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Abstract

The use of adhesives for joining metallic and non-metallic substrates is widely
accepted in various structural engineering applications, such as aerospace,
automobiles. In order to meet the industry requirements, the ability to achieve
good mechanical properties under a wide variety of conditions should be
considered. A major advantage of adhesive bonding over conventional
mechanical fastening such as bolts and rivets is that it enables dissimilar
materials to be joined. However, these materials (i.e. cured epoxy resins) are
britle and have poor resistance to cracks which indicate low capability to
absorb the external energy therefore limiting their application in fields requiring
high adhesive and impact strength. The incorporation of secondary components
or modifiers into the epoxy system can overcome these issues. Sol-gel
technology is finding increasing applications, for example, as hydrophobic self-
cleaning and decorative colour coatings, formation of low-temperature cure high
purity optical components and biomedical applications. The basic advantage of
the sol-gel process is its ability to form inorganic structures and hybrid organic
and inorganic network structures at relatively low temperatures using
conventional coating techniques such as dip coat, spin coat or spraying. The
present work is based upon the use of sol-gel technology to produce an
adhesive which can be used to bond aluminum 2024-T3 and mild steel
substrates. A novel adhesive material is produced from the combination of a
hybrid silica sol-gel system, nano-inorganic particles and an epoxy polymer.
The adhesive strength was investigated using a universal tensile test machine.
The percentage of the bond strength of the material formed through the hybrid
silica-base sol-gel is found to be related to the condensation reaction of sol-gel
or via a formation of Si-O-Si networks in the adhesive. The effects of adding
different concentrations of organic and inorganic materials on sol-gel adhesive
strength were studied. For example, by doping a DGEBA epoxy resin, TiO2, Y-
Al,O; MWCNT and mixture of PANI and y-Al,O3 into the sol-gel, an increase in
bond strength via the enhancement of the cross-linking among a hybrid sol-gel
system was observed. The effects of cure process were investigated and it was
observed that an increase in cure temperature/time led to an increase of the
adhesive strength. In addition, the adhesive strength was increased as the
specimen surface roughness increased due to a mechanical keying effect. Lap
shear strength was also increased as bond geometry of the joint increased. The
strength of the sol-gel adhesive joint has found to decrease on increasing the
test temperature, being related to a softening of the sol-gel adhesive.
Furthermore the adhesive strength decreased as the immersion time in
3.5%NaCl increased as a result of water absorption and the formation of
corrosion products along the interfacial bond line. A study of sol-gel adhesive
performance subjected to cyclic loading showed fatigue behaviour, as reported
in the literature, notably increasing fatigue life with decreasing fatigue load. No
significant effects in the fatigue behaviour of the lap joints were noted for
different loading frequencies. FTIR, Raman and XPS analysis confirmed that
improvements in the strength of the hybrid epoxy/sol-gel materials were related
to the formation of different covalent bonds in the adhesive matrix, i.e. Si-O-Si,
Si-O-Al and Si-O-C.
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CHAPTER 1 Introduction

1.1 SUBJECT OF THE THESIS

In recent years, sol-gel technology has been used in a wide variety of
engineering applications such as coatings and adhesives [1,2], and is attracting
greater interest due to the advantages of low temperature processing without
the need for ultra low or high pressure environments to produce materials with
good thermal, electrical and mechanical properties [3,4]. Many novel organic-
inorganic hybrid materials have been developed via the sol-gel method in recent
years, providing highly homogeneous network structures that combine both
organic functional groups and an inorganic matrix. The combination of rigidity
and high stability of inorganic materials with the flexibility, ductility and
processibility of organic polymers is a major reason for the improvement in the
mechanical performance of sol-gel materials [4]. A potential application for sol-
gel coatings on metals is that of the replacement of conventional chromate
anticorrosion conversion and primer coatings [5]. To form a superior
anticorrosion system for the protection of the substrate would require the
coating to provide excellent adhesion both to the metal and to the topcoat. For
example, sol-gel methods are already also used to treat aerospace alloys (e.g.
Al2024 alloys) as a pre-treatment, promoting the adhesion of the subsequent

primer coating [6,7].

The use of sol-gel coatings in the optical and electronic industries for use as an
intermediate layer to bond two materials has been widely studied [8] as they
offer the advantage of providing an active, uniform and homogeneous bonding
layer due to a strong interaction both with the substrate and the epoxy-resin-
based adhesive primer [9]. However, no reports appear to have been published
on the use of a sol-gel method for the modification of a hybrid silica-based sol-

gel formulation to produce novel adhesives for bonding two metallic substrates.

The present work will focus on the exploration of a hybrid sol-gel method to
produce novel adhesives for the bonding of metallic materials. This work will

study the changes in bond strength (shear and tensile) and adhesive structure



following the modification of the hybrid sol-gel material by the addition of a
variety of components into the formulation, including different inorganic nano-

particles, organic polymers, and organic-inorganic combined components.

A potential advantage in using a sol-gel adhesive is that it is possible to
combine the barrier anticorrosion properties with that of the adhesion pre-
treatment features to the bonded metallic materials [9]. This research project
has led to the successful development of a novel sol-gel/epoxy hybrid adhesive.
This novel adhesive and its strength performance on Al 2024-T3 alloys and mild

steels are reported in this thesis.

1.2 ADHESIVE BONDING APPLICATIONS

The significance of adhesive bonding as an alternative to riveting, bolting, or
welding is increasing in many industries, e.g. automotive and aircraft, because
of its numerous advantages [10], for example, low weight, homogeneous stress
distribution, low cost, high corrosion resistance, ease of application and
excellent thermal and insulation properties. Adhesives can be used to join many
different materials including metals, composites, ceramics, films and damage-
sensitive materials, singly and in combination. It has the valuable capability of
joining and fabricating complicated shapes to produce a smooth aerodynamic
surface that gives an improvement in corrosion and/or fatigue resistance [11].
Due to their visco-elastic properties adhesives can reduce the vibration of the
bonded parts compared with conventional joining techniques. All these features

have encouraged scientists to investigate the production of new adhesives.

Currently, one of the mostly widely used types of adhesive used in producing
composites, coatings, and structural adhesives is an epoxy-based organic
polymer, produced from the modification of epoxy resins based on
diglycidylether of bisphenol-A (DGEBA). These have particularly good adhesion
performance on different metallic surfaces but have some limitations on their
application due to, for example the brittleness of cured bisphenol-A (DGEBA)
[12]. Two general routes have been reported to improve the toughness (total
energy required to cause failure in the joint) of an epoxy resin: (i) the

introduction of a second phase of dispersed rubber particles into the epoxy
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matrix to increase its ductile properties, and (ii) the modification of epoxy
structures by introducing functional groups into the main or side chain of the
epoxy resin [12,13]. Extensive research has investigated the mechanisms of the
chemical reactions between the neat epoxy and the curing agent in order to
form a highly cross-linked structure, and it is well known that different curing
agents (hardeners) have been used to fabricate a wide class of organic
polymers based on epoxy resins [14]. The modified physical and chemical
properties of the cured epoxy resins, including excellent chemical and heat
resistance, high adhesive strength, low shrinkage, good impact resistance, high
strength, high electrical insulation, etc, are related to the chemical structures
and properties of the curing agents and cure processing parameters such as

temperature and duration.

1.3 AIM AND OBJECTIVES

The aim of this work is to develop a novel hybrid sol-gel adhesive and
investigate the influence of formulation chemistry on the adhesive strength of

bonded joints (using various modified sol-gel adhesives).

To achieve this aim, the properties of a silica-base sol-gel formulation, as an
adhesive material, were modified by introducing organic and/or inorganic
components into the sol-gel matrix. Several major objectives were assigned to

assess the role of sol-gel chemistry on adhesive performance, including;

1) Assessment of the effect of doping inorganic nano-materials (i.e. TiO;
and Al,O3) and multi-wall carbon nano-tubes (MWCNTSs) into the hybrid
sol-gel formulation on adhesive strength.

2) Assessment of the effects of introducing organic materials such as
polyaniline, or epoxy resin, and nano-particles (Al203) and MWCNTSs in
the hybrid sol-gel formulation on adhesive strength.

3) Evaluation of the effect of different environmental conditions (i.e. at room
and high temperatures, and under dry and wet conditions) on the bond
strength of the hybrid sol-gel system using Al2024-T3 and mild steel

substrates.



4) Characterisation of structure changes of the hybrid sol-gel adhesive
using a Scanning Electron Microscope (SEM), Infinite Focus Microscope
(IFM), Fourier Transform Infrared (FTIR), Raman spectroscopy, X-ray
Photoelectron Spectroscopy (XPS) and Thermogravimetric Analysis
(TGA) techniques.

1.4 ORGANISATION OF THE THESIS

The thesis is organised as follows.

Chapter 2, presents a literature review discussing various issues concerned
with adhesive materials, sol-gel processes and introduces the characterisation

techniques used in the experimental programme.

Chapter 3, describes the experimental work conducted to evaluate the substrate
materials, surface preparation, formulation of sol-gel adhesives, mechanical

tests and chemical and structural analysis.

Chapter 4, presents the results on the application of sol-gel material as a
potential adhesive, including effects of sol-gel composition, cure conditions,
surface roughness, bond geometry, the external environment and the hybrid

epoxy/sol-gel structure.
Chapter 5, provides a discussion of the experimental results.

Chapter 6, presents the overall conclusions. The possible future work resulting

from this study is given in Chapter 7.



CHAPTER TWO

2. Literature review

This chapter is divided into ten sections; section 2.1 introduces the background
information on the benefit of using structural adhesives in industry to assemble
engineering parts, and provides further information on adhesive manufacturing
and properties. Section 2.2 introduces several theories in adhesion science.
Section 2.3 provides brief information on the structure of adhesives, and 2.4
deals with adhesive joint design. The types of stress in joints and failure modes
are introduced in section 2.5 and 2.6, respectively. The influence of various
factors on adhesive bond strength and adhesive performance under cycling
loading (fatigue), all are discussed in section 2.7 and 2.8, respectively. Sol-gel
technology and its application in engineering is presented in 2.9. Finally, the last

section, 2.10, deals with the characterisation techniques.

2.1 Adhesive materials

Adhesive materials are substances that have the capability of holding
engineering parts together by surface attachment. This will include among
others cement, glue and paste. It is well known that adhesives are used widely
in manufacturing or the construction of commercial products. Consumer
research within the UK in 1981 [15] revealed that 90% of the people interviewed
had an adhesive available in their home; of these, 37% claimed to possess a

general purpose glue.

Historically, manufactured adhesives were all made from natural products and
raw materials. In the beginning of the 1700s, the first glue factory was created in
Holland. At this time most adhesive materials were derived from vegetable,
animal, or mineral substances. Around 1750, adhesives were first produced in
Britain using fish and natural rubber [16]. By 1900, the United States had a
number of factories producing glues. The industrial revolution caused a
technical break-through that resulted in new materials becoming available for
use in formulating adhesives. In the early-mid 1900s, the introduction of

synthetic polymers allowed to the creation of a new class of adhesive materials.
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During the 1920s and 1930s many new plastics and synthetically produced
adhesives were produced as the technological advancements in making these
materials increased [17]. Synthetic polymer chemistry offered a novel approach
where epoxy resins with specific properties were made available which led to

the “golden age” of adhesives beginning in the 1940’s and continuing today [18].

An uncured epoxy adhesive is a copolymer which forms from two different
chemicals, the "resin" and the "hardener". The resin is a monomer or short
chain polymer linked with an epoxide group at either end. The hardener is a
polyamine monomer, for example Triethylenetetramine (TETA). When mixed,
the amine groups react with the epoxide groups to form a covalent bond. Each
NH group can react with an epoxide group, so that the resulting polymer is
heavily cross linked, and is thus rigid and strong [19]. The use of polymers in
producing adhesives plays an important role concerning the mechanical
behaviour and durability under service conditions. Advanced technology
applications of adhesives (i.e. electronics, medical device, semi-conductor and
fibre optics industries) are based of the use of this copolymer material to

provide good adhesive bonding.

Adhesive bonding is a general term which describes the process where an
adhesive is used to join materials. The materials which are being joined are
often termed substrates. The adhesive is a polymer which intimately contacts
the substrate surfaces, either through chemical and/or physical forces. The
chemical interactions result from atomic scale attractions between specific
chemical groups of the adhesive and the substrate surface. The adhesive is a
mixture of compounds which interact with the surface and each other during the
bonding procedure. This process, referred to as "adhesive curing", involves the
provision of energy to the adhesive system which causes a reaction of the
adhesive mixture. During the early phase of the curing process the viscous
adhesive will flow to enable contact with the substrates. As curing proceeds the
viscous mixture becomes a rigid solid as the compounds react and cohesively
link the adhesive, often referred to as cross-linking. This process enables
strength to be established between the joint surfaces [20]. The significance of

adhesive bonding as structure-joining technology is increasing because of its
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numerous advantages compared with other methods. It offers two major
benefits over mechanical bonding notably improved fatigue resistance and
significant weight savings. Industry examples include aircraft structures, bridge
construction and electrical and electronic applications. Moreover, adhesive
joints present a homogeneous stress distribution, high corrosion resistance,

easy application, and low cost [21].

2.2 Theories of Adhesion

Several adhesive theories have been developed to explain the process of
bonding in adhesive structures (i.e. mechanical interlocking, diffusion, electronic,
chemical bonding and adsorption). Each of these theories alone is inadequate

to describe the complete process of bonding in most situations.

2.2.1 Mechanical interlocking

This theory states that mechanical keying, or interlocking of the adhesive into
the irregularities surface of the substrate is the major source of intrinsic
adhesion, see Figure 2.1. The adhesion usually depends on the roughness and
the wetting behaviour of adhesive to the surface [22]. The surface tension of the
adhesive should be similar or less than that of the substrate to achieve good
adhesive bonding. Pre-treatment methods applied to surfaces may result in
micro-roughness features on the substrate surface, which can improve bond

strength and durability by providing mechanical interlocking.

Adhesive

Figure 2.1 Mechanical interlocking at the interface



2.2.2 Diffusion theory

The diffusion theory of adhesion was promoted in the early 1960s by Voyustskii
[23]. It suggests that the intrinsic adhesion of polymers to themselves is due to
a mutual diffusion of molecules across the interface, see Figure 2.2. This can be
viewed as a molecular interlock enabled adhesion. The adhesion will arise
through the interdiffusion of the adherent (substrate) and adhesive. This theory
is applicable only for polymers above the glass transition temperature (7g),
where the materials are more mobile. Other factors such as molecular weight of
polymers, crystallinity and contact time should be considered. For example, the
bonding behaviour in rubbery polymers when two surfaces coated with contact
adhesives and pressed together, the interdiffusion takes place as a solvent
evaporated. One application that exploits this mechanism is in the construction

of plastic models.
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Figure 2.2 Schematic showing Inter-diffusion of polymer

molecules cross the interface [23]

2.2.3 Electronic theory

This theory states that adhesion is developed through the adhesive/substrate
interface due to electrostatic effects. If the adhesive and substrate have
different electronic band structures, there is likely to be some electron transfer
between two surfaces. The behaviour will result in the formation of a double
layer of electrical charge at the interface, see Figure 2.3. Therefore, the
electrostatic forces arising from such contact may contribute to the intrinsic
adhesion [24].
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Figure 2.3 Schematic showing the electrical double
layer at polymer/metal interface [24]

2.2.4 Adsorption theory

The bonding process in this theory occurs when adhesive molecules adsorb
upon a solid surface and chemically react with it. It represents the most
accepted general theory for explaining in the bonding mechanism. It has been
demonstrated [25] that, the phenomena can be divided into two separate types:
physical adsorption (or physisorption) and chemical adsorption (chemisorption
or activated adsorption). The attraction forces resulting across the
adhesive/substrate interface usually control the strength of a bonded joint. The
forces that are involved are those that act between atoms and molecules within
the material structure. The adhesive strength in this theory is attributed to the
action of London dispersion forces [25], and in many instances, these are
combined with contributions from other forces (dipolar, polar or primary
bonding). Table 2.1 illustrates different bond types with some of their major

characteristics.

Table 2.1 Bond types [24]

Bond type Bond energy, Equilibrium length
kJ mole” nm

Primary, chemical

lonic 600 - 1000 0.2-04
Covalent 60 - 800 0.1-0.3
Metallic 100 - 350 02-06
Acid-base interactions
Conventional Bronsted <1000
Lewis <80




Secondary, physical

Hydrogen ~50 0.3
Van der Waals

Dipole interactions 5-20 0.4

London, dispersion 1-40 <1

In addition, the process depends on the achievement of good contact between
the adhesive and substrate surface (wetting), which enhances the inter-
molecular forces at the interface. For example, poor wetability results when the
adhesive bridges over the surface due to the presence of solvent, air trapped
and/or bubbles, which prevent full contact within the interface regions. However,
good wetting results when the adhesive flows into valleys and crevices on the

substrate surface, see Figure 2.4.

Adhesive Adhesive

Substrate surface
%\M/\ \,\,&

Air bubble or solvent

Poor wetting Good wetting

Figure 2.4 lllustration of poor and good wetting by an adhesive

spreading over a surface [24]

2.3 The adhesive structures

The formation of strong and durable adhesive joints depends on complex
physical and chemical phenomena. The Primary Adhesively Bonded Structure
Technology (PABST) program has established that appropriate adhesive
selection and the careful attention to the treatment of metal surfaces for bonding
are both critical to the joint strength and long term environment durability [26].
The adhesives are normally produced from complex formulations of
components that perform specially functions, and very few polymers used in
producing adhesives without the addition of modified substances such as
plasticiser, or fillers. Therefore, adhesive can be classified as structural or non-

structural adhesives. The structural applications are adhesively bonded joints
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expected to provide high strength or performance. These materials are
generally formulated from thermosetting resins that are chemically cross-linked,
either with the addition of a curing agent, heat, or other activators [25]. Non-
structural adhesives are those requiring only low strength and durability. Epoxy
structural adhesives are available in single or multi components, which may
cure at either room or elevated temperatures. Epoxy molecular weight, the
nature of the molecules between cross-links and the degree of cross-linking are

factors that determine cohesive strength, see Figure 2.5.

Curing agent AT

molecule
Z

H 3

Figure 2.5 Schematic showing cured epoxy molecules [25]

Moreover, most of the epoxy formulations are formed on the use of the
diglycidyl ether of bisphenol A (DGEBA) as the base epoxy resin [27]. It can be
fabricated by using different chemical compounds to open the epoxy ring and
set the epoxy monomers. Therefore, epoxies can undergo various chemical
reactions, as shown in Figure 2.6. The amines or polyamides, present as curing
agents, are used for room temperature systems, whereas anhydrides require

elevated temperature curing.

O R OH
/ N\ ~ |
R-CH-CH; + R— NH— R _N-—CHz —CH
R

Epoxy Secondary
amine

a) Epoxy/amine reaction
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Figure 2.6 lllustration showing common epoxy reaction mechanisms [26]

2.3.1 Adhesive toughening

The term toughening is defined as the ability of an adhesive to absorb energy
without catastrophic failure (resistance to fracture). This means an
enhancement of the adhesive properties, such as the impact strength. Epoxy
resins have been used as adhesives since the 1950s due to their good
wettability. However, when these materials are cured with stoichiometric
amounts of amines, the increased degree of crosslinking makes the epoxy resin
brittle. The fracture energy of these materials is low compared with that of
metals (by a factor of three) or other engineering thermoplastic materials (by a
factor of two) [28]. This lack of toughness causes a weakening of the peel and
impact strength of epoxies and therefore limits their applications. Various
approaches were developed to improve adhesive toughness, for example;

common methods used to toughen adhesives include the blending of primary

12



resins with other polymers; such as thermoplastics or elastomers. The
incorporation of thermoplastic polymers into the epoxy resin forms a crystalline
structure when cooled below a certain temperature (notably the Tg), resulting in
significant adhesive structural strength [29]. However, as temperature is
increased, the materials tend to be elastic and gradually soften, eventually
melting. Thus, thermoplastic adhesives have a limited operating temperature
range and often tend to deform under load (creep) as temperature increases.
The linear polymers (elastomers) which show “rubbery” behaviour provide a
major improvement in toughness over a pure epoxy formulation. The cross-
linked network of rubber particles, as the dispersed phase within the epoxy
matrix, results in a new copolymer structure having different peel and impact
strength depending on the adhesive type. For example, carboxy-terminated
butadiene-acrylonitrile (CTBN) as elastomeric modified epoxy resins have
improved the material crosslink density and plastic deformation by a factor of
three compared with that of the unmodified matrix [30]. In addition, the
incorporation of rubbers or thermoplastics into the epoxy matrix, can result in
reductions of basic mechanical properties, such as a decrease in strength and
modulus. Bascom et al. [31] revealed that fracture energy was increased
significantly up to approximately 30 times that of the unmodified epoxy, with an
increase in the volume fraction of rubber content from 4.5 to 20%. At the same
time the tensile strength and tensile modulus decreased drastically in a linear
relationship with the amount of rubber added to the epoxy system. Due to the
poor compatibility and processability between the thermoplastic modifier and
the epoxy resin, the improvement in fracture toughness by thermoplastic

polymers, in some cases, was not achieved [32].

2.3.1.1 Inorganic and performed particles modifiers

Inorganic fillers have been considered as toughening agents for epoxy materials.
Due to their small dimension, larger specific surface area, higher surface energy,
greater proportion of atoms at the surface and better surface reaction, inorganic
particles play an important role in modifying epoxy resins [33]. However, theses
materials (particularly nano-size silica particles) can limit the improvement in
epoxy properties as they tend to agglomerate within the epoxy resin matrix due

to their highly hydrophilic surface properties leading to low dispersion of the
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particles [34]. The introduction of an optimum amount of inorganic filler into the
epoxy system is required in order to achieve good interaction and reduced the
agglomeration within the structure. As the inorganic particles tend to
agglomerate, techniques have developed and used to achieve a homogeneous
particle distribution, these include; mechanical mixing using high shear forces
and ultrasonic vibration. Chemical methods have also been used such as sol-
gel processing to obtain nano-silica particles, in which the nano-particles are
commonly formed in situ during a sol-gel synthesis and thus a homogenous
dispersion can achieved. Inorganic materials such as silica or alumina nano-
particles, incorporated via the sol-gel process, can noticeably improve fracture
toughness and other mechanical properties of epoxies at both ambient and

cryogenic temperatures.

2.4 Adhesive Joint design

The mechanical performance of the adhesive bond can be measured in a
variety of ways as the maximum stress (adhesive strength) that the joint can
attain before failure. Various types of loads arise in adhesive joints depending
on the joint geometry and the direction of loading. The nature of stresses within
the joint (i.e. shear, tensile, cleavage and peel) should be considered. Also, all
of the bonded area should equally share the applied load. The following

structural joints illustrate some typical designs.
2.4.1 Lap joint

Single lap joints loaded in tension are the most common joint design employed
in industry and this type of joint configuration provided a convenient test for
evaluating the adhesive strength. The lap joint is prepared from two plates of
substrate joined by a simple overlay. For structural joint performance, the load
in one substrate should be transfered through the adhesive layer to the other
joint component. The strength of a lap joint is generally based on the length and
width of an overlap (bonded area), higher strengths being achieved by larger
bond surface areas. Lap joints or lap combinations can be fabricated as, either

a single or double lap joint, as shown in Figure 2.7.
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Single lap joint

Double lap joint

Figure 2.7 lap joints geometry

2.4.2 Butt joint

Butt joint specimens are widely used for testing the response of adhesives to
shear, tensile and compressive stresses. They provide a convenient means for
determining the mechanical properties of structural adhesives [35]. The joint
consists of two cylindrical, or sometimes square shape sections, bonded
together at the end faces and pulled by forces acting along the axis of the joint,
see Figure 2.8. The achievement of a strong adhesive bond in this joint is based
on the sample preparation (particularly the joint alignment). However, it has
been recognised that there are significant stress concentrations at the edge of

the butt joint, which limit the strength of the joint [36].

Material substrate

AN
O G

—

Adhesive layer

Figure 2.8 Butt joint geometry
2.5 Influence of stresses on adhesive bonded joint

In order to design the strongest possible adhesive joint, it is necessary to
minimise stresses that may be generated within the joint. Stresses in adhesive
materials are often classified as tensile, shear, cleavage or peel. The breakage
of the adhesive bonds occurs when the local stress which is produced by an

external force exceeds the local adhesive strength. In general, tensile and/or
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shear loading is more desirable for most adhesives than cleavage or peel.

2.5.1 Shear stress

The design of adhesive joints usually requires a geometry such that the load
experienced is predominantly in a shear mode. In this case the majority of
bonds between the adhesive and the substrate experience the same load and
the highest joint strength is achieved [37]. A single lap joint is a simple joint
geometry used for measuring the adhesive strength. Peel and shear are the
most common stresses generated in a single lap joint under longitudinal tension,
affecting the adhesive strength performance [38]. Figure 2.9 shows how the
shear stress varies along the length of the joint, illustrating how stress

concentrations develop at the ends of the adhesive joint.

Adhesive
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Lap location

Figure 2.9 Stress distribution found in shear loading (lap joint)

During the applied load, the adhesive material will deform in shear and causing
delamination at the interfacial regions or within the adhesive layer. As a result of
delamination, cracks will propagate along the interface or through the adhesive
and thus the joint will fail. Figure 2.10 shows the adhesive layer under shear

deformation (shear stress/strain mode).
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Figure 2.10 lllustration of shear stress and strain in

an adhesive layer (lap joint)
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2.5.2 Tensile stress

The force applied perpendicular to the adhesive layer in a tensile test specimen
develops tensile stresses across the plane of the joint. The maximum stress
(tensile and shear) is normally found at the outer edges of the joint, see Figure
2.11. The stress state in these regions is highly complex, varying through the
thickness of the adhesive layer [39]. The cracks in the adhesive-bonded butt
joints initiate at the weakest location in the joint, notably at the edges, and
swiftly propagate which leads to failure of the joint. Significant bending can be
induced within the joint due to misalignment of the substrates, resulting in
premature failure and reducing the joint strength. However, a well designed joint
will result in good resistance to tensile stress as the loading is more uniformly
distributed than that in shear [40].

Adhesive

bondlocation

Figure 2.11 Stress distributions in tensile mode (butt joint)

The stress distribution in a butt joint subjected to a tensile load is related to
varying degrees of tensile and shear stress within the adhesive layer [41]. For
example, when an average tensile strength (o) is applied parallel to the (Y) axis,
see Fig 2.12, the local tensile strength (oy) in the (Y) direction in the adhesive is
independent of (Y). However, the tensile stress (ox) in the (X) direction will
depend on both (X) and (Y), and this stress leads the adhesive to flow toward
the plane X=0. In addition, there is a shear stress acting along the slip lines
(crossing each other at right angles). As local shear stresses cross the slip lines,

eventually reaching the yield strength, the joint will begin to fail.
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Figure 2.12 Slip lines in butt joint under tension [41]

In addition, when a structural component is subjected to several types of load,
acting simultaneously, principal stresses occur. These stresses act on the
principal planes, where the shear stresses are zero. Using Mohr's circle, see Fig
2.13, to analyse the stresses [42], and obtain the relationship between shear
and tensile strength, the principal stresses can be obtained as

maximum/minimum normal stress act on the principal plane, as follows;

Equation (2-1).

“\<. 1»&' &%
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Principal plane

Fig 2.13. lllustration Mohr's Circle for plane stress [41]
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U=ngo-li\/(;—(ax—ay)) + (T xy) (2-1)

Where, (+) represents the maximum and minimum principal stresses,
respectively. Yield strength is assumed to occur when the maximum shearing
stress in the material reaches a critical value. The maximum shear stress can

be obtained as following;

T mx = \/[L(ox—ay)j + (Txy )2 (2-2)

2

7 max = (2_3)

tw = — (2-4)

Where 1y, and oy, represent the yield point in shear and tensile strength,

respectively [41].

