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ABSTRACT 
 

One of the most important requirements of an adhesive joint is the ability to retain a 

significant proportion of its load-bearing capability for the long periods under the wide 

variety of environmental conditions encountered during its service-life. There exists a need 

to improve the understanding of the mechanics and mechanisms associated with the 

durability of adhesive joints in hostile environments, such as one of the most potentially 

damaging and frequently encountered, water, to further their future extensive use in 

engineering applications. In the present research, four important aspects in relation to the 

durability of adhesive joints have been investigated. These were: (a) developing sound 

short-term accelerated test methodologies to assess the durability of adhesive joints; (b) 

understanding the mechanisms of environmental attack on different types of surface 

pretreated adhesively bonded aluminium alloy substrates; (c) developing 

adhesive/primer/pretreatment systems which possess excellent long-term durability; and (d) 

investigating the potential of environmentally-friendly organosilanes as primers to enhance 

the intrinsic adhesion of adhesive joints. 

 

The results from these studies showed that: (a) constant displacement rate and cyclic-

fatigue tests provide excellent quantitative durability test methodologies; (b) fracture 

mechanics and advanced surface analysis of adhesive joints have proven surface 

pretreatments using phosphoric acid anodising (PAA) are far superior to those employing a 

grit blasting and degreasing (GBD) pretreatment which can be attributed to the increased 

surface area and excellent bonding morphology of the anodised oxide surface, allowing 

deep penetration of the viscous adhesive and impeding water ingress at the 

adhesive/substrate interface; (c) the durability performance of PAA pretreated adhesive 

joints employing a primer (PAAP) are superior to those without a primer specifically in 

water, and acid-based surface pretreatments are significantly advanced compared to simple 

GBD; and (d) the self assembling long carbon-chain silanes enhance the durability of 

adhesive joints via the formation of covalent bonds between the adhesive and the activated 

silane monolayer deposited on the substrate. 
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English Alphabet 
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h , sh   Substrate’s height  
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amh   Thickness of the adhesive layer when GC is at a maximum value 

j   Imaginary quantity 1−  
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CK   Critical stress intensity factor 

ICK   Mode I critical stress intensity factor 

l   Half a thickness of the specimen 

m   TDCB geometry factor 

n  Integer (from 1, 2, …or �) 

1n , 2n , 3n  Paris law curve fitting constants 

M  Molar mass of water molecules 

tM   Water uptake at time t 

∞M   Equilibrium water uptake  

N   Number of moles 

 N  Number of cycles 

NA  Avogadro’s constant 

p   Pressure 

atmp   Atmospheric pressure 

P    Load 

maxP   Maximum applied load 

Q   Geometry constant 

r, θ, z  Radial, circumferential and axial cylindrical coordinates, respectively 
''

ycr   Plane stress plastic zone at the crack tip 

R  Universal gas constant 

t   Time 

T   Temperature 
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u   Displacement 

maxu   Maximum value of the displacement 

minu   Minimum value of the displacement 

v   Flow velocity 

mv   Vertical displacement due to mechanical stresses 

rv   Vertical displacement due to residual stresses 

U   Stored elastic energy 

W   External work 

AW   Thermodynamic work of adhesion in an inert environment 

ALW   Thermodynamic work of adhesion in the presence of liquid 

x, y, z  Cartesian coordinates 

0x   Distance of the flat section of a TDCB profile from the loading end 
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*
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CHAPTER ONE 

1 INTRODUCTION 
 

 

Adhesion science is a multidisciplinary field, which encompasses areas of engineering as 

well as physical and organic chemistry. Structural adhesives are based on monomer 

compositions that polymerize on curing to yield a high strength adhesive, producing a 

strong load-bearing joint. A large growth in the use of these structural polymeric adhesives 

has been witnessed over the last few years, especially in technically demanding 

applications and extensively in aerospace, automotive, and packaging applications [1]. The 

driving force for this development, and for the continual growth of adhesives in engineering 

applications, is the many advantages that they offer over the more traditional methods of 

joining such as welding, riveting, brazing, bolting, mechanical fasteners, etc. These 

advantages include: a more uniform stress distribution, an improved fatigue resistance; an 

increase in design flexibility; better aesthetic and aerodynamic exteriors of joints; and the 

ability to join dissimilar materials, as well as the ability to join thin sheet materials 

effectively. Moreover, adhesive bonding is frequently the most convenient and cost-

effective technique as the bonding application can often be readily automated by machine 

or robot.  

 

Adhesives do have their disadvantages too. The service temperature ranges are less than 

those for metal fasteners, being limited by their glass transition temperature and chemical 

degradation. It is also well known that one of the most important requirements of an 

adhesive joint is the ability to retain a significant proportion of its load-bearing capability 

for long periods under the wide variety of environmental conditions which are likely to be 
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encountered during its service-life. This has been a subject of concern for many years. 

Unfortunately, one of the potentially most hostile and commonly encountered environments 

for joints involving high surface-energy substrates, e.g. metals, glasses and ceramics, is 

water. The presence of water in adhesive joints not only affects both the physical and 

mechanical properties of the adhesive itself, but also the nature of the interface between the 

adhesive and the substrate. The lack of understanding about the long-term durability 

aspects of adhesive joints hinders the confidence and further progress of the use of the 

structural adhesive. Much research work has been done to shed light and gain better insight 

into the mechanisms of adhesion, adhesion failure and environmental attacks.  

 

Most of the early adhesion research was empirical in nature, with investigations limited to 

testing joint strength by a standard mechanical testing procedure and joint durability after 

exposure to a variety of harsh environmental conditions. Recent advances in surface 

analysis have built on this approach and provided a deeper insight into the molecular 

aspects of adhesion, and a broader understanding of interfacial interactions between the 

adhesive and adherend. Information such as the topography of the surface adherend, the 

chemical composition of the first few atomic layers of the failed joint’s fracture surfaces 

and the mode of failure of the adhesive bond contributes to understanding the adhesive 

bonding process and the fundamental interactions occurring at a molecular level. This 

information can therefore be used to make improvements in the adhesive resin formulation 

and in optimizing the surface pretreatments that the adherend surface undergoes prior to 

bonding. 

 

These advances in science, combining the early fracture mechanics approach with surface 

analysis have led to a wider understanding of the chemical and mechanical interactions 

controlling adhesion, yet structural adhesive bonding cannot be expanded to its full 

application until complete understanding of adhesion mechanisms in buried interfaces are 

commonplace. The interfaces between the adherends and the adhesive are not easily 

accessible for in situ chemical or morphological examination, but recent advances in the 

understanding of particular surface preparation techniques have now made this more 
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feasible. It is with this knowledge that design engineers should be able to develop the 

necessary tools to accurately predict the service life of adhesively bonded systems. 

 

The composition and properties of these interfacial regions and adhesively bonded systems 

is confounded by the fact that they are far from two-dimensional. For example, the surface 

oxide on a metal adherend may be porous and the adhesive or primer may penetrate the 

pores of the surface oxide. A transitional composite region of oxide and polymer therefore 

exists between the adherend and the adhesive. The mechanical properties of this zone will 

therefore be different from impervious materials and the presence of a surface, from 

thermodynamic considerations, alters the morphology of the polymer near to the adherend 

surface. This whole three-dimensional region of transition of composition and properties in 

an adhesive joint has been termed the interphase [2], shown in figure 1.1, which has been 

reinterpreted by the author from Drzal’s schematic representation [3]. 

 

 

Figure 1.1 Schematic representation of an adhesive bond interphase. 
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It is the scope of this work to elucidate the actual (physical and chemical) structure and 

mechanical properties of an interphase responsible for the durable adhesion of an epoxy 

adhesive to an aluminium alloy adherend. The development of accelerated fracture 

mechanics durability tests, alongside a better understanding of the adhesive bond interphase 

in harsh testing environments and use of the most up to date surface analysis, will help 

further the prediction of structural adhesives service-life and the development of 

adhesive/primer/pretreatment systems that possess excellent long-term durability.  

 

The use of acid based surface pretreatments such as chromic acid etching or phosphoric 

acid anodising, particularly in the aerospace community, is becoming more and more of an 

environmental concern so these are included in the study. These surface pretreatments need 

to be investigated in depth to determine and understand the factors that produce such good 

bonding surfaces and ultimately to develop more environmentally friendly treatments with 

similar or ideally better adhesive properties.  

 

1.1 Aims and objectives 

 

The main aims of the present research work presented in this thesis are: 

 (a) To develop sound short-term accelerated test methodologies based upon constant 

displacement rate tests and cyclic-fatigue tests to assess the durability of adhesive 

joints. 

(b) To understand the mechanisms of environmental attack on different types of 

surface pretreated adhesively bonded aluminium alloy substrates by using a 

combination of fracture mechanics and advanced surface analysis techniques. 

(c) To develop adhesive/primer/pretreatment systems which possess excellent long-

term durability.  

(d) To investigate the potential of environmentally-friendly organosilanes as primers 

to enhance the intrinsic adhesion between the adhesive and the substrate. 
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1.2 Outline of the thesis 

 

The structure of the thesis is organised as follows: 

• Chapter 2 reviews the relevant literature on some aspects of adhesion that will be 

involved in this investigation, including mechanisms of adhesion, polymers and 

epoxy adhesives, fracture mechanics, surface pretreatments, durability of adhesive 

joints, environmental effects and mechanisms of failure.  

• Chapter 3 covers a detailed description of the materials used, specimen 

preparation and the experimental set-up used for the mechanical testing and surface 

analysis techniques used throughout the study for the characterization of loci and 

mechanisms of failure of adhesive joints. 

• Chapter 4 presents the experimental results from monotonically-loaded tests. The 

relationship between the adhesive fracture energy and crack growth rate is 

examined for different surface pretreatments. 

• Chapter 5 discusses the results from cyclic-fatigue testing. Comparisons between 

fracture mechanics testing methods and the quantative ranking of surface 

pretreatments and testing environments are also presented. 

• Chapter 6 focuses on the possible mechanisms of failure for the adhesive systems 

under investigation. This is done using Scanning Electron Microscopy (SEM), 

(Energy Filtered) Transmission Electron Microscopy ((EF)TEM) and X-ray 

photoelectron spectroscopy (XPS) analysis. The determination of loci of failure and 

the examination of corrosion precursors from these analyses are discussed. 

• Chapter 7 details the results from new approaches to utilising self-assembling 

silanes as bonding surface pretreatments. 

• Chapter 8 summarises the results of each chapter and iterates the main 

conclusions. 

• Chapter 9 draws the thesis to an end with recommendations for future work. 
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CHAPTER TWO 

2 LITERATURE REVIEW 
 

 

2.1 Introduction 

 

Adhesives have been used by mankind as a means of joining materials for centuries. 

However it is only over the last 60 years or so that the science and technology of adhesion 

and adhesives has progressed significantly and is now established as a major area of 

academic and industrial importance. There exists a copious amount of published research 

ranging from the chemistry of adhesion and adhesives to the mechanical properties of 

adhesives and bonded structures in what is considered a vast and multi-disciplinary subject. 

Due to the copious amounts of work published on and around the topic and the consistent 

major advances, emphasis in this survey has been given to reviewing studies on aluminium 

substrate/epoxy adhesive systems. However, where work outside this scope has been 

considered important it has been included and the following sections will review this 

literature. 

 

2.2 Basic adhesion concepts - interfacial contact 

 

The first stage in the formation of an adhesive joint is concerned with attaining intimate 

interfacial contact or ‘wetting’ between the adhesive and substrate and establishing strong 

and stable intrinsic forces across the adhesive and substrate interfaces. To achieve strong 

joints the adhesive or primer needs to be able to spread over the surface of a material, 



Chapter 2 – Literature Review 

 

30 

displace air and other contaminants, and establish intimate molecular contact. Kinloch [4] 

suggests there are three criteria which an adhesive should ideally conform to: 

 

a) exhibit a zero or near zero contact angle when liquid; 

b) have a low viscosity at some time during the bonding process; 

c) be brought together with the substrate at a rate and in a manner that should assist 

in the displacement of any trapped air. 

 

To assess the wettability of an adhesive for a given substrate, a drop of adhesive is 

deposited on the substrate and the contact angle, as defined in figure 2.1, is measured. 

When the contact angle � = 0 the adhesive wets perfectly. However, a zero contact angle is 

not an absolute necessity in practical adhesive applications, as pressure is applied to spread 

the adhesive over the surface. 

 

 

 

 
Figure 2.1. Contact angle, �, created between the adhesive drop and the substrate surface. 

 

For the assessment of any successful adhesive/substrate combination, it is necessary to 

consider not only the kinetics of the wetting process and the wetting equilibria, but also the 

values of the surface free energies of the adhesive and substrate and the details of the 

bonding methodology. Also, in order to achieve these stringent requirements, it is often 

necessary for the substrates to be subjected to some sort of surface treatment prior to the 

adhesive and/or primer being applied (surface pretreatments will be further discussed in 

section 2.8). 

Substrate 

Adhesive Drop 
� 
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2.3 Mechanisms of adhesion 

 

The generation of strong intrinsic adhesion forces between the adhesive and the substrate 

directly influences a joint’s performance, namely strength and durability. The observed 

phenomena of adhesion can be categorised into four widely accepted mechanisms by which 

intrinsic adhesion forces are generated over the adhesive/substrate interface [4]:  

 

a) mechanical interlocking; 

b) diffusion theory; 

c) electronic theory; 

d) chemical / adsorption theory. 

 

Interactions occurring across an interface vary in nature, ranging from weak physical 

dispersion forces to hydrogen, covalent, and ionic bonding. In addition, surface roughness 

can allow for a mechanical contribution to the observed joint strength. The type of 

interaction/s occurring in a system depends upon the chemical make-up of the adhesive and 

the substrate and the topography of the adherend surface. In certain circumstances it may be 

the case that more than one mechanism is contributing in an adhesive bond, however, 

current thinking and experimental evidence clearly indicates that the main mechanism 

applicable to a wide range of adhesive systems is defined by the adsorption theory [4]. In 

this section, each of these four mechanisms of adhesion will be reviewed from literature. 

 

2.3.1 Mechanical interlocking 

 

The theory of some sort of ‘microscopic’ mechanical interlocking was believed by many 

people, for many years, to describe adhesion between adhesives and substrates. This theory 

essentially proposes that the mechanical keying, or interlocking, of the solidified adhesive 

into the irregularities of the substrate surface is the major source of intrinsic adhesion and 

joint strength [5-9].  Although a number of examples relating joint strength and durability 

to increased surface roughness exist in the literature, the theory is not universally applicable 



Chapter 2 – Literature Review 

 

32 

since strong adhesive bonds can be and are achieved between surfaces as smooth as optical 

glass flats [10]. Nevertheless, the classic work of Wake and Borroff [11] on the adhesion of 

rubber to fibrous textile materials proved the applicability of this theory is significant on a 

macroscopic scale. It has also been observed that increased roughness can result in lower 

joint strengths [9], although it is more commonly observed that the roughening the surfaces 

prior to bonding, for example grit-blasting, enhances the strength of adhesive joints. It is 

still a debatable issue whether the increase in mechanical joint strength is attributed to 

mechanical interlocking, simply increasing the specific surface area for interfacial contact 

or improved kinetics of wetting [9]. It has also been suggested that abrasion may improve 

adhesion by removing the weak boundary layer, improving interfacial contact or changing 

the stress distribution in the interfacial regions of the joints.  

 

Put simply, the zone between the adherend and adhesive contributes to the interpenetration 

of one material into the other, its depth and therefore the energy of fracture, which is 

reflected as extra bond strength, is governed by the extent of this roughness and the 

completeness of the penetration [10]. The present study researches different surface 

treatment preparations prior to bonding and it is therefore important to briefly discuss 

previous published work with respect to the effects of mechanical interlocking on joint 

strength and durability. 

 

Mechanical interlocking can make a significant contribution towards the joint strength if 

the adherend surface geometry is specifically fabricated to enhance adhesive penetration. 

Adhesion by mechanical interlocking requires that the adhesive penetrates geometric 

irregularities on the adherend surface. Evidence of thermosetting adhesive penetration into 

the pores of an anodic oxide was presented by Hennemann and Brockmann [12-14]. A 

phenolic resin replica of a sulphuric acid anodised aluminium surface showed a negative 

image of the metal oxide surface. Arrowsmith and Moth demonstrated that an acrylic 

adhesive completely penetrated the pores of a sulphuric acid anodised aluminium alloy 

[15]. Penetration of the pores on aluminium anodic oxide surfaces by thermoplastic 

adhesives has also been demonstrated [16,17]. After dissolution of the phosphoric acid 
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anodised Al / Li alloy used by Ko et al [16,17], a negative image of the porous oxide was 

found on the polysulphone adhesive. In other studies [18,19], penetration of a primer into 

the pores of a phosphoric acid anodised aluminium surface was confirmed by electron 

energy loss spectroscopy (EELS) of a cross-sectioned sample. For an aluminium 6061 alloy 

sample anodised in phosphoric acid and then primed, Davis and Venables [20] showed that 

the primer penetrated the porous oxide completely, leaving no voids or empty regions. 

Evidence for this came from a cross-section of the metal / primer interface, examined by 

scanning electron microscopy (SEM). 

 

Penetration of the polymer into the oxide pores depends upon the wettability of the surface 

and the shape of the pore. Pore filling occurs until the pressure of the trapped gases equals 

the capillary pressure. Packham suggests that the shape of the pore (cylindrical versus ink 

bottle) is a crucial factor in controlling the pore filling process [21]. Penetration of the 

adhesive into pores on the surface can contribute significantly towards high joint strengths, 

since it is believed that the failing of ligaments of the adhesive, or primer, that enter the 

pores requires considerable plastic deformation, and thus high fracture energy [21]. More 

recently, Packham and Johnston [22] were able to vary the porosity of a ceramic by varying 

the firing temperature, and showed that the bonding strength of polyethylene to the fired 

ceramic was a function of the degree of porosity of the ceramic. In the same work, the 

authors concede that mechanical adhesion (interlocking) is a contribution to the observed 

adhesive strength, and “at the very least, London dispersion force interactions between the 

adhesive and substrate” also exist. 

 

2.3.2 Diffusion theory 

 

The diffusion theory of adhesion proposes that the intrinsic adhesion arises from the mutual 

inter-diffusion of polymer molecules across the polymer/polymer interface [7,8,23,24]. For 

this inter-diffusion to occur the macromolecules, or chain segments of the polymers, need 

to possess sufficient mobility and exhibit mutual solubility. Thus, the intrinsic adhesion 

depends substantially on the time of contact between the substrate and the adhesive, the 
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joining temperature and the properties of the joining polymers. Voyutskii [25] pioneered 

work in this field in 1963 and proved that in some instances two polymers in close contact 

at temperatures above their glass transition temperatures, would exhibit inter-diffusion 

between at least segments if not the whole long-chain molecules present. This presence of 

macromolecular diffusion in compatible polymers has been supported by several studies 

since, however, in cases where the solubility parameters of the polymers are not similar, or 

one polymer is highly cross-linked, crystalline or below its glass transition temperature, 

then inter-diffusion is an unlikely mechanism of adhesion. 

 

Since this theory requires that the adhesive and substrate are mutually soluble and have 

significant mobility, the mechanism does not directly apply in the case of polymer/metal 

systems [9]. Allen [8] argues that the penetration of polymers into interstices of a metal 

surface involves a diffusion mechanism, although he admits that this is an extreme 

interpretation of the original proposals of Voyutskii [23] that deal with the inter-diffusion 

of polymers. Interdiffusion may, however, be operative in the adhesion of the polymer to 

primers and coupling agents, if a high degree of cross-linking or crystallinity is lacking [7]. 

