was entirely covered with OH groups (the terminal group 
for this series of alkanes) to one in which the layer had folded over, exposing –CH2– 
groups. The surface covered with CH2 groups has lower surface energy than OH 
groups and is expected to be more poorly wet by water than OH. At the right hand 
side of the graph, the surface is again entirely covered with OH groups. In another 
experiment, the Whitesides group designed a self-assembling monolayer that was 
terminated with carboxyl groups [40b]. They did contact angle measurements on 
this surface using water of varying pH. They were able to titrate the surface acidity 
and determine a pKa for the acid groups confined to the surface. This discussion 
not only amplifies the importance of contact angle measurements in surface and 
adhesion science, but it also describes a new area of investigation: self-assembling 
monolayers.
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FIgure 4.11■Measurements of water contact angle on a series of surfaces in which the 
surfaces chemical concentration of -CH2- groups was varied by application of varying 
concentration of C11 versus C19 self-assembling monolayers
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■■ 4.7■ Modern Methods of Surface Analysis

Contact angle measurements provide an extremely sensitive tool by which the 
gross chemistry of a surface can be examined. The utility of contact angle mea-
surements lies in their simplicity, rapidity of analysis, and economical equipment. 
Unfortunately, there are any number of surfaces that have equal surface energies 
and would thus exhibit similar critical wetting tensions. The contact angle measure-
ment provides a “dull edge” to the knife that is cutting into the analysis of surfaces. 
For an adhesion scientist, it is of importance to know the chemistry of the surface 
where adhesion or abhesion occurs. In the past four decades, a significant number 
of new methods of surface analysis have been developed, which allow us to examine 
several features of surfaces of interest to adhesion scientists. A detailed descrip-
tion of these techniques is not within the scope of this book. Several references 
are given in the bibliography. These modern techniques yield either chemical or 
topological information. In the next section, we discuss techniques that probe the 
chemistry of surfaces.

4.7.1■ Modern Methods for Analysis of the Chemistry of Surfaces

These techniques use an energetic probe to excite some physical process in a 
surface that results in the ejection of an energetic species that is analyzed. Table 4.4 
provides a listing of some of these techniques, the species used to carry out the 
measurement, as well as the limitations and the capabilities of these techniques.

Table 4.4 does not list all of the techniques that have been used in surface science 
nor even in adhesion science. The techniques listed are the ones most commonly 
used by adhesion scientists. From the descriptions in Table 4.4, one can understand 
why several of these techniques are practiced in a “hard vacuum”, that is, a vacuum 
of less than 5 × 10–7 Torr. Since the species analyzed are energetic particles, their 
mean free path is limited unless there are no other materials in the way. In fact, the 
surface analytical technique we are about to discuss is dependent upon the short 
mean free path of an electron in a solid.

Of the techniques listed in Table 4.4, XPS is by far the most widely practiced modern 
surface analysis technique, especially in adhesion science. The technique is based on 
the Einstein photoelectric effect. X-rays penetrate deeply into a material, usually to 
a depth of microns or more. For most atoms, the absorption of an X-ray emitted from 
aluminum or magnesium (materials used in X-ray anode construction) is usually 
enough to ionize them. The electrons released, however, have a limited mean free 
path of about 50 Angstrom units and they are reabsorbed by the material, except 
near the material’s surface. Therefore, the only electrons that can escape the surface 
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for analysis are those only a few tens of Angstrom units below the actual surface, 
hence the surface sensitivity of the technique.

The electrons emitted from an atom have a characteristic energy that can be ana-
lyzed by an electron spectrometer. Their number can also be counted. Knowing 
a set of conversion factors, one can determine the surface concentration of any 
element with the exception of hydrogen and helium. Using a high-resolution elec-
tron spectrometer, one can also see a fine structure associated with each emission 
peak. The fine structure can be analyzed in terms of nearest neighbor effects. 

TABle 4.4■ Modern Surface Analysis Techniques, Capabilities and Limitations

Technique Probe 
Species

Species 
Analyzed

Capabilities Limitations

X-ray Photo 
electron Spec-
troscopy (XPS) 
or Electron 
Spectroscopy 
for Chemical 
Analysis (ESCA)

X-rays Electrons 
(their 
energy 
and 
number)

Quantitative elemental analysis. 
Chemical information through 
line shape analysis. Depth profile 
information through angular 
dependent measurement. Useful 
for insulators and conductors. 
Widely used on polymers. 
Little spatial information

Chemical informa-
tion is limited. Depth 
profile information is 
limited. Sample can 
be damaged by too 
much X-ray exposure

Secondary Ion 
Mass Spec-
trometry (SIMS)

Ions or 
neutrals

Ions (mass 
to charge 
ratio 
and their 
number)

Semi-quantitative elemental 
analysis. Excellent elemental 
depth profiling tool. Useful only 
for conductors or inorganic 
insulators

Little chemical infor-
mation. Sample is 
severely damaged

Static Second-
ary Ion Mass 
Spectrometry 
(SSIMS)

Ions Ions (mass 
to charge 
ratio 
and their 
number)

Non-quantitative tool for poly-
mers. Extensive chemical infor-
mation. Little sample damage. 
Excellent tool to use in combina-
tion with XPS

Non-quantitative. 
Spectra are rich in 
information but are 
difficult to analyze 
for unknowns

Auger Electron 
Spectroscopy 
(AES)

Elec-
trons

Electrons 
(their 
energy 
and their 
number)

Quantitative elemental analysis 
tool for semiconductors and 
conductors. Excellent profiling 
tool when used with ion milling. 
Excellent spatial resolution can 
be used for mapping

Limited to non-insu-
lators. Little chemi-
cal information

Attenuated total 
reflectance 
Fourier trans-
form infrared 
spectroscopy

Infrared 
light

Infrared 
light

Detailed chemical information. 
Real specimens can be used. 
Non-vacuum method

Specimens must be 
very flat and capable 
of intimate contact 
with the necessary 
crystal. Depth of 
analysis is on the 
order of microns

Infrared reflec-
tance absor-
bance spectros-
copy

Infrared 
light

Infrared 
light

Detailed chemical information. 
Depth of analysis on the order 
of 100–1,000 Angstrom units. 
Non-vacuum method

Need special speci-
mens e.g. coatings 
on a reflective 
surface
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This is particularly true for the XPS peak associated with carbon. Thus, if carbon 
exists in a state bonded both to carbon as well as to oxygen, a small peak to the higher 
energy side of the main carbon peak can be detected. If carbon is also bonded to 
other higher electronegativity atoms such as fluorine, peaks at even higher energy 
are seen. This provides the basis for the limited chemical information available 
from XPS. We discuss some XPS experiments in the section on surface preparation 
of plastics in Chapter 7.

4.7.2■ Topological Methods of Surface Analysis

We have already discussed the fact that contact angles can be affected by the pres-
ence of surface roughness (contact angle hysteresis). However, the analysis of this 
effect is not yet complete enough to use contact angles as a measure of surface topol-
ogy. In Chapter 6, we find that adhesion is definitely affected by surface roughness. 
It is, therefore, important that we have methods to analyze the topology of surfaces.
The primary method for topological analysis used by adhesion scientists is electron 
microscopy. This technique requires a vacuum environment in which the sample 
surface is bombarded with electrons and either the transmission of those electrons 
is measured (Transmission Electron Microscopy, TEM), or the secondary emis-
sion of electrons is measured (Secondary Electron Microscopy, SEM). In the TEM 
technique, samples are thin-sectioned so electrons can be transmitted through 
the sample. Contrast is found by means of the electron density of species in the 
sample. Higher atomic weight species provide dark areas. This technique provides 
the highest magnification (as high as 80,000 to 100,000X).
SEM analyzes the secondary electrons that are emitted from the sample. Contrast 
is also provided by means of atomic weights; in this case, high atomic weights 
appear lighter. SEM is easier to use and understand but is not capable of as high a 
magnification as TEM. SEM is typically limited to about 50,000X.
In recent years, new techniques known as probe microscopies have become available. 
In these techniques, fine mechanical probes are brought very close to a surface and 
the interaction of the tip of the probe with the surface is determined. If the sample is 
a conductor or semiconductor, the probe can be brought near to the sample surface 
and an electrical bias is applied. This causes electrons to tunnel from the probe 
tip to the sample surface. The tip can be rastered over the surface and either the 
current draw or the applied bias can be controlled through a feedback circuit. The 
level of feedback can be used as a measure of the surface morphology. The applied 
potential or current draw can be plotted as a function of the raster position and a 
topological picture can be developed. This technique can provide extremely high 
resolution pictures of the surface topology, down to atomic levels. This technique 
is known as Scanning Tunneling Microscopy or STM.
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An important variation on the STM is the Atomic Force Microscope or AFM. In this 
scanning probe technique, a sharp tip, usually made from a ceramic insulator such 
as silicon nitride, is attached to a cantilever. The back of the cantilever is silvered and 
a laser is reflected from that mirror. The deflection of the cantilever is monitored by 
the deflection of the laser beam. If the tip is brought very close to a surface and if the 
force constant of the cantilever is small, the assembly can sense dispersion forces.

The sample is mounted on a piezoelectric crystal. A feedback circuit is employed to 
keep the tip at a constant displacement from the surface. A surface topology map 
can be obtained from the combination of the output of the feedback circuit and the 
voltages applied to the piezoelectric crystal. Atomic resolution is possible with the 
AFM on any type of insulator. In the most recent instruments, the tip of the cantilever 
is not continuously in contact with the surface. Indeed, for soft materials, dragging 
the tip along the surface can create artifactual damage. In newer instruments, the 
tip is “tapped” along the surface rather than dragged, thus minimizing damage. In 
addition, the instrument can be used to measure force-distance profiles between the 
tip and the surface. In this way, a map can be made of the specific interactions of 
the surface and the tip. This technique should prove extremely useful in the study 
of adhesion since it can probe any type of surface.

An additional feature of both AFM and STM is that both techniques can be used 
under normal atmospheric conditions and even immersed in liquids.

■■ 4.8■ Summary

In this chapter, the basics of surface science necessary for the understanding of the 
relationship between surface phenomena and adhesion have been described. The 
chapter began with a review of the fundamental forces between atoms and molecules 
that give rise not only to the cohesive strength of materials, but also to forces at 
surfaces. A quantity known as the surface energy was derived and was described in 
a number of phenomenological as well as theoretical ways. The differences between 
solid surface energy and liquid surface tension (energy) were highlighted. Methods 
of measurement of solid and liquid surface energy were described. In particular, 
two measurements, the surface forces apparatus and the contact angle method were 
described in detail as a means to probe the surface energetics of solids. The JKR 
theory, which is used to describe the surface forces measurement, was described to 
exemplify the energy balance approach to adhesive interactions. Regarding contact 
angle measurements, the theories of Good and Girifalco as well as that of Fowkes 
were highlighted. The Zisman critical wetting tension measurement was also 
described and noted as being of particular importance in the science of adhesion.
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The end of the chapter described modern methods of surface analysis. X-ray photo-
electron spectroscopy was described as the method most widely used for surface 
chemical analysis in adhesion science. Electron microscopy was described as the 
technique most widely used for surface topography determination.
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■■ Problems and review Questions 

1. Polyethylene and polypropylene are both purely hydrocarbon polymers. Why 
is the critical wetting tension of polypropylene less than that of polyethylene?

2. Using the following data and the concept of fractional polarity due to Fowkes, 
calculate the dispersion force contribution to the surface energy of water.

Hydrocarbon γHydrocarbon

(mJ/m2)
γHydrocarbon,mercury

(mJ/m2)
γd

Mercury

(mJ/m2)
γHydrocarbon,water

(mJ/m2)
γd

water

(mJ/m2)

n-hexane 18.4 378 210 51.1 ?

n-heptane 20.4 50.2 ?

n-octane 21.8 375 199 50.8 ?

n-decane 23.9 51.2 ?

n-tetradecane 25.6 52.2 ?

Cyclohexane 25.5 50.2 ?

3. Using the expression for the Lennard-Jones potential, show that

0

32E
r
=

4a. Using the expression for the total force between two surfaces (under a 
Lennard-Jones potential energy of interaction), derive an expression for the 
maximum force between two surfaces. This is also the ultimate (theoretical) 
strength of a material.

4b. An equation can be derived for the relationship between the Young’s modulus 
and the “ideal tensile strength” of a van der Waals solid. That equation is: 
Fmax = 0.064 E. Complete the following table

Material Tensile 
modulus
(MPa)

Calculated ultimate 
strength
(MPa)

Measured ultimate 
tensile stress
(MPa)

Epoxy resin 3500 90

Polycarbonate 2400 65

Polystyrene 4100 83

http://dx.doi.org/10.1021/la00090a019
http://dx.doi.org/10.1126/science.240.4848.62
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4c. Compare the calculated and measured strengths of these materials. Which is 
larger? What does this tell us about the strength of materials and what con-
trols it?

5. Given the following data, determine the critical wetting tension of the surface.

Liquid γL (mJ/m2) Contact angle between 
the liquid and the surface

Dimethylsulfoxide 44.2 38

Diiodomethane 50.8 29.5

Formamide 58.3 56

Glycerol 63.4 70

water 72.8 77

Tricresyl phosphate 41   7



5 Basic Physico/Chemical 
Properties of Polymers

■■ 5.1■ Introduction

In Chapter 2, we discussed fundamental properties of all materials. The tensile, 
shear, and fracture properties of materials were described. In Chapter 3, we dis-
cussed test methods that probed these properties for adhesives. The adhesives of 
interest are based upon organic materials. In particular, we are concerned with 
those materials that are polymeric or become polymeric in nature during the 
formation of an adhesive bond. It is important to discuss and to develop at least 
a basic understanding of the physico/chemical properties of polymers and how 
these properties affect the polymers’ performance in an adhesive bond. In this 
chapter, we describe those physico/chemical characteristics causing a polymer to 
be different from non-polymeric materials. The parameters describing these dif-
ferences are discussed. In addition, we discuss the materials properties particular 
to polymers. These properties include thermal transitions as well as the response 
of polymers to temperature and rate of application of stress. Linear viscoelasticity 
plays an important role in this chapter. Some discussion of methods for measuring 
these properties is given.

It is the goal of this chapter to lay the basis for relating surface science and polymer 
physical properties to the understanding of adhesion phenomena. Molecular weight 
and the thermal transitions of polymeric materials are discussed. Relations are made 
between graphs of dynamic mechanical properties and the chemical structures of 
polymers. Basic discussions of the time-temperature superposition principle as well 
as the meaning and use of the shift factor from the Williams-Landel-Ferry (WLF) 
equation are provided.
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■■ 5.2■ Basic Terminology

5.2.1■ Monomers versus Polymers

The word polymer comes from the Greek “poly” meaning “many” and “mer” meaning 
part. Thus, polymers are made of many parts. The “mers” (or “monomers”) are the 
individual units of molecules that have been linked together to form the polymer 
chain. In layman’s terms, plastics are polymers, although it must be stated that 
not all polymers behave plastically under all conditions. It may be gathered from 
this discussion that the main differentiating feature of polymers from monomers 
is that they are long chains with the monomer units being the links in the chain. 
One parameter characterizing these long chains is their molecular weight, and that 
subject forms a portion of this discussion.

5.2.2■ Basic Types of Polymeric Materials

Polymers can be classified according to their response to heat and also to the 
application and rate of application of stress. Polymers can be classified as either 
thermoplastics or thermosets. Thermoplastic materials melt upon heating and return 
to their original chemical state upon cooling. Thermoset materials become infus-
ible and insoluble upon heating and, after heating, do not return to their original 
chemical state upon cooling. Thermosets, in general, chemically degrade upon 
continued heating.

Thermoplastics can be further classified as amorphous or semi-crystalline. Amor-
phous thermoplastics have no long-range order on the supermolecular level. Semi-
crystalline thermoplastics have at least some portion of their bulk (and surface) 
in a state exhibiting long range order. If an amorphous thermoplastic is examined 
crystallographically, only amorphous halos are observed in the diffraction experi-
ment. Semi-crystalline polymers exhibit both an amorphous halo as well as well-
defined crystal patterns. The degree of crystallinity in a semi-crystalline polymer 
determines its physical properties to a great degree. Thermoset materials can be 
amorphous or semicrystalline. In general, thermoset materials are in the monomeric 
or oligomeric state when applied as an adhesive. An oligomer is a monomer that 
has been polymerized to only a low molecular weight.

Polymers are also classified by the arrangement of the monomers used to syn-
thesize the polymer. If a single monomer is used to make a polymer, the result 
is a homopolymer. If one or more monomers are used to make a polymer, the 
result is a co-polymer. The way in which a copolymer is formed is also important. 
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If the monomers react with each other in a totally random manner, the result is a 
random copolymer. If the monomers are A and B, but B can react with only A and vice 
versa, the result will be an alternating copolymer. Finally, if we have two monomers 
C and D, and we react them such that we polymerize C only with C, and then form 
a terminal group that is reactive with D and then we polymerize D from that point, 
we have a block copolymer whose structure can be written as –[C]x–[D]y–, where x 
and y are the number of monomers reacted in each block.

We can also classify polymers according to their response to stress. Figure 5.1 
shows tensile stress-strain curves for three distinct types of polymers. The curves 
should be examined according to two criteria. First, look at how much strain is 
induced in the material at a near ultimate stress. Second, examine the curves for 
their strain energy density. Curve 1 represents a polymer having a high Young’s 
modulus (stiffness) but low elongation at break, resulting in a relatively small 
strain energy density at break. This type of polymer is called brittle. As discussed 
in the previous chapter, the term “brittle” means inability to absorb mechanical 
energy. Curve 3 represents a polymer that has a low Young’s modulus and a very 
long strain to break. This type of polymer is classified as an elastomer. Note that the 
strain energy at break is moderately high for this type of polymer. Curve 2 corre-
sponds to a “tough” or leathery type of polymer. Note that the stiffness is relatively 
high and the strain at break is at least intermediate between the other two types. 
A tough material is capable of a high strain energy density. Joining materials should 
have a high strain energy density capability as this indicates that the material can 
absorb a lot of energy before breaking. In later chapters, we discuss the chemistry 
of materials that enable the formulator to generate adhesives with a high strain 
energy density capability.

One of the unique features of polymeric materials is that a single high molecular 
weight polymer can exhibit all three of the stress strain curves shown in Fig. 5.1. 

X
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FIgure 5.1■Stress-strain curves for three distinct types of polymers. The “X” marks 
the ultimate property of the polymer. Curve 1 corresponds to a brittle polymer, curve 3 
corresponds to an elastomeric polymer, while curve 2 corresponds to a tough or leathery 
polymer
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However, a single high molecular weight polymer does not exhibit all of these 
characteristics at a single temperature or at a single rate of extension. A non-
thermosetting, high molecular weight polymer is elastomeric at high temperatures, 
brittle at low temperatures, and can exhibit tough or leathery character at inter-
mediate temperatures. In addition, at a single temperature and at high strain rates, 
polymers will behave as if they are at low temperatures, i.e., brittle. At a single 
temperature and low strain rates, a high molecular weight polymer behaves as if it 
were at high temperatures, i.e., elastomeric. This unique property of polymers is 
known as time-temperature equivalency, which forms the basis for much discussion 
in this and later chapters.

5.2.3■ Molecular Weight

The primary characteristic that differentiates polymers from other materials is their 
chain-like structure. Essentially all of the processes used to manufacture polymers 
produce materials with a distribution of chain lengths and therefore, a distribution 
of molecular weights. With the exception of genetically engineered polymers, most 
polymers have a multitude of molecular weights, rather than a single molecular 
weight. As a result, distributions rather than a single number, characterize the 
molecular weight of a polymer. Figure 5.2 shows a schematic molecular weight 
distribution curve for a polymer.

The molecular weight distribution shown in Fig. 5.2 could be considered either 
broad or narrow depending upon the range of the abscissa. Two average molecular 
weights are shown in Fig. 5.2. If Ni is the number of molecules at a certain molecular 
weight Mi, then
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FIgure 5.2■Schematic molecular weight 
distribution curve. The curve shows that a 
polymer has a wide range of molecular weights. 
Two average molecular weights are shown as well 
as their relative position on the molecular weight 
curves
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The two average molecular weights are just the first and second moments of the 
molecular weight distribution. The number average molecular weight, nM , tends 
to be near the maximum in the molecular weight distribution curve. The weight 
average molecular weight, wM , tends toward the high molecular weight side of the 
distribution curve. A parameter for describing the breadth of the distribution is the 
polydispersity that is defined as

n

w
polydispersity

M
M

=  (5.3)

A high polydispersity means a broad molecular weight distribution while a small 
polydispersity denotes a narrow molecular weight distribution. The molecular 
weight of a polymer and its polydispersity control many of its properties, including 
its properties as an adhesive.

A particularly important molecular weight is known as the entanglement molecular 
weight, Me, see Fig. 5.3. This parameter is determined by measuring the melt viscos-
ity of a polymer as a function of average molecular weight. As shown in Fig. 5.3, the 
log of the melt viscosity of a polymer as a function of the log of its weight average 
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FIgure 5.3■Plot of the log of the melt viscosity versus molecular weight for a polymer.  
At low molecular weights, the log of the melt viscosity varies approximately linearly with the 
log of the molecular weight. At some point, this relationship changes drastically and the log of 
the viscosity varies as the 3.4 power of the molecular weight. The break point is known as the 
entanglement molecular weight, Me
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molecular weight, the curve shows an abrupt change in slope at a certain molecular 
weight. After the abrupt change, the slope is about 3.4. The point at which the slope 
changes is known as the entanglement molecular weight, Me. As discussed above, 
polymers are long chain molecules. Below the entanglement molecular weight, the 
polymer chains are fairly free to move past each other. Above Me, the molecular 
weight has become so high and the polymer chains have become so intertwined 
that one cannot pull on one chain without pulling on a substantial number of them. 
Thus, above Me the polymer has substantially different flow characteristics than 
below Me, and the polymer also has substantially different ability to absorb strain. 
Me is a characteristic describing amorphous or semi-crystalline thermoplastics.

Thermoplastic materials are normally pictured as long chains that can move past 
each other to some degree. Thermoset materials are molecules of essentially infinite 
molecular weight and they do not flow when heated after they have set. The chemical 
basis for the thermosetting character of some adhesive materials is described in 
later chapters. At this point, we say that there are chemical means through which 
one can tie together many long molecular weight chains at various points along 
their lengths. If every chain is chemically linked to every other chain, the polymer 
is thought to have infinite molecular weight. The characteristic molecular weight 
of thermosets is Mc or the molecular weight between crosslinks. A crosslink is a tie 
point between two polymer chains. There are various chemical and physical means 
by which the molecular weight between crosslinks can be determined. Some of 
these are discussed below.

■■ 5.3■ Thermal Transitions of Polymers

We are all familiar with the fact that low molecular weight materials undergo phase 
changes as a function of temperature. For example, water is a solid below 0 °C and 
is a gas above 100 °C at atmospheric pressure. The temperatures that characterize 
water are thus the Tm or melt point (0 °C) and the boiling point Tbp (100 °C). In a 
similar manner, polymers have thermal transitions. Semi-crystalline thermoplastic 
polymers exhibit a Tm just as low molecular weight solids do. Amorphous thermo-
plastics do not exhibit a Tm. Thermoset polymers do not flow or melt and hence do 
not have a Tm. Because of their high molecular weight, no polymers exhibit a Tbp. 
Some oligomers will exhibit a boiling point and can be distilled.

Polymers also exhibit a number of other thermal transitions that are not primary 
transitions such as those described above. In spite of their high molecular weight, 
polymer chain motion can take place at temperatures far below Tm. For example, 
the backbone of the polymer chain can vibrate and, in fact, can move in restricted 
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crankshaft motions if enough thermal energy is available to the system. If a polymer 
chain has side groups, these can vibrate and rotate if enough thermal energy is 
available to them. If we take a polymer down to 0°K and warm it up, we find that 
the polymer goes through several transitions until its decomposition temperature 
is reached. These transitions are usually given Greek letters with the higher letters 
representing transitions at lower and lower temperatures. In addition to the melt 
temperature, the transition that is of most concern to adhesion scientists is the alpha 
transition or the glass transition temperature, Tg. The glass transition temperature 
is the temperature at which a polymer’s physical properties change from that of a 
glass to that of a tough or leathery material. It is usually associated with the onset 
of long range motion in the polymer backbone.

5.3.1■ Measurement of Tg

One of the more straightforward methods of measuring Tg that may be easily related 
to adhesive properties, is dynamic mechanical analysis. We discuss this method 
later. There are several other methods that can also be used. A simple method is 
differential scanning calorimetry (DSC). In this method, a small sample of polymer 
is placed in a sealed metal pan that is placed in a calorimeter capable of measuring 
small heat flows in the sample. The temperature is increased. At the glass transition 
temperature, the rate of heat flow into the sample increases, causing a change in 
slope as the thermal motions in the polymer are excited. The Tg is not a first order 
thermodynamic transition and is therefore rate dependent. It is important to know 
the rate at which the measurement is carried out. DSC is capable of measuring Tg 
at very slow rates. Another means of measuring Tg is through the determination of 
the refractive index as a function of temperature. The refractive index of a polymer 
decreases with temperature. The slope of such a plot exhibits a substantial change 
at the glass transition temperature.

The physical properties of a polymer also exhibit a rather substantial change at the 
glass transition temperature. Below the glass transition temperature, a polymer acts 
as though it is a glass and has high stiffness. It is interesting to note that essentially 
all polymers have similar glassy moduli of about 3 × 109 Pascal. Above the glass 
transition temperature, the material first behaves tough or leathery and at higher 
temperatures, behaves as an elastomer. The modulus of the material decreases 
substantially above the Tg. Another way of determining the glass transition tem-
perature of a polymer is to measure the stress-strain properties as a function of 
temperature. Although effective, this set of data is quite tedious to collect. For many 
adhesive materials, the maximizing of adhesive properties in the temperature range 
between Tg and Tm or the decomposition temperature of a thermoset is the goal of 
the adhesive formulator.
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■■ 5.4■ Dynamic Mechanical Measurements 
and Viscoelasticity

In Chapter 2, we defined the complex modulus of a viscoelastic material as well as 
the storage and loss moduli. That description provided the basis for linear viscoelas-
ticity, but it did not provide a discussion of the means by which we measure these 
properties. In this section, methods through which these properties can be measured 
are described. The measurement of the viscoelastic properties of polymers by the 
application of a sinusoidal stress is known as dynamic mechanical spectroscopy.

5.4.1■ Methods of Measurement of Dynamic Mechanical Properties

A schematic diagram of an instrument for the measurement of dynamic mechanical 
properties is shown in Fig. 5.4. The diagram is an extremely simple version of the 
many complicated devices of this type now available. A sample of polymer is firmly 
clamped between two pieces of metal that are much stiffer then the sample. One of 
the clamps is connected to a sinusoidal driving device while the other is connected 
to a force transducer. The instrument should be capable of measuring both the 
frequency and the amplitude of the driven and transduced signals. The resulting 
data can then be analyzed as described in Chapter 2. An important feature (which 
was not emphasized in Chapter 2) is that dynamic mechanical measurements are 
done as a function of temperature (at a single frequency) or frequency (at a single 
temperature). The most versatile instruments of this type can carry out the mea-
surement both of these ways. The reasons for the importance of this statement are 
made clear in this and later chapters.

The sample configuration shown in Fig. 5.4 is analogous to the lap shear specimen 
discussed in Chapter 3. The measurement done in this mode provides the shear 
storage and loss moduli. The measurement can be carried out so that the sample is 

Sinusoidal
driver
device

Thermostatted chamber

Sample
Clamp

Clamp

Force
transducer

FIgure 5.4■Diagram of a simple dynamic mechanical spectrometer used to measure the 
shear properties of a material. Note that a sinusoidal driver device is used. Frequency and 
temperature are controlled. The stiffness of the device must exceed that of the sample for the 
measurements to be valid
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suspended between the two clamps. The measurement is then in tension and the 
corresponding Young’s moduli are determined. The sample must be stiff enough 
at the temperature and frequency range of interest, so that it does not slump or 
change shape during the measurement.

Another important means to make dynamic measurements is by a rotating or 
oscillating rheometer. A schematic of a sample configuration for such a rheometer 
is shown in Fig. 5.5. The sample is placed in a state of shear. The complex shear 
modulus can be determined by the application of an oscillating sinusoidal stress. This 
instrument is also useful for determining the viscosity of a material as a function of 
shear rate, which is controlled by the rate of revolution of the upper spindle. Yield 
stresses of fluids can be measured as a function of temperature as well. This last 
measurement is important in the design of materials with non-sag characteristics.

The last dynamic mechanical spectrometer discussed here is the torsion pendulum. 
This spectrometer was well researched by Gilham and his group at Princeton Uni-
versity [1]. A schematic of the apparatus is found in Fig. 5.6. A device that provides 
the spin also holds the sample. The spin is transmitted through the sample and the 
specimen rotates. When the spin is abruptly released (analogous to the wind-up and 
release of a mainspring), the response of the specimen to the initial perturbation 
is determined by watching the decay of the resulting oscillation.

The oscillation can be observed in any one of a number of different ways. For example, 
on the bottom of the pendulum, a disk can be placed upon which is a digital code for 
position. A bank of lights and photodiodes can read the digital code. An exponen-
tially damped sinusoidal curve results. The measured quantities are the frequency 
of oscillation and the decrease in the amplitude of the oscillation as a function of 
time (damping). This is not a direct measurement of modulus. The frequency of the 
oscillation is related to the stiffness of the material and the decrease in amplitude 
per cycle is related to the energy lost by the sample. The tan  can be determined 
from this measurement. If G ′ or G″ has been determined independently, the other 

Thermostatted
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To a force transducer

Sample

   Sinusoidal stress or
constant rate of revolution

FIgure 5.5■ Simplistic diagram of the sensor head in a rotating viscometer.  
Note that in this configuration the sample is in pure shear
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can be determined with tan . The apparatus shown in Fig 5.6 has not found as 
much use as the other instruments described earlier because the actual Young’s or 
shear moduli cannot be determined directly. The apparatus is, however, very useful 
for the study of the cure processes of thermosetting materials.

A glass braid can be impregnated with a thermosetting polymer. The braid is then 
placed in a thermostatted compartment in the torsion braid analyzer. The sample is 
heated and the stiffness of the sample is determined as a function of time. Gilham 
has made good use of this type of analysis in his description of T–T–T plots (Time-
Temperature-Transformation plots) for thermosetting materials which we discuss 
later in this book [2].

5.4.2■ examples of Dynamic Mechanical Data for Polymers

In this section we do not differentiate between the Young and shear moduli but 
describe the parameters determined as the storage modulus, loss modulus, and 
tan . A typical dynamic mechanical spectrum for the storage modulus of an amor-
phous polymer is shown in Fig. 5.7. The absolute value of the temperature axis is 
not shown, as this is a generic curve. It should be noted that a similarly shaped 
curve is obtained for all amorphous polymeric materials, regardless of type. The 
curves shift along the temperature axis or vertically along the modulus axis, but 
the general features are very much like Fig. 5.7.

A plot of the loss modulus of this generic amorphous polymer has a shape similar 
to that of Fig. 5.7 except that the plot is inverted, i.e., the material has a higher loss 
modulus at those temperatures or frequencies when the storage modulus is low.

Rotating device

Connecting rod

Thermostatted
chamber

Sample

Pendulum bar

Connecting rod

FIgure 5.6■Schematic diagram of a torsion pendulum device used to measure dynamic 
mechanical properties of a polymer. If the sample is generated using a braid into which a 
thermoset polymer has been impregnated, the device can be used to measure the cure rate 
and the change in physical properties as a function of cure time
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FIgure 5.7■Generic dynamic mechanical spectrum for an amorphous thermoplastic. Note 
that the modulus drops sharply as the glass transition temperature is reached. Note that 
the abscissa can be either temperature or frequency. Similar curves are obtained for either 
variable, except that they act inversely to one another

The plot for tan  of the same generic amorphous polymer looks similar to that 
shown in Fig. 5.8. Note that the tan  curve displays a peak at about the same point 
that the storage modulus curve exhibits the maximum change in slope. Research-
ers have often designated the maximum in the tan  curve as the glass transition 
temperature. It is important to note, however, that the position of the maximum 
change in slope or the position of the peak in the loss modulus curve is not only 
dependent upon temperature, but also dependent upon frequency. Thus, if one 
determines dynamic mechanical spectra for a polymer at a single temperature but 
at various frequencies, a similar curve to that shown above is obtained, with the 
exception that the abscissa would be changing frequency instead of temperature. It is 
important to not only quote the glass transition temperature, but also the frequency 
at which the measurement was made when reporting such data. This property of 
viscoelastic materials is known as time-temperature superposition.

Temperature
Frequency

tan δ

FIgure 5.8■Plot of the log of the loss modulus as a function of either frequency or 
temperature. Note that the frequency and the temperature are inversely related. The peak in 
the curve corresponds closely with the position of the glass transition at the measurement 
frequency
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FIgure 5.9■ Dynamic mechanical spectra for a thermoset showing the effect of variation in 
the crosslink density or Mc
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FIgure 5.10■ Dynamic mechanical spectra for an amorphous thermoplastic showing the 
effect of increasing the molecular weight
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FIgure 5.11■ Dynamic mechanical spectra showing the difference in response between an 
amorphous thermoplastic and a semi-crystalline thermoplastic
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Fig. 5.9 shows the dynamic mechanical spectra determined for a thermosetting 
polymer as a function of the degree of crosslinking. Mc is the molecular weight 
between crosslinks. As can easily be seen, the value as well as the extent of the 
plateau modulus is dependent upon Mc. Note that as Mc decreases, the flow region of 
the polymer begins to disappear. This behavior can be expected for a thermosetting 
material. Note also that the amount of decrease in the storage modulus decreases as 
the Mc decreases. This is also to be expected since an increase in crosslink density 
means a decrease in chain mobility.

We have described the effect of molecular weight on melt viscosity and the entangle-
ment molecular weight, Me. We would expect that the dynamic mechanical spec-
trum would also show some effect of the increase in molecular weight. Figure 5.10 
shows that increasing the molecular weight of a polymer increases the temperature 
at which flow occurs. This has the effect of increasing the extent of the rubbery 
plateau. The features shown in the figures in this chapter are important in our 
discussion of structural adhesives, hot melt adhesives, and particularly pressure 
sensitive adhesives.

Figure 5.11 shows the dynamic mechanical spectrum of a semi-crystalline polymer. 
The crystallites have the effect of being a “physical cross-link”. That is, the mobility 
of the polymer is inhibited by the presence of the crystallites. This results in an 
increase in the value of the plateau modulus as well as its extent.

Finally, Fig. 5.12 shows a dynamic mechanical spectrum for a polymer blend that 
has separated into two phases. Such a situation can occur for block co-polymers. That 
is, instead of forming one continuous homogenous phase of material, the material 
forms two co-existing phases, each of which has its own properties. In such a case, 
we would expect two glass transition temperatures.
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FIgure 5.12■Dynamic mechanical spectrum for an amorphous block co-polymer in which the 
portions of the co-polymer have phase-separated is shown. Note the presence of two glass 
transition temperatures
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■■ 5.5■ Time-Temperature Superposition

In Figs. 5.8–5.12, the abscissa was labeled as increasing temperature or decreas-
ing frequency. For polymers, the effect of changing these variables is identical. 
A significant amount of the knowledge of the molecular basis for polymer proper-
ties has come from the experimental and theoretical study of the time-temperature 
superposition.

In any dynamic mechanical experiment, one typically varies either the temperature 
or the frequency over a specific range and measures the modulus of the material. 
The range of frequencies over which one can do experiments easily is limited, since 
extremely low frequencies are hard to maintain and are difficult to measure. If we 
measure the response of a polymer to a small range of easily accessible frequen-
cies (such as 0.1 to 100 Hz) and measure these responses over a wide range of 
temperatures (which are more easily variable, measurable, and maintainable) we 
can get the family of curves shown in Fig. 5.13. The temperatures are in the order 
T1 < T2 < T3 < T4 < T5 < T6. Examination of this generic data says that by shifting the 
curve for T6 to the left and the curves for temperatures T1 through T4 to the right 
by some amount, then all of the curves would form a smooth curve in the shifted 
frequency space. This is found to be the case for most polymeric materials. The 
result is known as a master curve and the amount by which a segment is shifted 
is known as a shift factor. Thus, a master curve is a plot of the log of the storage 
modulus (or other modulus) as a function of a reduced rate variable. The reduced 
variable is obtained by multiplying the frequency by the shift factor. Thus, a set 
of curves such as that shown in Fig. 5.13 can be reduced to a single curve such as 
that shown in Fig. 5.14.
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FIgure 5.13■ Plot of the log of the storage modulus of an amorphous thermoplastic measured 
as a function of frequency at six temperatures T1 < T2 < T3 etc.
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FIgure 5.14■ A “master curve” which could have been constructed from the data presented 
in schematic form in Fig. 5.13

In Fig. 5.14, f is the frequency and aT is the shift factor. The shift factors can be 
determined solely from overlapping the curves in each plot. Care must be taken that 
enough overlap is obtained with each curve, so that confidence in the measured aT 
is high. One could also make a plot of aT versus temperature that would lead to the 
determination of aT values at intermediate temperatures.

A significant advance in the understanding of the viscoelastic properties of polymers 
occurred with the publication of the work of Williams, Landel and Ferry [3]. They 
were able to show that for a substantial number of polymers, the shift factors could 
be determined from a rather simple set of equations:
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is the Williams-Landel-Ferry (WLF) equation for the shift factor with respect to some 
standard temperature TS. Alternatively, if the standard temperature is chosen to be 
the glass transition temperature, then
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The existence of such apparently useful universal equations for the shift factor has 
formed the basis for many experiments and theories regarding viscoelasticity of 
polymers.
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■■ 5.6■ Summary

In this chapter, we have defined a number of important parameters used to describe 
the characteristics of polymers. The definition of various molecular weights was 
presented. The entanglement molecular weight and the molecular weight between 
crosslinks are both important parameters for understanding adhesives and adhesion. 
The thermal transitions of polymers were also discussed. Of primary importance 
here is the glass transition temperature and the melt temperature. The glass transi-
tion temperature marks the point at which the polymer changes from a glassy to 
a rubbery material. The inverse relationship between frequency and temperature 
was emphasized and related to the measurement of dynamic mechanical proper-
ties. Finally, the generation of master curves was described and the WLF equations 
were presented.
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6 The relationship of 
Surface Science and 
Adhesion Science

■■ 6.1■ Introduction

In Chapter 4, some of the basic aspects of surface science were described, espe-
cially as they relate to liquid surfaces and the interaction of liquids with solids. The 
interaction of liquids and solids forms the basis for the attachment of adhesives to 
adherends. In Chapter 5, some of the physico-chemical characteristics of polymeric 
materials forming the basis for most adhesives were described. In this chapter, we 
describe rationalizations of adhesion phenomena based upon some of the concepts 
in Chapters 4 and 5. This chapter is central to this book and to the understanding 
of adhesion phenomena.

The rationalizations used to explain observed adhesion phenomena and their relative 
importance in adhesion science are assessed in this chapter. An appreciation for 
the connection between surface science, polymer physics, and observed adhesion 
phenomena should be developed. Finally, guidelines for generating an adhesive 
bond to meet the expectations of the adhesive user are provided.

■■ 6.2■ rationalizations of Adhesion Phenomena

Normally, one would call this section “The Theory of Adhesion”. Unfortunately, 
there is no unifying theory relating basic physi-chemical properties of materials to 
the actual physical strength of an adhesive bond. There are theories attempting to 
predict the strength of an adhesive bond, assuming that adhesion is perfect. There 
are also theories predicting the strength of interactions at interfaces. However, 
there are no theories making the complete connection among adhesion, the physical 
properties of the adhesive and adherend, and the practical strength of an adhesive 
bond. Rather, the literature on adhesion consists of many articles addressing specific 
areas of adhesion phenomena. A number of theories that are specifically related to 



146 6 The Relationship of Surface Science and Adhesion Science

certain observed phenomena are used to explain them. In this chapter, we discuss 
some of the more prevalent rationalizations of adhesion phenomena along with 
experimental evidence for those rationalizations. It is reasonable to conclude that 
all of the rationalizations have merit. In fact, the physical bases for these rationaliza-
tions contribute to one degree or another to the strength of an adhesive bond. The 
goal of adhesion science is to predict adhesive bond strength from first principles. 
The goal is likely to be reached by the proper combination of the rationalizations of 
adhesion (described below) coupled with proper descriptions of how strain energy 
is dissipated in the adhesive and the adherend.

■■ 6.3■ electrostatic Theory of Adhesion

We know from elementary physical chemistry that all atoms have a property known 
as electronegativity, which is a measure of the strength of attraction between a certain 
atom and an electron. We have already discussed how electronegativity causes 
the formation of dipolar molecules. The periodic table of elements is arranged in 
approximate order of electronegativity, with the more electronegative atoms to the 
right and the more electropositive atoms to the left. Thus, fluorine is very electro-
negative while sodium is more electropositive. Assemblies of atoms and molecules 
can also have electronegative character. Solid surfaces also can be characterized as 
being electropositive or electronegative. In a familiar experiment, an amber rod is 
rubbed with fur and the rod accumulates a surface charge, which can be detected 
easily. A familiar child’s birthday party trick is to take a latex rubber balloon and 
rub it on a wool sweater. The rubber balloon accumulates a surface charge and the 
balloon adheres to a number of non-conductive surfaces. In terms of recent adhe-
sion science literature, one could say that surfaces electropositive in character are 
bases and surfaces electronegative in character are acids.

A primary proponent of the electrostatic theory of adhesion is Derjaguin [1] who 
proposed that essentially all adhesion phenomena could be explained by electro-
statics. He generated a theory predicting the strength of adhesive bonds due to 
electrostatic forces and also attempted to prove the theory experimentally. Schemati-
cally, Fig. 6.1 shows the basis for the theory. An electropositive material donates 
charge to an electronegative material, thus creating an electrostatic bi-layer at the 
interface. According to the Derjaguin theory, the strength of the adhesive bond 
comes from the force necessary to move the charged surfaces away from one another 
overcoming Coulombic forces. The result of the Derjaguin theory is:

π 2
B 0 B2W h=  (6.1)
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Electropositive material

Electronegative material

FIgure 6.1■Schematic of the formation of an adhesive bond due to transfer of charge from 
an electropositive material to an electronegative material. The strength of the adhesive bond is 
thought to be due to the attraction between the charges on the opposite sides of the interface

In this equation, WB is the work to break the adhesive bond; 0 is the surface charge 
density; and hB is the distance of separation at electrical breakdown in the air gap 
formed when the two materials are separated. Derjaguin and his co-workers used an 
ingenious method to determine the surface charge and separation distance required 
by this equation by incorporating Paschen’s law for the breakdown of a gas under 
an electrical potential. Paschen’s Law relates the breakdown potential of a gas to the 
ambient pressure and the distance of separation between two electrodes. Derjaguin 
and his co-workers assumed that the materials in contact acted as a capacitor and 
that the voltage across the capacitor was given by the following expression:

2 C8 E p h
V

p
π

=  (6.2)

where V is the voltage; p is the ambient gas pressure; EC is the energy stored in 
the capacitor; and h is the distance of separation of the two planes of charge. As 
described by Huntsberger [2], the primary erroneous assumption these workers 
made was that EC = WB. Using this erroneous assumption, they measured the work 
to peel adhesive bonds away from glass. The measured WB was equated with EC, 
which was then used to plot log V versus log p h on a Paschen plot. From this plot 
they could calculate the charge density and separation distance described above 
by using the equation of the charge density in a capacitor. Unfortunately, their 
assumption was erroneous because it does not take into account energy dissipated 
in peeling that was not interfacial energy. Plastic deformation of the adhesive and 
the adherend was ignored. The only situation where the interfacial energy is the 
total energy to break an adhesive bond is when the adherends and adhesive are 
completely elastic. As a result of this erroneous assumption, the Derjaguin experi-
ments and the electrostatic theory of adhesion have gone into disrepute. We see 
repeatedly in this book that much of the work to break an adhesive bond goes into 
plastic deformation of the adherend and the adhesive.

However, despite the shortcomings of the Derjaguin work, there are some examples 
indicating that the electrostatic component to adhesion cannot be ignored entirely. 
Dickinson and co-workers [3] at Washington State University have studied fracto-
emission. In these studies, adhesive bonds are placed in high vacuum under condi-
tions where the emission of light, charged and neutral particles, as well as other 
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electromagnetic emanations can be sensed. The adhesive bond is opened and the 
various emissions are measured. In the breakage of an epoxy/aluminum adhesive 
bond, for example, charged particles and light are emitted. If a pressure-sensitive 
adhesive tape is applied to a photographic emulsion and then stripped from that 
emulsion, development provides photographic evidence of light emitted in the 
debonding process. In an enlightening experiment, a piece of tape is applied to an 
AM transistor radio. When the tape is stripped off, the sound can be heard amplified 
through the radio, indicating the emission of radio frequency radiation during the 
debonding operation. These experiments indicate the possibility of the presence of 
an electrostatic component to adhesion, because discharges are found. Dickinson 
makes no claim that his work supports or detracts from the electrostatic theory, but 
indicates that his findings could also be explained by breaking of covalent bonds.

Perhaps the most definitive work detecting the presence of an electrostatic compo-
nent to adhesion is reported by Smith and Horn [4]. These investigators used the 
surface forces apparatus (SFA) described in Section 4.5.2.2. The sample surfaces 
were glass and mica. The investigation was meant to provide JKR measurements of 
the interfacial energy. The means by which the interfacial distance is determined 
in the SFA is through interferometric fringes known as Fringes of Equal Chromatic 
Order or FECO [5]. Figure 6.2(a) shows schematically, how the FECO look in an SFA 
measurement between two surfaces as they are separated. Figure 6.2(b) shows Smith 
and Horn’s observation for surfaces of mica and sapphire that had been brought 
into contact and then separated. Much to the surprise of these investigators, the 
shape of the debonded spot, which is usually roughly parabolic in shape, was not 
parabolic at all. Rather, the contact spot was pointed and the forces seemed to extend 
over a long distance. In addition, the measured forces between the separated sur-
faces did not exhibit van der Waals behavior. Rather, the long-range force seemed 
to change in a discontinuous fashion. Smith and Horn attached an electrometer to 
the samples and found that a charge had formed during contact. The discontinuous 
jumps corresponded to discharges from the surfaces, which was direct evidence of 
the presence of electrostatic forces in a direct adhesion experiment.

Increasing wavelength
(a)

Increasing wavelength
(b)

FIgure 6.2■Schematic diagram of the FECO (Fringes of Equal Chromatic Order) that 
can be observed in a “normal” SFA experiment (a) and that observed for a mica-sapphire 
contact (b). The parabolic shape in the normal experiment is expected from the optics of the 
interferometer
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The Smith and Horn measurements indicate that charge had been transferred 
between silica and mica. Their results also show that the force of attraction better 
follows Coulomb’s law rather than a van der Waals force-distance law. It is likely 
that the reason why this could be detected is the large electronegativity difference 
between silica and mica. Similar measurements of contact between dissimilar 
polymers do not show this effect [5]. We conclude that electrostatics can play a role 
in bond-making and can control the strength of an adhesive bond but only when 
substantial differences in electronegativity exist between the materials brought 
into contact.

■■ 6.4■ Diffusion Theory of Adhesion

The diffusion theory of adhesion is shown schematically in Fig. 6.3. Two materi-
als, A and B, are brought into close contact. If the two materials are soluble in one 
another, they form a solution. As a result of diffusive bonding, we no longer have 
a true interface, but rather an interphase in which the properties of material A 
change gradually into the properties of material B. Diffusive bonding is the ultimate 
in adhesive bonding. In a “normal” adhesive bond, the adhesive and adherend are 
not soluble in one another and, at best, there is a microscopic morphology (see 
Section 6.5) which “diffuses” the interphase. In this “normal” situation, there is 
usually a substantial mismatch between the properties of the adhesive and the 
adherend. As such, the contact between the adhesive and adherend acts as a dis-
continuity providing a stress concentration. The interphase formed in a diffusive 
adhesive bond does not lead to a stress concentration plane, as there is no discon-
tinuity in physical properties.

Situations in which the adherend and adhesive are soluble in one another are 
relatively rare. Therefore, the diffusion theory of adhesion can be applied in only 
a limited number of cases. We can provide some simple criteria for the mutual 
solubility of materials based upon the theory of simple solutions developed by 
Hildebrand [6]. The basis of this theory is the cohesive energy of a material, Ecoh, 

A A

B
B

Mixture of A
and B

FIgure 6.3■If material A and material B are at all soluble in one another, they dissolve in one 
another and form an interphase which is a solution of material A in material B and vice versa. 
This schematically shows diffusive bonding
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which is the amount of energy necessary to take all of the atoms or molecules in a 
mole of material and separate them to an infinite distance. The cohesive energy is, 
in itself, an important parameter since it provides a sense of how strongly the atoms 
or molecules in a solid or liquid are attracted to one another. The definition of Ecoh is:

coh vapE H R TD= −  (6.3)

where DHvap is the enthalpy of vaporization; R is the gas constant; and T is the 
absolute temperature. We get a sense of the magnitude of intermolecular forces 
from the fact that the enthalpy change due to vaporization is the central factor in 
the equation for the cohesive energy. It takes a lot more energy to vaporize steel 
than it takes energy to vaporize acetone. Therefore, steel has a much higher cohe-
sive energy than acetone. We define the cohesive energy density of a material as:

cohC.E.D.
E
V

=  (6.4)

where C.E.D. is cohesive energy density and V is the molar volume. An important 
parameter in simple solubility theory is the solubility parameter, defined as:

cohE
V

 =  (6.5)

where  is the solubility parameter and 2 is the cohesive energy density. In a solu-
tion in which there are no specific chemical interactions, the enthalpy of solution 
is given by

( )2soln 1 2 1 2H    D = −  (6.6)

where i is the solubility parameter of component i and i is the mole fraction of 
component i. This is an interesting equation since it predicts that there are no exo-
thermic solutions and, in fact, the best one can do is to get no endotherm. There are 
many solutions that are exothermic, but remember that we had assumed a situation 
in which there were no specific chemical interactions. In that case, the solutions 
would have no exotherm. The criterion for the spontaneous formation of a solution 
is the sign and magnitude of the Gibbs free energy of mixing given by:

mix soln solnG H T SD D D= −  (6.7)

where DGmix is the change in the Gibbs free energy of mixing, DHsoln is the enthalpy 
of solution; T is the absolute temperature; and DSsoln is the change in the entropy in 
the system. For a regular solution as defined by the equation above, the enthalpy of 
solution is either positive or zero. We rely on the entropy change to provide a nega-
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tive Gibbs free energy of mixing. For low molecular weight materials, the change in 
entropy is always positive, and usually large, due to the increase in the disorder of a 
system when two materials are mixed. However, in polymeric materials, the entropy 
change is usually very small because the number of states in which a polymer can 
exist is limited by the high molecular weight. That is, all pieces of the polymer 
are connected to one another and the number of possible configurational states is 
limited. Since the entropy change is small and the enthalpy change is either 0 or 
positive, high molecular weight polymers are not likely to dissolve in one another. 
This is found to be the case in many, if not most, polymeric systems. Polymer pairs 
that are soluble in one another exhibit some enthalpy of mixing. For example, poly-
methyl methacrylate is soluble in polyvinylidene fluoride. This solubility is thought 
to be due to an exothermic acid-base reaction in which the basic methacrylate ester 
interacts with the acidic vinylidene fluoride group.

The above discussion leads us to one of the criteria for good adhesion. In a situation 
in which one polymer dissolves in another, one obtains ultimate adhesion. The cri-
terion for obtaining solubility of one polymer in another is the solubility parameter. 
The most negative value of DHsoln that we can have is 0 or the point at which the 
solubility parameter of the two materials is the same. Thus, one criterion for good 
adhesion is that the adhesive and adherend should have the same solubility parameter.
There are numerous examples in which this concept has been put to use. Iyengar 
and Erickson [7] carried out a series of simple experiments in which a range 
of adhesives was used to make peel specimens between sheets of polyethylene 
terephthalate (PET). The solubility parameters of the adhesives were known. The 
solubility parameter of PET is about 10.3. Figure 6.4 is a drawing similar to that 
of Iyengar and Erickson in which the salient features of their data are presented. 
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FIgure 6.4■Diagram showing the features of the experiment of Iyengar and Erickson for 
PET (poly(ethylene terephthalate)) bonded to PET by a variety of adhesives. The maximum 
in adhesive bond strength was found to be at the point when the solubility parameter of the 
adhesive is matched to the solubility parameter of PET (redrawn from Iyengar and Erickson)
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Figure 6.4 shows a plot of peel strength versus the solubility parameter of the 
adhesive used. There is a strong dependence of practical adhesion on the solubility 
parameter of the adhesive. If the solubility parameter of the adhesive matches that 
of the substrate, the failure changes from apparent adhesion failure to cohesive 
failure in the substrate.

The concept of diffusion bonding is not new to those who have worked with adhe-
sive bonding of plastics. For a number of plastics, solvent welding can be used for 
bonding. A solvent for the plastic is applied to both adherends and they are joined. 
While the solvent is present, the polymer molecules in the plastic parts can diffuse 
into one another. When the solvent has evaporated, an assembly that is inherently 
just the plastic remains. Plastics and solvents must be chosen carefully to avoid 
adverse effects, such as solvent-induced crazing on the bulk of the plastic. Plastics 
can be welded by melting the plastic part thermally or ultrasonically against another 
plastic part. In the melt state, the polymer molecules can intertwine and form the 
finished part. Once again, care must be taken since many plastic parts can distort 
dramatically when heated. Both of these examples of diffusive bonding are examples 
of autohesion in which a polymer adheres to itself.

Vinyl adhesives are typically a solution of polyvinyl chloride plus plasticizer in a 
solvent mixture of tetrahydrofuran and toluene. Tetrahydrofuran is an excellent 
solvent for vinyl and swells the vinyl surface to be bonded. While the solvent is still 
present, the vinyl in the adhesive diffuses into the adherends and forms the bond. 
Such adhesive bonds can even be formed under water.

6.4.1■ Diffusive Adhesive Bonding and Block Copolymers at Interfaces

The desire to join dissimilar polymers by means of adhesives has led to a part of 
adhesion science concerning block copolymers at interfaces. Block copolymers are 
polymeric materials with at least two chemically distinct blocks of polymer that 
are chemically joined. Blocks of such a copolymer can be made so that they are 
each soluble in one of two mutually insoluble polymers to be joined. In this section, 
we describe studies that address block copolymers at interfaces as well as several 
concepts from this and previous chapters including fracture measurements.