The Tresca yield criterion can also be used to describe the relationship between
shear and tensile strength. It demonstrates that strain deformation usually
appears as a consequence of the sliding of the crystal lattice due to shear
stresses. According to this criterion the material passes from the elastic to the
plastic state when the maximum shear stress (7max) reaches a critical value
[43,44]. When one of the principal stresses (o1, o2, 03) becomes smaller (or

larger) than the others, the material is subject to shear. In such situations, if the

shear stress reaches the yield limit then the material deforms plasticity. Yielding

starts when ( T max = T y) where T ma is the maximum shear stress and T

represents the maximum shear at yield point.
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2.5.3 Cleavage and peel stresses

Adhesive bonds exposed to cleavage or peel stresses are undesirable; they
tend to generate non uniform stress distribution throughout the bond area, see
Figure 2.14. Both stresses lead to a concentration of the normal tensile stress
within the adhesive layer at the edge of the joint, causing the joint to be
susceptible to failure. These stresses tend to distort the joint and cause a failure.
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These stresses are measured as the force per linear width of bond. These types
of stress should where possible be avoided in adhesive applications. Cleavage
is defined as the stress occurring when forces at one end of a rigid bonded joint
act to pry the substrates apart. However, when the bonded joint, made from one
or both flexible substrate materials, peel stresses are expected. Due to the
angle of separation (or the orientation of the forces separating the substrates),
the stress concentration is generally much greater for peel than cleavage; a little
increased in cleavage strength than the joint peel strength are normally existed
[24]. Stresses are confined to a very thin line at the edge of the bond, and the
remaining bond area has no contribution to the strength of the joint, as shown
by the stress distribution in Figure 2.14. An increase in peel strength may be
achieved by increasing the width of the end of the joint, or/and from the use of
stiffer materials, where the deflection of the joint is small, thus lowering the

value of the peel stress.
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Figure 2.14 Stress distributions found in cleavage and peel tests
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2.6 Adhesive failure modes

When the adhesive bonds are subjected to loading, debonding may occur at
different locations in the adhesive joint. Analysis of failure mode can be an
extremely useful guide to determine if the failure was due to a weak boundary
layer or improper surface preparation. There are different possibilities for the
occurrence of failure in adhesively bonded joint. Joints may fail by an adhesive

or cohesive mode or by a combination of the two modes (adhesive/cohesive).

2.6.1 Interfacial (adhesive) failure mode

An adhesive failure is defined as interfacial bond failure between the adhesive
material and the substrate surface, see Figure 2.15a. This can be attributed to
surface contamination or air entrapment or some other development of a weak
boundary layer [45]. If the rupture takes place at the weakest link found at the
interface between materials, cracks can initiate from defects at the interface.
These defects are possible loci of failures that arise because of poor wetting,
and the presence of voids and dust at the interface. In addition, failure may
occur within a few hundred Agstroms of the interface, which is, obviously,
difficult to identify.

2.6.2 Cohesive failure mode

Cohesive failure occurs by internal failure of either the adhesive or, rarely, one
of the substrates. Cohesive failure results if a crack propagates within the bulk
adhesive material, see Figure 2.15b. The failed surface of both substrates is
usually covered by fractured adhesive and indicates that the adhesive material
in the joint reached the maximum strength. The cracks in the joint may
propagate in the centre of the layer or near the interface. For this latter case,

the cohesive fracture can be said to be “cohesive near the interface”.

2.6.3 Mixed adhesive/cohesive failure mode

A mixed type of fracture occurs when a crack propagates within the bulk
adhesive causing both cohesive and interfacial adhesive faliure, see Figure
2.15c. Mixed fracture surfaces are often characterised by quantifying the

percentage or rate of adhesive and cohesive faliure. This percentage is
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calculated based on the fraction of the area of the contact surface that has

failed cohesively or adhesively.

(a) (b) (c)
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Interfacial mode Cohesive mode Mixed mode

Figure 2.15 lllustration showing adhesive, cohesive and mixed failure modes

2.7 Influence of different variables on bond strength.

2.7.1 Effect of humid environments

The reduction in joint strength can be associated with two phenomena:
interfacial failure due to the presence of water at the adhesive/substrate
interface and physicochemical degradation of one of the components, often the
adhesive. These effects can usually be distinguished by the failure mechanism.
Interfacial failure is caused by adhesive separation away from the substrate at
the substrate/adhesive interface and cohesive failure is due to the adhesive
degradation [46]. Numerous factors govern the durability of epoxy resin bonds,
such as the conditions of hydrothermal ageing, the substrate surface pre-
treatment and the joint geometry. Moreover, some epoxy resins are not very
durable because of their tendency to absorb water. In this case, the durability is
dependent on some factors, i.e. aging condition and the pH of the electrolyte.
The effect of water on adhesive joints can be variable. With some adhesives,
distilled water can be a more aggressive environment than salt water. The
difference is attributed to the availability of oxygen at any crack tip that forms
during the wet-dry cycling [47]. It has been reported [48] that water in the
natural environment is often a more severe test of a joint's durability than high
humidity conditions in the laboratory. In addition, there are three factors that are

important in explaining the effect of water content on the adhesive joints;
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notably, the nature of the adhesive-substrate interface, the solubility of water in
the adhesive and the water activity of the environment.

Although the humid environment causes a decrease in the adhesive resistance,
the magnitude of damage depends upon the epoxy adhesive used. Prolongo
and co-workers revealed that large amounts of absorbed water by the adhesive
resulted in lower joint strengths [21]. For instance, they found epoxy/amine
systems present a higher adhesive strength than homopolymerised resins.
Nevertheless, the hydrothermal ageing causes more damage to epoxy/amine
networks. This observation has been associated with the lower water uptake
tendency of homopolymerised resins due to its lower hydroxyl group
concentration. This behaviour may be explained by the structure of the
adhesive network. The presence of OH groups is an important factor governing
the water uptake and the subsequent damage. In addition, there are several
different effects due to water uptake. For example, adhesive plasticisation
results when water penetration inside the epoxy network causes rupture of the
interactions, which causes stress relaxation. This relaxation gives rise to a
decrease in the glass transition temperature (Tg4) of the network commonly
named "plasticisation effect". It has been demonstrated [49] that the absorbed
water is found in the network as two different water states: bound and free
water. In the network, there is some free volume, including voids, which can be
occupied by absorbed water (free water). On the other hand, some molecules of
water can interact with the resin, where many functional groups are present
(bonded water). As the epoxy network is held together by hydrogen bonds and
other secondary valence forces between adjacent polymer chains, these
interactions will break by forming hydrogen bonds (a connection between two
water molecules or organic molecules/water or organic/organic molecules) with
water absorbed. The rupture of interchain interaction causes the T4 to decrease.
Therefore, the water plasticisation effect is mainly caused by the bonded water.
In addition, the susceptibility of substrate to corrosion should be considered.
The decrease in bond strength may be attributed to the corrosion product
around the edges. If the substrate is corroded this creates the possibility that
the failure mechanism of the joint will change, from a cohesive failure to an

interfacial, or near interfacial failure mode.
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2.7.2 Effect of temperature

The effect of temperature can be considered in relation to the Tg of the
adhesive material. The glass transition temperature (Tg) is the critical
temperature at which the adhesive material changes its behaviour from being
'glassy' to being 'rubbery'. Glassy term means hard and brittle and, therefore,
relatively easy to break, while rubbery means elastic and flexible, see Figure
2.16.

Specific
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Glassy
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»
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Figure 2.16 Glass transition temperature

For rigid adhesives the normal operational temperatures are below Tg, whereas
for flexible adhesives they are above Tg. The effects of temperature on strength
and stiffness of a single lap joint are presented in Fig 2.17. For a rubber based
flexible adhesive and toughened epoxy based rigid adhesive. Rapid changes in
the stiffness and strength of the joint are associated with the Tg of the
adhesives. These variations indicate a Tg of -10°C for the flexible adhesive and
60°C for the rigid adhesive. Moreover, at low temperature the joint strength
remained constant, but it slightly decreased at high temperature. This decrease
could have two causes: a decrease of adhesive/substrate interfacial stress and
the residual thermal stresses arising at the joints because of the difference in

the thermal expansion coefficient (TEC) of both components [46].
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Figure 2.17 Effect of test temperature on joint stiffness and strength [46].

Characterising and understanding the properties of polymeric materials and
adhesives is complex. Specific details of the various adhesive types and their
toughness values can vary significantly, but some generalisations are possible.
Adhesive materials are degraded to some extent by exposure to elevated
temperatures. Due to its viscoelastic nature, the adhesive becomes soft and a
high degree of creep may occur as temperature is increased. In addition,
temperature can affect the interface by causing changes (chemical, dimensional
and rheological) in the adhesive or substrate reducing the ability to absorb the

external stresses.

The influence of temperature on the adhesive bond strength is based on the
adhesive type. Adhesive materials with low melting points, e.g. thermoplastic
adhesives, are not suitable at elevated temperature conditions. Once the
service temperature approaches the Tg for the adhesive, deformation in
adhesive and degradation of the cohesive strength results due to plastic flow.
However, thermosetting adhesives are suitable for high temperature
applications, where no melting point is exhibited, due to the highly cross-linked

networks.

In addition, adhesives held above the glass transition, become flexible and their

cohesive strength will decrease. The excessive temperature may also lead to
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continuous cross-linking and result in bond embrittlement and shrinkage. This
may cause oxidation (if oxygen or a metal oxide interface is present) resulting in

a lower cohesive strength and weak boundary layers.

2.7.3 Effect of Bond-line thickness

The effect of increasing bond-line thickness in simple lap joints made with hot-
cured epoxy adhesives is that of decreased joint strength. In general with hot-
cured epoxy adhesives, a drop in strength occurs in the bond-line thickness
range 0.1 to 0.5 mm. In thicknesses greater than 0.5 mm, shear strength is
approximately constant; the optimum bond-line thickness is in the range 0.05-
0.15 mm. In very thin bond-lines there is a risk of incomplete filling of the joint
due to contact between high points on the joint surfaces (associated with high

surface roughness, see below).

2.7.4 The Influence of Surface roughness

Surface roughness plays an important role in determining the strength of
adhesive bonds. The two most prevalent mechanisms used to explain adhesion
phenomena are the mechanical interlocking and adsorption theories. The
mechanical interlocking theory is reviewed by Packham [50]. The mechanism
suggests that the adhesive mechanically keys or interlocks with the irregularities
of a roughened surface. The mechanical interlocking theory can be used to
explain the influence of surface roughness in enhancing energy dissipative
mechanisms to improve bond strength. However, work by Bright et al. [51] and
Arrowsmith [52] suggested that the number of pores penetrated by the adhesive
was linked to adhesion strength. These findings revived the mechanical
adhesion theory. Nitowski [53] stated that the phosphoric acid anodising
process (PAA) improved a link with surface and enhanced bond strength. The
presence of long needle-like protrusions on the PAA aluminium surface was
also believed to be critical in the mechanical keying mechanism. This work has
contributed to making this mechanism an often quoted explanation for the
observed bond performance. The adsorption theory assumes the interatomic
and intermolecular interactions occurring between adhesive and substrate in
intimate contact will establish adhesion forces. These interactions are classified

into primary and secondary forces. The primary bonds formed are the strongest
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and include covalent and ionic bonds. The secondary bonds include hydrogen
bonds. In the case of epoxy adhesives bonded to metal substrates, a secondary
bond is believed to exist [54]. The high strength of such adhesive joints
suggests hydrogen bonding may describe the interactions which are present
[55]. These interactions are believed to occur between the hydroxyl groups
present on the surface of the substrate and these hydroxyl groups present in

the epoxy adhesive.

2.7.4.1 Macro-Roughened Surfaces

Machining processes, such as milling and turning, provided higher bond
strength than sand-blasting treatments. Gendler et al. [56] indicated that laser
roughening improved the bond strength by 150% relative to flat surfaces.
Formation of surface oxide nodules was believed to cause mechanical
interlocking and thus explained the enhanced strength. Physical roughening of
the surface by abrasion or high velocity particle impact, grit-blasting, may
improve bond strength. Jennings [57] found that when comparing surface
abrasion with silicon carbide paper and grit-blasting, the adhesive strength

increased as a function of surface roughness relative to flat surfaces.

2.7.4.2 Micro-Roughened Surfaces

Chemical etching and anodising techniques have been used to improve the
bond strength of the materials as a function of the surface produced. These
surface treatments produced features less than 1um. Using chromic acid
etching process to etch surfaces to varying degrees indicated that fracture
energy increased as micro-roughness developed [56]. Nitsche suggested that
mechanical interlocking was a major factor leading to improved bond strength
for micro-roughened surfaces [57]. Gendler and co-workers concluded that peel
strength increased as a function of surface micro and macro-roughness and
believed that increases in the angle of surface features enhanced the ability of

the interfacial bonds to distribute load [56].
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2.8 Fatigue strength of adhesives

The maijority of practical engineering design applications involve fluctuating or
cyclic loads well below the yield stress of the material of interest. Despite the
low magnitude of these stresses, damage can accumulate and “fatigue failure”
can occur. Failures occurring under conditions of dynamic loading are called
fatigue. It is estimated that over 80 % of all brittle fractures involve some period
of fatigue crack growth [58]. The aircraft industry is just one area of application
in which the study of fatigue failure is relevant. The fatigue strength of an
adhesive is obtained as the number of cycles of a known load necessary to
cause failure. The point at which the smooth curve connecting the points of
minimum stress crosses over a million cycle line may be reported as the fatigue
strength [59]. Fatigue testing of lap joints provides useful engineering design
values on the adhesive materials. S-N curve shows the relationship between

stress and number of cycle to failure is shown in Figure 2.18.
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Figure 2.18 Fatigue strength of hot-setting epoxy-nitrite
resin, S-N curve [59]

2.4.2 Factors influence on fatigue strength of adhesives
Many factors affect the adhesive fatigue strength, including stress level, stress

state, curing conditions and loading frequency. Figure 2.19 illustrates a typical

fatigue stress cycle.
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Figure 2.19 lllustration showing typical fatigue stress
cycles for adhesives

Where stress amplitude o, is defined according to Eq 2-9.

c -0_.
iy = max2 min (2-9)

In this equation, Omax is the maximum normal stress during cycling, and Omin is
the minimum normal stress during cycling. Due to the statistical nature of
fatigue, it is necessary to use the results of many fatigue experiments at a given
load to find a single representative value for the number of cycles to failure.
Therefore, each point on a standard S-N curve represents a series of fatigue
experiments. If a large number of samples are run, confidence intervals can
give accurate predictions of the fatigue life at a given load. If smaller numbers of
samples are run, simply taking the average is a less precise, but acceptable
alternative. In addition, fatigue behaviour of adhesives can be extremely
sensitive to fatigue stress ratio, R, where R is defined according to Eq 2-10.
R =—min (2-10)
O max

Other factors affecting the fatigue life of adhesive bonds are the cure conditions
and its exposure to the aggressive environment. Any defects on the adhesive
material (i.e. voids or pores) can act as stress raisers and potentially reduce the
fatigue life of the specimen. Corrosive environments can cause damage on the
edges of joints. These also act as stress raisers and crack nucleation points.
The frequency and peak fatigue loading is selected to be well below the ultimate
short-term failure strength of the joint. Restrictions on test frequency can arise
due to test equipment limitations (response time), time-dependent processes
and hysteretic heating. Hysteretic heating can precipitate a rise in temperature
causing thermal degradation of the adhesive material [60].
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2.9 Sol-gel system
2.9.1 Background

Corrosion resistance of metallic structures is considered as a very important
issue in many structural applications. For example, in modern aircraft design,
components made from aluminium alloys are generally protected from corrosion
by the application of protective coatings. Anodising of aluminium alloys is a well-
established surface engineering alternative to form an anti-corrosion aluminium
oxide barrier layer. A number of non-chromated pretreatments and primers
have been developed and tested over the past years. Previous testing of non-
chromate systems has focused on either replacement of the chromate
conversion coating (CCC) with a non-chrome surface preparation [61 ,62].
Chromate conversion coatings are currently used as a pre-treatment for
different aluminium alloy substrate, being based on the use of chemicals
containing chromium in the so-called, 'hexavalent form'. The conversion coating
provides excellent corrosion protection and good adhesion properties [63],
however, the leachability and toxic nature of the chromates make them
environmentally unacceptable. Skin contact, inhalation and ingestion can cause
penetration of the hexavalent chromium waste into human organisms, leading
to DNA damage and resulting cancer [64]. As a result, the need for the
development of non-chromate environmentally friendly surface treatments is
urgent. One of the prospective candidates for substitution of chromate pre-
treatments is that of sol-gel derived thin films. Sol-gel technology was first
discovered in the late 1800s, but it was not until the early 1970s that renewed
interest in the technique was generated, when monolithic inorganic gels were
formed at low temperature. The method can create a covalently bonded metal
oxide-polymer interface offering improvements in surface properties [65].

A sol-gel procedure is a method that allows deposition of a thin inorganic or
inorganic/organic film at room temperature upon the substrate. Sol-gel films
show good adhesion to metallic substrates and organic top coats. This
technology can therefore offer a variety of methods to prepare functional
coatings with different properties. It has excellent potential to be used for the
preparation of inorganic or organically modified protective coatings, having

unique properties. For example, anti-corrosion, diffusion and oxidation barrier
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and abrasion resistance [66]. Organic-inorganic hybrid materials have recently
received considerable attention as a new class of composite materials through
the novel properties that can arise from the combination of organic polymer (soft,
flexible) and inorganic material (hard, brittle). These materials help to achieve
properties that a single phase material cannot provide [67,68]. In addition, in
order to achieve optimum properties, phase separation between organic and
inorganic components of the hybrid must not occur. Therefore, the nature of the
chemical interaction between the organic polymer and inorganic ceramic during
the processing of theses materials plays an important role in avoiding such

phase separation.

2.9.2 Sol-gel processing

The term " Sol-gel" is a contraction of the words, solution-gelation, which refers
to a series of reactions wherein soluble metal species (a metal alkoxide or metal
salt), hydrolyse to a final hydroxide. The soluble metal usually contains organic
ligands tailored with the resin in the bonded structure. The metal hydroxides
condense to form a hybrid organic/inorganic polymer. The sol-gel process
consists of two primary steps (hydrolysis and condensation process). The
hydrolysis reaction produces the sol, and then, in the condensation reaction, a
macroscopic gel is formed on the substrate producing a thin film. In the sol-gel
process a system of colloidal particles in a solution (sol) becomes a
macroscopic material (gel), which is interpenetrated by a liquid. The sol-gel is a
reaction between a metal alkoxide and water to form a metal hydroxide. This
condenses into a metal- oxygen- metal sequence, with the liberation of water

and alcohol. Once the liquid evaporates, a strong "glass-like" material remains.

Sol-Gel Process

Hydrolysis Condensation

Precursors > Sol > Gel

Aluminium, zirconium, tin, and cerium have been used as a metal alkoxide in
these reactants. Silicon alkoxides have a more controlled and lower reactivity

than the other metal alkoxides [69]. Nowadays, silica based sol-gel chemistry is
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more advanced compared with other metal-organic based precursors. For

example,
Si(OR), +4H,0 — Si(OH), + 4ROH (2-11)

Where R is CH,CH3; The metal alkoxide (tetra-ethoxy-silane or TEOS) is mixed
with water; the hydrolysis reaction will be completed when all the (OR) groups
are replaced by (OH) groups. This is a hydrolysis reaction which produces the
sol and then the condensation reaction, where a number of (Si-O-Si) bonds

increase in a process called polymerisation, produces a microscopic gel.
2Si(OH), = (OH),Si-0-Si(OH), + H,0 (2-12)

A gel is formed on the substrate producing a thin film. The solubility of the
resulting gel in a solvent depends upon the size of the particles and degree of
network formation. The low reaction of sol-gel processes allows the introduction
of organic groups in the inorganic material. This leads to a novel class of
materials composed of both inorganic and organic components. The inorganic
component helps to enhance mechanical properties while the organic
component leads to an increase in the flexibility and functional compatibility with
top coat organic paint systems [69]. One of the important factors that can
strongly influence the kinetics of the sol-gel reaction is the nature of the solvent.
Addition of a solvent, such as alcohol, is needed in order to achieve
homogenization of the reaction system. Adding catalysts can lead to increased
cross-link density and increasing average number of hydroxide groups on the Si
atoms in the drying phase, which can be tailored by adjusting the water
concentration, by using a solvent which does not cause the re-esterification of
alkoxy groups on the Si atoms during drying [70]. The hydrolysis and
condensation reactions are also affected by acid/base catalysis. With the
existence of an acid catalyst, a weakly-crosslinked polymer is formed which can
easily aggregate after drying .On the other hand, if a base catalyst is used,
discrete highly branched clusters are formed and lead to a mesoporous
structure after gelation. Specific processes which determine the final

preparation of a sol-gel system include;
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2.9.2.1 Gelation

The gel point is defined as the point at which the colloidal particles and
condensed silica species link together to become a three-dimensional network.
The physical characteristics of the gel network depend greatly upon the size of

particles and extent of cross-linking prior to gelation [71].

2.9.2.2 Ageing

Another important factor affecting the degree of hydrolysis and condensation of
the organometallic in the sol-gel film is the aging stage. Aging is an extension of
the gelation step in which the gel network is reinforced through further
polymerisation, possibly at different temperature and solvent conditions .During
the aging stage, polycondensation continues along with localised solution and
reprecipitation of the gel network, which increases the thickness of inter-
particles and decreases the porosity. The strength of the gel thereby increases
with aging. An aged gel must develop sufficient strength to resist cracking

during drying.

2.9.2.3 Drying

During the last stages of gelation, water and the organic solvent evaporate from
the glass cavities and the volume of the solid matrix gradually shrinks. In the
drying phase, some of the larger pores are emptied while smaller pores remain
wetted by the solvent. The final product obtained is a porous glass-like solid

commonly termed as “Xerogel” [69]

2.9.2.4 Acid / base catalysts

The kinetics of hydrolysis and condensation reactions are slow and require time
to reach completion. For this reason, acid or base catalysts are added to the
formulation. The microstructure and properties of the final sol-gel product are
more related to the amount and type of catalyst used. Hydrolysis, in acid
catalyzed reactions, proceeds with an electrophilic attack of the hydrogen ion on
the tetralkoxysilane, see Figure 2.20. This draws the electron density away from
the silicon atom rendering it with a partial positive charge. The electronegative
water molecule attacks the charged silicon and acquires its charge thus making

the protonated alkoxide a better leaving group. Leaving groups are atoms or
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radical groups that break away from an organic compound. Base catalyzed
hydrolysis on the other hand proceeds by a nucleophilic attack on the
tetralkoxysilane by the hydroxyl ion, this subsequently weakens and displaces
the (OR) groups [72].

—8i—OR  + HY =—== —Si—OR
| H
+
| ¥+ - RN/ o
T‘ ﬁ-a AL L — H,O—?‘—OQ —— -£‘—-0H + ROH + H'
Acid catalyst

H0 == H' + OH

\/. A\/

—;i-(}R + OH ====|R-0—%i—0-H | === R-0—3§i—0-H === [R-0—$5i—0-H | === —Sli—OH + RO

Base catalyst

Figure 2.20 lllustration showing sol-gel acid and base reactions kinetics [73]

2.9.3 Advantages of sol-gel systems

There are several advantages of adopting a sol-gel. For instance, it is possible
to produce thin bond-coatings to provide excellent adhesion between metallic
substrates or thick coatings to provide corrosion protection performance. These
systems can be used to shape materials into complex geometries in a gel state
or produce high purity products because the organic-metallic precursor of the
desired ceramic oxides can be mixed, dissolved in a specified solvent and
hydrolysed into a sol and subsequently a gel, allowing excellent control of the
composition. Moreover, it has low temperature sintering capability, usually 200-

600°C and offers a simple, economic and effective method to produce high
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quality coatings. Also, the organic/inorganic hybrid materials prepared by sol-gel

process can be cured at low temperature i.e 100°C [74].
2.9.4 Limitations

Despite its advantages, sol-gels have some limitations, for example, low wear-
resistance, high permeability, and poor control of porosity within the thickness
limit around 0.5 ym where a crack-free film is required. The precursors are often
expensive and sensitive to moisture, thus limiting large scale production for
specialising applications such as optical coatings. Also, sol-gel process is time-
consuming, particularly when careful ageing and drying are required. The sol-
gel technique is very substrate-dependent, and the thermal expansion
mismatch can also limit the application of the sol-gel technique. For example,
dimensional changes on densification and of shrinkage and stress cracking

during the drying stage limited the sol-gel layer performance.
2.9.5 Sol-gel coating applications

Since a coating can be applied on a variety of substrates, such as metals, glass
and ceramics, it can modify and improve the mechanical and protective
properties of the underlying substrate [75]. Sol-gel methods have attracted
much interest in recent years and is now being widely used to prepare ceramic
materials for application within the optics, electronics, automotive, aircraft and
aerospace industries [76,67]. Sol-gel systems containing aluminum oxides, zinc
oxides, silicon oxides, zirconium oxides and a combination of these oxides have
been developed. It has been found that one of the major characteristics
controlling the corrosion protection properties of the coatings is the film
thickness due to the tendency for cracking to occur in single coat films greater
than 200um. A more realistic approach for defect free film formation is being
taken by combining the various metal oxides with organic segments to form
ceramic/polymer matrix. They are synthesized using organic functionalised
metal alkoxides that promote reaction between an organic group and the
inorganic alkoxide. Ceramic/polymer systems are potential chromate
replacements due to the ability to tailor the systems to the specific needs of the
user. The organic segment adds flexibility to the system, which lowers the
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internal stresses of the system and reduces shrinkage of the coating. It was
demonstrated [77] that the increased in flexibility of coating thickness for
ceramic/polymer system was better than that for traditional sol-gel coatings.
The Self-assembled Nanophase Particle (SNAP) surface treatment, which is a
method of forming a functionalized silica nano-particle in an aqueous-based sol-
gel process, followed by cross-linking the nano-particles to form a thin film is an
alternative anti-corrosion non-chromate surface pre-treatment [62]. Sol-gel
techniques have the potential to incorporate chemically tailored features aimed
at the development of corrosion resistance through the use of structurally
modified reactions. For example, incorporation of an organic group resulted in
crack-free surface and chemical bonds between nano-particle and the substrate

could occur to form a thin organic—inorganic hybrid film [78].

The improvements of corrosion resistance are due to the formation of protective
oxide films which act as a barrier to oxygen diffusion to the metal surface. Xu
Yue and co-workers [79] found that by adding some elements such as cerium, a
positive and remarkable effect on the formation and properties of sol-gel
coatings been achieved. Cerium has a high chemical activity thereby greatly
enhanced the cohesion force between oxygen atoms and aluminum alloy
substrate. As a result, the anti-corrosion potential of these coatings was
promoted, and the corrosion process was consequently hindered. Hamdy and
Butt [80] demonstrated that corrosion protection of sol-gel silica-based coated
aluminum alloys improved due to the formation of silica rich Al-oxide film.
Silicon is incorporated into the pores of the aluminum oxide film to form a high
corrosion-resistant layer. Moreover, the immersion and the Electrochemical
Impedance Spectroscopy (EIS) results showed that the hybrid sol-gel coatings
containing ZrO, nano-particles are effective on corrosion performance of
AA2024-T3. An increase on the amount of ZrO, nano-particles improves the

corrosion protective properties during immersion in 3% NaCl solution.
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2.9.6 Hybrid organic/inorganic sol-gel

The initial components of sol-gel synthesis are in the liquid state, and their
interaction can lead to the formation of a homogeneous system. Due to
modification in sol-gel parameters and development of suitable processing
methods, new sol-gel approaches with interesting properties have been
produced. It well know [81] that the early developments in sol-gel process were
based on the potential of precursors chemically tailored. A sol-gel reaction
condition at low temperatures was allowed to incorporate the organic and
inorganic materials. The process led to a conceptually novel class of materials
composed of both inorganic and organic components. Organic groups can
improve the characteristics of the matrices, such as modification of the
mechanical properties, easier processing of films and fibres, porosity control
and adjustment of the hydrophilic/hydrophobic balance and electrochemical
reactions. On the other hand, the inorganic part of the material improved
mechanical and thermal strength and led to interesting electrochemical,
electrical or magnetic properties [82]. The preparation of hybrid organic-
inorganic sol-gel materials can be generated using different synthetic
techniques by incorporating various starting inorganic and organic components
with varied molecular structures. It has been widely described [83] that the
synthesis of hybrid organic—inorganic sol-gels, is based on the basis of silicates
and metal oxide materials. The use of alkoxy compounds (i.e. tetraethoxysilane,
tetramethoxysilane), and organic components (i.e. polymers), having functional
groups (OH) that are able to enter into specific interactions with inorganic
compounds can form chemical bonds and produce hybrid network materials.
The resulting hybrid material properties are mainly dependent on the chemical
structure of the organic components and the composition ratio of organic to

inorganic component within the matrix.