 

2.3.3 Electronic theory 

 

The electronic theory of adhesion, advanced by Deryaguin et al [26], considers that the 

electrostatic forces, arising from an adhesive and a substrate with different electronic band 

structures in contact, contribute significantly to the intrinsic adhesion [7,8,27-30]. The 

electron transfer between the adhesive and the substrate leads to the formation of an 

electrostatic double layer at the surface (essentially like a capacitor) and subsequently to 

adhesion due to the attractive forces inherent in the double layer. Separation of the double 

layer, as during interface rupture, leads to a separation of charge and to a potential 

difference.  

 

This theory has been strongly criticised as it appears that for typical adhesive/substrate 

interfaces, the electrostatic contribution to the thermodynamic work of adhesion (WA) 
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measured against the intrinsic adhesion is comparatively small, compared to, for example, 

the van der Waals contribution for some systems within the absorption theory [4] or the 

contribution from other chemical interactions [9,31,32]. Furthermore, any electrical 

phenomena observed during the joint fracture process probably arise from the failure event, 

rather than actually cause the adhesion between the materials [4].  

 

2.3.4 Chemical/Adsorption theory  

 

The adsorption theory of adhesion has the widest applicability and proposes that once the 

adhesive and substrate are in sufficiently intimate molecular contact the materials will 

adhere due to interatomic and intermolecular forces established between the two materials 

[9]. It encompasses explanations, which invoke physical adsorption (or physisorption) and 

chemical adsorption (or chemisorption) in the surfaces of the adhesive and substrate. The 

attractive forces working across two surfaces include weak dispersion forces and stronger 

forces due to hydrogen, covalent, and ionic bonding [7-9,33-36]. 
 

The most common of the physical forces are van der Waals forces named after the Dutch 

scientist Johannes Diderik van der Waals. This force is the attractive or repulsive force 

between molecules (or parts of the same molecule). Zisman has shown that van der Waals 

dispersion and polarization forces are more than adequate to account for the observed 

strengths of adhesive joints [37].  

 

The types of bonds formed between two surfaces depend upon the chemical constitution of 

the interface. The chemisorption involves ionic, covalent or metallic interfacial bonds being 

established; these types of bonds are referred to as primary bonds [4]. The criterion for 

chemisorption / physisorption processes to occur across the interface is that the adsorbate 

wets the substrate. In general, for spontaneous wetting, the surface energy of the solid must 

be greater than that of the liquid.  

 

In a review of contemporary theories of adhesion, Allen et al [9] conclude that “there is a 

steadily growing body of evidence for the existence and significance of primary chemical 
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bonding in addition to the secondary bonding in adhesion.” Demonstrated interactions of 

epoxy resin analogues with aluminium oxide surfaces include the acid-base interaction of 

amines (curing agents) with Lewis acid sites (coordinatively unsaturated Al) on the oxide 

surface, and the reaction of surface hydroxyls with hydroxyl groups in the resin to form 

alkoxide linkages to the surface [38]. 

 

Of all the theories of adhesion described in the previous sub-sections, it is generally agreed 

that adhesion occurs by a synergistic combination of two or more mechanisms [22,39]. For 

example, increasing the adherend roughness may contribute to mechanical forces of 

adhesion, but because of capillary forces could also result in increased wettability of the 

substrate by the adhesive. Also, the increased surface area could result in an increased 

number of total primary or secondary bonds between the adhesive and adherend, per 

geometric area. 
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2.4 Polymers 

 

The polymeric structure of a material is the reason adhesives are able to “glue materials 

together”. Polymers are giant molecules made of sequences of identical, or very similar, 

structures called monomers. There are three different types of polymeric structure, linear, 

branched and network, and according to their thermal properties, polymers are classified 

into two categories, thermoplastics and thermosets: 

 

• Thermoplastics are linear or branched polymers that melt upon the application of 

heat and become soft and pliable without any change of the inherent properties 

• Thermosets are rigid network polymers that degrade upon application of heat and 

become permanently hard and rigid when cured 

 

Polymers have a characteristic thermal transition, the point where the transition takes place 

being known as the glass transition temperature, Tg. This temperature is dependant on the 

molecular weight, branching and cross-linking. Below the Tg the polymer is in a glassy 

state with limited rotational or translational motion. The polymer is hard and typically 

exhibits plastic deformation. Above the Tg, the polymer is in a rubbery or leathery state. 

Structural adhesives are used in the glassy state.  
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2.5 Epoxy adhesives 

 

Epoxy adhesives are thermosetting polymers, which are the most widely used structural 

adhesive in industry. When hardened, thermosetting adhesives are amorphous, highly 

cross-linked materials. They have many advantages such as a high Young’s modulus and 

fracture strength, low creep and good performance at elevated temperatures.  

 

The most commonly used epoxide resin is the diglycidylether of bisphenol-A (DGEBA), 

which is made from epichlorohydrin and the disodium salt of bisphenol-A. The general 

structure of DGEBA is depicted in figure 2.2 below: 

 
Figure 2.2. The structure of DGEBA molecules 

 

Several desirable characteristics of epoxy adhesives such as DGEBA may be itemised 

briefly as:  

 

(a) Low curing temperature and bonding pressure, and hence low manufacturing costs. 

(b) Low shrinkage, which ensures that the shrinkage stresses are minimised. 

(c) No volatiles are emitted upon curing. 

 

Epoxy adhesives are polymerised by a combination of heat and the addition of a hardener 

or curing agent, e.g. aliphatic amine, dicyandiamide or acid anhydrides, which react by 

opening the epoxy rings, in order to form cross-links and hence to produce a three-

dimensional molecular network. 

 



Chapter 2 – Literature Review 

 

39 

Like other thermosetting polymers, due to their rigid structure, epoxies are brittle and 

therefore have a poor resistance to crack initiation and growth. A method of modifying this 

microstructure to greatly increase their toughness, but without significantly impairing other 

desirable engineering properties (as reported in the literature [4]), is to incorporate a second 

phase of dispersed rubber particles in the polymer. The improved fracture toughness of 

these two-phase rubber modified adhesives is attributed to the formation of small spherical 

particles of dispersed rubber into the cross-linked, continuous phase of the epoxy polymer 

during the polymerisation (and hardening) process, as shown in figure 2.3. The rubber 

particles can be clearly seen in this transmission electron micrograph, and are about 1-5 µm 

in diameter.  

 

 

 

Figure 2.3. Transmission Electron micrograph of the typical microstructure of a rubber-

toughened epoxy adhesive [4]. 

 



Chapter 2 – Literature Review 

 

40 

2.6 Fracture behaviour of adhesive systems 

 

The failure of load bearing materials and structures tends to fall into two categories that of 

yield-dominant failure or crack-dominant failure. Fracture mechanics is associated with 

crack-dominant failure. In this case, fracture is concerned with the initiation and 

propagation of flaws, or cracks, until a critical crack length is reached when the load cannot 

be sustained further, and the material fails. Since the basis of fracture mechanics theory is 

that the strength of most real solids is governed by the presence of the aforementioned 

flaws, and since the theory enables the manner in which they propagate under stress to be 

analysed mathematically, fracture mechanics approaches (established testing methods) have 

been used extensively to analyse the fracture behaviour of adhesive joints.  

 

2.6.1 Basic concepts of linear elastic fracture mechanics (LEFM) 

 

The concepts of fracture mechanics that were derived prior to 1960 are applicable only to 

materials or structures which obey Hooke’s law. Although corrections for small-scale 

plasticity were proposed as early as 1948, these analyses are restricted to structures whose 

global behaviour is linear elastic, hence Linear Elastic Fracture Mechanics (LEFM) [40]. 

However, the basic LEFM analyses, albeit with minor modifications in some instances, 

may also be applied to materials which exhibit inelastic deformations around the crack tip, 

provided that such deformations are confined to the immediate vicinity of the tip. For many 

polymers including structural adhesives, the fracture behaviour can be analysed based on 

the assumptions of LEFM theory, since (a) plastic deformations occurs very locally around 

the crack tip (figure 2.4) and (b) the behaviour of the body as a whole is controlled by an 

elastic response. There are two main approaches adopted to study the linear fracture of 

material: the energy balance approach; and the stress-intensity approach. 
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Figure 2.4. The plastic zone found in the vicinity of the crack tip. 

 

2.6.2 Energy balance approach 

 

The ideas on which this approach are based were first proposed by Griffith [41], who 

studied the brittle fracture of glass in 1920. According to Griffith’s hypothesis, for fracture 

to take place the system must meet the criterion such that the energy available for crack 

growth should be equal to, or exceed, the energy required to produce new crack surfaces ∂A 

associated with an increment of crack growth ∂a. It may be written as: 

 

( )
a
A

a
UW

e ∂
∂≥

∂
−∂ γ       (2.1) 

 

where W is the work done by the external force and U is the available elastic energy stored 

in the bulk of the specimen and γe is the surface free energy of the specimen. For crack 

propagation in a lamina of thickness, b, the criterion may be rewritten as: 
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This criterion was true for the perfectly brittle material e.g. organic glass, but later 

independent work by Irwin and Orowan [42], who examined this criterion with respect to 

metals and cross-linked rubber, found that the energy necessary to create new crack 



Chapter 2 – Literature Review 

 

42 

surfaces was substantially greater than theoretical values. These discrepancies were caused 

by irreversible work dissipated during localized viscoelastic and/or plastic deformations at 

the crack tip. In addition, the value of 2γe only takes into account the energy required to 

rupture the secondary bonds, but crack growth in most materials often involves the rupture 

of stronger forces such as primary bonds. This led to the modifications to Griffith’s 

approach, later known as the Irwin-Orowan-Griffith approach, which allowed plastic 

energy dissipation around the crack tip during the formation of new crack surfaces by 

introduction of the plastic strain work term γp. Thus the criterion becomes: 
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     (2.3) 

 

The term of 2 ( eγ + pγ ) may be replaced by the symbol of GC, the adhesive fracture energy, 

which includes localised plastic work around the crack tip, as well as surface work, and the 

fracture criterion now becomes: 
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For a structure exhibiting bulk linear-elastic fracture behaviour, Equation 2.4 may be 

expressed as: 

dabGPudPdu C=�
�

�
�
�

�−
2
1

 

or  dabGudPPdu C2=−  

where P is the resultant force at the onset of crack propagation and u is the associated 

displacement. Dividing both sides by P2 yields: 
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where C is the compliance of the structure, which is the ratio of displacement to load. 

Equation 2.5 is the foundation of many calculations of the adhesive fracture energy, GC, 

either experimentally or theoretically.   

 

2.6.3 Stress intensity approach 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Crack-tip stresses showing rectangular and polar components. 

 

Westergaard [43] developed a stress function solution relating the local concentration of 

stresses at the crack tip to the applied stress σ0  near the tip of a crack in an elastic material 

as depicted in figure 2.5. For regions close to the crack tip the solution may be expressed 

as: 
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where r  and θ are the cylindrical polar coordinates of a point with respect to the crack tip. 

( )θijf  is the trigonometric function and 2a is  the length of the crack.  

 

Irwin has modified the equation to give: 

 

( )
( )θ

π
σ ijij f

r

K
2/12

=       (2.7) 

 

where K is the stress intensity factor and may be expressed in general form as: 

 

aQK 0σ=        (2.8) 

 

where Q is the geometry parameter, which is a non-dimensional function of crack size and 

structural geometry.  

 

Therefore, K uniquely defines the stress field around the crack tip, and can effectively 

circumvent the difficulties associated with crack tip stress singularities. Irwin has 

postulated a fracture criterion based on K obtaining a critical value denoted as KC. For 

mode I fracture the condition is: 

 

ICI KK ≥        (2.9) 

 

KIC is an important material property and often termed the fracture toughness or the critical 

stress intensity factor.  
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2.6.4 Modes of loading 

 

A crack may be stressed in three different modes, denoted in figure 2.6 as I, II and III, 

which are the cleavage or tensile-opening mode, in-phase shear mode and anti-phase shear 

mode respectively. Combination of these three modes constitutes the general case of crack 

loading although, through established testing methods, the present study allows the loading 

mode to be contained to mode I only as this is the most commonly encountered in 

engineering structures. 

 

 

 

 

(a) Mode I    (b) Mode II    (c) Mode III 

 

Figure 2.6. Different Modes of Loading. 

 

 

2.6.5 Fracture mechanics test specimens 

 

In laboratory tests it was Ripling et al [44] who first applied fracture mechanics 

methodologies to structural adhesive joints. They recognised that joints in real structures 

contained flaws such as bubbles, un-bonded regions, or dust particles and that it was crack 

propagation from these defects which controlled the strength of a joint. Ripling et al 
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measured the adhesive fracture energy, GC, from aluminium alloy bonded test specimens in 

mode I & II. Studies since have applied fracture mechanics principles to a number of 

adhesive joints, with both composite and metallic substrates. It is also possible to find a 

wide range of joint configurations that have been used to assess the fracture behaviour of 

adhesive joints via a fracture mechanics approach. These include double cantilever beam 

(DCB), tapered double cantilever beam (TDCB), lap joint (shear stress), butt joint (normal 

stress) and peel test specimens [4]. The first two of this list are discussed here as they are 

concerned with mode I cleavage stresses and are utilised within the present study.  

 

A double cantilever beam joint is made of two beams bonded with a layer of adhesive as 

illustrated in figure 2.7. This type of joint is well suited for testing joints consisting of an 

adhesive bonding relatively thin sheets of fibre-composite materials, but may also be used 

when metallic substrates, which possess a relatively high yield stress, are employed [45]. 

When using thin beams, such as toughened glass, loading blocks are utilised to reduce the 

stress concentration applied directly to the substrate, as shown in figure 2.7 (b). All tests 

use a pre-crack to initiate the crack propagation and ensure that the crack grows in 

accordance with mode I loading. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 (a). Illustration of a double cantilever beam (DCB) joint. 
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Figure 2.7 (b). Illustration of a typical double cantilever beam (DCB) joint manufactured 

with glass substrates and loading blocks. 

 

Linear Elastic Fracture Mechanics (LEFM) can be applied to the bonded DCB and the 

value of the adhesive fracture energy, GC, may be determined via the equation: 

 

da
dC

b
P

G C
C 2

=        (2.10) 

 

where PC  is the fracture load, b is the width of the specimen, C is the compliance and a is 

the crack length. A number of methods may be used to determine the derivative of the 

compliance of a substrate arm, dC/da, such as simple beam theory (SBT), corrected beam 

theory (CBT) and experimental compliance method (ECM) as described in British Standard 

BS 7991 [45]. In the ECM approach the logarithm of the compliance, C, versus the 

logarithm of the crack length, a, are plotted. The slope of this plot gives the derivative of 

the compliance. For the SBT method, dC/da may be expressed as equation 2.11: 
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where Es is the Young’ s modulus of the substrate arms, and h is the height of each arm. 

Hence, by combining equations 2.10 and 2.11, GC can be calculated via: 
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However, it has been found that the SBT method underestimates the GC as the DCB test 

does not act as a perfectly built-in beam and corrections [46] led to the CBT method which 

may be expressed via equation 2.13, and equation 2.14 if loading blocks are used. 
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where N is a loading block correction, F is a large displacement correction, δ is the 

displacement and ∆ is a crack-length correction for a beam that is not perfectly built-in. 

However, as evident from Equation 2.12, the specimen can be contoured in such a way that 

the specimen geometry factor m is constant, and thus, the rate of change of compliance with 

crack length is constant.  These contoured beams are individually known as tapered double 

cantilever beam (TDCB) specimens. TDCB specimens are very useful as relatively tough 

adhesives can be tested without plastic deformation of the substrates occurring, hence the 

substrates can possess a relatively low yield stress. An illustration of a TDCB joint is 

depicted in figure 2.8. 
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Figure 2.8. Illustration of a tapered double cantilever beam (TDCB) joint. 

 

Assuming plastic deformation is confined to the vicinity of the crack tip, Linear Elastic 

Fracture Mechanics (LEFM) is applicable to the bonded TDCB and the value of the 

adhesive fracture energy, GC, may be determined via the SBT, CBT and ECM methods as 

described in British Standard 7991 [45]. The derivation of the term dC/da ascertained via 

the ECM and SBT methods is similar to that for DCB joints, however, the value of dC/da 

determined via the CBT method is expressed as equation 2.15: 
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Hence, combining equations 2.10 and 2.15, equation 2.16 yields: 
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2.7 Durability aspects of adhesive systems 

 

A variety of environmental conditions may affect the durability of adhesive joints involving 

high-surface energy substrates, but one of the most potentially damaging and most 

commonly encountered environments for joints is water. The encroaching water may cause 

weakening by one or a combination of the following mechanisms:  

 

(a) displacement of adhesive from the substrate as a result of hydrolysis of the plasticization 

zone,  

(b) altering the properties of the adhesive in a reversible manner via plasticization,  

(c) inducing swelling stress in the adhesive, and  

(d) causing hydration and the mechanical weakening of the oxide structure of the substrate.  

 

However, it should be emphasized that experimental evidence clearly indicates that no 

single mechanism can explain all the different failure situations that have been reported, 

and indeed the type of failure mechanism operative in any situation is dependent upon the 

adhesive system and the service environment. In the following sections, the various 

mechanisms and kinetics of water attack on adhesive joints will be considered. 

 

2.7.1 Water uptake in adhesive joints 

 

Water may enter an adhesively bonded joint by diffusing through the adhesive layer and 

this has been regarded as the main route. However, water may also wick along the 

adhesive/substrate interface. Capillary action through micro-cracks in the adhesive is also 

possible. The diffusion in the bulk adhesive and the diffusion along the interface will be 

briefly discussed. 
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2.7.1.1 Water diffusion through the bulk adhesive 

 

The bulk diffusion of water in the adhesive can be related to the concentration gradient in 

that direction by Fick’ s first law. However this relationship can only be applied to a steady 

diffusion process, invariant with time, therefore combining with Fick’ s second law you can 

obtain a formula describing the concentration in three dimensions. Ultimately calculations 

lead to a plot of the mass uptake against the square root of time which represents the 

Fickian diffusion curve for the adhesive. A good fit of the experimental data with this curve 

would, therefore, confirm the applicability of a Fickian diffusion model for the material 

considered. 

 

2.7.1.2 Water ingress along the interface 

 

Bulk diffusion into adhesive joints has been studied considerably, but there has been little 

work reported on the diffusion at adhesive interfaces, largely because of the limitations of 

the experimental techniques. However, in order to gain better insight into the mechanism 

and controlling factors affecting the water-induced adhesion loss of an adhesive joint 

system, information is needed regarding the detailed distribution of water within the 

adhesive interface, in addition to the integrated total amount. Indeed, the transport of water 

along the interface has been highlighted as a critical factor in adhesive joint durability [47] 

and the concentration of absorbed water can be significantly greater at the interface than in 

the bulk adhesive [48].  

 

Attempts to investigate the interfacial diffusion of adhesive joints via a novel Fourier 

Transform Infrared (FTIR) Spectroscopy technique were first detailed by Linossier et al 

[49] in 1997. The internal reflection mode of this technique enables the user to gain near-

surface information on solids or liquids. The interaction between the evanescent field 

created upon internal reflection of the infrared beam and a sample can be used to monitor 
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the uptake of water molecules by a polymeric film. Results concluded that polystyrene and 

poly methyl methacrylate (PMMA) films applied to a ZnS substrate exhibited different 

diffusion characteristics according to their molecular weight. High molecular weight 

PMMA follows a Fickian process. For low molecular weight PMMA, the diffusion is no 

longer Fickian, which is attributable to a weaker interaction of water molecules with polar 

groups of the polymer. 