Polymers such as polymethyl methacrylate (PMMA) and polystyrene (PS) are 
not soluble in one another. Neither are polyisoprene (PI) and PS soluble in one 
another. If one melt presses PMMA against PS or PI against PS, one obtains a very 
poor adhesive bond. Application of a thin (on the order of nanometers) layer of a 
block copolymer of PS and PMMA between PS and PMMA leads to markedly better 
adhesion. Similarly, application of a thin layer of a block copolymer of PS and PI 
between PS and PI leads to a similar result. These studies, carried out by Brown, 
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Kramer, Creton et. al. [8], have elucidated the polymer physics in these material 
combinations.
Brown and co-workers used a modification of the double cantilever beam test to 
study the effect of the presence of block copolymers at the interface. The double 
cantilever beam was asymmetric to account for the difference in materials proper-
ties between the PS and the PMMA. The thickness of the slabs was set in order to 
minimize fracture mode mixity, which is a term applied to a fracture situation in 
which more than one fracture mode may be operational due to an asymmetry in the 
bond or in the loading of the bond. Block copolymers with varying chain lengths of 
the two blocks were applied at various amounts between PS and PMMA and then 
annealed. Heat and pressure were used to join the bond. The strain energy release 
rate was measured by driving a crack down the length of the specimen and measur-
ing the distance ahead of the wedge that the crack traveled.
We use several terms to describe the block co-polymers at the interface. The first 
of these is already known to us, it is the molecular weight. In this case we use the 
symbol N to describe the degree of polymerization of the co-polymer halves. The 
second is the areal chain density. We use the symbol Σ. This term describes the cross 
sectional area occupied by the co-polymer at the interface. Basically, a low areal 
chain density means that there are fewer chains per unit area than the interface 
could handle, while Σsat is the areal chain density when there is an interface that 
is fully saturated with the block co-polymer.
Figure 6.5 shows a schematic of what we might expect to happen at the interface as a 
function of Σ and N. When a force is applied to propagate a crack along the interface, 
there are several possibilities as to how the mechanical energy may be dissipated. 
First, if the N of the copolymer segments is small such that the co-polymer is not 
fully entangled with one or both sides of the interface, the chain will likely pull out 
of one or the other side of the interface and deposit on the other side. Thus, the force 
necessary to separate the interface should be proportional to the amount of energy 
necessary for chains to slip past each other multiplied by the number of chains, Σ.

If N is sufficiently high such that both of the arms of the block co-polymer are fully 
entangled, it is likely that the block co-polymer chain will scission with the force 
being applied. Thus, the force necessary to separate the interface should be propor-
tional to the number of chains crossing the interface times the energy necessary 
to break a single chain.
One of the glassy polymers that we have been discussing is polystyrene. The primary 
energy absorbing mechanism of polystyrene is the formation of a craze. Microscopic 
examination of a craze in this polymer shows us the formation of a network of strands 
or microfilaments that have been formed by drawing the polymer chain across the 
crack. The drawing of these polymer chains into these strands absorbs mechanical 
energy. There is a specific stress at which this occurs and this is denoted by craze.
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FIgure 6.5■Plot of interfacial stress as a function of areal chain density. The plot shows 
three distinct regions. In Region I, where the block co-polymers at the interface are of high 
molecular weight, the stress can rise quickly to the crazing stress, even at low areal chain 
density. At very low coverage, the failure mode is chain cleavage. In Region II, where the block 
co-polymers at the interface are of some intermediate molecular weight, the interface fails by 
chain pull-out until enough chains at the interface are present that the crazing stress can be 
reached. In Region III, where the block co-polymers are of low molecular weight, the crazing 
stress is unattainable. Note that the crazing stress is the ultimate stress that can be attained
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FIgure 6.6■Schematic representation of the results of a fracture experiment between 
polystyrene and poly(methyl methacrylate) in which a block co-polymer of the two monomers 
was placed at the interface. The arms of the block copolymer were long enough that chain 
scission took place at low areal chain density and crazing was achieved at a low chain density
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We return to the interface between PMMA and PS. If the interfacial stress applied 
to the bimaterial interface exceeds craze, the polymer will begin to form crazes and 
substantially increase the mechanical energy it absorbs. If the block co-polymer 
so significantly “stitches together” the interface that craze is exceeded before 
polymer chains pull out or scission, crazing will be the dominant energy absorb-
ing mechanism. Figure 6.6 shows a schematic representation of the data taken by 
for the PMMA/PS interface [8 h]. We see that the fracture energy shows an abrupt 
increase in magnitude when Σ reaches a critical value. It is believed that this is the 
value at which craze is exceeded.

The physics of this separation process are governed by the phenomenon called 
chain pull-out which can be described by the reptation theory of polymer dynamics 
[9]. Reptation theory describes polymer motion as similar to that of a snake con-
fined to a tube. If the snake is short, little energy is required to move it down the 
tube. However, if the snake is long, its movement down a tube is convoluted and 
much energy is required to pull it out. The observations described above seem to 
follow the physics behind polymer reptation. Indeed, work by Wool and co-workers 
shows the time dependence of polymer welding to be essentially that predicted by 
reptation theory [10].

The information in this section shows the intimate relationship between practi-
cal adhesion, solubility of polymers at interfaces, and polymer dynamics at the 
molecular level. We will return to these concepts in a section later in this chapter.

■■ 6.5■ Mechanical Interlocking and Adhesion

The concepts in the previous section were directed towards adhesive bonding situ-
ations in which at least one of the adherends is a polymer. This provided an avenue 
by which a diffuse interphase could form at the junction between the adhesive and 
the adherend. We now examine a situation in which one or both of the adherends 
are impermeable to the adhesive. Suppose that the junction between the adhesive 
and the adherend is in a plane such as that shown in Fig. 6.7. The triangle at the 
edge of the bond is meant to indicate that a crack opening force is being exerted at 
the edge of the specimen. Excursions of the crack opening force into the adhesive 
or the adherend is not necessitated by the force field since the interface acts as a 
stress concentrator and the crack propagates there.

Let us suppose that instead we have the interface shown in Fig. 6.8 in which the 
adherend is not smooth but rather has a roughness into which the adhesive can 
flow. If the adhesive can displace the air in the pockets on the surface, the two 
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materials are in intimate contact along a tortuous path. If a wedge is driven into 
the edge of this bond, we can see no abrupt plane of stress transfer. Rather, for the 
crack to propagate across the bond, the lines of force have to take detours. Some 
of the detours go into the adhesive. In most cases, the adhesive can deform more 
than the adherend. If either the adhesive (or the adherend) plastically deforms 
during the debonding, energy is consumed and the strength of the adhesive bond 
appears to be higher.

Another reason that surface roughness aids in adhesive bonding is the interlocking 
effect. In Fig. 6.8, arrows indicate a segment of the surface. In this segment, the 
adhesive has completely filled a pore on the surface. At this pore, the exit of the 
adhesive is partially blocked by part of the adherend. This place in the interphase will 
exhibit the so-called “lock and key” effect. A key, when turned into the tumblers of a 
lock, cannot be removed from the lock because of the physical impediment provided 
by the tumblers. In the same way, a solid adhesive in a pore such as that shown in 
Fig. 6.8, cannot move past the “overhang” of the pore without plastically deforming. 

“Lock and Key” site

Adherend

Adhesive
Crack path?

F Wedge

FIgure 6.8■Schematic showing a tortuous interface between two adhering materials. 
When a Mode I loading is applied to this situation, the applied force cannot cleanly follow the 
path between the two adherends, but rather must make excursions. As excursions are made 
into the adhesive, energy can be dissipated by plastic deformation. Note also the possibility 
of “lock and key sites” at which points the adhesive would have to physically pass through the 
material of the adherend in order for separation to take place

F Wedge
Crack path?

Adhesive

Adherend

FIgure 6.7■A wedge is driven into the edge of a sharp interface between adherends A and 
B. The loading is known as Mode I (see Chapter 3) and results in crack propagation as shown 
by the arrows in the figure. Little energy dissipation is required to separate the adherends and 
clean separation of adherends is possible
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Plastic deformation acts as an energy absorbing mechanism and the strength of 
the adhesive bond appears to increase.

We are familiar with rubber tires and rubber inner tube repair kits. These usually 
contain a rubber patch, an adhesive (usually some form of solvent-borne elastomer) 
and a piece of sandpaper or a serrated tool. The sandpaper is used to roughen the 
surface of the rubber to be mended, allowing the adhesive to “key” into the substrate.

Another reason surface roughness improves adhesion is purely a matter of physical 
area of contact. Figure 6.7 illustrates a situation where the contact between the two 
materials is in a plane, the minimum possible contact area between two rectangular 
bodies. If we can imagine Fig. 6.8 in three dimensions, we see that the surface area 
is increased substantially. If we believe that interfacial interactions are the basis 
for adhesion, we know that the sum of those interactions will scale as the area of 
contact. If the actual area of contact is increased by a large amount, the total energy 
of surface interaction increases by an amount proportional to the surface area.

Perhaps the best demonstration of the effect of surface roughness on adhesion is 
provided by Arrowsmith [11]. He created surfaces of varying roughness by electro-
forming the surface of pieces of copper that each had the same thickness. Figure 6.9 
is a diagram of some of the shapes he placed on the surface along with adhesive bond 
strength data. Note that these shapes are all in the range of a micron or so in size. 

Surface topography of copper foil

Topography Diagrammatic representation

Mean peel load
lb/in

Flat 3.75
Flat + 0.3 µ dendrites 3.8
Flat + 0.3 µ dendrites

+ oxide
4.4

3 µ pyramids (high angle) 5.9
2 µ low angle pyramids

+ 0.3 µ dendrites
7.3

2 µ low angle pyramids
+ 0.2 µ dendrites
+ oxide

8.8

+ 0.2 µ dendrites
3 µ high angle pyramids

+ oxide

13.5

FIgure 6.9■Experimental results reported by Arrowsmith, relating the surface roughness of 
electroplated copper to the level of practical adhesion when an epoxy adhesive is removed. 
Note that as the level of surface roughness increases and the opportunity for mechanical 
interlocking increases, the level of practical adhesion increases even though the adhesive is 
identical in all cases (reproduced from Reference 11 by permission of the Institute of Metal 
Finishing, UK)
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He applied the same epoxy adhesive to all of the surfaces and measured the peel 
strength of the epoxy to the copper. As shown in Fig. 6.9, the peel strength increased, 
even though the adhesive and the adherend were nominally the same in all cases. 
We must surmise that the effect of the surface roughness is to increase the plastic 
deformation of the adhesive in the interphase, resulting in increased peel strength.

6.5.1■ Kinetics of Pore Penetration

The above discussion is predicated on the notion that the adhesive and the adherend 
are in intimate contact. It is not obvious that this should be the case since all real 
adhesives have a viscosity. In normal bonding operations, the adhesive and adherend 
must come into close contact quickly. We can examine the extent to which adhesives 
penetrate into pores on a surface by examining the equations describing the wetting 
of surfaces by polymers and the penetration of liquids into a pore as provided by 
Packham [12]. Poiseulle’s Law describes the penetration of a liquid into a pore:

2d
d 8

r Pxx
t 
=  (6.8)

where x is the pore penetration distance; P is the capillary pressure; t is the time 
and r is the radius of the pore (or capillary, for which Poiseulle’s Law is actually 
derived). The capillary pressure is given by:

LV2 cos
P

r
 

=  (6.9)

where  is the contact angle and LV is the liquid-vapor interfacial tension of the 
adhesive. The description of the wetting of a surface by a polymer is taken from 
the work of Schonhorn, Frisch and Kwei [13] and it is described by the following 
equation which was derived by Newman [14]:

( ) ( )c tcos cos 1t a e  −
∞= −  (6.10)

where cos ∞ is the contact angle at infinite times and (t) is the time dependent 
contact angle. Combining these equations, we find the following relationship:
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−
∞  
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 (6.11)

This equation describes the distance a pore is penetrated by an adhesive, giving an 
idea of the parameters necessary for expulsion of air from a pore and its replace-
ment by an adhesive.
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TABle 6.1■ Packham’s Calculation of Distance Penetrated by Molten Polyethylene into a 
Microporous Surface

Pore radius
(micrometers)

Distance penetrated into pore “x”
(micrometers)

1000 220

    10   22

      1     7

      0.1     2.2

      0.01     0.7

Let us examine the above equation by introducing parameters associated with the 
wetting of a surface by polyethylene. Packham assumed that the interfacial tension 
between the polyethylene and air was 23.5 mJ/m2 under the application condi-
tion which was 200 °C. He allowed a time of 20 minutes for wetting to take place. 
Table 6.1 shows results of his calculations.

The table clearly indicates that the amount of penetration of polyethylene into a 
porous surface is dependent upon the radius of the pore. The depth of penetration is 
inversely dependent upon the radius of the pore. For a pore radius of 1,000 microns, 
the depth of penetration is only 220 microns. If the pore were as deep as its radius, 
the pore would still be mostly empty. In contrast, if the pore radius were 0.1 microns, 
the depth of penetration could be 2.2 microns, if the pore had that depth available. 
The calculation clearly says that if we wish to have as complete as possible removal 
of air from a pore on a surface, the pore radii must be quite small. The approximate 
radii of the openings of pores that are deeply penetrated are about one micron or 
less. The ramifications of this correlation become clearer when we discuss surface 
preparations in the next chapter.

Thus, another criterion for obtaining good adhesion is provide a surface with a 
micro-morphology and provide an adhesive with a low enough viscosity to completely 
fill the surface features.
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■■ 6.6■ Wettability and Adhesion

Examine Fig. 6.10 and imagine a situation in which there is a real adhesive and a 
real adherend. The importance of wettability to adhesion is apparent. A tortuous 
surface like that in Fig. 6.8 is not necessarily completely clean. Contaminants are 
likely to be on the surface, forming a “weak boundary layer” (see Section 6.10). In 
addition, a real adhesive has a real viscosity (as discussed in the previous section). 
In many cases, the adhesive will need to cure and the viscosity in these materials 
increases rapidly as a function of time after application. We can expect that the 
bottom of the pores may not be filled, leaving voids. The adhesive bond may therefore 
have vacancies at the interface, each of which acts as a stress concentration point. 
To understand this problem, re-examine Fig. 1.1. We show two situations, one is a 
perfect monolithic material in which there are no cracks or voids and the other is 
of the same material containing a crack.

We can imagine a load being placed on both samples. The load is shown propagating 
through the unflawed material as continuous lines of force. In the flawed material, 
the lines of force cannot be continuous because of the flaw. The lines of force, because 
they must be continuous, gather at the edge of the flaw and increase in intensity. 
The increase in intensity can be calculated in a simple way for this elliptical crack. 
If the dimensions of the crack are such that the long axis is 100 times longer than 
the short axis, the increase in stress intensity is 201. So, a force that is 1 Newton at 
the ends of the material is more like 201 Newtons at the edges of such a crack. The 
factor in this discussion is a crude version of the “stress intensity factor” used in frac-
ture mechanics [15]. An adhesive bond with a flawed interface is another example 
of this situation. Voids or weak boundary materials magnify the remotely applied 
force at the periphery of the flaw. Very often, this induces propagation of the flaw. 

Contaminants

Voids

“Real Adhesive”

“Real Adherend”

FIgure 6.10■Schematic of a “real” bonding situation in which the surface of the adherend 
has contaminants and in which the adhesive has a finite viscosity. Pore penetration is not 
complete, leaving voids at the interface. The presence of voids as well as cohesively weak 
contaminants, decreases the strength of the adhesive bond below its theoretical strength
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If the material does not have mechanisms of absorbing the energy, the material fails 
at loads less (and sometimes even much less) than the theoretical strength of that 
material. Hence, obtaining good wetting of the surface is a matter of eliminating 
flaws at the interface so that the strength of the bond can be as close to theoretical 
as possible.

The study of adhesion cannot be separated from the study of wettability and contact 
angle phenomena. For good adhesion to take place, the adhesive and the adherend 
must come into intimate contact. Obtaining intimate contact of the adhesive with 
the surface is tantamount to saying that interfacial flaws must be minimized or 
eliminated. Intimate contact occurs when the adhesive spontaneously spreads over 
the surface to maximize interfacial contact and minimize contact with other phases. 
Spreading (spontaneous or not) can be examined by contact angle measurements. 
In this section we explore the relationship of wetting and adhesion.

A simple view of the relationship of wetting and adhesion is provided in Fig. 6.11. 
Here, the contact angle of a drop of an epoxy adhesive on a variety of surfaces is 
shown. The surface energy of a typical epoxy resin is about 42 mJ/m2. The drop has 
a low profile on materials such as cured epoxy composite or polyvinyl chloride (PVC), 
although wetting would not be spontaneous on PVC. On polyethylene, which has a 
critical wetting tension of about 31 dynes/cm, the drop has an even higher profile. 
In our laboratories, we have used sheet polyethylene to line our table-tops because 
epoxies do not adhere. The adhesive has a very high contact angle on polytetrafluoro-
ethylene (PTFE) with a critical wetting tension of 18 dynes/cm. Therefore, we might 
predict that an epoxy adhesive would have poor adhesion to PTFE and we would 
be correct. Low surface energy materials such as PTFE have poor adherability and 
are considered abhesive or release surfaces. PTFE-like materials form the basis for 

Epoxy Adhesive
γ = 42 mJ/m2

Epoxy Surface
γC = 42 mJ/m2 

Poly(vinyl chloride) surface
γC = 38 mJ/m2

Polyethylene surface
γC = 31 mJ/m2

Poly(tetrafluoroethylene) surface
γC = 31 mJ/m2

FIgure 6.11■Diagram of the observation of the contact angle of an epoxy adhesive (uncured) 
on four surfaces of varying critical wetting tensions. Note that as the critical wetting tension of 
the surface decreases, the contact angle of the liquid epoxy on that surface increases
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non-stick cookware. When it is demonstrated that eggs do not stick, we have a clear 
demonstration of the relationship between wettability, the Zisman critical wetting 
tension, and adhesion. Egg whites are, for the most part, proteinaceous materials. 
However, the proteins are in aqueous solution and the egg would be expected to 
have a surface tension of 60–70 dynes/cm. The contact angle between the egg and 
PTFE is high. Wetting is poor and non-spontaneous and the egg does not adhere.

The ability of an adhesive to spontaneously wet a surface can be codified by means of 
the Zisman relationship described in Chapter 4. That is, an adhesive spontaneously 
wets a surface when its surface energy is less than that of the adherend to which it 
is applied. Thus a corollary to the criterion for good adhesion and wettability is for 
spontaneous wetting and good adhesion, choose an adhesive with surface energy less 
than the critical wetting tension of the surface to which it is applied. The background 
for this corollary was described in Fig. 6.11.

One of the clearest experiments relating wettability and adhesion was carried 
out by Levine, Illka and Weiss [16]. In this work, the experimenters measured 
contact angles of various liquids on solid polymers. They then measured the butt 
tensile strength of adhesive bonds made with those plastics and a single adhesive. 
A schematic representation of their results is shown in Fig. 6.12. There is a direct 
relationship between the butt tensile strength and (1 + cos ), as would be predicted 
if there were a relationship between the thermodynamic work of adhesion and the 
practical work of adhesion. The Dupré Equation predicts that for a single combina-
tion of materials, the thermodynamic work of adhesion decreases as the interfacial 
energy increases. Figure 6.12 also shows data for the practical work of adhesion as 
a function of the interfacial tension. The practical work of adhesion does decrease 
as predicted by the Dupré Equation. Similarly, as the critical wetting tension of the 
solid surface goes below the surface energy of the adhesive, there is a decrease in 
butt tensile strength.

Another example of the relationship between the Young-Dupré Equation and adhe-
sion is shown in the work of Barbarisi [17] who carried out a surface preparation of 
polyethylene. Surface preparation is an important technology in adhesion science 
because it has been found that many surfaces are not amenable to adhesive bonding 
for a number of reasons, not the least of which is low surface energy. The subject 
of surface preparation of various adherends is discussed in Chapter 7. The surface 
preparation used by Barbarisi was chromic acid oxidation. As a function of treat-
ment time, it was found that the contact angle of water with the treated polyethylene 
surface went down. Therefore, (1 + cos ) increased, as did the practical adhesive 
bond strength with the treated polyethylene as adherends. The same epoxy adhesive 
was used in all of these experiments. A useful reference describing the relation-
ship between wettability and adhesion appears in the book Adhesion Science and 
Technology in the chapter by Mittal [18].
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FIgure 6.12■Schematic of the data presented by Levine, Illka and Weiss. Butt tensile 
strength of a range of plastics bonded with a single adhesive is plotted versus several wetting 
parameters determined from contact angle measurements. This diagram illustrates the 
relationship between wetting and practical adhesion

■■ 6.7■ Acid-Base Interactions at Interfaces

In Chapter 4, we described various intermolecular interactions that could take 
place at an interface. In Section 4.2.3, we described generic acid-base interactions 
including the Bronsted-Lowrey acids and Lewis acids. Acid-base interactions can 
take place at interfaces as they do in bulk solutions. Work on this subject was done 
by Bolger and Michaels [19]. They used standard chemical data of acid-base equi-
libria to examine various interfacial phenomena. Fowkes [20] also used acid-base 
interactions to describe adhesion phenomena. Fowkes derived the equation that 
divides the surface energy of a material into its component parts and was known 
for his belief that polar forces played no role in interfacial phenomena. In his view, 
the primary interactions taking place at interfaces were due to dispersion forces. 
He later ascribed the remaining interactions to acid-base interactions. Thus, using 
the Owens-Wendt equation, in Fowkes’ view:

d d AB
A 1 2 A2W W = +  (6.12)

where AB
AW  is the component of the work of adhesion due to acid-base interactions. 

From a critical point of view, it seems that this analysis just removed a term having 
to do with polar forces and replaced it with a term having a different designation. 
Fowkes borrowed from the work of Drago [21] to provide an expression for AB

AW . 
He wrote the following expression:
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( )AB AB
A A B A BW k N E E C C= +  (6.13)

where k is a proportionality constant that corrects for units and NAB is the number 
of acid-base pairs which interact in the interphase or at the interface. The Ei and Ci 
are experimentally determined constants obtained from a series of detailed calori-
metric experiments in which Drago and his group measured the heat of reaction 
of a myriad of different acid-base pairs. The purpose of the Drago experiments was 
to determine the electrostatic (E) and covalent (C) contribution to the enthalpy of 
interaction of a large series of acid-base pairs. It was a disappointment to Drago that 
these experiments did not provide the correlation he wanted but rather yielded a 
large catalog of data from which enthalpies of reaction could be calculated. Therefore, 
the Fowkes expression for acid-base interactions is not one that comes from first 
principles of intermolecular forces, but is obtained from experimentally derived 
constants. This is not to say that the expression is conceptually incorrect, but it 
unfortunately gives the impression that acid-base reactions are a fundamental force 
(like dispersion forces), rather than a combination of electrostatic and covalent 
interactions, as believed by Drago.

The effect of acid-base interactions at interfaces was examined by Fowkes and 
Mostafa [22] in a now classic series of experiments and more recently by White-
sides and coworkers (as described in Chapter 4). Fowkes and Mostafa used contact 
angle measurements to determine the extent of acid-base interactions by creating 
acidic surfaces by copolymerizing varying amounts of acrylic acid with ethylene. 
They then used basic liquids such as dimethylsulfoxide and dimethylformamide 
(basic in the Lewis sense) and sodium hydroxide dissolved in water (basic in the 
Bronsted-Lowrey sense) as contact angle probe liquids. In addition, they probed the 
dispersion force contribution to the work of adhesion by using dispersion force-only 
liquids. Conversely, they generated basic surfaces by using copolymers of vinyl 
acetate with ethylene and used acidic liquids as probes (vinyl acetate is considered 
a Lewis base.) The acidic liquids were composed of varying amounts of phenol in 
tricresylphosphate. Figure 6.13 (a schematic representation of Fowkes’ results) 
shows that as the possibility for acid-base interactions is increased (increasing 
acidity or basicity of the substrate), combined with the respective increase in acidity 
or basicity of the probe liquid, there is a resultant increase in the work of adhesion.

There are a significant number of other studies in the literature examining the acid-
base properties of interfaces including an important set that used inverse phase gas 
chromatography. This type of chromatography determines interfacial interactions 
because the retention time on the column is directly related to the enthalpy of 
interaction between the mobile phase and the stationary phase surface.
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FIgure 6.13■Diagram showing the relationship of the work of adhesion due to acid-base 
interactions versus the increasing acidity or basicity of the substrate and probe liquid. 
When the substrate is an acid, a basic probe liquid provides results similar to those shown. 
When the substrate is a base, an acidic liquid provides results similar to those shown. 
When an acid substrate and an acid probe liquid are used, no effect is seen. The dispersion 
force contribution is determined by using liquids with only dispersion force character

In addition to the Drago experimentation on acid-base pairs, there have also been 
a number of other methods proposed to characterize the acidic or basic character 
of a material. Two of the important classifications are the Gutman donor-acceptor 
numbers [23] and the hard-soft acid-base principle. The Gutman numbers have 
been studied by Schreiber and co-workers [24], who have attempted to relate the 
chemistry of the surfaces (as determined by inverse phase gas chromatography) to 
those numbers and then to relate those numbers to adhesion phenomena.

Despite all of the interest shown in acid-base interactions at interfaces, there are 
relatively few detailed studies connecting the acid-base character of interfaces with 
the actual forces of adhesion between those surfaces. There are experimental results 
implying the presence or predominance of the acid-base interaction in adhesion. It is 
known, for example, that silica is acidic and most glasses are basic (due to additives 
to the glass, such as borate). Materials thought to adhere well to silica are basic and 
those thought to adhere well to normal glass are acidic. In fact, many industrially 
useful inorganic surfaces are basic in character because the oxides of most metals 
(with the exception of tungsten) are either amphoteric or basic in character. Many 
adhesives are formulated to be acidic in character so that they adhere to a multi-
tude of basic surfaces. From this discussion, we can provide another criterion for 
good adhesion: determine the acid or basic character of your substrate and choose an 
adhesive having the opposite character.
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■■ 6.8■ Covalent Bonding at Interfaces

In Chapter 4, we discussed the potential energy of various intermolecular inter-
actions. In that discussion, we made note of the fact that the deepest potential 
energy well that is available for the interaction between two atoms or molecules 
is that formed when they share a pair of electrons. That is, the deepest potential 
energy well is obtained when a covalent bond is formed. The generation of covalent 
bonds at interfaces, especially between organics and inorganics, has become an 
industry of its own.

Assume that we have an area of contact between two dissimilar materials that is 
one square meter. Let us also assume that the cross sectional area occupied by each 
member of a large number of carbon-carbon covalent bonds is five square Angstrom 
units. The number of chemical bonds is then 2 × 1019 bonds/m2. Assume that the 
energy to break a mole of these bonds is 120 kcal. (This is about the amount of energy 
necessary to break one mole of carbon-carbon covalent bonds.) We can calculate 
that the total energy at this interface is on the order of 40 J/m2. This is a very large 
number when compared to the values of surface and interfacial energy discussed in 
Chapter 4. This large number provides background for the reason so much research 
has been devoted to the generation of interfacial chemical bonds. Indeed, the bond 
energies described in the work of Brown [9] approach this level. Although it would 
seem necessary to have covalent bonds at interfaces to have strong adhesive bonds, 
strong adhesive bonds exist in the absence of any overtly induced interfacial chemi-
cal bonds. Indeed, Fowkes [25] has calculated that the strength of a polyethylene/
steel butt tensile joint should be in excess of 157,000 psi when one assumes the 
presence of dispersion forces, exclusively, at the interface. This value is orders 
of magnitude higher than any experimentally observed adhesive bond strength. 
This comparison indicates that even though covalent bonds may be useful to have 
at interfaces, they are not necessary for the generation of strong adhesive bonds.

Why then, is there a desire to generate chemical bonds at interfaces? The primary 
reason for the need for such chemical bonds can be found in the calculation described 
by Kinloch [26]. We write the expression for the surface energy of any material as 
the sum of the polar force and dispersion force contributions, as was proposed by 
Fowkes [20]. In deference to the work of some adhesion science researchers, we could 
write the expression substituting acid-base interactions for polar interactions, as:

d p  = +

where  is the surface energy of a material; d is the dispersion force component 
of that surface energy; and p is the polar (or acid-base) contribution to the surface 
energy. Using the hypothesis of Owens and Wendt, we have:
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d d p p
A 1 2 1 22 2W    = +  (6.14)

This expression deals only with a situation where the two materials are in contact 
and no other material is present. We could have a situation where a third material 
is present, with its own polar and dispersive character. In that situation, we find 
that the expression is a bit more complicated but derivable directly from the above 
relationships:

( )d d p p d d p p d d p p
A l 1 l 1 l 2 l 2 l 1 2 1 22W             = − − − − + +  (6.15)

where the j
i  are the components of the liquid surface energy of the intervening 

liquid, j is either d (dispersive) or p (polar), and i is either 1, 2 or l. If the values 
of the j

i  are known, then the predicted thermodynamic work of adhesion at an 
interface in the presence of a third material such as the liquid, l, can be calculated.

Such a calculation was done by Kinloch [26]. Table 6.2 gives values of the polar 
and dispersive components of the surface energy for a number of familiar materi-
als and shows a listing of the work of adhesion in the presence and absence of a 
third material, water.

The results in this table provide insight as to the need for interfacial covalent or 
chemical bonds. In the absence of water, the work of adhesion for epoxy with silica 
or for epoxy with aluminum oxide are positive. This indicates the stability of this 
interface in the absence of water. With water present, the calculated values for the 
work of adhesion are negative. Negative values of the work of adhesion indicate 
that this system is unstable in the presence of water. That is, the inorganic surface 
would rather have water present than the epoxy resin.

TABle 6.2■ Calculation of Work of Adhesion Based upon Polar and Dispersive Components of 
the Surface Energy

Surface or Interface d

(mJ/m2)
p

(mJ/m2)

(mJ/m2)

WA
(mJ/m2)

WAA
(mJ/m2)

Epoxy   41.2     5   46.2

Silica   78 209 287

Aluminum oxide 100 538 638

Water   22   50.2   72.2

Epoxy/silica 178

Epoxy/aluminum oxide 232

Epoxy/water/silica   –56.2

Epoxy/water/aluminum oxide –137
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An indication of thermodynamic instability should be a matter of concern here 
because it is hard to think of many applications where adhesive bonds made with 
epoxy and these substrates would not, at some time, come into the presence of 
water. However, an analogy can be drawn with the use of aluminum in various 
industrial applications. Aluminum is a highly reactive metal that is thermodynami-
cally unstable in ambient atmosphere. If elemental aluminum is exposed to the 
atmosphere, it explodes. Despite this seemingly dire situation, we use aluminum for 
frying pans and we fly in airplanes made from aluminum. The reason we can use 
aluminum for these purposes is that it is insulated from the atmosphere by a thin 
layer of very stable aluminum oxide. The reaction of aluminum with the atmosphere 
is kinetically controlled by the formation of an oxide that slows down the degradation 
of the metal. In a similar sense, if we could place covalent bonds at the interface 
between organic and inorganic materials, water would first have to hydrolyze those 
covalent bonds before it could act on the interface. Covalent bonding at interfaces 
could thus be the kinetic limiter for the action of water. From this discussion, we 
obtain another guideline for good adhesion: if one expects to have an adhesive bond 
in adverse environmental conditions, provide for interfacial covalent bonding.

6.8.1■ Coupling Agents

An industry has been built developing, manufacturing and selling agents which 
“couple” an organic and an inorganic phase. Coupling agents are materials with two 
chemical functions, one that is reactive with the inorganic phase and the other that 
is reactive with the organic phase. One class of coupling agents, based upon silanes, 
has found the most utility [27]. The reaction scheme thought to occur when these 
materials are used is shown in Fig. 6.14.

FIgure 6.14■Diagram showing the proposed action of silanes on inorganic surfaces
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Silanes, in the presence of water, hydrolyze to silanols that spontaneously condense 
to yield silanol oligomers. At low molecular weights, the oligomers are usually 
soluble in water. If a surface containing a hydroxyl group is nearby, the silanols 
also condense with the surface, creating the situation shown at the end of Fig. 6.14. 
There is also an R′ group on each silane which is retained throughout the oligomer-
ization and condensation with the substrate. The R′ group is chosen to be reactive 
with the matrix material. For example, if the matrix is an epoxy, a propyl amino 
group could be chosen as R′ or if the matrix is an acrylic, then a propyl acryloyl 
group could be R′.
The early image of silanes on a substrate is a monolayer. However, Koenig and 
Ishida [28] were able to show that to be effective the amount of silane deposited on 
a surface needed to be substantially in excess of that shown in Fig. 6.14. In fact, 
they showed that an effective amount was more than hundreds of Angstrom units 
thick. This data has led to the hypothesis that silane coupling agents form a layer 
into which the matrix can diffuse and react, creating a diffuse interphasal layer 
between the inorganic and the organic phases. This physical action occurs in addi-
tion to the chemical reaction between the matrix and the R′ groups.

The first application of silanes in industry was in fiberglass. Fiberglass is a mate-
rial in which a matrix resin, e.g., a styrenated polyester, is filled with glass fiber as 
a reinforcement. When such materials are fabricated, fiberglass has an increased 
stiffness over that of the matrix resin. However, with exposure to moisture, the 
stiffness decreased measurably. The hypothesis was that moisture invaded the 
composite material and disbonded the matrix resin from the fibers, as was pre-
dicted from the equations and analysis described above. If a silane coupling agent 
was applied to the fibers before they were added to the matrix resin, the fiberglass 
retained its original modulus longer when the material was exposed to moisture. 
The presence of covalent bonds in an interphase kinetically inhibited the effect of 
water on a material whose performance depended on good adhesion between an 
organic and an inorganic phase.

Although silane coupling agents form the largest and most successful group of 
such materials, there are other coupling agents. Chrome complexes, with structures 
shown in Fig. 6.15, are formed by the reaction of chromium oxide with methacrylic 
acid. The chromium oxide portion of the coupling agent reacts with a substrate while 
the methacrylic portion reacts with a free-radically-curing overlayer.

Another major class of coupling agent is the titanates [29]. Once again, this mate-
rial is a combination of an organic and an inorganic material. An example of a 
titanate ester is also shown in Fig. 6.15. As in the case of the silanes, the mate-
rial is thought to react with hydroxyls on the surface of inorganics to liberate 
alcohols. Titanates have been used a great deal in the modification of the viscos-
ity of slurries of organics in inorganics by “compatibilizing” the two materials. 
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The R′ groups shown in Fig. 6.15 can be any one of a number of chemical functions 
reactive with a number of different matrices.

■■ 6.9■ The relationship of Fundamental Forces 
of Adhesion and Practical Adhesion

Statements have been made as to the lack of a direct relationship between the forces 
of adhesion and the practical strength of an adhesive bond. In this section, we 
describe several experiments that have laid the basis for a way to connect interfacial 
characteristics and the mechanical strength of an adhesive bond.

In the description of silane coupling agents, the effectiveness of the chemistry 
was described as an increase in the durability of the composite. The modulus 
of the composite was essentially the same with or without the presence of the 
silane, but the retention of modulus was improved when a silane was used in the 
interphase.

Chrome complex

Titanate condensation on a hydroxyl
containing surface

FIgure 6.15■ The chemistry of a methacrylate/chrome complex.  
Also shown is the action of titanates on an inorganic surface
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There are also descriptions of an increase in the dry bond strength as the result 
of the presence of a coupling agent. Such an experiment was described by Ahagon 
and Gent [30]. A glass slide was coated with mixtures of vinyl and ethyl silane, at 
essentially monolayer coverage. The vinyl silane was available for reaction with a 
free-radically-curing overlayer, but the ethyl was not. We expect that increasing 
the percentage of vinyl silane in comparison to ethyl silane provides an improve-
ment in adhesion. An overlayer of polybutadiene was applied to the coated slide 
and free-radically crosslinked. The strength of the adhesive bond was measured by 
a 180° peel test, in which the polybutadiene was peeled from the slide at various 
temperatures and peel rates. The data were superimposed by means of shift factors to 
create a master curve for the peel tests on each treated surface. Recall the discussion 
in the previous chapter on master curves and the time-temperature superposition 
principle for polymers.

A schematic representation of Ahagon and Gent’s results is presented in Fig. 6.16. 
The curve labeled W1 is for a sample covered entirely with ethyl silane while W4 
is the curve for a surface covered entirely with vinyl silane. W2 and W3 are inter-
mediate combinations of vinyl silane in ethyl silane. The symbol W has been chosen 
not only for the curves, but also for the asymptotic value of the work to break the 
adhesive bond. Note that W4 > W3 > W2 > W1. The results track well with the amount 
of vinyl silane in the coating.

Several things can be learned from this plot. First, a plot of peel strength (work to 
break) as a function of peel rate approaches an asymptotic value, which is tempt-
ing to ascribe to the intrinsic work of adhesion. Second, the plots of work to break 
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FIgure 6.16■Schematic of the data of Ahagon and Gent. The log of the work to break an 
adhesive bond is plotted versus the reduced rate of peel. The various curves result from a 
variation in the surface coverage by vinyl silane. Note that the curves seem to tend to an 
asympototic adhesion energy that we may call 0
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versus reduced peel rate seem to have nominally the same shape, but are shifted 
in the vertical direction with respect to one another. Note that the plot is log-log. 
For this situation, we write:

B ilog log logW W = +  (6.16)

or, taking the antilog:

B iW W =  (6.17)

This equation represents an important relationship between the strength of an adhe-
sive bond and the multiplication of some factor describing the intrinsic adhesion by 
another factor, . In Fig. 6.16, the abscissa was described as a shift factor times a rate 
of peel. This bears a resemblance to the discussion in Chapter 5 and in particular 
Fig. 5.11, where the log of modulus was plotted versus the frequency times a shift 
factor. It is reasonable to define  as a function describing the energy dissipating 
properties (such as viscoelasticity) of the materials involved in the adhesive bond. 
The final feature to note here is the value of the work to break the adhesive bond. 
The intrinsic levels of adhesion were found to be on the order of 200 mJ/m2 to about 
2 J/m2, which is within an order of magnitude of the intrinsic levels of adhesion 
that are predicted from the Young-Dupré equation. The above experimental results 
show a relationship between interfacial bonding, the energy dissipating properties 
of an adhesive, and the mechanical strength of an adhesive bond.

The polymer molecules in an adhesive can be thought of as a mass of spaghetti 
noodles placed between two adherends. The noodles are partially cooked so that 
they stick somewhat to one another and they are intertwined. The spaghetti analogy 
describes many of the aspects of polymer physics that are important to adhesion 
science. However, one cannot carry the analogy too far. Spaghetti noodles are static 
but polymer molecules are constantly in motion. Another analogy that could be 
more accurate but perhaps less appealing to imagine is that the mass of polymer is 
a massive collection of wriggling boa constrictors in an oven. They are constantly 
in motion but constantly intertwined.

First, suppose that the noodles are not attached to the adherend. Pulling on the 
bond removes the mass of the noodles from the adherend. Therefore, if WA = 0 then 
WB = 0. Now suppose that the noodles (or snakes) are attached to the two adherends, 
but the attachment can be much smaller or equal to the attachment of the noodles 
to one another. If we pull on the adherends, the noodles do not detach from the 
adherend. Rather, the mechanical energy is placed into stretching the noodles. If 
the noodles are sufficiently intertwined, the mechanical energy continues to go into 
stretching and unraveling the noodles. The adhesion of the noodles to the adherend 
is not tested until at least some of the noodles are fully taut. At that point, however, 
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the adhesive has absorbed much mechanical energy. Thus, the adhesion that the 
noodles display to the adherend activates the ability of the adhesive to absorb the 
mechanical energy. The amount of mechanical energy that can be stored depends 
upon the critical strain energy release rate of the materials in question. Since 
the adhesion displayed by the adhesive can be considered to be the intermediary 
that activates energy absorption by the adhesive, it is not difficult to believe that 
the effect of increasing adhesion should be multiplicative of the energy able to be 
absorbed by the adhesive.

Let us formulate a more general equation describing the linkage between the prac-
tical work of adhesion and the fundamental adhesion. From the discussion of the 
Griffith criterion for fracture, we know that for a completely brittle material, the 
energy necessary to break an adhesive bond is WB = WA which is 2  or 1 + 2 – 12, 
depending upon whether the failure is in cohesion in the adhesive or the failure is 
in adhesion. This energy can be considered to be the minimum amount of practical 
adhesion that one can obtain from an adhesive bond. If other modes of dissipating 
energy are available, then this minimum value increases. The work of Ahagon and 
Gent (and others) implies that the amount of increase is proportional to WA , in 
this way:

( )B A AW W f W = +  (6.18)

This equation says that an unknown function of the work of adhesion f (WA) mul-
tiplies the function  which describes how mechanical energy is dissipated in the 
adhesive and the adherend. This expression fits our reasoning as to the relationship 
between fundamental adhesion and practical adhesion.

An important question to ask here is if there are any other experimental results 
lending credence to this equation. In one set of experiments carried out by Gent and 
Schultz [31], the peel strength of an adhesive/adherend combination was measured 
under various liquids. Instead of creating surfaces with a single interfacial energy 
with air, the interfacial energy in this experiment was dependent upon the liquid 
in which the peeling experiment was done. The work to break was measured as 
a function of the rate of peel and the rates were shifted in much the same way as 
described by Ahagon and Gent. A family of curves of approximately the same shape 
was obtained. However, they were shifted with respect to one another. The shift 
was dependent upon the interfacial tension between the surfaces and the liquid 
used for the experiment.

In other work, Andrews and Kinloch [32] made simple fracture specimens in which 
an adhesive bond was simulated. They measured the crack propagation rate of the 
flaw as a function of the work of adhesion between the substrate and the adhesive. 
The crack propagation rate was reduced by a shift factor and the logarithm of the 
force to propagate the crack was plotted versus the log of the reduced crack propaga-
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tion rate. A roughly parallel family of curves was obtained. The curves were shifted 
from one another by a factor approximately related to the work of adhesion. The 
work of Gent and Schultz and that of Andrews and Kinloch both lend credence to 
Eq. (6.18).

Equation (6.18) would also say that if log WB were measured at slower and slower 
reduced rates (that is, very low rates or high temperatures or both) one eventually 
comes to the point where WA was measured. At very low reduced rates,  is small. 
Measurements in the literature indicate that the extrapolated values of log WB to 
very low reduced rates do not actually attain WA from the Dupré equation. Rather, 
the asymptotic value seems to approach several ranges, depending upon the types 
of bonds present at the interface. For example, in the work of Brown, et. al. [8], it 
was found that the asymptotic value for polystyrene in contact with polyisoprene 
is about 120 mJ/m2, but WA (Dupré) = 65 mJ/m2. With a block copolymer present 
at this interface, the asymptotic level increases to 400 mJ/m2 depending upon both 
the aerial chain density as well as the length of the block copolymer segments. 
In other experiments reported by Gent, polybutadiene was partially vulcanized, 
attached to itself and vulcanization completed. These bonds were then peeled apart 
as a function of rate and temperature and a log peel force-log reduced rate plot 
was generated. Extrapolation to low reduced rates provided a value of the intrinsic 
adhesion energy of 1 J/m2. This value is close to the value we might have expected 
for an interface composed of carbon-carbon bonds as described in Section 6.8. We 
conclude from this discussion that the term described as WA in Eq. (6.2) should be 
replaced with another term called 0 and which we might call the threshold adhe-
sion energy for a particular bonding situation. Thus, 0 is about 50 mJ/m2 when the 
forces of adhesion are due entirely to van der Waals type of interactions and about 
400 mJ/m2 when chain pull-out is a dominant way the interface is held together. 
However, 0 is about one J/m2, or greater, when two surfaces are primarily joined 
by covalent bonding. We write the equation that relates the fundamental forces of 
adhesion to practical adhesion as:

( )= +B 0 0W f  ς  (6.19)

All of these parameters have been defined earlier. It is the goal of adhesion scientists 
to determine the functional form of f (0),  and to predict 0 from first principles.

Maugis [33] has examined the rate dependence of an interfacial crack propagating 
between a polyurethane sphere and a glass surface using a JKR style measurement 
(as described in Section 4.5.2.2.) In these measurements, he found that the work to 
break the adhesive bond formed between these two surfaces was dependent upon 
the reduced rate of crack propagation to the 0.5 power. Other experiments by Shull, 
et. al. [34] have provided similar results. These measurements provide our first 
glimpses at the functional form of f (0).
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■■ 6.10■ The Weak Boundary layer

The final rationalization of adhesion phenomena is the weak boundary layer. This 
view of adhesion was initially proposed by J. J. Bikerman [35], who authored one 
of the first books about adhesion phenomena. Bikerman’s theory, simply stated, is 
that if a proper adhesive bond is made, the bond fails in either the adherend or the 
adhesive, whichever is cohesively weaker. Bonds fail at less than their expected 
strength because materials of low cohesive strength exist at the interface. These low 
cohesive strength materials form the “weak boundary layer”. There is no doubt that 
if an adhesive bond has low cohesive strength materials at the interface, then the 
adhesive bond is weaker than expected. In fact, it has been the fallback position of 
adhesion scientists that any adhesive-bonding situation that cannot be explained 
by other rationalizations is explained by the presence of a weak boundary layer.

However, it is not always true that in a proper adhesive bond, failure always occurs 
in either the adhesive or the adherend. For example, in work by Mangipudi, Tirrell 
and Pocius [5], polyethylene (PE) and polyethylene terephthalate (PET) were co-
extruded to generate a multi-layered structure. The materials were mated in the 
melt and were thus in intimate contact. The surface forces apparatus described 
in Section 4.5.2.2 was used to measure the interfacial energy between these two 
materials as 17 mJ/m2. This is a high number. The Dupré equation predicts a low 
work of adhesion. This is observed in peel results. We examined the failure surface 
between the PE and the PET, using physical techniques, such as X-ray photoelectron 
spectroscopy (XPS) and Static Secondary Ion Mass Spectrometry (SSIMS), and we 
found that the failure between these materials was purely interfacial.

The above discussion notwithstanding, there are many adhesive failures due to a 
weak boundary layer. It is known that it is extremely difficult to bond to a metal 
surface from which mill oils have not been removed. It is extremely difficult to 
bond to a surface that is wet with water. Adhesive bonding to rusty steel is difficult 
because iron oxide is cohesively weak. Weak boundary layers, however, can also 
be used to advantage. For example, certain adhesive tape applications would not 
work without a “release liner”, a material to which the adhesive tape lightly adheres 
and from which it can peel easily. These release liners are often chemically tailored 
weak boundary layers.

The discussion in this section leads to another criterion for good adhesive bonding: 
in order to generate a proper adhesive bond, weak boundary layers need to be removed 
or modified so that they are cohesively strong. Chapter 7 provides strategies for assur-
ing this criterion is met.
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■■ 6.11■ Summary

In this chapter, we discussed various rationalizations used to describe adhesive 
bonding phenomena. The rationalizations include the electrostatic theory, the dif-
fusion theory, the mechanical interlocking theory, the wettability theory, covalent 
bonding at interfaces, and the weak boundary layer theory. Each of these rational-
izations has been used to greater or lesser extent in describing various adhesive-
bonding phenomena. Of these rationalizations, the wettability/adsorption theory 
is the most widely used and appreciated. A combination of the salient features of 
these rationalizations leads to a set of criteria for obtaining a good adhesive bond. 
These criteria are:

 � Choose an adhesive which is soluble in the adherend (diffusion theory), OR
 � Choose an adhesive that spontaneously wets the surface (wettability theory)
 � Make sure the surface has a microscopic morphology (mechanical interlocking)
 � Eliminate all weak boundary layers (weak boundary layer theory)
 � Choose an adhesive which has the right viscosity/cure relationship so that pores 
are completely wetted (wettability + mechanical interlocking)

 � If the adhesive bond is to be exposed to adverse environments, provide for covalent 
bonding in the interphase.

In this chapter, we also related the properties of interphases to the viscoelastic 
properties of polymers and finally, to the strength of adhesive bonds. Phenomeno-
logically, this relationship is a multiplication of a threshold energy of adhesion 
with a function that describes the way in which the adhesive bond can dissipate 
mechanical energy.
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■■ Problems and review Questions 

1. Examine Figure 6.10, suppose that the drops all have the same volume. What 
does the figure tell us about the interfacial area formed between the drop and 
each surface?

2. Suppose that the only interactions occuring across an interface are acid-base 
interactions. The interacting species each occupy an area of 10 square Ang-
stroms. Also suppose that the interaction energy per mole of bonds is 
10 kcal. What is energy necessary to separate the interface in Joules/m2?

3. Using the data in the following data, determine whether or not an epoxy 
adhesive bond to iron is stable in the presence of water.

 Using the following data show that an epoxy-steel adhesive bond is thermo-
dynamically unstable under water.
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 D (iron oxide) = 107 mJ/m2

 P (iron oxide) = 1250 mJ/m2

 D (epoxy) = 41.2 mJ/m2

 P (epoxy) = 5 mJ/m2

 D (water) = 22 mJ/m2

 P (water) = 50 mJ/m2

4. In the following table, pick which polymer/adhesive pair is most likely to 
adhere. Why? 

Polymer Adhesive
Teflon Epoxy

Polyethylene Silicone

Polypropylene Polyethylene

5. A typical epoxy adhesive has a surface energy of about 44 mJ/m2. Would an 
epoxy adhesive be expected to wet and adhere to the surface examined in 
Problem 3 in Chapter 4.

6. What type of hole in a material will lead to a minimal stress concentration? 
How might one apply this knowledge in order to minimize easily the propaga-
tion of an existing crack in a structure?

7. Examine the data in the following Table (which is a modified Table 4.3)
 The Relationship between Surface Chemical Composition and the Critical 

WettingTension of a Number of Solids

Surface Critical wetting tension
(dynes/cm or 
Newtons/m)

Solubility 
parameter
(cal/cm3)1/2

Polytetrafluoroethylene 18   6.2

Polydimethyl siloxane (silicone) 21   7.5

Polyethylene 31   7.9

Polystyrene 33   9.1

Polyvinyl chloride 39   9.6

Cured epoxy resin 43

Polyethylene terephthalate (PET) 43 10.7

Nylon-6,6 46 13.6

 From the definition of the solubility parameter and the fact that the critical 
wetting tension is related to the surface energy of the surfaces listed above, 
explain why there seems to be a correlation between  and C.



7 The Surface Preparation 
of Adherends for 
Adhesive Bonding

■■ 7.1■ Introduction

In the previous chapter, the criteria for good adhesive bonding were discussed. Those 
criteria were based on the theories or rationalizations of adhesion phenomena as 
well as empirical data. When adhesive bonding is used in industry, it is quickly 
found that surfaces do not necessarily have the attributes described in the previous 
chapter. Figure 7.1 provides a depiction of an unprepared metal surface.

An unprepared metal surface, as it comes from the mill, has surface features 
resulting from the rolling or forging operations and may not have the size scale 
necessary for good adhesive bonding. An oxide or scale undoubtedly covers 
the metal, but that oxide may not have the chemical characteristics for a good 
adhesive bond. For example, certain alloys of aluminum contain magnesium. 

FIgure 7.1■Diagram showing the layered, rough structure that could be expected on the 
surface of unprepared metal. Scale of surface roughness could be on the order of microns as 
could be the depth of the contaminants on the surface
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Magnesium has high mobility in the melt and, in fact, a magnesium-aluminum alloy 
has a surface nominally composed of magnesium oxide. On top of the metal oxide 
is usually a layer of adsorbed organic molecules. These organic molecules could 
be disadvantageously adsorbed from the atmosphere or they may have been added 
at the mill in order to lubricate the surface for rolling. The polar organics on the 
surface may or may not be disadvantageously adsorbed. Water is ubiquitous and 
is found as an adsorbed layer on top of the organic layer and possibly as a layer of 
chemisorbed and physi-sorbed water at the metal oxide surface. In addition, water 
could be found as a liquid on the surface, depending upon the relative humidity 
of the ambient atmosphere. Depending upon the metal and its processing condi-
tions, the layer of contaminants on a metal surface could be as thick as 0.001 in 
(0.00254 cm) or more. Thus, when an adhesive is brought in contact with what is 
considered a “high energy surface”, it is actually close to being a low energy surface 
because of the contaminants.

A similar situation can be observed in the case of polymeric materials. Most indus-
trially useful polymeric materials (plastics) are not found in the pure chemical 
state but rather in a compounded state. Compounding ingredients normally used 
are plasticizers, antioxidants, slip agents, etc. In addition, most plastics are not of a 
single molecular weight. In particular, free radically polymerized materials can have 
a rather broad molecular weight distribution. The low molecular weight materials 
(they are sometimes called “tails”) often “bloom” or rise to the surface, especially 
in semi-crystalline plastics. The surface of an industrial semi-crystalline plastic 
may be similar to the one shown in Fig. 7.2.

The squiggly lines in the figure interior to the polymer signify the amorphous 
regions of the polymer, while the zig-zag lines represent the crystalline regions of 
a polymer surface. The two regions are shown as distinct for reasons that become 

Exuded low molecular weights species

Crystalline region
Amorphous region

FIgure 7.2■A simple representation of a semicrystalline polymer surface. The outer surface 
is relatively smooth but could be covered by a low molecular weight exudate. The material 
immediately under the surface is composed of both crystalline and amorphous regions
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evident later in this chapter. On the surface of the plastic are shown some shorter, 
curved lines representing the low molecular weight exudate. Using adhesives with 
plastics has more problems than those caused by the low molecular weight exu-
dates. Plastics are low surface energy materials and most high strength adhesives 
do not spontaneously wet these surfaces. As shown in the previous chapter, a high 
strength (and therefore high surface energy) adhesive being used on a low energy 
surface should immediately be considered as problematic.

There are two other reasons for the use of surface preparations prior to adhesive 
bonding which may not be immediately obvious. Each of the surfaces depicted in Figs 
7.1 and 7.2 look like they have some structure. In reality, the surfaces of industrial 
metals and plastics do not have a specific structure or chemistry. Various lubricants 
coat industrial metals, the one used on any given day is determined primarily by 
cost. Industrial plastics could contain a mold release agent, again, usually chosen on 
the basis of cost. So, the first reason for surface preparation is to provide a reproduc-
ible surface so that the bonding operation is consistent. The second reason to use a 
surface preparation is durability. According to J. Corey MacMillan of Boeing Corp., 
“Surface Preparation – [is] The Key to Bondment Durability [1]”.

In this chapter the problems associated with bonding industrial surfaces is discussed 
along with methods used to prepare industrial surfaces for adhesive bonding. In 
the discussion of these methods, surface analytical and mechanistic studies are 
presented to connect the concepts described in Chapters 4 and 6.

■■ 7.2■ Plastic Surface Preparation

Examination of Fig. 7.2 indicates what needs to be done to generate a better surface 
for adhesive bonding. First, the weak boundary layer of low molecular weight exudate 
needs to be removed. Alternatively, it must be chemically modified to provide a cohe-
sively strong layer well bonded to the polymer surface. Second, the surface energy of 
the weak boundary layer needs to be increased so that it is higher than the surface 
tension of the adhesive to be used. If, however, the weak boundary layer has been 
removed by the surface preparation, the remaining polymer surface energy must 
be increased. Third, the polymer surface topography should be improved to enable 
capillary action by the adhesive. The surface preparation methods described in the 
next few sections address two of these three points. The most successful surface 
preparations provide all three surface conditions.