2.6.7 Sol-gel for adhesive bonding

As the performance of bonded joints improves and expectations of the bonding
process become higher, the requirement for high strength adhesives becomes
greater than ever. This is fuelled partially by an increasing demand for

composite structures, which naturally lend themselves to fastening techniques
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such as adhesive bonding. Adhesive bonding has several advantages over
traditional repair approaches using mechanical methods. For example,
improved structural efficiency, improved fatigue life due to elimination of
fastener holes and weight savings. Metal treatment prior to bonding is a key
factor for both the initial adhesion of a bonded joint and its long-term
environmental durability [84]. Aluminum surface preparation techniques use
phosphoric acid anodising (PAA) or chromic acid anodising (CAA) to provide a
surface for adhesive bonding is utilised in many manufacturing sectors.
Inorganic sol-gel system offer good adhesion between metals and organic paint.
Also, introduction of an organic component to inorganic sol-gel system leads to
the formation of thicker, more flexible films with enhanced compatibility to

different organic top coatings [64].
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2.10 Characterisation techniques

2.10.1 Scanning Electron Microscope (SEM)

The SEM is a microscope that uses high energy beam of electrons to obtain
images of high magnification. The development of the SEM brought with it new
areas of study, particularly in medicine [85] and the different material sciences
[86,87,88]. An SEM can now produce high resolution images, which means that

very small features on a selected area can be examined in detail.

The SEM generates high energy electrons from an electron gun which are
condensed and focused using two or three electro-magnetic lenses into a fine
spot on the sample. Scan coils located in the bore of the objective lens cage
can scan the beam over a square area on the sample surface. The interactions
of the electron beam with atoms at or near the surface of the sample result in
emission of backscattered electrons and secondary electrons [89] see Figures
2.21and 2.22. In the most common detection mode, secondary electron alone
can produce very high-resolution images of a sample surface, typically

revealing details of less than 5nm in size.
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Figure 2.21 Principles of operation of the SEM [87]
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Figure 2.22 Interaction of electron beam with specimen surface

Low energy electrons produced near the specimen surface will be detected as
secondary electrons, providing a predominantly topographical image. High
energy electrons which are normally near to the incident path and have been
scattered backward, provide information about the presence of differences in
atomic number of a sample [90]. If the incident electron beam is of sufficient
high energy, X-rays will be emitted from the specimen and can be measured

using an energy dispersive spectrometer [91].

Figure 2.23 shows a schematic of the interaction volume of the electron beam,
that is the volume inside the specimen in which interactions occur while being
struck with an electron beam. The higher the atomic number of the specimen
the lower the volume, the greater the energy of the beam and the more normal
the angle of incidence the greater the volume. It shows that surface details will

be provided by secondary or back-scattered electrons.
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Fig. 2.23 Electron beam interaction volume
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2.10.2 Infinite Focus Microscope (IFM)

The IFM is an optical device (Alicona Imaging GmbH, Austria) for the three-
dimensional measurement of the surface profile of specimens, see Figure 2.24.
The IFM can provide analysis of surface roughness in true colour images with a
vertical resolution, in principle, of up to 20nm [92,93]. The technique is able to
acquire images on surface areas as large as 50mm x 50mm and is able to

merge different images (stitching) into a very good larger image.

Figure 2.24 Infinite focus microscope

Rough surfaces of complex form geometries can be quantified with an IFM

providing accurate measurement of an average roughness profile (R;), mean
peak to valley height of roughness profile (R,) and maximum peak to valley

height of roughness profile (Rnax) including the bearing ratio curve [94].
Analysis includes information about gradient and spectral distribution in addition
to common surface analysis and characterisation. The technique can also
measure complex geometries of components. Moreover, volume analysis
calculates the volume of voids and protrusions. Shufan in [95] mentioned that an
IFM tool can be used in measuring the corrosion pit depth on the substrate

surface. The measurement area is defined directly on the optical colour image.
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2.10.3 Fourier Transform Infrared Spectrometer (FTIR)

FTIR is a common spectroscopic technique for identifying chemicals in both
organic and inorganic components. In infrared spectroscopy, IR radiation is
passed through a sample. Some of the infrared radiation is absorbed by the
sample and some is transmitted. The resulting spectrum represents molecular

absorption and transmission.

The IR radiation travelling though a sample will be incident on the atoms
present in the molecules comprising the sample. When the frequency of
vibration of the IR radiation is equal to one or more of the natural frequencies of
the atom, the molecule absorbs energy at that frequency from the incident
radiation. The absorbed infrared radiation energy is converted into vibrations
(stretching and/or bending of the molecular bonds). As the atom and/or
molecule returns to its original state, energy is radiated at the given frequency.
This process produces a number of bands (peaks) in the IR spectrum which
provide information regarding the functional groups present in the molecule [96].
The amount of relevant material present can be determined directly from the
magnitude of the peak in the IR spectrum. The IR spectrum will be presented in
both transmitted (T) and absorption (A) modes. FTIR can identify unknown
materials in a sample, it can determine the quality or consistency of a sample, it
can analyse chemical functional groups and determine the structural

components of engineering materials [97,98,99].

Any FTIR spectroscopic system contains the radiation source, an interferometer,
a sample, and an IR signal detector. In most FTIR systems, a Michelson
interferometer is used. The interferometer consists of a beam splitter, a fixed
mirror, and a moving mirror that moves back and forth very precisely, see
Figure 2.25. Radiation from the source strikes the beam splitter and separates
into two beams (transmitted and reflected). The beams strike the fixed and
moveable mirrors and are reflected back to the beam splitter, resulting in
interference at the beam splitter. The modulated IR beam which has passed
through the sample has different wavelengths preferentially absorbed by the
various molecules present. Finally, the IR beam is detected by a detector and

Fourier transformed by the computer to obtain the IR spectrum.
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Figure 2.25 Schematic of a Michelson interferometer

The infrared radiation is an electromagnetic spectrum between the visible and
microwave regions. It has wavelengths from 0.78 to 1000um. The IR spectrum

is usually presented in terms of the wavenumber:
Wavenumber = 1 / wavelength (cm) (2-13)

The IR region is usually divided into three ranges; near IR between 12500 —
4000cm™, mid-infrared extends from 4000-200cm™ and the far-infrared region

is at the lower wavenumbers 200 - 10cm™,

2.10.4 Raman spectroscopy

The Raman scattering process was first recognized in 1928 by Professor C.V
Raman [100,101]. Raman spectroscopy is concerned with the measurement of
incident monochromatic radiation — usually from a laser - scattered from
molecules. In this technique, the sample absorbs photons from the laser light
which is then re-emitted. There will be changes in photon energy due to the
interaction between the laser light and the chemical bonds within the sample.
The corresponding shift in the wavelength of the scattered light provides

information on the vibration modes in the molecules. If the scattering is elastic
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(Rayleigh scattering), the scattered light will be the same wavelength as the
incident light. However, for inelastic scattering (Raman scattering), where the
photons lose or gain energy during the scattering process there will be a
corresponding increase or decrease in wavelength, respectively. The condition
for the scattered photons in Raman measurement is divided into Stokes and
anti-Stokes types, see Figure 2.26. In Stokes scattering the wavelength of the
scattered light is greater than the wavelength of the incident, whereas for anti-

Stokes scattering the wavelength of the scattered light is less than the incident.

Energy
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Rayleigh Stokes Anti-stokes
scattering scattering scattering

Figure 2.26 Light scattered modes in Raman spectroscopy

The difference in energy gained or lost is attributed to the vibrational energy
states in the molecule. Thus, the wavenumber of Raman Stokes and anti-
Stokes scattered can directly measure the vibrational energies of the molecule
[102]. Raman spectroscopy is very useful in the determining chemical bonds in
both liquids and solids, and can be used for both qualitative and quantitative
applications. The technique also provides information on physical

characteristics such as crystalline phase [103] and polymorphic forms [104].

2.10.5 X-ray Photoelectron Spectroscopy (XPS)

XPS is a photoemission technique used to measure the chemical composition
and chemical state distributions at the sample surface within a depth of a few
nanometres. It can also used to determine the relative quantity of each
component [105]. XPS is based upon the photoelectric effect of an X-ray beam,
first explained by Einstein in 1905 [106]. If a sample surface is irradiated with
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photons of sufficient energy (usually Mg Ka [1.25keV] or Al Ka [1.49keV]) in a
vacuum of about ~107 torr, electrons will be ejected from the surface, see
Figure 2.27. The kinetic energy (KE+®) of the emitted photoelectrons is given
by the difference between the energy of incident x-rays (hv) and the electron

binding energy (BE):

KE+¢=hv-BE (2-14)

Where @ is the work function of the spectrometer, his Plank’s constant and

U the frequency of the incident X-ray beam. The XPS spectrum is presented as

a graph of intensity versus the electron energy.
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Figure 2.27 Soft X-ray incident on a surface atom ejects an electron

The binding energy is characteristic for each element in the sample and XPS
spectra can be used to identify the element composition. Quantification of the
relative proportions of the elements can be determined from the relative area of
photoelectron peaks in the XPS spectrum. In addition, peak intensities are
related to the concentration of the element within the sample. XPS has been
used extensively in adhesion research for determining surface functional groups

and failure modes of the joints [107,108].
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2.10.6 Thermo-gravimetric analysis (TGA)

Thermal analysis techniques were conducted for evaluating physical and
chemical changes in material as a result of thermal effects. TGA is a simple
analytical technique to study the thermal behaviour of materials [109]. The
technique measures the loss of mass of a material as a function of temperature
and time while the sample is being heated at a uniform rate in an appropriate
environment, i.e. nitrogen, oxygen or air [110]. Different materials can be
analysed by this technique such as inorganic and organic components,
ceramics, glasses, and composites. In addition, the evaporation rates of volatile
products, oxidative stability [111] and the changes in decomposition reactions
as temperature increases can be identified. It is a very useful technique for
determining thermal stability of materials, and under different heating rates, both
long and short-term thermal stability may be predicted. TGA measurement
allows testing in the temperature range from 25°C to 900°C, and weight of the

test sample can range from 1 mg to 150 mg.

2.10.7 Summary

This chapter reviews the most important facts, developments and techniques,
which are necessary to understand this work (i.e. epoxy resin, adhesives and
sol-gel technology). A sol-gel system has been used as a surface treatment to
enhance adhesion for bonding metallic substrate and was found to interact
strongly both with the metal substrate and epoxy-resin-based adhesive bond
primers. It is possible to achieve a reproducible surface that results in durable
bonded interfaces using readily available materials. Using appropriate materials
and conditions, with the sol-gel pre-bond treatment and a bond primer, can yield
a robust, durable bond interface system. Sol-gel coatings may also play a role
for the substrate surface modification and the improvement of material

properties which are affected by surface conditions.
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CHAPTER 3 Experimental work

3.1 Substrate materials (Al alloy and Mild steel)

Al2024-T3 and mild steel were used as the substrate materials in testing the

adhesive strength of the hybrid sol-gel materials. Table 3.1a presents the

composition of Al2024-T3 and mild steel used in measuring the lap shear

adhesive strength and Table 3.1b presents typical mechanical properties of the

two alloys. Mild steel rods were used for determining the adhesive tensile

strength. The composition of the mild steel is presented in Table 3.1c.

Table 3.1a Composition of the Al2024-T3 and mild steel used

Composition (o] P S Mn Fe Cu Mg Si Cr Ni Zn Ti+Zr Al
AA2024-T3 0.5 0.5 01 0.05 0.2 0.2
0.6 4.4 0.45 Rest
wt% max max max | max | max max
Mild steel 0.15 - 0.04 0.05
0.6-0.9 | Rest
wt% 0.2 max max

Table 3.1b Mechanical Properties of the Al2024-T3 and mild steel used

Brinell Hardness

Materials Tensile strength Elongation%
HB500
AA2024-T3 485MPa 120 18
Mild steel 420MPa 140 21
Table 3.1¢c Composition of mild steel rods
Composition C P S Si Mn Fe
Mild steel 0.12 - 0.05 0.05 0.1-
0.6-1.0 | Rest
wt% 0.18 max max 0.4
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3.2 Surface preparation

Aluminium 2024-T3 samples having three different surface roughness
conditions were prepared. Sample A was 'as-received' from the supplier without
polishing, sample B was polished with 6um diamond paste, and sample C was
polished with 1um diamond paste (3-5 specimens were prepared for each
condition). The roughness of the surfaces were then evaluated by Surface
Texture Measurements (STM) using a Taylor-Hobson Laser form Talysurf Mk1.
To study the influence of surface roughness on adhesive strength of the sol-gel
derived adhesive, five measurements were made for samples A, B and C at

random positions across the surface.

Surface roughness of the mild steel samples was also made at 3 to 5 positions
using the Infinite Focus Microscope (IFM) technique prior to quantifying the
effect of substrate surface condition on the adhesive strength of the hybrid

epoxy/sol-gel system.

3.3 Formulation of sol-gel adhesives

3.3.1 Hybrid sol-gel derived adhesives

Different sol-gel formulations were used in this work. The designation of
adhesive types and combination of components used is shown in Figure 3.1.
S1* hybrid silica-based sols were first prepared from silane-based precursors
supplied by Dr H Wang of Sheffield Hallam University (SHU). This hybrid sol
was produced by mixing tetraethoxysilane (TEOS), methyltrimethoxysilane
(MTMS), ethanol, and deionised water at a mole ratio of 2:3:40:60. Nitric acid
(HNO3) was added as a catalyst to promote the hydrolysis and condensation
reactions. AD2* sols were then produced by doping the S1* sol with 0.05 wt %
PANI micro-particles. AD3* and AD4* sols are listed in Table 3.2, which
presents the different quantities of y-Al,O3 or TiO, nano-particles doped into the
S1* sol. AD5* AD6*, and AD7* sols were prepared by adding both y-Al2O3
nano-particles and Polyaniline (PANI) micro-particles into the S1* sol in various

ratios as shown in Table 3.3.
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Hybrid sol-gel adhesives

Silica-base sol-gel
(S1%)

(AD2*) PANI
micro-particles

(AD4¥) TiO,
nano-particles

ADS5*, AD6*, AD7*
PANI + y-Al,O,

(A 03#) V‘A'203
nano-particles

Figure 3.1 Chart showing the different sol-gel adhesive

formulations prepared in this study

Table 3.2 AD3" and AD4* materials.

# #
Hybrid sol-gel . AD4
adhesives V-ALOs, Wt% TiOz, Wt%
0.5 0.5
1.0 1.0
] 2.0 2.0
v 2.5 2.5
Table 3.3 AD5%, AD6* and AD7* materials.
+ # #
Hybrid sol-gel ADS ADS A
adhesives y-AlLO; PANI y-Al,O5 PANI y-Al,03 PANI
Baddedto&mict | g 45 0.01 0.5 0.02 0.32 0.1
S$17 sol-gel
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3.3.2 Hybrid epoxy/sol-gel adhesives

In this system, see Figure 3.2, three different hybrid epoxy/sol-gel adhesives
were produced and their adhesive performance tested on Al2024-T3 and mild
steel substrates. The composition of the hybrid epoxy/sol-gel adhesives are
shown in Table 3.4. The 'as-received' unmodified epoxy adhesive (designated
‘pure epoxy’ (PE)) was a diglycidyl ether of bisphenol-A resin (D.E.R 324,
DGEBA) from Dow Chemicals with an average molecular weight of 700 g/mol,
which was cured by adding a curing agent based on diethylenetriamine (DETA).
The sol-gel modified epoxy adhesives were prepared by mixing the DGEBA
with the as-prepared hybrid sol (ratios are listed in Table 3.4) and then left in an
ultrasonic bath for 45 minutes at room temperature to ensure uniform dispersion.
Note: the sol-gel systems were not formulated with a curing agent. The sol-gel
epoxy adhesives were further modified by doping with 0.007g multiwall carbon
nano-tubes (MWCNTs, from Sigma Aldrich) and 0.1g y-Al,O3 nano-particles
(99.98% metal basis, purchased from Alfa Aesar, A Johnson Matthey

Company).

Hybrid epoxy/sol-gel adhesives

Silica-base sol-gel

(S1%)
SG1 SG2 SG3
DGEBA DGEBA DGEBA
V'A|203 V‘A|203

MWCNT

Figure 3.2 Chart show different hybrid sol-gel epoxy formulations
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Table 3.4 Hybrid epoxy/sol-gel adhesive formulations

Formulations
hesi MWCNT (g)
iy DETA | v-AlO(9) | withsize
amples DGEBA | Sol-Gel | (ml) with size | (0.D.10-15nm, I.D. 2-
(ml) (ml) curing (10-20 nm) | 6nm, length 0.1-10

agent Hm)
PE/MS PE/Al | 1.50-2.00 0.5-1.00
SG1/MS | SG1/Al | 1.50-2.00 | 12.00
SG2/MS | SG2/Al | 1.50-2.00 | 12.00 0.1

SG3/MS | SG3/Al | 1.50-2.00 | 12.00 0.1 0.007

PE= Pure epoxy, Al = Al2024-T3 alloy, MS= Mild steel

3.3.2.1 Dispersion of MWCNTSs and y-Al;O; in hybrid epoxy/sol-gel

Due to their hydrophobic properties and the formation of stabilised bundles
under the action of van der Waals forces, carbon nano-tubes (CNTs) generally
aggregate together after being dispersed in water, resulting in the formation of
hollow ropes [112]. Thus, uniform dispersion in a sol is one of the key issues for
the application of CNTs. To achieve optimum dispersion, multiwall carbon nano-
tubes (MWCNTSs) and y-Al,O3 nanoparticles were first added to 2-propanol. The
solution was then ultrasonically dispersed for 90 minutes at 25 °C using an
ultrasonic generator (Roop Telsonic Ultrasonic Ltd, TEC-40, Switzerland). After
being dispered, it was mixed with the as-prepared sol-gel/epoxy solution and
this mixture was then excited ultrasonically for 2 hours using the same
generator, followed by continuous stirring overnight to obtain a stabilised

uniform sol.

3.4 Mechanical tests

3.4.1 Shear test (Single lap joints)

This test is very common in evaluating the strength of an adhesive. Adhesive-
bonded single lap joints were produced for measurement of the adhesive
strength of the joints. The joint consists of two plates of substrate joined using a
simple overlay. Under the applied load the joint will fail in shear mode as the

‘
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faces of the surfaces slide relative to one another. As a result, stress
distributions in the lap joint change along the bonded area. Maximum stresses
are located at the edges, while the minimum stresses are normally distributed

within the centre of the joint [113].

3.4.1.1 Lap joint specimens tested at room temperature

3.4.1.1.1 Hybrid sol-gel adhesives

Two rectangular strips of aluminium Al2024-T3 of dimensions 100mm long x
25mm wide x 1.5mm thick were used for this test. In group A (as-received
samples), a section of surface at the end of each block of the aluminium, see
Figure 3.3, was first washed by tap running hot water to remove any dust on the
surface, and air-dried, further immersed in acetone and ultrasonic for 15 mins at
~23°C and then air-dried, prior to application of the sol-gel adhesive at room
temperature. The sol-gel adhesive was applied as a thin layer on both surfaces
of the aluminium joints. The coated substrates were then left for 1 hour at room
temperature to dry. Following the ASTM D1002 (Standard Test Method for
Apparent Shear Strength of Single-Lap-Joint Adhesively Bonded Metal
Specimens by Tension Loading (Metal-to-Metal)) [114], the aluminium samples
were assembled with a single lap shear joint with 12.5 mm overlap, as shown in

Figure 3.3.

1 85mm (AA2024-T3)
1.0mim {(Mild steel)

load

Figure 3.3 Geometry and dimensions of lap joint for
experiments at room temperature
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Chapter 3 Experimental work

For the fixing of the lap joints and control of the adhesive bondline thickness, a

simple clamping arrangement was designed and constructed, see Figure 3.4.

Clamp tool

Figure 3.4 clamping tool used for preparing lap joint specimens

The bonded area was subjected to an applied pressure of 4MPa during the
curing stage. This was obtained from the relationship between the applied
torque and the resulting load, see Fig 3.5. The pressure was calculated from
the formula; Pressure (P) = Load (F) / lap joint area (A). This procedure gave all
lap joint specimens the same adhesive thickness; i.e. ~ 0.1mm. The specimen
was then placed into an oven to be cured for various designated times and

temperatures. The same procedures were followed with samples B and C.

2.5 -

0 05 1 15 2 25 3 35 4

Torque, Nm

Figure 3.5 Load/torque relationship for clamping tool

used with lap joint specimens
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3.4.1.1.2 Hybrid epoxy/sol-gel adhesives

A slightly different procedure was used to prepare the samples for the
experiments on the hybrid epoxy/sol-gel adhesive system. The surface to be
adhesively joined was first washed by tap running hot water to remove any dust
on the surface, and air-dried at room temperature of ~ 23°C, further immersed
in acetone and ultrasonic for 15 mins at temperature of ~23°C and then air-
dried. This procedure was used for both mild steel and aluminium alloys.
Adhesives were then applied on the surfaces by a spray gun. Specimens were
left for 30 minutes at room temperature and then pre-cured in an oven at
95+5.0°C for 40 minutes to eliminate trapped air and to evaporate the majority
of solvents and water in the coating. Again following ASTM D1002, the
aluminium and mild steel samples were assembled with a single lap shear joint
with 12.5 mm overlap, as shown in Figure 3.3. Finally the joints were placed in a
furnace at various designated times and temperatures to achieve a complete

cure.

3.4.1.2 Lap joint specimens tested at high temperature

Two rectangular strips of mild steel of dimensions 100mm long x 25mm wide x
1.0mm thick were used for this test, see Figure 3.6. The mild steel was cleaned
using acetone at room temperature prior to the application of the sol-gel
adhesive. A hybrid epoxy/sol-gel adhesive (SG3) was applied as a thin layer on
both specimen surfaces and the coated substrates were then left to dry for 1
hour at room temperature. Following ASTM D1002, the mild steel samples were
assembled into a single lap shear joint with 12.5 mm overlap see Figure 3.6.
The applied contact pressure was the same, about 4MPa so the lap joint
specimens had an adhesive thickness of about 0.1mm. The prepared sample
was then placed into an oven to be cured at 200°C for 16hours. For
investigation of the SG3 adhesive shear strength at high temperature, the
specimens were maintained at different temperatures (i.e. 22, 40, 60, 80, 100

and 120°C) for 40 minutes and the testing was carried out for each selected
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Chapter 3 Experimental work

temperature. Figure 3.7 shows the test setup for measuring lap shear strength

at the desired temperature.

=8 mm

Sol-gel adhesive )

~—_\L ’ , ] ‘—T_ Con
_C . ! -G) 5
[\—.1:-/4— : : \__'_,/‘ T 25 mm

37.5mm 125 mm 17 mm
& " N l, .
L 100 mm
e

Figure 3.6 Geometry and dimensions of lap joint for
experiments at high temperature

Uppergrip

Thermocouple
Furnace

Lower grip

Temperature
controller

Figure 3.7 Setup for testing of lap joints at high temperature
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3.4.2 Tensile test (butt joints)

The tensile strength of adhesive materials is determined as the maximum stress
(longitudinal) that the joint can withstand when subjected to tension before
failure. Tensile stress acts normal to the stress developed across the plane of
the joint. The material used in this experiment was mild steel in the form of rods
of 25mm diameter. The bonded surfaces were first washed using deionised
water, then air-blow dried and then cleaned using acetone solution. Tensile
strength samples, see Figure 3.8, were prepared according to ASTM D2094-00
(Standard Practice for Preparation of Bar and Rod Specimens for Adhesion
Tests) [115]. The hybrid epoxy/sol-gel adhesive (SG3) was used to bond the
tensile test samples. The bonded specimens were tested in a mechanically
driven universal testing machine (Instron tensile machine), having a capacity of

150 KN at a constant crosshead speed of 1Tmm/min.

D25 mm

77 run

Adhesive
layer

77 o

Figure 3.8 Geometry and dimensions of tensile

test specimen (Butt joint)
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3.4.3 Fatigue test (lap joints)

Lap joint specimens were prepared from mild steel substrates according to
ASTM D1002. The hybrid epoxy/sol-gel formulation (SG3) was used as the
adhesive material. Cyclic loading (fatigue) tests were performed using tension—
tension sinusoidal loads at a constant load ratio of 0.1 at frequencies of 1.0 and
10.0 Hz. Attention was focused on the fatigue performance of lap joints under
different maximum load levels, (Pmax). Testing was conducted at room
temperature and the relative humidity was not controlled. The influence of the
load frequency on fatigue lives of both joints were studied. Table 3.5 presents
the testing parameters for the fatigue experiments. Three lap joint specimens

were tested at each Pnax load for both frequencies.

Table 3.5 Fatigue testing parameters

Environment Ambient laboratory
Load type Constant amplitgde load level
(sinusoidal)
Frequency 3.0&10.0Hz

3.4.4 Adhesive strength measurements

Shear mode loading was used to evaluate the hybrid sol-gel and novel hybrid
epoxy/sol-gel adhesive strength on aluminium alloy (AI2024-T3) and mild steel
substrates. In addition a butt joint geometry was used to evaluate the novel
hybrid epoxy/sol-gel adhesive tensile strength on mild steel. Lap shear strength
data were taken as the average of at least three measurements with their
standard deviations. Butt joint tests were also carried out in this machine on a
minimum of five specimens. The joint adhesive strength was calculated using

the following formula:

oc=Pmax / A (3_1)

Where o is the adhesive strength in (MPa), Pmax is the maximum load at

fracture (N) and A is the average cross-sectional of bond overlap area (mmz).
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3.5 Chemical and structures
3.5.1 Scanning Electron Microscope (SEM)

In this work, joint fracture surfaces were prepared and analysed using a Philips
XL40 SEM with an acceleration voltage of ~20kV. A thin gold conductive film
(12.5mm x 25mm and about 0.1-0.2 microns thick) was coated onto the
specimens to be investigated by plasma-assisted PVD deposition at room
temperature to prevent surface charging in the SEM. For some samples, a thin
carbon film was coated onto specimens for the same purpose instead of the
gold film. For selected samples, Energy Dispersive X-ray analysis (EDX) was
applied to identify and analyse the chemical elements on selected areas. The

applied current was ~ 20kA and vacuum chamber was ~ 6.3x10° mbar.

3.5.2 Infinite Focus Microscope (IFM)

Due to the ability to produce 3D images in a short time, allowing the analysis
and measurement of 3D data, such as profile, area/projected area, volume,
depth/height and surface roughness [116], the IFM (Alicona Imaging GmbH,
Austria) was used to provide information relating to the specimen surface,
notably, average roughness of the surface [117]. This technique also was used
in some cases to characterise the fracture surface mode of the lap joints. The

selected area was ~200x300pm>.

3.5.3 Fourier Transform Infrared Spectrometer (FTIR)

FTIR is a common spectroscopic technique for identifying chemical components
in both organic and inorganic materials. FTIR was used in this work to
determine the effect of curing on adhesive behaviour and evaluate the
functional groups in the sol-gel adhesives and in the pure epoxy resin. The
FTIR absorption spectrum was obtained using a Nicolet Nexus FTIR spectro-
photometer. Thin film adhesive samples were used and the spectra were
recorded in the range of 400—4000cm™". The influence of different cure

times/temperatures on the adhesive structure were investigated.
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3.5.4 Raman Spectroscopy

In order to characterize the MWCNTSs in the epoxy/sol-gel adhesive, Raman
spectroscopy was employed. Raman spectra were measured using a Renishaw
System 2000 micro-Raman spectrometer in the backscatter configuration. The
power of the laser was set to 20m\W, and the spectra collection time was set to
60s to achieve a high signal to noise ratio. The spectra were acquired for
wavenumbers from 100 to 5000cm™ to detect all peaks in the epoxy matrix, and
the D (C-C) and G (C=C) bands of the CNTs in the hybrid epoxy/sol-gel
adhesive material. Spectral measurements were made at a minimum of three

different locations to ensure reproducibility of peak intensities.