 

More recent studies by Wapner and Grundmeier [50] have adapted the FTIR technique 

from a cell formation with open adhesive films to a more realistic closed sample geometry 

of a sandwiched adhesive/substrate joint, see figure 2.9. Tests using deuterated water 

ensure that IR-bands do not overlap with those of the epoxy resin and allow for semi-

quantitatively measured concentration gradients to evaluate diffusion coefficients for 

different times of exposure. Results were comparable to the second Fick’ s law and the test 

proved successful. Crucially, an increase of the diffusion rate could be observed for the 

enclosed adhesives in comparison to that found for free standing or supported films, 

therefore highly accurate diffusion coefficients of water ingress in the interface were 

measured under real conditions. 

  

Figure 2.9. Schematic of the sample geometry of a sandwiched adhesive/substrate joint for 

the measurement with transmission-FTIR-spectroscopy. 
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2.7.2 Mechanisms of failure 

2.7.2.1 Hydrolysis of substrate/adhesive interfacial bonds 

  

The presence of water in adhesive joints not only affects both the physical and mechanical 

properties of the adhesive itself, but also the nature of the interface between the adhesive 

and the substrate. Indeed, it has been widely observed that the loci of failure of adhesive 

joints prior to any immersion in water are cohesive in the adhesive layer, but upon 

environmental attack apparent interfacial failures between the adhesive/substrate interfaces 

are observed. The displacement of adhesive by water is likely when the adhesion is 

primarily due to physical interaction resulting from the operation of secondary forces (e.g. 

van der Waals). The thermodynamic approach advanced by Gledhill and Kinloch [51] has 

been adopted to assess the intrinsic stability of any adhesive/substrate interface in water.  

 

The thermodynamic work of adhesion for an adhesive/substrate interface in dry air usually 

has a positive value, implying the interface is stable and will not be displaced by a liquid 

environment, such as for an epoxy/aluminium oxide interface it has been reported as 

230mJ/m2 [52]. However, the thermodynamic work of adhesion in the presence of water 

often has a negative value indicating the environmental water-instability of the interface 

where there will be a progressive encroachment of debonded interface, again for 

epoxy/aluminium oxide interface it is -140 mJ/m2 [52]. As can be seen from evidence of 

interfacial failure prior to immersion, the change from a positive to negative work of 

adhesion provides a driving force for the displacement of adhesive from the metal oxide 

layer by water. Therefore, the thermodynamic argument serves as a useful tool for 

predicting the environmental stability of an interface. However, it should be noted that 

intrinsic interfacial forces arising from primary bonds are not taken into account in the 

thermodynamic approach.  
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2.7.2.2 Plasticization of adhesive 

 

 Having gained access to the joints, the water may alter the properties of the adhesive in a 

reversible manner via plasticization. The plasticization arising from uptake of water could 

affect the mechanical properties of the adhesive.  It has been reported that 1.9% of absorbed 

water increased the yield strain, but the yield stress, modulus and rupture stress were 

decreased [52] as shown in table 2.1. These changes in the properties of an adhesive due to 

the plasticization arising from the water uptake do mean that joints exposed to moisture 

may well exhibit a different failure strength due to this effect, apart from other 

environmental attack mechanisms. It is also reported that the effect of plasticization may 

have a beneficial effect on the adhesive joint strength [53-54]. This is attributed to the fact 

that the presence of small quantities of liquid water plasticises the adhesive and reduces 

adverse effects of built-in stresses induced from the shrinkage during the curing processes. 

The residual stresses resulting from the curing have been identified as a principal factor in 

bond failure so the relief of the stresses within the joints may have the net effect of 

strengthening some joints [55-56]. Also, it has been observed that water plasticization could 

depress the glass transition temperature of adhesives. However, Brewis et. al [54] found 

that the Tg of wet adhesives increased to a temperature above the Tg of the dry adhesive. 

Therefore, it is unlikely that plasticization can explain satisfactorily the long-term 

weakening of adhesive joints. 

 

 

Table 2.1. Effect of water on the mechanical properties of an adhesive [52] 

 

Property ‘Dry’ samples ‘Wet’ samples 

Modulus (GPa) 1.40 ± 0.06 0.80 ± 0.05 

Yield stress (MPa) 124 ± 1.2 104 ± 1.2 

Yield strain 0.090 ± 0.004 0.130 ± 0.010 

Rupture stress (MPa) 169 ± 8 163 ± 12 

Rupture strain 0.42 ± 0.02 0.41 ± 0.02 
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2.7.2.3 Swelling of adhesive 

 

Swelling is a phenomenon, which results from the ingress of moisture into epoxy resins and 

has been observed by various workers [57-59]. It has been shown that the volume of the 

epoxy resin containing water is less than that of the volume of the water absorbed plus the 

volume of dry resin.  Absorbed moisture induces stresses at adhesive/substrate interfaces, 

which could reduce the joint strength. There are several studies in the literature illustrating 

the different relationships between swelling and the moisture concentration. It has been 

reported that after the initial rise, the normal stress concentration decreases with time and 

thus, the contribution of swelling to long-term durability in joints is unlikely to be a 

problem [60].  

2.7.2.4 Hydration of the oxide layer 

 

A hydrolytically unstable oxide layer in a metallic substrate plays a dominant role in 

weakening the durability of an adhesive joint. Premature failures of adhesively bonded 

aluminium joints due to hydration of the oxide layer, have been observed to occur at the 

adhesive/oxide interface or weakened oxide layer upon water attack [61].  The ingress of 

water causes the hydration of the initial oxide, which in turn results in the loss of the 

interface integrity. Different surface pretreatments give oxides of varying chemistry and 

morphology, which affect their stabilities in the presence of water. A chromic acid etch 

(CAE) treatment has been commonly employed for aluminium alloy substrates prior to 

bonding. It has been found that the oxide formed is susceptible to ingress of moisture 

degradation and the locus of failure was largely through the oxide layer. The stability of the 

oxide layer is reported to be substantially improved by the employment of more complex 

surface pretreatments, such as phosphorus acid anodising (PAA) [62-64]. It has been 

suggested that the porosity and microscopic roughness of the oxide layer produced by PAA 

of an aluminium alloy enables the mechanical interlocking and penetration of the adhesive 

and primer into the open porous structure and subsequently form a stable and stronger 

oxide layer. It has been shown that the porous oxide produced by PAA has an outermost 

surface rich in phosphate ions, PO4
3-, which may help to prevent hydration and weakening 
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of the oxide by the ingress of moisture, although this suggestion has still to be conclusively 

established [62]. 

 

2.7.2.5 Electrochemical corrosion of substrate 

 

Electrochemical corrosion of the substrate may weaken the joint strength and greatly reduce 

the service life. However, in most cases gross corrosion of a metallic substrate is not a 

major concern as it often occurs after interfacial failure due to one of the mechanisms 

described in the preceding sections. Thus, corrosion of the substrate is frequently a post 

debonding event rather than a primary cause of failure. However, electrochemical corrosion 

of the substrate may play an important role in affecting the service life of the joint in some 

cases particularly in a corrosive environment. The different types of corrosion mechanisms 

are briefly reviewed in the following sections. 

 

2.7.2.5.1 Cathodic debonding 

 

Cathodic debonding is an electrochemical process that typically occurs in mild steel 

exposed to a humid environment. It is mentioned here, although only using aluminium and 

glass substrates in experimentation, as some of the test set-ups involved steel specimen 

holders which may have superficially affected the test results and mechanisms of failure. 

This corrosion method occurs by the oxidation of solid iron to positively charged ferrous 

ions in the solution with the release of two electrons. The resulting electrons flow through 

the metal to the cathodic areas and are removed by an oxygen reduction process.  

 

The presence of corrosion products is detrimental to the durability performance of 

adhesively bonded joints as the ferric salts, which are mechanically weak, may act as a 

weak boundary layer and the locus of joint failure is likely to be through this region. 

Moreover, the hydroxyl ions may assist the hydrolysis of intrinsic secondary bonds at the 

adhesive/substrate interface and result in the displacement of adhesive from the substrate. 
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However, the signs of corrosion, which are observed on the fracture surfaces of joints, often 

result after failure has occurred in the interfacial regions of the joints.  

 

2.7.2.5.2 Galvanic corrosion 

 

Galvanic corrosion occurs when two dissimilar metals are placed in contact in a corrosive 

or conductive solution. As with cathodic debonding, this method should not affect this 

experimentation on similar metal substrates, but is mentioned to be thorough in the 

investigation of potential mechanisms contributing to joint failure. Galvanic corrosion 

materialises because a potential difference exists between the component metals or alloys 

metals in the environment under consideration, which produces electron transfers and ion 

exchanges. A dissimilar metal system in a common electrolyte that is electrically isolated 

will not experience galvanic corrosion, regardless of the proximity of the metals or their 

relative potential or size. The less resistant metal becomes anodic whilst the noble metal 

becomes cathodic. The galvanic series gives a good indication of possible galvanic effects. 

The further apart in the series, the greater the potential generated. Electromagnetic force 

(EMF) for aluminium alloy and steel are –1.662V and –0.440V respectively, giving 

potential difference of 1.222V and thus, indicates the possible occurrence of galvanic 

corrosion between the two metals. However, it should be noted that the application of 

galvanic series to a different environment can lead to erroneous predictions.  

 

2.7.2.5.3 Crevice corrosion  

 

Crevice corrosion is a form of localised attack that frequently occurs at narrow openings or 

shielded spaces on metal surfaces exposed to corrosives. Thus, this type of attack is usually 

associated with small volumes of stagnant solution within the crevices or fissure. The 

differential aeration between the crevice and its surrounding is the main cause for the 

occurrence of crevice corrosion. Cracks running down the length of an adhesive joint 

resemble crevices and thus are susceptible to crevice corrosion. The overall reaction 
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involves the dissolution of metal, M, and the reduction of oxygen to hydroxide ion as 

shown below: 

 

 M → Mn+ + ne 

 O2 + 2H2O + 4e → 4OH- 

 

Initially, these reactions occur uniformly on both the freely exposed surface and the interior 

of the crevice. After a short interval, the oxygen concentration within the crevice is rapidly 

depleted because of the restricted convection, so oxygen reduction within the crevice will 

cease. Oxygen depletion has an important direct influence, which becomes more 

pronounced with increasing exposure. The cathodic reduction of oxygen on the freely 

exposed surface will result in anodic dissolution of the metal within the crevice and this 

tends to produce an excess of positive charge in the solution (metal cations), which is 

necessarily balanced by the migration of chloride ions (from the water) in the crevice. This 

results in the high concentration of metal chloride within the crevice, which is then 

hydrolysed by water to the insoluble hydroxide and free acid as:  

 

MCln
 +nH2O = M(OH)n + nH+Cl- 

 

The acid produced by the hydrolysis reaction keeps the pH within the crevice to values 

about 3, while the pH of the solution outside the crevice remains neutral. The presence of 

high concentration of chloride ions and hydrogen ions prevents passivation and facilitates 

anodic dissolution. 
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2.7.3 Methods to assess joint durability 

 

Since it is the interfacial regions on which environmental failure usually initiates, a test 

method or joint design which has a relatively high stress concentration at or near the 

interface will tend to reveal durability effects more readily. Also, as the ingress of water in 

adhesive joints is usually slow, there are numbers of approaches, which have been used to 

accelerate the diffusion of water into the adhesive joints. These include the exposure of 

adhesive joints to extreme environments, the application of cyclic-fatigue loads and the 

modification of the test geometry so that the diffusion path is short. However, it is 

important to ensure that accelerated tests do not introduce mechanisms of failure that are 

different to those seen in real service environments. In this section, the methods used to 

assess the durability of adhesive joints are briefly reviewed. 

 

2.7.3.1 Fatigue tests 

 

Dynamic fatigue is the phenomenon of fracture of a material, joint or structure under 

repeated or oscillatory loading. For most materials, the presence of this type of fluctuating 

loading is found to lead to a much lower resistance to crack growth than under monotonic 

loading or under static loading. Polymeric adhesives are no exception to this observation. 

Also, it has been well established that the durability of adhesive joints is adversely affected 

upon exposure to a hostile environment such as water, organic solvents, etc., therefore the 

combination of a hostile environment and cyclic-fatigue loading is a very severe test 

environment, and represents an accelerated laboratory test method for increasing the rate of 

environmental attack upon the joints without the detrimental side effects associated with the 

common practice of raising the test temperature. 

 

The fatigue behaviour of adhesives and adhesive joints has been successfully studied 

employing a continuum fracture mechanics approach. The validity of using a LEFM 

approach for describing the fatigue crack growth behaviour of adhesive joints has been 

clearly established by the early work of Mostovoy and Ripling [63]. It has been found that 
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the curve of rate of crack growth, da/dN, as function of the maximum strain-energy release 

rate, Gmax, is sigmoidal in shape when plotted on a double logarithmic scale. Furthermore, 

over the central part of the curve, the data obeys the following empirical relationship: 

 

q
f GA

dN
da

)( max⋅=      (2.17) 

 

where Af  and q are constants depending on the material and testing conditions. Crack 

growth rates were found to decrease to very low values as G approached some limiting 

threshold value, Gth, and to increase to very high values as G approached the typical value 

of adhesive fracture energy, GC, for crack growth under monotonic loading conditions. As 

can be seen from figure 2.10, the threshold value of the strain-energy release rate, Gth, 

provides a means for ranking the durability of joints, and studying the effectiveness of 

surface pretreatments in inhibiting water attack. 

 
Figure 2.10. Logarithmic crack growth rate per cycle, da/dN versus logarithmic Gmax for 

the GBD-pretreated joints (Empty symbols are for tests conducted in a ‘dry’  environment 

of 23°C and 55% RH and the filled symbols for tests conducted in a ‘wet’  environment of 

distilled water at 28°C, different styles of points represent replicate tests) [19]. 
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2.7.3.2 Constant displacement rate tests 

 

Constant displacement rate tests have been used extensively to evaluate the durability of 

adhesive joints (see for example [64-66]). In such a test, energy is continuously supplied to 

the substrates as the joint is opened at a constant rate at their loading points (as shown in 

figure 2.11). It was found that the selected rate strongly influences the resulting crack 

velocity, and thus that the displacement rate can be selected to drive the crack at a velocity 

that is either faster or slower than the rate of degradation of the bond ahead of the crack tip 

[66]. Figure 2.12 illustrates the typical dependence of adhesive fracture energy, CG , upon 

the crack velocity. It may be seen that the value of CG  depends weakly upon the crack 

velocity in dry air. However, in humid air there is not only a strong dependence of CG  

upon the crack velocity, but there is also an abrupt transition from low CG  at low crack 

velocity to a higher CG  value at high crack velocity [66]. It has been suggested that at low 

crack velocities the high humidity leads to water molecules attacking and fully degrading 

the bond, and hence low CG  values result. At high crack velocities the values of CG  are 

independent of the level of humidity because the crack grows faster than the water degrades 

the adhesive joints. The transition occurs when the rates of crack advance and bond 

degradation are the same. Several models attempting to describe the relationship between 

these three regimes have been advanced by many workers [67-68] and this aspect will be 

discussed further in section 2.9. Arnott and Kindermann [66] used the crack velocity at 

which the transition occurred to rank the durability performance of adhesive joints with 

different surface pretreatments, and the ranking results showed good correlation to those 

obtained using the Boeing wedge test.  
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Figure 2.11. Schematic illustration of a constant displacement rate test [69]. 

 

 

 

 
Figure 2.12. Dependence of the adhesive fracture energy upon the crack velocity for 

aluminium alloy joints with (i) grit-blasted, (ii) chromic acid etched and (iii) phosphoric 

acid anodised pretreated substrates [66]. 
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2.8 Surface pretreatments 

 

To achieve the maximum joint performance, some form of substrate surface pretreatment is 

always employed. The purpose of the surface pretreatment is (a) to remove gross 

contamination on the substrate, (b) to prevent the subsequent formation of any weak surface 

boundary layer, (c) to alter the surface free energy of the substrate to attain sufficient 

intrinsic adhesion, and/or (d) to generate specific surface topographies to maximize the 

degree of intimate molecular contact between the adhesive and the substrate. The types of 

surface pretreatment employed in the present research are briefly reviewed in the following 

sections. 

 

2.8.1 Grit blasting and degreasing pretreatment 

 

Grit blasting and degreasing is one of the preferred mechanical treatments for industrial 

processes due to its ease of application, and is one of the most effective methods to control 

the desired level of surface roughness. It is commonly observed that the roughening of the 

surfaces prior to bonding enhances the strength of adhesive joints [70]. The most frequent 

explanation for this improved mechanical strength is based on the perception that the 

abrasion processes remove weak boundary layers, and the roughed surface increases the 

surface area for intermolecular bonding and keying for mechanical adhesion.  The 

relationship between roughness and adhesion is complex and dependent on the adhesive 

system under investigation as shown by the fact that there are no consistent findings 

published in the literature. For example, Sargent [71] observed an increase in peel strength 

of aluminium test specimens with increasing surface roughness whilst Harris and Beever 

[73] and Critchlow and Brewis [70] found no appreciable correlation between the joint 

strength and substrate surface roughness induced by mechanical treatments. Some workers 

[72-73] have also suggested that the efficiency of the grit blasting pretreatment is attributed 

to the introduction of physio-chemical changes, which affect surface energy and 

wettability. Recent work by Bockenheimer et al [72] has shown that the grit-blasted 

aluminium surfaces possessed aluminium atoms in a very reactive state due to their deficit 
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of electron density, which influenced the curing reaction of the epoxy system. It was 

suggested that the alumina-blasted substrate catalysed the reaction of the epoxy group with 

the secondary amine groups, giving a high crosslinking density in the epoxy network.  

  

Also, the initial joint strengths may be relatively insensitive to any change in the grit-

blasting parameters but finer grit was found to produce more durable single lap joints 

[70,73]. For example, Critchlow and Brewis [70] found no significant differences in the 

strengths of aluminium joints blasted with 320 and 180/220 alumina grits, but the joints 

with the finer grits were observed to exhibit more durable joints. Harris and Beevers [73] 

have also found that a coarse aluminium surface resulted in a less stable metal oxide layer 

and provided a more rapid route for moisture ingression. However, in the case of the mild 

steel substrate, tensile butt joints with rougher surfaces displayed a higher level of 

durability. It was suggested that roughening produces a surface with lower concentration of 

sodium and lower polar energy, which makes it less sensitive to displacement by diffused 

water. Therefore, the mechanical treatment for metal bonding is very complex and 

comprises topological changes as well as the changes in the chemical surface state of the 

substrates. 

  

2.8.2 Phosphoric Acid Anodising (PAA) pretreatment 

 

The phosphoric acid anodising process developed by the aerospace industry (namely 

Boeing) enhances the durability of adhesive joints. Anodising in phosphoric acid is the 

preferred surface treatment for structural adhesive bonding in the North American 

aerospace industry [1]. The choice of phosphoric acid over other electrolytes for anodising 

is related to the considerably slower hydration rate of the phosphated oxide formed during 

anodisation, which makes this oxide layer environmentally stable [74-77]. Anodisation of 

aluminium in solutions of certain acid electrolytes, such as sulphuric, chromic, oxalic, and 

phosphoric acids, produces a “ porous”  oxide film, due to the solvent action of these acids 

towards aluminium oxide [78]. The process initially involves carrying out Chromic Acid 
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Etching (CAE), then immersion in a solution of orthophosphoric acid with an anodising 

potential of 15V, for 25 minutes. Unlike the CAE solution, the phosphoric acid is held at a 

room temperature of ∼ 25°C. The PAA is usually applied according to the Boeing standard 

[79]. The oxide consists of a regular array of hexagonal cells with a cylindrical pore from 

the top surface to the continuous passivation layer formed at the metal/oxide interface. The 

dimensions of the pores depend upon the applied potential and the electrolyte. The 

thickness of the oxide is a function of the current density and anodizing time [78]. Electron 

microscopy was used to examine the morphology and surface topography of Boeing PAA 

surfaces that are used for structural adhesive joining [6,80,81]. A model proposed for the 

structure of these oxide surfaces, is based on the work by Venables et al [6], and is shown 

in figure 2.13. The oxide’ s porous cellular structure has a typical thickness of ∼0.5 µm. 