There are two distinct types of surface preparation for plastics: physical and chemi-
cal methods. This classification is somewhat improper since the “physical methods” 
usually change the surface chemistry in addition to providing physical changes. 
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The differentiation comes from the fact that the physical methods usually use some 
form of high-energy radiation to change the surface. The “chemical methods” usually 
involve immersion of the plastic in a bath or wiping the surface with a cleaner 
or primer. With some exceptions, surface preparations provide surface chemical 
changes, whatever the method.

7.2.1■ Corona Discharge Treatment

Corona Discharge Treatment (CDT) is one of the most popular methods of surface 
preparation for polymers. Virtually millions of yards of plastic film are treated by 
corona discharge annually. The purpose of this treatment is usually to make the 
plastic surface more receptive to ink or some functional coating. CDT has also been 
used to treat three-dimensional plastic shapes although that is done less often. CDT 
is essentially an unstable plasma operated at atmospheric pressure. A schematic 
of a corona discharge treatment station used for plastic film treatment is shown 
in Fig. 7.3.

The central circle in Fig. 7.3 indicates a metal roller held at ground. Above the metal 
roller is another bar or roller powered by a high frequency, high voltage power supply. 
The dark line depicts the plastic film as it travels through the apparatus. The two 
smaller circles are known as idler rollers or guidance rollers that hold the film in 
place as it travels through the apparatus. In corona discharge treatment, a dielectric 
layer must cover either the powered electrode or the grounded electrode. The power 
supply is operated at such a voltage and frequency that the gas in the apparatus 
is ionized. If the gas is air, a blue glow, the “corona”, occurs around the powered 
electrode. Because the electrical discharge causes ionization of the gas molecules 
in the gap between the powered and grounded electrodes, “streamers” occur in the 
gap. The streamers have the appearance of lightning strikes and could potentially 
cause physical changes as well as localized chemical changes to the plastic surface.

Corona discharge

Idler roller

Plastic film

FIgure 7.3■Schematic of a corona discharge treater used to increase the surface energy 
of plastic film. The plastic film is brought to a drum, which is usually coated with a dielectric 
material. The drum is at ground potential. A bank of electrodes is placed near to the film’s 
surface and an alternating current potential is applied between the electrodes and the 
grounded metal roller. The potential is high enough such that a “corona” forms around the 
powered electrodes and electrical discharges (streamers) can also be observed
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There are several important factors affecting the treatment of plastic films with CDT. 
First, the atmosphere in which the treatment is done is usually air. Treatment in 
air usually leads to the oxidation of the surface. If the treatment is done in air, no 
special precautions need to be taken, although ozone should be removed from the 
treatment area. Other atmospheres have been described in the literature and some 
of these are discussed later. Second is the consumption of power. In older corona 
treaters, the voltage was controlled to provide a certain level of treatment. Process 
control by means of only voltage control can lead to excessive power consumption, 
since the circuit may not be tuned to match the complex impedance of the treater 
with the power supply. It is important to not only control the voltage, but also the 
frequency of the treaters output to match impedance. Third, the speed at which 
the film passes under the powered electrodes is also important for control of the 
CDT effect.

CDT for three-dimensional plastic objects has also been developed. The electrode 
design of these treaters is particularly important because the proximity of the 
electrodes to the surface is critical for uniform corona treatment. An example of a 
simple corona treater is a Tesla coil, which has been used for years to detect leaks 
in glass vacuum systems. A Tesla coil can also oxidize plastics’ surfaces under 
ambient atmospheric conditions. The next few sections provide short discussions 
of research done to understand or optimize CDT effects on certain plastics.

7.2.1.1■ Corona Discharge Treatment of Polyethylene

CDT of polyethylene for adhesion improvement is probably the most widely prac-
ticed form of surface preparation. As a result, there have been many studies of the 
surface chemistry of polyethylene as a function of surface treatment parameters. 
A review of these studies was written by Brewis and Briggs [2].

Cooper and Prober [3] examined the action of an oxygen corona on polyethylene 
by weight loss and other measurements. They found gaseous products of CO2 and 
water. Using infrared measurements, they also showed that a primary oxidation 
product on the surface of the polyethylene was carbonyl.

The effect of CDT on polyethylene was later examined by studying autohesion, the 
adhesion of a material to itself. Kim et al. [4] studied the effect of oxygen, hydrogen, 
nitrogen, and CO2 based CDTs on the autohesion of polyethylene. A hydrogen corona 
had no effect but the remaining gases provided a measurable increase in adhesion. In 
the data of Kim et al., there is a loose correlation between an increase in cos  ( being 
the contact angle) and the bond strength exhibited by polyethylene-polyethylene 
bonds as a function of level of surface treatment. Interestingly, a nitrogen corona also 
increased bond strength. Despite this data, Kim et al., chose to ignore the correlation 
that they presented and proposed a mechanism of adhesion based upon electret for-
mation. They invoked the electrostatic theory of adhesion described in Section 6.3.1. 
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There is no doubt that electrets are injected into PE with corona treatment because 
a nuisance static charge is often found in the process. However, is that the primary 
mechanism of adhesion resulting from CDT of PE?

The critical work on autohesion mechanisms on PE was done by Owens [5]. He 
was able to show that autohesion was strongly dependent upon the formation of 
certain surface chemical functional groups that are used to form the adhesive 
bond. A primary finding was that the autohesion bonds were very sensitive to the 
intrusion of any hydrogen bonding liquid, such as water. He also utilized surface 
chemical functionalization. This is a technique that uses a specific organic chemical 
reaction chosen because it is sensitive for only one surface chemical species. It is 
also chosen so that the reaction does not involve anything in the bulk of the polymer.

Owens post-treated the CD-treated PE surfaces with chemicals such as acetyl chlo-
ride, nitrous acid, or bromine water. All of these reagents will react with enolic 
hydroxyls. When such a reaction was done, autohesion dropped significantly. 

Keto-enol tautomerism

and

Keto-enol hydrogen bond

FIgure 7.4■ The mechanism of corona treatment-induced auto-adhesion of polyethylene as 
proposed by Owens
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If the surface was treated with phenyl hydrazine, which reacts with a ketone, 
autohesion also dropped. This led Owens to propose the mechanism of autohesion 
for CD-treated polyethylene shown in Fig. 7.4. In this figure R, R′ and R″ stand for 
the remaining portions of the PE polymer. Owens proposed that oxygen, under the 
action of ultraviolet light present in the corona, inserts itself into the backbone of 
the polyethylene.

After the formation of the hydroperoxide, the treated polymer chain breaks down 
to yield an alkoxide and hydroxide radical. The key step in this mechanism is the 
breakdown of the radical into an alkyl radical and a keto-enol tautomer, as shown in 
Fig. 7.4. Owens proposed that the adhesion-inducing mechanism was the hydrogen 
bond formed between the keto and enol groups on either side of the autohesive 
bond. This mechanism is well supported by the data presented earlier. Reactants for 
enol reduce autohesion; reactants for ketone reduce autohesion; and water, which 
should disrupt such hydrogen bonds, also disrupts autohesion.

The mechanism proposed by Owens and described in Fig. 7.4 was further sub-
stantiated by Briggs and co-workers [6] who used modern methods of surface 
analysis such as those described in Chapter 4 in conjunction with surface chemical 
functionalization to prove the mechanism. The combination of surface chemical 
functionalization and XPS is one of the most powerful methods of surface analysis 
we have today. A more detailed description can be found in the book by Briggs and 
Seah [7]. Briggs et al. [6], used reagents similar to those used by Owens, except that 
Briggs’ reagents also had some type of chemical “tag” that was easily detectable by 
XPS. In addition, Briggs et al. found a reagent which was selective for enol groups, 
chloroacetyl chloride. They used perfluorophenyl hydrazine as a tagged reagent for 
ketone, chloroacetyl chloride as a tagged reagent for enol and di-isopropoxy titanium 
bis-acetylacetonate (DPTAA) as a tagged reagent for normal hydroxyl. Some of the 
results of this work are shown in Table 7.1.

TABle 7.1■ Tabulated Results of the Surface Chemical Derivitization, XPS and Autohesion 
Experiments of Briggs et al. [6]
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None Yes No No No No 104     0
CDT in air Yes Yes No No No   68 220
CDT + perfluorophenyl 
hydrazine Yes Yes Yes No No     0

CDT + chloroacetyl chloride Yes Yes No Yes No   90   12
CDT + DPTAA Yes Yes No No Yes   86 393
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We note that CDT of the PE surface in air introduces oxygen that supports earlier 
infrared work and high values of adhesion. Detailed examination of the XPS spectrum 
for the carbon 1s region, shows the presence of carbonyl, aldehyde and carboxylic 
acid. XPS spectra can be taken at high enough resolution that the individual emis-
sion peaks for each element on a surface are examined. The regions are associated 
with the core level from which the electron was emitted. The primary core level 
peak for carbon and oxygen is the 1s peak (or “region”). The table also shows that 
reaction with perfluorophenyl hydrazine results in fluorine on the surface and 
a complete negation of adhesion. Similar results are obtained with chloroacetyl 
chloride in that the surface now shows the presence of chlorine and a substantial, 
if not complete, reduction in peel strength. We note a discrepancy, however, in the 
results using DPTAA. Even though reaction was complete with the hydroxyls on 
the surface, the adhesion did not decrease or stay the same, but increased. Briggs 
and his coworkers attribute this result to the introduction of another adhesion 
mechanism: surface-surface covalent bonding due to the titanium complex which 
could potentially react with two hydroxyls, one on either surface. This increase in 
adhesion supports the discussion in Section 6.5, on the effect of covalent bonding 
at the interface.

7.2.1.2■ Corona Discharge Treatment of Polypropylene

The chemical effects of the CDT on polypropylene (PP) are very similar to those 
on polyethylene. CDT in air leads to extensive oxidation of the surface as detected 
by the appearance of strong carbonyl bands in the infrared spectrum [8]. CDT of 
polypropylene in nitrogen seems to lead to unsaturation of the surface followed 
by oxidation [9]. The oxygen that appears on these surfaces could be due to post-
oxidation when the polymer leaves the CDT apparatus. It could also be due to low 
level oxygen impurities in the nitrogen gas used in the atmosphere of the corona 
or oxygen dissolved in the polymer that migrates to the surface during the treat-
ment. With increasing treatment level, the wettability of the surface increases as 
determined by contact angle methods [10]. The primary component in the surface 
energy of the PP that changes is the polar component. This situation would be 
expected, since the number of polar groups on the surface of PP increases with 
increasing CDT.

There is one substantial difference in the behavior of polypropylene compared to 
polyethylene as a result of air CDT. PE has a tendency to oxidize and crosslink while 
PP has a tendency to oxidize and scission. This is due to the tertiary carbon in the 
backbone of PP. In PP, a liquid surface layer appears at certain levels of treatment. 
This liquid layer can be removed with water or polar solvents, leaving an oxidized 
surface. This liquid layer has been termed “LMWOM”, i.e., “low molecular weight 
oxidized material” [11]. LMWOM can either be beneficial or deleterious to the adhe-
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sion of coatings on treated polypropylene, depending upon the characteristics of 
the coating.

7.2.1.3■ Corona Discharge Treatment of Poly(ethylene terephthalate)

Polyethylene terephthalate (PET) has a critical wetting tension of about 43 dynes/
cm, which is relatively high among polymeric materials. Despite the fact that many 
organic liquids wet PET, CDT of PET is necessary when aqueous solutions are used 
and it is sometimes necessary to improve the adhesion of other coatings. Owens [12] 
examined the autohesion of PET as a function of CDT treatment levels and found 
that increasing CDT led to a decrease in the temperature at which PET would auto-
adhere. Also, Owens found that hydrogen-bonding liquids would totally disrupt this 
autohesive bond, as described earlier for PE. Another interesting finding reported 
by Owens was that heat treating PET film after CDT, but before bonding, resulted in 
a loss of ability to autoadhere. The loss was accompanied by a decrease in the polar 
component of the critical wetting tension. Owens concluded that the polar groups 
induced in the surface of PET by CDT are mobile and can retract into the bulk of the 
PET upon warming. There is a general consensus among practitioners of CDT that 
treated PET loses the effect of treatment over time, even at room temperature. This 
finding also provides an important insight: despite the fact that polymer surfaces 
seem stable and somewhat inert, the molecules are in motion. That motion can be 
induced by a means as innocuous as the application of polar liquids.

Owens completed a set of experiments that illustrate the difficulty in isolating 
products induced by surface treatments. He scraped and extracted the surface of 
several thousand feet of CD-treated PET to get enough material for analysis. Using 
thin layer chromatography, he found that the surface extract contained the expected 
PET components of terephthalic acid and its esters with ethylene glycol. The extract 
also contained a number of phenolic modifications of the terephthalic acid mol-
ecule, in particular, meta- and para-hydroxybenzoic acid. Owens also performed 
chemical derivatization experiments similar to those for PE described earlier, and 
found the chemical moieties responsible for the autohesive effect. The mechanism 
for autohesion in PET proposed by Owens is shown in Fig. 7.5; in which it is seen 
that the hydrogen bond is formed between a phenolic group on one surface and the 
carbonyl of the carboxylic acid ester on the other surface. Owens noted that phenols 
are actually enolic in character.

Briggs and co-workers [13] examined the work of Owens using XPS and were able to 
show that the surface chemistry of CD-treated PET was in accordance with Owens’ 
proposal in that features in the carbon 1s region and the oxygen 1s region increased 
with CDT. Those features could be explained by the introduction of phenolic groups 
to the surface. Briggs et al., also examined the variation of components of the PET’s 
surface energy by contact angle measurements and found a substantial increase 
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in the polar component after CDT. This polar component, however, decreased if the 
CD-treated PET was washed with water or stored and examined later. This finding 
is evidence that the treated PET surface is mobile and that species on the surface 
are of lower molecular weight than the bulk, since they can easily be removed by 
polar liquids. It seems that CDT may create LMWOM on the surface of PET.

7.2.1.4■ Corona Discharge Treatment of Other Materials

Cataloging the many polymers subjected to CDT is not attempted here. However, the 
CDT of polytetrafluorethylene and CDT of structural adherends is discussed in the 
next paragraphs. Beevers [14] has shown that CDT can be used to treat a number 
of materials for structural adhesive bonding (structural adhesives are discussed in 
the next chapter). Table 7.2 illustrate some of his results.

“Water Break” testing is a quick contact angle test often used in industry to gauge 
how well a surface has been cleaned. In this test, water is sprayed on a surface. 

FIgure 7.5■Auto-adhesion mechanism for corona treated poly(ethylene terephthalate) 
proposed by Owens, involving the formation of a hydrogen bond between a phenolic group and 
a carbonyl group

TABle 7.2■ Structural Adhesive Bonding of Corona Treated Materials

Substrate Adhesive Lap Shear Strength (MPa)
Alkaline cleaned aluminum Epoxy 16.8

Glass cloth reinforced polyethersulfone Epoxy 13.5

Polypropylene Epoxy   2.5

Mild steel Epoxy 37

Stainless steel Acrylic 23
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If the water sheets out onto the surface, forming a continuous film, this is considered 
“good water break” behavior. If the water beads up (breaks up) on the surface, the 
surface is said to exhibit “poor water break” behavior. In the case of the metals used 
by Beevers, et al., the corona treated metals exhibited an improved “water break” 
upon corona treatment. This is an important observation because solvent-cleaned 
metals usually exhibit poor water break properties. CDT, therefore, either oxidizes 
the materials left by solvent cleaning or removes them and exposes the high-energy 
surface underneath. The results on the metals were comparable in strength to the 
metal surface prepared by abrasion. Beevers et al., also report that even though the 
initial bond strength was improved, the CD-treated metal adhesive bonds formed 
were not resistant to moisture and would not provide the durable structure usually 
desired with structural adhesives.

The final subject in this section is the CD-treatment of fluorocarbons. The properties 
which make these materials of industrial interest (chemical inertness, low surface 
energy, insolubility) make them difficult to adhesively bond. In Chapter 4, the critical 
wetting tension of polytetrafluoroethylene was given as 18 dynes/cm. It is hard to 
find liquids that can wet a surface with such a low critical wetting tension. To make 
materials such as polytetrafluoroethylene even more useful, surface preparations 
were developed. These are discussed in future sections.

In this section, the focus is on CDT of fluorinated ethylene-propylene copolymer 
(FEP). In a series of patents, workers at E. I. DuPont de Nemours and Co., Inc., 
(DuPont) showed that mixtures of organic vapors and nitrogen in a corona chamber 
could be used to prepare the surface of FEP. Wolinski [15] showed that mixtures of 
nitrogen with monomers, such as glycidyl methacrylate or 2,2-tolylene diisocyanate, 
could change the adherability of FEP to Mylar from 500 g/in to 4,900 grams/in. 
Similarly, McBride [16] used amines or mixtures of amines with monomers or 
other vapors to prepare the surface of FEP for bonding. Interestingly, unlike the 
air corona treatments of PE for autoadhesion, these FEP/adhesive/film laminates 
were not subject to degradation by water and survived boiling water tests. This last 
paragraph points out two new facts. First, even though perfluorinated polymers 
appear to be chemically inert, their surfaces can be prepared for adhesive bonding. 
Second, CDT can work in more than one way to prepare a surface. In most of the 
examples cited above, the CDT was used to oxidize the surface. In these examples, 
new functionality and perhaps even surface polymerization was induced by CDT.

7.2.2■ Flame Treatment

Flame treatment is second to CDT in the number of square feet of polyolefins 
treated per year. Flame treatment of polyolefins was described by Kritchever [17]. 
The concept and the apparatus for this surface treatment are remarkably simple. 
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A schematic of a flame treatment apparatus is shown in Fig. 7.6. This equipment 
resembles the corona treatment apparatus in that the central drum is used as the 
base for the plastic sheeting. The plastic goes over the drum and under a series 
of burners similar to those found in a natural gas furnace. Of importance in the 
operation of a flame treater is the natural gas/air mix ratio. Depending upon the 
level of gas in the mix, the flame can have substantially different characteristics. In 
general, the central drum is cooled. Also of importance is the distance of the burners 
from the film. If the burners are too close, the film might char. If the burners are 
too far away, the film is improperly treated. Film speed under the burner is also of 
importance. Flame treatment can also be done by hand-held equipment such as a 
torch although uniform treatment is more difficult.

Flame treatment, CDT, and plasma treatment (discussed later in this chapter) are 
all similar in that the treatment media is a nonequilibrium, excited gas phase. 
Since the operational part of a flame is a plasma under atmospheric conditions, it 
is expected that the primary effect of flame treatment is the oxidation of the film’s 
surface. Briggs et al., illustrated this fact by using XPS to examine the surface 
of flame-treated PE as a function of natural gas/air flow rate in the burners [18]. 
The carbon 1s region of the XPS spectrum of the untreated polyethylene showed 
very little oxidized carbonaceous species. With short treatment times, the oxygen 
concentration went up rapidly and the carbon 1s region showed the presence of 
hydroxyl, ether, and ester groups on the surface. Interestingly, nitrogen was also 
found fixed on the surface. In general, only high energy levels of air CDT fix nitrogen 
on the surface. Angular resolved XPS indicated that the depth of treatment on this 
surface was about 40–50 Angstrom units. Unfortunately, the range of treatment 
levels used by these workers did not provide a substantial change in the adhesion 
levels. Therefore, no correlation of treatment level and bond strength was obtained.

Papirer et al. [19], highlighted the differences in the effects of flame treatment on 
PE and PP related to their ability to bond to styrene-butadiene rubber. They found 
that the wettability of both polymers increased dramatically with the level of flame 
treatment, with the polar component of the surface energy increasing more rapidly 
than the dispersive component. Interestingly, the effect of flame treatment on PE 

Flame nozzle or bar

Idler roller

Plastic sheeting

Gas / Air
mixture manifold

FIgure 7.6■Diagram of a flame treater for 
polymer films
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was found to be much more dramatic than on PP. XPS analysis of the flame treated 
surfaces showed that, as a function of the level of treatment, the oxygen concentra-
tion on PE increased much more rapidly than on the PP surface. As was found in 
the work of Briggs et al [18] nitrogen is included in the flame treated PE surface but 
not on the PP surface. Detailed analysis of the carbon 1s region of the XPS spectrum 
also showed that the PE surface had a much higher percentage of carboxyl groups 
than the PP treated to an equivalent level. SSIMS analysis also indicated that the 
treated PE surfaces had a significant amount of unsaturation. Papirer et al. [19], 
following the work of Strobel et al. [11], found that the surface of flame treated PP 
contained LMWOM that was easily removable with ethanol washes. Peel tests of 
flame treated PE and PP from styrene-butadiene rubber vulcanized by the addition 
of peroxide showed that PE has a significantly higher bond strength than PP. These 
authors related their results to their proposed mechanism for modification of these 
surfaces by flame. For both olefins, according to Strobel, the flame causes oxidative 
scission of the backbone. For PP, the oxidative scission produces rapid attack at 
the tertiary carbon atom, which in turn leads to extensive low molecular weight 
and perhaps even volatile combustion products. These phenomena lead to rapid 
equilibration of the PP in the flame at low amounts of oxidation at the surface. For 
PE, the attack is slower and more randomly distributed along the backbone, causing 
extensive intrusion of oxidized functionality, but not much LMWOM. Increased 
unsaturation at the surface also improves the chances for covalent bonding with the 
peroxide-cured SBR overlayer. Obviously, these two very similar polymers respond 
very differently to the same surface treatment.

7.2.3■ Plasma Treatment

Plasma is an ionized gas with essentially an equal density of negative and positive 
charges. Plasma is what is observed in “neon lights”. The reactions occurring in a 
plasma are primarily free radical in nature and result from the interaction of mate-
rials in the plasma or the interaction of the ions and electrons in the plasma with 
a surface. Absorption of ultraviolet light in the plasma by the surface could also 
lead to surface reactions. The energy of the species in the plasma is on the order 
of 10s of electron volts, which is enough to cause carbon-carbon bonds to break.

There is an interesting dichotomy between the level of usage of the various surface 
treatments described in this section of this book and the amount of academic litera-
ture that has been generated. Plasma treatment is very seldom used in industry but 
the academic literature is replete with examples of the effect of plasmas. CDT and 
flame treatment are widely used in industry, but there are relatively few articles in 
the open literature describing their efficacy and effects. In this book, some of the 
background work on plasma treatment and the adhesion of polymers, such as that 
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reported by Schonhorn [20] is discussed. It is well beyond the scope of this book to 
attempt to completely review articles on plasma and polymer surfaces.

Operationally, plasma differs from corona and flame treatment in that plasma 
treaters are operated at less than atmospheric pressure. This difference is also the 
primary reason plasma is not often used in industry for adhesion promotion. The 
expense of operating a process at less than atmospheric pressure is very high. 
In addition, operation of a system under a partial vacuum inherently requires a 
batch process that also lowers cost effectiveness. A simplistic diagram of a plasma 
treater is shown in Fig. 7.7. The material to be treated is placed in a vessel that is 
evacuated. The pressure in the vessel is increased by the addition of a gas in which 
the plasma is to be struck. The type of gas used varies greatly. The earliest work 
in plasma treatment for adhesion promotion was done using noble gases such as 
argon and xenon [20]. Alternately, nitrogen can be used. Some workers have used 
oxygen as an ablative gas, while others have used fluorinated gases to perfluorinate 
surfaces of plastics [21]. After the active gas has been added, a radio or microwave 
frequency signal is placed on the coil surrounding the vessel. The coil induces a 
plasma inside the vessel.

7.2.3.1■ Plasma Treatment of Pe

Schonhorn and coworkers, who used noble or inert gases to treat surfaces, reported 
the earliest work on the effect of plasma treatment on the adherability of plastics. 
These researchers coined the term CASING. It stands for Crosslinking by Activated 
Species of INert Gases. Schonhorn and Hansen [20a] used an apparatus similar to 
that shown in Fig. 7.7 to treat the surface of PE. Schonhorn believed that the weak 
boundary layer theory of adhesion was operational under most circumstances. It 
was his objective to crosslink the surface of PE, increase the cohesive strength of the 
surface layer, and improve adhesive bond strength. They treated PE samples in inert 
gas plasma. The supposition was that if the gas used in the vessel was not oxidiz-
ing, then the only reaction that could take place was crosslinking of the surface. To 
determine that the surface was crosslinked, they treated a slab sample of PE and then 
raised it and an untreated sample to a temperature above the melt point of PE. They 

Evacuatable vessel Vacuum
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RF or micro-
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FIgure 7.7■Diagram of a simple plasma 
treater
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observed that the untreated sample melted into a puddle, while the treated sample 
retained its shape. This indicates that the treated sample had a crosslinked surface. 
Table 7.3 shows the results of adhesive bond tests using a special lap shear speci-
men in which a layered structure of aluminum-epoxy-PE-epoxy-aluminum was used.

The data in Table 7.3 show that the bond strength of the untreated PE to an epoxy 
is quite low when the bonding is done at room temperature. One has to go sub-
stantially above the melting point of the PE to produce a bond. If CASING is used, 
a strong bond can be effected even at room temperature. A bond produced at 70 °C 
with treated PE yields the same strength as a bond made with untreated PE above 
its melting temperature.

Modern surface analytical methods confirmed the studies of Owens regarding 
the mechanism of autohesion. In the situation of CASING of PE, various workers 
[2,22] disputed the “weak boundary layer strengthening” mechanism proposed 
by Schonhorn. They were able to show that the surface of PE, when exposed to 
CASING conditions, did not just crosslink. The surface of the PE was found to 
have a measurable concentration of oxygen, which undoubtedly contributed to the 
adhesion of an epoxy. The source of the oxygen was unknown since Schonhorn et 
al., took great care to eliminate that element in their apparatus. It is possible that 
the molecular oxygen dissolved in the slab of polymer came to the surface under 
the partial vacuum conditions. However, crosslinking must have happened in the 
CASING experiments in light of the melting experiment.

7.2.3.2■ Plasma Treatment of Other Substrates

The literature on plasma treatment to improve adhesion shows that seemingly all 
combinations of gases and treatments have been evaluated for all the common 
polymers. Table 7.4 presents a very short listing of adhesive bond strengths 
obtained with plasma treatment on polymers by a variety of methods. In Table 7.4, 
we show the effect of oxygen plasma on PE as well as for PP. In addition, the effect 

TABle 7.3■ Lap Shear Performance of Adhesive Bonds Made With CASING Treated and 
Untreated PE

Treatment Temperature of bond formation
(°C)

Lap shear strength,
MPa (psi)

None   25   1.4 (200)

120   4.14 (600)

150 15.2 (2,200)

10 sec CASING   25 11.7 (1,700)

  70 15.2 (2,200)

120 18.6 (2,700)
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TABle 7.4■ Examples of the Effect of Plasma Treatment on Adhesion of Polymers Using an 
Epoxy Adhesive 

Plastic Type of plasma Plasma gas Type of 
adhesive 
bond

Bond 
Strength, 
MPa (psi)

Reference

PE none none Lap shear   0.16 (23) Hall et al. [23]

PE rf, capacitatively 
coupled

Oxygen Lap shear   1.6 (233) Hall et al. [23]

PP none none Lap shear   2.6 (370) Hall et al. [23]

PP rf, capacitatively 
coupled

Oxygen, 30 min. Lap shear 21.2 (3080) Hall et al. [23]

Poly-
carbonate

none none Lap shear   2.8 (410) Hall et al. [23]

Poly-
carbonate

rf, capacitatively 
coupled

Oxygen, 30 min. Lap shear   6.4 (928) Hall et al. [23]

Poly-
styrene

none none Lap shear   3.9 (566) Hall et al. [23]

Poly-
styrene

rf, capacitatively 
coupled

Helium, 30 min. Lap shear 27.7 (4015) Hall et al. [23]

PET none none Lap shear   4.3 (618) Hall et al. [23]

PET rf, capacitatively 
coupled

Helium, 30 min. Lap shear   8.4 (1216) Hall et al. [23]

Nylon 6 none none Lap shear   5.8 (846) Hall et al. [23]

Nylon 6 rf, capacitatively 
coupled

Helium, 30 min. Lap shear 27.3 (3956) Hall et al. [23]

RTV 
Silicone

none none Butt tensile   0.07 (10) Sowell et al. [24]

RTV 
Silicone

rf Argon, 10 min. Butt tensile   2.4 (341) Sowell et al. [24]

ABS rf Argon, 10 min. Unsymmetric 
lap shear

  5.4 (783) Ingaki et al. [25]

PE rf Argon, 10 min. Unsymmetric 
lap shear

  0.64 (95) Ingaki et al. [25]

PE rf Tetramethyl tin Unsymmetric 
lap shear

  2.44 (354) Ingaki et al. [25]

PE AC (50 Hz), glow 
discharge, 750 V

Acetylene, 2 min., 
low flow rate

Lap shear   8.3 (1200) Moshonov 
and Avny [26]

PTFE AC (50 Hz), glow 
discharge, 750 V

Acetylene, 2 min., 
low flow rate

Lap shear   1.7 (250) Moshonov 
and Avny [26]

PVC AC (50 Hz), glow 
discharge, 750 V

Acetylene, 10 min., 
low flow rate

Lap shear   9.7 (1400) Moshonov 
and Avny [26]

rf = radio-frequency
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of more exotic plasma treatments, such as with plasmas containing acetylene and 
tetramethyltin, are shown. In these cases, the plasma deposits a layer of plasma-
polymerized material on the surface, resulting in a surface preparation. The table 
also includes the effect of CASING on a number of polymers.

7.2.4■ Other Physical Treatment Methods of Polymer Surfaces

7.2.4.1■ Treatments using ultraviolet radiation

Ultraviolet (UV) radiation is involved in the surface preparation treatments described 
in the previous section, but there are several treatment methods that rely solely 
or mostly upon the effect of UV on polymers. For example, extensive irradiation of 
PET induces many of the same changes that CDT induces on PET [27].

One very interesting treatment method uses high energy UV irradiation available 
from excimer lasers. These lasers employ materials such as krypton fluoride as the 
active medium and generate pulses of radiation with extremely high energy. When 
such a laser pulse impinges on a surface, the energy can be high enough to break 
covalent bonds and cause ablation of the substrate. If ablation is carried out in air, 
the likely result is not only material removal but also oxidation of the remaining 
material surface. The ablation could also be carried out in a pattern-wise fashion, 
thus providing a microscopic morphology to aid in bonding [28].

Recently, workers have examined the effect of high intensity ultraviolet light expo-
sure of plastic surfaces and their bondability [29]. Exposure of plastic surfaces to 
either lasers or “flashlamps” caused improvements in practical adhesion to a number 
of materials. A “flashlamp” is an ultraviolet light source that emits a short, but power-
ful pulse of light. The spectrum of the emitted light is high in ultraviolet content.

7.2.4.2■ Other Vacuum Methods of Surface Preparation

In addition to the plasma methods described above, more aggressive ablative plasma 
treatments of polymers have been described. Two of these methods are ion beam 
etching and radio-frequency sputter etching. In ion beam etching, a gas (often a 
noble gas) is ionized and then directed toward a target by a series of electrical lenses. 
The ions are accelerated to a high velocity (energy) so that when they impinge upon 
the surface, material is ablated. This technique is related to secondary ion mass 
spectrometry in that the ion source in both cases is much the same. The differ-
ence is that the ion fluxes are orders of magnitude greater in ion beam treatment 
than in secondary ion mass spectrometry. The usual effect of ion bombardment on 
semicrystalline polymers is to ablate the amorphous regions in preference to the 
crystalline regions. Therefore, in addition to any surface crosslinking that may take 
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place due to the ion beam, a surface texture may also form. A similar effect can be 
obtained on amorphous polymers if a microscopic mask is applied to the surface. 
Islands of chromium (or other inorganic material) can be applied to a surface by 
evaporation or sputtering methods that do not ablate as fast as the polymer. Ion 
etching of the surface ensues in the unmasked areas, providing a microscopically 
rough surface which, in general, improves adhesive bond strength.

Sputter etching is a technique similar to plasma treatment. In this case, the polymer 
to be treated is attached to an electrode connected to a radio frequency source. 
Another electrode, an anode, is also within the evacuated chamber. When a gas is 
admitted into the chamber, a capacitatively coupled radio frequency (rf) plasma is 
initiated. Ions in the plasma are accelerated from the anode to the cathode, at which 
point the polymer surrounding the cathode is ablated by action of the ions. An effect 
similar to that of ion etching is obtained and similar methods as those described in 
the previous paragraph can be used to selectively etch amorphous polymers. The 
primary problem with ion etching and rf sputtering as surface preparation methods 
is that both are carried out in vacuum. This makes the process expensive. Ion etching 
is even more expensive because of the long processing times.

7.2.5■ Wet Chemical Methods of Treatment of Polymer Surfaces

The archetypal means of treating polymer surfaces are wet chemical methods. The 
term, “wet chemical”, means that a solution is applied to the polymer’s surface 
that results in either a cleaning of the surface or an actual surface preparation. 
The simplest wet chemical method is solvent wiping although this method is 
usually ineffective because the weak boundary layers often quickly reform after 
the treatment. Solvent wiping does not increase surface energy nor modify surface 
morphology. Priming is a method of surface preparation often used to increase the 
surface energy of polymers. In priming, a coating is applied, usually one with a 
higher surface energy and compatible with the polymer to be primed. Chemical and 
morphological modification of polymer surfaces can also be obtained by aggressive 
chemical treatments, several of which are described below.

7.2.5.1■ Single Surface Chemical Functionalization and Chromic Acid 
Treatment of Pe

A very important contribution to the study of chemical effects on the adhesion 
behavior of polymer surfaces was made by Briggs et al. [30]. In this case, his work 
revolves around the generation of polymer surfaces containing a single distinct 
functionality and the effect of that functionality on adhesion. The work of Briggs et 
al. has progressed further and several research groups have continued to explore 
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the effect of single surface chemical functionalization on a number of properties 
of polymer surfaces, primarily their effect on wettability.

Table 7.5 recounts the work done by Briggs et al. and shows that an epoxy resin 
adhesive has very little adhesion to an unmodified PE surface. If bromination under 
the influence of UV light is done, the adhesion increases dramatically. Dehydro-
halogenation of the brominated surface yields PE with segments of unsaturation. 
The adhesion drops measurably from that obtained with bromination, but is still 
higher than that obtained with unmodified PE. Oxidation of the unsaturated surface 
to give alcohol groups increases adhesion, but not markedly so. This is perhaps not 
unexpected since the epoxy used cured at room temperature. Epoxy-alcohol reactions 
usually need high temperatures. The reaction of the epoxy with surface carboxyl 
groups at room temperature is expected and a substantial increase in adhesion is 
noted. Partial reduction to ketone increases adhesion even more. This last result 
is very unexpected, although the amines in the adhesive could condense with the 
carbonyls to yield a Schiff’s base. It should be noted that these increases in strength 
came only from surface chemical functionalization, since the bulk of the polymer 
was unaffected. The above discussion should demonstrate the power of surface 
chemical functionalization and provides a prelude to the remainder of this section.

One of the oldest methods of wet chemical surface preparation of PE and other 
polymers and metals is exposure to oxidizing acids. Chemists of earlier eras will 
remember the use of a commercially available cleaning agent used to clean burettes 
in analytical chemistry labs. This material was a combination of chromic acid and 

TABle 7.5■ Effect of Single Surface Chemical Functionalization on the Adhesion of an Epoxy to 
Modified PE Surfaces in a Butt Tensile Test [30]

Surface chemical functionality Butt tensile strength,
MPa (psi)
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sulfuric acid that rapidly oxidized any organic contaminants on the surface of the 
glass burette, making it more wettable and the meniscus easier to observe. A similar 
oxidative effect can be observed when PE is exposed to aqueous chromic acid solu-
tions. Briggs and coworkers [31] have examined the effect of chromic acid on the 
surface of PE using XPS. They found a good correlation between the amount of 
oxidized carbon on the PE’s surface and the bond strength, but a poorer correlation 
with wettability as measured by contact angle methods. The surface contained not 
only oxidized carbon, but also sulphonates and chromium complexes. Adhesion to 
an epoxy adhesive could not be correlated with the chromium or sulfur levels as 
it was with the level of oxidized carbon. Interestingly, examination of the failure 
surface of the bonds did not show transfer of PE to the epoxy surface, indicating 
the absence of a weak boundary layer after treatment.

7.2.5.2■ Wet Chemical Surface Treatment of Poly(tetrafluoroethylene)

Perfluorinated materials have interesting properties, all of which make adhesion 
to them difficult. Substantial effort has been made in industry to develop bondable 
polytetrafluoroethylene (PTFE). One of the first commercially successful treatments 
of PTFE was developed by Purvis and Beck [32] who treated this polymer with a 
solution of sodium in ammonia. A solution of sodium napthalenide in tetrahydro-
furan as described by Benderly [33] can also be used to treat PTFE. This last treat-
ment is commercially available and sold under the tradename “Tetra-Etch”1. The 
surface analysis of PTFE as a function of surface treatment has become popular 
with researchers using XPS. Chemical groups such as –CHF– and CF2 are easily 
observable because of the chemical shift effect in the carbon 1s spectrum. Dwight 
and Riggs [34] found that the primary effect of FEP surface treatment is defluo-
rination and subsequent oxidation of the surface. Kaelble [35] showed that the 
wettability of PTFE increased substantially with sodium-ammonia treatment. This 
is likely a direct result of the oxidation of the surface. The surface can also contain 
some unsaturation normally observed as a browning or darkening. The darkening 
can be removed with a solution of sodium hypochlorite. Electron micrographs of 
treated surfaces show that not only has a chemical change taken place but also a 
morphological change in that the surface has become measurably more rough. It 
is likely that the roughening is due to the action of the etchants on the amorphous 
rather than the crystalline portions of the polymer surface. The bond strength of 
Tetra-Etch treated PTFE can be as much as seven times greater than untreated PTFE. 
The treatment of PTFE and PTFE-like materials is an example of what was necessary 
to obtain good adhesion as described in the previous chapter. The surface must be 
wettable, microscopically rough, and provide possibilities for chemical bonding.

1 “Tetra-Etch” is a registered trademark of the W. L. Gore Company
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7.2.6■ Priming of Polymer Surfaces

The difference between priming and surface preparation is sometimes difficult to 
understand. Many people in industry use the words interchangeably. In this book, the 
word priming indicates the application of a chemical or coating on a surface which 
does not itself modify the chemistry or morphology of the substrate surface, but 
affects the adherability of the substrate. The primer layer itself can have a surface 
morphology, however. In surface preparation, there is a change in the chemistry of 
the substrate’s surface and often a change in its surface morphology, as well. Many 
attempts have been made to prime polymer surfaces for the adhesion of another 
polymer. Often, primers need to have a surface preparation for them to adhere to 
the substrate. There are a few primers, however, which function specifically as 
adhesion promoters, without the need for another surface preparation. We discuss 
two cases of this sort in the next section.

7.2.6.1■ Priming of Polyolefins for Cyanoacrylates

Cyanoacrylate adhesives, discussed in Chapter 8, are the well-known “Super-Glues”2. 
These adhesives have relatively high surface energy and thus, do not wet or adhere 
to polyolefins. Research has been conducted showing that polyolefins can be primed 
for adhesion by cyanoacrylates by certain chemical compounds normally considered 
activators for cyanoacrylate polymerization. Materials such as long chain amines, 
quaternary ammonium salts, and phosphines can be applied in pure form or in 
solution to the surface of a polyolefin. After drying, cyanoacrylates adhere well to 
the polyolefin. Okamoto and Klemarczyk [36] have described the efficacy of amine 
compounds as primers for cyanoacrylates. Garton and co-workers [37] have shown 
that the mechanism of action of these priming materials is not just activation of the 
surface, but that the chemicals diffuse into the surface of the polyolefin and initiate 
polymerization of the cyanoacrylate. An example of the tenets of the application 
of surface science to adhesion science is illustrated by this example: diffusion of 
adhesive materials into surfaces can substantially improve adhesion.

7.2.6.2■ Chlorinated Polyolefins

Chlorinated polyolefins have recently been marketed for priming low energy 
surfaces. These materials are based upon either PE or PP and are usually used as 
solvent-based solutions. Chlorinated polyolefins can be used either as a paint addi-
tive or as a primer. Work by Waddington and Briggs [38] using XPS and SSIMS has 
shown that the application of chlorinated PP as a primer between PP and polyester-
isocyanate paint provided cohesive failure in a layer which appeared to be a solution 
of the chlorinated polyolefin and the PP.

2 “Bullet Super-Glue” is a trademark of the Chemence Ltd.
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■■ 7.3■ Metal Surface Preparation

In Section 7.1, the state of most metal surfaces when received by a manufacturing 
or assembly plant was described. For metal to be reliably adhesively bonded, the 
surface has to be changed from the one depicted in Fig. 7.1 into one clean and of 
predictable chemistry and morphology. The surface preparation of some metals 
has become a science. In this section, we outline surface preparation methods that 
could be used for other, less-well-studied metals. For the most part, the methods 
that we discuss fall into two categories, electrochemical and abrasive.

There are several overall characteristics of surface preparations for metals that can 
be described in this introductory section. First, almost all electrochemical surface 
preparation processes for metals follow a flow chart similar to the one shown in 
Fig. 7.8. For anyone who has prepared the surfaces of metals for adhesion, this flow 
chart may seem to be simplistic. However, each step is worthy of comment. Most 
metal, when received by the adhesive bonder, is coated with a thin layer of mill oil. 
If this oil is not removed by a degreasing operation, it is carried into the surface 
treatment bath. Eventually, the oil forms a slick on the surface of the treatment bath. 
When the cleaned part is withdrawn from the bath, the slick coats the metal and 
the surface preparation is fouled. Therefore, degreasing is essential. The rinsing 
steps are important to minimize the transfer of surface treatment materials from 
one bath to another. The rinse bath immediately after the surface treatment bath is 
also very important. The surface treatment ingredients continue to act if left on the 
surface, spoiling the surface preparation. Finally, the drying step is very important. 
For certain metals, water left on the surface causes flash rusting. If the corrosion 
products are weakly adhered or cohesively weak, the surface preparation is spoiled.

Similar problems occur in using abrasive surface preparation methods for metals. 
If the metal is very oily, the abrasive can just drive the oil deeper into surface crev-
ices. Thus degreasing is necessary before an abrasive surface treatment, just as it 

Degrease the Metal

Rinse

Surface Treatment

Rinse

Dry
FIgure 7.8■Flow chart for the surface preparation of metals
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is before an electrochemical surface treatment. Rinse steps are also important, as 
debris left on a surface can act as a weak boundary layer or particulates can act as 
stress concentration points, weakening the overall structure. Once rinsing is used, 
drying becomes important for the reasons expressed earlier.

7.3.1■ Surface Preparation of Aluminum for Adhesive Bonding

We begin with the discussion of surface preparation of aluminum because there 
is more literature available on this metal than for any other metal. In addition, the 
surface preparation of aluminum is more critical than that for other metals in that 
this metal is used for many aerospace applications (see Chapter 1). We have already 
used aluminum as an example of a material that is thermodynamically unstable 
under normal atmospheric conditions, but that becomes useful because of a kinetic 
barrier to its instability, aluminum oxide (see Chapter 6.) The basis for the surface 
preparation of aluminum is the creation of an oxide not only amenable to adhesive 
bonding, but also stable under the conditions to which the adhesive bond is exposed.

7.3.1.1■ The Forest Products laboratory (FPl) etch

The FPL treatment for aluminum was first described by Eickner [39] who worked 
at the Forest Products Laboratory in the early 1950s. This treatment consisted of 
immersing aluminum in a solution similar to the chromic/sulphuric acid solution 
discussed in the section on wet chemical treatment of polymers. Possibly unknown 
to the developers of this surface treatment method, the action of chromic acid and 
sulfuric acid on aluminum was more than just the oxidation of organic contami-
nants on the surface. The treatment was electrochemically active with aluminum. 
A standard surface preparation method incorporating the FPL procedure is shown 
in Fig. 7.9.

�

Alkaline Degrease Tap Water Rinse�

10 Parts Sulfuric Acid
30 Parts Water
Held at 55-60˚C 10 min Immersion

FPL Etch
2 Parts Sodium Dichromate

�

�Tap Water Rinse Air Dry 10 min

Force Dry 10 min
at 55-60˚C

�

FIgure 7.9■Flow chart for the FPL process for the surface preparation of aluminum
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There are many variations of the FPL etch. In Europe, this treatment is known as 
chromic acid “pickling”. In the pickling treatment, chromic acid is used instead 
of sodium dichromate and often, deionized water is used instead of tap water. The 
FPL etch was used in the aerospace industry with great success after the end of 
World War II, when phenolic-based primers and structural adhesives were the norm.

As was mentioned in Chapter 1, structural adhesives are used extensively in the 
generation of honeycomb structures. Phenolic structural adhesives cannot be used 
in this application because the high-pressure requirements for their proper cure 
crush the honeycomb core (see Chapter 8). Luckily, at about the time this application 
arose, epoxy-based structural adhesives were developed. Epoxy-based structural 
adhesives did not require high pressures for curing. Epoxy structural adhesives 
became widely used in honeycomb structure as well as for metal-to-metal bonding 
with the FPL etch as the primary surface preparation. The timeframe was the 
1960s and many aircraft were deployed in Viet Nam. Under the conditions of high 
temperature and high humidity encountered by aircraft in that conflict, adhesive 
bonds failed. In addition, the Boeing Corporation found adhesive disbondments 
and corrosion in several of their aircraft. The aircraft industry started a significant 
amount of research and development work at this time to determine the cause of 
the failures.

FIgure 7.10■Electron micrograph of an aluminum surface generated by treating the 
aluminum with an FPL etch process. The magnification is 80,000×. Note the porosity of the 
surface. Compare this micrograph with the schematic drawings in the next figure
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A significant advance was made when Boeing engineers heeded the words of their 
shop workers who said that “new” FPL etch baths did not give satisfactory perfor-
mance. However, if the bath was allowed to age, performance increased substantially. 
After considerable effort, it was found that the addition of 2024-T3 aluminum alloy 
to the FPL etch substantially improved the performance of adhesive bonds that 
were surface prepared with this etch and bonded with an epoxy. It was later shown 
that the action of the added 2024-T3 provided copper (copper is an ingredient of 
2024-T3 alloy) [40]. The addition of copper modifies the electrochemistry of the 
FPL etch, making the metal surface more noble and, in fact, inducing an oscillating 
electrochemical reaction in which the copper participated [41]. The action of the 
bath was to induce a structure in the oxide on the surface of the alloy. An electron 
micrograph of the FPL oxide structure is shown in Fig. 7.10 and a drawing of the 
structure is shown in Fig. 7.11. Note that the oxide structure seems designed for 
adhesive bonding. The pores on the surface are small (to help with capillary forces 
that could displace air). The surface is clean. If the bath is properly maintained, 
the surface is reproducible. Examination of the chemistry of this oxide by various 
analytical tools showed that the oxide was essentially pure Al2O3. Under the oxide, 
however, some amount of copper could be found. This demonstrates copper’s par-
ticipation in the electrochemistry of formation of the oxide [42].

320Å 80 Å
400Å

FPL Etch oxide

2000 Å Phosphoric acid anodize oxide

180Å

320 Å
400
440

Å
Å

Chromic acid anodize oxide

Å20-30,000

FIgure 7.11■Schematic diagram of several oxides that can be generated on aluminum by 
electrochemical surface treatments. Even though the oxides are shown in two dimensions, 
they are three dimensional, as shown in the micrographs in Figs. 7.10 and 7.16. The oxide 
columns shown above repeat in an approximately hexagonal pattern over the surface of 
the aluminum (data from McMillan, J. C., Quinliven, J. T., and Davis R. D., SAMPE Quarterly, 
April (1976) pp. 13–18)
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Workers at Boeing investigated the FPL Etch surface preparation in detail. They 
made use of fracture mechanics concepts and designed an adhesive bond test speci-
men now described in ASTM D3762, the wedge test (described in Chapter 3). The 
metal is prepared according to the procedure indicated for the surface preparation 
to be evaluated. The metal is then primed and bonded. A wedge is driven into the 
end of the specimen and the specimen is placed in an adverse environment of high 
humidity and high temperature. Typical results are shown in Fig. 7.12. Here it is 
seen that certain bonds can lead to significant crack propagation in the interphase 
between the metal and the adhesive. Other bonds crack only a small amount, essen-
tially entirely in the adhesive. To investigate this effect, Boeing engineers made 
1,250 bonds with the FPL procedure, the variables being the time, date, and life of 
the etch bath. A portion of the bond was made into a wedge test, while the other 
parts were tested in actual aircraft. The result of the study is shown in Fig. 7.13 
[1]. Most of the bonds showed no significant disbonds during their lives on aircraft. 
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FIgure 7.12■ Diagram showing the type of data and the durability predictions obtainable from 
a wedge test specimen
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FIgure 7.13■ Schematic representation of data taken by the Boeing Company on wedge test 
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The largest number of bonds had wedge test crack extensions of little more than 
0.1 in. However, there were crack extensions that were significantly larger than 
0.1 in. Some of these did show service disbonds. These results show that a correla-
tion can be made between a simple laboratory test like the wedge test and actual 
environmental exposure.

These results also indicated that the FPL etch could not provide adhesive bonds with 
reproducible extended service life under hot and humid conditions. This led the 
workers at Boeing to search for an improved surface preparation that is discussed 
at length in the next section.

■■ 7.4■ Anodization Treatments for Adhesive 
Bonding of Aluminum

Anodization is an electrochemical process in which the aluminum to be treated is 
the anode in an electrochemical cell. A schematic of an anodization cell is shown 
in Fig. 7.14. The cathode in this cell can be added or it can be the container itself. 
Materials such as stainless steel are often used as the container cathode. Alter-
natively, any material stable in the electrochemical solution, such as graphite, is 
useful as a cathode. A standard process for the anodization of aluminum for adhe-
sive bonding is shown in Fig. 7.15. The flow diagram in Fig. 7.15 is essentially the 
same as Fig. 7.9, except that the anodization step and another rinse step have been 
added. In this flow diagram, the degreasing step is necessary for the same reasons 
discussed earlier. Although anodization is the primary surface preparation step, 
deoxidation is necessary to remove any mill oxides of indeterminate composition 
before the metal piece enters the anodization bath. As a result, the electrochemistry 
inside the bath is reproducible.

Regulated DC
power supply

+

-
Aluminum
anode

Electrochemical
medium

FIgure 7.14■Diagram of a simple anodization apparatus. The aluminum is made the 
anode (+) by means of a regulated DC power supply. The tank is usually made the cathode (–), 
although a nonreactive metal could be used as the cathode instead of the tank
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Degreasing
Treatment

Rinse Deoxidation
Pretreatment Rinse�

Anodization

Rinse

Air Dry

Force Dry FIgure 7.15■Flow diagram for the 
anodization process of aluminum parts

7.4.1■ Mechanism of Anodization

It is not essential to understand the mechanism of anodization to use the procedure 
to prepare aluminum surfaces. However, understanding the mechanism helps when 
problems occur when using this procedure in an industrial setting. In general, anod-
ization is done in a medium in which the oxide of aluminum is metastable. Thus, 
anodization can be carried out in acidic or basic media in which the oxide is soluble 
under normal conditions but is insoluble under the applied electrochemical potential. 
Acidic media are usually used in anodizations. In the early phase of anodization, 
a “barrier” layer is formed at the metal surface. The barrier layer is thin, dense and 
featureless. Anodization methods used in the capacitor industry stop at this point. 
In anodization for adhesive bonding, the oxide is partially soluble in the medium so 
the barrier layer is attacked by the medium at weak points. When a weak point is 
breached, the electrochemistry changes and metal dissolves but then is re-deposited 
as oxide adjacent to the breach. Eventually, much of the surface is breached and a 
stochastic coalescence of these breached points fills the two dimensional surface. 
These breached points and the depositing oxide from the electrochemistry form the 
basis for the growth of a porous oxide that is the surface preparation.

7.4.2■ Anodization Media

As indicated above, acidic or basic substances can be used as anodization media. The 
primary materials used in industry are sulfuric acid, chromic acid, and phosphoric 
acid. Of these, sulfuric acid anodization is used for architectural aluminum, while 
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chromic and phosphoric acid treatments are used in the aerospace industry. The 
oxide structures from these surface preparation methods were shown in Fig. 7.11 
and electron micrographs of those surfaces are shown in Fig. 7.16. Venables has 
discussed the formation of these oxides and their role in durability of adhesive bonds 
[43]. The primary difference among the oxide structures that form is the depth of 
the oxide, the pore size, and its chemical composition. Sulfuric acid anodization (not 
shown) yields an oxide that is thick and only marginally porous and containing a 
substantial amount of sulfate [44]. Chromic acid anodized oxide is somewhat thinner 
than sulfuric acid anodized oxide and its porosity is greater. By carefully control-
ling the anodization procedure and the use of a stepped voltage schedule, a very 
porous oxide can be generated [45]. The chromic acid anodized oxide is essentially 
pure Al2O3, much like the FPL etch oxide [44]. Phosphoric acid anodization yields 
an oxide thinner than the other two and with a very porous, open structure. The 
phosphoric acid anodized oxide contains a substantial amount of phosphate ion.

7.4.3■ Phosphoric Acid Anodization in the Aerospace Industry

In the previous section on the FPL etch, epoxy structural adhesive-based bonds 
were described as unstable under conditions of high temperature and humidity. The 
supposition was made that the FPL etch oxide itself in some way changed under 
these conditions. Since the problem seemed to be oxide instability in the presence 
of moisture, an oxide more resistant to moisture was sought. Marceau [46] at Boeing 

FIgure 7.16■Electron micrographs of chromic (left) and phosphoric acid (right) anodized 
aluminum surfaces. Magnification is 30000×. Note the greater pore size of the oxide 
generated by phosphoric acid anodization
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proposed that an oxide resistant to “sealing” might prove resistant to environmental 
moisture. Sealing is a process used to improve the corrosion resistance of archi-
tectural aluminum. It is typically accomplished by soaking the anodized metal in 
a bath containing sodium dichromate at an elevated temperature. The pores in the 
oxide close as a result of this treatment providing a thick and relatively impermeable 
oxide layer which protects the metal from corrosion. Phosphoric acid anodize had 
been investigated for aluminum treatment in the 1920s. It was abandoned in favor 
of chromic acid anodize because phosphoric acid anodize could not be “sealed” to 
improve corrosion protection. Marceau correctly assumed that such an oxide would 
also be resistant to moisture under an adhesive.
Engineers at Boeing examined the effectiveness of the phosphoric acid anodiza-
tion procedure by repeating the experiment carried out for the optimized FPL etch. 
They made 1,250 wedge test specimens and corresponding environmental exposure 
test samples using phosphoric acid anodization. The results of the wedge tests are 
shown in Fig. 7.17, which is a modified version of Fig. 7.13. The dashed lines in 
Fig. 7.17 show the results of wedge tests for the phosphoric acid anodization. The 
wedge test crack extensions are all less than 0.2 in. Based on the optimized FPL etch 
wedge test results, it was predicted that all of these specimens would be resistant 
to environmentally induced disbondment. None of the environmental exposure 
specimens showed disbondment while some of the FPL etched specimens showed 
disbondment over the same amount of time. Furthermore, portions of Boeing 
aircraft fuselages that were being rebuilt were destructively tested after they had 
seen significant flight time. The bonds which had been made using phosphoric 
acid anodized aluminum showed no disbondment [1]. This case study shows that 
the application of fundamentals in electrochemistry, surface science, mechanics, 
and adhesion science can be combined to solve an important industrial problem.

