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Abstract

The interfacial fracture performance of dicyandiamide cured epoxy/steel adhesive
systems was thoroughly investigated. Fracture mechanics based testing was utilized to
study several variables which were believed to influence the epoxy/steel interphase
region, specifically the elasomeric toughener concentration, the dicyandiamide
concentration, and the cure temperature. Bulk mechanical measurements were
conducted to provide background information for comparison with the fracture data, and
surface analyses were carried out on the neat adhesives and failed fracture specimens to
provide insight into the locus and causes of failure.

The addition of toughener drastically impacted the morphological, bulk
mechanical, and adhesive properties in these latent cure systems. Modulus values
decreased and bulk fracture toughness values increased with increasing toughener
content. Static double cantilever beam (DCB), fatigue DCB, and notched coating
adhesion (NCA) interfacial fracture performances all increased. X-ray photoelectron
spectroscopy (XPS) and tunneling electron microscopy (TEM) analyses of the failed
specimens revealed that chemical changes were more prominent at the epoxy/steel
interphase than in the bulk of the materials. Morphological variations were also apparent
with toughener level variations, but for a single formulation no differences between the

bulk and intephase morphologies were seen.



Evaluations were conducted on a series of elastomer modified model epoxy
formulations cured with varying amounts of dicyandiamide. The modulus and bulk
fracture toughness values were shown to be independent of dicyandiamide concentration,
whereas the adhesive performance was greatly influenced. For increases in the
concentration of dicyandiamide, single lap shear (SLS) failure strength values increased
while quasi-static DCB and NCA test performances decreased. Fatigue DCB results
showed improved adhesive performance at both high and low levels of dicyandiamide
content. The results of the failure surface evaluations suggest that dicyandiamide
variations produce significant chemical changes only in the epoxy/steel interphase
region, and not in the bulk.

Analyses were conducted on all of the above systems using two additional cure
temperatures. The purpose of this work was to alter the dicyandiamide solubility, and
possibly the dicy/epoxy reaction mechanisms, and to determine what influence these
changes had on the interfacial fracture performance. In general it was found that

performance increased as the cure temperature was increased.
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Introduction

1.1 Adhesives and Adhesion: Practical Concepts
1.1.1 The Evolution of Adhesives

Adhesives have been in existence and use for thousands of years, and records
indicate that they have been produced on an industrial scale for approximately 300
years.! Most significant advancements in the science of adhesion and adhesives,
however, have come along only in the last fifty years. The predominate reason for this is
the fact that nearly all adhesives utilized in technologically demanding applications have
been based on advanced synthetic polymers.2 The birth of the modern structural
adhesive, for example, can be traced back to approximately 1910 when phenol-
formaldehyde resins were first introduced. Yet it wasn’t until the 1940s, after high-
strength, polymer-modified phenolics became available, that there was a significant
interest in using them as structural bonding materials. A basic outline of the historical
development of structural adhesives, including the emergence of several advanced
polymeric materials, is given in Table 1.1 !

Since the 1940s, the advantages of using adhesives in structural applications have
provided the impetus for a substantial amount of research and development work (see
Section 1.1.6). New and improved polymeric materials have been synthesized, and a
plethora of ancillary products such as hardeners, tougheners, and fillers have been
identified. A great deal of effort has been expended, as well, on studying the more
fundamental aspects of adhesion. With this wide array of starting materials, and with
recent advances in the scientific understanding of adhesion, the adhesives industry has
seen tremendous success in a highly diverse market. As stated by Zalucha, “The
growing availability of a variety of new materials and significant advances in bonding
technology have allowed people to routinely trust their lives and fortunes to adhesively
joined constructions. The study and understanding of adhesives and the art and science

. . 3
of using them has never been more pertinent.”



Table 1.1 The historical development of structural adhesives (Ref. 1).

1950

1960

1970

Phenol-formaldehyde

Urea-formaldehyde
Nitrile-phenolic
Vinyl-phenolic
Acrylic
Polyurethane
Epoxies
Cyanoacrylates
Anaerobics
Polyimide
Polybenzimidazole
Polyquinoxaline

Second-generation acrylic




1.1.2 The Classification of Adhesives

Individual adhesive materials are classified in many different ways. Films,
pastes, and liquid one-component adhesives are examples of materials classified by their
physical state. Those classified by chemical functionality include epoxies, urethanes,
acrylics, and silicones. Chemical composition is also used as a classification basis, with
100% solids, water-bornes, and solvent-based adhesives as examples. Other categories
for adhesive materials include those based on cure conditions (room temperature,
elevated temperature, ultra-violet), end uses (structural adhesives, pressure sensitive
adhesives), and adherends (wood adhesives).

The most generalized, yet often most useful, classifications for adhesives are
based on the final application of the material. This system gives rise to three main
classes of adhesives: structural, laminating, and pressure sensitive. A structural adhesive
is the type of adhesive used “to form a permanent, load-bearing, joint between rigid, high

% For these materials, the bonded area is typically small compared to

strength substrates.
the total surface area of the structure. The epoxy resins utilized in this dissertation are
typical of structural adhesives.