 

‘Finger’  like protrusions at the cell junctions are noted for the PAA surface just as they are 

for a Forest Products Laboratory (FPL) etched surface [82]. Venables et al, attribute the 

presence of fingers on the PAA surface to the dissolution of cell walls [6,83]. A similar 

structure was reported by Thompson et al using evidence from transmission electron 

microscopy [81]. 

 

 

 

Figure 2.13. Schematic diagram of anodic oxide development formed on aluminium alloy 

by PAA process [84]. 
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The durability of PAA pretreatments will be discussed in the following section. It will be 

shown that the interaction of water with the substrate is complex and a number of factors 

need to be considered. 

 

2.8.2.1 Influence of oxide chemistry 

 

In a number of studies, such as those by Davies and Kinloch [85] and Davis and Venables 

[20], on the bare oxides of aluminium alloys pretreated using CAE and PAA, the PAA 

oxide has been observed to be more resistant to hydration. Davies and Kinloch [85] 

assessed the hydration resistance of the CAE and PAA bare oxides, by immersing the 

pretreated aluminium surface in water at 55°C. After various time periods the samples were 

removed from the water and examined using high resolution scanning electron microscopy. 

Morphological changes were detected and three distinct stages were observed during the 

reaction of the oxides with water. However, a difference was observed in the time intervals 

for the various stages of hydration between the CAE and PAA oxides. For example, 

hydration of the CAE oxide was first detected after 15 minutes immersion, whereas, 

hydration of the PAA oxide was only detected after 16 hours immersion. The good 

resistance of the PAA pretreatment was attributed to the presence of phosphates in the 

aluminium oxide, as found by Xu et al [86]. Work undertaken by Davis et al [87] using 

surface behaviour diagrams via XPS, has evaluated a mechanism for the hydration of a 

PAA oxide. 

Stage: 

1. Adsorption of water by a monolayer of AlPO4 with no change in morphology; 

2. Slow dissolution of the phosphate followed by the rapid hydration of the exposed 

Al2O3 to AlOOH (boehmite) with extensive morphological change; 

3. Nucleation and growth of the bayerite phase, Al(OH)3. 

 

The slow dissolution of the phosphate was identified as the rate-determining step in the 

hydration reaction, giving the PAA aluminium oxide superior durability. The following 

ranking may be drawn up, where anodising is found to be superior to etching, and PAA is 
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found to be the best anodising pretreatment, as found by a number of authors [85,88-90]. It 

may be seen from figure 2.14, that there is a marked effect on the durability of single lap 

joint specimens depending on the pretreatment used. This is in good agreement with the 

ranking below: 

 

PAA > CAA > CAE > GBD  

 

However, it is recognised that the chemistry of the oxide is probably not the only reason for 

superior durability of the PAA oxide. The porous oxide provides an increased surface area 

and may provide better mechanical locking therefore improving the joint durability. Further 

discussion will take place in chapter 6 on the role of the oxide in the interphasial region 

within bonded adhesive joints.  

 

 
Figure 2.14. Effect of surface pretreatment on the performance of pre-aged single lap joints 

[91]. 

 

It is also possible to utilise primers with the phosphoric acid anodising pretreatment which 

are applied post treatment and prior to adhesive bonding of the joint. Primers tend to be 
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very low viscosity to penetrate bonding surfaces and are typically filled with corrosion 

inhibitors such as strontium chromate or silanes to ensure that they have a hydrophobic 

effect when testing in water. One such primer will be employed in this study and relevant 

literature will be discussed at the same time as analysing the results. 

 

2.8.3 Silane pretreatment 

 

The use of silane-based coupling agents to enhance adhesion of polymers to inorganic 

substrates such as metals and glasses has been reported extensively in the literature. They 

are widely employed in many applications to decrease the susceptibility of the 

substrate/adhesive interface to attack by water. These chemicals possess the general 

chemical formula R’–Si(OR)3 , where R’  is usually a short carbon-chain containing some 

additional chemical functionality capable of reacting with the adhesive resin and ‘OR’  is a 

hydrolystable end-group such as an ethoxy, methoxy or chloro group which can react with 

water present either in the pretreatment solution or bound to the surface of the substrate. 

The detailed mechanisms by which silanes affect adhesion and adhesive bond durability are 

yet to be elucidated.  

 

Two most commonly invoked theories are the coupling theory and the reversible hydrolysis 

theory. There has also been experimental evidence of silane/metal interaction such as the 

work of Gettings and Kinloch [92] who studied the interaction of γ-

glycidoxypropyltrimethoxy silane (GPS) with ferric oxide surface and detected the 

presence of the FeSiO+ radicals on the silane-pretreated surface.  It is also widely reported 

in literature that several silane preparation parameters may affect the interaction between a 

particular silane and the substrate. The mechanical and chemical conformation of these 

films as well as their thickness, cross-link density and reactivity, has been shown to be 

highly dependent on the application conditions. The most critical factors appear to be the 

solution concentration, solution pH, initial surface pretreatment, drying time and curing 

temperature [93].  
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The molecular orientation and the structure of an absorbed silane film also have a profound 

effect on the durability of adhesive joints. To increase the hydrophobicity of the absorbed 

silane film, silanes must be absorbed with silanol groups being adjacent to the substrate 

with the organofunctional group sticking upwards and available for reaction with the 

adhesive. Typically multilayer silanes such as γ-GPS may form strong covalent bonds 

across the substrate/adhesive interfaces, acting as a weak boundary layer and may therefore 

make a joint more susceptible to water attack. The disorientated nature of the absorbed 

silane film would allow water to diffuse rapidly through the film to the interface, where it 

would rapidly be able to rupture the interfacial bonds between the silane and glass surface 

[121].  

 

The silane performance could be optimised if the order and the structure of absorbed silane 

films could be created in such a way that all molecules were correctly orientated and 

absorbed as monolayers. This has been achieved by the use of self-assembling silanes [94] 

and this will be further discussed in chapter 7. 

 

2.9 Models of environmental crack growth 

 

When adhesive joints are exposed to hostile environments cracks tend to propagate under 

stress levels, which would not induce any crack propagation in non-aggressive 

environments. This is known as environmental or sub-critical crack growth. Models of such 

environmental crack growth in adhesive joints have never been published in the literature, 

but this phenomenon has been studied in many diverse types of material/environment 

combinations ranging from glasses and ceramics in water environments and steels in 

gaseous hydrogen, to polymers in organic liquids. For each material, a well established 

three-region diagram would be observed in the logarithmic plots of the crack velocity 

versus the critical stress intensity factor, Kc. ‘Region I’  concerns environment-induced 

relaxation or reaction-controlled crack growth; ‘Region II’  relates to crack growth 

controlled by the diffusion or mass-transport of environmental species to the crack tip; and 

‘Region III’  generally concerns crack growth controlled by mechanical rather than 
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environment effects since the crack tip runs ahead of the environment. In the following 

sections, models proposed by Wiederhorn [67] and Williams & Marshall [68] in the studies 

of inorganic glasses and thermoplastic polymers respectively will be briefly reviewed.  

�

2.9.1 Wiederhorn’s model 

 

Wiederhorn [67] studied the effect of water vapour on crack propagation in soda-lime glass 

using the double-cantilever cleavage technique. It was found that the crack motion was 

complex, depending strongly on environment. Three distinct regions of motion were 

identified as the crack velocity was plotted against the critical stress intensity factor, KI.  

 

(a) In ‘Region I’ , the crack velocity was exponentially dependent on KI. The curves 

shifted to lower velocity and higher KI as the relative humidity decreased. The 

exponential behaviour of the curve and the shift with decreasing water 

concentration could be explained by the Charles-Hillig theory. Consequently, it was 

postulated that crack propagation in ‘Region I’  was due to corrosive attack of water 

vapour on the glass at the crack tip. 

 

(b) In ‘Region II’ , the crack velocity was nearly independent of KI and the position of 

each curve shifted to lower velocities as the concentration of water in the 

environment decreased. The crack motion was limited by the rate of transport of 

water vapour to the crack tip. 

 

(c) In ‘Region III’ , the crack velocity was again exponentially dependent on KI , 

however the slope of the curve in ‘Region I’  was considerably greater than that in 

‘Region III', suggesting that a third crack propagation mechanism occurred. The 

crack motion seemed to be independent of the amount of water vapour in the 

environment. 
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Based on the static fatigue theory of Charles and Hillig [95], which assumes that crack 

motion occurs as a result of a heterogeneous chemical reaction between the substrate and 

the environment at the root of the crack, a combined rate equation was developed to 

account for the experimental data in ‘Region I’  and ‘Region II’ . It was assumed that water 

vapour diffuses through the boundary layer in a direction perpendicular to the crack tip, 

which permits one-dimensional treatment of the diffusion problem. On diffusing through 

the boundary layer, the water vapour reacts with the glass at the crack tip according to the 

rate law,  

 

)exp(bPaxN n=       (2.18) 

 

where a, n, and b are constants; x is the mole fraction of water in the nitrogen next to the 

crack tip; n  is the order of the chemical reaction with respect to water, and N is the number 

of moles of water per unit time reacting at the surface.  

 

The amount of water vapour reacting at the crack tip is equal to the amount diffusing 

through the boundary layer; therefore, N is also equal to the molar flux of water molecules 

to the crack tip. N is related to the concentration gradient of water in the boundary layer by 

the following equation: 

 

Nx
z
x

cDN OH +
∂
∂−=

2
� � � � � � (2.19)� � �

 

where z is distance from the boundary layer, c is total concentration of water vapour and 

nitrogen gas, and DH2O is the diffusivity of water vapour in nitrogen gas. Solving for N (for 

steady state conditions N is constant at any cross section through the boundary layer) and 

using DH2O and c as constants, it can be determined that: 
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11
1

k
dz
dx

x
=⋅

−
       (2.20) 

 

Solving Equation 2.20 and applying the boundary conditions, the flux of water to the crack 

tip is  

 

[ ] )1/()/exp()/(1ln 0
/12 xnbPaN

cD
N nOH −−−=

δ
  (2.21) 

 

To compare Equation 2.21 with the experimental data, the water flux to the crack tip must 

be related to the crack velocity. An nth order reaction with respect to water suggests that n 

molecules of water are required to break a single bond, B, of glass, 

 

*2 BBOnH →+  

 

The relationship between the flux of atoms to the crack tip and the velocity is  

 

n
N

kv =
 

 

This relationship is substituted into Equation 2.21 to obtain the crack velocity as a function 

of experimental parameters. The resulting equation for crack velocity is simplified 

considerably by the argument that the logarithm is explained as a power series and only 

first order terms are retained. This is permissible since x0 and )/exp()/( /1 nbPaN n − are 

small compared to 1. The final equation for the crack velocity is: 
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where 

n

xkcD
v OH

δ
02=+       (2.23) 

 

When the applied force, P, is small, the term of Equation 2.22 involving the exponential 

becomes large with respect to 1 and Equation 2.22 reduces to  

 

n
bPkax

v
n exp0=       (2.24) 

 

The exponential dependence of velocity on applied force is the behaviour observed in 

‘Region I’  of the data. When P is large, the exponential term of Equation 2.22 is small 

compared to 1 and Equation 2.24 reduces to v = +v  and the velocity of crack motion is 

independent of applied force. For example, this behaviour is observed occurring in ‘Region 

II’  of the data.  

 

2.9.2 William’s and Marshall’s model 

2.9.2.1 Viscoelastic relaxation effects on toughness 

 

Williams and co-workers [68] have derived a relationship characterizing ‘Region I’  and 

‘Region III’  of the GC - a�  behaviour. The model is not only applicable to polymers, for 

which it was originally derived, but also to a variety of materials whose slow crack growth 



Chapter 2 – Literature Review 

 

74 

is not environment-assisted but is mechanically controlled owing to plastic flow relaxation 

at the crack tip. 

 

It can be assumed that the slow crack growth is a manifestation of a time-dependent 

Young’ s modulus, E, and yield strength, σy. This time-dependence of elastic modulus and 

yield stress may be written as power laws, so that 

 
ntEE −= 0        (2.25) 

and  
m

y t −= 0σσ        (2.26) 

 

where E0  and  σ0 are the unit time modulus and yield stress, t is time, n and m are measures 

of the time dependent response of the modulus and yield stress, and are experimental 

constants. Employing a critical δc criterion, the work done at the crack tip may be given by 

 

ycCG σδ=        (2.27) 

 

where δc  is the critical crack tip opening displacement at the crack tip. Substituting 

Equation 2.26 into Equation 2.27 yields,  

 
m

cC tG −= 0σδ        (2.28) 

t may be determined from the crack speed, a� , and the length of the crack tip zone or craze 

zone, ∆, when δ reaches δc. Therefore, using a Dugdale model for the crack tip craze zone, 
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Combining Equations 2.28 and 2.29 gives a rate-dependence of GC for polymeric materials 

in an inert environment as: 
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In the presence of liquid environments, the crack growth is promoted by the presence of the 

hostile environment and a stress, which is known as an environmental stress cracking. 

Williams argued that the most likely mechanism for the enhanced crack growth is due to 

the presence of the stress and a flaw or crack results in a local microvoided zone at the 

crack tip. The porous zone has a very high area to volume ratio and bulk diffusion over 

very short periods can completely plasticise the small ligaments. Thus, the craze stress at 

the crack tip would be reduced by a factor of α in ‘Region I’ , so that the new GC becomes: 

 

ycCG σαδ=        (2.31) 

 

If δc remains the same, then GC also reduces by α and crack growth occurs at a reduced GC 

level. It should be noted that this mechanism promotes an already formed dry craze and 

hence results in growth in conditions where it would not otherwise occur. Therefore, 

Equation 2.30 becomes: 
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Thus, Equations 2.30 and 2.32 may also be written in the form as: 
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where D may be expressed as: 
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Equation 2.33 predicts that log GC should vary linearly with log a� with the slopes of the 

lines equal to m / (n+1-m). For many polymers in the glassy state, m and n are 

approximately 0.1, although in environmental fracture m may be larger since the effect of 

plasticization is usually to decrease σ0 and sometimes to increase m. Values of E0 and n are 

rarely affected by the environment since they are bulk material properties. Therefore, for an 

inert environment the slopes of the GC - a�  diagrams in ‘Region I’  and ‘Region III’  would be 

the same as the slopes in ‘Region III’  for a hostile environment since ‘Region III’  is 

comparatively unaffected by the environment but still affected by relaxation phenomena. 

However, owing to the effect of environment in increasing m the slope of the GC - a�  

diagrams in ‘Region I’  for a hostile environment would be expected to be greater than that 

of the inert environment. The effect is shown schematically in figure 2.15.  As the crack 

grows in a stable manner, δc is a constant but does not necessarily have the same values for 

‘Region I’  and ‘Region III’ .  Thus, the intercepts of the GC - a�  diagrams in ‘Region I’  and 

‘Region III’  for any environment do not necessarily have to be the same.  
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Figure 2.15. Environmental effects on a GC - a�  behaviour. 
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2.10 Concluding remarks 

 

The present chapter has provided a review of the literature on subjects related to the present 

work. The conclusions that may be drawn from this chapter are as follows: 

 

(a) The fracture mechanics testing and analytical techniques may be used to provide 

quantitative evaluations of adhesive joints. Prediction of crack growth in adhesive joints 

can be carried out using the stress intensity factor approach or the energy balance approach. 

The aim of these approaches is to provide an unequivocal measure of the crack resistance 

of the joint, and so enable quantitative joint design studies and service-life predictions to be 

undertaken. 

 

(b) The environmental durability of adhesive joints upon exposure to water has been 

the subject of concern for many years. Extensive studies and attempts have been made to 

gain a better understanding of the mechanisms and kinetics of water attack, and to predict 

the service life-time of adhesive joints under adverse environmental conditions. However, 

there are some important issues which remain yet to be resolved. These include (i) 

developing universal accelerated test methods and models for life prediction of adhesive 

joints from short-term experiments, (ii) developing adhesive systems that possess long-term 

durability through surface pretreatments and (iii) understanding the role of the adhesive-

substrate interface, especially with respect to water ingress and diffusion.  

 

The next chapter will review the material properties and summarize the various procedures 

with respect to preparation of the test specimens and the experimental techniques for both 

the fracture mechanics and surface analysis used in the present work. 
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CHAPTER THREE 
 

3 EXPERIMENTAL DETAILS 
 

 

In this chapter the details of the materials, the preparation of test specimens, the 

experimental set-ups and the test procedures used in the present work will be reviewed. 

 

3.1 Accelerated test methodologies 

 

In this work the use of constant displacement rate tests and cyclic-fatigue tests as 

accelerated environmental durability tests for adhesive joints have been investigated. The 

methodology for the preparation of specimens and the mechanical testing of the joints used 

for these test methodologies are given in this section. 

 

3.1.1 Materials  

 

The substrates used to test adhesive systems throughout this work were manufactured from 

aluminium alloy (2014A (unclad)). The nominal composition of this aerospace alloy is 

given in table 3.1. It was supplied in plate form of nominal thickness of 9.75mm and then 

machined to the required TDCB geometry.  
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The adhesive used was hot-curing rubber-toughened epoxy adhesive, which was based 

upon a dicyandiamide-cured diglycidyl ether of bisphenol-A. The product code for this 

adhesive is XD® 4236-2 from Huntsman Advanced Materials. 

 

 

Al Cu Mg Mn Si Fe Zn 

90.6-95% 3.9-5.0% 0.2-0.8% 0.4-1.2% 0.5-0.9% 0.5%max 0.25%max 

 

Table 3.1. Nominal composition of the aluminium alloy 2014A (by weight %) [96].  

 

 

3.1.2 Preparation of joints  

 

The adhesively-bonded tapered double cantilever beam (TDCB) test geometry has been 

employed, and is schematically illustrated in figure 3.1. The geometry constant, m, of the 

substrate arms used for the aluminium joints was 2mm-1 (as described in equation 2.12) 

Three types of surface pretreatment were employed:  

 

1. Grit-blasting and degreasing (denoted as GBD) 

2. Phosphoric acid anodising (denoted as PAA) 

3. Phosphoric acid anodising with Primer (denoted as PAAP) 

 

It was very important to ensure that the procedures were well established initially and 

followed throughout the duration of the study to maintain consistency. For example, slight 

changes in timing in an acid bath could influence the results during the mechanical tests 

because of the morphology of the oxide created, or not leaving the specimens in a water 

bath for long enough may leave traces of the anodising solution on the surface and 
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therefore affect the surface analysis results. A brief description is given in the following 

section of each procedure for the different surface preparations. 

 

3.1.2.1  GBD surface pretreatment procedure 

 

Grit-blasting and degreasing is considered the minimum surface pretreatment required for 

adhesive aluminium bonding and forms the basis of all the following surface pretreatments 

employed in this study. The procedure is described in table 3.2. It is used as an excellent 

comparison to determine the effectiveness of the other more advanced surface 

pretreatments. 

 

 

Table 3.2. Grit blasted and degreased surface pretreatment procedure. 