FIgure 7.17■Diagram showing the relationship between wedge test data for the FPL etch 
and the phosphoric acid anodization on aluminum. The prediction from these data was 
that phosphoric acid anodized metal is more durable than metal treated with the FPL etch. 
This was borne out by inspection of aircraft after use (redrawn from [1])
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■■ 7.5■ general Techniques for the Surface 
Preparation of Metals

The surface preparations for critical applications such as aircraft construction 
are probably the most demanding industrial uses. Simpler methods of treatment 
are used in industries with less stringent requirements. For aluminum, none of 
the methods described below provides the environmental resistance of a properly 
prepared phosphoric acid anodized metal surface, but can be used in a variety of 
applications less critical than those found in the aircraft industry and with metals 
other than aluminum

7.5.1■ Conversion Coatings

Conversion coatings are materials and processes applied to metals to impart cor-
rosion resistance and increase adhesion of organic coatings. Conversion coatings 
for aluminum are typically acidic materials applied by dipping, spraying, or brush-
ing a solution onto an aluminum surface. The solution reacts with the aluminum 
surface, creating a layer with a gelatinous oxide structure comprised of both the 
aluminum and the ingredients in the conversion coating. The chemical composition 
of most conversion coatings is usually proprietary, but it is known that many of 
them contain chromic acid, phosphoric acid and other agents such as ferricyanide.

After drying, the gelatinous oxide collapses to form the conversion coating. In 
general, these coatings are smooth; uniform and organic coatings adhere well to 
them. In fact, conversion coatings provide the base for many architectural coatings, 
such as those found on aluminum siding and gutters. However, these conversion coat-
ings do not usually provide a good base for a structural adhesive, primarily because 
the smooth surface that results does not provide sites for mechanical interlocking.

A well-known conversion coating for steel also can provide a surface for adhesive 
bonding, if it is properly done. Parkerizing or bonderizing is a treatment for mild 
steel in which the metal, after degreasing, is dipped in a bath of phosphoric acid 
or a solution of zinc phosphate in phosphoric acid. This bath sets up a controlled 
electrochemical reaction in which the surface catalyzes the precipitation of crys-
tals of hopeite (zinc phosphate) on the surface. This technique has long been used 
to adhere coatings to steel. This conversion coating also inhibits corrosion if the 
hopeite crystal-containing surface is dipped in chromic acid as a last surface prepa-
ration step. The size of the hopeite crystals depends upon the grain structure of 
the surface and also the amount of carbide there. The grains can be very large or 
very small and the usefulness of the surface for adhesive bonding depends upon 



212 7 The Surface Preparation of Adherends for Adhesive Bonding

the grain size. Large grains act as a brittle underlayer (hopeite is crystalline) where 
fractures can propagate. However, if the grain size is small, the interphase acts more 
like a composite structure and is resistant to crack propagation [47]. An abrasive 
technique for refining a surface to generate smaller crystals of hopeite is discussed 
below. Chemical techniques can also be used to increase the number of nucleating 
sites on the metal surface, resulting in smaller crystals.

7.5.2■ Abrasion

Abrasion treatments can involve any one of a number of media. Sandpaper can be 
used to prepare aluminum as well as other metal surfaces, although this method 
may not completely remove oily layers and may, in fact, drive the oil into crevices. 
Sanding also does not always provide the proper microstructure for adhesive 
bonding. As discussed in a previous chapter, surface roughness enhances adhesion 
only if the structures produced are small enough to enable capillary action and 
draw the adhesive into the microstructure. Many typical sandpaper grits used for 
substantial metal removal leave rather sizable tracks and grooves in a surface that 
act as flaws rather than as a surface preparation.

Grit blasting and vapor honing are two metal surface preparations used extensively 
for a number of metals. Using high-pressure air, grit is blasted at a surface resulting 
in removal of material as well as providing a surface texture. Vapor honing involves 
the use of a solvent medium in addition to the grit. Depending on the size of the 
grit, a surface texture usable in adhesive bonding may result. These techniques 
may not be useful for materials such as stainless steel which work-harden under 
abrasive treatments, but works well for metals such as cold rolled or mild steel, 
nickel and in non-critical applications, titanium. Grit blasting has been used in the 
treatment of steel for ship construction, and vapor honing has been used to treat 
nickel for adhesive bonding. The water break test (see Section 7.2.1.4) has been 
used to evaluate the cleanliness of metals prepared by these methods.

Three-dimensional abrasive surface conditioning has also been used for metal 
surface preparation [48]. A three dimensional abrasive is a composite material in 
the form of a non-woven mat that is impregnated with a resin and abrasive grit. 
These materials conform to the shape of a surface and provide a controlled cut of 
the abrasive without substantial amounts of material removal. Three-dimensional 
abrasives such as Scotch-Brite3, have long been used to remove burrs in stamping 
operations. Three-dimensional abrasives with water flushing can provide clean and 
almost oxide-free surfaces. If the appropriate grit is selected a surface with very close 
to the proper microstructure for adhesive bonding can result. In general, however, 

3 Scotch-Brite is a registered trademark of the 3M Company
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surfaces prepared exclusively by three-dimensional abrasive surface conditioning 
do not yield durable structural adhesive bonds. The oxides and microstructure are 
not necessarily resistant enough to moisture. Three-dimensional abrasive surface 
conditioning can be used as a pretreatment before other processes that prepare a 
reproducible surface and is a viable replacement for the deoxidation step in the 
phosphoric acid anodization process [48]. It has also been shown to help refine the 
grains in Parkerizing steel, thus making the surfaces more easily paintable [49]. An 
interesting combination of process and chemistry is found in using silane coupling 
agents with three-dimensional abrasive surface conditioning. If chosen and applied 
appropriately, silanes react rapidly with the new oxide surface generated by the 
abrasive process and could provide a durable structural adhesive bond.

7.5.3■ electrochemical Methods for Treating Metals other than Aluminum

A substantial number of etch treatments are available for treating metals, which 
usually provide a controlled dissolution of the metal oxide and then the metal. For 
example, sulfuric acid pickling is a surface preparation method for steel and stain-
less steel. Iron oxide and iron are soluble in sulfuric acid, and a surface structure 
develops because most metals are polycrystalline and have surfaces with both 
anodic and cathodic sites. The anodic sites are the loci of metal dissolution and are 
usually the center of the grains or crystallites in a metal surface. The cathodic sites 
are the loci of gas evolution and are found usually at the grain boundaries. Care 
must be taken to avoid some pitfalls in acidic etching ferrous metals. First, surfaces 
must be degreased before etching, as discussed earlier. Second, the time in the etch 
bath must be kept to an absolute minimum. Extending etching not only removes too 
much metal and therefore changes the dimensions of the piece but can also lead to 
hydrogen embrittlement of the metal. Hydrogen embrittlement is the dissolution 
of gaseous hydrogen (often evolved in such processes) into the metal itself. Third, 
parts must be quickly rinsed and dried after the etching procedure, as the metal 
could easily flash rust after its surface has been activated by the treatment.

Titanium is an expensive but very useful metal, due to its excellent strength, low 
density, and corrosion resistance. However, the corrosion resistance makes the 
preparation of its surface difficult. There are two primary methods for the prepara-
tion of titanium for adhesive bonding, PASA jel and chromic acid anodization. PASA 
jel is a commercially available product that etches a titanium surface and works in 
the field as well as in manufacturing environments. Chromic acid anodization of 
titanium can be done in much the same manner as aluminum anodization except 
that hydrofluoric acid must be added to the bath to initiate the primary dissolu-
tion of the metal. Chromic acid anodization provides a microstructured surface of 
titanium dioxide and an exceedingly bondable surface.
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■■ 7.6■ Summary

In this chapter, the surface preparation of plastics and metals for bonding was 
discussed. For metals, the discussion centered on structural adhesive bonding. The 
methods described can be used for the preparation of metals for any adhesive or 
coating. The primary points in this chapter are as follows:

1. The guidelines for good adhesion discussed earlier are the reasons why most 
surface preparations are needed:

A. To remove weak boundary layers (grease or oils on metals, low molecular 
weight materials on plastics)

B. To provide a surface which is spontaneously wettable by the adhesive (increase 
the surface energy of plastics, remove contaminants from metal surfaces)

C. To provide a surface that is microscopically rough (for plastics this involves 
preferential removal of amorphous areas; for metals this involves etching 
away of crystallites or the deposition of a porous oxide)

2. Plastic surface preparations usually involve the oxidation of the surface to increase 
its surface energy.

3. Metals surface preparations are usually electrochemical in nature and therefore 
depend upon the fundamental electrochemistry of the metal.

4. Surface preparation is the key to bond durability.
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■■ Problems and review Questions 

1. Examine the following isometric drawings of the surfaces of conversion 
coated metals. Which do you suppose will result in good adhesive bond 
durability and why?

Smooth
Surface

Small,
shallow
cracks in
the surface1200

Angstrom
Units

1 micron

1.5 micron

Base metal Base metal Base metal

(A) (B) (C)

Deep, micron-sized
cracks in the surface

2. You are working for a trucking company and want to adhesively bond high 
density polyethylene panels into the floor of your semi-trailer. The interior of 
the truck will periodically be exposed to 120 °C pressurized steam for clean-
ing and sterilization. The panels are not allowed to lose their shape during 
these washings and must not debond while heavy cargo slides across the 
surface. The Tm of high density polyethylene is 110 °C. How can you accom-
plish this task if cost is no object?

3. Describe an experiment by which you can determine if a surface preparation 
for polyethylene has generated hydroxyl groups on the surface.

4. A piece of polyethylene has been subjected to a surface treatment. After the 
surface treatment it is adhesively bonded. The strength of the adhesive bond 
is found to be quite strong initially but easily degrades in water. What types of 
forces are likely to be active in the interphase between the adhesive and the 
polyethylene?
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5. The following metal surface preparation line has been installed in your 
adhesive bonding facility. The line initially works well but rapidly becomes 
ineffective. Provide guidance to your troubleshooting team and give them a 
reason for your advice.

Chemical
Etch

Water
Rinse Rinse Oven

Dry



8 The Chemistry and 
Physical Properties of 
Structural Adhesives

■■ 8.1■ Introduction to Chapters 8–11 and 13

The chemistry and physical properties of adhesives in use in industry and in the 
home are discussed in the next chapters. It is important for anyone who develops 
or uses adhesives to appreciate the range of chemistry employed in the adhesives 
industry. Virtually every type of polymer chemistry has been evaluated as a poten-
tial adhesive. This means we could repeat much of organic and polymer chemistry 
here. Only that chemistry exploited in a major way for adhesive development or 
that has led to adhesives with very special properties is discussed in this book. In 
the next few chapters, polymer chemistry is related to the physical properties of 
adhesive bonds made with major types of adhesives. This connection is particularly 
important for the engineer designing adhesive bonds, since relationships are drawn 
between strength and chemistry. This is also important to sales engineers as it 
helps them provide guidance to customers as to the choice of adhesive. It certainly 
is important to chemists since the information presented here may form the basis 
for next generation adhesive products.

■■ 8.2■ Introduction to Structural Adhesives

The first major type of adhesive discussed in this book is the structural adhesive. 
This group encompasses those materials with high cohesive strength used to 
bond adherends also with significant cohesive strength. A reasonable definition 
of a structural adhesive is a material used to bond other high strength materials, 
such as wood, composites, or metal, so that the practical adhesive bond strength 
is in excess of 6.9 MPa (1,000 psi) at room temperature. The significance of this 
number becomes apparent as strengths of bonds attainable with other adhesives 
are described in Chapters 9, 10, and 11. Another definition of a structural adhesive 
is that it is a material that does not deflect (creep) under significant design loads. 
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Because of the demands on performance, structural adhesives are usually crosslink-
able (thermoset), organic compounds, are usually polar and of high surface energy. 
They are usually resistant to many types of environmental attack. In fact, in many 
applications, structural adhesives are required to survive in adverse environments 
for years, if not decades.

In discussing structural adhesives, it is often difficult to determine how to clas-
sify of materials because of the breadth of chemistry used in their formulation. In 
this chapter, the topic is approached in two ways. In the first part of the chapter, 
the basic chemistry of the major types of resins used as structural adhesives is 
discussed along with the major curing reactions. In the second part, formulations 
and modifications of the basic resin systems that have led to useful adhesives are 
described. In the second part, correlation is made between the chemistry, the cure 
conditions, and the physical properties of the adhesive. In the next chapter, the 
durability of structural adhesives is discussed.

The goals of this chapter are to describe the major classes of structural adhesives 
and their curing chemistries. The role of toughening or providing adhesives with 
fracture resistance is a central theme in Section 8.4, which includes information on 
the materials used to add fracture resistance as well as the mechanism by which 
toughening occurs.

8.2.1■ Physical Forms of uncured Structural Adhesives

Structural adhesives are available as both industrial as well as consumer products. 
Table 8.1 lists the physical forms in which structural adhesives are found in the 
uncured state. The highest technology, most expensive and highest performing 
structural adhesives are available in film form. The film adhesive contains all of the 
curatives necessary to obtain adhesive bond strength; it needs to be heat cured, 
and often requires specialized handling to effect a bond and cure. A film adhesive 
often contains a carrier or “scrim” which makes handling easier as well as provides 
bondline thickness control during cure. Film adhesives normally require low tem-
perature storage (usually dry ice temperatures). They are used extensively in the 
aerospace and electronics industries.

Paste adhesives come in the form of one- or two-part materials and, as the name 
implies, are in the form of a paste or viscous liquid. One-part paste adhesives nor-
mally require heat or another form of energy to cure. One-part adhesives are sold 
fully formulated and contain all of the materials necessary for cure. They usually 
require storage at low temperatures. Curable one-part paste adhesives are not 
normally available to the consumer, but are widely used in industry, particularly 
in the general transportation industry.
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TABle 8.1■ Structural Adhesive Types and their Physical Form in the Uncured State

Type Form Approximate cure 
temperature (°C)

Phenolic Heat-curing films and pastes 171

Epoxy Heat-curing films and pastes   82, 121, 171

Epoxy One part light activated   25

Epoxy Two- part pastes   25

Acrylic One part self curing liquids   25

Acrylic One part light activated   25

Acrylic Primer (curative) activated   25

Acrylic Two-part pastes   25

Urethane Two-part pastes   25

Polyimide Heat-curing films 220

Cyanate ester Heat-curing films and pastes 171

Bis-maleimide Heat-curing films and pastes 200

Two-part paste adhesives are quite familiar to the consumer. These adhesives are 
formulated such that the curatives are in one “part” while the crosslinkable resins 
are in the other “part”. These materials are storable at room temperature and the 
cure is effected when the two components are mixed. Such materials are widely 
used in industry and are familiar to the consumer, as well.

Curable liquid adhesives are also commonly available to the consumer. These 
adhesives usually are sold in small quantity convenience packaging through 
hardware stores, grocery stores, and other consumer outlets. These adhesives cure 
upon exposure to ambient moisture or by the exclusion of air. They are stable at 
room temperature as long as they are kept in their packages. More sophisticated 
versions of these structural adhesives are used in various industrial applications, 
particularly in the electronics industry, as primer/liquid combinations. In these 
circumstances, the primer contains the curative, while the liquid is the curable 
resin. Contact between the two effects the cure.

Another type of structural adhesive is one that uses UV or visible light to initiate 
the cure. Depending upon the chemistry used in the adhesive, the adherends may 
or may not have to be transparent to the wavelength of light used to initiate the 
cure. One type of light-curing structural adhesives may be initiated by light when 
the bond is open followed by a “dark” reaction when the adhesive bond is closed. 
This obviates the need for transparent adherends.

A particular form of structural adhesive is used to bond wood to produce plywood 
or other forest product-based articles. These adhesives are usually used in solu-
tion, particularly in water. Wood absorbs the water or solvent during the bonding 
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operation. Natural product-based adhesives are often used in this application, as 
are phenolic resin solutions.

It is important for the adhesive bond designer to know in what form adhesives are 
available as well as for the salesperson to know the breadth of his/her product 
line. The chemist needs to know these distinctions, as it is the physical form in 
which the adhesive is packaged that often dictates the type of chemistry that can 
be employed. For example, a certain solid resin may be found to provide the best 
performance in a certain type of adhesive formulation. If the adhesive cannot be 
used as a solid but must be a paste, it does not matter that the solid resin provides 
the best performance. However, it may be possible for the formulator to find viscos-
ity modifiers to transform the solid into a paste as long as the modifier does not 
compromise the most important properties of the finally formulated adhesive. The 
discussion in the following sections provides some insight into materials used to 
formulate adhesives. It also provides information on formulation balancing, which 
must be done to provide useful structural adhesives.

■■ 8.3■ Chemistry of Base resins used 
in Structural Adhesives

8.3.1■ Phenolics

Phenolic resins are not only one of the basic resins used in the generation of struc-
tural as well as other adhesives, they were also the first commercially successful 
synthetic resins. Phenolic resins were first developed by Leo Baekkeland [1] and 
were a major product of the early Union Carbide Corporation. Phenolic resins are 
formed by the reaction of a phenol and formaldehyde. Depending upon the ratio of 
reactants and the type of catalyst, two fundamental forms of phenolic resin result. 

FIgure 8.1■Chemistry of the synthesis of a resole phenolic resin
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As shown in Fig. 8.1, a resole phenolic resin is formed by the reaction of phenol 
with an excess of formaldehyde in the presence of a basic catalyst, such as NaOH 
or KOH. The key feature of the resole phenolic resin is that it is self-curing, because 
of the presence of residual methylol groups which can further condense with 
active sites on the phenol rings to crosslink the resin and liberate water. Examine 
the structure as it is drawn in Fig. 8.1. Despite the fact that most phenolic resins 
are solids at room temperature, their molecular weight is normally quite low as 
shown in Fig. 8.1. It may also be concluded that with all of the possible reactive 
sites in a resole phenolic resin, the resultant crosslink density could be quite high. 
These resins also have a unique property in that they are soluble in water or in 
alcohol. Because of increasing concern about atmospheric pollution due to the use 
and venting of organic solvents, resole phenolic resins can be used in the place of 
others that result in significant solvent emissions. However, a limitation of resole 
phenolics in structural adhesives for non-porous materials such as metals, is the 
evolution of water during cure. Cure on non-porous materials without the appropri-
ate application of high pressure could lead to porous, sponge-like adhesive layers 
of low strength. Another limitation of resole phenolics is that they may cure or 
advance in molecular weight during storage. Low storage temperature can lessen 
the chance of premature cure.

The novolac phenolic resin is also formed by the reaction of phenol and formalde-
hyde, but the phenol is kept in excess and the catalyst for the reaction is an acid. 
As shown in Fig. 8.2, there are no residual methylol groups on novolac phenolic 
resin. As a result, this material does not self-cure nor is it soluble in water or 
alcohol. An external curative must be added to a novolac phenolic resin order to 
yield a crosslinked structure. The primary chemical added is hexamethylene tetra-
amine (“hexa”) or, as it is also known, urotropine. This chemical is a latent form 
of formaldehyde and is generated by the reaction of formaldehyde with ammonia. 
Hexa is thought to provide a crosslinked structure according to the reaction shown 
in Fig. 8.3. This reaction takes place at elevated temperatures, typically in excess 
of 150 °C.

FIgure 8.2■Chemistry of the synthesis of a novolac phenolic resin
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Phenol is not the only phenolic resin precursor. Other phenolic compounds, such 
as resorcinol, para-substituted phenol, and cresol have also been used to generate 
phenolic-based or modified adhesives. For example, p-tert-butyl phenol has been 
used to generate materials known as tackifying resins (discussed in more detail in 
Chapters 10 and 11) which are used in the modification of various types of elastomer-
based adhesives. Resorcinol-based phenolic adhesives are an interesting subset of 
phenolic structural adhesives. The reaction of formaldehyde with resorcinol is so 
rapid and so complete, the resorcinol-formaldehyde resin must be synthesized in 
“novolac” form. Attempting to make a “resole” resorcinol resin typically results in 
an unusable gel. Resorcinol-formaldehyde resins are synthesized with a substan-
tial deficit in the amount of formaldehyde. When mixed with the formaldehyde or 
formaldehyde precursors, the resin cure occurs at low temperatures. Adhesives 
based upon this chemistry are available as alcohol-containing solutions that can 
be mixed with para-formaldehyde to effect a bond to wood at room temperature.

The reaction of phenol with formaldehyde at a 2 to 1 mole ratio leads to a material 
known as bis-phenol-F (the bis-phenol of Formaldehyde) while the reaction of phenol 
with acetone at the same ratio yields bis-phenol-A (the bis-phenol of Acetone). 
The structures of these two solid materials are shown in Fig. 8.4. The commercial 
importance of these two basic, phenol-based chemicals is evident in a future section.

Heat

hexamethylene tetraamine

FIgure 8.3■ Chemistry of the crosslinking of a novolac phenolic resin with hexamethylene 
tetraamine
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bis-phenol-A

bis-phenol-F FIgure 8.4■Structures of bis-phenol-A and F

8.3.2■ Proteins

Proteins used in structural adhesives come from several sources, for example, 
animal blood, fish, milk, connective tissue, and soybeans. These adhesives are 
ranked according to their resistance to moisture in the bond. Using this type of 
classification, blood is the most resistant, followed by fish, milk, connective tissue, 
and soybean. Connective tissue adhesives are called collagen-based adhesives 
while milk-based adhesives are called casein-based adhesives. Blood-based proteins 
actually incorporate blood albumen and are obtained by spray drying animal blood. 
Casein is obtained from milk by precipitation induced by acids such as lactic acid. 
Some of the properties of the adhesive are dependent upon the type of acid used 
for the precipitation. To generate protein-based adhesives, it is necessary to first 
ionize the protein so that it is dispersible in the application medium, usually water. 
Proteins, which are polyamino acids, contain ionizable groups such as carboxylic 
acids as well as phenol functionality. Depending upon the source of the protein, hot 
water, solvent leaching, or washing is necessary. Either acids or bases may be used 
as the ionizing medium. Once the protein has been dissolved or dispersed in water, 
materials such as calcium carbonate are added to form twice-valent, ionic crosslinks 
between two anionic groups on two protein molecules. Other means of crosslinking 
the protein can also be used, including sulfur based vulcanizing compounds and 
materials that induce oxidation, such as copper and chromium compounds. In fact, 
heat itself can often denature proteins in much the same manner as it affects the 
albumin in an egg when it is cooked.

Protein-based adhesives have been used throughout history. Their primary use in 
modern times is in the production of plywood. Protein-based adhesives, unfortu-
nately, are not very resistant to adverse environments and the plywood made with 
this type of adhesive is limited to interior applications.
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8.3.3■ epoxy resins

Resins with an oxirane ring as their reactive moiety are known as epoxy resins. 
Epoxy resins form the largest variety of structural adhesives currently available. 
Many epoxy resins are based upon the reaction of phenols with epichlorohydrin. 
As shown in Fig. 8.5, reaction of 2,2′-isopropylidene diphenol, otherwise known 
as “bis-phenol-A” (BPA) with epichlorohydrin leads to the most common epoxy 
resin, the diglycidyl ether of bis-phenol-A. DGEBPA (as we call this resin) can 
be further reacted with bis-phenol-A to generate higher molecular weight resins 
which can be either epoxy or phenol terminated. High molecular weight products 
of DGEBPA and BPA terminated with phenol are known as “phenoxy” resins. The 
formulation of epoxy resin-based adhesives is based upon mixtures of molecular 
weights of epoxy resins with the correct curatives. BPF (bis-phenol-F) can also be 
reacted with epichlorohydrin to generate resins analogous to the DGEBPA-based 
resins. BPF-based resins have the important attribute of lower viscosity than the 
DGEBPA resins. DGEBPF resins find use as viscosity and other property modifiers 
of adhesives based upon DGEBPA.

Another major chemical class of epoxy resin is the epoxidized phenolic resin. Novolac 
phenolics of the type described in Fig. 8.2, can be reacted with epichlorohydrin in 
much the same way as shown in Fig. 8.5. In general, the number of epoxides per 
molecule is two or three. Other resins can be generated by the reaction of epichloro-
hydrin with aromatic amines or with aromatic amino alcohols. Thus, materials such 
as tetraglycidyl methylene dianiline (TGMDA) and triglycidyl p-amino phenol (TGAP) 
are also available as materials for the formulation of epoxy resin-based adhesives. 

Base

bis-phenol-A

NaOH

DGEBPA

FIgure 8.5■Chemistry of the synthesis of the di-glycidyl ether of bis-phenol-A via epichlorohydrin
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These materials are not as widely used as those based upon DGEBPA because of 
problems with storage stability. Both TGMDA and TGAP contain tertiary amines 
and possibly residual alcohol groups that can catalyze alcohol-epoxy reactions to 
occur slowly at room temperature. Adhesives that contain these materials usually 
need to be refrigerated even when used as two-parts.

Another class of epoxy resin is the cycloaliphatic epoxy. These materials are gener-
ated by the oxidation of vinyl groups or double bonds in unsaturated rings. Examples 
of structures of cycloaliphatic epoxy resins are shown in Fig. 8.6. These resins are 
actually moderate viscosity, often clear, white liquids. These resins are often used 
in electronics applications. The DGEBA resins described above have a particularly 
vexing problem, the presence of chloride ions and hydrolyzable chloride due to 
the use of epichlorohydrin in its formation. Chloride ion can cause corrosion of 
electronic components in high humidity. The cycloaliphatic resins, due to the fact 
that they are formed by peroxidation, are typically very low in chloride content.

Part of the reason for the wide use of epoxy resins in structural adhesives is the 
substantial number of crosslinking reactions to which oxirane groups are sensi-
tive. Figure 8.7 provides a list of reactions used to cure epoxy resins. Epoxy resins 
can react with alcohols to generate ether alcohols. The source of the alcohol can be 
from phenol or from alcohols generated by the reaction of oxiranes with alcohols. 
This reaction does not normally take place at room temperature, but rather at 
temperatures higher than 120 °C, in the presence of an amine catalyst. The reac-
tion of oxiranes with phenols or alcohols is an important curing reaction and can 
compete with or occur simultaneously with the reaction of oxiranes with amines 
discussed below.

Mercaptans react with oxirane groups even at room temperature to create mercapto-
ether alcohols. This reaction is accelerated in the presence of tertiary amine cata-
lysts such as tris-dimethyl amino phenol. This reaction is the basis of “Five-Minute 
Epoxies”.

FIgure 8.6■Chemistry of the synthesis of two cycloaliphatic epoxy resins
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Alcohol addition

Mercaptan addition

“Anhydride cure”

Lewis Acid Cationic polymerization

Anionic Polymerization

Amine addition

FIgure 8.7■Chemistry of curing reactions for epoxy resins

Anhydride curing of epoxy resins is infrequently used in adhesives except in the 
electronics industry where it is widely used. The reaction of anhydrides with epoxy 
resins leads to very hard materials and the reaction occurs at elevated tempera-
tures. It should be noted that the reaction of an oxirane with an anhydride does 
not occur directly. Rather, the anhydride, in the presence of a base catalyst, reacts 
with alcohol to form an ester and a carboxylic acid. The carboxylic acid then reacts 
with another oxirane group to form the crosslink. The result is a diester. Very often, 
cycloaliphatic epoxies are used with anhydride curing agents.

Lewis acids can also act as curing agents for epoxy resins, although it would be 
more correct to say that Lewis acids act as catalysts for the cationic polymerization 
of oxirane-based resins. Examples of Lewis acids that can induce cationic polymer-
ization of epoxy resins are BF3 and SnCl4. Lewis acids usually are not used in their 
pure state, but are complexed with an amine to render them latent or to slow down 
their reactivity. Latency is discussed later in this chapter. The reaction mechanism 
of cationic polymerization of epoxy resins is shown in Fig. 8.8.
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FIgure 8.8■A proposed mechanism for initiation of cationic polymerization of epoxy resins

Lewis acids can also be used in photocuring of epoxy resins. For example, when 
materials such as diphenyl iodonium hexafluorophosphate are admixed with cycloali-
phatic epoxy resins and irradiated with ultraviolet light, a cure of the epoxy ensues. 
The reaction that is believed to take place is the ultraviolet induced liberation of the 
Lewis acid, which then proceeds to catalyze polymerization of the epoxy resin. This 
catalyst system is unique in that light is needed to initiate the polymerization but 
then polymerization can continue in the dark. This occurs because the Lewis acid 
catalyst, once liberated from the original salt, can continue to initiate polymeriza-
tion even though the light is off.

Epoxy resins can also be polymerized anionically. One type of anionic catalyst that 
has become increasingly popular is based upon imidazole. Imidazole or 2-ethyl-
4-methyl imidazole can be mixed with epoxy resins to generate a material with 
moderate stability at room temperature. The polymerization occurs rapidly at tem-
peratures of 82 °C or above. Complexes of imidazole with metal ions such as silver 
can be used to create a latent catalyst which causes epoxy resins to polymerize 
at more elevated temperatures, such as 171 °C. The imidazole catalyzed anionic 
polymerization of epoxy resins is shown in Fig. 8.9.

FIgure 8.9■A proposed mechanism for anionic polymerization of epoxy resins



230 8 The Chemistry and Physical Properties of Structural Adhesives

FIgure 8.10■Structure of dicyandiamide

By far the most common curing agent used with epoxy resins is based upon amine. 
Primary amines react with epoxy resins at room temperature without the presence 
of a catalyst. Aromatic amines react with epoxy resins slowly at room temperature 
but rapidly at elevated temperatures. For room temperature cure of epoxy resins, 
the most common curing agent is based upon the primary aliphatic amine. Useful 
primary aliphatic amines are based upon the polymerization products of aziridine 
(e.g., diethylene triamine and triethylene tetramine), the reaction products of dimer 
acids (discussed in Chapter 11) with diamines, polyether diamines, as well as a host 
of other amines. One early epoxy adhesive was sold as a two-part material with 
one part a DGEBPA while the other part was a dimer acid-based diamine. The most 
common agent for high temperature cure of epoxy resins is dicyandiamide whose 
structure is shown in Fig. 8.10. Examination of the structure of this molecule indi-
cates that there are at least four amines available for reaction with epoxy resins. At 
elevated temperatures, the nitrile group can also react with alcohol to generate an 
amide. This reaction leads to the potential for a five-fold crosslink for this rather low 
molecular weight material. A substantial number of elevated temperature-curing 
epoxy resins use dicyandiamide as the sole curative or in combination with other 
curatives.

8.3.3.1■ Time-Temperature-Transformation Diagrams and the Cure of epoxy 
resins

For thermosetting systems, there is a complicated and often confusing relation-
ship among the temperature of cure, the time during which the thermoset is at 
temperature, and the physical state of the thermoset. An important improvement in 
the understanding of what happens to a thermoset during its cure was provided by 
Gilham and co-workers using data generated by the torsion pendulum [2] (discussed 
in Chapter 5). A simplified time-temperature-transformation (T–T–T) diagram is 
shown in Fig. 8.11.

The diagram is read by picking a temperature and then drawing a line from the 
ordinate parallel to the abscissa to the time that is of interest. The state of the system 
is then determined by the region in which the time-temperature conditions are 
located. The first thing to examine about the T–T–T diagram is that three Tgs are 
defined for the resin system, the Tg,resin, the Tg,gel and Tg,∞. These are, respectively, the 
glass transition temperature of the uncured resin, the glass transition temperature 
of the gel of the resin, and the ultimate glass transition temperature of the resin. 
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The last is obtained only when the material has been fully cured. The diagram also 
shows a gelation line that corresponds to the time at a specific temperature at which 
the thermoset forms a gel or crosslinked network. At temperatures below Tg,resin, 
the thermoset remains an uncrosslinked (non-gelled) glass for very long times. 
At temperatures above the Tg,resin, the thermoset can gel. The time for gelation 
depends upon how high above the Tg,resin the temperature is. Note that the higher 
the temperature, the closer the gelation line becomes to the ordinate. Tg,∞ is the glass 
temperature for the completely crosslinked thermoset and is therefore controlled 
by the chemical constitution of the thermoset. The diagram shows that at certain 
temperatures, the thermoset gels before it vitrifies and at other temperatures could 
vitrify before it gels. The Tg,gel corresponds to the temperature at which the system 
gels and vitrifies at the same time. Vitrification means the formation of a solid gel. 
At a temperature intermediate between the Tg,gel and Tg,∞ the thermoset could gel 
and then vitrify. Vitrification at this point means an incomplete chemical reaction 
and a resin not fully cured. The Tg of such a system is essentially that of the cure 
temperature. Tg could not be increased unless the temperature of the system was 
raised above the original cure temperature so that the system would be out of the 
vitrified range. However, if this “post-cure” temperature is less than Tg,∞, then the 
Tg of the thermoset is approximately the post-cure temperature.
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FIgure 8.11■Time–Temperature–Transformation (T–T–T) diagram for a thermosetting 
resin system. Important regions to note are the gelled glass and the ungelled glass regions. 
Important demarcations to note are the gellation line and the vitrification line (redrawn from 
[2] by permission of Plenum Press and the author). It is important to realize that once a 
thermosetting resin becomes vitrified (forms a solid glass), chemical reactions essentially 
cease
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The concepts described above lead to an interesting situation. If a room temperature-
curing thermoset (such as a two-part epoxy) is generated, can one expect the epoxy 
to cure fully at room temperature? Can it be expected that the glass temperature 
would be much in excess of room temperature? The answer to this question, accord-
ing to the T–T–T diagram is no. If room temperature is not in excess of the Tg,∞, 
then the system either gels or vitrifies before the complete cure can be effected. It 
is found that in most room temperature curing epoxies the epoxy has not gone to 
complete reaction. It is also found that the Tg of a room-temperature cured epoxy is 
no more than about 50–60 °C. Because most measurements of Tg require that the 
system be exposed to elevated temperatures, the measured Tg has been affected 
by the application of that elevated temperature. How about measurements of high-
temperature lap shear strength of room temperature curing epoxy adhesives? If 
the above situation is true, we expect that at any temperature above the Tg, the 
lap shear strength would be low, since the modulus is lowered above Tg. However, 
many data sheets for room temperature curing adhesives indicate that high values 
of high-temperature lap shear strengths can be obtained with a room temperature 
cure. Inherently, the data must be considered suspect since the act of increasing 
the temperature to measure the lap shear strength is in itself a post-cure. In most 
bonding situations, this scenario is not of importance since exposure of bonds to 
higher temperatures often occurs gradually, effecting the post-cure. However, in 
applications where temperature is raised rapidly and the bond is under load, failure 
can occur because complete cure and hence, complete strength is not attained. This 
situation could lead to catastrophic results if T–T–T diagrams and the data they 
contain are not taken into account.

8.3.4■ urethane resins

Polyurethane resins are widely known as the basis for coatings as well as for 
various foam products. They are also used as a component of structural adhesives. 
Although not known for inherent strength or modulus, polyurethanes form tough, 
cured resins with the potential for substantial energy absorption. Polyurethanes 
can be formulated to cure at either room or elevated temperatures.

The general reaction for the formation of a urethane is shown in Fig. 8.12 in which 
an isocyanate combines with an alcohol to create a urethane or carbamate linkage. 
If an amine is present, a urea linkage can also form. Secondly, crosslinks form 
if excess isocyanate is present to create allophonate or biuret linkages. Various 
amines as well as metal catalysts, such as dibutyl tin dilaurate, triethylenediamine, 
and stannous octoate, catalyze these reactions. The cure rate of a urethane-based 
structural adhesive depends upon the type of polyol, the type of isocyanate, and the 
type and amount of catalyst used. Aromatic isocyanates usually react faster than 
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aliphatic isocyanates; primary alcohols react faster than secondary alcohols; urea 
formation reactions are the fastest in this chemical class. Urethanes are used in 
many types of adhesives; as structural adhesives, urethanes are found in the form 
of two-part, room temperature-curing adhesives.

The formulation of urethane based-adhesives depends upon the selection of the 
isocyanate, the polyol, and a material known as a chain extender, which can be a 
short chain amine or alcohol. For many years, the primary diisocyanate used to 
make these adhesives was toluene diisocyanate, but it was found that this material 
caused severe allergic reactions in a number of people, at least partly due to the 
chemical’s volatility. To overcome this problem, oligomers with toluene diisocyanate 
end-caps were made available. Other diisocyanates used are based upon methylene 
dianiline, its dimers and trimers, and their hydrogenated counterparts. Isophorone 
diisocyanate and hexamethylene diisocyanate and its dimers are also used.

The most widely used polyols used in polyurethane adhesives fall into three main 
classes, polyesters, polyethers, and polybutadiene polyols. The polyether polyols’ 
molecular weights are generally less than 10,000 Daltons. Polyether polyols are 
usually based upon either the polymers of tetrahydrofuran (polytetramethylene oxide 
polyols) or of propylene oxide (propylene ether polyols). Polyethylene glycols are 
not often used because of their hygroscopic nature. However, since polypropylene 
glycols are slow reacting, they are often capped with ethylene glycol that reacts more 
rapidly. Trifunctional versions are also available with base materials of glycerol or 
trimethylolpropane. Polyester polyols are often based upon caprolactone and also 
are manufactured in various molecular weights. Polyester diols can also be based 

Urethane Formation

Urea Formation

Allophonate Formation

Biuret Formation

FIgure 8.12■Reactions which can occur in the curing of an isocyanate
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upon polymers of adipic acid and various diols. Butadiene polyols are short chain 
butadiene polymers with hydroxyl end groups. Branched polyols are also available.

Chain extenders are part of the mechanism providing the extraordinary toughness 
of polyurethane-based adhesives. Materials such as ethylene glycol, 1,4-butane-
diol, 1,4-bis(hydroxymethyl)cyclohexane, ethylene diamine, or 3,3′-dichloro-
4,4′-diaminodiphenylmethane (MOCA) can be added to the isocyanate/polyether 
mix. The chain extender reacts with the isocyanate, which then phase-separates 
into domains enriched in isocyanate/chain extender blocks or “hard segments”. 
The polyol phase separates into “soft segments”. This phase-separated structure is 
apparently the source of the toughness displayed by polyurethane adhesives [3]. 
When using aluminum adherends, 2 part urethanes provide about 6.9–13.8 MPa 
(1,000–2,000 psi) lap shear strength and can have quite high peel strengths in 
the range of 5.3–10.5 kN/m (30–60 pounds per inch width (piw)). The lap shear 
strength usually decreases substantially at elevated temperatures.

8.3.5■ Acrylics

Acrylic structural adhesives are important because of their rapid cure and structural 
strength. In comparison to epoxy and urethane adhesives, acrylics cure in less than 
a minute under the proper conditions. This rapid cure property is used to great 
advantage in the electronics industry (such as in bonding magnets into speaker 
assemblies) and in other industries in maintaining high assembly line speeds.

Acrylic structural adhesives fall broadly into two classes: free radically-curing and 
cyanoacrylate adhesives. The basic monomers used in the generation of the first 
type are usually combinations of methyl methacrylate, methacrylic acid, and cross-
linking agents such as ethylene glycol dimethacrylate. More exotic monomers such 
as tetrahydrofurfuryl methacrylate and iso-bornyl methacrylate can also be used. 
The cyanoacrylate adhesives are based upon a particular type of acrylic monomer 
that we discuss later. The key difference between free radically activated and cyano-
acrylate structural adhesives is how cure is effected. In both cases, the reaction 
mechanism is an addition polymerization, but the cyanoacrylate adhesives react 
by an anionic addition polymerization.

In one type of free radical initiated polymerization, acrylic structural adhesives 
rely upon a redox reaction to generate the free radical initiator necessary for the 
inception of the polymerization reaction. The oldest structural adhesive of this type 
is the anaerobic adhesive. Anaerobic acrylic adhesives are based upon an initiator 
with a long half-life and acrylic monomers whose polymerization is inhibited by 
the presence of oxygen. To produce such an adhesive, materials such as diacrylates 
and dimethacrylates of ethylene glycol were combined with cumene hydroperoxide 
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that generated a small concentration of free radicals. The polymerization, however, 
could be inhibited by a small amount of oxygen. The adhesive was stored in oxygen-
permeable bottles that provided an extended shelf life. If the adhesive is brought 
in contact with a surface that can reduce the peroxide and oxygen is excluded, the 
material polymerizes. An example of such a surface is steel that contains Fe+2. The 
initial use of this type of adhesive was in thread locking which involved iron bolts 
and the exclusion of oxygen by application of the nut. This application of anaerobic 
acrylic technology was responsible for the early success of the Loctite Company, 
which is now a leading producer of these types of adhesives.

Free radicals initiators could be produced in other ways besides surface-induced 
reduction of peroxide. The polymerization rate of the original anaerobic acrylic 
adhesive depended upon the type of metal used to form the bond. For example, 
Fe+2 initiated a rapid polymerization but with Cu+2 it was relatively slow. Substan-
tial advances were made in acrylic structural adhesive technology when it was 
found that certain organic species also acted as redox couples to cause reduction 
of peroxide. One of the redox couples was N,N-dimethyl-p-toluidine and saccharin. 
These materials, in the presence of cumyl hydroperoxide, initiated polymerization 
of acrylic monomer, although the presence of either of these materials alone did not. 
In one type of two-part adhesive developed based upon this redox couple, either the 
saccharin or the N,N-dimethyl-p-toluidine is dissolved in a solvent and this solution 
is applied as a primer to one of the adherends to be bonded. After the solvent has 
evaporated, the remaining adhesive mixture (monomers and the other half of the 
redox couple) is applied to the other adherend. Joining the adherends initiates the 
polymerization in the zone where the two parts of the adhesive meet. Another type 
of an adhesive using this technology is a two-part mix adhesive in which half of the 
redox couple is mixed in each part. When the two parts are combined, initiation 
and polymerization ensue.

Methacrylate adhesive systems can also be cured by ultraviolet or visible light. 
Two types of curing initiators are used. In one of these, materials such as benzo-
phenone or anthraquinone are used to act as hydrogen abstraction agents. When 
these chemicals absorb light, the excited state is likely to abstract a proton from a 
nearby hydrocarbon. The remaining hydrocarbon radical can then act as an initia-
tor for acrylic polymerization or, if another radical is close by, act to crosslink the 
resin. Other photosensitive free radical polymerization initiators include compounds 
such as 2,2′-dimethoxy-2-phenyl acetophenone. These materials tend to cleave in 
the presence of light, thus generating a free radical that can initiate polymerization. 
Unlike the photosensitive epoxies discussed above, these adhesives polymerize only 
while exposed to light. Thus, a transparent adherend or some method to get light 
into the bondline is necessary. It may be obvious, but the addition of fillers or other 
materials that scatter or absorb light must be avoided in formulating these systems. 
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Finally, as with all free-radically polymerizing systems, access of oxygen must be 
limited. Manufacturing operations that use light initiated free radical cures usually 
provide environments that are purged with an inert gas such as nitrogen.

Cyanoacrylate adhesives are unique in structural adhesive technology. The structure 
of the basic monomer is shown in Fig. 8.13. The double bond, due to its proxim-
ity to two strong electron-withdrawing groups (the nitrile and the ester group) is 
extremely sensitive to nucleophilic attack. In fact, this monomer, during its synthe-
sis from alkylcyanoacetate and formaldehyde in the presence of base, polymerizes 
immediately upon formation. The monomer is obtained by phosphorus pentoxide/
phosphine-induced depolymerization and distillation. The susceptibility of the 
double bond to nucleophilic attack provides a monomer whose polymerization can 
be initiated by species as weakly nucleophilic as water. Various bases can also be 
used to induce polymerization of cyanoacrylates but acids inhibit the process. The 
extreme reactivity of the monomer results in a fast cure. Cyanoacrylate monomers 
can contain ester groups from methyl, ethyl to isobutyl, and ethoxy ethyl, although 
the most commonly used monomers for adhesives are the first two. All of these 
monomers are clear, colorless, low viscosity liquids with pungent odors. Free radical 
stabilizers such as hydroquinone are added to improve storage stability as is sulfur 
dioxide, which reduces the possibility of ionic polymerization. One key factor not 
normally recognized regarding cyanoacrylate adhesives is that these materials, 
unless specially formulated, are thermoplastics after cure. This makes the cured 
cyanoacrylate susceptible to creep as well as attack by moisture. Despite these 
limitations, they have become quite popular commercially and many private label 
packagers of adhesives have made this product available to the consumer under 
trade names such as “Krazy Glue”1 and “Super Glue”2.

FIgure 8.13■Structure and anionic polymerization of cyanoacrylate

1 “Krazy Glue” is a trademark of the Krazy Glue Corporation
2 “Bullet Super Glue” is a trademark of Chemence Ltd.
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8.3.6■ High Temperature Performance Structural Adhesives

The adhesives described above are limited in their resistance to high temperatures. 
As already discussed, the thermoplastic nature of cyanoacrylate adhesives prevents 
them from resisting creep at high temperatures. The upper temperature limit for 
addition polymerized adhesives is normally the glass transition temperature of the 
cured monomer. For urethanes, at the upper temperature limit, usually between 120 
and 150 °C, the urethane reverts back to isocyanate and polyol. Epoxy structural 
adhesives usually exhibit a decrease in performance at about 30 °C above the cure 
temperature. Phenolics can resist temperatures substantially higher than the cure 
temperature as demonstrated by the ablative material used in the Mercury and 
Gemini space programs. The long term, upper temperature limit for most epoxies 
and phenolics is about 200 °C. However, there are uses for materials that exhibit 
resistance to long term exposure to temperatures in excess of 204 °C such as in 
internal combustion and turbine engines and adhesives for fuselage and other struc-
ture in high speed commercial airplanes. Many of the adhesives that we discuss 
shortly were developed to meet the needs of the SST (supersonic transport) program 
of the late 1960s. Some of the adhesives we discuss have also found utility in the 
electronics industry where resistance to processing steps such as “solder reflow” is 
a necessity. “Solder reflow” is the process wherein one exposes a partially attached 
electronic component to a high temperature medium in order to melt the solder and 
have it flow into an electrical connection. “Solder reflow” is, in itself, an adhesive 
bonding process in which the adhesive is the inorganic solder.

One key feature that characterizes high temperature performance adhesive materi-
als is their highly aromatic character (which provides oxidative resistance) and the 
plethora of bonds formed upon polymerization. In many cases, the polymer chain 
cannot be severed unless two or more chemical bonds are broken.

The polymer type most examined for high temperature applications is based upon 
polyimide. The general polyimide reaction is shown in Fig. 8.14. The diamines are 
aromatic and can range from methylene dianiline to diaminodiphenylether. The 
anhydrides can range from nadic anhydride to benzophenone tetracarboxylic acid 
dianhydride to 4,4′-hexafluoropropylidene-bis-(phthalic acid). Various structures 
of polyimide components have been studied to improve the performance of these 
structural adhesives. The key feature in polyimide polymerization is that each step 
involves the elimination of water. Both high temperature and high pressure are 
involved in each stage of cure to force the water out of the bond when the adherends 
are non-porous. Polyimide cure temperatures are usually above 220 °C. Polyimides 
are inherently thermoplastic and creep under high loads at high temperatures.

Various schemes have been proposed for crosslinking polyimides. When nadic 
anhydride is used, crosslinking takes place by means of the nadic functionality. 
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m-Amino benzoacetylene can also be used to end-cap a polyimide; at high tempera-
tures the acetylenes condense to form an aromatic structure.

One adhesive that has a cure simpler than that of polyimides but yields a high 
temperature resistant material is based upon bis-maleimide. The structure of a bis-
maleimide is shown in Fig. 8.15. Bis-maleimides cure by a number of mechanisms, 
(see Fig. 8.15) including Michael addition to the maleimide double bond, and the 
Diels-Alder reaction with allyl phenol. In both cases, the cure temperature is more 
than 200 °C. Water is not eliminated during the cure. Therefore, there is less need 
for the application of pressure to the bond than in the case of polyimides or resole 
phenolics.

Cyanate esters form by the reaction of an aromatic phenol with cyanogen bromide 
or chloride, resulting in a structure such as that shown in Fig. 8.16. Cyanate esters 
react with one another under the catalytic influence of a metal salt. The metal 
complexes with the cyanate ester groups and, at high enough temperature, the 
cyanates condense to form a triazine ring as shown in Fig. 8.16. Cyanate ester based 
adhesives exhibit high glass transition temperature as well as high temperature 
performance.

Dianhydride Diamine

Amide acid

FIgure 8.14■Reactions for formation of a polyimide
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Diels Alder Type

“Bis Maleimide” Michael Addition Type

Etc.

FIgure 8.15■Structure and two possible curing reactions for bis-maleimides

“Cyanate Ester”

Metal Salt

FIgure 8.16■Structure of 
cyanate esters and a proposed 
mechanism for cure via trimer-
ization to form a triazine rin
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■■ 8.4■ Formulation of Structural Adhesives 
for Optimum Performance

All of the resins described above have a distinct disadvantage if they are used in the 
unformulated state or in simple formulations of structural adhesives, namely that 
unformulated resins are brittle and cannot sustain high loads because they cannot 
resist cleavage forces. Recall the energy absorption discussion of an earlier chapter. 
Remember that an important criterion for bond design and adhesive performance 
is that the adhesive be able to absorb a substantial amount of mechanical energy 
before it fails. In addition, recall that the weakest mode of adhesive bond strength 
is Mode I, or cleavage. Both of these facts lead to the conclusion that the resins used 
to generate structural adhesives must be formulated so they absorb mechanical 
energy and resist cleavage forces.

Refer to Chapter 2 and Section 5.2.2 and examine the discussion on strain energy 
density. A polymeric material can absorb a fair amount of energy if it is elastomeric 
in character. That is, high extension results in a fair amount of energy absorption 
before the adhesive breaks. However, elastomeric materials usually have a low 
modulus and cannot support a heavy load. A polymeric material can have a high 
modulus but be rather brittle. These polymers are stiff and can be counted upon to 
support a relatively high load (as one would wish for a structural adhesive), but do 
not absorb energy well, since their extension causes failure, i.e., the ultimate strain 
energy density is too low. If we have a tough or leathery material, the modulus can 
be relatively high and we can have a high extension to failure, indicating a high, 
ultimate strain energy density. The goal of the formulator is to generate an adhesive 
with the highest possible strain energy density commensurate with the stiffness 
(modulus) required for the design of the adhesive joint. The next few sections 
describe how this has been achieved for a number of structural adhesive types.

8.4.1■ Formulation of Phenolic resins

The formulation of adhesives to resist bond cleavage forces began with phenolic 
resin adhesives in the 1940s. Nicholas DeBruyne described the use of polyvinyl 
acetal resins in the modification of phenolic adhesives [4]. The patents describe an 
interesting methodology in which resole phenolic was applied to metal adherends 
from solution by rolling or brushing. Polyvinyl butyral, in powder form, was then 
shaken onto the resin-coated surface. The bond was closed and then subjected to 
temperatures greater than 170 °C and pressures greater than 1.4 MPa (200 psi) 
in order to effect the bond. These were the first structural adhesives formulated 
for resistance to cleavage forces. The adhesive bonds, when made with aerospace 
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aluminum, sustained loads at room temperature in excess of 20.7 MPa (3,000 psi) 
and exhibited T-peel strengths (once again on aluminum adherends) in excess of 
3.5 kN/m (20 piw). By comparison, unmodified resole phenolics exhibit lap shear 
strengths less than 13.8 MPa (2,000 psi) and T-peel strengths of about 0.9 kN/m 
(5 piw). These acetal and formal modified phenolic adhesives, known as the “Redux” 
adhesives, were extremely successful and formed the basis for a division of the 
Ciba-Geigy Company. Redux adhesives were used to generate aircraft structures 
near the end of World War II and continue to be used today, although they have lost 
market share to epoxy resin-based adhesives. Bonds made with Redux adhesives 
were extremely stable. In one case, the author examined a fuselage that flew over 
the North Atlantic ocean for over 30 years and it showed little evidence of bondline 
corrosion or disbondment.

Despite their excellent durability, Redux adhesives did have several drawbacks, 
including the odd application conditions and the need for high pressures to effect 
a bond. Currently, a Redux product is available as a structural film adhesive with 
the polyvinyl acetal dispersed in a phenolic resin. These drawbacks led to the next 
step in adhesive development: formulation of adhesives based upon novolac phenolic 
resins. Even though novolac phenolic resins modified by the addition of hexa do not 
liberate volatiles as do resole phenolic resins, applications are limited because of 
brittleness. This led formulators at 3M Company and other firms to develop novolac 
phenolic resin-based adhesives modified with butadiene-nitrile elastomers. The 
elastomers were added to novolac phenolic resins in solution and then coated on a 
release liner to generate the first “structural film adhesives”. A typical formulation 
for one of these “nitrile-phenolic film adhesives” is shown in Table 8.2.

The sulfur and Captax are added as a vulcanizing system for the nitrile-butadiene 
elastomer. Nitrile phenolic film adhesives have an advantage over the Redux system 
in that cure can be effected at relatively low pressures 0.3–0.7 MPa (50–100 psi). 

TABle 8.2■ Formulation of a Nitrile-Butadiene Rubber Modified Phenolic Structural Adhesive [5]

Component Parts per hundred Function
Hycar 1001 46 Nitrile/butadiene elastomer
Carbon black 24 Filler/reinforcement
Stearic acid   0.5
Zinc oxide   2.4 Vulcanizing aid
Agerite resin D   0.5
Butyl 8   3.4
Bakelite 18773 11 Phenolic resin
Durez 7031A 11 Phenolic resin
Captax   0.5 Vulcanizing accelerator
Sulfur   0.7 Vulcanizing agent
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The cure temperatures are approximately the same as that for Redux. The bond 
strengths attainable using these adhesives on aerospace aluminum alloys are in 
the range of 27.6 MPa (4,000 psi) with T-peel strengths in excess of 5.3 kN/m 
(30 piw), depending upon the ratio of rubber to phenolic resin. Figure 8.17 shows 
the relationship between high temperature lap shear strength, peel strength, and 
elastomer to phenolic ratio for a particular set of nitrile-phenolic film adhesives. 
As the elastomer/phenolic ratio increases, the high temperature lap shear strength 
decreases and the T-peel strength decreases. This phenomena indicates an adhe-
sive with elastomer and phenolic resin in solution. The elastomer has acted as a 
“flexibilizer” for the brittle phenolic resin.