In some situations, adhesives must be classified by their performance
characteristics. Hybrid adhesives, such as rubber-toughened epoxies, for example, are
considered to be high-performance. High-performance adhesives are capable of
withstanding elevated loadings and are often durable even under severely aggressive

environments. In contrast, natural glues, such as hide and fish glues, are not high-

performance. These can bear only low to moderate loads and environments.

1.1.3 Adhesive Attributes and Functions

An adhesive, as defined by ASTM, is “a substance capable of holding materials
together by surface attachment.” Sharpe expands this definition to include the fact that
an adhesive is a substance capable of holding materials together in a functional manner.®
Since an adhesive does not perform its function independent of the context in which it is

used, this is an important addition to the definition. Adhesives are typically application



specific, as is evidenced by the fact that there is not a universal adhesive which works
equally well in all applications.

Adhesives serve a variety of functions in typical applications. The major
function, of course, is mechanical fastening. When used in this capacity, adhesives offer
many advantages over traditional fasteners such as bolts, rivets, and welds. Adhesives
allow stresses to be transmitted from one member of the system to another, and this
distributes the applied loads uniformly across the entire structure rather than
concentrating them at one point. Thus, adhesives can be used to produce assemblies that
are mechanically equivalent to, or superior than, conventional assemblies. This is often
accompanied, as well, by cost and weight benefits.® For instance, consider an assembly
prepared from one piece of thick metal and one piece of thin metal. With an adhesive the
full strength of the thin sheet is utilized. In a welded structure, only the portions
contacting the welds contribute to the strength of the system. Also, thin metals are often
not amenable to welding and conventional fastening. The use of adhesives generally
promotes high strength and rigidity and does not result in any substrate distortion.

Along with the other mechanical benefits mentioned above, adhesives also
function to dampen vibrations and resist fatigue damage. Consider the fact that
helicopter rotor blades are now held together solely by adhesives. These structures are
much more durable, and possess a greater load bearing ability, than their mechanically
fastened counterparts. Adhesives also function in a few less obvious ways. If used
properly, an adhesive should provide full contact with the adherend surfaces. Thus, it
has the potential to act in a sealing capacity, provided it is not susceptible to degradation
by the environment. Also, if the adhesive contains the appropriate additives, it can
function as a thermal or electrical insulator. This is extremely useful, for instance, in
preventing the electrochemical corrosion of assemblies of dissimilar metals.

Although there is an extremely large number of different adhesives currently
available, each with its own characteristics, properties, and uses, there are several

important attributes shared by all of them. These are summarized below:’



By surface attachment only, they must possess the ability to transmit and
distribute applied loads among the assembly components (from substrate
to substrate).

They must behave as a liquid during some portion of the bonding process in order
to adequately wet the substrate surfaces.

They must be capable of carrying some continuous, possibly variable, load
throughout their intended service life.

They must work well with the other assembly components to provide a durable
product suitable for the intended service environment.

Of these attributes, the load-bearing ability and substrate wetting ability, in particular,

help determine if, and how, an adhesive can be used.

1.1.4 The Adhesively Bonded System

In the discussion of adhesion and adhesives, common words are often used to
describe specific concepts that may not be equivalent to their common meaning.3
Therefore, it is necessary at this time to define the terminology used in preparing this
dissertation. Unless otherwise noted, all of the nomenclature on adhesion and adhesives
comes from ASTM D907-89.° There is, however, one definition worth specifically
mentioning. An adhesive system, in this text, will be taken to mean an adhesive/steel
combination, including all variables which may influence the mechanical behavior of the
adhesive joint being analyzed. A schematic of a typical adhesive system, along with the
considerations which must be made for each of the individual components of the system,
is given in Figure 1.1.

The concept of an adhesive system is important since adhesion, in a practical
sense, is not an intrinsic property of the adhesive or polymer.3 Rather, it refers to the
response of an adhesively bonded structure to deformation. While the structure may be
discussed in terms of the individual components, such as the adhesive, adherends, cure

conditions, surface pretreatments, and so on, the overall structural response to a



(B) Adherend Surface

(A)
(B)
©

(D)

(A) Bulk Adherend

(C) Adherend/Adhesive
Interphase

(D) Bulk Adhesive

Considerations

Composition, Chemical and Mechanical Properties, Environmental Conditions
Composition, Contaminants, Chemical and Mechanical Properties, Structure

Chemical/Mechanical Interactions (Mechanism of Adhesion), Voids and Residual
Stresses, Energetics

Chemical and Mechanical Properties, Cure Conditions, ,Environmental
Conditions, Voids and Residual Stresses

Adhesive system performance is a function of A-D together with the details of
structure geometry, fabrication, mechanical loading, and environmental
conditions.

Figure 1.1 Schematic of a typical adhesive system with a summary of the
general system considerations that should be included in any comprehensive
adhesive performance evaluation.
















































































































































































































