 

3.1.2.2 PAA surface pretreatment procedure 

 

Phosphoric acid anodising is the preferred surface pretreatment for structural adhesive 

bonding employed throughout the North American aerospace industry [1]. The phosphoric 

acid anodising treatment detailed in table 3.3 follows the Boeing - BAC5555 Specification 

[79].  

Step Procedure 

I Clean with Acetone to remove any gross contamination. 

II Degrease in liquid bath of boiling 1,1,1-trichloroethylene for five 

minutes. Allow to cool as required if too hot to handle. 

III Grit blast with 60µm-78µm mesh alumina particles. 

IV Remove any residual grit with compressed air, then with acetone. 

V Dry at room temperature. Apply adhesive within 4 hours (although 

usually done immediately). 
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Step Procedure 

I Proceed with steps I-IV as for the GBD surface pretreatment. 

II Transfer to the Chromic Acid Etching (CAE) bath without drying. 

The bath should have been preheated to 68°C.  

III Etch for 30 minutes. 

IV On removal from etching bath, rinse for 5 minutes with running 

cold tap water, then 10 minutes in a constantly flowing water bath. 

V Transfer to the Phosphoric Acid Anodising (PAA) bath. The bath 

should have been preheated to 25°C. 

VI Apply a potential of 15 ±0.5V for 25 minutes. The sample is 

connected as the (+ve) anode and the bath as the (-ve) cathode. 

VII On removal from anodising bath, rinse for 5 minutes with running 

cold tap water, then 15 minutes in a constantly flowing water bath. 

VIII Dry at 60°C for 20 minutes in an air circulating oven. 

IX Check for water breaks and the typical transitions in colour which 

appear on the surface, then apply adhesive or primer within 72 

hours of drying (although usually done immediately). 

 

Table 3.3. Phosphoric acid anodised surface pretreatment procedure. 

 

3.1.2.3  PAAP surface pretreatment procedure 

 

The addition of a primer after the PAA pretreatment allows the primer to flow deep into the 

pores created in the oxide and subsequently for the adhesive to bond directly to the primer. 

It should prove beneficial if the adhesive was too viscous and was having trouble 

penetrating the oxide layer. Also the primer contains ingredients that should help to 

minimise water uptake and reduce the effect on the adhesive bond. The corrosion-inhibiting 

primer used for investigations was Cytec BR® 127 and the application procedure is based 
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on recommendations from their technical data sheet and is detailed in table 3.4. The 

bonding procedures are the same following each surface pretreatment and are detailed in 

the following section. 

 

Step Procedure 

I Proceed with steps I-VIII as for the PAA surface pretreatment. 

II Allow primer solution to warm to room temperature prior to 

opening the storage container. 

II Thoroughly mix (shake the can for one minute) prior to and agitate 

(on a magnetic stirrer plate) during application. 

III Brush coat the primer onto the PAA pretreated surface to a dry 

primer thickness of 0.0025mm nominal with a 0.0075mm 

maximum thickness. Check the thickness with a handheld eddy 

current scanner in five places and record the average to ensure the 

thickness is within tolerance. 

IV Air dry at room temperature for a minimum of 30 minutes prior to 

oven cure. 

V Oven cure for 30 minutes at 120°C ± 6°C 

VI Primed assemblies can be dried and wrapped and then stored for 

up to 6 months (at 24°C) without fear of degradation of the final 

bond, but the adhesive was usually applied within 30 minutes of 

the primer’ s cure. 

 

Table 3.4. Primer and phosphoric acid anodised surface pretreatment procedure. 

 

3.1.3 Bonding procedure 

 

After the surface pretreatment procedure on the specimen, two thin layers of PTFE, 

typically extending around 60-80mm from the loading end, were applied onto the substrate 

surface to create an initial crack during later testing. Meanwhile, the adhesive was degassed 
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in a vacuum oven at 80°C to reduce its viscosity and enable it to wet the substrate surface 

more effectively. The bond-line thickness of the adhesive layer was controlled during 

manufacture using 0.5mm wire inserts, one at either end of the TDCB substrate. Finally, the 

joints were held in purpose-built jigs and were cured in an air-circulating oven at 130°C for 

three hours. They were then allowed to cool slowly to room temperature by switching off 

the oven, typically overnight. Once ready, a thin coating of white spray-paint or liquid 

correction fluid was applied over the adhesive layer to facilitate taking visual crack length 

readings. To further aid the measurement of crack length during experimentation, a scale of 

1mm spaced gridlines, printed onto paper, was attached to the lower bond-line and the 

crack growth was monitored using a travelling microscope. 

 

 

 

      

 

Figure 3.1. Schematic illustration of a TDCB adhesive joint. The adhesive thickness was 

0.5mm and the length of the substrate beam was 310mm.  
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3.1.4 Test procedures  

 

Two different types of accelerated test methodologies were employed to study the 

durability of adhesive joints. These were (a) the constant displacement rate method and (b) 

the cyclic-fatigue test method. The test procedure for each test method is presented in the 

following sections.  

 

3.1.4.1 Constant displacement rate test method 

 

The TDCB joints were tested under monotonic-loading conditions in mode I using a screw-

driven ‘Instron’  tensile testing machine. The joints were first loaded using a cross head 

displacement of 0.50mm/min on an ‘Instron’  machine until the crack started to propagate. 

They were then unloaded immediately at the same displacement rate. This developed a 

sharp crack for the subsequent parts of the test on each sample, which were conducted at 

displacement rates ranging from 0.1µm/min to 0.25mm/min. Crack growth was monitored 

until the crack length reached greater than 180mm. The joints were then unloaded at a 

displacement rate of 0.50mm/min. These tests were conducted either at: approximately 

55% relative humidity (RH) at 21±1°C; or in water immersion at 21±1°C. The temperature 

and relative humidity of these tests was controlled by an air conditioning unit and 

dehumidifier in the laboratory were tests were performed. Water was left in the laboratory 

overnight to stabilise at room temperature. The value of the adhesive fracture energy, CG  , 

was ascertained from the expression (see section 2.6.5): 

 

da
dC

b
P

GC 2

2

=         (3.1) 

 

where P  is the critical load for crack growth, b is the width of the specimen, C is the 

compliance of the specimen (C = displacement/load) and a is the crack length. Assuming 

plastic deformation is confined to the vicinity of the crack tip, linear elastic fracture 
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mechanics is applicable to the TDCB adhesive joints. There are a number of methods that 

may be used to determine the derivative of the compliance with respect to the crack length, 

dC/da. These include the use of the simple beam theory (SBT), the corrected beam theory 

(CBT) or the experimental compliance method (ECM) as described in British Standard 

7991 [45]. In the ECM analysis method, the derivative dC/da was determined from the 

measured slope of the plot of C versus a. Alternatively, in the approach based on the SBT 

analysis, dC/da may be expressed as: 
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where Es is the Young’ s modulus of the substrate arms, and hs is the height of each arm. 

Hence, by combining Equations 3.1 and 3.2, CG  can be calculated via: 
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However, it has been found that the SBT analysis method underestimates the CG  because 

the TDCB test does not constitute a perfectly built-in beam (as assumed in the SBT 

method) and the beam root rotation effects may play a significant role. Corrections for such 

effects lead to the value of CG  as given by: 
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This approach is known as the CBT analysis method. Hence, combining Equations 3.1 and 

3.4, the value of GC is given as: 
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The experimental data in the present work were analysed using a Microsoft Excel 

spreadsheet containing these calculations, which was developed at Imperial College 

London by Blackman and Kinloch [97]. 

      

3.1.4.2 Cyclic-fatigue test method – Servo-hydraulic ‘Instron’ machines 

 

The TDCB joint geometry was also used in the fatigue studies to obtain the relationship 

between the rate of crack growth, da/dN, and the maximum strain-energy release-rate, 

maxG , applied during a fatigue cycle. These cyclic-fatigue tests were conducted using an 

‘Instron’  servo-hydraulic machine, as illustrated in figure 3.2. In these tests, a sinusoidal 

loading waveform with a frequency of 5 Hz and a displacement ratio, umin/umax, of 0.5 was 

used. A range of maximum displacements, umax, was used to obtain the fatigue data over a 

wide range of values of the maximum strain-energy release-rate, maxG , applied in a fatigue 

cycle. The value of maxG  was ascertained from: 

 

da
dC

b
P

G
2

2
max

max =        (3.6) 

 

where maxP  is the maximum load applied during the fatigue cycle. The values of maxG  

deduced from the SBT and the CBT analyses are simply expressed by Equations 3.7 and 

3.8, respectively: 
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It should be noted that the maximum strain-energy release-rate, maxG , applied in the fatigue 

cycle has been employed in preference to the strain-energy release-rate amplitude 

( maxGG =∆ - minG ). This is because, during the unloading part of the fatigue cycle, the 

debonded surfaces typically came into contact, resulting in facial interference of the 

adhesive with itself (if cohesive failure in the adhesive occurs) or with the metal surface (if 

interfacial failure occurs). This has been observed to result in the generation of surface 

debris, which may prevent the crack from fully closing when it is unloaded, and hence may 

give an artificially high value of minG . Thus, it has been suggested [98-100] that it is better 

to use maxG  instead of G∆ , and this convention has been followed in the present studies. 

 

 
Figure 3.2. Illustration of the experimental set-up of a cyclic-fatigue test using an ‘Instron’  

servo-hydraulic machine. 
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Crack length was measured either with the aid of a travelling microscope or theoretically by 

using the load-compliance assessment method. In this method, the crack length was 

physically measured using the microscopic technique and the load-compliance method was 

used to back up these findings. In the cyclic-fatigue tests detailed in section 3.1.4.3, using 

the multi-stage testing machine, the crack length was deduced from the compliance of the 

specimen as there was not space around the equipment to take readings on multiple 

specimens using a bulky microscope. Equations 3.9 and 3.10 are the expressions for the 

compliance based on the SBT and the CBT analyses, respectively.  

 

 �
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where x0 is the distance of the flat section of the beam profile from the loading end. The 

accuracy of such a load-compliance assessment has been established from previous work in 

the author’ s laboratory [98-100]. The method employed for obtaining values of the crack 

growth rate per cycle, da/dN, was the secant method as described in ASTM E647-88 [101] 

as: 

ii
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1        (3.11) 

 

where a is the crack length and N is the number of fatigue cycles. 
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3.1.4.3 Cyclic-fatigue test method – Multi-stage fatigue machine 

 

Cyclic-fatigue tests were also performed using a multi-stage fatigue machine supplied by 

Applied Research Ltd. An illustration of the experimental set-up is shown in figures 3.3 

and 3.4. The machine consisted of a compressor, piston and cam mechanism which 

generated a sinusoidal load at frequencies of 10Hz accurate to 0.1Hz. The load generator 

also incorporated an oil pressure regulator to ensure the continuous supply of an accurate 

and consistent load being applied to the specimens. The rig had twelve specimen tubes 

connected to a common steel frame, and so it offered the potential of testing twelve 

specimens at a time (two specimen holders are shown in figure 3.4). The stress level was 

determined by the choice of piston extension and could be set so that the minimum and 

maximum applied load gave the required load ratio of 0.5. This was considered to be 

directly comparable with the displacement ratio used on the ‘Instron’  machines. 

 

The maximum (and minimum) displacement applied to the specimen was measured using a 

clip displacement gauge. The gauge consisted of strain gauges bonded to two metal arms, 

which were fixed permanently to the loading end of the specimen (see figure 3.5). When 

the displacement was applied to the specimen, the metallic foil pattern glued onto the 

flexible arms was deformed, thereby causing its electrical resistance to change. This 

resistance change was then amplified and measured by a Wheatstone bridge and is related 

to the strain by a quantity known as the gauge factor. The signal was then further relayed to 

a ‘Mac Lab’  data acquisition unit, which was connected to a personal computer (PC). The 

PC acquired the absolute values of the maximum displacements. The PC also acquired the 

signals of the minimum displacement, the minimum and maximum load and the number of 

cycles using Windows based software named Chart (version 5.2.18) from ADInstruments 

Pty Limited. 

     

The specimens in the multi-stage machine are mounted upright (vertical) compared with 

being horizontal in the testing in the servo-hydraulic ‘Instron’  machine. This difference in 

mounting position has not been investigated in the past but it might be assumed that the 
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vertical mounting may be more detrimental as the debris of fractured material from the 

damaged fracture surfaces are more likely to fall down towards the crack tip when they are 

dislodged from the fracture surfaces by the movement of the cyclic-fatigue motion. In the 

horizontal mounting the dislodged material is forced outwards away from the crack and 

therefore should not affect the crack tip so detrimentally. In summary, the horizontal 

mounting in the ‘Instron’  may affect and wear down the fracture surfaces of the samples 

close to the crack tip whereas the vertical mounting in the multi-stage machine may be 

more likely to effect the crack tip itself. 

 

 

 

 

 

 
Figure 3.3. Illustration of the multi-stage fatigue test experimental set-up. From left to 

right: PC showing Chart software, Wheatstone bridge and amplifier, Mac Lab data 

acquisition unit, specimen holder/test setup and load generator. 
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Figure 3.4. Illustration of the multi-stage cyclic-fatigue testing hardware set-up. Two 

specimen holders being employed opposite each other. 

 

 
 

Figure 3.5. Illustration of the mounting of the clip displacement gauge to the TDCB joint 

which was utilised whilst undertaking cyclic-fatigue testing on the multi-stage machine. 
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3.2 Long carbon-chain self assembling silane as adhesion promoters 

 

The potential of a novel long carbon-chain self-assembling silane (with twenty –CH2– 

groups) as an adhesion promoter was investigated. The materials and the test procedures 

used in this work are presented in the following sections. 

 

3.2.1 Materials  

 

The substrates used throughout this investigation into silane pretreatments were 

manufactured from toughened soda lime glass, and were supplied by Chelsea Glass Ltd. 

The bulk composition of the glass is given in table 3.5. The adhesive used was XD® 4236-2 

(as described in section 3.1.1). The silane 22-(triethoxysilyl) docos-1-ene was investigated. 

This silane was synthesized by Target Molecules Ltd. The chemical formulation of this 

vinyl-terminated long carbon-chain silane is: 

 

CH2=CH–(CH2)20–Si–(OC2H5)3  

      

The solvent used was hexadecane (supplied by Sigma-Aldrich Ltd.). Non-polar solvents 

such as this can interact with the non-polar solutes via van der Waals forces. (Non-polar 

molecules have a type of intermolecular force called van der Waals, where positive nuclei 

of the atoms of the solute molecule will attract the negative electrons of the atoms of a 

solvent molecule.) This enables the non-polar solvent to cause a solvation of the solute 

molecules. Therefore, mixing with the non-polar solvent allows the long carbon-chain 

silane to dissolve and fully extend in the solution. In the present research, the solvent 

selected was hexadecane. This is because previous work [100] with this same adhesive 

system had proven that the use of various other non-polar solvents had no apparent effect 

on durability performance. The drying temperature and drying time had also been proven to 

have no significant effect, as had rinsing after silane deposition, and therefore these were 

also kept constant. 
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Materials Chemical formula Composition (%) 

Sand SiO2 72.8 

Soda ash Na2O 13.0 

Limestone CaO 8.4 

Dolomite MgO 4.0 

Alumina Al2O3 1.0 

Other - 1.0 

 

Table 3.5. Bulk composition of the toughened soda lime glass. 

 

3.2.2 Preparation of joints  

 

The adhesively-bonded double cantilever beam (DCB) test geometry was employed, and is 

schematically illustrated in figure 3.6. The silane solution consisted of 1% wt/wt of silane 

and 99% wt/wt of solvent, hexadecane. The solution was (magnetically) stirred 

continuously for one hour to attempt to create a good mixture of the silane within the 

solvent. Meanwhile, all glass substrates were first wiped with acetone to remove gross 

contamination before being cleaned ultrasonically in a bath of deionised water. 

Immediately after the silane solution was ready, the substrates were dipped into the solution 

for 10 seconds. The substrates were then allowed to dry for 2-3 hours at room temperature.  

 

At this point in the methodology, further surface ‘activation’  pretreatments took place on 

the substrates and are described in the following section 3.2.2.1. Then, prior to the bonding, 

a thin layer of PTFE film was laid onto the substrate surface in order to create a starter 

crack. Typically this extended 40mm from the loading end. Meanwhile, the adhesive was 

degassed in a vacuum oven at 80°C before being applied to the substrates. The bond-line 
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thickness of the adhesive was controlled during manufacture using 0.5mm diameter wire 

inserts. The joints were held in purpose-built jigs whilst a mold release agent, Henkel 

Frekote, and plastic inserts were used to ensure that the substrates/adhesive did not bond to 

the walls of the jig. They were then cured at 130°C for three hours as is always the case for 

the XD® 4236-2 adhesive in the present study. Finally, loading blocks were applied to the 

substrates (roughened in the bonding areas by grit blasting), as depicted in figure 3.6, using 

Permabond® E32 adhesive, and again placed in purpose built jigs and allowed to cure at 

room temperature overnight. Once ready, as with the TDCB preparation in section 3.1.3, a 

thin coating of white spray-paint or liquid correction fluid was applied over the adhesive 

layer to facilitate taking visual crack length readings and in this case a scale was drawn 

onto the ‘painted’  specimen as a guideline and more accurate readings were recorded using 

the measurement scale incorporated on the travelling microscope. 

    

      

 

Figure 3.6. Schematic illustration of a typical DCB adhesive joint utilised in the silane 

testing. The thickness of the adhesive layer was 0.5mm and the length of the substrate beam 

was 140mm. 
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3.2.2.1 Activation of vinyl-terminal groups to reactive hydroxyl-terminal 

groups via a hydroboration methodology 

 

The vinyl-terminal groups on the long carbon-chain silane-pretreated glass were ‘activated’  

to form reactive functional groups. These are liable to react with the adhesive through 

modification to hydroxyl-terminal groups which will take place via a hydroboration route 

[102].  

 

The hydroboration methodology, used to convert the vinyl-terminal groups into hydroxyl-

terminal groups, is adapted from the method of Netzer et al. [102]. The process initially 

involved immersing the vinyl-terminated long carbon-chain silane-pretreated substrates in a 

glass beaker filled with borane tetrahydrofuran (1M BH3 THF) (Sigma-Aldrich Ltd.) for 30 

seconds. The second part of this two-stage process was to immediately immerse the borane-

treated specimen into a second solution of alkaline hydrogen peroxide (30% H2O2 in 

aqueous NaOH (0.1M)) (Sigma-Aldrich Ltd.), again for 30 seconds. The individual 

substrates were mounted on a purpose built horizontal jig using simple wooden clothes 

pegs, so that the specimens remained vertical. There was no further rinsing process (which 

has been performed by previous authors but showed no particular added benefits [109]). 

The treated specimens were allowed to dry at room temperature for one hour prior to 

adhesive bonding. This process was followed by the remaining bonding processes as 

described in section 3.2.2 to make the DCB joints. This two-stage surface activation step 

(as depicted in figure 3.7) was then repeated with other silane treated glass specimens for 

60 second treatments in each solution and 120, 300 and 600 second treatments. 

 

 

 



Chapter 3 – Experimental Details 

 

96 

Si

O

O Si O

O

Si
O

O Si O

O

OHOH
Chemical Activation:

1. BH3 / THF (1M)
2. H2O2 (30%) / NaOH (0.1M)

30, 60, or 120 seconds

Chemisorption

10 seconds

Monolayer Activated Monolayer  
 

Figure 3.7. Activated Monolayer formation by absorption: binding through the O— Si— O 

function using bi-functional silane surfactants. The chemisorption stage remained constant 

at 10 seconds. Chemical Activation treatment times ranges from 30 seconds to 600 seconds 

(10 minutes). 