Nitrile-phenolic film adhesives are truly unique materials. They are used extensively 
in applications ranging from adhesive bonding of automotive brake linings, which 
takes advantage of their temperature resistance, to adhesive bonding of automotive 
clutch surfaces for lubricating fluid resistance, to aerospace fuselage bonding for 
fatigue resistance and vibration damping. This wide range is surprising because of 
the dynamic mechanical spectra observed for cured nitrile-phenolic film adhesives. 
Figure 8.14 shows an example of such a curve, with log E′ and tan  as functions of 
temperature. A fixed frequency of 1 s–1 was used. The glass transition temperature 
for this cured adhesive falls below room temperature, indicating that cured nitrile-
phenolic film adhesives are actually elastomers at essentially all temperatures of 
use. There are two other features to note. The first of these is the flatness of the 
“plateau” portion of the curve out to temperatures in excess of 200 °C, indicating 
that the adhesive is cured and does not flow. These data also indicate why these 
adhesives are used for brake linings and similar applications. The second feature 
of note is the high value of tan  near the glass transition temperature. This indi-
cates that the adhesive is energy absorbing and can be used for vibration damping 
purposes at temperatures near the glass transition temperature.

Rubber to phenolic ratioHi
gh

 te
m

pe
ra

tu
re

 s
he

ar
s 

st
re

ng
th

Pe
el

 s
tre

ng
th

FIgure 8.17■ Diagram showing the effect on adhesive bond performance of a nitrile-phenolic 
adhesive as a function of the rubber to resin ratio
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FIgure 8.18■ Plot of the storage modulus and loss tangent of a cured nitrile-phenolic structural 
film adhesive. Note the extent of the plateau region of the storage modulus

8.4.2■ epoxy resins

The thought behind the adhesive formulations described above is that the proper-
ties of a brittle resin can be modified with an elastomer to yield a more energy 
absorbing material. This thinking is best exemplified in the formulation of epoxy 
resin adhesives. Phenolic resin adhesives have been used with great success in the 
generation of durable structures. However, the cure conditions for many phenolic 
adhesives require temperatures too high for some substrates and pressures high 
enough to crush or deform other adherends. Epoxy resins do not require high pres-
sures for cure although some may require high cure temperatures. Therefore, epoxy 
resin-based adhesives could be used in some of the applications that phenolic resin-
based adhesives could not. Formulators of epoxy-based adhesives faced the same 
problems encountered by formulators of phenolic adhesives: cured epoxy resins 
are inherently brittle, inextensible materials. Formulators of epoxy resin adhesives 
were able to use two mechanisms to obtain energy absorption: flexibilization and 
toughening by phase separation. We discuss the differences between these two 
methods as well as formulations of adhesives produced by them.

When an epoxy adhesive is “flexibilized”, the elastomer is soluble in the resin before 
and after cure. Such a situation was described above for phenolic resins. The cured, 
formulated, flexibilized adhesive has a single glass transition temperature lower 
than that obtained with the unmodified epoxy resin. Elastomer modification reduces 
the modulus of the adhesive so that some lap shear properties, especially those 
measured at elevated temperatures, decrease from those for the unmodified cured 
epoxy resin. The resulting adhesive is also more flexible, has higher extensibility, 
and thus, is better able to absorb energy as the adhesive bond is loaded.
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The second method of obtaining an epoxy adhesive capable of absorbing energy 
is toughening by phase separation. In this method, an elastomer is chosen that is 
soluble in the uncured epoxy resin but insoluble in the cured epoxy resin. Such 
an elastomer phase separates from the epoxy resin as it cures. If the elastomer is 
chosen properly, the elastomer phase exists as discrete balls of elastomer uniformly 
dispersed in the cured epoxy resin (which we now call a “matrix” resin). The epoxy 
resin becomes opaque as the cure progresses.

For the elastomer phase to be effective as a toughening agent, the particle size of 
the balls must be about 0.2–2 microns in diameter, thus scattering visible light. In 
general, flexibilized adhesives remain clear unless otherwise modified by fillers 
or other additives. Cured, toughened epoxy resins also exhibit two glass transition 
temperatures, one for the cured epoxy matrix and another for the phase-separated 
elastomer. The glass transition temperature of the epoxy resin matrix is lowered 
in proportion to the amount of elastomer dissolved in the matrix. In comparison to 
flexibilized adhesives, toughened epoxy adhesives exhibit only a moderate increase 
in extensibility. Flexibilized adhesives can exhibit ultimate extensions in excess of 
10% (up to 50%), toughened epoxy adhesives usually only extend up to about 10%, 
although this depends upon the temperature of the measurement. The approximate 
numbers provided here are based on room temperature measurements. Toughen-
ing results in a matrix resin that is essentially unchanged, but now able to absorb 
energy and to blunt cracks that may form. The mechanism of crack blunting is 
discussed in further detail shortly.

Flexibilized adhesives are obtained by using elastomers soluble in the matrix before 
and after cure. Thus, it is necessary to use elastomers with solubility parameters 
close to those of epoxy resins. This criterion is met by acrylonitrile-butadiene random 
copolymers of high molecular weight and with acrylonitrile contents in excess of 
25%. A typical formulation for a heat curing epoxy resin-based adhesive formulated 
for flexibilization is in Table 8.3. Aluminum adherends, when joined with this type 
of adhesive, can be expected to provide room temperature lap shear strengths in 
excess of 31 MPa (4,500 psi) and T-peel strengths in excess of 7 kN/m (40 piw).

TABle 8.3■ Typical Formulation of a Flexibilized Epoxy Structural Adhesive [6]

Component Approximate 
amount (pph)

Function

DGEBPA 47 Base epoxy resin

DGEBPA-based resins 19.8 Molecular weight control

Dicyandiamide   4.7 Curing agent

3-(p-chlorophenyl)-1,1-dimethylurea   2.3 Curing accelerator

Hycar Rubber 18.3 Butadiene-nitrile rubber flexibilizer
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The above formula describes the use of a curative, 3-(p-chlorophenyl)-1,1-dimethyl-
urea used in conjunction with dicyandiamide, which was described earlier, is widely 
used as a latent catalyst for epoxy resin cures. Its latency is due to its insolubility 
in epoxy resins at room temperature and below. Dicy cures the epoxy resin when it 
dissolves at temperatures in excess of 150 °C. 3-(p-chlorophenyl)-1,1-dimethylurea 
is also a latent source of isocyanate, and it reduces the temperature at which dicy 
cures epoxy resins. The cure temperature can be lowered to about 121 °C if the cure 
time is about one hour. The mechanism of action was investigated by Laliberte and 
Bornstein [7], and it involves the formation of an oxazolidone intermediate between 
an epoxy resin and 3-(p-chlorophenyl)-1,1-dimethylurea which liberates dimethyl 
amine. The dimethyl amine, at these temperatures, also acts as a polymerization 
catalyst. However, according to these researchers, its primary purpose is to solubilize 
the dicyandiamide so that it can effect cure.

Similar formulas form the basis for toughened epoxy resin systems. The major dif-
ference from the above formulas is the use of acrylonitrile/butadiene elastomers 
that meet specific criteria. These criteria were originally enumerated by McGarry 
and co-workers [8]:

 � The elastomer must contain about 18% acrylonitrile.
 � The elastomer must be telechelic and the end groups must be reactive with epoxy 
groups.

 � The elastomer must form a second, separate phase during the cure of the epoxy 
resin.

 � The second phase must form particles large enough to scatter light.

These criteria were well met by a group of materials manufactured by B. F. Goodrich, 
Inc., known as RLPs (Reactive Liquid Polymers). The RLPs are random copolymers 
of acrylonitrile and butadiene of relatively low molecular weight, with end groups 
ranging from carboxyl to amine to vinyl. The carboxyl and amine terminated 
materials have been used to modify epoxies with the resulting adhesive exhibit-
ing improved crack resistance while most, if not all, of the properties of the epoxy 
resin are retained.

RLP’s have been researched extensively both industrially as well as academically. 
Much of the research has dealt with the mechanism of formation of the second 
phase, crack blunting, and how the chemistry of the elastomer particle controls 
that phenomenon. It is important to understand how RLP’s toughen epoxies as this 
phenomenon is the basis for the highest performance structural adhesive technol-
ogy available today.

In general, RLPs must be pre-reacted with the epoxy resin for the toughening effect 
to take place. For CTBN-RLPs (Carboxy-Terminated Reactive Liquid Polymers), the 
reaction is carried out at high temperature and usually in the presence of catalyst, 
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which can be a material such as tris-dimethylamino phenol or piperidine. In general, 
a chain extender such as bis-phenol-A is also added. To understand the reason for the 
addition of chain extenders, the stress field at a crack tip must be examined. Look 
at the equations for the stress at a crack tip described by Irwin [9]. The equation 
describing the stress state near a crack tip is known as the biharmonic equation, a 
fourth order differential equation. Applying the proper boundary conditions, it can 
be solved to yield the following relationships between the strains (in cylindrical polar 
coordinates) and the distance from the crack tip, r. The relationships are as follows:
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For this discussion, it is not necessary to consider the trigonometric functions. 
Rather, assume that the crack is formed under plane stress conditions. In plane 
stress, we find that the following situation exists:
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The quantity KI is a constant resulting from the solution of the biharmonic equa-
tion, known as the stress intensity factor. The stress intensity factor has the same 
meaning as the accumulation of “force lines” that we discussed in Sections 1.1 and 
6.6. That is, it is a measure of how much of the stress applied to the sample ends 
up accumulating at the tip of the crack. The stress intensity factor is related to the 
strain energy release rate.

We now come to a critical point in understanding this situation. If i > y where y 
is the yield strength of the polymer matrix, then we know that the polymer yields. 
From stress-strain curves, we assume that once the yield strength has been attained, 
the stress does not continue to increase for a substantial amount of extension. Thus, 
we can say that for a certain volume of material, the radius of which is ry, near to 
the crack tip, has yielded. We define the radius of the volume of material around 
the crack tip that has yielded as being:
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This simple equation has one specific thing to say. The value of ry is dependent upon 
the reciprocal of 2

y . That is, the radius of the yielded zone is proportional to the 
square of the stress intensity factor and it is inversely proportional to the square 
of the yield strength of the matrix. Hence, for us to have a volume of large radius 
of yielded material near the crack tip, we must have a low enough y. The radius in 
the equation above should not be associated with a two-dimensional situation. It is a 
radius in cylindrical coordinates and maps out a volume. The bigger the radius, the 
bigger is the volume of yielded material. The bigger the volume of yielded material, 
the more crack energy that has been absorbed. Therefore, chain extension is done 
to lower the yield strength to such a point that energy is absorbed in the matrix by 
yielding. A material with a high yield point has a difficult time in providing a large 
ry and in absorbing the energy in the crack.

The “plastic zone”, as the region mapped out by ry is called, is not just a mathemati-
cal construction. It can be observed as a whitening around the crack tip, as demon-
strated by Hunston [10]. The ramifications of the yielded or “plastic” zone on other 
properties of an adhesive bond are now examined. It is well known that structural 
adhesive bonds have a maximum in their strength dependent upon bond line thick-
ness. This phenomenon can be explained by an examination of the effect of the 
plastic zone. For any particle-resin system, the yield strength and the radius of the 
plastic zone are defined. What would happen if the radius of the plastic zone were 
confined to a smaller value due to the proximity of the adherends? Examine Fig. 8.19. 
In part (a) of this figure, the plastic zone is confined too greatly between the adher-
ends and the actual volume of the zone is decreased because of that confinement. 

(a)

Plastic zone overly 
constrained by adherends

Plastic zone optimally
constrained by adherends

(b)

Plastic zone not at all
constrained by adherends

(c)
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FIgure 8.19■Diagram showing the relationship between fracture toughness and the extent 
of constraint of the plastic zone by the adherends. The designations in the figures on the left 
correspond to the sections of the curve on the right (redrawn from [11c])
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This has the effect of lowering the fracture resistance of the joint. In Fig. 8.19(c), 
the plastic zone is not confined at all. The resistance to fracture is that of the bulk 
material. If, however, the thickness is in a range in which the constraint of the 
adherends extends the volume of the plastic zone beyond the crack tip, a maximi-
zation of fracture resistance results. This situation is shown in Fig. 8.19(b). This 
phenomenon is observed both in fracture mechanics specimens as well as in lap 
shear specimens. Figure 8.19 also shows a plot of the observed dependence of 
fracture toughness on the thickness of the adhesive. This phenomenon was first 
observed by Bascom and co-workers [11a, 11b] and was explained in this manner 
by Kinloch and Shaw [11c].

The main difference between an unmodified epoxy system and one with a phase-
separated elastomer is that in the latter, a second, weaker phase is distributed 
through the cured epoxy matrix. A discontinuity in the properties of a material 
results in a stress concentration at the boundary of a discontinuity. The same is 
true of toughened epoxy matrices. Thus, when a crack is propagating through a 
toughened epoxy, the energy propagating the crack sets up a stress field in the 
region ahead of the crack. If that region contains a particle, the boundary of the 
particle and the matrix is a discontinuity, resulting in a stress concentration. This 
stress concentration yields the matrix, causing plastic deformation.

It is suspected that the viscoelastic properties of the matrix, as they are reflected by 
the yield stress, have an effect on the resulting resistance to fracture. This is found 
to be true in that the fracture properties of a modified, as well as an unmodified, 
epoxy resin can be modeled by examination of the effect of temperature and rate 
on the yield stress of those systems [12]. It has been found that both modified and 
unmodified epoxy resins have much the same features in their fracture resistance 
behavior as a function of temperature. The difference is that the modified epoxy has 
much larger resistance to fracture. It is also interesting to note that as temperature is 
decreased and the glass temperature of the rubber has been passed, the properties 
of the elastomer become similar to those of the epoxy and the fracture resistance of 
the modified and unmodified epoxy resins become very similar to one another. The 
fracture resistance of modified and unmodified epoxy resins have been modeled 
by a modified Dugdale fracture mechanism as well as by application of the Eyring 
rate equation [12b].

A typical formula for a toughened epoxy resin adhesive and a comparable, non-
toughened counterpart are shown in Table 8.4. An examination of the formulae 
shows several interesting features. First, the CTBN-RLP has been pre-reacted with the 
epoxy resin. If the criteria for toughening epoxy resins are examined, it is noted that 
McGarry indicated that the phase-separated particle should be “well-bonded” to the 
matrix. The presence of this pre-reacted CTBN-RLP is a manifestation of this need. 
Second, dicyandiamide and melamine are used in the formula. The dicyandiamide 
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is the primary latent, curing agent (as described above) while the melamine is a 
co-curative, probably acting to reduce the high cure temperature required by di cyan-
diamide. Third, the lap shear strength increases as does the peel strength. These 
increases can easily be misunderstood as an improvement in the shear strength of 
the resin. Examination of the Goland-Reissner analysis reminds us that lap shear 
specimens have a substantial component of normal (peel) forces. The toughened 
adhesive has been formulated to be resistive to peel forces, which results in a bond 
with a higher load to failure, even though the shear strength of the adhesive is, at 
best, the same as that of the unmodified material. This final point is of particular 
importance to the engineer designing adhesive bonds. Use of ASTM D1002 lap shear 
specimens can give a false reading of the actual shear performance of an adhesive, 
as discussed in detail in Chapter 3.

A similar situation is noted when examining the formulation of room temperature-
curing, two-part epoxy adhesives. The physical properties of such adhesives are 
dependent upon the mix ratio (stoichiometry) used in the adhesives as well as the 
crosslink densities as determined by the molecular distance between amine groups 
in the crosslinking agent. This is important to consider for room temperature-curing 
epoxies, since these systems are limited in the amount of chemistry included to 
reduce the yield stress of the cured resin. In the earlier discussion, the dependence 
of the toughening effect on the yield strength of the matrix was emphasized. The 
dependence of the toughening effect in room temperature curing epoxies on the 
choice of curing agent can then be appreciated. In addition, it is doubly important 
that the rubber particle be firmly attached to the matrix. Work by N. C. Paul, et 
al. [14] has shown that for room temperature curing epoxies, the elastomer must 
be pre-reacted with the epoxy resin to achieve the desired performance. In addi-
tion, a polyether diamine was chosen as the curative in these studies, to provide 
the appropriate crosslink density for toughening. Work in the author’s laboratory 

TABle 8.4■ Comparison of Formulary of Modified and Unmodified Epoxy Adhesives and their 
Physical Properties [13]

Component or Test Results Unmodified adhesive
(parts)

Modified adhesive
(parts)

DGEBA resin 100 100

DGEBA/CTBN 1300X13 Adduct (40% Elastomer)     0   25

Alumina filler   40   40

Silica filler     5     5

Dicyandiamide     6     6

Melamine     2     2

Room temperature lap shear strength, MPa (psi)   18.5 (2680)   20.5 (2970)

Room temperature T-Peel strength, kN/m (piw)     1.1 (6.3)     5.5 (31)
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examined the effect of crosslink density in a homologous series of crosslinking 
agents in which the only variation was the number of polyether units [15]. In this 
case, it was shown that the optimum distance between amine groups was two ether 
linkages. It is interesting to examine the dependence of shear strength on the 
amount of elastomer used in a room temperature curing toughened adhesive. Paul 
and co-workers provided the results shown in Fig. 8.20. The lap shear strength of 
adhesive bonds made with increasing elastomer content seems to rise, and then go 
through a maximum. Beyond the maximum, the lap shear strength is still higher 
than that for the unmodified adhesive. This is a further demonstration of the 
Goland-Reissner effect. Addition of the elastomer to the adhesive probably reduces 
the shear strength of the adhesive. However, the resistance to cleavage makes the 
lap shear strength appear to increase. These effects can be detected and accounted 
for by using specimens with longer laps or thicker adherends.

8.4.3■ Acrylics

Various types of monomers have been used to generate both anaerobic as well 
as other types of acrylic structural adhesives. Although methacrylate esters are 
used widely in these adhesives, other monomers have also been used. A primary 
problem with methacrylic esters is their pungent and, for some people, objection-
able, odor. Much effort has been put into the generation of monomers with less 
objectionable odors but with similar performance. Monomers used are the reaction 
products of hydroxyethylmethacrylate and anhydrides, polyurethane methacrylates 
(as described below), iso-bornyl methacrylate, tetrahydrofurfuryl methacrylate, as 
well as cyclohexyl and dicyclopentyl methacrylate. In general, methacrylate, rather 
than acrylate, functionality is used due to the somewhat slower speed of cure and 
higher stiffness.
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FIgure 8.20■ Plot of lap shear strength for epoxy adhesives formulated with varying 
percentages of CTBN pre-reacted with DGEBPA (redrawn from [14])
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Initiator and redox systems are the basis for this type of adhesive. Some of the ini-
tiator materials have been described earlier. Many peroxides can be used for this 
application, although it is important that they be room temperature stable in the 
absence of the redox couple. tert-Butyl peroxide and potassium persulfate could be 
used for this application. The saccharin/aromatic amine couple as well as others 
like it has been described as capable of initiating acrylic polymerization.

A key problem with acrylic structural adhesives is that the monomers normally 
have very low viscosity. Methyl methacrylate has a viscosity similar to that of 
water. An adhesive based upon this material alone would run out of the adhesive 
bond during its application. Various materials have been added to acrylics as flow 
control agents. Perhaps the simplest technique is to use higher molecular weight 
polymeric acrylates and methacrylates, although materials such as hydrophobic 
fumed silica can also play a role.

Unmodified acrylics have a high modulus and are brittle. In much the same way that 
the toughened epoxy adhesive evolved, acrylic adhesives were first flexibilized and 
then toughened. Anaerobic acrylics were first modified by urethane elastomers end 
capped with acrylic functionality [16]. These materials, when incorporated into the 
acrylic matrix, resulted in an increase in fracture resistance as well as a decrease 
in matrix Tg. A major improvement occurred with the development of toughened 
structural acrylics done by the addition of chlorosulphonated polyethylene to the 
acrylic mixture. Table 8.5 shows several features that characterize modern structural 
acrylics. The adhesive contains both methyl methacrylate monomer as well as meth-
acrylic acid. Although not specifically proven, it is suspected that the methacrylic 
acid acts to enhance the adhesion and the methyl methacrylate homopolymerizes 
and thus, reduces the yield stress of the material. This formulation should be com-
pared with the early anaerobic adhesives in which most of the adhesive mix was 
made from crosslinking monomers such as ethylene glycol dimethacrylate. Some of 
the components of the anaerobics still are in this formula, e.g., the cumene hydro-
peroxide and the aniline derivative. This adhesive performed excellently with lap 
shear strength on aluminum in excess of 17.2 MPa (2,500 psi) and T-peel values 
in excess of 6.1 kN/m (35 piw).

TABle 8.5■ Formula for a Toughened Acrylic Structural Adhesive [17]

Component Amount Function
Chlorosulphonated polyethylene 100 g Toughening agent

Methyl methacrylate   85 g Primary monomer

Glacial methacrylic acid   15 g Adhesion enhancer

Ethylene glycol dimethacrylate     2 g Crosslinking agent

Cumene hydroperoxide     6.06 g Free radical polymerization initiator

N,N-dimethylaniline     2.02 g Reducing agent
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TABle 8.6■ Formulation of a Cyanoacrylate Adhesive [19]

Component Amount (pph) Function

Ethyl cyanoacrylate 91 Resin former

Poly (methyl methacrylate)   4 Thickener, flow control

Dimethyl sebacate   5 Flexibilizer

p-Methoxyphenol   0.1 Free radical inhibitor

Sulfur dioxide   0.005 Anionic polymerization inhibitor

Investigation of the properties of this adhesive by Charnock and Martin [18] dem-
onstrated that the cured adhesive had a phase separated character. In addition, 
plots of shear performance versus elastomer content were similar to those shown 
in Fig. 8.20 in which a maximum is observed. The explanation for the maximum is 
the same as that described earlier.

A typical formulation for a cyanoacrylate adhesive is shown in Table 8.6. The methyl 
and ethyl cyanoacrylates are probably the most widely used monomers. Thicken-
ers are typically higher molecular weight acrylates or methacrylates soluble in the 
cyanoacrylate monomer. Hydrophobic fumed silica can also be used to generate gels. 
The most important stabilizer for a cyanoacrylate is sulfur dioxide that stabilizes 
against anionic polymerization. The primary benefit from the use of cyanoacrylates 
adhesives is the rapidity of cure on a number of substrates. Adhesives based on 
unmodified cyanoacrylates have several drawbacks, one of which is sensitivity to 
substrate acidity. In general, using primers to make the substrate basic can mitigate 
the sensitivity. Cyanoacrylates also have difficulty in bonding with porous or cellu-
losic substrates. This problem can be ameliorated by the addition of materials such 
as crown ethers [20]. Another major problem is the fact that the adhesive is still a 
thermoplastic after cure and is, therefore, subject to creep at higher temperatures. 
This problem has been addressed by the addition of either crosslinking agents, 
heat resistance modifying monomers, or both. Crosslinking monomers such as 
bis-cyanoacrylates or alkenyl cyanoacrylates can be used to generate some amount 
of crosslinking in the adhesive.

As with all of the resin systems described, the cyanoacrylates suffer from brittle-
ness. Modification of cyanoacrylates is less straightforward than that for the epoxies 
and acrylics because of their extreme reactivity. Thus, many of the materials that 
might normally be considered as toughening agents for acrylates do not work for 
cyanoacrylates since they initiate polymerization. Materials used for toughening 
cyanoacrylates include copolymers such as ABS (acrylonitrile-butadiene-styrene) 
rubber [21a], ethylene-methyl acrylate copolymers [21b], SBR grafted with styrene 
and methyl methacrylate [21c], as well as other copolymeric and grafted species. 
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Many of the formulations are described as “milky and white”, implying that the 
toughening agent forms a phase separate from the cyanoacrylate. In general, the con-
centration of the toughening agent was 15–20%, very close to that required for other 
systems such as the epoxides or normal acrylates. Plasticizers have also been used 
to impart some level of flexibility to the matrix. Materials such as aliphatic esters, 
aromatic phosphates, and phthalates as well as other materials have been used to 
flexibilize cyanoacrylates [22]. Typical properties for an unmodified cyanoacrylate 
structural adhesive with aluminum adherends in an ASTM D-1002 lap shear are in 
the range of 17.2 MPa (2,500 psi). Peel performance is essentially nil as is impact 
resistance. Lap shears can be improved by 10–30% by rubber modification and peel 
resistance and impact resistance can be much improved by the same technique.

8.4.4■ High Temperature Performance Structural Adhesives

Although the chemistry of high-temperature performance structural adhesives is 
perhaps the most researched of the systems described, the use in industry of these 
materials has been relatively limited. Therefore only some of the salient features of 
the chemistry and the resultant properties of these materials are discussed.

Adhesives based upon polyimides have occupied much of the interest or researchers 
and synthetic chemists in this area. Subrahmanian [23] has described the require-
ments for a high temperature performance polymer as:

1. Only the strongest chemical bonds should exist in these polymers. Aromatic 
units are preferred; alkyl and alkylene units are to be avoided.

2. The structure is in its minimum energy state with no pathway for thermal 
re arrange ment.

3. Resonance stabilization (highly aromatic) structures should be maximized.

4. The structure should have chemical bonds in their most stable configuration so 
that if bonds are broken thermally, they can easily re-form.

5. Ladder polymers (as described earlier) with multiple bonds in the backbone 
should be maximized so that single bond cleavage would not result in loss of 
molecular weight.

To these requirements, add the following:

6. The polymer should be processable at as low a temperature as possible.

7. The polymer should have a yield stress low enough so the polymer can itself 
absorb fracture energy or such that the polymer can be toughened.

The last two requirements are contrary to most of the first five and the technology 
necessary to balance them continues to be unavailable.



254 8 The Chemistry and Physical Properties of Structural Adhesives

In polyimide-based structural adhesives, two major development paths have 
been followed. The first has been to generate anhydrides or diamines that impart 
some level of flexibility in the backbone while still maintaining oxidative stabil-
ity. This has been accomplished to some degree with the use of monomers such 
as bis(3,4-dicarboxy phenyl ether dianhydride) or 1,3-bis(3,4-dicarboxyphenyl)
hexafluoropropane dianhydride as well as 4,4′-diamino diphenyl ether. Much of 
the work to generate these materials has taken place at NASA and at the Air Force 
Materials Laboratories and their literature can be consulted for structure property 
relationships [24].

Problems associated with the use of polyimides have been volatiles generated 
during cure and the necessity to crosslink the adhesive to maintain solvent and 
creep resistance. Workers at NASA-Langley [25] have synthesized thermoplastic, 
crystallizable polyimides which are melt processable with no volatiles. When they 
crystallize, these materials have solvent and creep resistance in much the same 
manner as that obtained with polyether ether ketones (PEEK).

Other temperature resistant materials have been evaluated as high temperature 
adhesives including polyphenylquinoxaline which is the polymerization product of 
3,3′-diaminobenzidine and p,p′-oxydibenzil. This material is of particular interest in 
that very high lap shear performance is obtained even at temperatures as high as 
232 °C. On chromic acid anodized titanium, the polyphenylquinoxalines gave room 
temperature lap shear strengths of more than 34.5 MPa (5,000 psi) and 232 °C lap 
shear strengths of 19.3 MPa (2,800 psi). The remarkable thing about these materi-
als as well as polyimides is that they retain a substantial portion of their lap shear 
strength at high temperature even after the bond is exposed to temperatures as 
high as 232 °C for thousands of hours.

As with all of the previous structural adhesives, attempts have been made to toughen 
the high-temperature performance structural adhesives with elastomers. Attempts 
were made to toughen a polyimide known as LARC-13 with various elastomers, 
including silicones, as well as the HYCAR-RLP’s [26]. Even though a phase separated 
structure was obtained, very little increase in toughness was observed, undoubt-
edly due to the lack of ductility in the polyimide matrix. An attempt has been made 
to toughen bis-maleimides with HYCAR-RLPs. Toughness could be obtained, but 
only after quantities of RLP were added that were large enough to result in poor 
modulus retention.
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■■ 8.5■ Summary

In this chapter, the types of structural adhesives currently in industrial use have 
been reviewed. The description of these adhesives has been in terms of their chem-
istry, their physical form before cure, and their cured physical properties. In general 
terms, acrylic adhesives are the easiest to use but are hampered by either their 
thermoplastic character or odor. Phenolic adhesives provide durable bonds, but are 
difficult to use. Polyimide adhesives have the highest temperature resistance but are 
extremely difficult to use. Epoxy adhesives have the broadest range of chemistry and 
utility. All of the materials used as matrix resins are brittle and must be modified to 
obtain optimum structural character. The modification usually takes the form of addi-
tion of elastomeric material. The mechanism of action of these elastomers requires 
that the matrix have the correct ductility to allow energy absorption to take place.
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■■ Problems and review Questions 

1. While formulating an epoxy adhesive based upon DGEBPA, you find that the 
viscosity of the adhesive is too high for the application method you wish to 
use. Describe one or more methods by which you can lower the viscosity of 
the adhesive without a significant effect on its physical properties.

2. Examination of the structure of dicyandiamide shows four amine nitrogens. 
Why is it reasonable to use 20% less dicyandamide than the structure would 
suggest when trying to get a stoichiometric cure of DGEBPA?

3. Match the structure of the curing agent (or catalyst) with the structure of the 
resin with which it will react.
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4. How can the following material be used to generate an epoxy adhesive that is 
useful in the electronics industry?



258 8 The Chemistry and Physical Properties of Structural Adhesives

5. Which of the following structural adhesive chemistries must be processed 
with care when using non-porous adherends? Why?

 Epoxy
 Polyurethane
 Phenolic
 Acrylic
 Polyimide
 Poly(phenyl quinoxaline)

6. If the Tg,resin of an epoxy adhesive is –20 °C, what is an appropriate storage 
temperature that would ensure long storage life?

7. An elastomer is added to a thermosetting resin system at a level of about 
15% by weight. The elastomer and the resin have measurably different refrac-
tive indexes. When the resin is cured, the resulting material is transparent. 
Which mechanism of achieving resistance to crack propagation is likely to be 
operational in this adhesive?

8. Which structural adhesive chemistry does not require the addition of a tough-
ening agent in order to have fracture resistance. Why?

9. Your supervisor wishes to make a part using an epoxy structural adhesive. 
The Tg,∞ of the adhesive is 170 °C while the Tg,gel is 60 °C. At 150 °C, the gel 
time is 5 minutes and the vitrification time is 15 minutes. If the adhesive is 
cured for 15 minutes at 150 °C, will the adhesive be fully cured and what will 
be its approximate Tg? Using the same adhesive, how can you obtain Tg,∞?

10. You are formulating an epoxy adhesive based upon DGEBA. You have the 
following curatives in your formulation kit:

H2N(CH2)3O(CH2)2O(CH2)2O(CH2)3NH2

H2NCH2CH2NH2

                                H                     H
H2N(CH2)2N(CH2)2NCH(CH2)32CN(CH2)2N(CH2)2NH2
                  H              ||                 ||              H
                                   O               O

         H
N≡CNC≐NH
            |
           NH2

a. Which curative is most likely to yield a brittle adhesive? Why?
b. Which curative is most likely to yield a flexible adhesive? Why?
c. Which curative requires a heat cure? Why?
d. Calculate the amount of the first curative (in the list above) which should 

be added to 100 grams of DGEBA to generate a fully curable epoxy based 
structural adhesive.



9 Durability of Structural 
Adhesive Bonds

■■ 9.1■ Introduction

In the previous chapter, we discussed the chemistry of structural adhesives. These 
materials are, in general, polymeric materials with high strength and high stiffness. 
The properties of structural adhesives are ideal for generating structures for use 
in the transportation industry as well as in other industries such as the building 
trades. One critical matter for discussion is the durability of adhesive bonds made 
with such adhesives. One cannot conceive of a situation in which one would manu-
facture a vehicle or other structure using structural adhesives and not be concerned 
about the ability of the adhesive bond to last a significant amount of time (years) in 
typical atmospheric conditions. In this chapter, we discuss various aspects of the 
durability of structural adhesive bonds including methods for examining durability, 
and predicting the life of such bonds, as well as the mechanisms of failure.

■■ 9.2■ Methods of examining Durability 
of Structural Adhesive Bonds

When we take durability data, we expect the data to behave in a certain way. 
Figure 9.1 shows how we expect the data to behave. The strength at no exposure 
is the initial failure strength of the adhesive. What we wish to find is the long 
term strength or the “durability limit” of the adhesive bond. There are two major 
methods for determining the durability limit: the Wöhler technique and the Prot 
technique [1]. In the Wöhler technique, adhesive bonds are exposed to an adverse 
environment where the bonds are stressed at certain levels and the time to failure 
is determined as a function of the applied stress. In the Prot technique, adhesive 
bonds are exposed to an adverse environment and the bonds are stressed with a 
gradually increasing load. In this technique, the time to failure as well as the stress 
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at failure is determined. Both of these techniques will yield the data we need; the 
Wöhler technique is the more realistic, but takes a much longer time while the Prot 
technique takes less time to complete, but is more complicated in terms of carrying 
out the measurements.
Many methods of examining durability have been used and reviewed [2]. We will 
discuss a few of them in addition to the methods of applying load. One of the methods 
of applying load is described by Minford [3]. In Minford’s experiment, he describes 
a clever loading ring used to apply the stress, shown schematically in Fig. 9.2. The 
lap shear specimen is suspended in the ring, and the ring is then used to apply 
stress by screwing bolts through the ring and into blocks that attach to the ends 
of the lap shear specimen. This method is very versatile since it allows the stress-
ing fixture, as well as the specimen, to be easily placed in various environments. 
It also allows for transfer between hot and cold climates as well as between dry 
and wet climates. Minford used this fixture to examine the durability of a two-part 
room temperature curing epoxy and a heat-curing vinyl-phenolic on acid etched 
6061-T6 aluminum at 125 °F and 100% relative humidity. The two-part epoxy failed 
at all applied loads in less than 100 minutes, while the vinyl-phenolic lasted about 
50 days at a load of 500 psi.
Workers at 3M Company performed a large experiment to examine the durability of 
a large number of adhesives [4]. These workers used a tubular stressing fixture that 
allowed four lap shear specimens to be stressed and placed in a high humidity, high 
temperature environment. Having four specimens at the same condition allowed 

FIgure 9.1■ Schematic representation of the expected data from a durability test for a 
structural adhesive bond
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one to get an idea about the variability of the experiment. Stress was applied to 
the specimens by screwing down a bolt at the top of the tubular stressing fixture. 
The bottom portion of these tubes, containing the adhesive bonds, was placed in an 
environmental chamber and was allowed to exist under that condition until one of 
the bonds failed. This could be easily detected, at which point a dummy specimen 
was placed in the position of the broken specimen, and the fixture was reloaded 
to the desired stress and the fixture returned to the high humidity cabinet. An 
example of the data obtained is shown in Fig. 9.3. Examination of the results of these 
experiments led to the following conclusions. The durability results for this type of 
adhesive indicated that phenolics were the most durable. Phenolics were followed 
by the 171 °C curing epoxies which were more durable than the 120 °C curing 
epoxies. The 120 °C curing epoxies were more durable than the room temperature 
curing epoxies, which in turn, were more durable than the urethane adhesives. In 
general, it was found that the higher the temperature of cure for a single class of 
adhesive, the more durable the adhesive bond.

The final type of specimen that we will discuss is the double cantilever beam (DCB) 
specimen described in Section 3.5.1.1. This specimen can be used in either the 
uniform or tapered variety. This specimen is difficult to prepare, but does yield 
some interesting results. Ripling, Mostovoy, and Bersch [5] carried out experiments 
dealing with durability. The first thing that they found was that the adhesive tough-
ness of epoxy increases with exposure to a moist environment. This surprising result 
was found to occur only at short times: loading the specimen for longer times in 

FIgure 9.2■Minford’s loading ring used for applying stress to an adhesive bond. The bond is 
placed in the center of the ring by means of the loading blocks. Stress is applied by turning 
the bolts on either side of the ring until the necessary load is reached (redrawn from [3])
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humid environments led to a decreased ability to support loads. This situation led 
these workers to define a new strain energy release rate, ISCC, the Mode I strain 
energy release rate for “stress corrosion cracking”. At a later time, other workers 
redefined this term as “subcritical cracking”. The ISCC for a two-part epoxy adhesive 
was found to be 0.08 lbs/in while the IC for this adhesive was found to be 0.29 lbs/in.

■■ 9.3■ Mechanisms of Durability Failure 
of Adhesive Bonds

One of the early durability issues with adhesive bonds occurred during the VietNam 
War as was discussed in Chapter 7. At this time, the aerospace industry was 
involved in a switchover from phenolic to epoxy-based structural adhesives. It was 
discovered that the surface preparation used for aluminum adherends to be bonded 
by phenolic adhesives was not appropriate for epoxy-based structural adhesives. 
This finding and other developments are described by Bethune [6]. The aerospace 
industry developed several new methods for surface preparation of aluminum at 
that time, including the “optimized” FPL etch and phosphoric acid anodization. 

FIgure 9.3■Sustained load durability results for a set of adhesives. The adhesives are:  
1. a phenolic adhesive cured at 170 °C, 2. an epoxy adhesive cured at 170 °C,  
3. an epoxy adhesive cured at 120 °C, 4. a room temperature curing 2-part epoxy
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The optimized FPL etch is the same as the standard FPL etch, but contains a certain 
amount of pre-dissolved 2024-T3 aluminum alloy. Both of these surface prepara-
tions improved the durability of epoxy-based adhesive bonds. A comparison of the 
results of using these surface preparation methods could give us a view as to the 
mechanism of failure.
In Fig. 7.11, we discussed the differences in the size and shape of the features on 
the aluminum surface as a function of the surface preparation method. Another 
matter not noted earlier was the fact that the structure of FPL etch surface changed 
dramatically when exposed to moisture or humid conditions at high temperatures. 
This led to the wedge test results shown in Fig. 7.13. Venables et al. [7] showed that 
exposure of the FPL etch oxide surface to a humid environment led to the formation 
of a crystalline, “corn flake”-like structure of pseudo-boehmite aluminum oxide. 
This structure was thought to be less fracture resistant than the standard FPL etch 
oxide surface and was thus the cause of the failure.
This finding led to further research for oxides that did not show any changes in 
morphology with exposure to a humid environment. Marceau at Boeing found early 
literature that described an oxide that was unresponsive to “sealing” procedures. 
Sealing procedures are methods used by those who do anodization to close up 
imperfections in the oxide surface to render the aluminum more resistant to corro-
sion. The oxide that did not seal properly was the one generated by anodization in 
phosphoric acid. This finding led to the development of the phosphoric acid anodiza-
tion process presently used in the aerospace industry [8]. Wedge test results using 
phosphoric acid anodization in comparison to the “optimized” FPL etch, showed a 
durability performance that was significantly improved.
These two findings demonstrate that one of the reasons for the poor durability of 
a structural adhesive bond is the ingress of moisture into the adhesive under load. 
Once the moisture is present in the adhesive, the adhesive bond can fail interfacially 
or it can cause changes in the oxide on the surface that can cause failure.
Cotter [9] expanded the base of knowledge of structural adhesive bond durability. 
He prepared a significant number of aluminum-aluminum lap shear specimens 
using a wide variety of adhesives including an epoxy-novolac adhesive, a modified 
epoxy, a nitrile-phenolic adhesive, a 2-part epoxy cured by a polyamide, a vinyl-
phenolic, and an epoxy- phenolic adhesive. He placed the bonds in fixtures in which 
the bonds were unstressed or stressed to 20% of their ultimate strength, except for 
the vinyl-phenolic, which was stressed to 15% of its ultimate strength. The fixtures 
were then placed in hot/dry or hot/wet climates (the Australian outback or the 
Australian seacoast). He followed the performances of the bonds for six years. The 
results are shown in Table 9.1.
Cotter showed that all of the adhesives performed well in the unstressed, hot/dry 
climate. No adhesive showed failure under these conditions, and in several cases, 
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bonds showed an increase in strength. The results for this set of adhesives when 
placed in a hot/wet climate but still unstressed, showed no failures for any of the 
adhesives, but it did show a measurable reduction in bond strength for the epoxy 
adhesives but no effect on the phenolic adhesives. In fact, in six years of exposure, 
the 2-part epoxy adhesive showed about 10% strength retention. For the case of 
the hot/dry climate but with stressed adhesive bonds, all of the phenolic adhesives 
showed little effect of the exposure. The epoxy adhesives showed measureable 
effects, especially the 2-part, which showed 50% strength loss after six years.

The final condition was stressed and a hot/wet climate. All of the adhesives showed 
a reduction in durability performance with exposure. The 2-part adhesive showed 
failure of all specimens after two years and the vinyl-phenolic showed all specimens 
failing after six years. Thus, we can conclude that exposure of adhesive bonds to a 
hot/wet climate while under a stress is an important condition for examining the 
durability of adhesive bonds.

These findings naturally lead to the question, “how does the moisture get into the 
adhesive”? We can readily acknowledge that moisture does not go through most high 
strength adherends such as metals. Thus, the moisture must enter the bond through 
the edge of the specimen by either diffusion through the adhesive, wicking along 
the interface between the adhesive and adherend, or by capillary action through 
cracks and crazes in the adhesive. We begin by examining diffusion. Diffusion of 
one material into another is described by Fick’s second law of diffusion,
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where C is the concentration of the diffusant, t is time, KD is the diffusion coefficient, 
and x, y, and z are directions in the body into which the material is diffusing. Comyn 
[10] solved this differential equation for diffusion of water into a semi-infinite slab 
of material having a thickness 2 l and found
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where x is a position within the adhesive layer, Ct(x) is the concentration of water 
at time t and at the position x, and C∞ is the concentration of water in the adhesive 
at equilibrium. Finally, Comyn was able to calculate the total mass of water at a 
certain time, t, by integration of the above relationship to yield
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where Mt is the total mass of water taken up by the adhesive at time t, and M∞ is 
the total mass of water taken up by the adhesive at equilibrium. Figure 9.4 shows 
a schematic representation of the water concentration, as a function of distance as 
determined by Comyn’s equations, into the bond for an adhesive after a significant 
amount of exposure to water. We note that in that figure, the edges of adhesive are 
fully saturated in water but the middle of the adhesive shows little water.

Althof [11] took the diffusion equations and sought to measure the concentration 
of water that had diffused into an adhesive bond. He did this by exposing a lap joint 
to tritiated water and then sectioning the joint into small segments and measuring 
the radioactivity in that segment. Figure 9.5 shows Althof’s data in comparison to 
the quantity of moisture predicted by the diffusion equations. As can be seen, the 
agreement is quite reasonable. This indicates that the mechanism of water intru-
sion into the adhesive bond is diffusion.

We now know that the factors which control durability of structural adhesive bonds 
are moisture ingress into the adhesive as well as application of stress to the adhesive 
bond. We have examined how moisture enters an adhesive bond, but what about 
the effect of stress? To look at what stress does to an adhesive bond, we go back to 
work that was done by Eyring [12], the absolute reaction rate theory. In Fig. 9.6, we 
schematically plot the potential energy of reactants and products as a function of 
the reaction coordinate. There is a barrier between the reactants and the products 
that prohibits easy change from one to the other. The higher the barrier, the more 
difficult it is to move from reactants to products. A simplified form of the Eyring 
rate expression is
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FIgure 9.4■ Ct(x,y) for an epoxy-polyamide adhesive after exposure to humid air at 50 °C, 
100% relative humidity for 1003 hours (redrawn from [10])
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FIgure 9.6■ Idealized potential energy curve for a system where reactants are converting 
to products. A potential energy barrier of height DF ≠ separates reactants from 
products
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where krate is the reaction rate,  is the “transmission coefficient”, k is Boltzmann’s 
constant, T is the absolute temperature, h is Planck’s constant, R is the gas constant, 
and DF ≠ is Gibb’s free energy of the activated complex or the height of the potential 
energy barrier between reactants and products.

Coleman and Knox [13] modified the Eyring equation to include stress. Their equa-
tion is as follows:
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where  is the mean relative displacement of the polymer body,  is the “jump 
distance” that Coleman and Knox describe as the separation between the positions 
of minimum potential of mean force, f (t) is the stress or the load history,  is the 
displacement volume = A , and A is the effective diameter of the “force center”. 
These force centers are a set of entities that support the load. The displacement of 
these force centers is assumed to be a thermally activated rate process. Coleman and 
Knox assumed that there was a critical value of , B, at the weakest cross section 
of the material. The force center at this point then finds itself outside of the field 
of force of its neighbors and is therefore unable to support the load. Thus, when 
 = B, the material fails catastrophically. They then conclude that the time needed 
to reach B is tB, the time to break.

For the case of a dead-load, uniaxially applied, the above equation can be integrated 
over time t = 0 to t = tB, and displacement  = 0 to  = B to yield the following 
relationships:

B 2
At csch B f =   

B exp
h FA

k T R T



D ≠ 

=  
 

 (9.6)

2
B

k T
=

and ln tB = ln A – B f
This last equation should be familiar because it is of the same form as the Arhennius 
equation. We can use this equation to look for the critical time to break the adhesive 
bond under various loading conditions. The last equation also shows the effect of 
stress on the critical time to break the bond.
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■■ 9.4■ Methods used to Predict Durability

Even though there are many methods in the literature used to predict the durabil-
ity of adhesive bonds, we will examine only two of them. The first is described 
by Wegman and his co-workers [14] and was meant to be a more rapid method of 
obtaining durability data. In this method, they prepared lap shear specimens using 
the surface preparation and adhesive they wished to examine. They then soaked 
some of the bonds in liquid water at 60 °C for 100 and 1,000 hours, and measured 
the residual strength of those bonds at 60 °C. The data obtained was plotted on a 
logarithmic time of exposure versus the sustained load. A line was drawn between 
the averages of the sets of data. Another set of bonds was exposed to condensing 
humidity at 60 °C with a dead-load set at 40% of the ultimate strength of that 
adhesive bond. These bonds were observed until all had failed. This data was then 
plotted on the same plot as the earlier set. A line having the same slope as that of 
the data from the water soak experiment was drawn from the sustained load experi-
ment data to longer times. A check on this experiment was done by carrying out 
sustained load tests at other loads and determining the time to failure. The results 
were within the experimental error. This experiment shows that some of the factors 
that were discussed earlier can be used to predict durability. That is, liquid water 
and humidity lead to the same result and an Arrhenius plot can be used.
Another model for predicting the durability of adhesive bonds was that given by 
Gledhill, Kinloch and Shaw [15] who added the concepts of fracture mechanics. The 
assumptions for their model were as follows: Water diffuses into the bonds following 
Fick’s law, and the concentration of water and the distance it diffuses into the joint 
can be determined by Comyn’s equations. At a certain critical water concentration, 
Cc, the water causes disbondment. The disbondment thus causes a sharp crack of 
length a. The value of a is determined by the distance into the bond at which Cc is 
reached. The residual strength can then be determined by fracture mechanics. The 
experimental conditions for their work included a heat curing epoxy adhesive and 
steel adherends that were degreased and grit-blasted. The sample configuration was 
a butt tensile specimen. Moisture uptake experiments were used to determine KD. 
KIC was determined using a compact tension specimen, and the residual strengths 
of the bonds were measured after exposure to liquid water at various temperatures.
The fracture stress of a structure (f) may be related to the stress intensity factor 
(KIC) by means of the following equation:

IC fK Q a π=

where Q is a geometry factor and a is the crack length. Q was judged to be 1.1 
for the butt tensile specimen used in this work. A value for Cc was determined to 
be 1.35 g/100 g for the temperature used for the experiment, which was 40 °C. 
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Then using a plot of the water concentration in the joint versus the distance into 
the joint, one could ascertain the values of a (at which Cc was reached). Combin-
ing this data, they generated a plot of the fracture stress of the butt tensile joint 
versus the time in the environment. This plot is shown in Fig. 9.7. The lines are 
the theoretical predictions and the points are the experimental results. As can be 
seen, the agreement is quite good.

■■ 9.5■ Summary

This chapter has provided an overview of the state of knowledge concerning the 
durability of structural adhesive bonds. What has been learned is that the major 
causes of decreased strength of such bonds are absorbed water and applied stress. 
Water diffuses into the adhesive and can cause spontaneous disbondment of the 
adhesive to occur. The water can also cause changes in the interface between the 
adhesive and adherend. This fact led to the development of new surface prepara-
tions. The strength of the joint is determined by the degree of disbondment.
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TABle 9.1■ Durability of structural adhesive bonds, stressed and unstressed, and in dry versus 
wet climates (percent strength retention as a function of time) [9]

Adhesive Type 2-year exposure 4-year exposure 6-year exposure
Exposure to hot/dry climate, unstressed

Epoxy-novolac 115% 111% 105%

Modified epoxy   90%   89%   87%

Nitrile-phenolic 105% 105% 100%

Epoxy/polyamide (2-part)   95%   95%   95%

Vinyl-phenolic 120% 120% 115%

Epoxy-phenolic   96%   93%   85%

Exposure to hot/wet climate, unstressed

Epoxy-novolac 114% 107% 103%

Modified epoxy   83%   83%   77%

Nitrile-phenolic 100%   97%   94%

Epoxy/polyamide (2-part)   37%   17%   11%

Vinyl-phenolic 109% 109% 109%

Epoxy-phenolic   91%   89%   74%

Exposure to hot/dry climate, stressed to 20% of ultimate

Epoxy-novolac 114% 114% 111%

Modified epoxy   87%   86%   85%

Nitrile-phenolic   94%   94%   93%

Epoxy/polyamide (2-part)   86%   63%   52%

Vinyl-phenolic (15% stress) 104% 104%   97%

Epoxy-phenolic   94%   94%   83%

Exposure to hot/wet climate, stressed to 20% of ultimate

Epoxy-novolac 105%   89%   86%

Modified epoxy   80%   74%   74%

Nitrile-phenolic   83%   80%   77%

Epoxy/polyamide (2-part)     0   n/a   n/a

Vinyl-phenolic (15% stress)   71%   43%     0

Epoxy-phenolic   86%   84%   80%
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10 The Chemistry and 
Physical Properties 
of elastomer-Based 
Adhesives

■■ 10.1■ Introduction

Of the classes of adhesives, elastomer-based adhesives are probably the most 
familiar to the consumer. Many of the baby boom generation remember solvent-
thinned, rubber-based paper adhesives used for elementary school projects. Many 
of the pieces of furniture we have in our homes and offices are laminated woods. 
The adhesive used for lamination is most often based on an elastomer. Probably the 
most widely recognized elastomer-based adhesive is coated on a backing and used 
as a pressure-sensitive adhesive tape. In this chapter, the chemistry and physical 
properties of pressure-sensitive adhesives as well as other types of elastomer-based 
adhesives is discussed. The physical properties of pressure-sensitive adhesives are 
emphasized as these demonstrate many of the concepts discussed in this book. 
Other elastomer-based adhesives are discussed in terms of their chemistry, because 
fundamental information on these materials is limited.

The objectives of this chapter include the development of an understanding of the 
chemistry of elastomer-based adhesives. Knowledge of the parameters necessary to 
formulate this type of adhesive and an appreciation of the test methods evaluating 
pressure-sensitive adhesives should be gained. Most important is the discussion on 
how the dynamic mechanical properties of pressure-sensitive adhesives are related 
to their mechanism of action.

■■ 10.2■ Pressure-sensitive Adhesives

The Pressure-sensitive Tape Council [1] has defined pressure-sensitive adhesives 
as materials with the following properties:

A. Aggressive and permanent tack

B. Adheres with no more than finger pressure
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C. Requires no activation by any energy source

D. Has sufficient ability to hold onto the adherend

E. Has enough cohesive strength to be able to be removed cleanly from the adherend

The above definition of a pressure-sensitive adhesive (PSA) includes some concepts 
yet to be discussed but that are extremely important for this class of materials. The 
property we first notice about PSAs is their tack. We know what tack feels like but 
how do we describe it and, for that matter, how do we generate materials with tack? 
Adding certain low molecular weight materials to elastomers in a process called 
tackification generates tack. These tackifiers, because of their low molecular weight, 
decrease the cohesive strength of the elastomer. However, a PSA must have tack 
and sufficient cohesive strength to hold two things together. In this section, we see 
how a balance of properties is generated so that a PSA combines these seemingly 
mutually exclusive properties to yield a material with “sufficient ability to hold onto 
the adherend” as well as “be cleanly removed from the adherend”.

For the most part, PSAs are used in coated form as the adhesives in pressure-
sensitive adhesive tapes (PSATs). There is substantial technology associated with 
the manufacture of pressure-sensitive tapes but much of the information regarding 
PSATs is proprietary to those companies that manufacture them. The information 
about manufacturing does not yield more understanding as to how these materials 
perform and therefore, it is not discussed in this book.

10.2.1■ Chemistry of the Base resins used in PSAs

A large variety of elastomers have been used as PSAs. The first material to gain 
widespread use was a natural rubber-based adhesive. Natural rubber is poly(cis-
isoprene) and is obtained from the Hevea rubber plant as a natural latex. The 
structure of poly(cis-isoprene) is shown in Fig. 10.1. The latex is coagulated and 
then the rubber is usually smoked to eliminate bacteria and fungi that can degrade 
the rubber before it can be processed. The PSA manufacturer receives the natural 
rubber as a slab of smoked material that is often worked mechanically to reduce 
its molecular weight. The mechanically worked rubber is then dissolved in an 
appropriate solvent, mixed with the tackifier and coated or otherwise packaged. 
Natural rubber-based PSAs are still used in a number of PSAT applications including 
masking tape where they exhibit excellent removability after painting and baking. 
One of the primary attributes of natural rubber-based PSAs is their low cost, but 
they also are used extensively because of their high peel strength when properly 
formulated. The properties of natural rubber-based PSA lead to most of the discus-
sion on PSA performance, which follows in a later section.
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Polyisoprene
or
Natural Rubber

SBR
Random copolymer
of styrene and
butadiene

Polyacrylate
R = 2-ethyl hexyl or iso-octyl
or any of a wide range of
organic groups

Block copolymer
of isoprene and
styrene

Random copolymer of dimethyl siloxane
and diphenyl siloxane

Butyl rubber

Poly vinyl ethers
R = methyl, ethyl and 
isobutyl

Polybutadiene

FIgure 10.1■Chemistry of base resins for pressure sensitive adhesives

Natural rubber-based PSAs were the basis for all of the early PSA products. However, 
these adhesives had one primary flaw. Because of unsaturation in the backbone of 
the base polymer, the adhesive had a noticeable tendency to yellow and to cross-
link, thus becoming brittle. The problem could be ameliorated by the addition of 
antioxidants, but, in general, natural rubber-based PSAs were unstable to long term 
exposure to the environment. This problem led to the introduction of a number of 
new base resins that did not suffer from these deficiencies.

A group of primary base elastomers to do this were the acrylates. The two primary 
acrylates used in PSAs are 2-ethylhexyl acrylate and iso-octyl acrylate. High poly-
mers of these two monomers can be generated by standard free radical polymer-
ization in solution. In a later section, it is shown that the molecular weight of the 
polymer plays a substantial role in the performance of the PSA. Polymers based 
on these monomers do not necessarily perform well as PSAs on their own. Early 
in the 1950s, researchers found that the performance of poly 2-ethylhexyl acry-
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late and polyiso-octyl acrylate could be substantially improved by adding certain 
amounts of acrylic acid [2]. A substantial patent literature has developed regarding 
PSA performance as a function of the type of polar monomer polymerized with the 
non-polar, long chain acrylate. The performance of an acrylic PSA is fine-tuned by 
a selection of various monomers at specific ratios. Example structures of acrylic 
polymers used in PSAs are shown in Fig. 10.1.