3.5.5 X-ray Photoelectron Spectroscopy (XPS)

XPS has been used extensively in the study of adhesives for determining
surface functional groups and failure modes of adhesively bonded joints
[118,119]. Measurements were performed using the Scienta instrument (VG
Escalab 250 XPS) at Leeds University. A monochromatic Al ka, X-ray source
operating at 1487.6 eV was used. The base pressure in the sample chamber
was less than 5 x 10”° Torr. Data analysis was carried out using CASAXPS
software to determine atomic percentage values from the peak areas. A survey
scan and high resolution scans were conducted on each sample. The high
resolution scans were charge corrected to the main C 1s peak = 284.7 eV [120]
and then quantified to compare the amounts of each element present.
Components were fitted under the peaks to give chemical information. Survey
scans were run for 10-20 minutes and high resolution scans were run for

between 1 and 10 minutes depending on the signal.

3.5.6 Thermo-gravimetric analysis (TGA)

In this work, Thermo-gravimetric analysis (TGA) data was obtained on a Mettler
TG-50 instrument using a nitrogen atmosphere. The technique was used to
measure the amount and rate of weight change of the adhesive material as a
function of temperature and time in a controlled atmosphere [121]. Typically, a
sol-gel adhesive sample is examined from room temperature (RT) to above its
decomposition temperature. Small amounts of cured adhesive (about 15 mg)

were removed from the substrate and placed in an open aluminium sample pan.
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The experiments were performed at a 10°C/min heating rate in the temperature
range 35-650 °C. The apparatus consists of a microbalance within a furnace,
allowing the weight of the sample to be continuously monitored while the
temperature is controlled. The change in sample weight during the thermal scan
is calculated as follows

Wi—-Wwt

Wi

Weight loss = x100% (3-2)

Where Wi is the initial weight and W is the weight at a specific temperature

and/or time during the scan.
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CHAPTER 4 Results

4.1 Effects of the compositions on adhesive strength

4.1.1 Lap shear strength of hybrid sol-gel adhesive

The lap shear strength of Al2024 joints using the original silica-base sol-gel S1*
was studied. The results obtained were in the range of 1.38 + 0.05 MPa. It was
observed that the value of the lap shear strength was related to the heat
treatment of the joint. At a curing procedure of 120°C for 3 hours the shear
strength was 1.38+0.05 MPa. Further increase in cure temperature (up to
170°C), resulted in a shear strength of ~ 1.63+0.05 MPa, see Table 4.1. No
significant change in the lap shear strength results was observed at the higher
cure temperature. It was found that the effectiveness of the bonding depends on
the chemical linkage of molecules across the sol-gel adhesive/Al interface, as
Si-O-Al linkages, and within the sol-gel structure, as Si-O-Si bonds. Nemeth and
Liu [122] reported that the chemical interaction at the interface between Si-OH
in sol-gel and AI-OH on the surface within the polymerisation process led to the
formation Si-O-Al bonds.

Table 4.1 Adhesive strength of sol-gel

An average shear strength, MPa
SG cured SG cured
@120°C/3Hrs @170°C/3Hrs
1.38 £ 0.05 1.63 £ 0.05

Several absorption peaks were observed on the FTIR spectrum of the hybrid
sol-gel material, indicating the presence of chemical bonds within the structure,
see Figure 4.1. Generally, absorption peak regions between 400-1300 cm™ are
mainly associated with combinations of vibrations of silica network [123]. A
strong peak at ~ 1086 cm-1 is corresponded to asymmetric stretching vibration
of Si-O-Si bridges sequences within the gel structure. IR bands appeared at ~
850-900 cm-1 is assigned to the stretching vibration of free silanol groups (Si-
OH) on the surface of the amorphous solids. The absorption peak at ~ 1460
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cm-1 is attributed to the combinations of vibrations of molecular water and SiO,
network [124].
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Figure 4.1. FTIR spectra of hybrid sol-gel adhesive material

Scanning electron microscopy of the fracture surface was undertaken to
understand the failure mode of this sol-gel adhesive. The interfacial fracture
mode was observed on the failed surface. It was found that, typically, the sol-gel
system exhibited a brittle fracture that was characterised by straight line crack
propagation as shown in Figure 4.2a. A strong Al peak (from the metal surface)
and Si peak (from silica sol-gel) were found in the Energy Dispersive X-ray
spectrum (EDX), Figure 4.2b.
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Figure 4.2 a) SEM image of sol-gel fracture surface and

b) EDX analysis

4.1.1.1 Effects of different additives on SG adhesive strength

4.1.1.1.1 Doping 0.05% PANI

The measured mean adhesive strength of sol-gel modified by 0.05 wt % of
PANI micro-particles showed little improvement compared with the unmodified
sol-gel bonded specimens. The average joint strength obtained was around
1.78+0.09 MPa for a sample cured at 170°C for 3 hrs. This increased to ~
2 26+0.05 MPa after the curing time was extended to 16 hrs at 170°C. This
slight improvement may be attributed to the removal of the residual solvent from
the sol-gel during the curing procedure. The presence of polyaniline micro fillers
appear to influence the matrix structure resulting in binding between PANI fillers
and the sol-gel formulation, and an increase in the sol-gel adhesive strength (i.e.
2.26 MPa), compared with that of the unmodified joint (1.63 MPa). Figure 4.3
shows load/extension curves for the original silica-base sol-gel S1* and the
modified system by 0.05% PANI, where it can also be seen that an increase in

extension at failure from ~0.15 to 0.21mm results due to the addition of PANI in

the sol-gel matrix was observed.
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Figure 4.3 Load/extension curve for a) the original sol-gel (S1#),
b) sol-gel with PANI

The surfaces of the failed joints showed a mixed cohesive and adhesive
fracture, see Figure 4.4. Where the failure of adhesive joints occurs within the
adhesive itself the failure is termed "cohesive" and when the failure occurs at
the adherent/adhesive interface it is termed "adhesive". The changes in the
fracture surfaces due to the increase of the cure time from 3 hours (a) to 16
hours (b), can be seen in Figure 4.4. For example, the changes in cohesive to
adhesive fracture ratio in (a) are ~ 42:58% compared with that in (b) 48:52%.
And, the distribution of adhesive remaining on both fracture sides is better in (b)

compared with that in (a) sample.

Sol-gel adhesive Sol-gel adhesive

Al substrate
Al substrate

Figure 4.4 Fracture surfaces of sol-gel adhesive with PANI added, a) 3 hours cure time
and b) 16 hours cure time
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Figure 4.5 shows the SEM observation on the fracture surface of sol-gel
adhesive modified by 0.05% PANI. The failure mode was classified as a
cohesive (within the adhesive). The incorporation of the long-chain PANI
polymer in sol-gel is expected to improve the flexibility of the matrix, which
should reduce the stress within the adhesive, resulting in increased the lap

shear strength compared with unmodified system, as shown above in Figure 4.3.

Figure 4.5 SEM sol-gel with PANI modified sol-gel

4.1.1.1.2 Effects of the addition of y-Al,0; nano-particles

The effect on the joint shear strength of adding various concentrations of y-
Al2O3 nano-particles to the untreated sol-gel was investigated. Measurements
found that samples with added y-Al,O3 showed a significantly higher adhesive
strength than that of the unmodified sol-gel. The results were obtained for cure
condition of 140°C for 3 hours. The shear strength was enhanced due to the
cross-linking of y-Al,O3 nano-particles through the binding of -Al-O-Si- in the
sol-gel coating. This interaction was demonstrated by Anggono [125] who
reported that composite particles can be prepared by adsorption, hydrolysis and
precipitation reactions of a component on the surface of sol particles as seen in
Figure 4.6.
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- g —

Figure 4.6 Schematic SiO»-Al,O3 cross-link [125]

Figure 4.7 shows the lap shear strength of AD3* sol adhesive as a function of
the concentration (weight %) of the doped y-Al,O3; nano-particles. The greatest
shear strength obtained was 4.48 + 0.03MPa when 0.5% by weight of y-Al,O3
nano-particles was added into the S1* sol. As the concentration of y-AlLO;
nano-particles was further increased in the sol, the adhesive strength

decreased gradually.
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Figure 4.7 Effect of adding y-Al,O3; nano-particles on
lap shear strength of sol-gel adhesive

The improvement in adhesive strength by the addition of nanofiller into the
matrix can be attributable to the fact that the stress distributions transfers from
the matrix to the particles, causing an increase in the lap shear strength. In
addition, a large increase in the effective contact area being adding nanofiller

materials may improve the corrslinking within the adhesive matrix, leading to
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increase the adhesive strength. The SEM image in Figure 4.8 shows the

distribution of the y-Al,O3 nano-particles in the sol-gel structure.

Figure 4.8 SEM of the y-Al,O; nano-particles (0.5%) within the sol-gel

Fig 4.9 shows a typical EDX analysis of the adhesive showing strong aluminium,

oxygen and silicon peaks in the spectrum.
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Figure 4.9 EDX analysis of y-Al,O; in silica sol-gel
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The fracture profile of the failed specimen, and the bare aluminium surface of
the substrate were investigated using the IFM, as the technique can produce
images in 3D, see Figure 4.10 a and b. It can be seen that a large amount of
the fracture surface area was covered by the adhesive and this indicates that
the incorporation of y-Al,O3 nano-particles into the sol-gel adhesive improved its
adhesion to the surface of the substrate. The interconnections between y-Al,O3
and the original sol-gel has modified the sol-gel structure and increased the

bond strength at the adhesive/surface interface.

Sol-gel
adhesive

Figure 4.10 a) IFM fracture surface of 0.5 wt % Al,O; modified sol-gel,
b) IFM surface of the received aluminium substrate (Ra=0.1um)

4.1.1.1.3 Effects of the addition of TiO, nano-particles

The adhesive strength of AD4* was increased by the addition of TiO, nano-
particles into the silica-based sol S1%. Different concentrations of TiO, nano-
particles from 0.5 to 2.5%, were added into the original sol-gel system S1*. The
results indicate that the AD4* joint strength was significantly increased above
that of the base sol-gel system. The highest shear strength was about 4.0 +
0.02 MPa and was achieved on addition of 2.0 wt % TiO, nano-particles at a
heat treatment of 140°C for 3 hours. Figure 4.11 shows the schematic diagram

of the Si—O—Ti cross-linking as reported in [126].
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Figure 4.11 Schematic of SiO,-TiO, cross-link [126]

Figure 4.12 shows the changes in sol-gel adhesive strength as a function of
addition of TiO; nano-particles (wt %). The presence of nano-sized TiO;
particles in the sol-gel system may increase the adhesive strength as the
formation of Ti-O-Si bonds within the sol-gel structure. This is in agreement with
Wu [127] who found that the incorporation of titanium and silicate phase lead to
the formation of Ti-O-Si, Ti-O-Ti, and Si-O-Si bonds within the hybrid

materials.
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Figure 4.12 Effect of TiO, nano-particles
on adhesive strength of sol-gel
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Figure 4.13 shows FTIR spectra for the hybrid sol-gel material (S1¥) and the
modified system with TiO, nano-partices (AD4%). The strong absorption peak at
~ 1086 cm™ is attributed to the formation of Si-O-Si bonds in sol-gel matrix. A
shoulder absorption peak at 927 cm™, being corresponded to the interaction
between the silica matrix and TiO2 nano-fillers as Si-O-Ti [128], confirming the
cross-linking between sol-gel matrix and TiO,, leading to the increase in the

adhesive strength.
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Figure 4.13 FTIR of hybrid sol-gel and modified system with TiO,

SEM, EDX and IFM were used to investigate the surface fracture of the failed
joint, see Figures 4.14, 4.15 and 4.16. Figure 4.14 shows the distribution of TiO,

particles within the sol-gel adhesive.
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Figure 4.14 SEM and EDX of TiO, nano-particles in the sol-gel

The appearance of silicon, oxygen and titanium peaks in EDX spectra
confirmed the presence of these materials within the adhesive formulation, see
Figure 4.15.
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Figure 4.15 EDX analysis of TiO, nano-particles in the sol-gel

The 3D IFM image shown in Figure 4.16, indicates a mixed cohesive and

adhesive failure mode of the sol-gel.
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Figure 4.16 IFM fracture surface by adding 2% TiO, nano-particles

4.1.1.1.4 Doping PANI and y-Al,0; nano-particles

The incorporation of different amounts of PANI and y-Al,O, nano-particles in the
original silica-base sol-gel as AD5*, AD6% and AD7* samples, further increased
the adhesive strength from that of the unmodified system, see Figure 4.17. The
maximum shear strength value was obtained using AD6* adhesive: i.e. 5.09
MPa. The increased in adhesive strength in this system compared with that in
the unmodified sol-gel may be attributed to the combination of the inorganic and
organic components within the sol-gel formulation, which improved the cross-
linking with the matrix, thus increasing the material cohesive and interfacial

forces within the joint.
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w

S1# AD5# AD6# AD7#

Sol-gel adhesives

Figure 4.17 Adhesives lap shear strength for S1%, AD5*, AD6* and AD7"
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Fracture surfaces were examined under an optical microscope to identify the
failure mode. Examination showed that AD5* and AD6" failed by interfacial
fracture mode. However, AD7* showed a more cohesive failure mode. This
information was supported by digital images from (Fujiflm camera, FinePix
$9500) taken on the failed surface of AD6* and AD7*, as shown in Figure 4.18
a&b. Hence, it is suggested that the adhesive formulation (notably differences in
PANI/y-Al,O3 ratio) may play an important role in determining the fracture

behaviour.

Figure 4.18 sol-gel adhesive fracture surface modes,
a) AD6" adhesive mode and b) AD7* cohesive mode.

Fracture surfaces of the AD5*, AD6* and AD7* adhesives were further
characterised at high magnification using the SEM as shown in Figures 4.19,
4.20 and 4.21.
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Figure 4.19 Adhesive failure surface of AD5" sol-gel adhesive cured at 120°C/16hr,
(shear strength 4.49MPa)
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Figure 4.20 Adhesive failure surface of AD6" sol gel adhesive cured at 170°C/16hr,
(shear strength 5.09MPa)
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Figure 4.21 Cohesive failure surface of AD7* sol gel adhesive cured at 110°C/16hr,
(shear strength 4.37MPa)
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4.1.2 Lap shear strength of hybrid epoxy/sol-gel adhesives

All the results above show that the lap shear strength of the hybrid sol-gel
system can be affected by the addition of different additives within the matrix.
Here the formulation changes caused the lap shear strength to increase from
1.38 to 5.09MPa, depending upon the doping components. There are two key
factors that affect the lap shear strength; the internal bond strength, and the
adhesion between the adhesive and the substrate. This effect has been
demonstrated by the improvement of the adhesive strength by the addition of y-
Al,O5; and TiO; nano-particles. However, the increase in strength may be limited
by the structure of the hybrid sol-gel matrix which only consisted of hybrid SiO,
nano-particles. Hence, further improvement of adhesive strength is expected via
further modification of the sol-gel formulation; i.e. the addition of an organic
polymer into the hybrid sol-gel matrix. Ellis [129] reported that the presence of
reactive groups in the cured resins (long chain polymer) developed very highly
branched, and promoting the cross-linking within the adhesive structure.

The development and demonstration of this novel sol-gel/epoxy adhesive is
based on the combination of organic and inorganic components within the
adhesive matrix. Hybrid inorganic/organic sol-gel systems are materials formed
by incorporating a functional organic polymer or organic-functional silane into
the matrix of an inorganic network. Organic polymers provide specific
characteristics with respect to their toughness, flexibility, and processability [130]
while the inorganic component enhances mechanical and thermal properties.
The mechanical results of lap shear tests performed at room temperature on
different hybrid epoxy/sol-gel adhesives cured at 140°C for 16 hours on Al2024-

T3 and mild steel substrates are shown in Figure 4.22.
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Figure 4.22 Lap shear strength of different sol-gel adhesives

The results show that the adhesive strength using a mild steel substrate was
consistently slightly greater than when an aluminium substrate was used. This
may be attributed to stress concentrations that occur in the curing stage. Cure
condition can result in stress concentration within the joint due to the differences
in thermal coefficient between the adhesive and substrate. The lap shear
strength of the pure epoxy (PE), cured using an amine hardener, on aluminium
and mild steel substrates were 10+0.3MPa and 11.2+0.6MPa, respectively.
However, the lap shear strength of the modified system obtained by simple
mixing of the PE with the sol was recorded as 3.9+0.1MPa on aluminium
(SG1/Al), and 4.9+£0.1MPa on mild steel (SG1/MS). A reduction in shear
strength was observed with this formulation compared with that of the PE. The
incorporation of y-Al,03 nano-particles into SG2, and a mixture of MWCNTs and
y-Al,O3 into SG3 sol-gel epoxy adhesives gave a significant improvement in the
adhesive performance, where the adhesive strength increased up to
22+0.4MPa (SG2/Al) and 24+0.5MPa (SG3/Al) on the aluminium 2024-T3
substrate. Similar results were obtained for mild steel substrates where addition
of nano-particle resulted in adhesive strengths of 23+0.7MPa (SG2/MS) and
25+0.8MPa (SG3/MS). The modification of an epoxy resin/sol-gel system as a
result of doping small amounts of MWCNTs and y-Al,O3; nano-materials
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enhanced the adhesion properties (by ~ 8%) for both Al2024-T3 and mild steel

surfaces.

Examination of Figure 4.22 indicates that hybrid epoxy/sol-gel adhesive
modified by MWCNTs and y-Al,O3; nano-particles (SG3) gave the best bond
strength on both substrates. The SG3 adhesive fracture modes of mild steel
and Al 2024-T3 substrates for a lap-joint cured at 140°C for 16 hours are
presented in Figure 4.23a&b. It can be seen that the fracture surfaces of mild
steel indicated a mixed interfacial/cohesive fracture mode, ~ 70:30 %, see
Figure 4.23a. The same mixed fracture mode was observed in the Al 2024-T3
failed joints, and the percentage of interfacial to cohesive mode is ~ 80:20 %, as
shown in Figure 4.23b. The failure in the joints was initiated at free edges,
where a maximum stresses in lap joint, further propagated along, crack paths in

the interface or within the interfacial region.

Mild steel Aluminium 2024-T3

(b)

Figure 4.23 Mixed interfacial/cohesive fracture surface of lap joints

(a) SG3/MS, and (b) SG3/Al

4.1.2.1 Effects of concentration of y-Al,O; on SG3

The results presented in Figure 4.24 show that the incorporation of Al,O3 nano-
particles increased the lap shear strength of epoxy/sol-gel adhesive material.
Due to these nano-size materials, chemical interactions within the formulation
such as the formation of AI-O-Al or Al-O-Si bonds increased the degree of
adhesive cross-linkage. As a result, improvements in the bond strength of this

system were observed. Figure 4.24 shows the measured adhesive strength
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after doping the SG3 adhesive formulation with different amounts of y-Al,Os.
Mild steel specimens were prepared for lap joints, which were cured in an oven
at 200°C for 16 hours. Initially there was an increase in SG3 adhesive shear
strength with increase in y-Al,O3 up to 4.0 wt%. This may be because the nano
y-Al;O3 increased the crosslinkage where many surface hydroxyl group on y-
Al,O; materials and in silica sol-gel may react during the polymerisation stage
as Al-O-Si bond and enhanced the adhesion strength per interaction area within
the adhesive matrix. Lambert and Vasconcelos [131] reported that hydroxyl
groups in the y-Al,O3 materials can be readily reacted with silanol groups
present within sol-gel structure, yielding the production of mixed bonds. The
maximum adhesive strength of SG3 recorded was 23+0.4MPa. However, as the
level of these inorganic materials in SG3 increased further, the adhesive shear
strength gradually decreased. The reduction in the strength can be attributed to
the increase in adhesive viscosity. The behaviour of the adhesive formulation
changes from a liquid-like to a more solid-like state, reducing its wetting ability

on the substrate surface, and thus decreasing shear strength.
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Figure 4.24 Lap shear strength of SG3/MS with addition of y-Al,O3
(cure time 16 hours, cure temperature 200°C)
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Figure 4.25 shows the changes in tensile stress/strain curves for the SG3
adhesive as a function of different amounts of added y-Al,Os. It can be seen
that the tensile strength/strain of lap joints increased with the addition of y-Al,Os,
exhibiting a maximum strength value of ~ 23+0.4MPa, and the highest strain
value of ~ 0.015mm/mm at 4.0 %wt concentration. However, with an increase in
the nano-filler content beyond 4.0 wt%, a decrease in tensile stress/strain
values were observed. As the y-Al,O; increased from 4.0 to 6.0 and 10 wt%, the
areas under the stress/strain curves clearly decreased, suggesting a reduction
in adhesive strength. In addition, the total strain decreased as the concentration
of y-Al,O; increased from 4.0% to 6.0% and 10 wt%, indicating increased
brittleness. The behaviour may attribute to the presence of free non-interaction
Y-Al,O3 nano-particles within the matrix, which promoted a higher number of
stress concentration sites and reduced the adhesive’s ability to absorb energy

before fracture.
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Figure 4.25 Stress/strain curve of SG3 with addition of y-Al,O,
(cure time 16 hours, cure temperature 200°C)
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4.1.2.1.1 SEM observations

Examination of the adhesive fracture surface of the SEM images in Figure 4.26
a, b and c, show different faliure modes. In Figure 4.26a, can be seen that
doping 1.0 wt% of y-Al;O3 into the SG3 adhesive produced a fracture with long
cracks within the bulk adhesive, suggesting that the adhesive was brittle and
the amount of y-Al,O3; added was insufficient to improve adhesive ductility. The
adhesive failure due to this volume of nano-filers was a mixed
adhesive/cohesive mode. Around 70% of adhesive materials were remained on

the fracture surface (cohesive) and 30% were uncovered surface (adhesive).

The fracture surface of SG3 adhesive with 2.0 wt% y-Al,O; added consisted of
short cracks see Figure 4.26b, indicating the crack propagation is more
restricted compared with Figure 4.26a. Here the failure mode was cohesive.
The addition of this amount of y-Al,O; to the formulation may increase the
adhesive ductility due to the increase in adhesive cross-linking, but the addition
of higher amounts y-Al,O3 (10 wt%) to the SG3 adhesive decreases adhesive
bonding to the substrate surface resulting from 70 to 80% an interfacial fracture
mode, see Figure 4.26¢c. The failure at the adhesive/substrate interface results
from weakness in the interface where the stress concentrations increased the

local stress to levels exceeded the interfacial bonding strength.
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Figure 4.26 SEM images of SG3 fracture surfaces with addition of y-Al,O;, (a) 1.0 wt%,
(b) 2.0 wt% and (c¢) 10.0 wt% (cure time 16 hours, cure temperature 200°C)

4.1.2.2 Effects of concentration of MWCNTs on SG3

The use of CNTs as additives has been widely investigated by researchers
because of the possibility of obtaining materials with enhanced mechanical and
electrical properties. CNTs are dispersed in polymer matrices as reinforcement
to improve strength and electrical conductivity and/or reduce thermal shrinkage
and increase thermal stability [132]. The application of CNTs, however,
depends on the ability to disperse them homogenously throughout the matrix.

The shear tensile strength of sol-gel/epoxy sytem modified with different ratios
of MWCNTSs has been determined using an Instron tensile test machine. Figure
4.27 shows the effect of doping different amounts of MWCNTSs into the sol-

gellepoxy on the adhesive lap shear strength. It can be seen that the shear
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strength is increased when small amounts of MWCNTSs are added. However,
above about 0.07 wt%, addition of MWCNTs to the epoxy/sol-gel system,
decreases in the adhesive shear strength were observed. Initially adding the
nano-tube fillers improved the bonding, being attributed to both the mechanical
load transfer from the matrix to the MWCNTSs and the high specific surface area
of this material, which increase the degree of cross-linking with other inorganic
fillers in the formulation. However, increasing the amount of MWCNTs above
about 0. 07 wt%, decreases the adhesive strength. The reason may be
attributed to the higher amount of MWCNTSs within the matrix led to excessively
viscous and the wetting of the substrate surfaces decreases, limiting the
strength. This was supported by Loos et al. [133 ] who reported that the addtion
of higher CNTs contents may reduce the strength of adhesive materials due to

the increased in adhesive viscosity.
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Figure 4.27 Lap shear strength with different amounts
of MWCNTSs added to sol-gel/epoxy sytem

Figure 4.28 shows that adding small amounts of MWCNTSs (i.e. 0.01, 0.05 and
0.07 wt%) into the SG3 matrix increases the lap shear strength value. However,
a higher content of MWCNTs in the adhesive matrix may result in poor
interaction between the CNTs and the adhesive, and then the adhesive become
excessively viscous, consequently decreasing the adhesive wettability and

subsequently causing decrease the tensile strength/strain value.
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Figure 4.28 Stress/strain curves for different amounts
of MWCNTSs added to sol-gel/epoxy sytem

4.1.2.2.1 SEM observations

SEM images of the fracture surfaces were used to assess the fracture modes of
SG3 adhesive on a mild steel substrate see Figure 4.29 a, b and c. Figure
4.29a shows the SEM micrograph of SG3 fracture surface with MWCNTs
0.01wt%. A mixed interfacial/cohesive fracture mode can be seen. This fracture
mode indicates strong links at the adhesive/substrate interface, interaction
between CNTs and the matrix was achieved which improved adhesion
performance of SG3 to the substrate. The failure may have been initiated at the
adhesive/substrate interface and then transferred within the bulk adhesive,
confirming two adhesion forces controlled this system. Figure 4.29b shows the
fracture surface following the addition of 0.2 wt% MWCNTSs to the SG3 matrix.
An interfacial fracture mode (adhesive mode) can be seen. With further
increase in the amount of MWCNTs added, up to 1.0 wt%, the fracture surface
mode remains interfacial with cracks in the adhesive matrix, see Figure 4.29c.
The cracks may be due to the increase in MWCNTSs free volume within the

adhesive, which weakens interfacial bonding and reduces adhesive shear

strength.
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Figure 4.29 SEM images of SG3 fracture surfaces with addition of MWCNTSs, (a) 0.01
wt%, (b) 0.2 wt% and (c) 1.0 wt% (cure time 16 hours, cure temperature 200°C)
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4.2 Effects of cure conditions on SG adhesive strength

4.2.1 Effects of different cure temperatures on adhesive lap shear

strength

4.2.1.1 The hybrid sol-gel adhesive

Results were obtained from lap shear tests at various cure temperatures for a
cure duration of 16 hours. These are presented in Figure 4.30 in terms of the
adhesive strength (shear strength). Due to the improvements observed in
adhesive shear strength resulting from the incorporation of (Al;Ozand PANI) in
the sol-gel formulation, AD7* specimens were further selected for an
investigation of the effect of temperature on the adhesive strength of the hybrid
sol-gel material. The shear strength of the AD7* adhesive showed an increase
with temperature to 4.72 MPa at 150°C, after which there was a slight drop to
4.51 MPa at 180°C. The reduction may be attributed to the increased thermal
stress at the joints arising from the difference in the thermal expansion
coefficient between the sol-gel adhesive and the bonded metal substrate
(Al2024-T3). The possibility that transverse and peel stress effects may also

cause a reduction of the shear strength value [134] should also be considered.