 

3.2.3 Test procedures for silane investigations 

3.2.3.1 Surface contact angle determination  

 

As described in the literature review of the current research, the contact angle that a liquid 

makes with a surface is a very important, yet simple, measure of wettability. This initial 

testing of the experimental surface preparations undertaken on substrates can quickly give 

an indication as to the likely kinetics of wetting of an adhesive system utilising this 

substrate. In this case it could signify whether or not a surface reaction has taken place i.e. 

activating a self-assembling monolayer. In general, a low angle (close to zero degrees) will 

suggest that the substrate will wet easily and therefore bond more readily. A high contact 

angle would suggest that the surface being tested is hydrophobic and therefore less likely to 

form a strong and durable bond successfully.  

 

To measure contact angles a specimen is placed onto an adjustable levelled platform of the 

Ramè-Hart Inc. Contact Angle Goniometer. This platform has a strong light that illuminates 

the specimen (and liquid droplets) from behind, whilst a digital video camera observes the 

specimen from the front. A droplet of water is then placed on the surface of the test 
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specimen using a needle-tipped syringe held at a set distance of 10mm above and 

perpendicular to the testing surface. After some adjustments to the lighting and capture 

frame of the water droplet, the attached computer analyses the contact angle at each end of 

the droplet’ s transposed image utilising the Ramè-Hart Imaging software (2001), therefore 

recording angles for the left and right side of the water droplet. Water was chosen for 

simplicity but dependant on the surface, an adhesive, a solvent, or any other liquid could be 

used to test specific solid/liquid interactions. This process was repeated a minimum of five 

times in different places on the specimen surface to obtain an average value. The average 

contact angle can be used to determine the wettability of the specimen, as mentioned above, 

but also acts as a useful comparison between surfaces treated in different ways or for 

different treatment times. Control specimens were also undertaken to act as a comparison 

for the treated surfaces. 

 

3.2.3.2 Constant displacement testing 

 

The DCB joints were tested under monotonic-loading conditions in mode I using an 

‘Instron’  tensile testing machine. The experimental procedure was similar to that described 

in section 3.1.4.1. However, these tests were only conducted at a consistent displacement 

rate of the cross-head of the ‘Instron’  machine of 10µm/min for all tests. This was done to 

reduce the variables being altered for each differing surface preparation, therefore ensuring 

that it did not bias the consistency of the effect of only changing the timings of the 

chemical activation stage. The test environment was submersion in water at 21±1°C. The 

value of CG  was ascertained from Equation 3.1 using the CBT and ECM analysis methods. 

The expression for CG  using the ECM was similar to that of the TDCB joints. However, 

the value of CG , determined via the CBT analysis method for DCB joints, was calculated 

via [45]:  
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where J is a load-block correction, F is a large displacement correction, u is the 

displacement and ∆ is a crack-length correction for a beam that is not perfectly built-in. The 

experimental data in the present work were again analysed using the Microsoft Excel 

spreadsheet of Blackman and Kinloch [97]. 
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3.3 Microscopy and spectroscopy studies 

 

Surface analysis is an indispensable way to gain information about the loci of failure of 

adhesive joints, and hence to identify the key failure mechanisms. Many surface analysis 

techniques have been developed to evaluate the fracture surfaces down to almost atomic 

resolution. An excellent introduction to surface analysis in general is given by Watts [103], 

who lists three areas that surface analysis has been employed in with reference to adhesion 

science. Firstly, analysis of the substrate surface prior to application of the adhesive/primer 

i.e. to learn more about the surface pretreatment, secondly investigation of the polymer 

bond and thirdly the identification of the locus of failure following bond rupture. The 

techniques used in the present work will be briefly reviewed. 

 

3.3.1 Scanning Electron Microscopy (SEM) 

 

SEM has been used to establish the locus of failure, and for the examination of the bare 

oxide surfaces. Scanning electron microscopy (SEM) is used to analyse specimens over a 

wide range of magnifications. A focused beam of electrons is rastered over the surface of a 

conducting specimen mounted in an evacuated column and the interaction of the beam with 

the specimen results in the generation of secondary electrons, backscattered electrons, 

characteristic X-rays and photons of various energies. However, SEM only analyses the 

electron emissions, i.e. secondary and backscattered electrons. Secondary electrons mainly 

provide surface topographic images whilst backscattered electrons can form images and 

supply atomic number information about the specimen. In the present work, a combination 

of the Hitachi S4000 high resolution Field Emission Gun scanning electron microscope and 

the Hitachi S-3200N variable pressure scanning electron microscope were used to examine 

the fracture surfaces of the adhesive joints (as shown in figure 3.8). The surfaces of the bare 

oxide and the polymeric adhesive were non-conductive so charging in the electron beam 

may have occurred. Because of this the specimens used in the present study have been 

sputter-coated with evaporated gold to give a conductive surface prior to SEM examination. 
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Surfaces where the gold sputter may lead to the destruction of surface topography were 

omitted from the coating process, such as the study of the bare PAA treated aluminium 

oxide. In this case the analysis was done in short bursts on the actual areas of interest in an 

attempt to reduce the effects of charging, reducing the chances of the sample being 

unexaminable. In this work it was mainly the samples which were adhesive or metal 

(visually to the human eye) surfaces that had traces of adhesive which needed to be gold 

sputtered.  

 

    

Figure 3.8. Left: Hitachi S4000 high resolution Field Emission Gun scanning electron 

microscope (FEG-SEM) and Right: Hitachi S-3200N variable pressure SEM. 

 

 

3.3.2 X-ray Photoelectron Spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS) involves the photo-ionization of atoms on the 

sample surface by relatively soft X-rays in an ultra-high vacuum environment and kinetic 

energy analysis of the resulting photoelectron. The measured kinetic energy is subtracted 

from the energy of the incident photon to yield a binding energy for the photoelectron. 

Since binding energies are characteristic of both the element being ionized and the 

chemical environment of the species, it allows qualitative and quantitative elemental 

analysis and reasonably good identification of chemical bonding in a surface layer of 
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typically 3 to 5nm. In the present study, the XPS analyses were conducted by the author at 

the University of Surrey, using a Thermo Scientific Sigma Probe in a constant analyser, 

energy mode at a power of 140W (as shown in figure 3.9). The X-ray source used was 

monochromatic aluminium Kα of 1486.6eV with a spot size of 50µm and a take off angle 

of 37° for all specimens. Survey spectra were performed with pass energy of 150eV in 

order to detect all elements on the surface except hydrogen, followed by high-resolution 

examinations (after peak fitting) with pass energy of either 20eV or 50eV and 10 or 20 

passes, depending on the signal strength. The reason XPS has been used is that, on post-

failure examination of some the surfaces, there were some failures which appeared by 

visual inspection to be interfacial.  The qualitative and quantitative chemical analysis of the 

surface which XPS provides enables identification of the true locus of failure.  

 

The sample to be analysed was mounted onto a platter and inserted in to the machine via a 

vacuum entry chamber. After initial survey scans were completed (from 0eV to 1550eV) 

and the elemental peaks that were present identified, detailed scans were undertaken for 

particular elements within that element range, so that quantification could take place at a 

later stage. Control specimens of the adhesive and treated aluminium surfaces (and glass 

and treated glass surfaces for the silane studies) were also undertaken to act as comparative 

quantifications with the fracture surfaces, therefore helping to determine the exact locus of 

failure. These control specimens (and all specimens) needed to be tested as soon as possible 

after being prepared to reduce the chances of contamination due to exposure to the air. To 

reduce the likelihood of contamination the samples were immediately wrapped in 

aluminium foil for transportation to the XPS machine. Because of the methodology 

involved in cutting up a TDCB specimen and putting the 10mm by 10mm piece of metal 

into the entry chamber and waiting for the vacuum system to pump it down, the XPS 

testing often did not commence for at least 24 hours after being removed from a fracture 

mechanics test. The time required in the entry chamber was dependant on the size of the 

specimen and the make up of the surface, for example a small metal sample might only take 

2 hours, whereas a small adhesive sample could take in the region of 6-8 hours. XPS 

spectra may be affected on some samples, for example, that have been exposed to air for 
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long periods and may have more carbon than was expected or samples that have metallic 

layers that have reacted with oxygen to progress their oxide layer formation on the top 

surface. 

 

 
Figure 3.9. X-ray Photoelectron Spectroscopy machine used in the current study, the 

Thermo Scientific Sigma Probe.  

 

 

3.3.3 Ultramicrotomy sample preparation for Transmission Electron 

Microscopy 

 

Transmission electron microscopy (TEM) has been used to study the interphasial region, 

i.e. the metal substrate/oxide/primer/adhesive interfaces. The use of TEM for the study of 

adhesive joints has not been that widespread. The challenging problem is that the material 

specimens for use in the TEM have to be very thin so that they are electron transparent, and 

this requires the mastery of a highly specialised skill for preparation of thin slices, using a 

technique known as ultramicrotomy. This technique has been used widely for other 

materials such as biological specimen and polymers [104,105], but was first used for 
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aluminium alloy/oxide sections by Furneaux [106]. A number of other studies have used 

this technique in the study of the interphasial region of adhesive joints [89,107,108]. As an 

alternative to ultramicrotomy, Davies [109] did have some success using ion beam 

thinning, but unfortunately this also has its problems, mainly due to preferential thinning of 

the adhesive and oxide. The optimum method of ultra microtome sectioning has been 

investigated throughout this study, with particular reference to that of Furneaux et al. [140] 

along with suggestions from other authors [99,110,111], and cutting clear, examinable ultra 

thin electron transparent specimens has been completed. 

 

In the method developed a section was taken from one side of a failed PAA surface treated 

2014A Aluminium TDCB joint. A thin layer of gold was then sputter coated onto the 

fracture surface depending on the fragility of the fracture surface. Thin wedge shaped strips 

of approximately 10 mm length were cut from the sample using a Struers Accutom 

diamond cut-off wheel as depicted within figure 3.10. The strips were also cut with 

different thickness and widths at the smallest end to find the best section size; approximate 

thicknesses of 0.4mm and widths of 0.5mm. A number of wedges were prepared using the 

same procedure and placed and held centrally within purpose-made plastic mounting 

capsules filled with a 2 component epoxy resin (with accelerating hardener) supplied by 

Agar Scientific (Medium Spurr Premix Kit). The capsules were placed within an air 

circulating oven at 60oC and left to cure for a minimum of 48 hours. The hardened resin 

helps to keep the specimen in the correct cutting position and increases the strength of the 

interphase region during cutting. 
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Figure 3.10. Truncated wedge-shaped Aluminium 2014A embedded within 2 component 

epoxy resin pellet. 

 

After the oven cure, the plastic capsules were removed leaving only the set resin pellets and 

embedded specimen strips. The resin pellets were then trimmed using a razor blade to form 

a truncated wedge shape on the face exposing the smallest part of the metal specimen 

which in figure 3.10 is the 0.4 x 0.5mm area. A chosen pellet was mounted onto the 

Reichart UM03 ultramicrotome (shown in figure 3.11) and the adhesive/metal interphase 

sliced parallel to the oxide edge. The aim was to create a section area with as small a width 

as possible that leaves just the interphasial zone involving a thin strip of the metal substrate, 

the metal oxide and the adhesive interfaces. Using a carefully prepared sharp glass knife, 

the tip of the pyramid and metal surface were finely trimmed towards the edge of the 

surface containing the oxide layer, as shown in figure 3.12, until only a 0.2mm tall 

protruding stub of area 0.4 x 0.1 mm of exposed metal was left surrounded by a total of 

approximately 0.7 x 0.2 mm of the oxide layer, adhesive and mounting resin. This accurate 

yet laborious trimming process was undertaken looking through the built-in microscope on 

the ultra microtome machine. The smaller the area left at the tip of the sample the easier it 

is to cut off very thin sections. Different samples might have differing amounts of adhesive 

originally attached within the interphase or might even be sandwiched between two 
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sections of the aluminium sample. The main variable to keep constantly to a minimum is 

the amount of metal left to slice, it can be long (up to 0.5mm) but it can’ t be wide because 

the diamond knife will not cut it uniformly and will end up in the sections either being 

destroyed or rolling if too thick. This excess material is easily removed during the glass 

knife trimming process. 

 

Choice of cutting speed, thermal feed progression speed, sharpness of the diamond knife, 

hardness of the materials and specimen geometry can all affect the quality of the slices 

obtained. In this study, for the materials used, an optimum cutting speed of 0.5mm/s was 

found to give best results when combined with the very small tall and narrow sectioning 

area described above. Ultramicrotomy was performed using a Drukker 45o ultramicrotome 

knife fitted with an Element 6 advancing diamond and incorporating a water trough which 

is filled with distilled water. Ultra thin specimens of approximately 20-50nm thickness 

were floated from the water trough onto 200 mesh copper grids. The grids were dried by 

dabbing the underside on filter paper and immediately placed within the Philips single tilt 

specimen holder and then into the Philips TEM for examination as described in the 

following section. 

 

 
 

Figure 3.11. Photograph of the Reichart UM03 ultramicrotome. 
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Figure 3.12. Ultramicrotomy cutting procedure employed utilising the Reichart 

microtoming machine. 

3.3.4 Transmission Electron Microscopy (TEM) 

 

The transmission electron microscope, a Philips CM200 with Parallel Energy Electron Loss 

spectroscopy (PEELS) capability via the attached Gatan Imaging Filter (GIF), was 

employed in the general examination of the sections of the interphasial region (shown in 

figure 3.13). The CM200 can provide an acceleration voltage of up to 200kV and a point 

resolution of 0.19nm with a LaB6 filament. 

 

For the examination of the sectioned ultra thin specimens, the CM200 TEM was operated at 

200kV using an object aperture for both dark field and bright field image capture. The 

objective aperture acts as a masking filter in the back focal plane of the objective lens (i.e. 

on the diffraction pattern, when the microscope is in imaging mode). An area of particular 

interest was found and a series of low magnification bright and dark field images of the 
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complete oxide layer together with aluminium substrate and adhesive were taken. 

Additionally, using the GIF, elemental distribution maps were acquired by forming images 

with only the electrons that have lost energy by exciting a transition in a given element that 

occurs at a unique energy. Energy filtered images of the anodic oxide film were captured to 

highlight the special distribution of aluminium (metal substrate), oxygen (oxide layer 

produced by PAA process) and carbon (adhesive) and thus produced mapped images to 

help envisage the effects of the PAA treatment process and how the oxide layer is built up. 

It may also help to determine the interaction of the epoxy into the PAA oxide layer and 

therefore the structural bonding qualities of a joint manufactured using this type of surface 

bonding pretreatment.   

 

 
 

Figure 3.13. Philips CM200 transmission electron microscope (TEM) with Gatan Imaging 

Filter (GIF) providing energy filtered transmission electron microscopy (EFTEM). 

 

3.3.5 Energy filtered transmission electron microscopy (EFTEM) 

 

A good deal of information can be gained from visual assessment of the interphasial region 

of an adhesive joint in a TEM, however, it is also possible to obtain actual chemical 



Chapter 3 – Experimental Details 

 

108 

information. In the present study compositional imaging using parallel electron energy loss 

spectroscopy (PEELS) was performed via energy-filtered transmission electron microscopy 

(EFTEM). An excellent introduction to this topic is given by Leapman and Hunt [112]. 

EFTEM is a modified form of electron energy loss spectroscopy (EELS), which makes use 

of the fact that electrons passing through a thin specimen may undergo a change in energy, 

which is termed inelastic scattering. An electron energy loss spectrum is usually considered 

as having three regions. The first is the zero-loss peak which contains most of the electrons; 

they have a negligible change in their energies. Second is the plasmon region, which 

corresponds to a loss in the region of 5 to 30eV. Thirdly, there is a high energy-loss region, 

which is used for analytical purposes, since there is a characteristic edge which corresponds 

to inner shell excitation of a particular element. This is the energy lost from a primary 

electron, in knocking out an inner shell electron. This energy loss is high because as it is 

related to the binding energy of K and L shell electrons. Typical values are 283eV for a 

carbon K electron, 532eV for an oxygen K electron, and 1550eV for an aluminium K 

electron. A schematic EEL spectrum is given in figure 3.14.  

 

 

 
Figure 3.14. A typical electron energy loss (EEL) spectrum 
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EFTEM is a mode of operation of the GIF whereby images are formed with electrons that 

have lost energy in a given energy interval, as selected by a mechanical slit in the 

spectrometer.  Thus, maps of the distribution of chemical elements can be acquired, 

revealing the interpenetration of the metal, the oxide and the adhesive phases. The 

resolution in these images depends on the thickness of the sample, the chromatic aberration 

of the microscope-spectrometer system and the energy and spatial stability of the 

instruments. Conventionally two methods are used for generating elemental maps: 

 

1.  The jump ratio method. 

2.  The three window method. 

 

The jump ratio method divides an image formed with electrons in the pre-edge background 

window with an image formed with electrons in an energy window containing the energy 

loss edge of interest. As both images contain background electrons (the background 

originates from all previous energy losses), the contrast in the resulting image can be 

affected by thickness variations. In the three-window method however, which is almost 

exclusively used in this work, the background is estimated from two pre-edge images using 

a power law expression and subtracted from the post-edge image. The contrast in this 

image is less thickness dependant and compositional maps can be obtained. 

 

EFTEM was performed on very thin slices 40-70nm, taken from interphasial regions of 

pretreated TDCB specimens, using a ‘Philips CM200’  transmission electron microscope (as 

illustrated in figure 3.13). Image analysis was conducted using ‘Digital Micrograph’  (v. 

3.11.1) software. 

 

3.4 Concluding remarks 

 

The experimental techniques used in this research have been presented in the present 

chapter. It was important to thoroughly research and develop the experimental techniques 

to ensure that the results obtained from the studies would be as accurate and as high a 
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quality as possible. The results from these studies will be discussed in the following 

chapters. The next chapter (4) will describe the results from the constant displacement rate 

tests, followed by chapter 5 which will discuss the results of the cyclic-fatigue test 

methodologies explained in this chapter. Chapter 6 will go on to focus on the use of the 

surface analysis techniques to determine the loci and mechanisms of failure associated with 

the fracture mechanics testing and chapter 7 will discuss the silane testing, again the 

experimental details of which were described in this chapter. 
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CHAPTER FOUR 
 

4 CONSTANT DISPLACEMENT RATE 

RESULTS 
 

 

The use of constant displacement rate tests as a methodology for developing a sound 

accelerated test for assessing the durability of adhesive joints was studied. Using 

aluminium alloy and epoxy adhesively-bonded tapered double cantilever beam (TDCB) 

joints, two different surface pretreatments were examined: grit-blast and degreased and 

phosphoric acid anodised. The fracture behaviour of the bonded joints was investigated 

under Mode I loading over a wide range of displacement rates of the cross-head of the 

‘Instron’  tensile testing machine. The tests were conducted either (a) at approximately 55% 

relative humidity (RH) at 21±1°C or (b) in water immersion at 21±1°C. The results from 

these studies are presented in the present chapter. 

 

4.1 Relationship between crack velocity and displacement rate 

 

The relationship between the crack velocity and the displacement rate of the cross-head of 

the ‘Instron’  tensile machine may be related using equations designed to deduce the 

theoretical values of crack velocity from the simple beam theory (SBT) and combined 

beam theory (CBT) as described in British Standard BS 7991 [45]. All of the equations 

used for the calculations in this chapter are derived in detail in the experimental methods 

chapter of this study (please refer to section 3.1.4.1). Figure 4.1 shows the plot for the GBD 
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pretreated aluminium alloy joints. It may be seen that the experimentally-measured data 

and the theoretically-deduced data were in excellent agreement. Also, it is noteworthy that 

the relationship between the crack velocity and the displacement rate may be governed by a 

power-law relation. This implies that the higher the displacement rate of a test, then the 

higher the resulting crack velocity. Therefore, the crack growth rate of a joint may be 

controlled by using different cross-head displacement rates of the ‘Instron’  tensile machine. 