Acrylic adhesives are usually not tackified to make them into PSAs. Their pressure-
sensitive character results from the inherent physical properties of the polymer. The 
performance of acrylate PSAs can be improved by crosslinking the base polymer. 
Acrylic-based PSAs are used in a wide variety of applications from transparent tape 
to medical tapes. In comparison to natural rubber-based PSAs, acrylates are more 
expensive, but they have excellent weathering characteristics.

Both natural rubber and acrylate-based PSAs need to be crosslinked to obtain the 
cohesive strength necessary to meet all of the requirements of a PSA. Another group 
of base resins for PSAs, the block copolymer-based elastomers, meet these require-
ments through phase separation. Thus, A–B–A block copolymers of isoprene with 
styrene or butadiene with styrene yield a phase separated structure in which the 
polystyrene segment phases out from the polyisoprene or polybutadiene. Examples 
of these polymer structures are listed in Fig. 10.1. The phase-separated styrene 
blocks reinforce the PSA by acting as a physical crosslink rather than a chemical 
one. Block copolymer-based PSAs are used in a wide variety of applications but most 
commonly in packaging tapes. Tackification is necessary for block copolymers to 
attain PSA-like character. They are less expensive than acrylates but, because of 
the unsaturation in the “B” blocks, these elastomers suffer from oxidative instabil-
ity in much the same way as natural rubber-based adhesives. In addition, due to 
the styrene content, these elastomers tend to be on the high modulus side of PSA 
base elastomers and thus are more difficult to formulate into general purpose PSAs.

The above three types of base elastomers form the majority of PSAs. There are several 
other types that fill in smaller, but also important, niches in the PSAT market, such 
as the silicone based PSA. Silicones have not yet been discussed in this book. The 
primary base polymer of silicone PSAs is polydimethylsiloxane, which can also 
have some content of diphenyl siloxane units, as shown in Fig. 10.1. In general, the 
addition of phenyl groups increases the peel performance of silicone-based PSAs. 
These polymers are unique materials in that they have a great degree of chemical 
resistance. They have a very low glass transition temperature and very flat dynamic 
mechanical properties over a wide range of temperatures, plus high temperature 
performance. Silicones have an inorganic backbone, but are sheathed in organic 
groups. The low surface energy of silicones (about 21 mJ/m2) allows them to wet a 
wide range of surfaces and they can even be used as a PSA for PTFE. Silicone elasto-
mers must be tackified as well as crosslinked to get PSA performance. Of the base 
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elastomers used in PSAs, silicones are by far the most expensive, but the advantages 
in terms of high and low temperature performance, as well as their hypoallergenic 
character, can often outweigh the extra cost. We will discuss other types of silicone-
based adhesives in more detail in the section on rubber-based adhesives.

Poly(iso-butylene), polyvinyl ethers, and polybutadiene can also be made into PSAs. 
The structures of these three polymers are also shown in Fig. 10.1. In comparison 
to the other classes of PSA base elastomers, these three form the smaller portion of 
the market. Polyvinyl ethers were once thought to provide performance equivalent 
to that of the polyacrylates. However, the polyvinyl ethers had a feel of “dry tack” 
which did not provide the “thumb appeal” that the acrylates exhibited. Polyvinyl 
ethers are usually not modified with tackifiers, but rather are blends of high and 
low molecular weight polymers. Poly(iso-butylenes) are unique polymers in terms 
of their resistance to oil as well as their low moisture permeability. Because of its 
saturated chemical character, these polymers are weatherable. Similarly, they are 
difficult to crosslink and thus exhibit poor shear characteristics. Poly(iso-butylenes) 
are tackified to achieve performance. Polybutadiene can be made into a PSA and it 
is eminently crosslinkable. Combined with its low glass transition temperature and 
good electrical properties, this material has found use in electrical tapes.

10.2.2■ Chemistry of Tackifiers

Tackifiers are a unique class of materials. They normally have low molecular weights 
and are resinous, but yet they have glass transition and softening temperatures often 
much above room temperature. It is this combination that makes these materials 
useful in the formulation of PSAs. Tackifying resins are usually based on natural 
products or petroleum streams. In the following discussion, these materials are 
classified according to the materials from which they are synthesized.

10.2.2.1■ Natural Product Based Tackifiers

Rosin acid derivatives are the oldest known tackifiers. The structures of abietic acid 
and pimaric acid, which are components of rosin, are shown in Fig. 10.2. Abietic 
acid itself can be used as a tackifier, but most often the material is chemically 
modified in some way. The unsaturation of abietic acid can be expected to lead to 
oxidation and discoloration. Hydrogenation of those double bonds can eliminate 
that problem. Rosin acid is also used in esterified form. Typically, abietic acid is 
esterified with glycerol or pentaerythritol to generate higher softening point materi-
als. Rosin acids are obtained as wood by-products such as gum rosin, wood rosin, 
and tall oil. Rosin acid and their esters are most often used in the formulation of 
natural rubber-based PSAs.
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Abietic Acid Pimaric Acid

Rosin Acids

α-pinene β-pinene

Terpenes

FIgure 10.2■Chemistry of rosins and terpenes

Another natural product based tackifier is that based on α- or β-pinene whose 
structures are also shown in Fig. 10.2. This class of materials is known as the 
“terpenes”. α- or β-pinene is usually used in the polymerized state. The polymer-
ization is done cationically by aluminum chloride catalysis. The softening point of 
this resin strongly depends upon its molecular weight and is remarkably high for a 
low molecular weight material. For example, at a molecular weight of about 1,200, 
the softening point can be about 120 °C. Terpenes are obtained from citrus peels 
or wood by-products.

10.2.2.2■ Petroleum Based Tackifiers

Since petroleum is a natural product, it is difficult to classify the next set of resins 
as being “synthetic”. This class of tackifiers is differentiated from those described 
above in that they are obtained from petroleum cracking products and not directly 
from flora. Petroleum-based tackifiers are also not used as obtained from the petro-
leum stream. They are polymerized to raise their softening points to the level that 
they become useful in PSAs. The same process used to polymerize β-pinene resins 
is used for petroleum-based tackifiers. These tackifiers are broadly classed into two 
types, the aromatic and aliphatic resins. The aromatic resins are further classified 
into coumarone-indene resins, aromatic petroleum resins, and heat reactive resins. 
The aliphatic resins are also known as “C-5” resins since much of their chemistry 
revolves around polymerized pentene and cyclopentene.

The structures of the compounds used in coumarone-indene aromatic resins are 
shown in Fig. 10.3 as are those used in the aromatic petroleum resins and the 
heat reactive resins. Cationic polymerization of combinations of these compounds 
leads to a large class of materials. The coumarone-indene resins and the aromatic 
resins are often used with natural rubber-based adhesives. Care must be taken in 
the formulation of block copolymer-based PSAs to insure that the tackifier does not 
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dissolve in the polystyrene phase. The cohesive properties of block copolymer-based 
adhesives depend upon the phase separation and glassy nature of the polystyrene 
phase. If the polystyrene phase is not glassy, the effect of the phase-separated par-
ticle is diminished. The aromatic resins discussed here are most likely not useful 
in block copolymer-based adhesives, since their solubility properties are similar to 
the polystyrene phase and would thus plasticize that phase. The C-5 resins, which 
are more compatible with the polyisoprene phase, are more likely be used in block 
copolymer-based PSAs.

The chemical structures of the monomers used in the generation of C-5 aliphatic 
resins are shown in Fig. 10.4. Once again, these materials are copolymerized in 
various ratios using aluminum chloride catalyzed cationic polymerization. The ali-
phatic resins have no tendency to yellow as would the aromatic materials discussed 
earlier. These resins are used in natural rubber-based PSAs as well as the block 
copolymer-based PSAs. Even though we have classified tackifiers in a certain way, 
aliphatic-aromatic resins as well as C5–C9 resins can be made by taking materials 
from the two streams and copolymerizing them. Table 10.1 provides a listing of a 
number of tackifying resins, their classification, molecular weights, and softening 
temperatures.

cis- and trans-piperylene isoprene

2-methylbutene-2
cyclopentene

dicyclopentadiene

FIgure 10.4■Chemistry of materials used to make petroleum-based C-5 tackifiers

α-methyl styrene styrene

methyl indene indene

coumarone dicycopentadiene

FIgure 10.3■Chemistry of materials used to make petroleum-based aromatic tackifiers
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TABle 10.1■ Incomplete Listing of Commercially Available Tackifying Resins and Illustrative 
Properties

Commercial Resin Type Glass transition 
temperature
(°C)

Softening  
temperature
(°C) 

Piccolyte HM-85 (Hercules) Styrenated terpene   35   85

Nirez K-105 (Reichhold) Polyterpene   54 105

Regalrez 1094 (Hercules) Hydrogenated aromatic   37   94

Piccovar AP-25 (Hercules) Aromatic –50   25

Wingtack 10 (Goodyear) C-5 –28   10

Escorez 1310 (Exxon) C-5   40   94

Foral 85 (Hercules) Glycerine rosin ester   40   85

Foral 105 (Hercules) Hydrogenated pentaerythritol 
rosin ester

  57 105

Zonarez A-100 (Arizona) Terpene   55 106

Escorez 2101 (Exxon) Mixed aliphatic/aromatic   36   92

10.2.2.3■ Other Tackifiers

There are two more classes of tackifiers to be discussed in this section. One of 
these tackifiers is used specifically in silicone-based PSAs and is known as MQ 
resin. A proposed structure is shown in Fig. 10.5. The material is generated from a 
hydrolyzed quadrafunctional silane matrix (the “Q”) which is subsequently capped 
with trimethyl silane (the “M”). The result is a material which still has functional-

The MQ resin structure, where M is 
monofunctional trimethylsilane
and Q is hydrolyzed quadrafunctional silane

tertiary butyl phenolic resin

FIgure 10.5■Proposed chemistry of an MQ resin and the chemistry of a t-butyl phenolic resin
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ity and is reactive with the silicone gum (the hydroxyl terminated polydimethyl 
siloxane-co-diphenyl siloxane) through condensation. The MQ resin is highly polar 
and provides an increase in cohesive strength as well as tack.

The other tackifier is tertiary butyl phenolic resin. The structure of this resin is 
also shown in Fig. 10.5. This tackifier is not usually used in PSAs but is used in 
other rubber-based adhesives that are discussed later in this chapter. This tackifier 
increases the heat resistance of certain rubber-based adhesives.

10.2.3■ Testing of Pressure-sensitive Adhesives

It is necessary to discuss mechanical tests for PSAs before we discuss the relation-
ship among chemistry, mechanical properties, and performance. In Section 10.2.4, 
use is made of the knowledge gained from previous chapters in understanding PSA 
performance. The ASTM provides many of the test methods and specifications for 
PSAs, but the Pressure-Sensitive Tape Council (PSTC) also publishes test methods 
and specifications for these products.

10.2.3.1■ Measurements of Tack

One of the primary features of PSAs in contrast to other adhesives is their ability 
to bond with little applied pressure. Known as “tack”, this capability is defined by 
the PSTC as “the condition of the adhesive when it feels sticky or highly adhesive. 
Sometimes used to express the idea of pressure sensitivity” [3]. The ASTM provides 
another definition: “the property of an adhesive that enables it to form a bond of 
measurable strength immediately after the adherend and adhesive are brought into 
contact under low pressure”. These definitions include some important features of 
tack, including “measurable bond strength” and “low pressure”. A simple defini-
tion is that an adhesive is said to display “tack” when the application of light finger 
pressure on the adhesive enables one to deflect or lift the backing on which the 
adhesive is coated.

The next section shows that tack is a viscoelastic property of the adhesive. Therefore, 
the rate and temperature of the test must be controlled variables in tack testing. In 
particular, it is important that all PSA tests are done under conditions of controlled 
temperature and humidity and that the test samples are conditioned at the test 
temperature for a minimum of 24 hours prior to the test.

A number of methods can be used to measure tack. The PSTC describes two 
methods for tack measurement [1], “quick stick” (PSTC-5) and the rolling ball 
tack test (PSTC-6). The quick-stick method involves the application of tape under 
no load conditions. The tape specimen is held taut over a pre-cleaned substrate 
and then allowed to drape smoothly over the substrate with no applied load. 
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The adhered tape is then loaded into a tensile testing machine and tested using 
the 90° peel fixture described shortly. The tape is removed at a crosshead speed of 
30.5 cm/min. (12 in/min) and the force to remove the tape is recorded. The recorded 
force is the “quick stick” value. This test, although functionally measuring the level 
of tack, does not provide the information necessary to understand tack, since the 
pressure and the rate of application of the tape are not controlled. The backing 
stiffness also has a marked effect, since stiffer backings do not allow easy intimate 
contact of the adhesive to a surface.

In the rolling ball tack test (PSTC-6) a ramp is constructed having a specified angle 
of 21°30′ with respect to the horizontal. The ramp is grooved so that a steel ball 
having a diameter of 1.11 cm (7/16 in) rolls on the edges of the groove. The top 
of the ramp is 6.51 cm (2.562 in) from the bottom. A piece of tape is placed at the 
bottom of the ramp and held there securely. The ball is placed on a catch mecha-
nism that releases the ball at the desired time. The tack is recorded as the distance 
the ball travels down the length of tape. High tack tapes stop the ball as it comes 
off the ramp while low tack tapes stop the ball at longer distances of travel. This 
test, although functionally testing tack, also does not provide the level of control 
needed to understand tack, since the rate of application of force varies somewhat 
as the ball travels the length of the tape. This test does eliminate the backing as a 
variable. ASTM D3121 also describes a related tack test [3].

A tack test not published by either of these standards agencies is the loop tack test. 
In this test, a loop of PSA tape is attached to the jaws of a tensile testing machine. 
The loop is brought into contact with the pre-cleaned substrate by lowering the loop 
at a specified rate so that it touches a certain area of the panel. The tensile testing 
machine is then reversed and the force to remove the tape is recorded. The virtue 
of this test is that the rate of contact and withdrawal are controlled. However, the 
backing stiffness again has a dramatic effect on the wetting contact of the adhesive 
with the substrate.

The test that best controls all parameters having an effect on tack is known as the 
probe tack test, described in ASTM D2979. A schematic of the test apparatus is shown 
in Fig. 10.6. In this apparatus, the effect of the tape backing is eliminated because 
the tape is either rigidly affixed to a steel plate or mounted on an annular ring of 
known weight. The probe is usually made of stainless steel that must be cleaned 
before the test. Any surface roughness at the tip of the probe should be known as 
well as its cross sectional area. Usually, the tip is highly polished. The key features 
of the probe tack apparatus are the controlled rate of approach as well as the rate of 
detachment. The results of probe tack are reported as force per area of probe tip at 
a specific rate of attachment and detachment and at a specified temperature. Once 
again, since PSA performance is determined by viscoelasticity, these parameters 
must be scrupulously controlled to obtain meaningful data.
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Pressure sensitive
adhesive

Probe rod

Backing plate or backing

Annular ring

Rigid stand

Translation motor
and force transduce

Electronics controlling rate of probe movement
and measurement of probe removal force

FIgure 10.6■Diagram of probe pack tester. This test is described in ASTM D2979

A new version of the probe tack tester has recently become available. The instrument, 
known as the “texture analyzer” [4], brings a probe in contact with the pressure 
sensitive adhesive in much the same manner as the probe tack tester. However, 
instead of just measuring the peak removal force, the instrument measures forces 
during the entire attachment and removal processes. Therefore, data very much 
akin to a stress-strain curve is obtained. Zosel [5] described the development of 
this technique and how it has been used to characterize tack.

10.2.3.2■ Measurement of Peel

Before peel tests are discussed, it is necessary to look at “roll down”, a testing param-
eter important for PSAs when determining peel or shear. Since the performance of 
a PSA depends highly upon the degree of contact under the application of a light 
pressure, the parameters surrounding the application of the tape are exceedingly 
important. It is important to have a “roll down” methodology used before the testing 
of tape. The roll down methodology usually requires the tape to be laid down on a 
substrate with little or no applied pressure (such as that described above for the 
quick stick test). A roller of known weight and dimensions is rolled over the tape 
at a specified rate and number of times up and down the tape. The roll down condi-
tions control the degree the PSA “wets out” the substrate.

Peel, in addition to tack, is one of the parameters by which PSA performance is 
easily recognized. We have all removed a box sealing tape from a package and either 
exclaimed or complained about how hard it was to remove. In general, that removal 
was accomplished by peeling back the tape. The 90° and 180° peel tests are com-
monly used to measure peel properties. The latter peel test is easier to describe and 
is shown schematically in Fig. 10.7.
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F

F

Stiff adherend
PSA tape

FIgure 10.7■Diagram of a 180° peel test

The PSA tape is applied and rolled down onto the stiff, usually stainless steel or 
glass adherend. The tape is then folded back over itself, forming a long tab. The 
top of the stiff adherend is clamped into a tensile testing machine, as is the end of 
the long tab. The “180°” is formed by the tape backing against tape backing. The 
angle of peel is not truly 180°, since the backing interferes with the actual attain-
ment of a 180° angle. The actual angle depends upon the backing stiffness and the 
backing thickness. The measurement is usually conducted at a constant cross-head 
speed and at a few temperatures although better data is obtained if the experiment 
is carried out at several temperatures and as many rates of peel as possible.

The 90° peel measurement is slightly more complicated than the 180° peel measure-
ment. The key difference between the two is how the peel angle is kept constant. 
Figure 10.8 provides a schematic of an apparatus for measuring 90° peel. The 
adherend in the 90° peel test is cleaned and the adhesive is properly rolled down 
on it. The adherend is then clamped firmly into a trolley. The entire trolley mecha-

Force

Rod

String or wire

Pulley Force
Trolley

Test adherend

PSA tape

Tensile machine clamp

FIgure 10.8■Diagram of a test fixture for 90° peel of a PSAT. Note that the test adherend is 
attached to a moveable trolley, which traverses horizontally while the tensile testing machine 
clamp moves vertically
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nism is affixed to the tensile testing machine. The trolley is designed to roll freely 
in the direction perpendicular to the movement of the jaws of the tensile testing 
machine. The trolley is connected through a pulley and rod to the upper, moving 
jaw of the tensile testing machine. The pulley arrangement is set so that an upward 
movement of the upper clamp provides a corresponding lateral movement of the 
trolley. In this way, the peel angle is kept at 90°.

10.2.3.3■ Measurement of Shear

In Chapter 3, various measurements of the shear strength of adhesive bonds were 
discussed. If the shear strength of a PSA were measured using methods described 
in Chapter 3, a low value, on the order of only a few psi, would be obtained. In 
general, PSAs are not judged by their shear strength. Rather, PSAs are expected 
to sustain a low load for the time period of use. Thus, if masking tape was used, 
one would expect the tape would hold its own backing or perhaps a backing and 
some covering material on that substrate for the time period of the paint job. If 
the application were to hold a picture up on a wall, the tape would be expected to 
hold a few psi load for an indefinite period of time. So, the factor of interest is not 
shear strength, but rather the resistance of the material to a constant small shear 
stress for a period of time. The PSA industry has applied the term “shear holding 
power” to this PSAT performance parameter. This term is definitely a misnomer 
since there is no aspect of power (as defined in physics) in the test. Rather the test 
is a constant load creep test. Nonetheless, the term is pervasive in the industry 
and it is used interchangeably with “constant load creep test” in this book. A sche-
matic of the shear holding power test is shown in Fig. 10.9. The rigid adherend is 
appropriately prepared. The adhesive tape is applied to the edge of the specimen as 
shown in Fig. 10.9. The adhesive is rolled down and excess is removed to provide a 

Specified 
and known 
area of
contact

Loop and rod

Rigid adherend

Tape sample

Known weight

FIgure 10.9■Diagram of a shear holding power test of a PSAT. The important test parameters 
are the applied weight, the contact area, and the conditions of the test (temperature and 
humidity)
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known and specified area of contact. The other end of the tape is looped around a 
rod attached to a hook to which a weight can be added. The rigid adherend is placed 
in a fixture and held firmly during the measurement. It is very important that the 
temperature and humidity be carefully controlled. The elapsed time between the 
attachment of the weight and the point when it drops is recorded. The measurement 
can, of course, be mechanized so that a timer is switched off when the weight falls. 
Thus “shear holding power” is recorded as the time to failure at a specified load. 
Typical loads are 0.5 to 1 kg.

10.2.4■ Balance of Properties

The properties of a pressure-sensitive tape seem to be at odds with one another. 
The tapes are expected to wet quickly, have enough resistance to peel, and also have 
shear holding power. Attainment of this balance of performance is the main objec-
tive of the formulator. For PSA tapes, formulation tools are the rubber to resin ratio 
and the degree of crosslinking placed in the system. Figure 10.10 shows the usual 
balance of performance obtained for a single elastomer and a tackifier resin when 
the ratio of the rubber to the resin is varied. As the resin to rubber ratio increases, 
the shear strength usually goes through a narrow maximum (this assumes that 
the crosslinking is constant for the formulations in this figure). The peel strength 
usually rises as the resin to rubber ratio increases while the tack goes through 
a maximum. It is the job of the PSA formulator to maximize all three of these 
performance parameters to meet the specifications of the customer. The following 
sections describe the physico-chemical phenomena controlling the performance 
parameters shown in Fig. 10.10.

Tack
Peel

Shear

P
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ty

Increasing resin to rubber ratio �

FIgure 10.10■Diagram of the relationship of performance properties to the rubber-to-
resin (tackifier) ratio in a natural rubber-based PSA. Note that the highest value of each 
performance property is not obtained at the same rubber-to-resin ratio. Optimum performance 
of a PSAT is obtained with the best balance of properties that meet the customer’s 
expectations (redrawn from Satas)
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10.2.5■ PSA Performance Viewed as a Time Scale in Viscoelastic 
response

When a pressure-sensitive tape is applied to a substrate, the adhesive is expected to 
spontaneously spread on the surface with little or no applied pressure. That is, the 
PSA is expected to act as a liquid. However, when the adhesive is peeled or a weight 
is hung from it, we expect the adhesive to resist the force. That is, it should act as a 
solid. This contradictory behavior is available from viscoelastic materials. Consider 
the time scale of the two processes discussed above. A PSA tape is not applied to a 
substrate rapidly. In fact, the tape is often allowed to sit on the substrate for a while 
after application. Thus, the time scale of application is long, usually on the order of 
a second or more. When a PSA is removed, the time scale is much shorter. Typical 
peel measurements are usually done on the order of inches per minute which, 
when looked at from the point of view of the adhesive, is on the order of tenths 
of a second. Therefore, a PSA is expected to behave as a liquid for time scales of 
seconds or longer and to behave as a solid for time scales of tenths of a second or 
less. At any particular temperature, these are properties that a viscoelastic material 
can achieve. The formulation of PSAs is the attainment of viscoelastic properties 
that allow wetting (liquid-like properties) at long time scales and peel (solid-like 
properties) at short timescales at the temperature of use.

10.2.6■ PSA Viscoelasticity and Tack

Tack is the instantaneous wetting of a substrate under little or no applied pressure 
to rapidly develop a measurable strength. Since tack requires the adhesive to act 
as a liquid, it might be expected that if the adhesive becomes too stiff (too high a 
modulus), then the adhesive does not display tack. This phenomenon was studied 
in detail for rubber-resin adhesives. It is that work which forms the basis for this 
discussion.

The variation of probe tack with temperature is one key to understanding which 
property of materials leads to the phenomenon of tack. The discussion above indi-
cates that the time scale of the probe tack test is important. Figure 10.11 represents 
the measurement of probe tack as a function of temperature when the measurement 
is taken at a withdrawal rate of a few centimeters per second and a contact time 
on the order of a second. There are several important features in Fig. 10.11. First, 
probe tack goes rapidly to zero as the temperature falls even slightly below room 
temperature. Second, tack is maximized near room temperature (this is done by 
formulation). Third, tack falls slowly as the temperature is increased.

Examine the modulus (dashed line) of the adhesive as a function of temperature 
using a rate of application of stress similar to the rate of the probe tack experi-
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ment in Fig. 10.11. The modulus of this rubber resin adhesive decreases rather 
dramatically as a function of temperature. In fact, as the temperature nears room 
temperature (the point at which the probe tack increases to a maximum), the 
modulus becomes less than 3 × 106 dynes/cm2. (Figure 10.11, which is only for 
demonstration, does not have units other than temperature). In fact, it is found that 
the room temperature modulus of any tacky adhesive is less than 3 × 106 dynes/cm2 
when measured at a frequency of about 1 Hz. This finding is a criterion for tack 
and has been given the name “Dahlquist criterion for tack” after the scientist who 
studied this phenomenon [6].

Fig. 10.10 shows that the way in which tack is obtained in a PSA is through the 
addition of a tackifying resin to an elastomer. As the resin concentration in the 
elastomer is increased, various practical adhesion properties change. Figure 10.12 
shows a schematic of the modulus of a natural rubber/resin PSA as a function of 
the frequency of measurement and of the resin content. The dotted line shows the 
variation in modulus with frequency. The modulus curve is flat and is also above 
the Dahlquist criterion. As tackifier is added, the modulus decreases, and at the 
frequencies in the graph, the second curve goes below the Dahlquist tack criterion. 
If the peel resistance of this PSA were measured, it would be relatively low. If we 
increase to another level of tackifier, we would find that now the modulus at low 
frequency was much below the tack criterion and the modulus at high frequency 
was now increased measurably. If the peel strength of this PSA is measured, it 
would be found that it had now increased to a substantial value. Understanding this 
phenomenon is key to understanding the tack and peel performance.
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FIgure 10.11■Plot of the tack and modulus measured at a rate of 1 Hz for a rubber-resin 
adhesive. Note that the tack reaches a maximum when the modulus drops below a certain 
level. The modulus value, which corresponds to the onset of high tack, is known as the 
Dahlquist criterion
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FIgure 10.12■ Plot of the modulus of a pressure sensitive adhesive formulation as a function 
of frequency at three different resin (tackifier) levels in the adhesive
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FIgure 10.13■Dynamic mechanical spectra of a PSA-based elastomer in the tackified 
and nontackified state. The measurement is done at a single frequency but as a function 
of temperature. Note that the tackified elastomer has a plateau modulus below that of the 
Dahlquist criterion but also has an increased Tg

Another way of examining this phenomenon is to plot the shear modulus of a PSA 
base elastomer as a function of temperature measured at about 1 Hz as well as that 
of the tackified base elastomer, as shown in Fig. 10.13. This type of data is similar to 
the dynamic mechanical data presented in Chapter 5. The base elastomer is shown 
as the dashed line. The glass transition temperature, when measured at 1 Hz, is 
somewhat below room temperature. The dynamic mechanical determination of 
the shear storage modulus of the tackified adhesive is shown as the solid line in 
Fig. 10.13. The very interesting effect of having the tackifier act as an anti-plasticizer 
(that is, increasing the Tg of the tackified adhesive) is seen. Above the Tg, however, 
the plateau modulus is decreased. The tackifier has behaved as a plasticizer. It 
is indicated that the storage modulus has decreased below that required by the 
Dahlquist criterion.

The time-temperature superposition principle states that the effects of time and 
temperature on a viscoelastic material are inversely related. Therefore, when the 
same physical properties as shown in Fig. 10.13 are measured at a higher frequency, 
one might expect to obtain the plot shown in Fig. 10.14. When measured at 100 Hz, 
it is seen that the entire dynamic mechanical spectrum of the shear storage modulus 
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of the adhesive has shifted to higher temperatures. The Tg of the tackified adhesive 
is now above room temperature. This adhesive would be expected to exhibit greater 
stiffness and thus provide some physical strength when the tape is tested.
The above discussion implies that the resin must be completely miscible with 
the base elastomer. Indeed, if the resin were not soluble, one would not expect a 
change in the physical properties of the base elastomer. Instead, two glass transition 
temperatures, with no change in the Tg of the base elastomer, would be expected. 
In systems where two materials of substantially differing Tgs are mixed and these 
materials are soluble in one another, the overall glass transition temperature of the 
solid solution can often be predicted by the Fox equation [7]:

g g,

1 1
i

iiT T
= ∑  (9.1)

where the i is the weight fraction of the i th soluble component in the mixture 
and Tg,i is the glass transition temperature of the i th soluble component. The Fox 
equation can often be used to predict the Tg of elastomer/resin solid solutions and 
in fact, can show that components are not soluble in one another.
If the elastomer and the tackifier are not soluble in one another, what sort of physi-
cal situation might be expected? In the case of normal polymer solutions, several 
results could occur. One possibility is gross separation of the two phases, particularly 
when the interfacial tension between the components is large. When the incompat-
ibility and the interfacial tension are not that large, microscopic phase separation 
occurs similar to that discussed in Chapter 8 on toughening epoxy resins. In this 
situation two Tgs are exhibited. In a particularly sinister situation, the resin could 
phase separate into microscopic phases, and by surface tension effects, phase sepa-
rate into a solid layer at the surface of the PSA. Since the resin is glassy at room 
temperature, it would not exhibit tack and the PSA would not perform as expected. 
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FIgure 10.14■Plot of the shear modulus of a PSA elastomer with and without tackification 
measured as a function of temperature but at a frequency of 100 Hz. Note that the curves 
have shifted towards higher temperatures as the frequency was increased
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Therefore, care must be taken to choose tackifiers that are completely soluble in 
the elastomer to be tackified.

Tack depends upon more than the resin to rubber ratio and the rate of the tack 
test. Tack also depends upon the probe material (or the material to which the tape 
is adhered). The general dependence of tack on the constitution of the substrate is 
almost exactly what would be expected if the guidelines for good adhesion presented 
in Chapter 6 were followed. That is, for any particular PSA, the tack level increases 
with increasing critical wetting tension of the solid surface. The tack force usually 
plateaus when the critical wetting tension of the substrate exceeds that of the 
adhesive. So, in the regime of low rates that is associated with the attachment of 
PSAs, the liquid-like nature of PSAs exhibits the same wetting behavior as liquids 
of equivalent surface energy.

10.2.7■ PSA Peel and Viscoelasticity

Fig. 10.10 indicates that peel performance normally improves as resin concentra-
tion increases, primarily because the increase in tackifier increases the stiffness of 
the PSA at higher rates. The more tackifier, the stiffer the PSA. Obviously, a point 
is reached when the adhesive is too stiff and PSA character disappears. PSA visco-
elasticity also plays a role in PSA performance when it is tested at various rates 
of peel and temperature. In fact, a master curve much like the ones we described 
in Chapter 5 can be constructed for PSA peel on any given substrate. An example 
of such a master curve is shown in Fig. 10.15. The curve in Fig. 10.15 is similar 
to one published by Kaelble [8] for the peel adhesion of a PSA to polystyrene. The 
data is presented in manner analogous to the WLF concepts discussed in Chapters 
5 and 6. The peel force, F, becomes a reduced variable when it is multiplied by the 
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FIgure 10.15■Reduced peel force as a function of reduced peel rate for an un-crosslinked 
rubber-resin PSA drawn according to the data of Kaelble [8]. Note that not only is there 
a substantial dependence of peel force on peel rate but the mode of failure changes as a 
function of peel rate
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ratio of the measurement temperature, T, and a reference temperature To. The peel 
rate is reduced by a shift factor that was calculated from the following relationship:

( )g
T

g

17.44
log 9.8

51.6

T T
a

T T
−

= −
+ −

 (10.2)

As in Chapter 5, aT is the shift factor; T is the absolute temperature; and Tg is the 
glass transition temperature.

The primary interesting feature associated with the curve in Fig. 10.15 is that the 
peel data can be condensed into a single peel curve with multiple segments. This 
once again demonstrates that the peel performance of a PSA is dependent upon 
its viscoelastic properties. The next interesting feature is that the peel force-peel 
rate curve can be divided into three segments. The first segment occurs at very 
low peel rates and the failure mode is cohesive within the adhesive. That is, some 
of the adhesive remains on the substrate. At some peel rate-temperature combina-
tion, the peel failure mode changes from cohesive failure within the adhesive to 
adhesion failure. This abrupt change occurs with an initial decrease in peel force, 
but this peel force increases with increase in rate. In both cases, increase in peel 
force is a consequence of the stiffening of the adhesive at either increasing rates or 
decreasing temperatures. The third segment of the curve, however, seems to show 
decreasing peel force with increasing peel rate. This region of “stick-slip” behavior 
is one that is marked by various degrees of oscillation in the peel force. That is, 
steady peel force is not achieved but rather a “shocky” peel occurs. This region of 
the peel force-peel rate curve is associated with a glassy response of the adhesive.

Since tack depends upon the wetting behavior of the PSA, peel force exhibited by a 
PSA is expected to depend upon the surface to which the PSA was adhered. Zosel 
[9] has investigated this behavior with results shown schematically in Fig. 10.16. 
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FIgure 10.16■Peel force of a polyisobutylene-based PSA as a function of the critical wetting 
tension of the substrate to which is applied. The plot is drawn according to the data presented 
by Zosel [9]
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The effects of the liquid-like wetting behavior of a PSA are shown in this figure. 
First, the peel force after short contact time is heavily dependent upon the critical 
wetting tension of the substrate. If the wetting tension of the substrate is substan-
tially lower than the surface energy of the adhesive, there is a lower peel force. The 
bigger the mismatch, the lower the peel force because incomplete wetting means 
interfacial flaws which mean lower forces to failure. Once the critical wetting tension 
of the substrate exceeds that of the adhesive, wetting is complete and the peel force 
no longer increases. The dashed lines in Fig. 10.16 show what happens when the 
wetting of a surface by a PSA is not complete after the PSA has been attached. If 
tack is a low rate phenomenon, then conditions in which the PSA is allowed to flow 
with little or no load is a very slow rate process and the adhesive behaves like a 
liquid. Indeed, the data in Fig. 10.16 shows that wetting does occur in this regime 
and the strong dependence of peel force on critical wetting tension of the substrate 
is somewhat decreased when the adhesive is allowed to remain in contact with the 
substrate for an extended time.

The dependence of peel force on substrate is also demonstrated by showing how peel 
rate affects peel force. However, these results are not necessarily as expected. If the 
peel force-peel rate curve of the same adhesive used in Fig. 10.14 is measured on a 
substrate which is low in critical wetting tension (such as polytetrafluoroethylene), 
a curve is obtained like that in Fig. 10.17. Not only is the level of the peel force 
decreased with respect to the higher energy surface, but also the positions of the 
transitions from cohesive to adhesion and adhesion to stick slip failure have changed. 
This indicates that the activation of the stiffening behavior of a PSA depends upon 
the substrate to which the adhesive is bonded. The change in the position of the first 
transition is not hard to explain. The transition of cohesion failure in the adhesive 
to adhesion failure of the adhesive to the substrate occurs at a lower reduced rate 
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FIgure 10.17■Reduced peel force versus peel rate master curves for a single PSA on two 
surfaces drawn according to the data of Kaelble [6]. Note that, with a change in substrate, 
the peel force changes and the position of the failure mode transitions changes



294 10 The Chemistry and Physical Properties of Elastomer-Based Adhesives

because the adhesive does not need to have as high a cohesive strength to exceed 
the forces of adhesion to the lower energy surface. The change in the higher peel 
rate transition is more difficult to explain and the appropriate criteria for explaining 
this change are still under study.

10.2.8■ Shear and Creep Behavior of PSAs

The behavior of PSAs when exposed to a shear stress is not determined in the same 
manner as for structural or semi-structural adhesives. As indicated earlier in this 
chapter, PSAs are ranked in terms of the “shear holding power” which is the same 
as a “constant load creep” test. We discussed entanglement molecular weight in 
Chapter 5. In various portions of this book, dynamic analysis of viscoelasticity has 
been discussed. These subjects play a role in forming the basis for the following 
discussion.

When a PSA is placed under a shear load, the adhesive immediately provides an 
elastic response that then viscously relaxes. The rate at which the relaxation takes 
place gives a measure of the creep compliance. The initial application of shear stress 
in a creep experiment is on a short time scale, so the adhesive responds elastically. 
However, for the remainder of the experiment, the load application rate is extremely 
slow, so the viscous properties of the adhesive dominate. The quantity of interest 
here is the steady shear viscosity of the adhesive at the temperature of use. The 
steady shear viscosity of a material is directly dependent upon the molecular weight 
of the polymer. As discussed in Chapter 5, viscosity varies as the 3.4 power of the 
molecular weight above the entanglement molecular weight, Me of the polymer. For 
good creep resistance, the adhesive has a molecular weight above its Me. In fact, 
the higher the molecular weight is above Me, the better should be the shear holding 
power. As an illustration, examine the following equation which has been proposed 
to describe the time to failure under a shear load [10]:

2

f 2
L Wt
h M g

=  (10.3)

where tf is the time to failure; L is the lap length in centimeters; W is the lap width 
in centimeters;  is the viscosity in poise; h is the thickness of the adhesive layer; 
M is the load in grams; and g is the gravitational constant. If  depends on the 
3.4 power of the molecular weight above Me and k is a conversion constant for the 
dependence of the viscosity upon molecular weight, then:
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It is easy to see that doubling the molecular weight above Me provides a 23.4 increase 
in the time to failure of the adhesive under shear load.

One way to determine the potential resistance of an adhesive under a steady shear 
load is to do an actual creep experiment such as that described in Chapter 5. To 
determine how an adhesive might respond to shear loading, measure dynamic 
mechanical properties. As shown in Fig. 5.10, the extent of the plateau modulus of 
a polymer provides a measure of the molecular weight and hence, the resistance 
to shear loading.

Higher levels of tackifier decrease the shear holding power of a PSA. As discussed 
earlier, a tackifier acts as an anti-plasticizer at high rates and as a plasticizer at low 
rates. Thus, even though we may have a PSA base polymer with a high molecular 
weight, the addition of a tackifier increases mobility and the PSA acts as if it is 
actually a lower molecular weight. The behavior is exemplified in Fig. 10.10 with 
the shear performance decreasing as a function of increasing resin to rubber ratio.

There are essentially two ways to increase the shear performance in a PSA. The first 
method is to increase molecular weight by crosslinking. As discussed in Chapter 5, 
crosslinking of polymer chains can lead to very high, if not infinite molecular weight. 
Crosslinking can be achieved in a number of different ways. If the adhesive is one 
based upon natural rubber or any of the base polymers containing double bonds in 
the backbone, crosslinking can be induced by any number of free radical sources, 
such as UV radiation or peroxides. Acrylate adhesives, especially those containing 
acrylic acid, can be crosslinked by any additive bireactive with carboxylic acids. In 
addition, specific acrylate monomers could be added in the synthesis of the PSA 
base polymer, which can be crosslinked later thermally or through actinic radiation.

The other ways of improving shear creep resistance in a PSA have already been 
mentioned. If a PSA is made from a block copolymer in which one of the blocks 
phase-separates from the other, and if the separated phase is glassy, then the 
phase-separated material acts as a crosslink. Thus, block copolymer PSAs are, in 
general, not crosslinked in their processing and could be potentially re-melted with 
retention of properties.

10.2.9■ Summary

In this section, a basis for the understanding of the phenomenon of PSA adhesion 
has been provided. In short, most of the performance of a PSA comes from the for-
mulation and optimization of the viscoelastic properties of certain polymers. Tack 
is dependent upon the low rate modulus of the material at room temperature, which 
must meet the Dahlquist criterion. The peel performance of a PSA depends upon the 
fast rate modulus of the adhesive that is, in turn, dependent upon the glass transition 
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temperature of the adhesive. The shear performance of a PSA is dependent upon 
the molecular weight and the crosslink density of the PSA base polymer and can 
thus be characterized by the plateau modulus in a dynamic mechanical spectrum. 
Optimization of this performance depends upon the proper formulation of the PSA 
or by proper molecular design of the base polymer.

■■ 10.3■ rubber-Based, Contact Bond 
and other elastomeric Adhesives

The formulation of rubber-based and contact bond adhesives is affected by consider-
ations similar to those for PSAs. The primary difference between PSA performance 
and that of other elastomer-based adhesives is that non-PSA elastomer-based adhe-
sives must hold a load for substantially longer times than do PSAs. In addition, the 
shear strength requirements are those of a semi-structural adhesive. Typical lap 
shear strengths attainable with rubber-based adhesives is on the order of 1–3 MPa 
(several hundred psi) and peel strengths of 2–8 kN/m (several tens of piw). The 
base polymers used in rubber-based adhesives discussed in this section differ some-
what from those used in PSAs. Instead of being called “non-PSA elastomer-based 
adhesives” these materials are referred to as “rubber-based adhesives” or “RBAs”.

The uses of rubber-based adhesives abound in industry. Essentially all furniture 
made from a laminate of Formica1 on a less expensive wood base is fabricated 
with a rubber-based adhesive. RBAs are used to bond fabric to foam core in many 
upholstered furniture applications and are used to a large extent in the shoemak-
ing industry. Many consumers are familiar with the construction mastics used in 
modern home construction and the RBAs used to apply plywood paneling. RBAs 
are used to apply floor and wall ceramic tile and are finding increasing use in the 
bonding of carpet tile to floors. Another basic use of rubber-based adhesives is in 
the generation of paper cements. Silicone-based elastomeric cements are often used 
for glazing of windows but are most often found as sealants.

10.3.1■ Formulation of rBAs

RBAs are based in large part on elastomeric polymers. They differ from PSAs in 
that the adhesive, after application, may or may not be tacky but it is expected 
to hold loads that are semi-structural. By our definition, “semi-structural” loads 

1 Formica is a trademark of Formica Corp.
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are approximately mid-way between PSAs and structural adhesives. RBAs can be 
broadly classified into solvent-based, emulsion-based, and 100% solids systems. 
Although the performance of solvent-based systems is generally superior to that of 
emulsion-based systems, the present day drive to eliminate solvents from the home 
and workplace has caused rapid development of systems that do not employ these 
volatile chemicals. The formulation of both types of adhesives is discussed in this 
section. RBAs can be further classified into curing and non-curing types and their 
formulation is also discussed.

10.3.2■ Base Polymers

The strength of an RBA comes primarily from the elastomeric base polymer. The 
structures of a number of these base polymers have already been shown in Fig 10.1. 
Of the polymers shown in Fig. 10.1, the polymers used in RBAs are natural rubber, 
SBR, and butyl rubber. The base polymers useful for RBAs that are not necessarily 
useful for PSAs are shown in Fig. 10.18. Of these base polymers, the workhorse of 
the RBA industry is chloroprene (also called Neoprene2).

Chloroprene is a homopolymer of 2-chloro-1,3-butadiene, usually prepared by 
emulsion polymerization. Depending upon the temperature of polymerization, 
chloroprene has a greater or lesser amount of the trans configuration; the higher the 
polymerization temperature, the more polymer with cis content. The higher trans 
content form of chloroprene is the more rapidly crystallizing form of the polymer. 
The rate and degree of polymer crystallization in the final adhesive controls the rate 
of strength buildup and the final cohesive strength, respectively. Like polybutadiene 
polymers, chloroprenes also contain a certain amount of vicinal vinyl groups as a 
result of 1,2 addition rather than 1,4 addition. These vinyl groups have been used 
for grafting from the polymer backbone to generate other forms of chloroprene. 
Another classification of commercially available chloroprenes is the linearity of 
the backbone. The chloroprene forms most often used in solvent-based adhesives 
are highly linear and soluble. Latex-based chloroprenes have varying degrees of 
gel structure and are marginally solvent-soluble, if they are soluble at all. Solvent-
soluble chloroprenes are obtained from emulsion polymerization. They are then 
coagulated, often by the addition of salt. Simply stirring in solvent can dissolve 
lower molecular weight chloroprenes, while higher molecular weight materials 
often have to be broken down on a mill before easy dissolution is possible. Latex 
chloroprenes are often stabilized with rosin acid-based emulsifiers and are therefore 
anionically stabilized. One type of chloroprene is nonionically stabilized and is also 
co-polymerized with methacrylic acid.

2 Neoprene is no longer a registered trademark
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Neoprene (Chloroprene) Nitrile rubber

FIgure 10.18■ Structures of elastomers that are used in RBAs, but not necessarily in PSAs. 
These are structures for chloroprene and nitrile rubber

Figure 10.18 also shows the structure for nitrile rubber, which has already been 
discussed in this book in terms of its use in the modification of phenolic and 
epoxy-based structural adhesives (see Chapter 8). Nitrile rubber is a copolymer of 
1,3-butadiene and acrylonitrile. As in the case of chloroprenes, the nitrile rubbers 
are prepared by an emulsion polymerization process. The result is coagulated and 
then resolvated for use in these adhesives. The level of acrylonitrile varies widely 
in these polymers and can be as high as 50%, although the primarily used nitrile 
rubbers have an acrylonitrile content of about 25%. Nitrile rubbers, especially those 
with high acrylonitrile content, are well known for their resistance to gasoline and 
fuels.

Returning to Fig. 10.1, natural rubber is used as the base for a number of RBAs. 
The earliest RBA was simply natural rubber dissolved in naptha. This adhesive 
was, at one time, extensively used in schools for paper craft work. Natural rubber 
latex can also be formulated into a useful water-based RBA. SBR rubber is a random 
copolymer of styrene and butadiene formed through emulsion polymerization. As 
in the previous cases, it can be coagulated and redissolved or used in the latex. 
As a random copolymer, this material does not crystallize and its properties are 
highly dependent upon the ratio between the butadiene and the styrene. As in the 
case of nitrile and chloroprene rubber, the polymerization temperature can control 
many of the properties of the adhesive. In addition, acid functional monomers can 
be incorporated into the emulsion polymerization, resulting in SBR latexes with 
extra performance and reactivity.

The final polymer useful for the generation of RBAs is butyl rubber. Butyl rubber 
is not to be confused with polyisobutylene. Butyl rubber is a copolymer of butylene 
with a small amount of isoprene. As a result, butyl rubber has a certain number 
of double bonds available for curing. Polyisobutylenes are fully saturated and do 
not crosslink by normal chemical means. Butyl rubbers are available in solutions, 
solids, and as ionically stabilized latexes. Polyisobutylenes as well as butyl rubber 
are known for their inertness and excellent vapor impermeability properties.
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10.3.3■ Tackifiers

The same tackifiers described for use in PSAs are also useful for RBAs. The rules 
for the choice of tackifier for an RBA are similar to those for a PSA. However, the 
tackifier levels can be substantially higher than those for a PSA, since the RBA does 
not have to be tacky without the presence of the solvent. Higher levels of tackifier 
provide the opportunity for increasing the Tg of the adhesive, since tackifiers act 
as anti-plasticizers. The Fox equation can be used to predict the Tg of the resultant 
adhesive as long as the tackifier and the base elastomer are completely compatible.

The choice of tackifier for the RBAs is the same as that described for natural rubber-
based PSAs. One tackifier particularly useful in chloroprene-based RBAs is the 
t-butyl phenolic resin discussed below. Other resins used in this type of adhesive 
are based upon rosin esters as well as the coumarone-indene resins. Nitrile RBAs 
can also be tackified with coumarone-indene resins but hydrogenated rosins have 
also been used. In both of these cases, the base elastomer can also be modified by 
the addition of other polymers for particular applications. For example, chlorinated 
rubber has been added to both chloroprene as well as nitrile rubber RBAs to improve 
adhesion of the RBA to metal. SBR-based adhesives use the full range of tackifiers 
which we described as being useful for PSAs, including rosins, coumarone-indene 
and other aromatics as well as pinene-based resins. It is perhaps obvious that the 
formulation of latex-based RBAs requiring tackification starts with the availability 
of latex-based tackifiers. Since tackification depends upon the solution of the tacki-
fier in the elastomer, materials used to formulate a latex-based RBA are required 
to quickly fuse and dissolve as the latex coagulates. This extra requirement is 
difficult to achieve; often, the tackifier is added to the elastomer and the combina-
tion is emulsified. As indicated above, it is also possible to use rosin acids as the 
emulsifying agents for latex RBAs and these emulsifiers can also act as tackifiers.

10.3.4■ Pigments and Fillers

Pigments and fillers are added to adhesive products for various purposes. The most 
common purpose is to reduce the cost of the product, since many non-surface-treated 
pigments are very inexpensive compared to synthetically produced resins. Clay and 
talc fillers are often used to reduce the manufacturing cost of an adhesive formula. 
Another common purpose for the use of fillers is to opacify the product. Certain 
applications require opacity for aesthetic reasons or as an indication of how uniformly 
the adhesive is applied. Titanium dioxide is often used to make the adhesive opaque.

Another use for pigments and fillers in RBAs is for viscosity or sag control. In many 
applications, an RBA is used on a vertical surface such as in wall tile cement. Fillers 
for sag control to prevent the cement from running down the wall before the tile 
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can be applied are fumed silica and treated fumed silica. For latex based RBAs, 
clays, which impart a yield stress to an RBA formula, provide excellent sag control.
Two other pigments act as those described earlier but also modify the performance 
or the resistance to adverse environments, namely zinc oxide and magnesium oxide. 
Zinc oxide has long been part of a system for rubber vulcanization. It can be used in 
the same way in RBAs, especially RBAs with internal double bonds such as natural 
rubber. How zinc oxide helps vulcanize rubber is discussed in the next section.
Magnesium oxide plays a crucial role in the performance of chloroprene-based 
RBAs by aiding the stabilization of chloroprene against dehydrohalogenation. When 
unstabilized chloroprene is exposed to temperatures in excess of 87 °C (190 °F) 
for extended periods of time, the chloroprene evolves hydrochloric acid. Adhesive 
performance decreases and degradation of the adherend can occur through acid 
attack. The process is auto-catalytic, but can be greatly inhibited by the presence 
of acid acceptors, which not only neutralize the acid but also inhibit the autocata-
lytic effect. Zinc oxide apparently acts synergistically with magnesium oxide in 
this process and the two are often used as a stabilization package for chloroprene. 
Magnesium oxide plays another important role to be discussed in the next section.

10.3.5■ Crosslinking/Vulcanization of rBAs

RBAs can and have been used without crosslinking. Vulcanization is the crosslink-
ing of natural rubber with sulfur and the crosslinking of elastomers in general. 
The terms vulcanization and crosslinking can be used interchangeably for RBAs. 
Essentially all of the crosslinking agents normally used in the vulcanization of 
natural rubber can be used for crosslinking RBA elastomers that contain internal 
double bonds. A common system is to use a combination of sulfur with sulfur-curing 
accelerators such as zinc oxide and/or mercaptobenzothiazole. Such a crosslinking 
system requires heat to work. Other sulfur-based crosslinking systems work at room 
temperature. The accelerators for such a curing system are zinc dibutyldithio carba-
mate and/or zinc mercaptobenzothiazole. If the formulation is very active, a two-
part adhesive is generated. The sulfur and the accelerator are placed in a separate 
component that is mixed into the adhesive just before application. Natural rubber 
also contains a certain number of hydroxyl groups that react with added isocyanate 
in urethane formation. Nitrile rubber RBAs can be formulated in much the same 
manner as natural rubber RBAs when cure is necessary. A common system for 
curing nitrile rubber involves sulfur in combination with benzothiazyl disulfide 
and zinc oxide. Common free radical curing agents can also be used. Carboxylated 
SBRs can be cured through reaction with the carboxyl groups or an ionic crosslink 
can occur by using zinc salts. The ionic crosslink is stable in most conditions except 
when the “cured” RBA is exposed to very acidic conditions.
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Polyisobutylene does not contain unsaturated sites and is, therefore, not curable. 
However, butyl rubber RBAs can be crosslinked by sulfur. A crosslinking system 
useful for butyl rubber, as well as other unsaturated elastomer systems, is the 
quinoid cure, in which p-quinone dioxime is combined with an inorganic oxidizing 
agent such as lead dioxide or benzothiazyl disulfide. The crosslinking apparently 
takes place through the nitroso groups that form when quinone dioxime oxidizes. 
The quinoid cure is usually formulated in a two-part system since it is active at 
room temperature.

Many curing systems can work with chloroprene-based RBAs, as described above, 
with sulfur cures particularly effective if accelerators are involved. However, chloro-
prene RBAs have been formulated without these crosslinking agents and still retain 
the heat resistance required in many applications. As described earlier, t-butyl 
phenolic resins have been used as tackifiers in chloroprene RBAs. In addition, the 
role played by magnesium oxide in this type of adhesive has been mentioned. It 
has been found that a synergistic effect takes place when MgO is used with the 
tertiary butyl phenolic resins in chloroprene-based RBAs. When solvent is removed 
from these systems, the phenolic groups in the resin react with MgO to crosslink. 
This crosslinking increases the heat resistance of the chloroprene RBA much above 
that of the unmodified resin or elastomer [11]. Thus, the 80 °C bond strength of 
a chloroprene-based RBA increases threefold when the concentration of the phe-
nolic resin is doubled. Care must be taken, however, because the tack open time 
decreases with the increase in tackifier level. Tack open time is the time available 
after the adhesive is applied during which the product remains tacky enough for 
the application of the adherend.

10.3.6■ Solvents

In older RBAs, the solvent played a crucial role in the performance of the product. 
The solvent was the carrier for the system and all of the components of the adhe-
sive (less fillers) had to be soluble in the chosen solvent. A particular type of RBA, 
usually based on chloroprene, is called a contact bond adhesive. A contact bond 
adhesive, within a certain time after application, has enough cohesive strength 
and knitting ability that two surfaces coated with the adhesive have green strength 
immediately after they are mated. Knitting ability is an autohesion phenomenon in 
which chloroprene elastomer molecules are mobile enough to quickly form a bond 
(likely through interdiffusion) immediately after contact with little or no applied 
pressure. Few elastomers have this ability. Green strength indicates that the adhesive 
bond is strong enough to be handled a short time after the adherends are mated but 
much before full cure is obtained. One can imagine the utility of such an adhesive in 
mass production operations where it is much less expensive to store a part during 
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cure than to slow down the production line to allow the adhesive time to set up. The 
choice of solvent in such an adhesive system is critical. A combination of solvents 
is usually chosen with a rapidly evaporating solvent as the primary carrier and a 
slower evaporating solvent to provide tack during bonding.

Because of increasing regulation on the use of organic solvents, the use of latex-
based adhesives has increased markedly. Such systems, however, often have 
problems due to slow evaporation of water, less tack, and microbial buildup in the 
wet adhesive. For such systems to be useful in production lines, infrared heaters 
or ovens are often used to aid in the evaporation of the water. In addition, wetting 
plastic or other polymeric substrates is often problematic when latex-based RBAs 
are used. Often a small amount of solvent, called a coalescing aide that is soluble 
in both the elastomer and water, is added to latex systems to aid in wetting as well 
as to improve the coalescence of the latex particles. A recent improvement in the 
usability of latex-based RBAs has come with the development of a new application 
method. A salt solution is spray-applied simultaneously with the latex RBA, the 
latex is destabilized during the operation and it coagulates almost immediately 
upon application with the expulsion of water. This improves the drying production 
line speeds where latex-based adhesives are used.