Adhesive strength, MPa
w

100 110 120 130 140 150 160 170 180 190

Cure temperature, °C

Figure 4.30 Effect of cure temperature on AD7* joint strength
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Figure 4.31 presents curves of load versus extension for the tensile single-lap
shear tests of the AD7* adhesive at different cure temperatures. From the
curves, it can be seen that the total extension increased as the cure
temperature increased, from 0.59 mm at 130°C to 0.92 mm at 150°C. This may
be attributed to the polymerisation reactions or the formation of more bridges
between the nano-particles Al,O3 and the sol-gel via the Ai-O-Si. Hence, the

shear strength increased.
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Figure 4.31 Effect of cure temperature on ductility (extension to break)
for AD7* at (a) 150°C and (b) 130°C

4.2.1.2 The hybrid epoxy/sol-gel adhesive

As curing proceeds, the linear polymer chains in the epoxy resin grow and
branch to form cross-links with inorganic fillers, so the cure temperature of SG3
adhesive plays an important role in determining the reliability of the lap joints.
The lap shear strength of the SG3/Al and SG3/MS sol-gel epoxy adhesives
were evaluated as a function of cure temperature. The adhesives were cured at
140°C, 160°C, 180°C and 200°C for 16 hours, and subsequent lap joint
strengths were measured. The results for SG3/Al showed that the adhesive
strength (maximum load per unit bond area) decreased as the cure temperature
increased, see Figure 4.32. However, the lap joint strength of SG3/MS, showed
no significant change as the cure temperature was increased from 140°C to
200°C, suggesting a stable adhesive material under the heat treatment
temperatures used for curing. A different in thermal expansion coefficient

between mild steel and Al alloys may play a role in this behaviour.
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Figure 4.32 Adhesive strength of lap joints at different
cure temperatures. (16 hours cure time)

4.2.1.2.1 FTIR spectra of SG3 (cure temperature changes)

FTIR spectra of SG3 at five different cure temperatures were obtained to
understand the chemical changes in the epoxy/sol-gel formulation during the
curing processes. Figure 4.33 shows the absorption peaks of SG3 adhesive
material as a function of temperature for a cure time of 16 hours. The formation
of a strong Si-O-Si band at ~1088cm™ can be seen at all temperatures, with the
peak increasing as the cure temperature increased. This indicates a higher
density of Si-O-Si linkages and a higher degree of cross-link density in the
adhesive matrix. Also, the reduction in peak at the range of ~ 800-950cm™,
indicated an increase in the opening of the epoxy ring. The small peak between
3200-3500cm™ (which corresponds to the O-H bond of absorbed water
molecules) decreased as temperature increased. A weak absorption peak at
1680cm’ related to C=C within the polymer chain also reduced as temperature
increased. A new peak appears at ~ 1730cm™ and is clearly visible at the cure
temperature of 200°C, this corresponds to a C-O bond due to an increased

polymerization reaction within the adhesive.
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Figure 4.33 FTIR spectra of SG3 adhesive for different

cure temperatures
4.2.2 Effects of different cure times on adhesive lap shear strength

4.2.2.1 The hybrid sol-gel adhesive

The shear strength of the AD7* sol-gel adhesive was evaluated for five different
cure times at a fixed temperature of 150°C on aluminium 2024-T3 substrate.
The cure time played an important role in increasing the adhesive strength of
the lap joints, see Figure 4.34. The mean adhesive strength of AD7* increased
rapidly from 1.3+0.4 to 3.2+0.5 MPa as the cure time increased from 30 minutes
to 2 hours. As the cure time increased to 16 hours, the adhesive shear strength
of AD7* gradually increased to a maximum of 4.72+0.7 MPa. There appeared to
be no further increase in the shear strength for a cure time greater than 16
hours. The reason for this may attributed to the sol-gel adhesive having attained

a complete cross-linked structure.
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Figure 4.34 Effect of cure time on AD7” shear strength,

at constant cure temperature of 150°C

Figure 4.35 presents the effects of three different cure times on the

load/extension curves of AD7*. There appears to be an increase in fracture load

as the curing time is increased.
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4.2.2.2 The hybrid epoxy/sol-gel adhesive (SG3)

Using the SG3 adhesive, the adhesive lap shear strength on mild steel samples
was evaluated at different cure times. The tests were carried out for 1, 3, 7, 10,
16 and 20 hours at a constant cure temperature of 200°C. The measured
adhesive shear strength is plotted against cure time in Figure 4.36. It can be
seen that the SG3 adhesive strength increased with cure time, to a maximum at
16 hours, after which the curve flattened out, indicating that by 16 hours the
chemical interactions within the adhesive matrix and/or at adhesive/substrate
interface are complete. Thus 16 hours appears to be the optimum cure time for

the adhesive to attain the maximum bond strength.
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Figure 4.36 Adhesive strength of lap joint at different cure times
(cure temperature 200°C)
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4.2.2.2.1 FTIR spectra of SG3 adhesive

The absorption infrared spectra of SG3 as a function of cure time are shown in
Figures 4.37 a and b. Figure 4.37a shows FTIR absorption peaks of SG3
adhesive over the wave number range 400-4000cm™, however, a more detailed
presentation of the peaks in the range ~ 800-1800cm™ is given in Figure 4.37b.
The most interesting bands in the FTIR spectrum in Figure 4.37a were; the
epoxy ring at ~ 950cm™’ which disappeared as the cure time increased, and C-O
at ~ 1733cm™, which increased as cure time increased. In addition, in Figure
4.37a the broad but weak absorption peak at ~ 3200-3500cm™, which is
attributed to O-H bond [135], decreased gradually as the cure time increased.
This indicates that the majority of Si-OH and OH groups were reacted by

condensation during curing leading to the formation of a Si-O-Si network

structure.
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Figure 4.37a. FTIR spectra of SG3 adhesive 1000cm™ to 3500cm™ at different cure
times (cure temperature 200°C)
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An increase in cure time improved the adhesive cross-linking via the inorganic
nano-filler materials (i.e. Al,O3;, MWCNT) within the epoxy/sol-gel system.
Figure 4.37b shows a clear shoulder at ~ 1165¢cm™, which corresponds to the
Al-O-Si bond, as mentioned in [136]. The introduction of MWCNTSs into the
adhesive helps to prevent peeling of the adhesive by acting as a reinforcement
network, restricting and reducing crack initiation or propagation within the bulk
adhesive. As stated above, a strong peak related to C-O bond at ~ 1733cm”
increased with increase in cure time. This peak is probably related to the cross-

link between the CNT surface and silica nano-particles in the sol-gel material or

epoxy matrix.
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4.3 Effects of substrate roughness on adhesive strength

4.3.1 The hybrid sol-gel adhesive

The bond strength of hybrid sol-gel adhesive was measured for the lap joint on
the Al alloy (2024-T3) in the as-received surface condition and for two additional
surface finishes; polished 1um diamond paste and polished 6um diamond paste.
The results obtained indicate that the adhesive strength of AD3* and AD4*
decreased as the joint surface roughness decreased, see Table 4.2. It is
suggested that the differences in adhesive strength are due to the mechanical

interlocking between the adhesive and the substrate with the 1um finish having

smaller peak-trough features.

Table 4.2 Effect of surface roughness on bond strength

Adhesive strength of sol-gel

Surface Surface modified, MPa
preparation roughness, (AD3%) (AD4%)
Ra (um) 0.5 wt % y-Al20; 2.0 wt % TiO:
As a received 0.102 4.43 4.0
6 pm 0.0288 3.12 2.81
1um 0.0191 2.62 2.36

Figure 4.38a and b shows the texture of polished surfaces. R, represents the

mean value of the surface roughness and R, represents the sum of the height

of the highest profile peak and the depth of the deepest profile valley over the

same length.
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Figure 4.38 Surface roughness of Al2024-T3, (a) polished with 1um diamond paste and
(b) polished with 6um diamond paste

4.3.2 The hybrid epoxy/sol-gel adhesive (SG3)

Figure 4.39 shows the variation in the SG3 adhesive strength due to the change
of surface roughness of the mild steel substrate. In general, measured lap shear
strength may reduce as surface roughness decreases [137]. Here the mild steel
surfaces were abraded with abrasive paper of different degrees of roughness;
fine (P120, average particle diameter 125um), very fine (P240, average particle
diameter 58.5um) and two extra fine grades (P400, average particle diameter
35um and P600, average particle diameter 25.8um), where the grading is
according to 1ISO 6344-1:1998 [138 ]. Between 3-5 specimens were tested for
each grade of abrasive papers. It can be seen that surface abrasion with P120
abrasive paper gives the highest average shear strength value ~ 18+0.9MPa.
Surfaces abraded with P240 abrasive paper gave a slightly lower shear strength
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of 15+0.8MPa. Use of P400 abrasive paper decreased the surface roughness
further and the adhesive strength also decreased again, to ~13+0.7MPa. Finally,
abrading the substrate surfaces with P600 abrasive paper gave the lowest
average shear strength value, 10.5+0.7MPa. The decrease in value of the
adhesive strength is attributed to a reduction of mechanical interlocking due to
less adequate penetration of adhesive on smoother surfaces. The decreasing in
the actual area of contact between the adhesive and the substrate with a less
rough surface may contribute in lowering the physical adsorption strength (the
attractive forces at the interface, known as van der Waals forces), resulting in

lower total joint strength.
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Figure 4.39 Shear strength of SG3 vs. surface roughness. Lap shear test

4.3.2.1 IFM measurements

IFM surface roughness measurements on the mild steel substrates abraded
with four different abrasive papers, are presented in Table 4.3. The results
obtained show that the average surface roughness values decreased as the
grade of abrasive paper increased. As the surface roughness decreased with
grade of abrasive paper from P120 to P600, the actual surface area (the area of
contact of the liquid "adhesive" with the solid "irregular surface of the substrate")
decreased, as did the depth of the surface grooves. Zhang and co-workers [139]
have reported that an increase in surface area increased the physical-chemical
interactions and mechanical interlocking enhanced the lap shear strength.
However, if the rough surface profile has grooves which are too broad and deep,

the bonding strength may decrease due to weakening of mechanical
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interlocking effects (i.e. the presence of small air pockets along the interface

due to limited in wetting in this case creates voids which form stress rises,

leading to a reduction in overall bond strength).

Table 4.3 Surface roughness of different grades of abrasive paper.

Surtace Abrasive paper
f

eatures P120 P240 P400 P600
Ra (um) 1.6£0.05 1.561£0.12 1.2+0.15 1.1£0.10
Rz (um) 10.9+0.02 10.7+0.04 8.3+0.11 7.0£0.17
Rmax (pm) 12.9+0.06 12.4+£0.08 9.7+£0.03 7.6+0.18
Ra = Average roughness of profile

Rz = Mean peak to valley height of roughness profile

Rmax = Maximum peak to valley height of roughness profile

The surface roughness profiles for the different surface finishes measured by
IFM are presented in Figure 4.40. Note the different Y-axis scales. Surface
mechanical treatment with P120 abrasive paper revealed the highest depth

value, and the value decreased as the surface becomes smoother i.e. P240,

P400 and P600, respectively.
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Figure 4.40 surface roughness profiles for different
abrasive papers on mild steel

4.3.2.2 Fracture surface analysis

Images obtained using a digital camera were used to identify the fracture failure
modes of SG3 adhesive with different surface roughness profiles, see Figure
4.41. In all four cases the failure was near the interface region and a mixed
adhesive/cohesive mode was noted. The percentage of SG3 adhesive material
remaining on the mild steel, when the substrate was abraded with P120
abrasive paper, was ~ 70%, and the fracture surface was a mixed
adhesive/cohesive mode. This percentage changed to 50% for P240 and the
failure was also mixed mode. The specimens abraded with P400 paper also
had some adhesive remaining on the surfaces, ~ 35%, and the failure was
again an adhesive/cohesive mode. Finally the samples abraded with P600
abrasive paper resulted in mixed failure mode and the percentage of adhesive
was ~ 33%. By decreasing surface roughness, the area of adhesive adhering to
the substrates decreased, suggesting a decrease in mechanical interlock and

anchorage of the adhesive in pores and irregularities of the substrate as the

surface become smoother.
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Figure 4.41. Fracture surfaces for mild steel lap joints with
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4.3.3.3 SEM observations

Figure 4.42 shows SEM high resolution cross-section images of SG3 adhesive
bonded mild steel, abraded with (a) P120 and (b) P240 abrasive paper. It can
be seen that the adhesive wetability to the substrate surface is well achieved
with the different surface roughness's. Furthermore, the difference in
mechanical interlocking with P120 compared with that with P240 due to the

increase in roughness can also be seen.
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Fig. 4.42 SEM interface micrographs of mild steel substrate surface
abraded with (a) P120 and (b) P240
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4.4 Effect of the changes in bond geometry on SG3 adhesive
strength

To determine the effect of geometrical parameters of lap shear joints on the
SG3 adhesive strength, six different overlap areas (i.e. 200, 250, 375, 500, 625
and 750 mm?) were studied. Mild steel was used as substrate for the lap joints

which were cured at 160°C for 16 hours.
4.4.1 Shear strength and bonding area

It is confirmed that bonding area plays an important role in the measured shear
strength of adhesives in lap joints. The measured results show that the
maximum load per unit bonding area (adhesive strength) increased with
increase in overlap area up to 375 mm?, see Table 4.4. And, the maximum load

carried by the joints increased as the bonding area increased.

Table 4.4 Adhesive strength at different overlap areas

Bonding dimensions
Average load Average adhesive
Length, mm Width, mm Bonding area at failure strength

mm? N MPa
8 200 2800 14.0
10 250 3741 15.0
15 375 6750 18.0

25

20 500 6850 3.7
25 625 6875 11.0
30 750 7500 10.0

However, while an increase in overlap area from 200mm? to 375mm? raised the
SG3 adhesive strength from 14.0£0.5MPa to 18.0+0.7MPa, further increase in
overlap area resulted in a reduction in maximum load per unit bonding area, see
Figure 4.43. This result suggests that increasing the bond area to give a higher
joint strength is only efficient within a limited range. This effect can be related to
the different stresses that occur at the adhesive/substrate interface. The

transferring of the external load during the test, around edges of the lap joint, is
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higher in comparison to the inner bonded area [140]. Non-uniform distribution of
stresses across the bond area from the edges to middle will increase peel and
cleavage stresses, thereby decreasing the joint efficiency and the strength, see

Figure 5.4 in discussion.
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Figure 4.43 Influences of lap joint area on SG3 adhesive strength
(cure temperature 160°C and cure time 16 hours)

4.4.2 Fracture surface observation

Figure 4.44 shows images obtained by digital camera of the fracture surfaces of
the lap joints as a function of overlap length. In the joint with the 375mm?
bonding area, failure was initiated at the interface and final failure was due to
crack propagation. The fracture failure mode in this joint was a mixed
cohesive/adhesive mode. The fracture surface of the joint with bonding area
500mm? shows that no more adhesive material remains at the ends of joint,
suggesting cracks were mainly initiated at these points and resulted in a mixed
cohesive/adhesive mode. However, the failed surfaces of the joint with bonding
area of 625mm? show interfacial failure (adhesive) where most adhesive
remained on the left side of lap joint. In the case of the joint with bonding area of

750mm?, the major fracture type was a mixed mode.
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Fig. 4.44 Images of fracture surface for different overlap areas with SG3 adhesive
strength (cure temperature 160°C and cure time 16 hours)

4.5 Effects of the external environment on lap shear strength

Adhesives tend to lose bond strength as their temperature increases, so the
temperature response of adhesive materials plays an important role in their
selection for specific applications such as aerospace, transportation and
electronics. In addition, the success of an adhesive bond is related to its ability
to retain an adequate level of joint strength for long periods in an operational
environment. Changes in the environment can affect the way in which the
adhesive performance changes with time [141]. The influence of these factors

on adhesive strength is discussed below.
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4.5.1 Lap shear strength of SG3 adhesive tested at (HT)

The shear strength of SG3 adhesive was investigated at six different test
temperatures. SG3/MS lap joints were prepared and cured at 200°C for 16
hours. The results show a decrease in adhesive strength as test temperature
increases, see Figure 4.45. An increase in temperature from room temperature
20°C to 40°C, caused a reduction in strength from ~23.0+1.0 MPa to 17.0+0.8
MPa with a further progressive decrease in adhesive strength to only about
2.0+£0.4 MPa at 120°C. The decrease in adhesive strength may be attributed to
the softening of the adhesive itself and the results of internal stress set up by
the changes in thermal expansion coefficient between the adhesive and the

substrate as the environmental temperature increased.
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Figure 4.45 Adhesive strength of SG3/MS as a function of test temperature

The results in this study were compared with results reported by Tsui et al [142],
see Figure 4.46 (dashed line) who also used a mild steel substrate. Both sets of
results show that with increase in temperature a reduction in the adhesive
strength is noted. The bonding strength (shear) for both adhesive materials
tested is significant higher at lower temperatures. The reason may be related to

the softening of the adhesive material as temperature increased.
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Figure 4.46 Adhesive strength as a function of test temperature:

Comparsion of current study with Tsui et al [142]

4.5.1.1 Facture surface at different test temperatures

Digital images were taken for the fracture surfaces to identify possible changes
in the failure mode as the temperature increased. The experimental results
obtained revealed that the fracture surface gradually changes from a mixed
adhesive/cohesive mode in specimens tested at low temperature to a cohesive
mode as the temperature increased, see Figure 4.47. The formation of ridges or
crazes through the fracture surface along the shearing direction at lower
temperatures, (i.e. 40°C), may prevent nearby cracks from propagating. These
crazes are attributed to the multitude of molecular motions in the deformed
polymer material, based on the relaxation process of macromolecules which
depends upon temperature [143 ]. However, as temperature increased, the SG3
adhesive formulation became soft and the ridges disappeared, so that the
cross-linking within the adhesive matrix decreased and the joint failed at low
applied load. In addition, the reduction in strength was relatively low in high
temperature regions (i.e 80-120) compared with that at low temperature regions.
The reason may be explained as a difference in the thermal expansion
coefficients between the adhesive and the substrate, in both temperature
regions. For example, at low temperature (i.e. 40°C) the internal stress (thermal)
within the substrate increase with temperature, however, the hybrid epoxy/sol-

gel structure is more stable (i.e. glassy state and below Tg) and any changes
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due to thermal expansion appear to be very low, leading to a large difference in
thermal stresses within the joint [144 ]. At high temperature, for a particular
epoxy within SG3 structure, the coefficient of thermal expansion is larger (i.e.
rubbery state and above Tg) and the changes in thermal stresses between the
substrate and adhesive become lower (both extended), subsequently resulting
in lower strength reduction rate (do/dT).

(a)Test temperature, 40°C

Figure 4.47 Fracture surface mode at (a) test temperature 40°C,
(b) test temperature 120°C,

106



4.5.2 Effects of immersion in 3.5% NaCl on the hybrid sol-gel adhesives

The lap shear strength of AD3* AD4* AD6* and AD7* joints aged within a
corrosive environment (3.5% NaCl solution) for 7 days was measured. Results
show that the bond strength of all joints decreased on immersion in the solution.
The lap shear strength values after immersion were reduced from 5.1 to 3.18
MPa for AD6* and from 4.4 to 2.4 MPa for AD7* joints. A similar effect was
noted for the joint strength of AD3* and AD4* and the reduction in shear
strength from 4.48 to 1.71 MPa in AD3* and from 4.0 to 1.28 MPa in AD4*. The
reduction in adhesive strength may be attributed to a complex combination of
damage to both the substrates and the adhesive material itself. The rate at
which an aggressive solution permeates through the adhesive to the interface
may affect on the shear strength of all the adhesives. Such an environment can
also lead to unwanted chemical reactions in the adhesive as well as the
formation of cracks within the bulk adhesive material. Figure 4.48 shows the

percentage reduction in adhesive strength on exposure to a 3.5% NaCl solution.

o /

% Reduction strength
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Figure 4.48 Lap shear strength reduction due to immersion for 7 days in corrosive
environment (3.5% NaCl)

The SEM image in Figure 4.49 shows the effects of an aggressive environment
on the fracture surface of AD3*. Cracks in the adhesive layer (arrowed) due to

the wet condition were observed.
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Figure 4.49 Cracks in fracture surface after immersion for 7 days in a corrosive
environment (3.5% NaCl)

IFM images, Figure 4.50, of the AD3* joint edges shows damage due to the
corrosive environment. Cracks and de-lamination at the substrate/adhesive

interface, due to the aggressive environment also occurred, see Figure 4.51.

Figure 4.50 IFM images of edge joint damaged by corrosion
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Figure 4.51 SEM image of AD3*adhesive /substrate following
immersion for 7 days in 3.5%NaCl

4.5.3 Effects of immersion in 3.5% NaCl on the hybrid epoxy/sol-gel
adhesive

4.5.3.1 Adhesive strength of SG3/MS vs immersion time

The adhesive strength for the SG3 adhesive on mild steel substrates aged in
3.5% NaCl solution is shown in Figure 4.52. It can be seen that following one,
two, four and eight week’s exposure the adhesive strength of the lap joints
progressively decreased. For lap joints cured at 140°C for 16 hours the
measured maximum shear strength value for dry conditions was 25+0.9 MPa,
and the minimum after eight weeks exposure was 1.2+0.6MPa. This behaviour
can be attributed to moisture uptake and aggressive ion ingress into the bonded
joint [145], which limits the degree of bonding at the adhesive/substrate
interface. In addition, if the aggressive medium reaches the interface it can
break weak bonds easily (van der forces); thus, reducing any adhesive cross-
linking. In addition, formation of corrosion product at the surface will cause a
deterioration of the strength of the adhesive joint as a result of 'corrosion

product jacking'.
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Figure 4.52 Effect of immersion times on adhesive strength of SG3/MS lap joints
(cured at 140°C for 16 hours)

Figure 4.53 shows the percentage reduction in mean lap joint strength with
different immersion times. It can be seen that the reduction in strength is initially
relatively low but begins to drop rapidly after four weeks immersion. At eight

weeks about 96% loss of adhesion was recorded.
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Figure 4.53 Reduction in adhesive strength of SG3/MS lap joints with duration
of immersion in 3.5% NaCl (cure time 16 hours at 140°C)
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4.5.3.1.1 Fracture surface

Figure 4.54 shows the fracture surface of lap joints after immersion eight weeks
in 3.5%NaCl. The failed surfaces were first observed under an optical
microscope (Zeiss Stemi 2000-C) which allowed magnification up to 5.0X. The
delamination at the mild steel surface may be attributed to the moisture uptake
with time. The failure mode can be classified as an interfacial mode
(adhesive/substrate interface) and a cohesive mode in the mild steel substrate
near the top surface layer. In addition, damages due to corrosion process

around the bonding area also were observed.

Damage in substrate SG3 adhesive

Mild steel

Figure 4.54 Joint fracture surface after eight weeks
immersion in 3.5%NacCl

4.5.3.1.2 SEM observations

Figures 4.55 a and b present SEM images of fracture surfaces for lap joints
immersed for one and eight weeks in a 3.5% NaCl solution, respectively. The
failed surface shown in Figure 4.55a revealed many cracks in the adhesive
materials. This can be related to the reduction in interfacial and cohesive
bonding due to the adhesive plasticization, as reported in [146]. When the
immersion time increased to eight weeks, more damage in the adhesive matrix
was noted, see Figure 4.55b, and cracks due to the formation of numerous

voids destroyed the integrity of the adhesive material.
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Figure 4.55 SEM images of fracture surface after immersion (a) one week,
(b) eigth weeks in 3.5%NaCl (mild steel substrate)
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4.5.3.2 Adhesive strength of SG3/Al vs immersion time

The adhesive strength for the SG3 adhesive on AA2024-T3 substrates aged in
3.5% NaCl solution is shown in Figure 4.56. In dry conditions the maximum
shear strength value of this adhesive was 24+0.6 MPa for joints cured at 140°C
for 16 hours. Similar results were obtained as for the SG3/MS lap joints: with
each of one, two, four and eight week’s exposure the adhesive strength of the
lap joints in 3.5% NaCl solution progressively decreased. After eight weeks
exposure the average shear strength was 7.8 MPa. The explanation for this
trend is considered to be the same as that given for the loss of strength of the

SG3/MS lap joint.
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Figure 4.56 Effect of immersion times on adhesive strength of SG3/ AA2024-T3
lap joints (cured at 140°C for 16 hours)

Figure 4.57 shows the percentage reduction in mean lap joint strength with
different immersion times. It can be seen that the reduction in strength is
relatively low initially but begins to drop rapidly after four weeks immersion. At
eight weeks about 68% of loss adhesion was recorded. The substantial
reduction in the adhesion force was attributed to the increase in crack defects

within the bulk adhesive.
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Figure 4.57 Reduction in adhesive strength of SG3/MS and SG3/AI2024-T3 lap joints
with duration of immersion in 3.5% NaCl (cure time 16 hours at 140°C)

4.5.3.2.1 Fracture surface

The drop in strength after eight weeks immersion may indicate that the failure
was governed by the degree of damage within the adhesive structure as the
diffusion of the aggressive NaCl solution within the matrix increased with time.
Comyn [147] demonstrated that the degradation in adhesive strength may be
caused by diffusion of solution through the adhesive or/and along the interface
or by capillary action through cracks in the adhesive. Figure 4.58 shows that
adhesive material was found on both surfaces with short cracks distributed on
the surface near the interface regions, indicating a mixed cohesive/adhesive

failure mode.

Aluminium substrate

poesine
3

Cohesive failure in adhesive
( Thin layers)

Figure 4.58 Cohesive failure mode of SG3/ AA2024-T3 lap joints
after eight weeks immersed in 3.5% NaCl
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4.5.3.2.2 SEM observations

Figures 4.59 a and b, respectively, show the fracture surface of lap joints
immersed for one and eight weeks in the 3.5% NaCl solution. It can be seen
that a mixed adhesive/cohesive mode was noted after one week, Figure 4.59a.
Very short cracks in the adhesive material were observed, which may be due to
a decrease in cohesive force within the adhesive matrix. This behaviour may be
attributed to damage or disruption of hydrogen bonding at the molecular chains
of the adhesive. Soles and Yee [148] pointed out that moisture can be
transported through the unoccupied volume of adhesive and access hydrogen
bonds via the nanovoids, thus decreasing the cross-linking density. In addition,
no corrosion products were observed after one week on the substrate surface,
suggesting the diffusion rate of moisture through the interface within this period
was low compared with that after eight weeks. This is supported by the data
shown in Figure 4.57 which shows the percentage reduction in strength of the
SG3 adhesive to the substrate in one week (i.e. ~ 30%) was lower than that

after eight weeks (i.e. ~ 70%).

AccNf SpotMagn, Det WD |-———--1.<| 2.@{:;
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Figure 4.59a) SEM image of one week immerrsed in 3.5%NaCl
(Al 2024-T3 substrate)
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However, with increase in immersion time, more damage in the SG3 adhesive
material was observed due to the increase in cracks length, see Figure 4.59b.
This led to higher stress intensity value at the crack tip, which reduced the
adhesive’s ability to resistance further crack propagation, resulting in a drop in
strength of nearly ~ 70%, see Figure 4.57. With increase in immersion time the

fracture surface also showed mixed adhesive/cohesive mode.
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Figure 4.59b) SEM image of eigth weeks immersed in 3.5%NacCl
(Al 2024-T3 substrate)

4.5.4 Tensile strength of SG3/MS adhesive (butt joint)

The adhesive strength of the butt joint is very dependent on the sample
preparation due to the complex stress state existing within the adhesive layer.
For example, the measured adhesive tensile strength of a butt joint can vary
considerably due to small misalignments in the joint which result in cleavage
stresses [149]. The SG3/MS adhesive tensile strength of five samples was
measured, see Table 4.5. Due to the distribution of internal stresses within the

adhesive layer a considerable variation can be seen. An average joint tensile
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strength of 28.5 MPa was achieved with 16 hours cure time at 150°C, but the
range was from 22.5 MPa to 35.6 MPa. These results show that the tensile
strength (butt joints) of this adhesive is higher than the equivalent mild steel
shear strength (lap joints) in Figure 4.22. There is indeed evidence that the
shear strength (t) of polymers is less than their tensile strength (o) [ 150 ].
According to the Tresca criterion, shear strength in polymers is equal to half the
tensile strength (tmax= o/2) [151]. da Silva and Adams [152] have recently
reported the adhesive shear to tensile strength ratios from 0.72 to 0.83 at room
temperature. The measured value of SGA3/MS is relatively close to that
obtained by da Silva and Adams and a shear to tensile strength ratio between

0.7 and 0.85 was observed for this system.

Table 4.5. Adhesive tensile strength of butt joints on mild steel substrates.
(SG3/MS cured at 150°C for 16 hours)

“Sample | Maximum | Extensionat | Tensile stress at Average tensile
Load ‘ Break maximum load stress
‘ (N) (mm) (MPa) f (MPa)
1 17508 1110 36
2 15849 0.964 32.3
28.5
3 13215 1 0.930 ' 26.9
4 12511 0.916 255
5 11033 0.891 22.5

For butt joints, the SG3/MS adhesive exhibited three fracture surface modes, as
shown in Figure 4.60. It was found that around 50% of the fracture was via the
cohesive mode (CO), about 40% via the interfacial fracture mode (adhesive
fracture (AD)) and the remaining 10% via mixed failure mode (i.e.
cohesive/adhesive on the surfaces (AD+CQ)). The fracture behaviour can be
explained in terms of an improvement in the cross-linking within the adhesive
itself and at the interface. Adhesive strength is enhanced due to the

incorporation of y-Al,O; nano-particles in the matrix, where the y-Al,O; is
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available for catalytic epoxide ring-opening reactions. It was reported [153,154]
that the opening of epoxy rings was increased with the addition of catalytically
active AIOR/OH groups to the acidic silica-base sol-gel system, which supports

the above.