This is of particular importance in the present study of the environmental durability of 

adhesive joints. This aspect will be further discussed in section 4.3.  
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Figure 4.1. Dependence of crack velocity upon the displacement rate for the GBD-

pretreated aluminium alloy joints. Open symbols are data collected in the present study 

whilst the filled symbols are from previous studies [100,113]. 
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4.2 Comparison of three different analyses to ascertain GC 

 

The fracture energy, GC, of the adhesive joints was ascertained for each test using three 

different methods of analyses: (a) the SBT; (b) the CBT; and (c) the ECM, according to 

British Standard 7991 [45]. A typical plot of the values of GC as a function of crack length, 

as the crack propagates through the specimen, is depicted in figure 4.2. As may be seen 

from this plot, all the values of GC deduced from the SBT analysis were relatively low 

compared to the equivalent values deduced via either the CBT or the ECM analyses. This 

observation is attributed to the over-simplified assumptions made in the SBT analysis, 

which only consider the deflections of the substrate beams due to bending and shear but 

ignore the important contributions to the compliance from the deflection and rotation at the 

beam root, i.e. at the assumed built-in crack tip [46]. These neglected effects are more 

important than those associated with the shear deformations in predicting the values of GC 

for TDCB joints manufactured with metallic substrates [114-116].  

 

Corrections to these assumptions lead to the CBT analysis. Indeed, as is evident from figure 

4.2, the values of GC ascertained from the CBT analysis showed relatively good agreement 

with the values deduced via the ECM analysis. This indicates that the CBT analysis 

predicts the compliance of the TDCB joints more accurately than the SBT analysis, and 

thus it leads to an improved accuracy in the values of GC ascertained for the adhesive joints. 

For clarity of the results to be presented in the thesis, only the values of CG  deduced from 

the ECM analysis are quoted from now on. 

 

Also, the data in figure 4.2 shows that there is little dependence of GC upon crack length, 

i.e. there is no significant rising R-curve behaviour. (The R-curve is defined as a curve of 

GC versus crack length that exhibits an increase in the fracture energy with crack 

extension.) The value of GC used and quoted in this study is an average figure calculated 

from each experimental point taken along the propagating crack. 
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Figure 4.2. Values of GC  as a function of crack length for a GBD-pretreated aluminium 

alloy joint tested at 5µm/min in the water immersion test at 21±1°C.  

 

4.3 Relationship of fracture energy as a function of crack velocity 

 

The fracture behaviour of the aluminium-epoxy adhesive joints has been investigated in 

detail in two different test environments, i.e. at 55% RH and immersed in liquid water at 

21±1°C, over a wide range of displacement rates of the cross-head of the ‘Instron’  machine. 

Two different types of surface pretreatment have been employed: (a) simply grit-blasting 

and degreasing (GBD); and (b) phosphoric acid anodising (PAA). The values of GC for the 

various joints were measured as a function of crack velocity, a� . The results were plotted 

using a double-logarithmic scale. The plots obtained for the GBD and PAA joints (for tests 

at 55% RH and immersed in water) are shown in figures 4.3 and 4.5, respectively. 
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4.3.1 GBD surface pretreatment 

 

It can be seen in figure 4.3 that three distinct regions may be identified for grit blasted and 

degreased pretreated specimens. These three regions of the aGC �−  plots have been applied 

to GBD joint in previous studies utilising the same adhesive and cure conditions [100,113]. 

In the present work, further GBD tests were carried out at various displacement rates to 

prove the methodology and therefore apply this experimental work to develop and 

characterize the relationships for phosphoric acid anodised surface pretreated specimens. 

The characteristics of these three regions, for GBD, are briefly summarised as below:  

 

(a) ‘Region I’ : This region was observed at low crack velocities. The crack grew in a 

stable manner, visually along the adhesive/substrate interface. ‘Region I’  occurred 

at relatively low rates of displacement, and hence low crack velocity. The crack 

grew in a stable manner. Water molecules may attack and weaken the adhesive-

substrate interface. 

 

(b) ‘Region II’ : In this region, a transition between ‘Region I’  and ‘Region III’  was 

observed. Two types of such transition regions have been established [65]: ‘Region 

IIa’  where the fracture energy GC increased suddenly at an intermediate crack 

velocity of a�  with the crack growing visually along the adhesive-substrate 

interface; or ‘Region IIb’  where the transition region was abrupt with no points 

between regions I and III [4]. The crack growth in ‘Region II’  is controlled by the 

diffusion or mass transport rate of water molecules to the crack tip.  

 

(c) ‘Region III’ : This region was observed at high crack velocities. The crack grew in 

an unstable ‘stick-slip’  manner, essentially cohesively in the adhesive layer. In this 

region, the crack growth is controlled by the mechanical rather than the 

environmental effects, since the crack velocity exceeds the diffusion or mass 

transport rate of the water molecules to the crack tip. 
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Figure 4.3. Relationship between fracture energy and crack velocity for the GBD 

aluminium alloy joints tested at 21°C in liquid water and at 55% RH. The dotted lines 

correspond to the value of the fracture energy measured when the crack grew in a stick-slip 

manner. Open symbols are data collected in the present study whilst the filled symbols are 

from previous studies [100,113]. 

 

It is important to distinguish between the terms unstable and stable when referring to 

‘Region I’  and ‘Region III’  respectively. To do this typical load versus displacement curves 

have been depicted in figure 4.4 below. ‘Region I’  occurs at relatively low rates of 

displacement and hence at low crack velocities and always exhibits stable crack growth 

after the crack has been initiated. ‘Region III’  occurs at high rates of displacement and 

hence at high crack velocities. After the crack has been initiated it will arrest and then begin 

to initiate again, this will repeat a number of times until failure. This effect is evident by the 

switching between the high peaks and low troughs in the load visible on figure 4.4. This 
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mode of failure is referred to as ‘stick-slip’  in manner because the crack does not grow 

uniformly, choosing instead to grow in small increments along the length of the available 

fracture surface. 

 

The full descriptions of ‘Region II’  and ‘Region III’  are given elsewhere [65,113], and it is 

mainly the characteristics of ‘Region I’  which are discussed in this thesis, since this was 

where the effects of a humid or aqueous environment were most clearly seen. It was 

therefore concluded that this region is of particular importance for the present study of the 

durability of adhesive joints.  

 

0

200

400

600

800

1000

1200

0 0.5 1 1.5 2

Displacment (mm)

L
oa

d 
(N

)

Pc

 

0

200

400

600

800

1000

0 1 2 3

Displacement (mm)

L
oa

d 
(N

)

Pc Pc Pc

  
Figure 4.4. Typical load versus displacement curves for the adhesive joints being tested. 

Left: Region I: Stable crack growth. Right: Region III: Unstable crack growth (stick-slip). 
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4.3.2 PAA surface pretreatment 

 

Tests on PAA pretreated samples have also revealed three regions of crack growth and 

failure mode which are depicted in figure 4.5. As with the GBD pretreated adhesive joints, 

varying the cross head displacement rate, and therefore the crack growth velocity, the 

regions follow visual modes of failure that can be summarised as follows: 

 

(a) ‘Region I’ : This region was observed at low crack velocities. The crack grew in a 

stable manner, visually along the adhesive/oxide interface in water or cohesively in 

the adhesive layer in ‘dry’  conditions.  

 

(b) ‘Region II’ : In this region, transitions between ‘Region I’  and ‘Region III’  were 

observed. The transition region was abrupt with no points between the two regions, 

exactly the same type of transition as previously referred to ‘Region IIb’  in the 

analysis of the GBD surface pretreatment. 

 

(c) ‘Region III’ : This region was observed at high crack velocities. Stick-slip crack 

propagation mode was observed and the failures were mainly cohesive in the 

adhesive layer.  

 

When ‘Region I’  behaviour was observed in tests conducted in water, visually the locus of 

failure was interfacial, revealing an apparent ‘metal’  and ‘adhesive’  surface. Further 

investigation using scanning electron microscopy (SEM) and X-ray photoelectron 

spectroscopy (XPS) suggests that it is most likely that this is around the interface between 

the oxide layer formed in the anodising process and the adhesive layer. The reasons for this 

observation and mechanisms of failure will be further discussed in chapter 6.  

 

Other differences between GBD and PAA can be observed in ‘Region II’ . The abrupt 

transition zone in PAA joints suggests that there is a value of crack velocity at which the 

failure mode switches from the adhesive/oxide interface to a cohesive failure in the 
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adhesive layer. As the fracture energies are higher for the PAA pretreated specimens, for 

tests conducted in both 55% RH and in water, as may be seen in figure 4.5, it is suggested 

that, as the crack velocity rises, the fracture energies show the trend of becoming very 

similar values at a point of a crack velocity of around 4-5mm per minute, within the 

‘Region II’  zone and a possible point where the transition between interfacial and cohesive 

failure occurs. 
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Figure 4.5. Relationship between fracture energy and crack velocity for the PAA 

aluminium alloy joints tested at 21°C in liquid water and at 55% RH. The dotted lines 

correspond to the value of the fracture energy measured when the crack grew in a stick-slip 

manner. 
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4.3.3 ‘Region I’: Coupled effects of test rate and environment 

 

As is evident from figures 4.3 and 4.5, the values of GC for the ‘55% RH’  tests were higher 

than the values ascertained in the water immersion tests. This clearly indicates the 

detrimental effect of liquid water. It is noteworthy that the value of CG  ascertained from 

the GBD joints in the water immersion tests depended greatly upon the value of a�  (steep 

gradient of best fit line) but the dependency of CG  upon a�  in the GBD 55% RH tests was 

relatively weak (shallow gradient). This suggests very different failure mechanisms even 

though the fracture surfaces appear visually interfacial and very similar in nature. Later 

surface analysis will help to determine the physical differences in the fracture surfaces and 

therefore more accurately predict the failure mechanisms but at this stage it can be 

postulated that the GBD joints tested immersed in water have been greatly effected by the 

presence of water molecules and that the slower the constant displacement rate, and hence 

the crack velocity, the more time the water has had to influence and penetrate the weak 

interface between the substrate’ s GBD pretreated surface and the adhesive layer bonded on 

top of it. It can also be suggested that the oxide produced by the GBD surface pretreatment 

does not allow the adhesive to penetrate very well and therefore the bond between the oxide 

and the adhesive remains weak therefore being ultimately responsible for the failure in both 

the 55% RH conditions and the very harsh tests immersed in water. 

 

Interestingly, the gradients for the PAA joints in the two test environments were very 

similar. This suggests that the effect of the ingress of water is not linked to the crack 

velocity in a detrimental manner as was seen in the GBD surface pretreatment. It may also 

be seen that the value of GC for a given a�  was lower for the PAA joints tested in water 

compared to the 55% RH tests. The magnitude of this difference was approximately 150-

200Jm-2 at any given crack velocity in ‘Region I’  and, for example, at a crack velocity of 

0.01mm/min the fracture energy is reduced by ~30% by being tested in water (i.e. GC � 600 

Jm-2) compared to the ‘dry’  conditions (i.e. GC � 850 Jm-2). However, in the water 

immersion tests the value of GC for a given a�  for the PAA joints was relatively high 

compared to the GBD joints.  
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This implies that the underlying failure mechanisms in both the 55% RH and water 

immersion tests for the PAA joints could be considered similar, as could the GBD at 55% 

RH but that the inferior durability of the GBD joints tested in water may arise from a very 

different failure mechanism compared to the other three test conditions/environments. This 

will be further discussed in chapter 6. 

 

4.3.4 ‘Region I’: Effect of surface pretreatments 

 

As commented above, a significant difference in the values of fracture energy, GC, at a 

given crack velocity, a� , may be seen from using the two different surface pretreatments, 

i.e. the values of GC for the PAA pretreated joints were clearly significantly higher than the 

values for the GBD pretreated joints for a given test environment. This suggests that the 

adhesion between the adhesive and the substrate has been enhanced via the use of the PAA 

surface pretreatment. However, it is noteworthy that the slope of the relationship between 

CGlog  and a�log  for the PAA joints was not only the same in both ‘dry’  and ‘wet’  test 

conditions but was also equivalent to the GBD joints in ‘dry’  test conditions. The reasons 

for these observations will again be discussed in detail in the mechanisms of failure 

chapter.  

 

4.3.5 Comparisons between GBD and PAA surface pretreatments 

 

The data shown in figures 4.3 and 4.5 are plotted in figure 4.6 which compares the 

behaviour of GBD and PAA joints when tested in 55% RH and in water. Both the GBD 

55% RH and PAA 55% RH and PAA water tests reveal that the degradation (i.e. gradient 

of the linear relationship) in the fracture energy relative to the crack velocity is very similar 

(i.e. parallel lines are observed for each environment). It may also be noted that when the 

constant displacement rate is modified between tests, the crack velocity also changes, yet 

this has little effect on the joint strength in ‘dry’  conditions (55% RH). In the ‘wet’  
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conditions (submerged in water), the GBD joints clearly have lower fracture energies 

relative to the lower the constant displacement rate applied and therefore the lower crack 

velocity. This may suggest that the rate of water ingress is the same for the two surface 

pretreatments but the rate of degradation of the interfacial regions is very different in the 

PAA versus GBD joints. It is postulated that this is due to the different mechanisms of 

failure, the different loci of failure and the different rate of attack by water into the 

interface. This hypothesis will be investigated further in chapter 6. 

 

The PAA joints at 55% RH visually fail cohesively suggesting that the adhesive is the 

weakest part of the adhesive bond in ‘dry’  conditions. It was also observed that every test in 

‘Region I’  resulted in a ‘stick-slip’  type of fracture although it was not a traditional type of 

unstable ‘stick-slip’  that was seen at higher crack velocities, but with many much shorter 

slip sections between the crack arrest points producing a relatively more stable crack 

advance. The PAA joints in water visually fail interfacially between the aluminium oxide 

layer and the adhesive layer suggesting that this interface becomes more susceptible to 

degradation from the water, and therefore shifts the locus of failure from deep inside the 

adhesive layer in ‘dry’  conditions to the extremities of the adhesive layer, close to and 

maybe slightly inside the outer extremities of the oxide layer when tested in water. A more 

thorough investigation has taken place on the loci and mechanisms of failure and these are 

discussed in chapter 6. 
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Figure 4.6. ‘Region I’  relationship between fracture energy and crack velocity for the GBD 

and PAA aluminium alloy joints tested at 21°C in liquid water (dotted lines) and at 55% 

RH (solid lines). Data points have been removed to aid the reader. 

 

4.4 Concluding remarks 

  

The relationship between the fracture energy and crack velocity was examined using 

monotonically-loaded fracture mechanics tests, employing a wide range of crack velocities. 

Data obtained from the present work exhibited similar trends established from the previous 

studies of the GBD surface pretreatment [100,113]. It also helped to confirm the previously 

reported power-law relationship between the crack velocity and the displacement rate 

applied via the test equipment.  
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The significant difference between the established regions for the PAA surface 

pretreatment is that there is consistently no transitional region in which a different type of 

failure mechanism is visible. The results have concluded that for the adhesive system under 

test there is a clear rate of displacement of approximately 1mm/min where the mode of 

failure will switch between the stable ‘Region I’  and the unstable stick-slip crack growth 

typically seen in ‘Region III’ . The PAA surface pretreated joints behaved very differently 

to what may have been expected and exhibited differences in the loci of failure and fracture 

energies, and also possibly in the mechanisms of failure associated with each testing 

environment. The PAA proved to be a very resilient surface pretreatment to environmental 

attack and therefore interacts well with the adhesive under investigation to create a 

relatively tough and durable adhesive system. 

 

The relationship of aGC �− in ‘Region I’  was examined using monotonically-loaded tests. 

GBD and PAA joints showed very similar behaviour with respect to the rate of degradation 

as confirmed by the parallel gradients of the lines for each testing condition, with only the 

GBD joints tested in water showing a different rate of degradation. Also, the GC values 

were lower for fracture tests conducted in water, compared to those conducted at 55% RH 

for both surface pretreatments. The reasons for this observation will be further discussed in 

chapter six.  

 

The monotonically-loaded test method has proven to be an excellent way of ranking the 

surface pretreatments and the environmental conditions to which the joints were exposed. It 

is clear how changing the crack velocity affects each of these types of joint. Further it is 

possible to determine from the trends seen in the graphs, the value of the fracture energy 

required to fracture the joints at a particular crack velocity.  

 

The next chapter (5) will describe the results of the cyclic-fatigue testing undertaken and 

may give a better insight into the long-term durability of the joints as the test specimens are 

cyclic-loaded for periods of weeks immersed in water. In this chapter the different 

methodologies and results of cyclic-fatigue tests will be discussed for GBD and PAA and 

will include results from the introduction of a primer to determine its effect on reducing the 
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amounts of water that are able to enter the adhesive joint by creating a more resilient 

oxide/adhesive interface. Also of interest is the development of new equipment and 

therefore the chapter will include the validation of a low-cost multi-stage machine with its 

own independent load generator.  Monotonic and cyclic-loading fracture mechanics 

techniques are compared in chapter 5 as they will both have their strengths and their 

weaknesses with respect to their associated methodologies and the quality and usefulness of 

their results. 
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CHAPTER FIVE 
 

5 CYCLIC-FATIGUE RESULTS 
 

 

Mechanical fasteners are one of the most established forms of joining for aircraft 

assemblies [7] but they may produce points of high stress concentration which could lead to 

premature failure particularly in fatigue conditions [1,2,8]. The aerospace, automotive and 

defence industries are therefore continually looking towards alternative joining methods, 

notably adhesive bonding. A laboratory methodology for recreating the demanding service 

life conditions for adhesive joints is that of cyclic-fatigue testing. It forms the basis for the 

majority of the fracture mechanics studies in this research, and can be used to accurately 

rank the durability of different surface pretreatments and environmental testing conditions 

for adhesive systems.  

 

The major drawback of cyclic-fatigue tests is that they are commonly undertaken using 

expensive and large servo-hydraulic test machines. The disadvantage of such test machines 

is that only one specimen can be tested at a time, thus leading either to extended testing or 

to extensive financial outlay. Another prominent disadvantage proven in this study is that 

the servo-hydraulic machines rely upon a main oil ring running throughout the laboratory 

and this may, at times, be very temperamental due to problems with the cooling water 

system. To overcome these limitations, a low-cost multi-stage machine supplied by Applied 

Research Limited has been validated within this research to study the fatigue behaviour of 

adhesive joints. One of the main advantages of this machine is that it allows a maximum of 

twelve fatigue tests to be undertaken at a time. The fatigue tests conducted in the present 

research were also undertaken using the servo-hydraulic test machines (e.g. manufactured 
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by ‘Instron’  UK) to provide consistent and comparable data for the testing completed on the 

new multi-stage machine. Essentially, the aims of the present research were focused on: 

validating previous grit-blasted and degreased (GBD) surface pretreatment research; 

providing a new insight into the phosphoric acid anodised (PAA) surface pretreatment; 

comparing this with the same PAA surface pretreatment incorporating the use of a primer 

(PAAP) prior to adhesive bonding; and laying the ground work for future cyclic-fatigue 

studies to take place solely on the multi-stage test machinery.  