10.3.7■ elastomeric Adhesives, Sealants and release Coatings 
Based upon Silicone Chemistry

Silicone PSAs were discussed in Section 10.2.1. Silicones have also found use in 
three other important segments of adhesion science: elastomeric adhesives, sealants 
and release coatings. Elastomeric adhesives having properties similar to some RBAs 
can be generated using silicone chemistry. Indeed, the incredible useful tempera-
ture range of silicone-based elastomers makes them ideal for extreme applications 
where structural strength is not required. For example, in one iteration of the Space 
Shuttle, the heat resistant tiles were attached by means of a silicone adhesive.

Silicones, because of their inherent chemical and environmental resistance, have 
found significant usage as sealants. Sealants are adhesives with several unique 
characteristics. First, a sealant must adhere well to a number of dissimilar substrates. 
Second, a sealant must be capable of significant strain capability. For example, in 
a building joint, a sealant may see strains in excess of 100% due to temperature 
changes as a function of season. Third, a sealant must not exhibit permanent set 
or significant property hysteresis. That is, a sealant should stay elastic for most of 
its useful life.

There are a number of situations in which one wishes to have an adhesive adhere 
with only a slight force, making it removable and adhereable elsewhere. This is the 
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function of a release coating or an abhesive material. One example of a use for an 
abhesive material is the ubiquitous release liner used in PSA products. These liners 
are expendable materials that are used to carry the PSA product. The liner is coated 
with an abhesive material making the PSA product easy to remove. An example of 
such a product is a transfer tape, which is just a piece of PSA on an abhesive liner. 
The low surface energy of silicones and their incompatibility with many materials 
forms the basis for many abhesive liners.

The basic structure of silicone gums and fluids was given in Figure 10.1. In order 
to make a silicone gum or fluid into an elastomeric adhesive, one must modify the 
chemistry of the silicone so that it contains reactive groups that will allow the 
adhesive to chemically crosslink. There are two major types of silicone vulcaniza-
tion (crosslinking): condensation and addition.

Condensation crosslinking of silicones takes place by the reaction of a silicone diol or 
polyol with a crosslinker in the presence of a catalyst. One example of such a reaction 
is shown in Figure 10.19. In this case, the silicone fluid is a PDMS (polydimethyl 
siloxane) diol. The crosslinker is methyl triacetoxy silane and the catalyst is a tin soap 
(e.g. dibutyl tin dilaurate). In the presence of water, the acetoxy group hydrolyzes 
to yield a silanol. The silanol condenses with another silanol (e.g. on the silicone 
fluid) resulting in a crosslink. The acetic acid volatilizes. This reaction is familiar 
to many consumers who have purchased one-part silicone bathroom sealants. The 
vinegar smell is the acetic acid that is liberated during the cure. These materials 
are also known as RTV silicones, i.e., room temperature vulcanizing silicones.

Tin Salt

Crosslinked silicone

FIgure 10.19■ Chemistry of condensation crosslinking of a silicone. This chemistry forms the 
basis for one type of RTV (room temperature vulcanizing) silicone
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The oldest form of addition cure of silicones is the use of peroxide crosslinking 
catalysts. The cure of silicones by this method is done using a proton abstracting 
peroxide and high temperature. Many silicone rubbers are manufactured in this 
manner. However, this procedure is seldom used in silicone adhesives.
Modern silicone chemistry uses an addition cure based upon platinum catalyzed 
vinyl addition of silane hydride to a vinyl silane. The chemistry of this reaction is 
shown in Figure 10.20. Silane hydride will react with vinyl silane at room tempera-
ture, and in fact, this can be an exothermic reaction. The cure is moderated by the 
addition of an inhibitor that sequesters the platinum catalyst. This retards the cure. 
In the presence of enough inhibitor, the material can be stable as a one-part adhesive 
and it requires heat to cure. A number of abhesive liners are manufactured using 
this chemistry.
Silicone adhesives are on the weaker side of semi-structural adhesives. For 
example, a typical value of lap shear strength using aluminum adherends is 
200–300 psi. Interestingly, peel strengths can also be very high, on the order of 
tens of pounds per inch width. The tensile elongation capabilities are very high 
with many hundred per cent strain at break being the norm.

Silicone polymer

Crosslinked Silicone

Platinum Catalyst plus inhibitor

FIgure 10.20■ Chemistry of addition crosslinking of a silicone. This chemistry forms the basis 
for some silicone sealants and also for silicone abhesive liners
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■■ 10.4■ Summary

Elastomer-based adhesives come in two primary forms, the pressure-sensitive 
adhesive (PSA) and the rubber-based adhesive (RBA). The formulation of these two 
types of adhesives are quite similar in that a base elastomer provides much of the 
performance and performance is modified by the addition of tackifiers and cross-
linking agents. The primary difference between the two materials is that the PSA 
is dry and ready to use in its commercial form while the RBA usually comes in a 
carrier (solvent or water), which must be removed before the bond can be effected. 
One particular form of elastomeric adhesive, the silicone, was also discussed. This 
100% solids material cures in place to form an elastomer.

The ultimate holding power of the PSA is substantially less than that of an RBA, 
which should be considered semi-structural in character. The performance prop-
erties of a PSA were discussed in detail, especially as they related to dynamic 
mechanical properties. In particular, the properties of tack and peel were related 
to dynamic mechanical properties.
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■■ Problems and review Questions 

1. A tackifier has been added to an isoprene-styrene-isoprene block copolymer. 
Two glass transition temperatures are measured for this mixture. However, 
the higher glass transition temperature is significantly less than that of poly-
styrene. Was this a good choice of tackifier? Which properties of the PSA 
would be most affected by this choice of tackifier?

2. A PSA is coated on two different backings of equal thickness. One backing 
is highly plasticized vinyl while the other backing is oriented poly(ethylene 
ter ephthalate). Which PSAT will likely give the higher loop tack value?

3. A material is being developed for use as a pressure sensitive adhesive for 
use at room temperature. The glass transition temperature of the material is 
30 °C. Will it be useful in this application? Can It be made to be useful by the 
addition of a tackifier? Why?

4. What is the approximate Tg of a 50/50 w/w mixture of a natural rubber/
Foral 105. The Tg of natural rubber is 200 K. Can this material be used as 
a pressure sensitive adhesive outside on a cold winter day in January in 
Minnesota in a non-El-Nino year?

5. Which formulating ingredients are used for the generation of both pressure 
sensitive adhesives and rubber based adhesives?

6. If one is formulating an elastomeric adhesive that is to be used in sealing 
buildings in Alaska, which chemistry is the most likely to yield a sealant that 
is useful almost anywhere in Alaska?

http://dx.doi.org/10.1080/00218466908078882
http://dx.doi.org/10.1080/00218466908078882


11 Thermoplastic, 
Pseudothermoplastic, 
and Other Adhesives

■■ 11.1■ Introduction

In this chapter, some types of adhesives not classified as either structural adhesives 
or as elastomer-based adhesives are discussed. These adhesives are based primarily 
on thermoplastics or materials that appear to be thermoplastic. The two primary 
types described in this chapter are hot melt adhesives and emulsion adhesives. In 
both cases, the main polymer utilized is polyvinyl acetate. Also, some miscellaneous 
classes of adhesives, such as those based on natural products, are discussed.

The primary objective of this chapter is to become acquainted with the chemistry 
and physical properties of hot melt and emulsion adhesives. The types of polymers 
used in hot melt adhesives as well as the materials used to modify their performance 
should become familiar. Many of the adjuvants described in previous chapters are 
used in these adhesives so the discussion mostly revolves around how these materi-
als affect the performance of these adhesives. The chapter describes the chemistry 
of the primary type of emulsion adhesive and ends with a description of several 
types of natural product-based adhesives that have not been described earlier. These 
materials are either thermoplastic or pseudo-thermoplastic in character.

■■ 11.2■ Hot Melt Adhesives

11.2.1■ Introduction

A hot melt adhesive is defined as an adhesive applied from the melt and it gains 
strength upon solidification and crystallization. Hot melt adhesives are applied 
without solvents. The increase in solvent emission regulations has increased the 
demand for hot melt adhesives. Certain types of hot melt adhesives cure over time 
after application. However, with the general purpose hot melt adhesive, the material 
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is applied as a thermoplastic melt and the resulting adhesive is also a thermoplastic. 
Attention has to be paid to the type of polymers forming the adhesive, since the 
resultant material has to be low viscosity in the melt (for easy application) but must 
solidify into a cohesively strong material.

Hot melt adhesives are divided into two classes; the first class depends upon formu-
lation design. That is, the properties of the hot melt come from the combination of 
components that give the desired balance of properties. This situation should now be 
familiar, as it was encountered for elastomer-based as well as structural adhesives. 
In the second class of hot melt adhesives, adhesive performance is molecularly 
designed. That is, the hot melt performance does not come from formulation, but 
rather from the choice of monomers used to make the base polymer. Later in this 
chapter, the primary shortcomings of hot melt adhesives are discussed as well as how 
these shortcomings are addressed through the use of post-application crosslinking.

11.2.2■ Polymer Physical Properties and Hot Melt Adhesives

The primary characteristic that distinguishes hot melt adhesives from other adhesive 
materials is the fact that they are applied in the melt and the adhesive’s strength 
comes from re-solidification. Melt properties, wetting while in the melt, re-solid-
ification, and the properties of the adhesive after solidification are all important. 
The dynamic mechanical properties of two thermoplastic polymers are shown in 
Fig. 11.1. There is a substantial difference between the two dynamic mechanical 
spectra, as one is for a semi-crystalline thermoplastic while the other is for an amor-
phous thermoplastic. For ease of comparison, the curves for the two polymers are 
drawn so that they have the same glass transition temperature. Figure 11.1 shows 
that the plateau region in a plot of modulus versus temperature is higher and longer 
for a semi-crystalline polymer than for an amorphous polymer. The reason for this 
phenomenon is that the crystallites in the semi-crystalline polymer reinforce its 
rubbery, amorphous regions. This gives rise to a higher plateau modulus than in the 
corresponding amorphous material. The plateau region of the amorphous polymer 
can be increased in height and length if the polymer is crosslinked or if its molecular 
weight is increased dramatically (i.e., the number of entanglements is increased). 
At the melt temperature of the semi-crystalline polymer, the modulus drops drasti-
cally as the crystallites melt. For the amorphous polymer, at a certain temperature, 
the polymer starts to flow. The curves shown in Fig. 11.1 are very similar to the 
curves obtained for semi-crystalline versus atactic polypropylene. The reason 
for discussing these dynamic mechanical spectra is that they define the region 
in which polymers can be used as hot melt adhesives. In Fig. 11.1, the dynamic 
mechanical spectrum is divided into a glassy region, a rubbery plateau, and a flow 
region. In the glassy region, the material behaves as a glass, and is usually brittle. 
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It is possible to increase the strain energy density of glassy hot melts by the same 
means as described for structural adhesives. Polymers in the flow region have no 
strength. In the rubbery region, the polymer is likely to have its highest strain 
energy density at failure. The best performance for any load-bearing adhesive occurs 
when the energy absorption properties of the polymer are maximized. Therefore, 
the operational range for a hot melt adhesive is between the melt temperature and 
the glass transition temperature:

m gT T TD = −  (11.1)

It is the objective of the hot melt formulator to have DT as large as possible and the 
plateau modulus high enough to support the loads for which the adhesive is designed.

There are substantial limitations in our ability to maximize DT. Tm cannot be very 
high since worker safety and heating system capabilities become a concern with 
high temperatures. Tm should actually be as low as possible to prevent problems in 
these areas. Typically, hot melt adhesives have melt temperatures below 170 °C. 
Performance of a hot melt adhesive is usually maximized near room temperature. 
Therefore, the Tg of the hot melt should be at least 20 °C below room temperature. 
As was the case with the elastomeric adhesives discussed in the previous chapter, 
there are few polymeric materials that meet these criteria.

Another important criterion for the usefulness of a hot melt adhesive is its melt 
viscosity. Excessively high melt viscosity results in adhesives that are exceedingly 
hard to apply, perhaps requiring specialized equipment. The melt viscosity depends 
upon the molecular weight of the polymer, therefore it should be low. As stated 
earlier, the only way amorphous polymers can exhibit higher and longer rubbery 
plateau is to increase its molecular weight to increase the number of entangle-
ments. For a hot melt adhesive, such a high molecular weight, substantially above 
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FIgure 11.1■Dynamic mechanical spectrum of two polymer types: amorphous and 
crystalline. The plot shows that the range of temperature over which reasonable values of 
modulus can be obtained is, in general, larger for crystalline thermoplastics
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the entanglement molecular weight, means that the melt viscosity is too high for 
easy application. Hence, most of the materials discussed as hot melt adhesive base 
polymers are semi-crystalline in character. Amorphous materials are often not 
usable as hot melt adhesives.

The hot melt adhesive industry does not typically refer to the melt viscosity of a 
polymer as we defined it in Chapter 5. Rather, the industry uses a quantity known 
as the melt flow index (MFI) or melt index. The MFI is measured in various ways, one 
is described in ASTM D1238. In this test method, the polymer or hot melt adhesive 
is raised above its melt point in an apparatus in which it is pressurized and then 
the polymer is forced through a capillary of specified size and length. There is an 
obvious relationship of this test to the actual method of application of hot melt 
adhesives. The melt flow index is given as the weight of polymer in grams that 
can be forced through this apparatus under the specified conditions of pressure, 
temperature, and time. There is an inverse relationship between the melt flow index 
and the melt viscosity of a polymer.

The ability of a hot melt adhesive to wet a surface depends upon not only the wetting 
relationships discussed in Chapter 6 but also depends upon the time the adhesive 
is in the melt state. Rapidly crystallizing polymers, while perhaps rapidly building 
strength after application, are problematic in terms of providing complete wetting 
before the polymer solidifies. Another problem for hot melt adhesives is wetting 
substrates of high heat conductivity, such as metals, because the heat present in 
the applied hot melt is rapidly dissipated. The adhesive can solidify before it can 
wet the surface. The contact interface is the first region to solidify in such a bond. 
Metallic adherends almost always have to be heated before application of a hot melt 
adhesive in order to allow the adhesive to wet the surface.

As discussed in Chapter 6, wetting is not only an interfacial phenomenon, but also 
depends upon the viscosity of the material. The equations described in Chapter 6 
for the time dependent contact angle are not immediately useful for the hot melt 
situation, since they were written with the supposition that the melt viscosity 
was constant. If the melt viscosity is not constant, then the equation for the time 
dependent contact angle is:

( ) ( )LV
t

d cos
cos cos

d
t

t t L
 

 
 ∞= −  (11.2)

where t is the time dependent contact angle. If (t) is constantly increasing, then 
the rate of change of the contact angle as it approaches equilibrium is ever decreas-
ing, indicating that the length of time necessary for the contact angle to come to 
equilibrium is constantly increasing. The formulation of a hot melt must balance 
the need for rapid strength buildup with the need for complete wetting.
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11.2.3■ Formulation of Hot Melt Adhesives

The primary polymers used to formulate hot melt adhesives are shown in Table 11.1.

Paraffin wax is the base for the oldest hot melt adhesive, sealing wax. Paraffin wax 
is used in low melting hot melt adhesives, yielding an adhesive with generally poor 
strength. Low-density polyethylene provides a higher strength hot melt adhesive 
with much the same structure as the paraffin wax, but with more branch points 
in the polymer. The workhorse of the industry is the poly(ethylene)-co-poly(vinyl 
acetate) polymer also known as ethylene-vinyl acetate polymer, or simply EVA. These 
materials are random copolymers of ethylene and vinyl acetate with vinyl acetate 
levels of about 18 to 52%. The melt index can vary from 0.6 to 500 g/10 min. This 
wide range of material choices provides substantial latitude for the formulator to 
find the best balance of properties. The base polymer, whatever its composition, is 
the primary strength-providing material in a hot melt adhesive formulation.

The other primary ingredients in a hot melt adhesive formulation are a tackifying 
agent, a flexibilizer, a wax, and an antioxidant. Tackifying agents were discussed in 
the previous chapter. The role of the tackifying agent in a hot melt adhesive is similar 
to the role it plays in a PSA. However, the tack of a hot melt adhesive is fleeting 
and only special formulations of hot melts are tacky after they have reached room 
temperature. The same criteria exist for hot melt adhesive tack as for PSAs. However, 
the time when the adhesive meets the Dahlquist criterion for tack is the time when 
the adhesive has a modulus less than 3 × 106 dynes/cm2. Once the adhesive has 
solidified, the tackifier modifies the Tg of the solid adhesive. The ultimate Tg can 
be predicted from the Fox equation if the components are completely compatible.

The same tackifiers discussed in the previous chapter are useful for modifying hot 
melt adhesive performance. Some consideration has to be given to the heat stability 
of the tackifier in the melt. Tackifiers with unsaturation could potentially gel while 
the adhesive is in the melt and not be useful. In addition to those discussed in the 
previous chapter, chlorinated polyolefins are tackifiers for hot melts that improve 
their ability to wet surfaces.

TABle 11.1■ Base Polymers used in the Formulation of Hot Melt Adhesives

Polyvinyl acetate-co-polyethylene (EVA)
Low density polyethylene
Polyethyl acrylate-co-polyethylene
Paraffin waxes
Polypropylene
Styrene-butadiene block copolymers
Styrene-isoprene block copolymers
Phenoxy resins
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Flexibilizers can be added to a hot melt adhesive to make it permanently soft or 
flexible. Phthalates, tricresyl phosphate, and polybutenes find a role here. These 
materials act opposite to the tackifiers in that they decrease Tg, while tackifiers 
increase it. The plasticizer must be completely soluble in the base resin or unde-
sirable phase separation can take place during storage or application. Another 
important criterion in choosing a plasticizer is its volatility at the melt temperature. 
Undesirable effluent could result.

One of the most important ingredients in a hot melt formulation is the wax. Waxes 
decrease the viscosity of the melt and the surface tension of the liquid adhesive. As 
hydrocarbonaceous materials, waxes, in general, have a lower surface tension than 
the base polymer of the hot melt and thus, lower the surface tension of the overall 
adhesive. Certain waxes, known as microcrystalline waxes, not only reduce melt 
viscosity and melt surface tension but they also reinforce the hot melt by forming 
crystallites that resist deformation under load.

Fillers are also used in hot melt adhesives. Materials such as clay and talc can be 
used to control the melt viscosity of the hot melt and to opacify the material. Most 
often, they are added to reduce the manufacturing cost of the formulated adhesive. 
The final formulation ingredient is the antioxidant. Since these adhesives may 
spend long times in a hot melt applicator before use, an antioxidant is mandatory, 
especially for those adhesives based on ethylene. Materials such as hindered phenols 
are used for such purposes.

It is important to consider the structural features of a hot melt base polymer such 
as EVA as they affect the final properties or applications of the adhesive. From the 
discussions in the earlier chapters in this book, we already know that increasing 
vinyl acetate content in the base polymer increases the cohesive strength of the 
material, making it stronger under load. However, increasing vinyl acetate content 
also increases the surface tension of the melt, thus making it more difficult to wet 
lower energy substrates. Increasing the vinyl acetate content also lowers the solu-
bility of waxes in the adhesive, making them more difficult to formulate. Melt flow 
index also significantly affects the strength of an adhesive bond. High melt flow 
index materials are lower in molecular weight and thus, have less strength than a 
low melt flow index material.

Formulation-based hot melt adhesives are used in an ever-increasing number of 
applications. One of the primary uses is in paper joining. Many corrugated boxes are 
sealed by formulation-based hot melt adhesives as is much of the packaging material 
used to hold and display products. Formulation based hot melt adhesives are also 
extensively used in bookbinding, although early hot melts used to bind inexpensive 
paper-backed books were not very good for long periods of time. Improvements in 
adhesive formulation over the past 30 years resulted in more permanent bindings 
for paperback books and even many hardcover book publishers now use hot melt 
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adhesives as part of the binding process. Hot melt adhesives are also used in wood-
working. A woodworker can join parts using a hot melt as a fixturing aid, while a 
standard wood adhesive is allowed to set. In general, however, hot melts are not used 
in furniture manufacture because of their thermoplastic character, which means 
they are likely to creep under load. The lap shear strengths exhibited by hot melt 
adhesives (above their glass transition temperature) are typically a 0.7–3.5 MPa 
(few hundred psi) and peel strengths are usually a 0.9–3.5 kN/m (few tens of piw). 
Hot melt adhesives, below their glass transition temperatures, can have properties 
that are almost structural in character. However, peel strengths can be low, since 
these materials tend to be brittle glasses because their molecular weights are low 
to keep their MFIs high. A hot melt adhesive formulation typical of those used to 
seal cardboard boxes is shown in Table 11.2.

TABle 11.2■ Example of a Hot Melt Adhesive Formulation [1]

40% EVA copolymer

15% Phenolic resin tackifier

12.5% Polyterpene tackifier

12.5% Synthetic polyterpene tackifier

20% wax

  0.1% antioxidant

The formulation in Table 11.2 shows an interesting situation. There is significantly 
more adjuvant than there is EVA copolymer in this hot melt adhesive. We can learn 
more about such materials by examining the work of Shih and Hamed [2] who 
measured the dynamic mechanical properties of EVA-based hot melt adhesives 
as a function of formulation components. They also examined the compatibility of 
tackifiers and waxes and compared these results to peel performance. Figure 11.2 
shows a schematic representation of some of their results. For a specific tackifier, 
they found that as its concentration was increased, a result similar to that found for 
PSAs is observed. The Tg of the mixture increases with increasing tackifier and the 
plateau modulus decreases. At some level of tackifier, incompatibility occurs. At this 
point, the glass region widens substantially. If one examines the loss tangent for the 
same systems, two peaks indicating the presence of two glass temperatures is noted. 
One should compare the formulation in Table 11.2 to the plots in Figure 11.2. The 
level of tackifier used should place this formulation as one in which the tackifier 
becomes incompatible. The phase separated tackifier acts to stiffen the adhesive 
in the same region in which the adhesive would be rubbery, that is, above the EVA 
Tg. It is likely that the shear performance of this adhesive is improved with the 
high level of tackifier.
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FIgure 11.2■ Dynamic mechanical spectra showing the effect of increasing tackifier 
concentration on the storage modulus of a hot melt adhesive (redrawn from [2])
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FIgure 11.3■ Dynamic mechanical spectra showing the effect of increasing wax 
concentration on the storage modulus of a hot melt adhesive (redrawn from [3])
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Shih and Hamed [3] also examined the effect of the addition of wax on the dynamic 
mechanical properties of an EVA-based hot melt adhesive. Figure 11.3 is a sche-
matic representation of their data in which an EVA is modified with a single tacki-
fier at several wax concentrations. Examination of this Figure shows that at low 
concentrations, the wax acts as a diluent, lowering the plateau modulus. At higher 
concentrations, the wax acts to increase the plateau modulus without significantly 
affecting the glass transition temperature of the EVA/tackifier. However, at high 
enough concentrations, the wax crystallizes and begins to act as a reinforcement 
for the adhesive.

11.2.4■ Synthetically Designed Hot Melt Adhesives

The formulation ingredients described in the previous section can also be used with 
the materials described in this section. However, the materials discussed here are 
those based primarily in synthetic design, rather than in formulation design. That 
is, the base polymer forms essentially the entire adhesive and, with the exception 
of antioxidants, few other ingredients are added. The properties of the adhesive 
come from the selection of the monomers used to form the final polymer.

The two main types of synthetically designed hot melt adhesives are polyamides 
and polyesters. Polyurethanes are also synthesized into a form useful in hot melt 
adhesives, but this material is not often used. Urethane formation chemistry was 
discussed in Chapter 8. The synthetic schemes used to generate polyesters and 
polyamides are shown in Fig. 11.4. Polyamides are generated either through the 
reaction of diamine with a diacid or through the homopolymerization of an amino 
acid. Acids are employed as catalysts and the by-product of the reaction is water. 
In addition, and not shown in Fig. 11.4, is the ring opening polymerization of 
caprolactam to yield a polyamide. Polyester formation reactions are also shown in 
Fig. 11.4. In a manner analogous to the polyamide formation reactions, a diacid is 
reacted with a diol or an acid alcohol is self-polymerized to generate a polyester. 
Similarly to polyamide formation reactions, polyesters can be formed from the ring 
opening polymerization of caprolactone. Acids, antimony trioxide or anhydrous zinc 
chloride can be used to catalyze polyester formation. For both formation reactions, 
high temperatures are usually used and water is evolved. The degree of polymeriza-
tion is controlled by the ratio of the monomers and by how far the equilibrium is 
driven by removal of water from the reaction mixture.

As discussed in the previous section, hot melts need to be optimized to have as 
large a range of temperature between Tg and Tm as possible. For copolymers of 
semi-crystalline polyesters and polyamides, the Tm can be approximated by the 
Flory equation:
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Diacid Diamine Polyamide

Amino acid Polyamide
Polyamide formation reactions

Diacid Diol Polyester
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FIgure 11.4■Chemistry of the reactions used in the formation of polyamides and polyesters

m,c m m,h

1 1
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R X
T H TD

= +  (11.3)

In this equation, R is the gas constant; DHm is the heat of fusion of the homopoly-
mer repeat unit; X is the mole fraction of the crystalline polymer; Tm,h is the melt 
temperature of the homopolymer; and Tm,c is the melt temperature of the copoly-
mer [4]. For polyesters, the ratio of Tg to Tm is in the range of 0.5 to 0.7, depending 
upon the symmetry of the polymer. The use of these two relationships provides a 
maximum range over which the polyester can be a useful hot melt adhesive. The 
melt point of a copolymer, in general, decreases with the alkylene chain length of 
the diol used to form the polyester. The percent crystalline material in a polyester 
is dependent upon the alkylene chain length in the diol. The proportion of crystal-
lization decreases as diol chain length increases, but the rate of crystallization 
increases as the alkylene chain length increases. The rate of crystallization can 



31711.2 Hot Melt Adhesives

be important in applications in which the assembly is required to have a certain 
degree of strength in a certain time. By examining the curves in Fig. 11.1, it may 
be assumed that a high degree of crystallization is desired in a hot melt adhesive 
because that translates to a high value of the modulus in the plateau region. This 
situation is somewhat problematic, in that crystallization is accompanied by molar 
volumetric shrinkage in the polymer. If the shrinkage is too great, then shear stresses 
build up at the interface between the adhesive and the adherend, which can cause 
the bond to delaminate. Thus, the balance that must be met when synthesizing a 
hot melt adhesive involves the following criteria:

 � as large a range as possible between Tg and Tm,
 � a Tm that is high, but below the degradation point of the polymer and not too high 
that it damages equipment and adherends,

 � a Tg below the use temperature,
 � as high a percent crystallization as possible, but within the tolerance of shrink-
age of the bonded assembly

 � a crystallization rate commensurate with the assembly process

Polyamides follow much of the same trends as for polyesters. However, polyamides 
are helped as well as hindered by their ability to hydrogen bond. Polyamides have 
higher cohesive strength as well as higher melting points than polyesters of similar 
structure. However, polyamides are much more susceptible to moisture permeation 
than polyesters, since hydrogen bonds can break when the polymer absorbs water. 
A listing of the monomers commonly used for hot melt polyester and hot melt poly-
amide adhesives is shown in Table 11.3.

TABle 11.3■ Monomers Commonly Used to form Hot Melt Polyester and Polyamide Adhesives [5]

Polyamides Polyesters
Acids Acids
Dimer acid Terephthalic
Sebacic Adipic
Dodecanoic Isophthalic
Azelaic Phthalic
Adipic Dimer acid
Diamines Azelaic
Ethylene diamine Sebacic
Hexamethylene diamine Diols
Diethylene triamine Ethylene glycol
Piperazine 1,4-butanediol
Polyoxypropylene diamines 1,6-hexanediol

1,4-cyclohexanedimethanol
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FIgure 11.5■Thermal dimerization of linoleic acid

One particular type of diacid used to produce hot melt polyamide-based adhesives 
is the dimer acid. This name is applied to a series of acids that result from a dimer-
ization reaction of natural unsaturated fatty acids. The fatty acids involved are 
C18-doubly unsaturated, but non-conjugated. Examples of such acids are linoleic 
acid, oleic acid, and soybean oil acid. Many processes, including high temperature 
dimerization through a Diels-Alder mechanism, and a free radical reaction, gener-
ate the C36 dimer of these acids. A proposed structure and thermal dimerization 
scheme for linoleic acid is shown in Fig. 11.5 [6]. Polyamides resulting from the 
polymerization of dimer acid with a diamine are flexible materials, due to the 
number of degrees of rotation available in these molecules because of their highly 
aliphatic character.

Polyester and polyamide based hot melt adhesives find uses in many industries. They 
are sold, as are the formulated adhesives, into markets where hand-held applicators 
are used. In addition, they are widely used in shoe manufacture. The performance 
of the synthetically designed hot melt adhesives is, in general, higher than that of 
the formulated adhesives.
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11.2.5■ Curing Hot Melts

Hot melt adhesives have a number of drawbacks. The adhesives are thermoplastic, 
and are relatively low in molecular weight so that they can be dispensed from a gun 
type applicator. The molecular weight is not very much higher, if at all, than the 
entanglement molecular weight of the polymer. Therefore, creep is a major problem. 
Hot melt adhesives are also susceptible to water permeation and/or solvent penetra-
tion because of their thermoplastic character. Polyamide adhesives are particularly 
affected by water because much of the strength of the polyamide comes from inter-
molecular hydrogen bonds. Many of the problems associated with hot melt adhesives 
can be eliminated or ameliorated if the hot melt was not a thermoplastic but rather 
a thermoset (as described in Chapter 8). However, heating a thermoset causes it to 
cure and become infusible. If this should happen in an applicator, particularly some 
form of mechanized hot melt applicator, the results could be disastrous. Reactions 
for curing hot melts have to be stable in the applicator at the adhesive’s melt tem-
perature but occur at some reasonable rate after application. In addition, the cure 
mechanism cannot attack the polymer in the melt or after application.

One reaction for curing hot melt adhesives is the inclusion of free radically reactive 
double bonds and a photoiniator in the adhesive formulation. This formula can be 
stable under melt conditions, but then be photoactivated to cure the adhesive. The 
reaction most often used in curing hot melt adhesives involves moisture-reactive 
isocyanate. The generation of a moisture curable hot melt adhesive involves the 
synthesis of an isocyanate-terminated polymer. The base polymer from which this 
is made is usually inherently useful as a hot melt adhesive. For example, a poly-
ester polyol can be made from a stoichiometry slightly richer in the diol, yielding 
a polyester diol. This material can then be reacted with a diisocyanate at an iso-
cyanate to alcohol mole ratio of 2 : 1. The moisture curing reaction of isocyanates 
is shown in Fig. 11.6. As shown, water reacts with the isocyanate to generate an 
amine and carbon dioxide. The resultant amine then reacts with another isocyanate 
to create a urea linkage. This reaction can continue as long as moisture can enter 
into the material and there are available isocyanate groups. Several catalysts for 
urethane formation are also useful catalysts for reacting water with isocyanates in 
a moisture curing reaction, including stannous octoate, dibutyl tin dilaurate and 
triethylenediamine. The structure of triethylenediamine is also shown in Fig. 11.6. 
The choice of catalyst depends, in part, on the stability of the reactive mixture at 
the temperatures in the hot melt applicator. The hot melt could also be formulated 
with other materials discussed earlier in this chapter. Those other materials must 
be compatible and stable with isocyanates and catalysts at the melt temperatures.



320 11 Thermoplastic, Pseudothermoplastic, and Other Adhesives

triethylene diamine Further reaction and
crosslinking through
biurets

FIgure 11.6■Reactions used in a moisture curing hot-melt adhesive

■■ 11.3■ Polyvinyl Acetate-Based Adhesives

Many times in the previous chapters, certain polymers were referred to as “work-
horses” of an industry or type of adhesive. This statement is particularly applicable 
to polyvinyl acetate (PVAc) in emulsion adhesives. Polyvinyl acetate is made by 
emulsion free radical polymerization. The basic polymer is quite brittle, but it can 
be modified by co-polymerization with other monomers, in particular, ethylene. As 
the amount of ethylene in the copolymer increases, the more ductile the polymer 
becomes and the lower its glass transition temperature. However, its glass transi-
tion temperature cannot be made too low, because this may result in an adhesive 
with too little stiffness.

Poly(vinyl acetate) emulsions can also be made with a number of co-monomers, such 
as various acrylates and dibutyl maleate. In addition to the synthesis of the base 
polymer, PVAc polymers and copolymers can be formulated through the addition of 
external plasticizers and tackifiers. Co-solvents may be added as well as crosslinking 
agents. External plasticizers, such as dioctylphthalate, can be added as long as they 
are compatible in the emulsion. The same is true of tackifier emulsions. Co-solvents 
such as 2-butoxy ethanol, which is soluble in both water and the PVAc emulsion, aid 
in the coalescence of the emulsion particles once the water has begun to evaporate.

Of importance in the formulation of stable PVAc emulsions are the surfactant and 
the protective colloid. These materials stabilize emulsions. Protective colloids can 
be certain polyurethanes known as “associative” protective colloids, or cellulosic 
materials such as hydroxy ethyl cellulose. In addition to stabilizing the colloid, the 
protective colloid increases the thixotropy of the adhesive. One material used as 
both a surfactant and part of a colloid protection system is hydrolyzed or partially 
hydrolyzed PVAc. The material is either polyvinyl alcohol (PVA) or PVAc-co-PVA. 
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These combinations of surfactants and cellulosic protective colloids optimize prop-
erties, provide improved wettability on various surfaces, or have the potential for 
crosslinking. Crosslinking can also be obtained by co-polymerizing vinyl acetate 
with a carboxyl-containing monomer such as acrylic acid. The carboxyl function 
can then be crosslinked by a number of materials including aminoplast resins, 
epoxies, etc. Crosslinking tends to improve creep resistance in the adhesive but it 
often imparts brittleness, which can be countered in a number of ways.

PVAc emulsion adhesives are well known to the consumer and the industry as “white 
glue”. In wood bonding with PVAc adhesives, much of the drying of the adhesive 
takes place by sorption of water by the wood. White glues are also widely used in 
the packaging industry for the manufacture of cardboard and paper bags.

■■ 11.4■ Polyvinyl Acetal Adhesives

Polyvinyl acetal is generated in two steps. PVAc is first hydrolyzed to a certain degree 
to yield a primarily PVA copolymer. The PVA is then reacted with formaldehyde or 
butyraldehyde to yield either polyvinyl formal or polyvinyl butyral, respectively. 
Neither of these polymers is actually a homopolymer of polyvinyl acetal but are 
rather terpolymers of PVAc, PVA, and polyvinyl acetal. Many of the properties of the 
resultant polymer depend upon the proportion of the monomers in this terpolymer, 
including crosslinkability, which depends upon the number of hydroxyl groups left 
in the polymer. The hydroxyl groups can be crosslinked with epoxy resins, amino-
plast resins, diisocyanates, as well as dialdehydes. The use of polyvinyl acetals in 
the formulation of phenolic resins has already been described in Chapter 8. One of 
the primary uses of polyvinyl acetal adhesives is in the generation of safety glass.

■■ 11.5■ Thermoplastic or Pseudo-thermoplastic 
Adhesives based upon Natural Products

The oldest adhesives are based upon natural products. The use of proteins as base 
resin for a structural adhesive was described in an earlier chapter. However, a 
number of other natural product-based materials are also used as adhesives or as 
adhesive components and some are discussed in this section.
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11.5.1■ Starches [7]

Starches are obtained from roots and seeds and we classify them as pseudo-thermo-
plastic materials, because starch is not actually soluble. Rather, starch is a branched 
polysaccharide consisting of amylose and amylopectin (structures are shown in 
Fig. 11.7). Since starches are highly branched, they are not soluble in water and 
most other materials. Because of their chemical structure, they swell considerably 
in water, particularly when the water is boiled. The water-swollen starch particles 
behave like a pseudoplastic emulsion that can be coated onto paper as well as other 
substrates to act as a re-moistenable adhesive. Starches can be formulated with a 
number of materials as plasticizer, such as glycerol, corn syrup or molasses. Borax 
is important in starch-based adhesives because it acts as a rheology modifier and 
at sufficiently high concentrations, as an anti-microbial.

FIgure 11.7■Structure of amylopectin

11.5.2■ Cellulosics [8]

The feedstock for cellulosic adhesive materials is wood pulp and cotton linters with 
the second providing higher quality cellulose. A good way to describe the possible 
uses of cellulosics in adhesive technology is by the diagram shown in Fig. 11.8. 
Cellulose, because it is inherently insoluble, must be chemically modified to make 
useful adhesives. The oldest form of chemical modification is nitration. Reaction 
of cellulose with approximately a single nitration per ring yields cellulose nitrate. 
This form of cellulose is soluble in such solvents as amyl ketone and toluene. 
The solvated form of nitrocellulose is the well-known adhesive; Duco1 Cement sold 
for many years by the DuPont Company. Esterification of cellulose leads to cellulose 
acetate or triacetate. One use of these materials is used for very clear, thin film prod-
ucts (“celluloid” or “cellophane”). These products formed the base for photographic 
films before the advent of polyethylene terephthalate and is the backing for many 
pressure sensitive adhesive tapes. Etherification of cellulose yields hydroxyethyl 

1 Duco is a trademark of E. I. DuPont de Nemours Co.
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and hydroxy methyl cellulose. Their utility as protective colloids for emulsions, 
including those based upon PVAc, has been described. Hydroxymethyl cellulose 
also forms the basis for many wallpaper adhesives.

■■ 11.6■ Summary

In this chapter, the chemistry of a number of adhesives classified as thermoplastic 
or pseudothermoplastic has been described. Most of the adhesives in this chapter 
start out as primarily thermoplastic but often are modified to be crosslinkable 
to impart properties such as creep and solvent resistance. The primary types of 
adhesives discussed are hot melts, emulsion adhesives, polyvinyl acetal adhesives 
and natural product-based adhesives. In general, these adhesives are moderate in 
strength with shear performances that are somewhat higher than that of rubber-
based adhesives but substantially less than structural adhesives.

Nitration Esterification Ethoxylation Etherification

Cellulose
nitrate

+

Solvent
(e.g. amyl
acetate)

General
purpose solvent-
based, water-
proof cement

Cellulose
acetate
(solvent
soluble,
castable and
extrudable)

Film
Backings

Hydroxyethyl
cellulose
(water
soluble)

+

Water

Protective
colloid for
PVAc and
other
emulsions

Methyl
cellulose
(water
soluble)

+
Water,
Glycerin

Wallpaper
paste

FIgure 11.8■Reactions used to modify cellulose to yield useful adhesive products
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12 Adhesion in 
Biological Systems

■■ 12.1■ Introduction

Adhesion plays a role in essentially all biological systems. From the adhesion of 
microbiological cells to various surfaces and to each other, to the ability of certain 
animals to cling, even upside down, to various surfaces, adhesion plays a critical 
role in the ability of animals to live and to survive. In this chapter, we will discuss 
two biological systems in terms of how adhesion plays a role in their lives and how 
researchers are seeking ways to mimic or thwart these mechanisms.

■■ 12.2■ Adhesion in Microbiological Systems

Bacterial species exist and thrive in any environment where the nutrients necessary 
for their survival are present. Almost any surface is susceptible to bacterial coloni-
zation under the correct conditions and the formation of colonies can have either 
beneficial or detrimental effects. When bacteria migrate from their free-ranging or 
“planktonic state” to a surface bound or “sessile state”, they synthesize and exude 
a protective exopolysaccharide. The complex of polysaccharides and other trapped 
substances (proteins, minerals, nucleic acids, etc.) is the “glycocalyx” that, together 
with the bacteria, forms the “biofilm”. In the biofilm, the bacterial cells have the ideal 
environment for growth since the structure provides for the retention of nutrients 
as well as protection from agents harmful to the bacteria. Biofilms are beneficial in 
processes such as wastewater purification, but in many instances, “biofouling”, the 
colonization of bacteria and other organisms on a surface, has a deleterious effect 
with significant economic and health consequences. Bacterial infestation is involved 
in many human diseases such as cystic fibrosis, Legionnaires disease, dental caries, 
necrotizing fasciitis, and toxic shock syndrome. Nosocomial infections that affect 
both patients and staff in hospitals require additional medical treatments resulting 
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in higher hospitalization costs. In the food processing industry, bacterial contamina-
tion from fouled surfaces can cause food spoilage and pose a serious public health 
risk. In industry and civil services, biofilm growth in manufacturing equipment, 
piping, filters, and storage containers can result in ruined products and costly 
removal procedures. Finally, surface contamination by disease-causing bacteria in 
the home, workplace, and public places can cause illness with significant human 
and economic consequences.

■■ 12.3■ Biofilm Formation

Biofilms were perhaps first noted by Anton von Leeuwenhoek who took scrapings 
off from his own teeth, and using his primitive microscope, noticed the existence 
of “animalculi” in those scrapings. The formation of “slime” has been known for 
many years, but it wasn’t until the pioneering work of J. W. Costerton that the 
role of bacteria in its formation was elucidated. In fact, Costerton coined the term 
“biofilm” to describe these living things [1]. As described above, biofilms are formed 
by large aggregates of bacteria and by the synthesis of an exopolysaccharide called 
the glycocalyx. Biofilms are “large” in comparison to bacteria, i.e., they may be 
400 micrometers or thicker while a single bacterium is less than one micron in size. 
The glycocalyx helps the bacteria stick together, and it also helps to maintain the 
bacteria in that it limits the diffusion of molecules to the bacteria. That is not to say 
that this matrix is impermeable. Other studies have found the existence of channels 
through biofilms that allow the passage of water and nutrients to the bacteria. In 
addition, the channels allow for the elimination of waste products. Thus, the biofilm 
has its own form of a vascular system. In addition, a biofilm does not contain just 
one type of bacteria. In fact, naturally occurring biofilms have been found to contain 
many types of bacteria. This leads to the present definition of a bacterial biofilm as 
a “structured community of bacterial cells enclosed in a self-produced polymeric 
matrix and adherent to an inert or living surface” [2].
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■■ 12.4■ growth Stages of Biofilms

12.4.1■ Attachment to a Surface

The bacteria that are present in singular, free-floating form are known as “plank-
tonic” bacteria. For many years, it was thought that this form of bacteria was the 
primary form. In fact, many antimicrobial agents and antibiotics were developed 
to act against this form of bacteria, not realizing that the predominant population 
of bacteria resides as “sessile” forms in biofilms.
The first step in the formation of a biofilm is the attachment of the planktonic bacteria 
to a surface. However, before attachment occurs, a “conditioning layer” forms on top 
of the surface [3]. This conditioning layer is found to form rapidly on a surface that 
is exposed to a normal flowing water environment. After the initial formation of this 
layer, it continues to grow for several hours depending upon the aqueous medium. 
The conditioning film is composed of polymeric species (proteins, poly saccharides, 
etc.) present in the water. The planktonic bacteria attach to this surface.
The attachment step is thought to occur reversibly, that is, the planktonic cells are 
not permanently attached. The attachment forces for this reversible adhesion are 
the same forces that were discussed in Chapter 4. Cell surfaces are characterized 
by their predominant surface charge, either positive or negative, although bacteria 
are primarily negatively charged. This would mean that a positively charged surface 
would repel positively charged bacteria but would attract negatively charged bac-
teria. Thus, Coulombic attractions and repulsions could play a role in reversible 
adhesion. The remainder of the forces, which we discussed, such as van der Waals 
attractions, dipole-dipole interactions, etc., are certainly also operational. However, 
the distance over which that interaction occurs is so small, and these forces are so 
indiscriminate, that all cells would stick and adhesion would be nonspecific. This 
situation would negate the selectivity upon which cellular functions depend.

12.4.2■ Irreversible Attachment of Bacteria

Bacterial cells attach to other cells or other surfaces by means of hair-like features 
on their surfaces known as “pili”. Some pili are used as part of a conjugation of 
bacteria in order to pass genetic information from one bacterium to the other. Other 
pili are known as Type IV pili and are used for motility [4]. “Fimbriae” are short 
pili that are used to attach bacteria to each other or to a surface. Some fimbriae 
contain lectins that are used to recognize oligosaccharides on other cells or on the 
glycocalyx. Mutant bacteria that do not have fimbriae cannot attach to other surfaces 
and therefore cannot form biofilms. [5] Once the bacteria are adhered to a surface 
in this fashion, they can begin to form the glycocalyx.
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12.4.3■ Maturation Phase

When the bacteria adhering to a surface reach a certain population density, a phe-
nomenon known as “quorum sensing” takes place. That is, the bacteria in the group 
can chemically sense the others in the group and when the number of bacteria in 
the group reaches a certain minimum density, the community of organisms begins 
to undergo changes in its observable characteristics, so-called “phenotypic changes”. 
For gram-negative bacteria, Hastings and Nealson [6] discovered that certain bacteria 
emit light when they reach a quorum. Eberhard et al. [7] discovered that an N-acyl 
homoserine lactone was the intercellular signal that stimulated the aggregation 
needed for the bioluminescence. Gram-positive bacteria also use quorum sensing 
but these bacteria use a three-component system. This involves a secreted peptide, 
a membrane-bound histidine kinase sensor, and an intracellular response regulator 
[8]. Bassler and her co-workers [9] found a separate system that functions in both 
gram-positive and gram-negative bacteria called the “autoinducer-2” system. The 
autoinducer-2 system functions between species as well as within one species of 
bacteria. This helps the bacteria to recognize how many of its neighbors are “like-
self” or not.

Once the quorum sensing signal has been obtained, the biofilm grows to its 
mature height and phenotypic changes occur to the bacteria within the biofilm. For 
example, bacteria near the surface of a biofilm tend to be larger than the bacteria 
in the interior of the biofilm. These bacteria are more metabolically active and have 
greater access to oxygen than the bacteria in the interior of the biofilm, which are 
considered dormant. The EPS (extracellular polymeric substances) that the sessile 
bacteria have exuded during the formation of the biofilm can protect the bacteria 
from antibiotics as well as from other antimicrobial agents.

12.4.4■ Biofilm Dispersal

After the biofilm has reached its maximum height, there are two ways in which the 
biofilm can disperse itself to colonize new areas. The first of these is rather simple. 
Once it has reached its maximum height, shear forces in the flowing medium may 
be sufficient to break off a segment of the biofilm. This batch of cells can land in a 
new spot and initiate a new biofilm. The second method of dispersal is a programmed 
dispersal. An enzyme might be generated which causes lysis of the EPS, thus 
weakening this protective layer. At the same time, a subpopulation reverts to their 
planktonic form and swims away as the EPS becomes weakened. These planktonic 
cells can then attach in a different spot and form another biofilm.



32912.5 Maintenance or Elimination of Biofilms

■■ 12.5■ Maintenance or elimination of Biofilms

Maintaining a biofilm involves supplying the nutrients that the bacteria require 
as well as flowing water. The flowing water supplies the oxygen required by the 
bacteria. A certain degree of temperature control is required, depending upon 
the type of bacteria. Other than these items, little else is required for a biofilm to 
maintain itself.

Eliminating biofilms is a much more difficult task than maintaining them. As stated 
above, most of the antibiotics and antiseptics that have been developed were done 
using planktonic bacteria as the target species. Bacteria within biofilms, because 
of the existence of the glycocalyx, can be 1,000 times more resistant to standard 
antibiotics and antiseptics [10]. Thus, eliminating the biofilm, especially if it has 
grown inside living things, is a significant problem. A standard method for remov-
ing a biofilm involves brushing it with an acidic detergent solution, followed by 
dousing the area with bleach. Brushing the biofilm disrupts the glycocalyx, allowing 
more of the bacteria to go back to their planktonic state and be killed by the bleach. 
Needless to say, for a person with a biofilm infection, this would be a painful, if 
not an impossible solution. So how could we consider to eliminate the formation 
of biofilms on surfaces?

One method that has been attempted is to interfere with the initial adhesion step 
of the bacteria to a surface. That is, if the surface was one that minimized or totally 
disallowed adhesion, the biofilm should not form because the initial steps described 
above would be prevented. Thus, if there was a coating that would hinder or stop 
the initial adhesion of bacteria, or if there were a surface that did that, biofilm 
formation could be stopped.

One serious problem here is the formation of the conditioning layer described above. 
That is, not only does the surface have to minimize bacterial adhesion, it has to 
minimize the formation of the conditioning layer. If the surface still accepted the 
conditioning layer, it would eventually become thick enough so that bacteria would 
not be able to sense the actual surface. Thus, the anti-adhesion coating would also 
have to prevent the formation of the conditioning layer.

One research group at the University of Washington has generated a coating that 
apparently resists the formation of a biofilm [11]. This group used two betaine com-
pounds, N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium betaine 
or 2-carboxy-N,N-dimethyl-N-(2′-methacryloxyethyl)-ethanaminium (CBMA) and 
attached polymers made from them using ATRP (atom transfer radical polymeriza-
tion) to glass surfaces previously treated with silanes to which the polymer would 
attach. This resulted in covalently attached “brushes” of multiple zwitterionic 
polymers. They measured the amount of protein (conditioning layer) attached to 
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the surface before the surface was exposed to bacteria. They used two techniques, 
Surface Plasmon Resonance and Enzyme-Linked Immunosorbent Assay (ELISA), to 
determine the amount of adsorbed protein. The amount of fibrinogen adsorbed was 
very small, almost below the detection limit of the SPR technique. ELISA showed that 
the amount of fibrinogen was 7.1% relative to the amount found on unmodified glass.

These researchers then exposed the conditioned glass slides to bacterial cultures 
under flowing water conditions. The bacteria used were Pseudomonas aeruginosa 
and Pseudomonas putida. The bacteria showed significant amounts of biofilm formed 
on the glass surfaces after 15 hours of exposure, and substantially less bacteria 
of either type adhered to the poly-CBMA surface after 64 hours of exposure to the 
planktonic bacteria. These data indicate that their material seems to show significant 
resistance to the adsorption of proteins from solution and resistance to adhesion 
by bacteria, which resulted in little or no biofilm formation. We will have to wait to 
see if these materials find their way into any product applications.

■■ 12.6■ Adhesion in the Cling Ability 
of the Tokai gecko

Geckos are lizards that have the incredible ability to adhere to almost any surface, 
smooth or rough, with high or low surface energy, dirty or clean. They even have 
the ability to hang upside-down on these surfaces. Despite this ability to cling 
and hold their weight against gravity, they can move rather rapidly on those same 
surfaces. The phenomenon has been of interest to biologists for decades. The first 
description of the feet of a Tokay gecko was given by Maderson [12]. He describes 
the hairs on the gecko’s foot as follows:

“The adhesive bristles arise in pairs from the surface of the β-keratin on the outer 
scale surface. Each bristle is about 90 microns long and about 10 microns wide at 
the base. Under oil immersion they are seen to be cylindrical structures of homo-
genous keratin the distal ends of which have a brush-like appearance”.

We note that he describes the hairs as “adhesive bristles” indicating that he had the 
idea that these structures were possibly the source of the adhesion ability displayed 
by this lizard. Maderson also mentions two even earlier references that describe 
gecko adhesion [13, 14]. Despite this early work, it would take four more decades for 
more research to be done that would give a clear description of how the structures 
in this lizard’s feet give rise to the forces necessary for it to live and be mobile.

In the 1990s, Kellar Autumn of the University of California at Berkeley, and later at 
Lewis and Clark College, began his research on the motive and climbing abilities 
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of the gecko. He and colleagues [15] were able to measure the adhesive force of a 
single gecko foot-hair. In order to see how this was done, one must first examine 
the feet of a Tokai gecko. This is shown in Fig. 12.1. On the feet of a gecko are rows 
of setae. On the tips of the setae, there is a forest of features called spatulae [16]. 
These two sets of features are seen as the source of the gecko’s ability to cling and 
climb. The gecko has about 5000 setae/mm2 and about 100–1000 spatulae at the tip 
of a seta. The way that Autumn and his co-workers measured the adhesive force of 
these features was to attach a single seta to the tip of a micromachined, dual-axis, 
piezoresistive cantilever. They could then bring the seta close to a surface, allow 
it to attach, and then pull the seta away from the surface and measure the force. 
Bringing the seta in perpendicular to a surface and into contact gave no measur-
able adhesion. However, examining the micromechanics of how a gecko moves gave 
them an idea. As it moves, the gecko brings its foot in contact with a surface with a 
slight twist of the foot. It removes the foot by a seemingly awkward movement that 
begins with its toe moving in a direction perpendicular to the surface in a peeling 
fashion. They then tried to attach the seta by sliding it parallel to the surface. The 
seta slid along the surface for about 5 microns; they measured an increasing force 
until it reached 194 ± 25 µN. They also varied the angle that the seta made with 
the surface and found that there was a critical angle of about 30° at which the seta 
began to detach at essentially no force.

FIgure 12.1■Micrographs of the foot surface of a Tokai gecko. The photo (a) shows the crude 
features on the foot of the lizard. Expansion of a section of the gecko foot shows the rows of 
setae (b). Expansion of that photo to (c) shows a single seta. Expansion of the photo of the 
end of the seta shows the forest of spatulae (d) at the end of the seta. The diameters of the 
spatulae are 0.2–0.5 microns [16]
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This data provides support for the theory of intermolecular forces, particularly the 
van der Waals force, as providing the basis for the gecko’s clinging and climbing 
abilities. Using the van der Waals equation for adhesion, Autumn and his col-
leagues estimated that the adhesive force per spatula would be about 0.4 µN. Having 
100–1000 spatulae per seta gives an estimate of 40–400 µN as the necessary force 
to detach a seta. This places 194 µN, which they measured, in the middle of that 
range. This data negates the suppositions of suction [17, 18] and friction [19, 20], 
and seems to support the theory of intermolecular forces for gecko adhesion [21]. 
These authors did leave an option open for the effect of water.

Autumn and his co-workers [22] investigated the phenomenon of humidity (water) 
effects on gecko adhesion. Four hypotheses were assembled and tested:

 � First hypothesis: adhesion and friction will increase with relative humidity.
 � Second hypothesis: relative humidity effects will be greater on hydrophilic sur-
faces than on hydrophobic.

 � Third hypothesis: relative humidity effects will be reduced at high shear rates 
because capillary bridges will have insufficient time to form.

 � Fourth hypothesis: setae will become softer at high relative humidity.