AD

Figure 4.60 adhesive fracture surface of SG3 on mild steel (Butt joint)

4.5.5 Fatigue strength of SG3/MS adhesive (lap joint)

The fatigue strength of various adhesive materials on different metallic and non-
metallic substrates has been studied extensively by many researchers
[155,156,157 and 158]. It has been found that a number of variables (eg load
ratio, frequency at which the load was applied, temperature and environmental
humidity) have played a role in determining the performance of adhesive joints
[159]. In this work, fatigue tests of a lap joint were carried out to assess the
adhesive performance of SG3 under dynamic cyclic loading, with load ratio
Pmin/Pmax = 0.1, at two different frequencies of 3Hz or 10Hz, in order to assess
the working efficiency of SG3/MS adhesive. Maximum load Pn.x was varied
from 3 to19 MPa.
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4.5.5.1 Maximum load/cycles to failure for lap joints

Figure 4.61 presents a graph of maximum load (Pna) against the number of
cycles to fatigue failure (Ny) for frequencies of 3 and 10Hz. It can be seen that
the number of cycles to failure of the SG3 adhesive bond increased as the
applied load decreased. No significant differences in the fatigue life of the lap
joints were noted between the two frequencies, at any applied Pmax. It was
observed that, when Pnax is lower than 2kN, each test sample supported more
than one million cycles without failure. This may be attributed to the possibility
that microscopic cracks form during cyclic load within the bulk adhesive or at
the adhesive/substrate interface, but do not increase to a length critical for
failure under these loading conditions. It was reported [160] that the frequency
effects are related the changes in time of fatigue crack development in the
material structure. This appears to be related to the adhesive formulation,
where the inorganic nano-fillers played an important role in delaying adhesive
rupture at the substrate surface and/or within the adhesive matrix. It should be
noted that, no endurance or fatigue limit of the joints appeared at either

frequency.

¢3Hz ~ 10Hz
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Cycles to failure, Nf

Figure 4.61 Cycles to failure for lap joints as a function of maximum
applied load for SG3 adhesive
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Table 4.6 presents the experimental results of SG3 adhesive for lap joints
subjected to fatigue strength tests at constant load ratio, R=0.1. For each
maximum load and tested frequency, the fatigue life results (number of cycles at

failure) were obtained as average of three specimens (SG3/MS joints)

Table 4.6 Fatigue strength of SG3 adhesive

Max Load N; (Number of cycles to failure)
R

(Load
kN | MPa | ratio) Applied frequency f = 3 Hz Applied frequency f = 10 Hz
1 3.2 0.1 |1,876,123 | 1,640,592 | 1,950,321 | 1,587,264 | 2,000,000 | 1,811,238
2 | 64 0.1 275,984 | 430,689 | 380,421 | 377,520 | 350,761 | 401,612
3 | 96 0.1 90351 152,125 | 123,701 | 119,272 | 105,341 | 100,345
4 | 128 | 01 14513 19359 17670 23702 20514 18980
5 16 0.1 754 1130 1280 1541 1350 1140
6 | 19.2 0.1 35 25 41 10 19 20

As the applied load increased, a reduction in fatigue life was observed. Cycling
loading can result in creep failure occurring within a relatively short number of
cycles due to the cumulative effect of cyclic shear strains. In addition, the
decrease in the number of cycles is probably due to cracks initiated near to the
ends of the overlap joint where the stress concentration is high, and which
propagate within the bulk adhesive (cohesive) or near or at the adhesive

/substrate interface.

4.5.5.2 Fatigue fracture surface

The fracture surface of lap joints under different cycling loading conditions was
used to identify the mode of failures. Three fracture surfaces were evaluated
visually as examples to highlight the failure modes obtained with fatigue testing,
see Figure 4.62. The failed joints shown in this figure were tested at the same

stress ratio R=0.1, and frequency f =10Hz. The surfaces reveal that the failure
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was mixed interfacial/cohesive mode (i.e. 20/80%), under low fatigue loading,
i.e. 1.0kN, and the joints failed as crack density increased with increase in the
number of cycles to greater than one million, see Figure 4.62a. With further
increase in loading up to 3.0kN, the joint fracture surface showed mixed
adhesive/cohesive mode. It can be seen that the percentage of interfacial to
cohesive is around 35/65% of the failed surfaces, see Figure 4.62b. Increasing
the load up to 6.0kN resulted in a mixed failure mode with about 44% an

interfacial and the remaining 56% being from cohesive fracture mode, Figure

4.62c.

Interfacial fracture

P=1kN

Interfacial fracture

Interfacial fracture

Interfacial fracture

Figure 4.62 Fracture surface modes due to fatigue cycling
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4.6 Hybrid epoxy/sol-gel adhesive structural (SG3)

4.6.1 SEM observations

An SEM image of the PE fracture surface of the hybrid epoxy/sol-gel system,
see Figure 4.63a, shows a mixed failure mode. This image indicates that the
interaction between the PE matrix and the mild steel substrate is weak, resulting
in lower shear strength, see Figure 4.22, compared to SG2 & SG3 adhesives,
and this is probably due to poor epoxy matrix compatibility. In addition, the area
of surface covered by the epoxy resin (dark gray) is much less than that of the
un-covered surface (light gray), suggesting low adhesive bonding at the
interface. SEM analysis of the SG3 adhesive fracture surface, see Figure 4.63b,
was also conducted to understand how the addition of y-Al,O3; and MWCNTs
affected the failure mode of the modified sol-gel epoxy adhesive. The
introduction of inorganic fillers into the formulation increased the degree of
cross-liking within the adhesive matrix and the bonding at the interface, which
improved the strength and changed the failure mode to a mixed

adhesive/cohesive type.
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Figure 4.63 SEM of fracture surface on mild steel substrate (a) using PE adhesive and
(b) epoxy/sol-gel with added y-Al,O; and MWCNTSs (SG3)

Figures 4.64 a, b and ¢ show SEM images of the SG3 fracture surface where
MWCNTs and y-Al,O3 have been introduced into the adhesive matrix. These
appear to have a good distribution within the adhesive matrix with a
consequential effect on the adhesive strength. It should be noted that the
MWCNTSs are quite thick and this is due to the presence of a coating of the
adhesive on the MWCNTSs. Achieving a good dispersion of MWCNTSs introduces
a positive effect on the sol-gel adhesive network and increases chemical
interaction bonds [161] (i.e. hydrogen bonds) within the adhesive matrix as

shown in Fig 4.64c.
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Figure 4.64 SEM images of distrribution of MWCNTSs in the fracture surface

4.6.1.1 Adhesive/substrate interface

Figure 4.65 shows an SEM image of the cross-section, indicating very good
bonding at the interface, with no gaps or delaminations being observed. This is
attributed to the improvement in adhesive wetability on the substrate surface
due to the incorporation of inorganic fillers within sol-gel adhesive formulation

which consequently increased the adhesive shear and tensile strength of SG3.

potMagn Det WD b———————{ 10 um
10.2kV 5.0 3086x SE MS-SG

Figure 4.65 SEM image of cross-section at SG3/MS interface
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Figures 4.66 a and b show SEM backscattered electron images in combination
with chemical analysis obtained by using Energy Dispersive X-ray analysis
(EDX) at the adhesive/metal interface and for the bulk adhesive material of SG3,
respectively. It can be seen that both the interface and adhesive matrix regions
(Figure 4.66a and 4.66b, respectively), were rich in carbon, oxygen and silicon
elements, which are the main elements in the adhesive formulation. In addition,
well-dispersed y-Al,O; nano-particles were also observed within the adhesive

material, Fig 4.66b.

a) Images scale 10 um

b) Images scale 10 um

Figure 4.66 EDX maps at (a) the interface and (b) within SG3 adhesive matrix
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4.6.2 FTIR analysis

FTIR measurements were used to examine the molecular structure of the epoxy
resin (DGEBA) cured using the curing agent DETA, and the molecular structure
of the epoxy/sol-gel adhesive (SG3). Figure 4.67 shows the FTIR spectra of the
epoxy resin with DETA where the presence of an ethoxy group is shown by the
appearance of a CH, absorption band at ~ 2950cm™ and a peak at ~ 1290cm™.
A C=C aromatic absorption band at ~ 1680cm™ was also observed. The peak
around 1580-1600cm™ was attributed to a stretching vibration in a N-H bond,
and confirmed the presence of the curing agent. The absorption band of the
epoxy group was seen as a peak at ~ 950cm™ and as a band of peaks between
~ 825cm™ and ~ 3040cm™ corresponded to C-H aromatic substitutions. For
example, the C-H aliphatic bond appeared at ~ 1150cm™ and ~ 1460cm™.
Stretching vibrations in the range 3200-3500cm™ correspond to the O-H bond of
absorbed water molecules.
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Figure 4.67 FTIR spectra of epoxy resin cured using DETA as curing agent
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The characteristic peaks of the FTIR spectrum of the hybrid epoxy sol-gel
adhesive (SG3) are shown in Figure 4.68. The absorption band due to water
molecules at around 3200-3500cm™ is smaller than in the DETA-cured epoxy
resin due to sol-gel polymerisation reactions. Stretching vibrations of C-H were
observed at ~ 2889cm™, and of CH; at ~ 2950cm™. The absorption peaks in the
range ~ 1620-1680cm™ and at ~ 1730cm™ were related to C=C and C-O bonds,
respectively. Observation of other bands in the spectra are due to the presence
of inorganic phases in the adhesive material. A distinct broad absorption peak at
~ 1088cm™ was attributed to Si-O-Si bond, and indicated network formation in
the hybrid epoxy/sol-gel materials [162,163]. The absorption band ~ 800-
950cm™ belongs to the epoxy group and the peak at 3370cm™ is characteristic
of -OH stretching as a result of the Si—-OH, which is probably an unreative group
in the inorganic networks [164]. Absorption peaks for Si-O at ~ 793cm™, Si-O-C

at ~ 1198cm™ and Si-C at ~ 1250cm™" were also found.
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Figure 4.68 FTIR spectra of SG3 (hybrid epoxy sol-gel adhesive)
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4.6.3 Raman spectra analysis

Figure 4.69 shows the epoxy resin (PE) spectrum obtained by Raman
spectroscopy at room temperature and contains spectral bands associated with
bisphenol A, as shown in Table 4.7. The two peaks at ~ 641cm™ and ~ 3621cm’
! are attributed to the aromatic C-H band within the epoxy structure. The peak
at ~ 1897cm™ can be assigned to the asymmetric stretch of CH, or CHs;. A weak
aromatic C=C and a strong aromatic C=C ring (phenyl) appear at 1654cm™" and
1732cm™, respectively. The intense band at 1540cm™ is due to CH, or aromatic
C=C, while the band at ~1460cm™ corresponds to CHs;. A strong peak at
~1270cm™ is thought to be due to the C-O ether group or phenolic C-O. The
peak at ~970cm™ and the small shoulder at ~ 980cm™ can be assigned to C-H

and CH; within the epoxy ring, respectively.
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Figure 4.69. Raman spectrum of DGEBA epoxy material
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Table 4.7 Raman band assignments for DGEBA

[165,166]
Assignments
Raman, cm-1 ( BGEBA cured by DETA))
3621 C-H in aromatic ring
1897 CH3 asymmetric stretch or CH;
1732,1654 C=C aromatic ring
1540 CH; or C=C aromatic
1460 CH3s asymmetric
1270 C-O stretch
980,870 Epoxy ring
641 C-H aromatic

Figure 4.70 shows the Raman spectral analysis of the SG3 (epoxy/sol-gel
adhesive). Compared to the Raman spectra for PE adhesive there are
numerous shifts in peak position or amplitude. In some cases peaks have
disappeared when compared to the unmodified epoxy resin system. The resuits
show new Raman peaks which are related to nano-filler materials in the
modified system. The Raman bands of MWCNTSs are clearly observed in the
spectra. The spectra exhibit peaks at ~ 1275cm™ and in the range ~ 1549-
1590cm™. The former is the graphite G-band, and the latter is the diamond D-
band. The D-band and G-band represent the C-C single bond and C=C double
bond in carbon nanotubes, respectively [167]. In addition, weak Raman peaks
between 400cm™ and 450cm™ correspond to the SiO, network stretch from the
sol-gel structure. Spectra peaks between 830cm™ and 980cm™ are attributed to
the Si-OH asymmetric bond or the Si-O-Si bond [168]. However, Raman
spectral peaks of y-Al,03, which are normally close to the SiO, peak locations,
are shown here between 605cm™ and 610cm™, and this agrees with similar
results found by in Hernandez [169] and Gnyba [168].
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Figure 4.70. Raman spectra of SG3 (epoxy/sol-gel adhesive)

4.6.4 XPS analysis

Surface analysis has made major contributions to the study of adhesive
performance on metallic and non-metallic substrates; and XPS has been used
as an analytical technique to define the mode of bond failure. Here the failure
mode of SG3 adhesive on mild steel and aluminium alloy substrates was

investigated using XPS spectra.

4.6.4.1 XPS analysis of failed lap joint (mild steel substrate)

XPS scans were taken at two points on opposite faces of the fracture surface of
the hybrid epoxy sol-gel adhesive, labelled AD1 and AD2 in Figure 4.71. Visual
inspection of the opposing surfaces in Figure 4.71 clearly shows that the failure
is predominantly interfacial, with some area of cohesive failure within the

adhesive itself.
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AD2

Figure 4.71 SG3 adhesive fracture surface on mild steel
substrate (digital image)

The XPS spectrum recorded the following photoelectron peaks; Cis, O1s, Sizs,
Siyp and a small peak of Alyp, see Figures 4.72 a and b. No other elements were
found in significant quantities on either side of the fracture surface. This result
may be indicative that both AD1 and AD2 were covered with sol-gel adhesive
material because, while the failure was mainly interfacial, there were some
areas of cohesive failure within the adhesive itself. OKLL is an oxygen Auger

peak and it is not relevant to this study.
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Figure 4.72. XPS survey spectra of SG3 fracture surfaces
AD1 and AD2 (lap joint mild steel)

Atomic concentrations obtained from the XPS spectra on both fracture surfaces
showed no significant differences in the percentage of carbon, oxygen, silicon
and aluminium components, see Table 4.8. Based on these results, it is clear
that the location of failure of the lap joints may be inside the adhesive film, near

the interface region.

Table 4.8 Chemical analysis, Atomic % on (Mild steel)

Position, eV AD1 AD2

Cis 285.9 79.92 79.21
O1s 532.4 14.96 15.33
Sip 102.1 4.11 4.31

Al 741 1.01 1.24
Total e 100% 100%
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Detailed scans were performed of the Cis, O1s, Sizp, Cugps, Fezps and Alyy
regions. Figures 4.73 a and b show the C;s XPS spectra of both fracture
surfaces. The carbon peak is strong and broad, indicating that at least four
different chemical states of carbon are present [170,171,172]. This includes the
epoxy, MWCNTs and hydrocarbon contamination from surrounding atmosphere.
After normalisation of the maximum values, the peaks exhibit a small variation
in the binding energies. Each spectrum has been fitted to identify its
components. In Figure 4.73a, one dominant component at 284.7+0.02eV was
attributed to the C-C bond [173,174] on AD1 face, and this chemical bond
appeared with the same binding energy in the AD2 face ~ 284.6+£0.02eV. The
weak peak at 283.1+0.01eV could be related to C=C bond on the AD1 side
[174]. The peak corresponding to the same C=C bond on the AD2 face is
located at 283.7+0.01eV, see Figure 4.73b. The two peaks at 284.3+0.04eV
and 286.6+0.03eV in Figure 4.73a, are assigned to carbon in the C-H/C-O and
C-O-C bonds on AD1 side [174]. These peaks on the AD2 side are located at
285.2+0.04eV and 286.4+0.03eV, see Figure 4.73b. The shoulders with higher
binding energy peak are most probably due to the MWCNTSs in the sol-gel
adhesive. Meng et al. [175] found that the peak region of MWNTs can be
assigned with binding energy at, 286.6eV for C-O bond and at 288 eV for C=0
bond.
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Figure 4.73 XPS spectrum of carbon component; a) on AD1 and b) on AD2

XPS spectra of oxygen also appeared with very strong peaks on both fracture
surfaces as shown in Figures 4.74 a and b. The O peak is asymmetric,
indicating two different chemical states of oxygen are present. O¢s electrons at
about 532.5+0.03eV are attributed to oxygen in SiO2, and oxygen electrons at a
slightly lower binding energy ~ 531.7+0.03eV are related to Al203. Jagadeesh
and Bharat [176] showed that the oxygen spectrum at higher binding energy ~
532 - 534eV corresponded to oxygen in the silica structure, and the lower

binding energy peak of about 530.2-532.0eV is assigned to oxygen in alumina.
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Figure 4.74 XPS spectrum of oxygen; a) on AD1 and b) on AD2

The Siy, spectra for the analysis of both the AD1 and AD2 fracture faces are

summarised in Figure 4.75 a and b. The silicon peak on the AD1 face consists
of two regions, which can be assigned to the Si-C bond at 101.4+ 0.07eV, and
the Si-O bond at 102.6+£0.04eV [177,178], see Figure 4.75a. However, XPS
spectra of the AD2 face revealed a small silicon peak at 100.6+0.04eV due to a
Si-C bond and a silicon peak for the Si-O bond centred at 102.4+0.06eV. The
other spectra with a peak ~ 102.9+£0.09eV may be attributed to ternary Si(C, O),

see Figure 4.75b, as already proposed in the literature [179,180].
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Figure 4.75 XPS spectrum of silicon element a) on AD1 and b) on AD2

The XPS spectral analysis of Aly in the surfaces AD1 and AD2 was used to

identify the Al element within the adhesive material (arising from yAl,O3 nano-

particles). Typically, the position of the Aly, peak lies in the range 72-76eV

[181,182].

Figure 4.76a shows a small peak of Aly, at binding energy ~

74.9+0.03eV, which may correspond to the Al oxide form. However, the two

peaks found on the adhesive face at binding energies ~ 74.4+0.03eV and ~
75.0+0.06eV, may be attributed to bulk aluminium oxide for the first peak and

the hydroxide for the second peak, see Figure 4.76b.
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Fig 4.76 XPS spectrum of aluminium element; a) on AD1 and b) on AD2

4.6.4.2 XPS analysis of failed lap joint (Al2024-T3 substrate)

XPS scans were taken at two points on opposite faces of the fracture surface of
the hybrid epoxy sol-gel adhesive, labelled F1 and F2 in Figure 4.77. Visual
inspection of the fracture surfaces in Figure 4.77 shows clearly that the failure is
interfacial, with some area of cohesive failure within the adhesive itself. This

was an adhesive failure between F1 the aluminium alloy surface and F2 the

adhesive.

g

Figure 4.77 SG3 adhesive fracture surfaces on Al2024-T3 substrate
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In this case, the signal to noise ratio was much better as the magnetic lens
could be used. Figure 4.78 below shows the survey scans from faces F1 and F2
where the composition is overwhelmingly carbon and oxygen, with small
amounts of silicon. In sample F2 (but not F1) a number of other elements are
present, including sodium, nitrogen and chlorine. These elements could be

related to the contamination bn the adhesive surface.
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Figure 4.78. XPS survey spectra of SG3 fracture surfaces
F1 and F2 (Lap joint, Al2024-T3)

Table 4.9 presents the relative atomic concentration in the lap joint fracture
surfaces for the F1 and F2 faces. Clearly differences in the atomic ratio were
observed. Comparing the fracture surfaces, the percentage of carbon
decreased from 81.46% to 71.92%, while the oxygen increased from 13.97% to
21.88%. Small increases in silicon and aluminium were also observed. These

results may indicate that the failure mode was mainly cohesive (within the
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adhesive material), where the same components found on the failed surfaces.
The increase in percentage atomic concentration of C4s on F1 is mainly related
to hydrocarbon contamination on the surface. However, the significant increase
in the Oys ratio on F2 compared to that on F1 may be attributed to the amount of

adhesive on this side where all Al,O3, SiO, and epoxy resin included oxygen.

Table 4.9 Chemical analysis, Atomic % on (Al2024-T3)

Position, eV
F1 F2
Aluminium  Adhesive
Cis 285.9 81.46 71.92
O 532.4 13.97 21.88
Sip 102.1 3.12 418
Aly, 741 1.45 2.01

The C1s spectra of the F1 fracture face, see Figure 4.79a and on the F2 fracture
face in Figure 4.79b show four peaks, notably; (1) A carbon peak in the range
284.3 ~ 284.5 eV, mainly related to the C-C bond in the adhesive formulation
matrix on both F1 and F2. (2) A peak in the range 285.7 ~ 286.3eV attributed to
C-O-C on F1 side and C-O-C and/or C-H bonds on the F2 side. (3) Carbon
peaks in the range 287.6~ 288.2eV attributed to C=0 bond in MWCNTSs on both
F1 and F2, and (4) small carbon peaks at ~288.5eV, attributed to C-H bond (F1
face), and C-O bond of MWCNT materials within the adhesive matrix (F2 face).
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Figure 4.79 XPS spectrum of carbon (lap joint, Al2024-T3);

The Oqs signal is split into two peaks as shown in Figure 4.80a. The difference
in binding energies on the F1 fracture side was very small ~ 0.65eV. The strong
O1s peak at 533.3eV is related to oxygen from silicon dioxide. However, a weak
peak around 532.7eV could be related to oxygen from the y-Al,O; nano-fillers
within the adhesive matrix. The O+ scan on the adhesive fracture face shows
two oxygen peaks, Figure 4.80b, these peaks were wider than those for the

metal face. These peaks are attributed to the oxygen in an epoxy functional

group, silicon

a) on F1 and b) on F2

dioxide and y-Al,O3; nano-particles.
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Figure 4.80 XPS spectrum of oxygen (lap joint, Al2024-T3);
a)on F1 and b) on F2

Figures 4.81 a and b shows the high resolution Siy, spectra obtained for the
metal and adhesive fracture faces of the lap joint. The silicon spectra in Figure
4.81a had two peaks at 102.8eV and 101.6eV that were characteristic of silicon
in the fully oxidized state, as in SiO, and the Si-C bond. However, three peaks
were revealed on the adhesive failure face, see Figure 4.81b, which
corresponded to the Si-O bond at 102.4eV, Si-C at 101.5eV, and a bond at
103.8eV, intermediate between SiC and SiO,[183].
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Figure 4.81 XPS spectrum of silicon (lap joint, AA2024-T3);
a)on F1andb) on F2

Figures 4.82a and b show the XPS scan of Aly, on metal and adhesive fracture
faces of the lap joint. In Figure 4.82a, two peaks were found; one at a binding
energy of ~ 74.5eV corresponding to Al in the y-Al,O3 nano-particles and the
second at ~ 72.1eV related to Al in the metallic phase. The peak intensities are
much higher on the F2 face, Figure 4.82b compared with those on the F1 face,

Figure 4.82a. This may indicate that the failure mode was probably near or at

142



WIIUpM LG T INCOUItY

the adhesive/substrate interface. However, the Al spectra on the adhesive face
(Figure 4.82b) showed an Aly, peak related to Al,O; at ~ 74.1eV, and the
binding energy ~76.2eV may be attributed to hydroxides or oxyhydroxides
compounds [184].
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Figure 4.82 XPS spectrum of aluminium (lap joint, AA2024-T3);
a)on F1 and b) on F2
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4.6.5 Thermo-gravimetric analysis (TGA)

The thermal stability of PE, SG1, SG2 and SG3 adhesives were assessed by
TGA. Tests were carried out in a nitrogen atmosphere at a heating rate of
10°C/min over a temperature range of 35-650°C. This method measures the
weight loss of the heated sample due to evaporation of volatile products. Figure
4.83 shows the changes in weight as a function of increase in temperature up to
650°C. TGA curves for all the adhesive formulations showed very little change
in weight in the temperature range of 35-200°C. Almost all the mass loss of the
PE occurred between about 350°C and 450°C due to adhesive decomposition.

The mass loss in SG1 started at a temperature of ~ 300°C, below that of the

temperature at which initial weight loss changes occur for the PE sample. This
may be related to phase separation in the adhesive matrix. However, the overall
weight loss was lower than PE as a result of the formation of a stable 3D silica
network in the formulation. The majority of the weight loss in SG2 and SG3
adhesives occurred between about 350°C and 550°C, with SG2 losing a greater

proportion of its weight at a greater rate, than SG3.
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Figure 4.83 Thermo-gravimetric analysis of PE, SG1, SG2
and SG3 adhesives
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CHAPTER 5 Discussion

5.1 Effects of composition on strength and structure

5.1.1 Hybrid Sol-gel adhesive formulations

The present work is concerned with assessing the capability of hybrid sol-gel
derived films to act as adhesive materials for metal-metal bonding. S1* silica-
based sol-gel adhesives have been investigated following curing at 120°C for 3
hours. It should be recognised that the joint strength is related to the transverse
and peel stress occurring within the joint. Moreover, other stresses in the sol-gel
film exist due to shrinkage during the drying process and due to the mismatch of
the thermal expansion coefficients between the film and the metal substrate.
The bond strength is related to the formulation of the silica-based sol-gel and
the curing condition. Also, a uniform and water-free sol-gel intermediate layer
plays a role in the strength of the joint. The sol-gel creates a chemically bonded,

porous, and highly cross-linked coating on the substrate surface.

Joint strength was found to improve by increasing the curing temperature to
activate the silanol groups on the metal surface, which provided a chemical
cross-linked network between the sol-gel material and the substrate. Therefore,
changing the number of silanol groups can have an effect on the adhesive
strength of the sol-gel adhesive [185]. FTIR spectra in Figure 4.1 showed a very
strong peak for Si-O-Si bonds, indicating a condensation reaction of the hybrid
silica sol-gel material. In addition, an interaction between the sol-gel adhesive
and the aluminium substrate includes two forces; i.e. a cohesive force within the
sol-gel bulk material dependent upon sol-gel formulation, and an adhesive force
of the sol-gel with the substrates as shown in Figure 5.1. These forces are

responsible for the final joint strength.
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Figure 5.1 Schematic illustration of adhesive and cohesive forces

Figure 4.2a shows the results of SEM analysis on the S1* sol-gel coating cured
at 120°C for 3 hours where it was observed that failure was at the sol-gel/metal
interface (adhesive mode), notably failure of the O-metal bond. The presence of
transverse cracks in the sol-gel adhesive layer was also observed. The failed
lap joint revealed brittle fracture behaviour and low interfacial forces at the
adhesive/surface interface, as the ratio of covered and uncovered area with the
sol-gel materials is approximately 50%. This can be explained on the basis that
the bond energy value of the (Al-O-Si) at this region is lower than that within the
sol-gel material (Si-O-Si). Hence, it is beneficial to remove the solvent from the
sol-gel coating as soon as possible before bonding the two coated Al substrates
together to form the lap shear joint. Evaporation of solvents from the sol is
expected to promote the gelation stage, where the alkoxide gel precursors in
aqueous solution hydrolyse, and polymerise through alcohol and/or water
condensation reactions. Shear strength may also be improved by decreasing
the thermal expansion coefficient mismatch between the sol-gel coating and the
substrate. This may be achieved by the addition of micro/nano particles to the

adhesive system.

5.1.1.1 Addition of polyaniline (PANI)

It has previously been shown that the addition of PANI to a sol-gel system
causes an increase in corrosion resistance [186]. Given this benefit it was
decided to investigate the addition of PANI on joint strength. AD2* sol-gel joints
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modified by 0.05 wt % polyaniline appear to show a small improvement in the
joint strength compared with that of the unmodified sol, see Figure 4.3. Mixed
cohesive and adhesive fracture was observed on the failed surfaces of the test
samples, see Figure 4.4. The adhesive strength increased as the curing time
increased from one hour to 16 hours at the same cure temperature of 170 °C.
This increase in strength is explained as being due to increased condensation
and the removal of residual solvent from the sol-gel following extended curing.
Moreover, the small enhancement in the adhesive strength may be related to
the improved flexibility of the sol-gel because the long chain PANI within the sol-
gel, provides additional cross-linking within the silica-based sol-gel. Fracture
surfaces showed cracks within the sol-gel adhesive, resulting weakly-bonded

structure, see Figure 4.5.