They assembled a force-sensing apparatus similar to the type mentioned above and 
placed it in a constant humidity chamber which could be held at six humidity levels 
from 10% to 80% RH. In addition, the measurements were done by varying the rate 
of movement from 5 to 100 microns/sec. Finally, the measurements were carried 
out on two substrates, silica glass (hydrophilic) and gallium arsenide (hydrophobic). 
The two surfaces were chosen because aqueous capillary bridges form readily on 
hydrophilic substrates but less so on hydrophobic ones. Measurements done with 
single seta showed that the adhesion force went up by about a factor of four when the 
relative humidity changed from 10% to 80% on both substrates, and also increased 
with the rate of detachment on both substrates. Their apparatus was modified to 
carry out dynamic mechanical measurements on the seta. As in the previous experi-
ments, at one end of the seta a force sensor was attached, and at the other end a 
glass side. The seta was made of β-keratin. The results showed that the modulus 
decreased by a factor of four, from about 4 GPa to 1 GPa, when the relative humidity 
was changed from 10% to 80%. In addition, the loss tangent (tan ) went up from 
0.05 to about 0.18 over the same relative humidity range. These data indicate that 
the seta has absorbed enough moisture to make the material significantly softer 
(though probably not “tacky” as these workers suggest).

The clinging ability of the gecko is thus explained by the same intermolecular forces 
that we discussed in Chapter 4, but modified by the change in physical properties 
of the seta as a function of relative humidity.
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12.6.1■ Attempts to Artificially Produce the gecko Features 
and Adhesive Ability

After the publication of Autumn’s work, a number of research groups have attempted 
to prepare artificial nanostructures of the type found on the gecko’s foot. Geim and 
his co-workers [23] made a surface of microstructures on polyimide film. They 
prepared these structures, which were pillars 2 microns tall, about 0.5 microns in 
diameter, and having a fairly close spacing of 1.6 microns. These were prepared 
by transferring aluminum microdots to the 5-micron polyimide and then exposing 
the film to an oxygen-plasma. This film, when attached to a hard substrate, showed 
little adhesion to other surfaces. These workers correctly surmised that for extensive 
adhesion of the “hairs” on this surface to adhere to a microscopically rough surface, 
the backing had to be flexible enough to bend in order to bring a large number of the 
tips of the setae near enough to a surface to allow them to attach. To accomplish this, 
a piece of pressure sensitive adhesive tape was applied to the back of the polyimide 
film. When that was done, they found that they could suspend a 40 g Spiderman 
toy from a glass surface with 0.5 cm2 of contact area. This experiment created a lot 
of hope that gecko-like adhesion “tape” could be made industrially.

At about the same time as the above work, Sitti and Fearing [24] of the University of 
California at Berkeley attempted to make gecko-like surfaces with a micromoulding 
technique using an Atomic Force Microscope probe. They used the probe to nano-
indent a flat wax surface. They then applied either a silicone or a polyester material 
to the wax and allowed it to solidify on the wax surface. The wax was removed and 
an array of nanohairs was obtained. They measured the adhesion of a tipless silicon 
probe to the tips of these nanofeatures and obtained 181 ± 9 nN for silicone hairs 
and 294 ± 21 nN for the polyester nanohairs. They also used another technique, 
micromolding, using an alumina membrane. Here, they were able to generate long 
silicone fibers. Unfortunately the silicone fibers were too long and too close together, 
causing the fibers to coalesce into a flat bundle with zero adhesion to another surface.

Using microelectronic methods, Northen and Turner [24] generated a unique 
structure, unlike the previous work, creating microscopic flexible platforms held by 
slender rods of silicon. The platforms were 150 microns by 95 microns by 2 microns 
and were composed of four cantilevers. The central support pillar was as thin as 
1 micron and as tall as 50 microns. The platforms were composed of silicon dioxide. 
The surface of the platforms was covered with an organic coating which was modi-
fied by plasma methods to generate a surface of “nanorods”. Thus, the platform and 
the silicon pillar holding it was meant to mimic the seta, and the nanorods were 
meant to mimic the spatula. The platforms were uniquely designed to allow for 
maximum flexibility to provide for maximum attachment of the nanorods. Being a 
microelectronics method, meant that they could generate a large area carrying this 



334 12 Adhesion in Biological Systems

structure repeated over the entire surface. In addition, they modified the surface of 
the nanorods to make them hydrophobic by CF4 plasma treating. They performed 
adhesion tests using a Hysitron Triboindentor equipped with a 3.175 mm spherical 
aluminum tip. With this technique, they measured adhesion forces of over 200 µN, 
where a surface comprised of just the photoresist on a solid substrate yielded adhe-
sion values of less than 10 µN. The surface having the hydrophobic nanorods was 
found to exhibit adhesion forces in excess of 400 µN. This method of manufacture 
has the ability to generate higher adhesion values than the previous method, and 
has the possibility of being mass produced.

A further modification of these methods was done by Lee, Lee, and Messersmith 
[26] where they applied a coating to the surface of 400 nm diameter by 600 nm tall 
pillars of a silicone made by molding from a master. The coatings that they applied 
were a polymer having 3,4-dihydroxy-L-phenylalanine (DOPA) side groups. This 
group had been working on mussel adhesives and had known that this compound 
was important for attaining dry and wet adhesion displayed by mussels [27]. They 
called their adhesive structure a “geckel” (gecko-mussel) adhesive. They measured 
the adhesive force using a tipless Si3N4 cantilever on an AFM instrument and 
obtained 39.8 ± 2 nN for an uncoated pillar in air, 5.9 ± 0.2 nN for the uncoated 
pillar in water, 120 ± 6 nN for the geckel-coated pillar in air, and 86.3 nN for the 
geckel-coated pillar in water. In addition, these workers clearly demonstrated the 
re-adhereability of the geckel pillars by going through 1200 adhere-de-adhere 
cycles, both dry and wet.

An adhesive inspired by the gecko architecture was developed by Karp and his 
colleagues [28]. The gecko-like structure was made from poly(glycerol sebacate 
acrylate) [PGSA]. The polymer syrup was coated onto silicon templates made by 
microfabrication techniques and reactive ion etching. The polymer was solidified 
by means of UV light exposure. These templates had a wide range of sizes and 
distances between features, as well as the shapes of the features, going from pillar-
shaped to more conical-shaped. They examined the size, shape, and spacing of the 
features and found a maximum in adhesion with more conical-shaped features 
of base diameter of less than 2 microns, height of the conical shape being about 
3 microns, the diameter of the top of the cone being about 0.25 microns, and the 
center-to-center spacing between features was about 2.8 microns. These features 
were then coated with a thin layer of oxidized Dextran modified by the addition 
of aldehyde groups. This was then rinsed and dried. The purpose of the aldehyde 
groups was to tie together the substrate with the overcoating because the alde-
hydes would react with glycerol in the substrate to yield hemiacetal and would also 
react with amines in proteins to yield imines. The samples of the Dextran coated 
nanopatterns along with uncoated and nanopatterned PGSA were implanted in mice 
for 48 hours and then removed for adhesion tests. The adhesion with the Dextran 



33512.7 Summary

coating was almost three times that for the non-coated nanopatterned surface. In 
a separate experiment, they tested the adhesion of porcine intestinal wall to the 
nanopatterned surface with Dextran coating in comparison to a nonpatterned and 
no coating surface, and found a more than twofold improvement in adhesion for the 
nanopatterned and coated surface. Although these surfaces were not “gecko-like” 
in all of their features, it does demonstrate that a nanopatterned surface can lead 
to improved utility in a demanding application.

■■ 12.7■ Summary

This chapter was meant to give the reader an idea of other areas in which the 
subject of this book has been applied. We described the adhesion and formation of 
bacterial biofilms as well as one method to thwart the formation of the biofilm. We 
also discussed work that was done to discover the mechanism behind the ability of 
geckos to climb up vertical surfaces. The structure of a gecko foot bottom allows the 
adhesive attachment and detachment of hair-like spatula. The adhesive attachment 
forces, when combined over all of the spatulae on a gecko’s foot, is easily enough 
to support the weight of the gecko.
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13 The Basis for 
Adhesive Bond Design

■■ 13.1■ Introduction

The last chapter of this book concerns itself with an attempt to put together many of 
the concepts discussed in the earlier chapters, providing a basis on which to design 
an adhesive joint. This chapter is not a manual for adhesive bond design, but rather, 
a checklist of considerations regarding the use of adhesives to create an assembly. 
The objectives of this chapter are to provide a means to connect chemistry with 
the physical properties of adhesives, a listing of items to consider when planning 
the use of adhesive bonding, and a simple set of rules for beginning the design of 
an adhesive bond.

■■ 13.2■ Chemistry and Mechanical Properties 
of Adhesives

Before any type of adhesive is utilized, the level of mechanical load needed for the 
application must be known. That information provides the starting point for the 
choice of adhesive. Table 13.1 lists many of the chemistries discussed in the previous 
chapters, along with a few of the typical bond strength properties of those adhesives. 
The list is a guideline and not hard and fast, since there are exceptional adhesives 
in each class which can “push the envelope” in terms of performance. Observed 
shear strengths and peel strengths are highly dependent upon the adherend com-
position and thickness. Therefore, the values given in Table 13.1 are obtained when 
the most common adherend for that type of adhesive is used. For example, wood 
adherends are used with contact bond adhesives, fiberboard used with starch and 
cellulosics; and aluminum is used with epoxies. The list in Table 13.1 is provided 
in increasing order of overall strength.
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TABle 13.1■ Chemistry and Mechanical Performance of Various Types of Adhesives

Adhesive chemistry or type Room temperature lap shear strength, 
MPa (psi)

Peel Strength, 
kN/m (piw)

Pressure-sensitive   0.01–0.07 (2–10) 0.18–0.88 (1–5)

Starch-based   0.07–0.7 (10–100) 0.18–0.88 (1–5)

Cellulosics   0.35–3.5 (50–500) 0.18–1.8 (1–10)

Rubber-based   0.35–3.5 (50–500) 1.8–7 (10–40)

Formulated hot melt   0.35–4.8 (50–700) 0.88–3.5 (5–20)

Synthetically designed hot melt   0.7–6.9 (100–1000) 0.88–3.5 (5–20)

PVAc emulsion (white glue)   1.4–6.9 (200–1000) 0.88–1.8 (5–10)

Cyanoacrylate   6.9–13.8 (1,000–2,000) 0.18–3.5 (1–20)

Protein-based   6.9–13.8 (1,000–2,000) 0.18–1.8 (1–10)

Anaerobic acrylic   6.9–13.8 (1,000–2,000) 0.18–1.8 (1–10)

Urethane   6.9–17.2 (1,000–2,500) 1.8–8.8 (10–50)

 Rubber-modified acrylic 13.8–24.1 (2,000–3,500) 1.8–8.8 (10–50)

Modified phenolic 13.8–27.6 (2,000–4,000) 3.6–7 (20–40)

Unmodified epoxy 10.3–27.6 (1,500–4,000) 0.35–1.8 (2–10)

Bis-maleimide 13.8–27.6 (2,000–4,000) 0.18–3.5 (1–20)

Polyimide 13.8–27.6 (2,000–4,000) 0.18–0.88 (1–5)

Rubber modified epoxy 20.7–41.4 (3,000–6,000) 4.4–14 (25–80)

The order of the adhesives in the list changes only slightly if the resistance of the 
adhesive to creep is considered. The more crosslinked the adhesive, the more likely 
the adhesive is resistant to creep. The load bearing capabilities of the adhesives in 
the list are roughly in the same order with the degree of aromatic character and 
potential degree of crosslinking. Thus, if the application is one in which a continu-
ous load of 225 kg (500 lbs) is applied to an adhesive joint of small contact area 
(such as a few square centimeters or inches), it would be imprudent to consider 
using a PSA or even an RBA. However, an acrylic structural or possibly a structural 
urethane adhesive could do quite well with such a load.

The listing in Table 13.1 changes somewhat if it is made in terms of resistance to 
temperature. Indeed, some additions need to be made to properly characterize the 
adhesive types in order of their resistance to high temperatures for long periods of 
time. Table 13.2 provides a loose listing of adhesive types in order of their resistance 
to exposure to high temperatures under their use load.
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TABle 13.2■ Adhesives Types in Order of Their Resistance to High Temperatures while Under 
a Use Load

Adhesive chemistry or type

Non-silicone pressure sensitive

Starch-based

Formulated hot melt

Synthetically designed hot melt

Rubber-based

Cellulosic

PVAc emulsion (White glue)

Curing hot melt

Cyanoacrylate

Protein-Based

Urethane

Rubber modified acrylic

Anaerobic acrylic

Rubber-modified epoxy

Unmodified epoxy

Modified phenolic

Unmodified phenolic

Silicone PSA

Bis-maleimide

Polyimide

Silicone PSAs have been specified in this list because of their excellent heat 
resistance. However, it should be noted that the strength of a silicone PSA is not 
structural in character. Phenolics have moved up the list while epoxies have moved 
down because of their poorer resistance to high temperatures for extended times. 
Table 13.2 provides a ranking in terms of retention of strength at high temperatures, 
not actual strength at those temperatures.

In each of the categories of higher strength adhesives, consideration has to be made 
to the resistance of the adhesive to cleavage forces. As is seen in a later section 
in this chapter, bond designs try to minimize cleavage loading. However, it is only 
prudent to choose adhesives with the highest resistance to cleavage while retaining 
the stiffness necessary for the intended use. A good guideline for the proper choice 
of an adhesive for its mechanical performance is simply to choose an adhesive with 
the right stiffness (modulus) for the intended use but also with the highest possible 
strain energy release rate for that type of adhesive.
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■■ 13.3■ Application Criteria

Each type of adhesive described in this book has methodologies for how they must 
be used. If the intended use of the adhesive is to make an assembly that is sensitive 
to high temperatures, it makes no sense to use an adhesive requiring an oven cure. 
If there is a substantial mismatch between the coefficients of thermal expansion 
of the adherends, it is imprudent to use a heat-curing adhesive, as well. Table 13.3 
provides a listing of possible cure or application conditions necessary for certain 
classes of adhesives.

It is unfortunate but true, that those adhesives that exhibit the highest performance 
are those that require the most difficult application conditions. Pressure-sensitive 
adhesives, in tape form, are probably the easiest adhesives to use. There is no need 
to remove solvent or to carry out any other operations in order to make a bond. 
However, load-bearing performance is limited to a kilogram or less per square inch. 
For starches, cellulosics, rubber-based, and protein-based adhesives, a means of 
application as well as a way of removing the carrier medium (water or solvent) are 
needed. In production environments, these types of adhesives are roll-coated onto 
the adherends. For starch-based adhesives, the adhesive is dried under heat lamps 
or in an oven. For cellulosics, a similar type of situation applies. If the adhesive 
is wallpaper paste, it is just applied and the water is allowed to evaporate into the 
atmosphere or into wallboard. Rubber-based adhesives are a very large class of 
materials and it is difficult to describe all of the possible application scenarios. 
These adhesives can be roll-coated onto substrates, but they can also be spray-
applied. In general, heat lamps are used to evaporate solvent or water. However, if 
the RBA is a mastic, it is applied to the piece to be bonded, and after a short time 
for solvent to flash off, the other adherend is applied. This is how an RBA is used 
as a tile or wallboard cement, requiring that the adhesive work when placed on or 
removed from a trowel.

Hot melt adhesives are used with some sort of manual or pneumatic hand-held 
applicator. In industrial situations, hot melt applicators can be robotic. In some 
cases, hot melt adhesives are foamed or patterned when applied to increase cover-
age of adhesive per pound or to provide some level of strength.

PVAc emulsions are applied by roll coating or from hand-held dispensers (such 
as plastic bottles). In home or woodworking applications, parts usually have to be 
fixtured for lengthy periods due to the length of time needed for water removal.
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TABle 13.3■ Cure or Application Conditions for Various Types of Adhesives

Adhesive type Necessary application conditions
Pressure-sensitive None, just finger pressure

Starch-based A means to apply the adhesive, to remove water to yield a dry coated adhesive, 
to re-moisten before making the bond

Cellulosic A means to apply the adhesive, to remove water or solvent

Rubber-based A means to apply the adhesive, to remove water or solvent

Hot melt A hot melt applicator; when applied to a metal, a means to preheat the metal

PVAc emulsion A means to apply the adhesive, to remove water, to fixture the bond during 
drying time

Cyanoacrylate A means to apply the adhesive, a source of humidity or a primer, ventilation

Protein-based A means to apply the adhesive, to remove water, possibly a heat source

Anaerobic acrylic A means to apply the adhesive, ventilation

Rubber-modified 
acrylic, primer/
liquid type

A means to apply the primer to one side of the bond and the monomer mix 
part to the other side of the bond, ventilation

Light curing acrylic A means to apply the adhesive, transparent adherends, lights having a wave-
length that is absorbed by the initiator in the adhesive, a means to remove 
oxygen from the vicinity of the bond

Rubber-modified 
acrylic, 2-part type

A means to meter mix the two parts of the adhesive, to apply the mixed adhesive, 
ventilation

Modified phenolic A means to refrigerate the adhesive before use, to apply the adhesive, to cure 
the adhesive as well as to apply pressure during the cure. Typically a hydraulic 
press or autoclave is needed. Cure temperatures usually 150 °C or higher

Light-curing epoxy A means to apply the adhesive, lights having a wavelength that is absorbed by 
the initiator in the adhesive

2-part epoxy A means to meter mix the two parts of the adhesive, to apply the mixed adhe-
sive, to fixture the bond during the cure time. Could potentially use a post-cure 
for optimum properties

Heat-curing epoxy A means to refrigerate the adhesive before use, to apply the adhesive, to cure 
the adhesive as well as to apply pressure during cure. Typically a hydraulic 
press or autoclave is needed. Cure temperatures usually 125–171 °C, but 
could be as low as 82 °C

Bis-maleimide A means to refrigerate the adhesive before use, to apply the adhesive, to cure 
the adhesive as well as to apply pressure during cure. Typically a hydraulic 
press or autoclave is needed. Cure temperatures usually in excess of 171 °C

Polyimides A means to refrigerate the adhesive before use, to apply the adhesive, to cure 
the adhesive as well as to apply pressure during cure. Typically a hydraulic 
press or autoclave is needed. Cure temperatures usually in excess of 220 °C
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Cyanoacrylate and anaerobic adhesives are very easy to use, just apply and the 
cure takes care of itself. There are two provisos, however. The use of cyanoacrylates 
requires a supply of a nucleophilic agent. Water is sufficiently nucleophilic to initi-
ate cure but ambient humidity may not always be sufficient. In addition, certain 
substrates are acidic enough to inhibit cure even if enough water is present in the 
atmosphere. For those situations, an amine-containing primer can be applied to 
the substrate before the adhesive to initiate polymerization. Anaerobic adhesives 
require only the exclusion of oxygen to effect a cure, but the substrate needs to be 
ferrous or some other metal which reduces the peroxide in the adhesive. If the part 
to be bonded cannot reduce the peroxide, a primer can be used, as discussed later 
for structural acrylics. Another matter of concern is the odor of acrylics, which 
can be objectionable. Therefore, they should be used only in well-ventilated areas.

Certain types of acrylics require a primer on one surface and the monomer mix on 
the other to effect cure. As noted earlier, these adhesives require two chemicals, a 
peroxide and a reducing agent for cure. One of these can be applied to one substrate 
as a primer. The monomer mix, applied to the other substrate, contains the other 
chemical. However, there are also acrylics used as two-part adhesives, which must 
be mixed before application. In production environments, meter-mixing equip-
ment is a necessity to apply the mixed adhesive rapidly to parts. In low volume or 
non-production environments, hand-held dispensers with two syringe sections are 
an easy way to apply these adhesives. Acrylates cure very quickly, so extensive 
fixturing is seldom required.

Two-part epoxies and urethanes are applied in much the same way as the two-part 
acrylics. Similar meter mix production equipment and hand-held dispenser equip-
ment are available for these two types of adhesives. In comparison to acrylates, these 
two types of adhesives cure much more slowly, so fixturing is often a requirement. 
Referring back to the section on T–T–T diagrams, it is obvious that a post-cure is 
required to get full performance from a two-part epoxy or urethane.

Table 13.3 also lists two light-curing adhesive systems, epoxies and acrylics. In 
both cases, lights having the correct emission spectrum are necessary. The emis-
sion spectrum of the lamp must overlap the absorption spectrum of the initiator 
in the adhesive in order to get efficient cure. Acrylics cure best in an oxygen-free 
environment and when the adherends are transparent. Light-curing epoxies are 
applied to the adherends and exposed to light after which the bond can be closed. 
The epoxies can complete their cure in the dark.

All of the remaining adhesive systems in Table 13.3 are much more difficult to use 
than those described above. These systems are latent curing in character and must 
be refrigerated to have a useful shelf life. The cure can be effected in a number of 
ways. Most often, the part is fixtured and placed in an oven for the required time 
at the required temperature. For more demanding applications, a heated press 
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may be used. For the most demanding applications, such as aerospace bonding, an 
autoclave is used to effect the bond. When film form adhesives are used, they are 
usually cut into shape and applied by hand. The part is placed in a tool shaped like 
the final part and the entire assembly is “vacuum bagged”. A vacuum is drawn on 
the part during the initial stages of cure, after which (or during which) a positive 
pressure is also applied. In the autoclave, a specific schedule of temperature rises 
and application of pressure is used. The usual cure temperatures for epoxies and 
phenolics are in the range of 82 °C to 171 °C. For bis-maleimides and polyimides, 
the temperatures are usually higher than 200 °C. For polyimides, substantial pres-
sure must be applied to eliminate water from the bondline.

One item that is discussed above is the need for certain types of rheology for many 
adhesive applications. If an adhesive is used on a vertical surface, it should be 
formulated so it exhibits a yield stress after which it flows easily. We call these 
materials “thixotropic”. Such properties are desired with all mastics since the 
adhesive needs to stay in position until the second adherend is applied. In certain 
cases, the yield stress of the uncured adhesive should be low enough so that a bond 
can be easily executed. One such case is an anaerobic thread-locking adhesive. In 
film adhesives, flow is controlled by the molecular weights of the polymers used 
to formulate the adhesive and by the proper cure schedule with heat and pressure 
applied at specific times.

Several special types of adhesives have not been discussed in this book but are 
worthy of mention in this chapter. The first of these is the heat curing PSA, which 
can be used in applications requiring greater load bearing capability. A heat-curing 
PSA can self-fixture a part but then after the application of heat, yields at least a 
semi-structural bond. An interesting method to bond steel substrates is available. 
It takes advantage of the fact that ferrous substances are susceptible to rapid 
increases in temperature when placed in electromagnetic fields, a method known 
as induction heating. Steel parts can be heated from room temperature to 200 °C in 
seconds. Adhesives have been formulated to take advantage of this rapid heat rise. 
This technology provides measureable strength in a short period of time.

■■ 13.4■ Interfaces and Surface Preparations

Chapter 6 provided the basic surface chemical criteria for adhesive bonding and 
Chapter 7 provided a description of methods of surface preparation for a wide 
variety of substrates. Couched in terms of the rationalizations of adhesive bonding, 
the criteria for choosing the correct adhesive are:
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 � Choose an adhesive that is soluble in the adherends
or
 � Choose an adhesive with a critical wetting tension less than the surface energy 
of the adherends to be bonded

 � Choose an adhesive with a viscosity low enough so the equilibrium contact angle 
can be reached during the bonding time

 � Provide a microscopic morphology on the adherends
 � Choose an adhesive compatible with weak boundary layer materials or remove 
the weak boundary layer in some way

and, if the bond is to be subjected to environmental exposure,

 � Choose an adhesive and/or primer for the adhesive which can provide covalent 
chemical bonds between the surface and the primer or adhesive

Even though “surface preparation is the key to bondment durability”. it is not always 
true that rigorous surface preparation is necessary to effect a bond. For example, if 
the part is to be used in an interior application, it is likely that minimal or no surface 
preparation is necessary. It is also true that if the adhesive of choice is soluble in the 
adherend, then surface preparation may not be needed. The primary guideline is to do 
the least costly surface preparation commensurate with the proposed use of the adhesive 
bond. For example, if parts are being bonded for a pen cap, there is probably little 
need for a surface preparation. However, if the lives of people are dependent upon 
the retention of strength in an adhesive bond, such as in aircraft construction, the 
best possible surface preparation should be employed. In many cases, with proper 
choice of adhesive and with removal of obvious weak boundary layers, durable adhe-
sive bonds can be attained. However, without the removal of weak boundary layers, 
significant chance for environmental damage and premature bond failure remains.

■■ 13.5■ Miscellaneous Concerns

The remaining issues surrounding the choice of an adhesive are often just as impor-
tant as the primary concerns listed earlier. For example, is the adhesive meant 
to be conductive or an insulator? Adhesives have been specially formulated to be 
conductors of heat or conductors of electricity, and to be insulators, as well as non-
corrosive to sensitive electrical parts. If the bonding application involves electronics, 
the purity of the materials used in the adhesive is a major concern. For example, 
epoxy resins often have measurable quantities of sodium chloride remaining from 
synthesis. If the salt is not removed from the resin before it is used in an electronic 
application, corrosion and loss of the circuitry can result.
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Other concerns include resistance of the adhesive itself to environmental or micro-
bial attack. For example, urethane adhesives formulated from aromatic isocya-
nates, can potentially degrade in sunlight and moisture to yield a brown, partially 
hydrolyzed material. Acrylic adhesives, however, are considered to be color fast in 
sunlight. Other important factors regarding appearance include the optical clarity 
of the adhesive. For glass, mirror, and glazing applications, the adhesive must be 
optically clear when the bond is effected but must also retain that clarity and color 
for long times with exposure to sunlight. Most aromatic-based adhesives cannot 
meet this requirement.

Many natural product-based structural adhesives are not considered useful due to 
their proclivity for microbial attack and hydrolysis of their chemical structure in 
ambient conditions. In fact, this problem led to the rapid development of phenolic-
based adhesives in exterior wood applications. Most natural product-based adhesives 
include microbial antagonists as additives in their formulations.

Thermal expansion coefficient is another concern. If the adherends to be bonded 
have the same thermal expansion coefficient, there is usually little need for concern 
unless that number is large. In that case, adhesives have to be chosen so the strain 
to failure is less than the expansion and contraction of the adherends during cure 
and use. A different concern comes about when dissimilar adherends are to be 
bonded. In this case, use of heat-curing adhesive can yield curved parts due to this 
mismatch. A non-heat-curing adhesive should be used for such an application, or 
one should correct for the thermal expansion coefficient mismatch in some other 
manner.

The final concern regarding the choice of the adhesive is cost. In many cases, the 
cost of an adhesive is the final criterion for whether or not it is used. However, a 
better concern is a comparison of the overall cost of adhesive bonding versus that 
of alternative joining methods. The adhesive bonding user must consider not only 
the cost of the adhesive, but also the cost of surface preparation, the storage, the 
means of curing and production delays due to the need for fixturing. For some 
applications, the overall cost overcomes the benefits of adhesive bonding, and 
an alternative joining method is chosen. For the adhesive supplier, the task is to 
provide adhesive bonding technology which makes the overall process of joining 
parts as inexpensive as possible. The goal of the adhesive supplier is to eliminate 
as many cost deterrents as possible so that adhesive bonding is less expensive than 
alternative techniques. Developments in adhesive bonding technology have done 
just that; adhesives are used in a multitude of applications.
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■■ 13.6■ Basic Criteria for the Design 
of an Adhesive Bond

It is important for even the casual user of adhesives to know the pitfalls associated 
with improper bond design. It is also important that this book lays the groundwork 
for further investigation into bond design. In this short section, some of the do’s and 
don’ts of adhesive bond design are described, in terms of stress analysis of bonds 
discussed early in this book.

In Section 3.4.4, the Goland-Reissner analysis of the lap joint was described. The 
primary result of that analysis was that the ends of the lap joint bend away from the 
line of force through the joint, thus putting the edges of the adhesive into peel (or 
cleavage) rather than shear. Earlier in this chapter, values of peel strength exhibited 
by various adhesives were listed. A glance at Table 13.1 clearly shows that the peel 
strength of an adhesive can be orders of magnitude less than its shear strength. 
A most important bond design criterion is: design joints so they are in shear and 
minimize any cleavage loading.

Look at a few examples. Figure 13.1 shows examples of some improperly designed 
“Tee” joints and Fig. 13.2 shows those same joints properly designed. The joint in 
Fig. 13.1(a) is particularly prone to cleavage failure. The joint in 13.1(b) is prone to 
cleavage failure if the adherends are pulled away perpendicularly to the bond axis, 
as shown in the drawing. However, placing of straps across the joint eliminates peel 
as a problem, as shown in Fig. 13.2.

(a) (b)

FIgure 13.1■Improperly designed “Tee” joints

(a) (b)

FIgure 13.2■Properly designed “Tee” joints
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(a) (b)

(c)

(d) (e)

FIgure 13.3■Drawings of some schemes for eliminating or reducing the chances of peel 
initiation at an edge of a bonded specimen. (a) Shows widening the end of the thin adherent; 
(b) shows wrapping the thin adherend around the edge; (c) shows doubling the end of the 
specimen; (d) shows adding of an inset into which the thin adherend can fit; and (e) shows the 
judicious use of mechanical fasteners at appropriate points. The dashed lines indicate that the 
bonded specimen is actually bigger than drawn

There are a number of ways to minimize peel stresses in forming adhesive bonds. 
Figure 13.3 shows some ways, including (a) widening a thin adherend (which 
would be more susceptible to peel) at the edge. A wider bond has more resistance to 
peel forces. In the second method (b) the thinner adherend is wrapped around the 
edge of the thicker. The third way (c) shows a method often used in the aerospace 
industry: doublers and triplers. That is, extra adhesive bonds are applied in areas 
more susceptible to peel, fatigue or other damage. Another interesting way (d) is to 
provide an inset into which the thinner adherends fits. This way, there is no edge to 
initiate peel. Unfortunately, providing an inset also would require costly machining 
of the part. Another way (e) is to use a mechanical fastener at those points where 
peel is suspected to be a potential problem.

13.6.1■ Hart-Smith Design Criteria for Double lap Joints

The last section of this book describes one simple set of criteria for a bonded lap 
joint. These criteria were developed by L. J. Hart-Smith [1] who was also refer-
enced earlier in this book. Reviewing the full Hart-Smith reports is essential for a 
detailed description of his bond design criteria. His computer programs provided 
predictions for optimized bond designs but, in this section, only a short descrip-
tion of his criteria can be provided. It is important to see how chemistry, mechan-
ics, and physical properties of materials are combined to provide bond design 
criteria.
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The Hart-Smith bond design criteria came from a U.S. Air Force-funded program 
called the PABST (Primary Adhesively Bonded Structure) program [2]. The objective 
of the research was to build a mock aircraft fuselage using adhesive bonding as 
the only construction technique. The research was to lead to methodology for the 
most efficient use of adhesives in aircraft construction. According to reports, the 
program was a complete success. The resulting mock fuselage was able to undergo 
the equivalent of an aircraft lifetime of pressurization and depressurization without 
a failure or fatigue crack growth. Because there were no “natural” failures, cracks 
were purposely added to the structure, and their progress followed by stop-action 
photography. The fuselage cracks propagated until they encountered the bonded 
joints and then they actually turned back on themselves instead of breaking the joint.

The Hart-Smith analysis starts with the Goland-Reissner analysis but then works 
with more realistic specimens such as the double lap shear specimen shown in 
the lower half of Fig. 3.8. Refer back to Figs. 3.14 and 3.15, where the edge of a 
lap joint is shown to have a substantial stress increase over the average stress in 
the joint, both in shear and in tension. For most adhesives, the shear stress at the 
edges of the joint may be above the yield point of the adhesive. To see what this 
means for bond design, refer to the elastic-plastic model for the stress strain curve 
of the adhesive shown in Fig. 13.4. The elastic-plastic model says that the adhesive 
behaves elastically until the yield point at which it becomes plastic and yields at 
the same stress until failure. The dashed line in Fig. 13.4 shows an elastic-plastic 
approximation for the real stress-strain curve. The yield point is not well modeled. 
However, Hart-Smith adjusted his approximations so the strain energy density of the 
two curves agreed and then used the two straight lines. The analysis was analogous 
to Goland-Reissner, except that Eq. (3.6) was modified from Hooke’s Law to one that 
was elastic-plastic in character. The reader is referred to the original Hart-Smith 
papers [1] for the complete description. A more pictorial description of the bond 
design methodology is used here.

Yield stress

S
he

ar
 s

tr
es

s

Shear strain

Real curve
Elastic plastic
approximation

FIgure 13.4■ Figure showing a real stress-strain curve and the elastic-plastic approximation 
to that curve
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Bond edge Bond edge Bond edge Bond edge
(a) (b)

Bond edge Bond edge
(c)
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FIgure 13.5■Pictorial representation of the shear stress in a lap joint as a function of lap 
length. For a short lap (a), most of the joint is above the yield stress of the adhesive. For the 
intermediate lap length (b), a portion of the joint is below the yield stress. For the long lap (c), 
most of the joint has the adhesive below its shear yield stress

In a short lap shear specimen, the chances that the adhesive yields at design loads 
is great. One tenet of the Hart-Smith design methodology is that the lap length of 
the bond should be long enough so much of the adhesive is not yielded under design 
loads. This statement comes with an important corollary: the bond should always be 
designed so the adherends are the weakest part of the joint. This situation harkens 
back to Fig. 3.9 which showed that even though “lap shear strength” decreases as 
a function of lap length, the failure in a joint eventually is failure in the adherend 
at long enough lap length. From Figs. 3.15 and 13.4, if y is less than the shear 
stress at the edge of the joint, there is a region near the edges of the joint where 
the adhesive has yielded. Pictorially, this situation is represented as a function of 
lap length in Fig. 13.5. For the short lap length, most of the adhesive in the joint 
is above its yield stress. For an intermediate lap length, some of the adhesive in 
the bond is below the yield stress. Note that the minimum occurs at the middle of 
the bond as expected from the Goland-Reissner analysis. Finally, for the long lap 
length, a substantial percentage of the adhesive is below its yield stress. Note that 
the region over which the adhesive has yielded is the same in all of the laps. In fact, 
the region over which this occurs is defined by the quantity

ult

P2
t 


 (13.1)

where t is the thickness of the central adherend (remember, this is a double lap 
joint); P is the shear yield stress of the adhesive; and ult is the ultimate strength 
of the adhesive bond. Hart-Smith also provides an expression for the distance from 
the edge of the plastic yielded region to the center of the trough:
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A3
2
E t

G
 (13.2)

where E is the modulus of the adherend; t is as above; tA is the thickness of the 
adhesive; and G is the shear modulus of the adhesive.

The design of the joint then comes from several considerations based upon the 
analysis. First, a decision is made as to which adhesive stress-strain curve to use to 
determine P. This may not seem to be a reasonable statement unless one remem-
bers that adhesives are viscoelastic in nature and that adhesive/metal interfaces 
are thermodynamically unstable in harsh environments. Thus, one needs to use the 
shear stress-strain curve for the worst possible scenario: the shear stress-strain curve 
measured at high temperature and high humidity. In addition, since adhesives act 
more plastic at low rates of stress application, this shear stress-strain curve should 
be determined at a slow rate of extension. From the ult and P determined under 
these conditions, good design values can be derived. The thick adherend lap shear 
specimen shown in Fig. 3.7 is used for this determination. What is the significance 
of the elastic trough? Through the PABST program, it was found that adhesive bonds 
made with short lap lengths usually went to failure by creep. As the bond is loaded 
and unloaded under test conditions, the adhesive creeps. If the entire volume of the 
adhesive has yielded because of the short length of the joint, the adhesive cannot 
recover. Each additional loading then brings the joint closer to failure. However, if 
the lap is long enough so the center of the joint is essentially entirely elastic, then 
the joint recovers with loading and unloading. The question then is how much of 
the bond should remain elastic? This was experimentally determined in the PABST 
program as the point at which the minimum shear stress in the joint is about 10% 
of the yield stress of the adhesive. Therefore, the lap length should be increased so 
the length of the elastic trough is such that no creep can accumulate in the bond.

The Hart-Smith analysis brings together many of the factors discussed in this book 
and uses them to propose a reasonable set of bond design criteria from which one can 
make rational decisions about how to design an adhesive bond. Those factors come 
from both the Goland-Reissner analysis and the mechanical properties of adhesives.
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■■ 13.7■ Summary

The last chapter of this book has concerned itself with guidelines for the rational 
choice of adhesives and a method for beginning to design an adhesive joint. Simply, 
the criteria for choosing an adhesive are:

 � high enough modulus for the application but as high as possible an ultimate 
strain energy density

 � application and curing conditions commensurate with those available to the user
 � economics appropriate for the end use

Bond design criteria include:

 � surface preparation commensurate with the end use
 � appropriate consideration for coefficient of thermal expansion mismatch
 � minimization of peel at the edges of the bond
 � design for adherend failure, not adhesive failure
 � design so that the adhesive is yielded over only a small region of the bond
 � design based upon the properties of the adhesive under worst case conditions
 � provide for a long enough lap so a substantial portion of the adhesive is elastically 
loaded rather than plastically loaded.
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■■ Problems and review Questions 

1. Given the following situation of an adhesive used to bond an electronic 
component to a circuit board:

 Work by Chen and Nelson demonstrates that the maximum shear stress 
generated by thermal expansion differences is:

( )2
max 1 3

2
tanh

G
T l

h
   


D= −

 where:

2 2

2 1 1 3 3

1 1G
h E h E h


 

= + 
 

 Given the information about the materials in the table below and that the 
temperature excursion is from room temperature to 125 °C, determine if an 
adhesive having a maximum shear strain capability of 0.02 at 125 °C is useful 
in the application? What is the maximum shear stress? Give an explanation 
for its utility or lack thereof.

Material Youngs 
modulus
(GPa)

Shear 
modulus
(GPa)

Material 
thickness
(mm)

Thermal expansion 
coefficient
(K–1)

Length 
of bond
(mm)

1 117 1.57 1.6 × 10–5

2 1.23 0.051 25.5

3 275 1.53 6.5 × 10–6

2. Adhesive bonding is being considered for a particular application in which the 
structural load is approximately 750 psi and that load is to be maintained at a 
temperature of 150 °C. Which adhesive chemistries could be considered for 
this application?
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Chapter 2

1. “Load” is the amount of force that is applied to an object while “stress” 
is the “load” or “force” divided by the cross sectional area over which the 
force is applied. This differentiation is important when trying to compare the 
properties of materials under load. A piece of steel and a piece of rubber 
can support the same load if the cross sectional area of the rubber is large 
enough. However, the stress that a rubber can withstand is substantially less 
than a piece of steel could withstand.

2. a. 1.55 × 104 psi for Adhesive C, 4.58 × 105 psi for Adhesive A, 3 × 105 psi 
for Adhesive B. These can be determined by converting % elongation to 
fractional elongation and determining the slope of the stressstrain curve 
at small elongations for each curve in the second graph.

b. The ultimate strain for adhesive A is about 2%. The ultimate strain for 
adhesive B is about 10%. The ultimate strain for adhesive C is about 53%.

c. Adhesive B is considered to be tough/leathery. It has a high stiffness but 
does show yield behavior and a moderate ultimate elongation. Comparing 
the three adhesives, it would have the highest strain energy density.

d. Adhesive A is considered brittle. It has a relatively small ultimate elongation.
e. Adhesive C is considered elastomeric. It has a low modulus and it also 

exhibits very high ultimate elongation.

f.
 ( )

430000 1.13 10 psi
2 1 0.32

= ×
+

 (Using Eq. 2.7)

3. Eq. 2.5 states that DV =  (1 – 2 ).
 If DV = 0, then (1 – 2 ) = 0
 and therefore 1 = 2  and therefore  = 1/2.

4. A tile adhesive has to hold a tile up on a wall during the time that the adhe-
sive has to cure or otherwise solidify. The adhesive must therefore not move 
nor allow the tile to move under the weight of the tile. Of the rheological types 
described in Fig. 2.8, the only one which does not show movement under a 
small stress is the thixotropic fluid.
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5. For the elastic material
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 DΞ1 = energy absorbed in ¼ cycle. ¼ cycle is T/4 that is equal to π/2 , 
where T is the period of the oscillation.
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 The total amount of energy dissipated by an elastic material over an entire 
cycle of a sinusoidal stress is zero.

 For a viscoelastic material

( )

( )

( )

0

0

0
2 /

0 0
0

2 / 2 /
2

0 0
0 0

2
20 0

0 0
0

sin
cos

sin

d d sin cos d
d

sin sin cos cos sin

cos sin cos d sin cos d

sin
cos d sin

t
t

t

t t t t
t

t t t

t t t t t

t t



 

  

   

   


      

     

       

   
  



π

π π

π

π

=
=

= +

= = +

+ ≡ +

 
= +   

 
= =   

∫ ∫

∫ ∫

∫

Ξ

Ξ





 But we defined (0 / 0) sin  = G″
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 Thus, for a viscoelastic material, the amount of energy dissipated is not 0 
(unlike the elastic material, described above.) The storage modulus, G″, is 
directly related to the energy dissipated.

6.
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7. We learned that dM/dx = V and for a uniform load, dV/dx = 7 f, where f is the 
load per unit length. Therefore, the shear diagrams show that whenever the 
shear is zero, the slope of the moment diagram is zero. Wherever the shear 
is constant, we have a linear slope for the change in the moment with posi-
tion. For the beam with a uniform load, the slope of the shear diagram is the 
load per unit length. Also, for the beam with uniform loading, d2M/dx2 = f. 
Thus the change in the moment should be a quadratic function of the load, 
as shown.

8.  = E . Therefore, the elongation is [(3200/π (0.5/2)2]/107 = 0.0016. 
 = (l – l0)/l0. Therefore, 0.0016 = (l – 36)/36 and l = 36.059 in or 
D l = 0.059 in. Poisson’s ratio is 0.36. v = [(r0 – r)/r0]/. Therefore, 
0.36 = [(0.5 – r)/0.5]/0.0016 or Dr = 2.93 × 10–4.

Chapter 3

1. Advantage: Adhesive is primarily in a tensile mode 
Easily portable specimen

 Disadvantage: Necessity for precision machining 
Necessity for precision alignment of specimen to minimize 
cleavage 
Specimen is not in pure tension due to Poisson’s ratio effects

2. Advantage: Easy to prepare specimen 
Tests adhesive in two modes: peel and shear 
Easily portable specimen 
Big data base on existing products

 Disadvantages: Results are not useful for the design of structures 
Tests adhesive in two loading modes: peel and shear.  
Could lead to mistaken interpretation of results.
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3. The primary failure mode in the ASTM D1002 specimen is peel. Thus, if two 
adhesives have essentially the same shear properties, the one with higher 
fracture resistance will have the higher ASTM D1002 lap shear strength.

4. The equation for the compliance of a double cantilever beam specimen is:
2

3
38 1 8aC m

a E w h wh
δ
δ

 
= + = 

 

 We want to have δC/δa to be a constant and hence m must be a constant. 
We can set m to be any number as long as the dimensions do not become 
outrageous. Let us set m as 90 cm–1. Then

2

3
3 190 a

hh

 
= + 
 

 We can rearrange this equation and plot h versus a to obtain a contour for the 
profile of the specimen.

5.
 

3

z 12
e h bE I =    where h = backing thickness

 The equation to use is found on page 80 of the text:

( )c c3
z

sin cos sin
2

yex M F y M y
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 = + + 
   

where
 

a4

z3
E b
E I a

 =

 Plugging in the given values we have

( ) ( ){ }44.128 0.0228 cos 44.128 0.00372 sin 44.128yx e y y   = +   

 We note that according to Fig. 3.26, the y values into the bond are negative. At 
a value of y = –0.02 cm, the x value is 0.0048 cm. At a value of y = –0.05 cm, 
the x value is –0.00182 cm. This shows that the adhesive is in compression 
at certain points behind the peel front.

6. One can determine the Poisson’s ratio by two methods. The first is to instru-
ment a specimen such that both the lateral and tensile strain are measured 
simultaneously. The second method is to measure the tensile modulus and 
shear modulus under equivalent rates and then use Eqn. 2.7 to calculate v.

7. The equation used to solve this problem is:

2 2 2
c c

Ic3
38 1

2 2
F F aC

w a w E w hh
δ
δ

 
= + = 

 


 Therefore, 2 2 2 2
c4 / (4 24) / (23.4 1 ) 98.46 poundsF E w = × × = .  

The geometry factor is 90 in–1. Thus, Ic = 8861 lbs/in.
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Chapter 4

1. Polypropylene presents a plethora of methyl groups on the surface. Methyl 
groups have a lower surface energy than methylene groups. Polyethylene 
presents a surface that is primarily methylene. Thus, polyethylene has a 
higher surface energy than polypropylene.

2. Using the following data and the concept of fractional polarity due to Fowkes, 
calculate the dispersion force contribution to the surface energy of water.

Hydrocarbon Hydrocarbon

(mJ/m2)
Hydrocarbon,mercury

(mJ/m2) 
d

Mercury

(mJ/m2) 
Hydrocarbon,water

(mJ/m2) 
d

water

(mJ/m2) 
n-hexane 18.4 378 210 51.1 21.0 
n-heptane 20.4 50.2 21.8 
n-octane 21.8 375 199 50.8 21.2 
n-decane 23.9 51.2 20.9 
n-tetradecane 25.6 52.2 20.2 
Cyclohexane 25.5 50.2 20.9 

3.
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 But,
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4. a.
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 where r0 is the equilibrium separation distance

 The maximum in the force distance profile will occur when the slope of 
the curve is zero. Thus when:

62
0

2 8 14

13d d 70 6
d d

rF U A
r r r r

 −= = = + 
 

 solving for r at the force maximum we find: rMax = r0 (13/7)1/6 = 1.109 r0. 
Substituting these findings into the equation for the force distance rela-
tionship, we find

( ) ( )
6
0

max 7 13 7
00

16 1.345
1.1091.109

r AF A
rrr

          = − =            

b.
 

Material Tensile Modulus

(MPa)

Calculated Ideal 
Ultimate Stress
(MPa)

Measured Ultimate 
Tensile Stress
(MPa)

Epoxy Resin 3500 224 90

Polycarbonate 2400 154 65

Polystyrene 4100 262 83

c. This calculation shows that the ideal tensile strength is typically much 
higher than the actual strength of materials. The decrease in the tensile 
strength is due to the presence of flaws in a material.

 [The background and derivation of the equations for problems 4 and 5 
can be found in Good, R. J., in Treatise on Adhesion and Adhesives, vol. 1, 
Patrick, R. L. (Ed.), Marcel Dekker, New York, 1967, Chapter 2.]

5. The following graph shows a plot of the data along with a linear least squares 
fit showing that the critical wetting tension is 41 mJ/m2.
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Chapter 6

1. If all of the drops have the same volume then a smaller contact angle means 
that the area of contact between the liquid and the surface is larger. A smaller 
contact angle means that the liquid wants to increase its interfacial contact 
with the adherend in order to minimize interfacial energy.

2. 10 kcal/mol = 4.187 × 104 J/mol. Each interacting species occupies 
10 square Angstrom units. 10 square Angstrom units is 10 × 10–20 m2. 
Therefore, 1 square meter contains 1/10 × 10–20 = 0.1 × 1020 = 1 × 1019 
interacting species per square meter. This is 1 × 1019/6.02 × 1023 species 
per mole = 0.166 × 10–4 mol/m2. Therefore, the interaction energy is 
(4.187 × 104 J/mol) × (0.166 × 10–4 mol/m2) = 0.69 J/m2.

3. The equation to use to solve this problem is on Page 167.

( )l d d p d d d p d d d p p
A 1 l 1 l 2 l 2 l 1 2 1 22 lW             = − − − − + +

 Inserting the quantities in the above table into this expression provides a 
value of l

aW  which is

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )( )

( )

l
A

2

2 72 107 22 1250 50 41.2 22

5 50 107 41.2 1250 5

2 72 48.5 250 30.1 15.8 66.4 79 254 mJ/m

W = − − −
− + + 

= − − − − + + = −

 Since this value is negative, the bond is thermodynamically unstable under 
water.

4. The polymer/adhesive pair most likely to adhere is silicone on polyethylene 
since the surface energy of silicone is substantially less than the critical 
wetting tension of polyethylene.



360  Answer Key

5. A typical epoxy adhesive has a surface energy of about 44 mJ/m2. The sur-
face in Problem 3 in Chapter 4 has a critical wetting tension of 41 mJ/m2. 
The wetting of this surface by an epoxy adhesive would not be spontaneous 
and hence would not be expected to give a good bond without any forced 
wetting.

6. The type of hole that would minimize stress concentration is a round hole 
(it is an ellipse with equal long and short axis radii). One could minimize the 
propagation of an already formed crack by drilling a round hole at the end of 
the crack.

7. The solubility parameter is the square root of the cohesive energy density of 
a material. The cohesive energy density is obtained by dividing the cohesive 
energy of a material by its molar volume. The cohesive energy of a material 
is the amount of energy necessary to separate all of the atoms or molecules 
in material out to infinite distance. Thus it is related to the total energy nec-
essary to separate two atoms or molecules. This total energy is related to 
the attractive constant, A. We also know that the surface energy is directly 
related to A. Therefore, the solubility parameter and the surface energy have 
to be correlated because they both directly depend on the value of A, which is 
a measure of the attraction between atoms or molecules in a material.

Chapter 7

1. Conversion coating (A) is completely smooth. No mechanical interlocking is 
possible and we would expect this surface preparation to give poor structural 
adhesive bond durability. Conversion coating (B) has a few small microcracks. 
This coating would probably be better for durable structural adhesive bonding 
than (A). The most likely surface preparation to give durable structural adhe-
sive bonds is (C) because it has a plethora of microcracks, all on the order of 
microns in size.

2. If cost is no object, then you should treat the polyethylene with a CASING 
plasma surface treatment. The surface will still be low surface energy and will 
still be bondable. You will also have the extra added feature that the treated 
polyethylene will not flow even at the melt temperature of the polyethylene 
because the surface is crosslinked. You probably won’t be able to walk on the 
material while it’s being steam cleaned because you might crush through the 
crosslinked surface layer.

3. Single surface chemical functionalization can be used. A material such as tita-
nium bis(isopropoxy) bis(acetonyl acetate) will react with surface hydroxyls 
thus depositing titanium on the surface. Titanium can be easily measured and 
quantified by XPS.
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4. Because the adhesive bond is degraded in water, we would suspect that the 
surface preparation allowed the formation of hydrogen bonds between the 
mating surfaces. Placing the adhesive bond in water will degrade the hydro-
gen bonds causing adhesive bond strength to decrease.

5.

 

Chemical
Etch

Water
Rinse Rinse Oven

Dry

 If the metal that passes through this surface preparation is oily, the initial 
water rinse will not remove that oil. The chemical etch will remove the oil, 
but the oil will float on the surface of the chemical etch and will redeposit on 
the metal once it is withdrawn. As the chemical etch is used more and more, 
more oil will float on the surface of the etch and will ruin the surface prepara-
tion by depositing a thick layer of oil on the surface.

Chapter 8

1. One possible way to lower the viscosity is to use an epoxy resin based upon 
bis-phenol F. These resins have significantly lower viscosity than DGEBPA but 
maintain much of the physical properties of DGEBPA-based resins.

2. The cyano group of dicyandiamide can also participate in an epoxy cross-
linking reaction by reacting with hydroxyl groups creating an amide linkage. 
Thus, dicyandiamde is five-functional, not just four-functional. Therefore, you 
can use less to get the same amount of crosslinking.

3. Match the structure of the curing agent (or catalyst) with the structure of the 
resin with which it will react.
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4. This material can be treated with peroxide to oxidize the vinyl group and thus 
make an epoxide. This epoxidation reaction does not involve epichlorohydrin 
and thus would not lead to residual chloride, thus making this resin useful in 
the electronics industry.

5. Polyimides and resole phenolics liberate water during cure. Non-porous 
adherends would trap the water in the bondline, thus creating a bondline 
full of foam and voids. The way to thwart this problem is to apply very high 
pressure to keep the water dissolved in the resin during cure.

6. Any temperature below –20 °C would be appropriate for storage of the resin.
7. If the resin and elastomer have significantly different refractive indices and 

the material is improved in fracture resistance, the likely scenario is that the 
elastomer remains soluble in the resin after cure.

8. Polyurethanes do not need the addition of a toughening agent in order to 
have fracture resistance. They inherently phase separate into a structure 
having “hard” and “soft” domains which imparts toughness.

9. The cured structural adhesive will have a Tg of about 150 °C (the cure tempera-
ture). If one wishes to attain Tg,∞ the cure tempeature will have to exceed 170 °C.

10. You are formulating an epoxy adhesive based upon DGEBA. You have the 
following curatives in your formulation kit:
H2N(CH2)3O(CH2)2O(CH2)2O(CH2)3NH2

H2NCH2CH2NH2

                                H                     H
H2N(CH2)2N(CH2)2NCH(CH2)32CN(CH2)2N(CH2)2NH2
                  H              ||                 ||              H
                                   O               O

         H
N≡CNC≐NH
            |
           NH2

a. Dicyandiamide and ethylene diamine are most likely to yield brittle 
adhesives because the molecular weight between crosslinks is quite low.

b. Diethylene glycol dipropyl amine and the dimer acid diethylene tetraamine 
adduct will most likely give flexible adhesives because the molecular 
weight between crosslinks will be high.

c. Dicyandiamide requires a high temperature cure because it is insoluble in 
epoxy resins at room temperature and requires heat for it to melt into the 
resin.

d. DGEBPA has a molecular weight of 340 and hence an epoxy equivalent 
weight of 170. Diethylene glycol dipropylamine has a molecular weight of 
220 and hence an amine equivalent weight of 55.

 100 g/170 grams/equivalent = 0.588 equivalents of epoxy resin
 0.588 equivalents × 55 grams/equivalent = 32 grams of diethylene glycol 

dipropyl amine.
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Chapter 10

1. The tackifier has apparently become soluble in the polystyrene phase. The 
reduction in the Tg of the styrene phase means that the styrene phase has 
become softer and is reduced in its ability to act as a “physical cross-link”. 
The loss of this property will most likely affect the shear creep resistance.

2. Highly plasticized vinyl is much softer than oriented polyethylene. It will con-
form better to an adherend, thus allowing the adhesive to wet the substrate 
more easily. Thus, the vinyl backing will likely give the better loop tack result.

3. The modulus of any polymer is about 1 GPa below its Tg. This value is several 
orders of magnitude higher than the Dahlquist criterion and hence, the mate-
rial cannot act as a PSA. Addition of a tackifier will not help because these 
materials typically raise Tg.

4. The Tg of an elastomer/tackifier combination can be approximated by the Fox 
equation.

g g,

1 1
i

i iT T
= ∑

 Therefore,

g

1 0.5 0.5
200 313T

= +

 Therefore Tg = 244 K.

5. Tackifying agents are used in both PSAs and RBAs.

6. Silicone resins, having the lowest Tg of any commercially available resin, and 
being able to be formulated into materials of high elongation, would be a 
good choice for a building sealant.

Chapter 13

1. The answer is No. The shear strain at temperature is 0.043 while the ultimate 
strain of the proposed adhesive is 0.02. One can get this answer by calculating 
the shear stress at temperature and using Hooke’s Law to get the shear strain. 
Thus

max adhesive max52.7 MPA and 1.23 GPa,   then 0.043G = = = .

2. According to Tables 13.1 and 13.2, the adhesives that could be considered are:
 modified and unmodified epoxies
 modified and unmodified phenolics
 polyimides
 bis-maleimides
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