5.1.1.2 Addition of y-Al,O; nano-particles

y-Al,O3; nano-particles have been used in the sol-gel coating to improve its
mechanical properties [187]. The shear strength of the y-Al,O3 nano-particle
modified sol-gel was higher than that of the unmodified sol-gel as shown in
Figure 4.7. Combined cohesive and adhesive fracture surfaces of the y-Al2O3
modified sol-gel joints (AD3*) were observed on both joint sides. The highest
shear strength was recorded at 4.48MPa with the addition of 0.5 wt % y-Al,0;
nano-particles, improving the joint shear strength by a factor of three compared
to that of the unmodified joints. The doped y-Al,O; nano-particles were well
dispersed in the sol-gel and increased the cross-linking of the silica-based sol-
gel adhesive. y-Al,O3 nano-particles enhanced the interaction area of bonding
within the adhesive matrix. Further increase of the nano-y-Al,O3; content in the
sol-gel led to a decrease in joint strength. It is suggested that this decrease is
due to the existence of some free-bonded y-Al,O; particles in the sol-gel, which
reduce the cross-linking of the sol-gel network structures and the adhesion
between the adhesive and the aluminium substrate. SEM revealed that a
boundary layer existed between the sol-gel adhesive and the Al substrate
(Figure 4.8), where enrichment of the y-Al,O3 particles was observed. These
results confirmed that the nano-y-Al,O3; additive was closely related to the
change in the structure of the sol-gel adhesive which, in turn, may be related to

the improvement of the joint strength. The y-Al,O3 nano-particles were well
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dispersed in the sol-gel adhesive having a typical diameter of about 40~100nm.
Also, the distribution of y-Al,O3 particles in the sol-gel may reduce shrinkage
during the cure process compared with that of S1* sol, thereby contributing to
the increase of the adhesive strength. Sun and co-workers [188] also
demonstrated that the addition of y-Al,Oz particles not only contributes to
improving the bonding between the adhesive and the metal substrate, but also
compensates for the volume shrinkage of the adhesive during the curing
process. The surface profile of the bare and the failed specimen were also
investigated using IFM as shown in Figures 4.10a and b. It is observed that 60
~ 75% of the failed surface was covered by the sol-gel adhesive in (a)
compared with the bare Al substrate (b). This indicates that the 0.5 wt% doped
y-Al,O3 improves the bonding at the adhesive/substrate interface and hence

increases the sol-gel joint strength.

5.1.1.3 Addition of TiO, nano-particles

It was expected that the addition of TiO2 nano-particles would result in a change
in the sol-gel adhesive behaviour because of their good physical (high refractive
index) and chemical stability [189,190]. Analysis of the TiO. nano-particle
modified sol-gel adhesive samples revealed an increase in joint strength by up
to three times compared with that of the unmodified system. Nano-particles of
TiO, may play a role in improving the chemical stability due to hydroxyl groups
(-OH) on the surface of the TiO, nano-particles which can react with hydroxyl
groups in silica nano-particles enhancing the network structure in the sol-gel
formulation due to the capability of Ti ions to coordinate tetrahedrally. The TiO2
nano-particles were uniformly distributed within the sol-gel system, as shown in
the SEM image in Figure 4.14, this distribution enhances cross-linking of the
hybrid silica nano-particles. In addition, the drying process and the curing
temperature promote the formation of a strongly cross-linked network. An
increase of joint strength with increasing concentration of TiO nano-particles
was observed, see Figure 4.12. The addition of 2.0 wt% TiOz into the sol-gel
adhesive increased the strength by a factor of three compared with that of the
unmodified system. However, as with the addition of y-Al,03 nano-particles to
the sol-gel, a reduction of the joint strength occurred with further increase of the
TiO, concentration, notably beyond 2.5 wt%. As discussed above, this
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decrease is due to the existence of some free-bonded TiO; particles in the sol-
gel structure. The morphology of the fracture surface was investigated by SEM
as shown in Figure 4.14. It can be observed that the TiO, nano-particles were
well dispersed within the silica-based sol-gel adhesive. The improvement in
adhesive strength of the modified joint was attributed to the formation of both Si-
O-Si and Si-O-Ti bonds in sol-gel matrix as supported by FTIR spectrum in
Figure 4.13.

5.1.1.4 Addition of PANI and y-Al;O;

It was reported that the combination of PANI chains and inorganic nano-
particles such as y-Al,03 as hybrid material could improve composite properties,
such as thermal stability [191] and increase their application for corrosion
resistance [192]. The experimental results in Figure 4.17 show a significant
increased in shear strength with the doping of y-Al,O3; and PANI in the original
sol-gel (S1%). Differences in formulation chemistry notably, the different ratios of
y-Al,O3/PANI, led to slight changes in the adhesive bond strength. The fracture
surface behaviour of AD5*, AD6* and AD7* samples showed different failure
modes which may explain the variations in lap shear strength of the three

adhesive formulations.

5.1.1.4.1 Adhesive strength of AD5

The results show that the average shear strength of AD5* specimens was
4.49+0.02 MPa and fracture surface mode was an adhesive (interfacial), see
Figure 4.19. The AD5" formulation was obtained by doping 0.01g PANI and
0.42g y-Al,O3 into the sol-gel, see Table 3.3. The introduction of the parent
polymer (PANI) and the high surface area of the inorganic component (y-Al,O3)
in the sol-gel system (as composite material) may provide high dispersion and
easy flow of adhesive on the substrate surface. As PANI is dispersed in the sol-
gel, the polymer chains may diffuse between the inorganic particles and
chemical interaction within nano-composite structure may take place. These
composite systems can provide new synergistic properties that can not be
attained from individual materials. The adhesive strength performance in this

system was significantly better compared to that in S1* or AD2*. It was reported
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that nano-fillers can improve the mechanical performance of polymers due to
their adsorption capacity and high aspect ratio, which give greater possibility of

energy transfer from one phase to another [193].

5.1.1.4.2 Adhesive strength of AD6*

The lap shear strength of AD6* was also significantly increased compared with
that in the original sol-gel (S1%), and the strength value was ~ 5.09+0.1 MPa.
The curing procedure (polymerisation), may play a role in achieving these
strength levels, where monomer molecules react together to form three-
dimensional networks. Note, the AD6* joint failed in an adhesive mode
(interfacial). This formulation was prepared by doping 0.02g PANI and 0.5g y-
Al,O3in the sol-gel material. It can be seen that the percentage of PANI and y-
Al,O3is higher in this formulation than in AD5*. Increasing the concentration of
functional groups of -OH and PANI chains contributed to an increase in the
degree of cross-linking via O-Si-O, O-Al-O, and N-H-O-Si bridges. It was
observed that for one sample the adhesive was unevenly distributed between
the two surfaces resulting in fracture at the adhesive/substrate interface (Figure
4.18a). The performance of adhesive joints is strongly influenced by the
interaction between the metal surface and the adhesive. Cracking was
observed along both the interface and the sol-gel adhesive itself. The brittle
behaviour of AD6% adhesive may also contribute in increasing the strength of
joint, see Figure 4.20, compared with that of AD5* and AD7*.

5.1.1.4.3 Adhesive strength of AD7*

Formulation AD7* was produced by doping 0.1g PANI and 0.32g y-Al,O3 in the
original sol-gel. The ratio of PANI to y-Al;03 in the AD7* was higher than that in
AD5* or AD6* formulations and the corresponding adhesive shear strength was
~. 4.37+0.1 MPa. Cohesive fracture mode in AD7* specimens were observed,
see Figure 4.18b. The reduction in AD7* adhesive strength compared to that of
AD5* or AD6* may be related to the increased PANI concentrations in AD7%. It
was reported [194] that the PANI polymer has poor mechanical performance,
the increased in amount of PANI within the adhesive may limited load transfer

to the inorganic component, and therefore decreased adhesive bond strength. It
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appears that the cohesive forces within the adhesive matrix may be limited as
the polyaniline loading increased, resulting in an increase in free PANI chains
within the sol-gel structure.

Generally, the improvement of the mechanical performance of AD5*, AD6* and
AD7* over that of the unmodified sol-gel depends on the balance of PANI and y-
AlL,O3; additions into the sol-gel structure. These materials led to an increase of
the three-dimensional network within the sol-gel structure via y-Al,O3; and/or two
dimensional branches of PANI which enhance the adhesive cross-linking. As
stated an increase of PANI may lead to free PANI chains, which would
decrease the adhesive strength, while an Increase of y-Al,O3 particles may
cause the existence of un-bonded nano-particles which has a negative effect on

the degree of cross-linking within the adhesive.

5.1.2 Adhesive strength of hybrid epoxy/sol-gel adhesives

The presence of hydroxyl groups in the sol-gel epoxy adhesive can, via
condensation reactions form a strong cross-linked bond within the sol-gel epoxy
adhesive, and the number of metal-oxygen (Me-O) bonds increases with the
release of residual water and organic solvent during the early stages of drying.
Further increase in cross-linking and Me-O bonding occurs during the high
temperature cure regime. The matrix of the silica-based sol-gel played a major
role in providing three dimensional networks within the adhesive. In addition, the
presence of y-Al,O3 nano-fillers in the adhesive may act as a coupling agent to
create a link between the siloxane and the epoxy structure. This increase in
cross-linking will enhance the structure of the adhesive and thus increase the
lap shear strength performance.

It is well known [195] that the properties of the bisphenol-A epoxy are related to
the curing agent and the opening of the epoxy groups. It has been reported that
changing the amount of curing agent will have an effect on the degree of cross-
linking and the formation of chemical bonds in the cured epoxy system [196].
DETA was used as the curing agent in the PE sample to open the epoxy rings
via the reaction of the epoxide groups with the active hydrogen atoms in the
curing agent (hardener). However, the epoxy groups can also be opened up by
the nitric acid that was used as the catalyst to promote the hydrolysis and

condensation reactions of the sol-gel. In this modified system, the hydroxyl
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groups generated by the opening of the epoxy rings can lead to condensation
with the hydroxyl groups in the sol-gel network. This reaction may create some
bonding between the sol-gel and the epoxy. The difference in lap shear strength
of PE and SG1, Figure 4.22, on Al2024-T3 and mild steel may be related to the
lack of full cross-linking and/or phase separation between the epoxy resin and
the sol-gel matrix in SG, see Figure 5.2a. The addition of y-Al,O3 nano-particles
further strengthen this cross-linking, greatly increasing the lap shear strength of
the samples SG2/Al and SG2/MS, compared with the PE and the SG1 on both
material substrates. The presence of y-Al,O3; nano-fillers in the adhesive may
prevent phase separation within the matrix. It was reported [197] that when
nano-alumina particles are incorporated into an epoxy resin, the cure kinetics of
the resin are affected due to the catalytic effect of hydroxyl groups on the
particles. Changes in adhesive structure (phase separation) were observed on
adding y-Al>O3 nano-fillers into the epoxy/sol-gel matrix, see Figure 5.2b. A
clear solution was produced indicating the high degree of miscibility and cross-
linking, which enhanced the structure of the adhesive and thus increased the

lap shear strength performance.

Figure 5.2a) Phase separation between epoxy and sol-gel matrix on glass slide,
b) Effect of addition of y-Al,O; into epoxy/sol-gel

The doping of MWCNTs in SG3/Al and SG3/MS caused a further increase in
the adhesive strength on AI2024-T3 and mild steel substrates. These

improvements in lap shear strength were also related to the uniform distribution
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of nano-fillers (i.e. y-Al,O3; and MWCNTSs) within the matrix which led to an
increase of the surface contact area between the nano-particles and the
polymer. The SEM image presented in Figure 5.3 shows the distribution of
MWCNTSs, which is thought to be coated with adhesive matrix, rich in SiO,
nano-particles (i.e. size 40-80 nm) derived from the sol-gel matrix, and y-Al,O;
(i.e size 10-20 nm). The appearance of silicon, oxygen and aluminium peaks in

EDX spectra confirmed the presence of these materials.
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Figure 5.3. (a) SEM image of distribution MWCNT and inorganic nano-materials
in SGA3/Al, (b) EDX spot analysis of surface of MWCNT

The incorporation of nano-filler materials in the epoxy/sol-gel led to an increase
of the surface contact area between the nano-particles and the polymer and
decreased or minimized the gap and nano-voids within the adhesive matrix
compared with that of the unmodified epoxy/sol-gel system, see Figure 5.2a&b.
This was also suggested by Wetzel et al. [198] who demonstrated that large
contact areas between the organic and inorganic component within the matrix
reduced the presence of voids; leading to an improved joint strength.
Furthermore, it was found that MWCNTs act as a reinforcing phase in the
epoxy/sol-gel system resulting in an increase of the joint strength. However,
only a relatively small difference was observed between the adhesive strength
of SG2/Al and SG2/MS compared to SG3/Al and SG3/MS samples. The reason
for this might be due to the small concentration of MWCNTs added in the matrix.

153



5.1.2.1 Al,O; effects (SG3)

The incorporation within the SG3 formulation of small amounts of spherical y-
Al,O3 nano-particles, up to 4.0 wt%, caused an increase in joint strength. This
increase may be related to the distribution in the adhesive matrix allowing
greater interaction between the y-Al,O3; and silica network in the form of Al-O-Si
bonds. It is also possible that, y-Al,03 in contact with the polymer segments
resulted in less hindrance to the polymer [199] allowing the polymer chains to
extend into the matrix and build up strong interaction, which would lower any
stress concentrations at the particle/matrix interface, leading to improved
adhesive toughness. The changes observed in the stress/strain curves shown
in Figure 4.25 confirmed the improvements in the adhesive strength within low
nano-filler volumes. In addition, y-Al,O3 nano-fillers have an important influence
on the curing behaviour of the SG3 formulation, including a catalytic effect of
the hydroxyl groups of the particles which increased the local concentration of
the activated components, thus increasing the curing reaction rate and the
cross-linking density within this doping ratio [200]. However, SG3 shear strength
gradually decreased as y-Al,O3 nano-fillers increased beyond 4.0 wt%. At high
volumes of y-Al,O3 particles, poor interfacial bonding or adhesion between the
filler and the adhesive matrix, or the presence of a large free volume phase (un-
bonded) of these nano-fillers in the matrix, may have occurred leading to a
lower bond strength with the substrate. Micrographs of fracture surfaces
presented in Figure 4.26 show the presence of long flakes (Figure 4.26a) that
were not seen in Figure 4.26b. A low concentration of y-Al,03 (1.0 wt %) in the
sol-gel appears to limit the ability to carry the external load and long cracks
appear within the matrix, see Figure 4.26a. Changes in adhesive structure
occur on the addition of 4.0 wt% y-Al,O3; resulting in short crack pathways,
suggesting the material may act as a barrier to crack propagation and thereby
increases the energy required for fracture. However, further increase of y-Al,O3
(10 wt%), see Figure 4.26c, caused low interfacial bonds at the
adhesive/substrate interface (interfacial fracture mode), and allowed the

formation of micro-cracks in the bulk of the adhesive material which lowered its

strength.
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5.1.2.2 MWCNTs effects (SG3)

Figure 4.27 shows that the introduction of small amounts of MWCNTSs into the
SG3 adhesive improved the shear strength to a value of ~25MPa. The
presence of a nitric acid catalyst within the sol-gel process may also help in
creating carboxylic and hydroxyl groups on the MWCNT surface. Pitalsky et al.
demonstrated [201] that chemical agents such as HNO; increased the density
of polar functional groups on the CNT surface. This would result in strong
interaction, or anchoring, of sites along the nano-tubes with the adhesive matrix,
which would enhance the adhesive structure given the high relative surface
area of MWCNTs. In addition, MWCNTs may play a role in minimising
microcrack formation by bonding to silica nanoparticles via the interaction of the
carboxylic with hydroxyl groups of SiO;. It has been reported [202] that the
increase in load transfer provided by deformed MWCNTSs within the matrix give
rise to Si-O-CNTs bridges and/or polymer/CNT interactions. Therefore, it would
result in the development of strong interfacial bonding between the matrix and
the MWCNTSs. However, a decrease in bond strength of the epoxy/sol-gel hybrid
system was observed with the addition of a higher volume of MWCNTSs (up to
0.07 wt%). This may be attributed to the increase in internal stresses as the
degree of micro cracks increased due to the presence of free CNTs during
densification, leading to a decrease in bonding. Additionally, the high level of
CNTs may result in their aggregation and an increase of viscosity which can
lead to the formation of defects and cause the adhesive strength to deteriorate.
This was also supported by Shu-quan et al. [203] who concluded that increasing
the concentration of CNTs increases the viscosity of the adhesive matrix and
impedes the removal of bubbles, which remain in the matrix and degrade the
mechanical properties.

The results presented in Figure 4.28 show the influence of the addition of
MWCNTs on the adhesive performance of SG3 in terms of stress/strain curves.
At low concentrations, good CNT distribution within the matrix led to a high
degree of cross-linking, which enhanced the ability of the adhesive to stretch
and to carry high loads before failure [204]. However, with increasing amounts
of CNTs (i.e. > 0.07 wit%) a reduction in strain was observed. The small
amounts of CNTs led to a mixed fracture mode, see Figure 4.29a. Low

proportions of CNTs may play a role for reinforcing the adhesive matrix, thus
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improving the strength. With increase in CNTs up to 1.0 wt%, the mode of
failure was interfacial, see Figure 4.29c, which could be related to the increase
in adhesive viscosity and reduction in adhesive wetability on the substrate

surface.

5.2. Effect of the cure temperature
5.2.1 Hybrid sol-gel adhesives

The results in Figure 4.30 indicate that the AD7* adhesive was not completely
cured at 110°C with an incomplete condensation due to the low temperature,
resulting in a relatively high residual solvent content in the sol-gel. By increasing
the cure temperature of AD7* sample from 130°C to 150°C, the sol-gel strength
increased from 3.26 to 4.72MPa (40% increase), see Figure 4.30. The increase
in the cure temperature is beneficial, because removal of residual products or
solvents in the adhesive and more effective silanol condensation is promoted at
higher temperature. Thus, the increase in the adhesion strength is attributed to
a strong chemical bonding between the adhesive and the substrate during the
drying stage. However, a further increase in the cure temperature up to 180°C,
for AD7* showed a decrease in the bond strength. This may be due to an
increase of the residual stress in the adhesive caused by the mismatch of the
thermal expansion coefficient between the adhesive and substrate. This stress
may generate micro-cracks, leading to a decrease in the strength. A trend of
increasing sol-gel bond strength with increasing adhesive extension was
observed with increasing cure temperature, see Figure 4.31. This is thought to
be due to an increase in the degree of the cross-linking within the adhesive

which is improved by higher input thermal energy.

5.2.2 Hybrid epoxy/sol-gel adhesives (SG3)

It has been reported that increased curing temperature promotes physical
adsorption and the diffusion between adhesive and substrate at interfaces [205].
Moreover, the curing temperature is beneficial for increasing the degree of
adhesive conversion (cross-linking) during the curing reaction [206]. Thus, the

peel strength should increase significantly with increase in bonding temperature.
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However, Figure 4.32 shows that SG3 adhesive strength on an Al2024-T3
substrate decreased as cure temperature increased. This behaviour could be
attributed to the differences in the thermal expansion coefficients at the
adhesive/substrate interface, where the thermal expansion coefficient for
aluminium alloys is ~ 23x10%°C. This should be compared with the
experimental results of SG3 on mild steel substrate where increasing cure
temperature had little effect on shear strength, indicating good surface stability
over the range of temperatures tested. It should be noted that the thermal
expansion coefficient of mild steel is ~12x10%/°C, around half the value of
Al2024-T3.

Changes in peak intensities in the FTIR spectra were observed as the cure
temperature increased, see Figure 4.33. With increasing cure temperature for
the SG3 sample, the peak which appears at 1088cm™, strongly suggests that
temperature is required to promote the cure reaction (leading to improvement in
epoxy/sol-gel branching). The gradual disappearance of the Si-OH silanols
peak (~ 800-915cm™) as the temperature increased, confirms the improved
cross-linking via a Si-O-Si bond within the matrix. In addition, the degree of
formation of hydrogen bonding of neighbouring inorganic particles via the
presence of Al-OH and/or Si-OH bonds increases with temperature causing an
increase in the strength of the bulk material. This process is seen through the
appearance of an absorption peak shoulder which appears in the range ~ 1088-
1100cm™ and which probably corresponds to Al-O-Si or Al-O-Al bonds as cure
temperature increased. Also, the conversion of the hybrid epoxy/sol-gel
adhesive from liquid-like to solid-like state and the release of solvent or water
molecules from the process are enhanced. This was confirmed by FTIR in the
disappearance of the -OH peak, corresponding to removal of water molecules,

see Figure 4.33.
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5.3. Effect of the cure time

5.3.1 Hybrid sol-gel adhesive

The experimental results shown in Figure 4.34 demonstrate that increasing cure
time improves the joint strength, being due to the removal of the residual
solvent from the sol-gel at the appropriate cure temperature. For example, after
30 minutes heat treatment, the AD7* sol-gel adhesive was still in a "paste-like
state" and the shear strength was very low. With an increase of the curing time
up to 16 hours, the adhesive became solid and the shear lap strength greatly
increased. The greatest shear strength obtained was 4.72 + 0.7MPa for AD7*
after 16 hours heat treatment. Furthermore, the load/extension to break curves
showed that the adhesive strength enhanced with increase of the cure time, as
shown in Figure 4.35. Long cure time facilitates heat transfer during the process,
causing a complete condensation of the sol-gel adhesive and thereby
increasing the internal bond strength. Stewart and co-workers [207] stated that
adhesive cross-linking will enhance as the cure level is increased in both
duration and temperature; as greater thermal energy is supplied to the system
more curing reactions can take place more frequently and a higher degree of
cross-linking within the network can occur. It is indicated that 16 hours as an
optimum cure time improved the cross-linking of the adhesive compared with 1

or 2 hours cure time. Hence the adhesive strength increased.
5.3.2 Hybrid epoxy/sol-gel adhesive (SG3)

The experimental results for the SG3 system also showed that as cure time
increased the improved cross-linking had positive effects on the bond strength.
When the curing time was increased from 1 hour up to 16 hours, the adhesive
transformed from a low molecular viscous liquid to a dense cross-linked
adhesive network due to polymerisation. Increased time at higher temperature
increases the mobility of different molecules in the bulk material during the
reaction and allows more monomers to react during the curing process. This
occurs through two steps; the adhesive gelation time, where the formation of
infinite molecular branches can increase the viscoelastic behaviour of the
adhesive liquid; and the vitrification time, where the adhesive formulation

changes to a more solid-like state. Increasing the exposure of the SG3
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adhesive matrix to heat resulted in the production of more Si-O-Si bridges in the
formulation. This is seen through the disappearance of the Si-OH peak at ~
905cm™ as shown in Figure 4.37a. Moreover, the presence of the inorganic
nano-filler materials (i.e. Al;03 and MWCNT) within the epoxy/sol-gel system
improved the final structure linkage. Furthermore time is required to reach a
fully cured state (solidification) through the formation of chemical interactions
within the matrix (i.e. Si-O-C and Al-O-Si). FTIR analysis confirmed the role of
cure time on degree of cross-linking between the organic/inorganic components,

see Figure 4.37b.

5.4 Effects of surface roughness

5.4.1 Hybrid sol-gel adhesives

An increase in the mechanical interlocking between the adhesive and the
adherent will increase the overall bond strength. This effect is well cited in the
literature as the mechanical bonding or mechanical interlock theory [208,209].
Mechanical interlocking occurs when the adhesive penetrates into the pores of
the adherent surface or other irregularities of the surface of the substrate and
then locks mechanically to the substrate. Thus, the adhesive interlocks with the
substrate on both sides, providing a simple mechanical keying effect that leads
to an improvement of the bond strength. Surface roughness on the microscopic
scale improved the adhesive/adherent interface. Baburaj et al pointed out that
large surface roughness diverts the failure pathways from the interface to the
bulk adhesive leading to lower strength [210]. Moreover, over-roughening of a
surface can sometimes be detrimental because trapped air and surface
contaminants can remain at the bottom of troughs and pores and hence impede
bonding [211]. The experimental results in this work using AD3* and AD4"
showed that the change in the surface of the Al alloy, polished with 6um, led to
an increase of the joint strength compared with 1um see Table 4.2. This is
related to the change in surface roughness as shown in Figure 4.38, where the

polished surface leads to a low degree of mechanical interlocking.
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5.4.2 Hybrid epoxy/sol-gel adhesive (SG3)

Changes in surface roughness can limit intimate contact at the interface, which
can affect the final adhesion strength. It was clear from the experimental results
that the strength of the single lap joints decreased with decreasing surface
roughness. The magnitude of the surface roughness and adhesive viscosity
determined whether the adhesive liquid is in complete contact with the substrate
or only in partial contact [212]. The increase in joint strength of a metal surface
treated with different grades of abrasive paper may be attributed to the
availability of extra interfacial bond area. The adhesive penetrates the pores,
hardens, and acts as micro interlocking wedges leading to the increase in real
interfacial shear strength [213]. IFM results confirmed that a smoother surface
gave a lower roughness profile, and thus decreased the interlock process. The
adhesive fracture surface in all specimens treated mechanically indicated that
the failure mode was mixed, that is, adhesive/cohesive. For example, the
changes in average surface roughness from 1.62 microns achieved using paper
grade P120, to 1.076 microns with P600, led to significant changes in the
percentage (adhesive/cohesive) failure mode from ~ 70% into ~ 33%,
respectively. This can be clearly observed in the SEM images, see Figure 4.42,
which shows the changes in mechanical interlocking as the surfaces become

rougher after being abraded with P120 and P240 abrasive papers

5.5 Bond geometry effects (SG3)

The stresses occurring within a lap joint when forces acting in the plane of the
adhesive attempt to separate the two bonded surfaces, playing a major role in
determining the joint’s strength. The level of stress depends on the joint
geometry, i.e. the width and length of the overlap. The experimental results
showed that the adhesive shear strength increased with overlap area for short
bond areas. However, the joint strength decreased with overlap bond area
greater than 375 mm?. During the test, the ends of the bonded joint will carry a
higher proportion of the load than the interior area, see Figure 5.4 [214]. Failure
will initiate and propagate from these points. Further increase in bond area does

not result in an increase in load-carrying ability. This can be explained in terms
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of the deformation capacity of the adhesive and stress distributions. For short
bond areas, the joint will operate above the yield strength of the adhesive,
Figure 5.4a, where the stress can exceed the yield adhesive strength across the
joint. However, for intermediate and long bond areas, the joint will operate at
stresses below the adhesive yield strength Figure 5.4b and c, where the stress
in a region near the mid-point of the joint falls below the yield adhesive strength.
In addition, the longitudinal stress from the direct load and the bending moment
at the lap joint edges creates plastic strains which cause failure in the adhesive
[215,216].
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Figure 5.4 Influence of overlapping on adhesive lap joints [214]

5.6 Influence of the external environment

5.6.1 SG3 adhesive tested at high temperatures (lap joints)

The ability to use an adhesive at high temperature is mainly governed by the
chemical nature of the adhesive structure. The organic polymer component in
the hybrid epoxy/sol-gel adhesive formulation for this work was a DGEBA-
based epoxy resin. The experimental results on the SG3 adhesive showed that
at low test temperatures the adhesive was in the solid-like state due to the high
degree of cross-linking which is resulting high bond strength. However, the
adhesive bond strength markedly decreased as the test temperature increased,

see Figure 4.45, causing the adhesive to soften and reducing its ability to
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absorb energy. The results shown in Figure 4.46 indicate that the adhesive
shear strength at low temperatures for both adhesives are significantly better
than at higher test temperatures. The mobility of the polymer chain may
increase at the elevated temperatures and facilitate the re-orientation of the
organic polymer chains, therefore increasing the degree of creep and

weakening the bond, both cohesively and adhesively.

The improvement in the adhesive strength of SG3, at low temperatures,
compared with the value cited in [142] are attributed to the inorganic
components. Zhang et al. [217] have shown that the addition of nano-particles
into a polymer matrix enhances its bond strength at various stress and
temperature levels. The changes in fracture mode of the lap joints, as the
temperature increased, is clearly observed, see Figure 4.47. Lap joint
specimens at lower testing temperatures (i.e.40°C) failed in a mixed
adhesive/cohesive mode, which suggests the adhesive toughness was better in
this temperature range compared to that of the higher temperature range (i.e.
120°C). On the other hand, the reduction in cohesive forces as the adhesive
material being softening by temperature may be the reason for decreasing the

lap shear strength in specimens tested at high temperature, see Figure 4.47.

5.6.2 Effects of immersion in 3.5% NaCl on adhesive strength

5.6.2.1 Hybrid sol-gel adhesives

The presence of nano-particulate fillers within the sol-gel system may provide a
reduction in the permeability of the adhesive to water, due to their solid state
nature which is unlikely to be affected by moisture. The present work indicated
that the maximum shear force at failure of the adhesive joints after being
subject to immersion for 7 days in “wet” conditions (3.5% NaCl solution) was
less than that for dry conditions. Figure 4.48 shows the percentage reduction in
shear strength on exposure to 3.5% NaCl solution. In general, AD6* and AD7*
recorded better results than AD3* and AD4* sol-gel adhesives. The combination
of PANI and y-Al,O3 within the AD6* & AD7* may play a role in decreasing their
environmental degradation compared with that for AD3* & AD4*. Several
studies [218,219,220] have demonstrated that the presence of PANI polymer

within sol-gel systems can increased their anticorrosion performance because
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of the ability to oxidise base metal to form a passive layer at the interface.
However, the reduction in strength may be attributed to a decrease of the
adhesive cross-linking to the surface substrate. For example, AD3* and AD4*
joints failed by cohesive fracture in dry conditions, Figure 5.5a. Further, in “wet”
conditions, defects in the cohesive fracture surface were also observed in AD3*
and AD4* Figure 5.5b. It can be seen that the adhesion performance is more

stable in dry conditions than that in “wet” conditions.

(AD3) 2% yAI203 (AD8) 2% TiO2

Figure 5.5 Fracture surface of AD3* and AD4*
(a) dry condition and (b) wet condition (3.5% NaCl solution)

The presence of NaCl solution caused damage associated with interfacial
disbonding of the immersed specimens. Lawrence and Chau [221] reported that
the changes in the adhesive properties between the substrate and the sol-gel is
due to moisture absorption and trapping of water by the hydroxyl groups,
resulting in the breakdown of inter-chain hydrogen-bonded structures. In
considering the adhesive/substrate interface one must consider, not only the
possibility of moisture disrupting the bond, but also the possibility of corrosion of
the substrate. Corrosion can quickly deteriorate the bond strength due to
Jacking' forces of the corrosion products formed. It can be observed that the
sol-gel joint failure started from corrosion pit initiation on the Al substrate around
the edges of the bonded area, see Figure 4.50. Moreover, any cracking which

develops around the pitted regions will increase the peel and transverse stress
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effects during the test and lead to a decrease in strength. In Figure 4.51, it can
be seen that cracks and de-lamination of the substrate surface due to the
environment has occurred. The environment attacks the chemical bonds at the
interface and increases water diffusion into the joint. This chemical degradation

subsequently causes a reduction of the physical properties of the adhesive.

5.6.2.2 Hybrid epoxy/sol-gel adhesive (SG3)
5.6.2.2.1 Adhesive shear strength (Mild steel)

The adhesive shear strength of SG3 aged for different times in 3.5% NaCl
solution decreased as the immersion time increased. The reduction in bond
strength for the first, second, fourth and eighth week were recorded as 32%,
40%, 50%, and 96% respectively. For short periods of immersion (from 1-4
weeks), the adhesive structure resisted the penetration of water into the
adhesive/substrate interface. The degree of disbondment from a defect in the
adhesive layer was very low. The incorporation of filler materials in the adhesive
matrix lowered the free volume of bonds that can be influenced by moisture.
Harun et al [222 ] demonstrated that the presence of silane functional group
bonded to a steel substrate enhanced the wet adhesion of epoxy-based
adhesive. With increased immersion time, corrosion takes place at the joint
edges. This in turn can increase the diffusion rate of water into the adhesive
causing an increase in the area of disbondment and consequential loss of

strength.

The combination of interfacial (adhesive/substrate interface) and cohesive
fracture, see Figure 4.54, may indicate that the increase in moisture within the
adhesive leads to a break down in the degree of cross-linking both within the
adhesive and at the interface. The above factors lead to local stress
concentrations thus substantially reducing the joint lap shear strength. The
difference in crack behaviour in the SG3 after one and eight weeks immersion
in 3.5%NaCl is clearly observed in Figure 4.55. The weakening of the
interaction within the adhesive matrix with time confirmed the reduction in
adhesive strength. This may be related to plasticisation in the bulk adhesive

material with long term immersion due to a physical interaction of the adhesive
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with ingressing water. Petrie [223] reported that polymers often absorb moisture
to some extent and so become plasticised by water molecules, so changes in
the bulk properties are to be expected. The diffused water can disrupt the
hydrogen bonding between the molecular chains within the adhesive matrix,

affecting in the adhesion performance.

5.6.2.2.2 Adhesive shear strength (Al2024-T3)

Relative to the results obtained with a mild steel substrate, Al2024-T3 showed
significantly less reduction in adhesive shear strength for all immersion times.
This may be attributed to aluminium oxide layers on the surface, which
enhanced the corrosion resistance behaviour of Al2024-T3 substrate as stated
in [224]. In addition, the formation of AI-O-Si covalent bonds at the
adhesive/substrate interface during the polymerisation process (curing) reduced
the moisture or water penetration at these regions and, as a result, increased
the load at failure. It has previously been reported [225] that aluminium oxide
and silicon oxide may form a stable mixed oxide barrier layer at the interface,
which reduces pitting corrosion on the substrate surface and increases

adhesion.

Nevertheless, the more time the lap joint was immersed in the NaCl solution the
lower the adhesive strength. The percentage reduction in adhesive strength for
one, two, four and eight week immersion periods was 29%, 39%, 42% and 68%,
respectively. In this case, the adhesive performance may be influenced by
water penetration within the adhesive matrix which lowered the adhesive glass
transition temperature "T", (the temperature which the adhesive changed from
rubber-like to a solid like state) by reducing the forces between adhesive
molecules. Uddin et al. [226] reported that moisture effects cause a reduction in
Tg and mechanical integrity of a cured adhesive. As the uptake of the
aggressive medium within the matrix increased with time so the degradation in
cohesive bonding increased, causing a reduction in the joint's ability to carry
load. The presence of very short cracks and cohesive mode failure was
observed in the fracture surface images after one week of immersion, see
Figure 4.59a. More significant development in the size of cracks on the fracture

surface were observed after eight weeks immersion, see Figure 4.59b,
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suggesting increased moisture uptake as time increased which caused more
defects within the adhesive matrix, hence a drop in shear strength, in this case
of up to 70%.

5.6.3 Adhesive tensile strength of SG3 (butt joints)

From Table 4.5, it is clear that SG3/MS subjected to tensile loading showed
high bonding (strength) performance for mild steel butt joints. In this test sample
preparation plays an important role in achieving the high values. The sample
drying process (i.e. 30 minutes at room temperature and then pre-cured in an
oven at ~ 95+5.0°C for 40 minutes) improved the interfacial forces between the
adhesive and the substrate surface. Once the adhesive was applied on both
substrate faces, the initial interactions (molecular attractions) at the interface
started to increase as the adhesive gradually changed to a solid-like state. This
is due to the condensation reactions at the interface and increase in the number
of -O- bridges as the degree of solvent evaporation increased. In addition, the
presence of three fracture modes for the butt joint samples as shown in Figure
4.60, may be attributed to the improvement in the cross-linking within the
adhesive itself and at the adhesive/substrate interface. However, with butt joints
any inequality in the lateral deformation of the adhesive and the substrate can
introduce a complex stress distribution with both shear and tensile stresses
being generated within the adhesive layer during the test. Hence, the bond

strength of the joint may be highly sensitivity to the butt joint alignment.

Adams et al. [227] reported that typical stress concentrations in loaded butt
joints resulted from two different regions. Firstly, the central region of the
adhesive, where the tensile stresses are uniform and the shear stress is zero.
Secondly, from around the periphery of the joint, where both shear and tensile
stresses are present. Here, on the mid-plane of adhesive, the tensile stress
decreases to low values and the shear stress is zero, however, there are
significant stress concentrations (mainly tensile stress) at the adhesive-

substrate interface at the joint edges.
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5.6.4 Fatigue strength of SG3 adhesive (lap joints)

The performance of hybrid epoxy sol-gel adhesively bonded mild steel lap joints
under cyclic-fatigue loading in dry conditions using two different test frequencies
(3Hz and 10Hz) was assessed. Typical fatigue behaviour, notably increasing
fatigue life-time with decreasing fatigue load was observed, see Figure 4.61. No
significant affects in the fatigue behaviour of the lap joints were noted for two
applied load frequencies. The results appear to be related to the adhesive
formulation. Cracking in adhesive materials subject to cyclic loading at different
test frequencies is related to the creep behaviour of the adhesive. Zeng and
Sun have demonstrated [228] that the crack opening times which occur near the
peak of each load cycle, at which creep damage develops in the adhesive
material, is relatively longer at low-frequencies compared to the time available
at high-frequencies.

The improvement in viscoelastic properties of the hybrid epoxy sol-gel adhesive
due to the combination of organic polymer chains and inorganic nano-particle
materials may also play an important role in fatigue behaviour. It has been
reported [229] that, for elastic materials, the energy stored in the sample during
loading is returned when the load is removed. However, a viscous material does
not return any of the energy stored during loading. All the energy is lost as “pure
damping” once the load is removed. In this case, the stress is proportional to
the rate of the strain, and the ratio of stress to strain rate is known as viscosity
[230]. These materials have no stiffness component, only damping and the
combination of both viscous and elastic behaviour produce viscoelastic
materials. In this system, some of the energy stored in the viscoelastic system
is recovered upon removal of the load, and the remainder is dissipated in the
form of heat. The modulus of elasticity of these materials is represented by two
quantities. The first part, known as the "storage modulus" relates to the elastic
behaviour, and defines "stiffness". The second component is "loss modulus”
and relates to the material's viscous behaviour, and defines the "energy
dissipative ability of the material". In the present work, strong chemical bonds
formed in the adhesive, due to the presence of Si-O-Si, Si-O-Al and Si-O-
MWCNTSs bridges, resulted in good material stability which reduced the time for

cracks to open/close during the cyclic load and decreased the creep damage at
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both load frequencies. Moreover, due to the increase in the degree of cross-
linking within the adhesive matrix, the adhesive elasticity was increased. It was
reported [231] that the difference in load frequency corresponds to different
strain rates in the adhesive layer. This could affect the fatigue strength and
fatigue failure mechanism involving micro-cracking or/and void nucleation's
around the inorganic filler particles within the adhesive matrix. Also, the initiation
of failures under fatigue cycling in the lap joints may be expected to occur at the
edges of bonded areas, which present higher stress and strain levels. Mixed
adhesive/cohesive mode in the samples was also noted. These fracture
behaviour may be attributed to the adhesive cross-linking due to the presence

of inorganic materials within the matrix.

5.7 Adhesive structural characterisation of SG3

5.7.1 SEM observations

Figure 4.63, shows that the adhesive failure of SG3 on mild steel occurs by a
mixed interfacial/cohesive fracture mode. Cracks in lap joints were initiated from
the ends of the joint overlap, a site that is associated with local stress
concentrations. From examination of the pairs of failed lap joints, the degree of
interfacial/near-interfacial and cohesive failure in a mixed mode fracture was
estimated. The PE/MS specimen, see Figure 4.63a showed far fewer features
in the SEM fracture surface than those of the modified system. However, the
fracture surface morphology of SG3/MS showed many ridges, dimpled patterns,
and crevices on the fracture surfaces, which are mainly related to the existence
of MWCNT and Al,O3; nano-materials in the adhesive matrix, see Figure 4.63b.
It is possible that the fracture features observed in SG3/MS are related to the
introduction of the inorganic materials in SG, as reported in [232]. The addition
of nano-fillers may increase the adhesive matrix crosslinking, and reduce the
formation of voids within the adhesive. Therefore, good distribution of these
nano-fillers in the matrix is important, see Figures 4.64a and b. Such features
allow load transfer between the adhesive matrix and the CNT and increase the
adhesive's ability to absorb energy during the tensile load, thereby improving

the joint strength. Also, good contact between the fillers and the adhesive
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resulted in improved bonding and a restriction of the crack propagation

pathways compared with that in unmodified systems.

5.7.2 Adhesive/substrate interface

The strength of an adhesive material is not simply governed by the mechanical
or physical properties of the adhesive matrix and/or reinforcing phases. The
small region or phase between the adhesive and substrate plays an importance
role in determing the adhesive's strength. The adhesive properties of this region
may arise from different forces (i.e van der Waals forces, chemical bonding and
mechanical interlocking) [233]. In addition, good interfacial bonds between the
sol-gel material and nanotubes aids in increasing the bond strength in this
region due to the amount of energy required to break this bond. Moreover, joint
strength is also related to the nature of the substrate surface (surface energy)
and the adhesive’s wetability. Figure 4.66 shows elemental maps for a cross-
section of an SG3/MS sample. The map for carbon exhibited high-density, as
well oxygen and silicon in this region. The result suggests that these elements
are related to the formation of different chemical bonds in the matrix, being due
to the cross-linking adhesive structure. The map for aluminium showed a lower
distribution over the interface region and a better distribution in the adhesive
matrix, Figure 4.66, which may be attributed to the formation of Si-O-Al in the

adhesive structure.

5.7.3 FTIR analysis

The FTIR spectra of the two adhesive systems were compared in order to
identify the changes that have taken place during curing, notably changes in the
crosslink networks of the epoxy-amine and the hybrid sol-gel adhesive (SG3).
The results shown in Figure 4.67 indicate the presence of amine links, as
characterised by vibration peaks in the range 1580-1600cm™.The band at
950cm™ is attributed to the epoxide groups (asymmetrical ring stretching bands).
The chemical pathway for the DGEBA epoxy cured with DETA amine curing
agents is presented in Equations 1 and 2 [234,235]. The reaction can be
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controlled by the reactivity of the amine, temperature, and the equivalent mole

ratio of epoxy and amine agent.

Q) OH

Z N |
H,C~CH = 4 RNH, == RNHCH,CH= cococcmmmmacmmnn. (1)
Epoxide Primary amine Secondary amine
0. OH OH R OH
DA ! | i | R
HC~CH— + RNHCH,CH— =+ —CHCH,~N—CH,CH= --=- (2)

Epoxy monomer

The addition of primary amine active hydrogen to the epoxide group produced
secondary hydroxyl group and secondary amine (Equation 1). This is followed
by the resulting secondary amine, which can react with another epoxide group
to provide polymer formation with poly-functional epoxy monomers (Equation 2).
The increase in formation of a three-dimensional network in the epoxy-amine
sample is due to the opening of the epoxy ring during the curing process which
causes an increase in the molecular weight of the material. This is known as
vitrification, where the chains in the epoxy matrix tended to branch, causing

reduced mobility, see Figure 5.6.
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Figure 5.6 Schematic of cross-linking (an epoxy and DETA)

The presence of methoxy groups (-OCHs) in TEOS and ethoxy groups (-OC2Hs)
in MTMS in the sol-gel produce silanol (Si-OH) groups. The presence of acid

media (HNOjz) can be used to catalyze the opening of the epoxy ring.
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Furthermore, the silanol groups can react with the hydroxyl (-OH) group on
epoxy resins to form Si-O-C bonds, see Figure 5.7. The characteristic FTIR
peaks of the hybrid epoxy sol-gel adhesive (Figure 4.71) indicate that the
disappearance of the peak of epoxy group and the formation of Si-O-C bond

during the reaction, results from opening of the epoxy ring.
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Figure 5.7 Schematic of linkage (epoxy/sol-gel material) [236 ]

The incorporation of inorganic phases (i.e. y-AbO3; and MWCNT) in the

adhesive material lead to the introduction of other potential covalent bonds
between the inorganic and organic components. The FTIR analysis in Figure
4.68 show a strong absorbance peak at 1088cm™', which is characteristic of the
Si-O-Si bond, resulting from the reaction of silica sol-gel with the polymer. The
appearance of a stretching vibration belonging to Si-OH, Si-O-C, and Al-OH
confirmed the changes in the adhesive network compared to that in PE sample.
According to many researchers [237,238,239] the surface of CNTs can be
chemically modified to impart a specific desired property, for example, either
covalent or through physical adsorption. Using a strong acid solution, some
stable chemical functional groups, such as -OH, -C=0 and -COOH can be
generated on the surface of the CNTs. Nitric acid in this system was used to
oxidise the CNTSs surface for the generation of -COOH groups on the sidewalls.
Due to the —OH group in sol-gel system and the C-O, C=0 and O—-C=0 groups
on CNTs, SiO,—CNTs linkages formed through some physicochemical actions
such as van der Waals force or/and hydrogen bonding among the groups on the

two surfaces. More details on the modification process of CNTs surface using
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HNO; is explained in [240]. Figure 5.8 illustrates a silica network crosslinked
with polymer, MWCNT and y-Al,Oz in the SG3 adhesive material.
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Figure 5.8 Schematic hybrid epoxy/sol-gel material [241,242]

5.7.4 Raman spectroscopy analysis

The changes in the intensity of Raman bands for an epoxy resin toughened by
DETA and the hybrid epoxy/sol-gel adhesive were observed, see Figures 4.69
& 4.70. The Raman spectra of a hybrid epoxy/sol-gel adhesive (SG3), see
Figure 4.70 highlighted the presence of inorganic components, i.e. MWCNTs, in
the epoxy/sol-gel adhesive matrix. The main bands at 3621cm™ (C-H) and
1897cm™ (CH, or CHs) in the epoxy resin disappeared in the SG3 adhesive
system while the appearance of a peak at ~ 431cm™, is related to the bending
of Si-O-Si bonds. In addition, the peaks in the range 820 -1076cm™ are related
to the stretching mode of Si-OH, which indicating the presence of some free
silanol groups in the hybrid epoxy/sol-gel system. Shift and width changes in the
peaks of the D (C-C bond) and G (C=C bond) bands reflect the interaction of
CNT materials with the polymer matrix. MWCNTSs in this system enhanced the
adhesive linkage and interacted with other inorganic materials as observed
through the formation of Si-O-MWCNT [243].
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5.7.5 XPS analysis of failed lap joint

XPS analysis of selected areas revealed no traces of iron on either side of the
mild steel fracture faces, AD1 or AD2, see Figure 4.71. The absence of this
element on both fracture surfaces, is due to the presence of a thin layer of sol-
gel adhesive, which indicates the fracture is within the adhesive matrix. This thin
layer is sufficient to prevent detection of the iron element as XPS only samples
the first few nanometres of depth. In addition, no significant changes in the
atomic concentrations of Cqs, O1s, Sizp and Aly, on the fracture surfaces were
detected, see Table 4.8, suggesting good adhesion between the substrate and

hybrid epoxy/sol-gel adhesive.

The presence of the Si-O and Si-O-C bands is evidence that the silane was
attached to the surrounding organic and inorganic materials in the adhesive
matrix. The amount of Al detected on metal AD1 and adhesive AD2 fracture
sides was almost identical, which reflects good cross-linking of Al,O3 within the
matrix. This may be the reason why a cohesive failure in SG3 adhesive matrix
is the main failure mechanism on the mild steel sample. Moreover, the lack of
the Mg and Cu signals on both fracture surface faces for the aluminium lap joint
suggests that failure still in adhesive. XPS elemental analysis results (in at %)
for the F1 and F2 fracture surfaces indicated the locus of failure is within the
adhesive layer near the interfacial region. The high amount of C detected on the
metal side F1 compared with that in adhesive side F2 indicates high levels of

hydrocarbon contamination from the surrounding atmosphere.

5.7.6 Thermo-gravimetric analysis TGA

Figures 4.83 shows that the differences in percentage total weight loss in the
adhesives at 650°C were 91% for PE compared with 71% for SG1, 64% for
SG2, and 50% for SG3. The reduction in weight loss for SG1, SG2 and SG3 is
attributed to the addition of the inorganic components. The addition of the nano-
fillers significantly improved the thermal stability of the sol-gel epoxy adhesive
and shifted any major changes in the structure of the adhesive matrix to higher
temperatures. The adhesive cross-link density increased with strong covalent

bonds between the polymer chain and the inorganic network, thereby reducing
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the chain mobility. Further the addition of nano-materials appears to cause

thermal stability and slows down the rate of degradation of the adhesive.
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CHAPTER 6 Conclusions

This research reports on a new application of a sol-gel system to produce a
novel adhesive material. The adhesive formulation was first prepared based on
the use of a hybrid silica-base sol-gel derived system and further developed by
introducing an epoxy resin as the organic component and inorganic nano-
particles into the adhesive formulation. Aluminium alloy 2024-T3 and mild steel
substrates were used to evaluate the adhesive strength under different
conditions. Selected techniques such as SEM, IFM, FTIR, Raman, XPS and
TGA were used to identify the adhesion performance mechanism of these
adhesive materials. Consideration of various sol-gel formulations guided this

research to the following conclusions.

6.1 Adhesive strength of hybrid sol-gel material as a function of

composition.

1. The bond strength of the hybrid silica-base sol-gel is found to be related to
the Si-O-Si network in the adhesive.

2. Sol-gel joints modified with 0.05% PANI micro-particles have a slightly
enhanced adhesive strength compared with that of the unmodified joints. This is
due to the improved flexibility of sol-gel because of the presence of PANI within

the sol-gel formulation.

3. The presence of 0.5% y-Al,O3 nano-particles in the sol-gel formulation led to
a significant increase in joint strength. The reason is attributed to the enhanced
cross-linking among the hybrid SiO, based nano-particles through the bonding

of -Si-O-Al- in the sol-gel system.

4. The incorporation of TiO, nano-particles into the sol-gel plays a role in
increasing the cross-linking among the hybrid SiO, based nano-particles
through the bonding of -Si-O-Ti-, which resulted in an improvement in the joint

strength.
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5. The combination of PANI and y-Al,O3 into the sol-gel structure led to a
further increase in adhesive strength compared with that of the unmodified
system. This is considered to be related to the formation of three-dimensional
network within the sol-gel structure via y-Al,O; and/or via two dimensional

branches of PANI which enhanced the adhesive cross-linking.

6. A novel adhesive based on a sol-gel and epoxy system has been developed
incorporating the use of nano-fillers (y-Al.O3 and MWCNTSs). The adhesive lap
shear strength of the sol-gel epoxy was increased on both Al2024-T3 and mild
steel substrates up to 24+0.6MPa and 25+0.9MPa, respectively compared with
10£0.5MPa in the pure epoxy.

7. The increase in the proportion of nano y-Al,O3 (up to 4.0 wt%) within the
SG/epoxy adhesive resulted in an increase in shear strength. However,
additions above 4.0 wt% caused a decrease in shear strength. This increase is
due to this material enlarging the interaction area and enhancing the bonding

within the adhesive matrix.

8. An increase in the proportion of MWCNT (up to 0.07 wt%) within the
SG/epoxy adhesive resulted in an increase in shear strength. This increase can
be attributted to mechanical load transfer from the matrix to the MWCNTs and
the high specific surface area of this material, which increases the degree of
cross-linking with other inorganic fillers in the formulation. Further increase in
MWCNT beyond 0.07 wt% led to a decrease in shear strength.

6.2 Role of cure conditions and surface roughness on adhesive
strength

1. The adhesive strength of hybrid sol-gel material and hybrid epoxy/sol-gel
(SG3) increased as the curing time and temperature increased. The
improvement in the joint strength is primarily related to the removal of residual

solvent from the sol-gel adhesive.
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2. The optimum cure time to achieve the highest bond strength on Al alloys and

mild steel substrates for this adhesive system was found to be 16 hrs.

3. The adhesive strength of hybrid sol-gel adhesive increased as the specimen
surface roughness increased. The adhesive interlocks with the substrate on
both sides, providing a simple mechanical keying effect that leads to an

improvement of the bond strength.

4. Increasing surface roughness resulted in a increase in adhesive strength,
suggesting better mechanical interlocking on a rougher surface compared with

finer surface finshes.

6.3 Role of bond geometry and external environment on adhesive

strength

1. A gradual increase in lap joint geometry, notably bond area, increased the
hybrid epoxy/sol-gel adhesive strength to a maximum at an area of ~ 375mm?
(i.e. 18.0£0.7MPa). With further increase in bond area, a reduction in adhesive
strength per unit area was observed, the reason being related to the increase in

non-uniform shear stresses across the joint.

2. A decrease in hybrid epoxy/sol-gel adhesive strength on mild steel was
observed as test temperature increased. It was noted that the adhesive became
softer as the temperature increased, causing a reduction in adhesion

performance.

3. The adhesive strength of the hybrid sol-gel and hybrid epoxy/sol-gel (SG3)
gradually decreased as immersion time in 3.5%NaCl increased. The reduction
is due to water absorption and the formation of corrosion products along the

interfacial bond line.

4. A study of the adhesive performance of SG3 adhesive subjected to cyclic

loading showed typical fatigue behaviour, notably increasing fatigue life with
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decreasing fatigue load. No significant affects in the fatigue behaviour of the

lap joints were noted for different loading frequencies, e.g. 3Hz and 10Hz.

6.4 Adhesive structural characterization

1. FTIR, Raman and XPS analysis confirmed that the improvements in strength
of the hybrid epoxy/sol-gel materials were related to the formation of different
covalent bonds in the adhesive matrix, i.e. Si-O-Si, Si-O-Al and Si-O-C.

2. The sol-gellepoxy adhesive showed a greater thermal stability than the
conventional PE adhesive tested; suggesting this novel adhesive could be used

for moderately high temperature environments.

3. The high strength and thermal stability of this novel sol-gel/epoxy adhesive
were attributed to the addition of inorganic nano-components; i.e. silica-based
sol-gel, y-Al,0; nano-particles and MWCNTSs. These components play a role in
increasing the adhesive matrix ductility and reducing the formation of voids

within the adhesive.

6.5 Summary

The original aim of the project was to synthesise and assess the structural
performance of a hybrid sol-gel adhesive, as modified through the combination
of organic/inorganic, nano/macromolecular materials. The overall conclusions of
this work indicate that the maximum adhesive strength obtained, namely 25
MPa, was achieved after 16 hrs cure time at 200°C.

When compared to commercially available adhesives for structural use, it was
concluded that the current novel sol-gel/lepoxy adhesive system has some
processing and property limitations. For example, the cure time is very long and
the cure temperature is above that accepted by industry. In addition it has lower
lap shear strength and fatigue response. The results of this study also indicate
that prolonged exposure to 3.5%NaCl, and severe temperature changes
significantly decrease the shear strength of sol-gel/epoxy adhesive However,
despite these limitations it is recognised that a sol-gel route for the production of

adhesives is extremely attractive due to the versatility of hybrid sol-gel
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technology. In the first instance it is recognised that the adhesive strength of the
system is very good and that the cohesive strength would benefit markedly by

the introduction of suitable surface treatments.
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CHAPTER 7 Future work

Possible future work based on the presented results in this research can be

summarised as follows;

1- The experimental investigation could be extended to obtain material data on
other mechanical properties (i.e. toughness, modulus and yield strength) to
understand how the hybrid epoxy/sol-gel adhesive perform under these

conditions.

2. Chemical surface pre-treatment methods (i.e etching and PAA) can be used
to study the effects of initial substrate surface morphology on the mechanical
properties of the bonded joints. It would be beneficial to determine the optimum
surface condition for forming a strong bond that can help to prolong the lifetime

of a bonded joint.

3- The optimisation of hybrid epoxy/sol-gel system by modifying the sol-gel
formulation or organic/inorganic additives for achieving a strong bonding to the

substrate surface within low cure time/temperature conditions.

4- The optimisation of hybrid epoxy/sol-gel system for enhancing the adhesive

performance at high temperature conditions (i.e. 200°C).

5- Study the interaction at adhesive/substrate interface by using transmission

electron microscopy (TEM) to identify the nature of the adhesive/metal interface.
6- The fatigue work programme could be extended to study the effect of fatigue

crack propagation in adhesively bonded joints using double-cantilever beam
(DCB) samples.
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