 

In the present chapter, the fatigue results obtained using the servo-hydraulic test machines 

and the multi-stage machine are presented. Firstly, the fatigue data obtained for GBD from 

previous authors [100] using this adhesive system are validated. Such tests were undertaken 

for GBD pretreated aluminium alloy joints (a) at 55% RH at 21±1°C and (b) in water 

immersion at 21±1°C. Secondly, having validated and built on the previous fatigue data, 

new studies were undertaken on the durability of PAA pretreated aluminium alloy joints (a) 

at 55% RH at 21±1°C and (b) immersed in water at 21±1°C using both the ‘Instron’  

machines and the new multi-stage test machine. Thirdly, as a comparative assessment, 

cyclic-fatigue tests were completed, again on the ‘Instron’  machines, on samples using a 

primer combined with the PAA surface pretreatment, undergoing the same two 

environmental testing conditions. Finally, a critical comparison was made between the use 

of cyclic-fatigue loading conditions and the use of the monotonic loading conditions (see 

chapter 4) to study the durability of adhesive joints.  

 

5.1 Fatigue data obtained from testing on the servo-hydraulic 

‘Instron’ machines 

5.1.1 GBD and PAA pretreated joints at 55% RH 

 

Adhesively-bonded TDCB joints were employed to obtain the values of fatigue crack 

growth rate, da/dN, and the maximum value of strain-energy release rate, maxG , applied in 

a fatigue cycle. The results are presented using double-logarithmic scales. Figure 5.1 
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illustrates the fatigue plot for GBD pretreated aluminium alloy joints tested at 21±1°C and 

at approximately 55% RH using the ‘Instron’  fatigue machine. The fatigue curve shown in 

figure 5.1 exhibits the same characteristic of sigmoidal shape obtained by many previous 

researchers (see for example [98-100]). It is noteworthy that there was a threshold in the 

maximum value for the applied strain-energy release-rate, Gth, below which no significant 

fatigue crack growth occurred. Indeed, the data in this region showed that the values for 

da/dN were about 10-7 mm/cycle, and this met the ASTM requirement for the value of 

da/dN to be considered negligible, as stated in the well-developed (E647-05) Standard Test 

Method for Measurement of Fatigue Crack Growth Rates [101]. The threshold strain-

energy release-rate can be directly compared between joints with differing surface 

pretreatments and environmental testing conditions to rank the joints according to their 

relative long-term durability. 

 

For GBD joints at 55% RH, the value of Gth was found to be approximately 39.5 ± 3.8 Jm-2. 

This is comparable to the values discovered by previous authors who utilised very similar 

adhesive systems, such as Tan [100] who recorded a value of 40.4 ± 4.6 Jm-2. It is 

important to note that this value was much lower than the value of the adhesive fracture 

energy, GC , ascertained under monotonically-loaded tests in the same test environment. 

Indeed, the typical value of GC is of the order of 270 Jm-2 at 55% RH at 21±1°C (see 

section 4.1.1). Such an observation was consistent with general findings reported in 

previous studies [98-100]. This clearly reveals the damaging effect of the cyclic-fatigue 

loading conditions on the performance of adhesive joints. The comparison between the 

cyclic-fatigue loading conditions and the monotonic loading conditions as accelerated test 

methodologies will be further discussed in section 5.5. 
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Figure 5.1. Log da/dN versus log Gmax for the GBD pretreated aluminium alloy joints 

obtained using the ‘Instron’  fatigue machine at 21±1°C at 55% RH. Filled symbols 

represent the experimentally-measured fatigue data; unfilled symbols represent the 

theoretically-deduced fatigue data (see section 5.1.2). 

 

 

 

 

Gth = 39.5 ± 3.8Jm-2 
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Figure 5.2. Log da/dN versus log Gmax for the PAA pretreated aluminium alloy joints 

obtained using the ‘Instron’  machine at 21±1°C at 55% RH. Filled symbols represent the 

experimentally-measured fatigue data; unfilled symbols represent the theoretically-deduced 

fatigue data (see section 5.1.2). 

Gth = 225.0 ± 9.2Jm-2 
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Figure 5.2 shows the PAA pretreated aluminium alloy TDCB joints tested at 55% RH at 

21±1°C. The fatigue curve exhibits the same characteristic of sigmoidal shape seen in the 

GBD testing in similar conditions. The value of Gth was found to be approximately 225.0 ± 

9.2 Jm-2. As previously, it is important to note that this is much lower than the value of 

adhesive fracture energy, CG , ascertained under monotonically-loaded tests in the same 

test environment. The typical value of CG  is in the order of 850 Jm-2 at 55% RH at 21±1°C 

(see section 4.1.2). This again confirms the damaging effects of the cyclic-fatigue tests 

compared with monotonically-loaded test methods. 

 

5.1.1.1 Comparison between the experimentally-measured fatigue data and the 

theoretically-obtained fatigue data  

 

The main advantage of theoretically-obtained data using, in this case, the load-compliance 

assessment method (see section 3.1.4.2) is that it allows the acquisition of fatigue data 

without the need to measure the crack length experimentally. Therefore, it will be 

extremely useful in situations, such as in the multiple tests using the new multi-stage 

machine, where the crack lengths for the centrally-located specimens are difficult to 

measure experimentally using optical devices, and it may also enable the fatigue tests to be 

readily automated. The fatigue data which were obtained theoretically using the load-

compliance assessment method are also included in figure 5.1 (and in all other figures 

comprising of fatigue data plots). In this method, the crack lengths were calculated from 

equation 3.10 in section 3.1.4.2, and the values of Gmax applied in the fatigue cycle and the 

fatigue crack growth rate, da/dN, were ascertained using these calculated values of crack 

length.  

 

The experimentally measured optical microscopy method is a well-established technique 

for the fatigue crack length measurements, and it is included in this study to allow 

confirmation and further comparisons with the data obtained from the theoretical method. 

The load-compliance assessment method was used throughout the present research using 

the ‘Instron’  servo-hydraulic machines to obtain and validate the experimentally-measured 
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fatigue data for future use in this work with the multi-stage cyclic-fatigue testing machine. 

As may be seen from figure 5.1, relatively good agreement was obtained between the 

fatigue data ascertained from the load-compliance assessment method and the fatigue data 

measured experimentally. Similar good agreement between the theoretically-obtained and 

experimentally-measured fatigue data has also been seen in the author’ s laboratory by 

Jethwa [98], Little [99] and Tan [100]. Therefore, this observation validates the use of the 

load-compliance assessment method for deducing the values of crack length, and hence the 

relationship of the fatigue crack growth rate, da/dN, versus the maximum value of strain-

energy release rate, Gmax, applied in a fatigue cycle; and this method is therefore considered 

a valid technique for tests when the experimental crack length cannot be read optically.  

 

It should be pointed out that the process is not fully automated as the loads and number of 

cycles applied to the samples at any one point in time need to be read from the ‘Instron’  

control unit. It is however possible to utilise a computer, an acquisition unit and its 

associated software to take regular readings of these values from the computer-based 

control unit running the cyclic-fatigue machine. Therefore, allowing a test to run un-

manned for long periods of time. In some cases this was done, but as the experimental 

visual crack lengths were being taken regularly, the values for the applied loads and 

number of cycles were also taken at the same time allowing each experimental point on the 

fatigue plot to have a corresponding theoretically-deduced value. 

 

5.1.2 GBD and PAA pretreated joints in liquid water 

 

Figure 5.3 illustrates the plot of the fatigue crack growth rate, da/dN, versus the maximum 

value of strain-energy release-rate, maxG , applied in the fatigue cycle for the GBD 

pretreated aluminium alloy joints obtained in the water immersion at 21±1°C using the 

‘Instron’  machine. Therefore, having carried out all of the GBD experiments first, it can be 

concluded that the servo-hydraulic fatigue machines are a reliable and accurate method for 

studying the fatigue behaviour of any surface pretreated TDCB adhesive joints, therefore 

allowing the PAA and other surface pretreatment testing to be carried out with the validated 
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method. Also, it is once again noteworthy that there was excellent agreement between the 

experimentally-measured and theoretically-obtained fatigue data when testing in water. 

Thus, the use of the load-compliance assessment method to deduce the values of crack 

length, and hence the relationship of the fatigue crack growth rate, da/dN, and the 

maximum value of strain-energy release-rate, maxG , applied in the fatigue cycle, is again 

verified.  

 

It is interesting to note that the value of the threshold strain-energy release-rate, Gth, applied 

in the fatigue cycle for the water immersion tests for the GBD pretreated aluminium alloy 

joints was relatively low compared to the value of Gth for the GBD pretreated aluminium 

alloy joints at 55% RH (compare figures 5.1 and 5.3). The value of Gth for the ‘55% RH’  

fatigue tests was 39.5 ± 3.8 J/m2; whilst the value for the water immersion fatigue tests was 

23.9 ± 3.9 J/m2. Therefore, it can be seen that the value of Gth was reduced by nearly 40% 

in the water immersion fatigue tests, compared to the fatigue tests conducted at 55% RH. 

The extent of the reduction in the value of Gth is in agreement with the findings reported in 

previous studies (see for example [98-100]). 

 

These findings are echoed in figure 5.4 which gives the plot of the fatigue crack growth 

rate, da/dN, versus the maximum value of strain-energy release-rate, maxG , applied in the 

fatigue cycle for the PAA pretreated aluminium alloy joints obtained in water immersion at 

21±1°C using the ‘Instron’  machine. Again the value of the threshold strain-energy release-

rate, Gth, applied in the fatigue cycle for the water immersion tests for the PAA pretreated 

aluminium alloy joints was relatively low compared to the value of Gth for the PAA 

pretreated aluminium-alloy joints at 55% RH (compare figures 5.2 and 5.4). The value of 

Gth for the ‘55% RH’  fatigue tests was 225.0 ± 9.2 J/m2; whilst the value for the water 

immersion fatigue tests was 100.0 ± 7.6 J/m2. Therefore, it can be seen that the value of Gth 

was reduced by over 50% in the water immersion fatigue tests, compared to the fatigue 

tests conducted at 55% RH. Previous PAA studies in the author’ s laboratory [99] have seen 

a reduction of 75% when comparing ‘wet’  with ‘dry’  tests, but this was using a much more 

viscous film adhesive which did not penetrate the PAA formed oxide layer. In current 
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experiments the adhesive flows into the pores of the oxide layer during the joint 

manufacture/curing process and therefore makes the PAA joint much less susceptible to 

water attack than the GBD samples using the same adhesive (which is discussed later in 

chapter 6). At this point, it should be noted that PAA pretreated joints tested in the most 

severe environment (i.e. immersed in water) proved to be stronger than GBD pretreated 

specimens tested in best (55% RH, ‘dry’ ) conditions, ultimately proving that the PAA 

surface pretreatment is far better than the GBD pretreatment from the perspective of 

adhesive fracture energy, maximum strain energy release rate, threshold strain energy 

release rate, resistance to water attack and improved long-term durability. 

 

The observations above clearly indicate the detrimental effect of liquid water on the cyclic-

fatigue behaviour of adhesive joints. Indeed, upon examining figures 5.2 and 5.4, for a 

given same value of strain-energy release rate, Gmax, the fatigue crack growth rate, da/dN, 

for the water immersion fatigue tests was greater than the value of da/dN for the ‘55% RH’  

tests. Therefore, it is evident that the cyclic-fatigue loading provides a very good 

accelerated test method for evaluating the durability of adhesive joints. In particular, the 

presence of a threshold value of the applied strain-energy release-rate, Gth, may provide a 

single parameter for ranking the fatigue limit behaviour of different adhesive systems and 

their resistance to a hostile environment. In the present research, the durability of adhesive 

joints consisting of PAA pretreated aluminium alloy joints was also assessed using the new 

multi-stage machine. Such results are presented in the following section 5.2. 
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Figure 5.3. Log da/dN versus log Gmax for the GBD pretreated aluminium alloy joints 

obtained using the ‘Instron’  fatigue machine immersed in water at 21±1°C. Filled symbols 

represent the experimentally-measured fatigue data; unfilled symbols represent the 

theoretically-deduced fatigue data (see section 5.1.2). 

 

 

 

 

Gth = 24.0 ± 3.9Jm-2 
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Figure 5.4. Log da/dN versus log Gmax for the PAA pretreated aluminium alloy joints 

obtained using the ‘Instron’  machine immersed in water at 21±1°C. Filled symbols 

represent the experimentally-measured fatigue data; unfilled symbols represent the 

theoretically-deduced fatigue data (see section 5.1.2). 

 

Gth = 100.0 ± 7.6Jm-2 
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5.1.3 Comparison between GBD and PAA surface pretreatments  

 

Surface Pretreatment Testing Conditions Gth [Jm-2] Ranking 

PAA 55% RH 225.0 ± 9.2 1 

PAA Water 100.0 ± 7.6 2 

GBD 55% RH 39.5 ± 3.8 3 

GBD Water 24.0 ± 3.9 4 

 

Table 5.1. Values of Gth for GBD and PAA pretreated joints tested in 55% RH and water 

immersion cyclic-fatigue tests at 21±1°C using the ‘Instron’  machine. The ranking of the 

joints is also quantified in this table. 

 

Figure 5.5 illustrates the plot of the fatigue crack growth rate, da/dN, versus the maximum 

value of strain-energy release-rate, maxG , applied in the fatigue cycle for the GBD and PAA 

pretreated aluminium alloy joints obtained in both the ‘dry’  (55% RH) tests and in the 

water immersion at 21±1°C using the ‘Instron’  machine. It is clear that the effect of water 

on the PAA gives a similar degradation rate to the same surface pretreatment being tested 

in ‘dry’  (55% RH) conditions as is evident from the parallel gradients of the lines. This is 

opposed to the findings in the GBD surface pretreatment where the water caused the joints 

to deteriorate faster than the ‘dry’  (55% RH) conditions i.e. the number of cycles required 

to reduce the strength of the samples to their threshold applied strain-energy release rate 

was far less. This aspect may be seen clearly from the shallower line and higher point 

where the results suggested that a threshold value had been reached. For the GBD 

pretreated specimens in ‘wet’  conditions, the threshold value, Gth, did not significantly 

change once the data values for da/dN were about 10-6 mm/cycle, whereas in the ‘dry’  

conditions the results have shown that no significant fatigue crack growth occurred for 

values of da/dN of 10-7 mm/cycle. 
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Both the testing environments for PAA show that no significant crack growth occurred for 

values of da/dN approaching 10-8 mm/cycle therefore suggesting that the PAA surface 

pretreatment is less susceptible to environmental attack. It takes far longer for the PAA 

joints to reach their threshold strain-energy release rate and this translates to slower crack 

growth and degradation in the joints. For example, if a crack in a PAA joint has to be 

fatigued 10 million more cycles before the crack growth ceases than a GBD joint, then at 

any level of applied stress close to the threshold zone the GBD will grow at a quicker rate 

than that of a PAA joint. 

 

Figure 5.5 shows the results from all GBD and PAA tests in both ‘wet’  and ‘dry’  

conditions. Table 5.1 summarises the threshold strain-energy release rates of the 

combination of four types of surface pretreatment and environment. It also gives details of 

the ranking of their durability based upon their test results. Figure 5.5 clearly illustrates the 

durability ranking of the two different surface pretreatments in each of the two different 

testing environments. It is clear from both the figure and the table that the PAA in ‘dry’  

conditions performs the best and they rank down through to GBD in ‘wet’  conditions as the 

worst of those tested with the current adhesive system. Figure 5.5 also indicates that the 

PAA ‘wet’  and the PAA ‘dry’  have similar crack growth/degradation rates, as shown by the 

parallel lines, suggesting that the mechanisms of failure act at the same rate and could 

therefore be similar. It also suggests that the loci of failure may be the same or similar as 

the water tests lead to similar degradation rates as to those in the ‘dry’  tests. Water does 

have the effect of reducing the crack growth rate, da/dN, for all values of maximum applied 

load, as well as reducing the threshold strain-energy release rate, so it is clear that water 

does have a detrimental effect on the PAA joints, although it is not as marked as it is for the 

GBD joints. From the results given in table 5.1 it can be concluded that the PAA in ‘dry’  

conditions is over 5 times stronger than the GBD in similar ‘dry’  conditions, and the PAA 

in ‘wet’  conditions is 4 times stronger than that of GBD in the ‘wet’  tests. 
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Figure 5.5. Log da/dN versus log Gmax for the GBD pretreated and PAA pretreated 

aluminium alloy joints at 55% RH (solid line) and in water (dashed line). Data points have 

been omitted to aid the reader. 
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5.2 Fatigue data obtained from testing on the multi-stage machine 

5.2.1  PAA pretreated joints at 55% RH 

 

Figure 5.6 illustrates the plot of the fatigue crack growth rate, da/dN, versus the maximum 

value of strain-energy release-rate, Gmax , applied in the fatigue cycle for the PAA 

pretreated aluminium alloy joints obtained at 21±1°C and at approximately 55% RH using 

the multi-stage machine, and which are directly compared to data values achieved on the 

industry-standard servo-hydraulic ‘Instron’ . Previous research in this laboratory has helped 

to establish that the test set-up of the multi-stage specimen holder works with one test 

sample and with respect to GBD pretreated aluminium alloy TDCB joints using the same 

adhesive system as the current one under investigation. Therefore, with a new type of load 

generator and two stages available for samples, the aim of the current research was to 

validate the new test set-up with multiple specimens, and help in the long-term to decide 

the advantages and disadvantages associated with the methodology; whilst verifying and 

adding results to the PAA data obtained in both 55% RH and immersed in water from the 

servo-hydraulic testing.  

 

It is clear from the graphical representation (see figure 5.6), that the data obtained has 

verified the legitimacy of the test methodology and confirms that the new load generator 

does indeed produce the required loads to test these specimens adequately. The previous 

load generator was a spring and cam system which was noisy and unreliable; it had to be 

filled with oil which was pumped around the system to generate the sinusoidal load but as 

this oil leaked and deteriorated so did the condition of the outputted load being applied to 

the specimens. The new version is a cam and piston mechanism which has the ability to 

retain the same applied pressure, and therefore the applied load, by recharging the system 

automatically and maintaining constant load whilst continuing to run. This obviously gives 

many advantages over the previous system and helps to create more feasible and consistent 

fatigue data. The data obtained have also verified that the test set up can fulfil its multi-

specimen design as both stages were utilised to produce the data presented with no obvious 
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differences in the load generation or clip displacement readings between the two specimens 

running simultaneously. 

 

The results are grouped together in figures 5.6 and 5.7, as the machine is load controlled 

and at any one time the machine is set to one load and therefore the results obtained will 

only give points on the graph in a very small area on the line of the graph. To obtain a full 

set of results, and ensure that the threshold strain energy release rate is found, small 

changes need to be made to the load being applied to the specimen at any one time. 

 

5.2.2 PAA pretreated joints in liquid water 

 

To gain a higher level of confidence in the reliability and accuracy of the multi-stage 

machine, fatigue tests were further undertaken for the PAA pretreated aluminium alloy 

joints in the water immersion at 21±1°C using the multi-stage machine. Figure 5.7 

illustrates the plot of the fatigue crack growth rate, da/dN, versus the maximum value of 

strain-energy release-rate, Gmax , applied in the fatigue cycle for the PAA pretreated 

aluminium alloy joints obtained in the water immersion at 21±1°C using the multi-stage 

machine, and are again directly compared to values achieved using the industry-standard 

servo-hydraulic ‘Instron’ . The results obtained verify that the multi-stage machine has 

produced fatigue data that agrees with the data obtained from the tried and tested ‘Instron’  

methodology.  
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Figure 5.6. Log da/dN versus log Gmax for the PAA pretreated aluminium alloy joints 

obtained using the multi-stage machine tested at 21±1°C at 55% RH. Unfilled symbols 

represent the ‘Instron’  servo-hydraulic fatigue data; filled symbols represent the multi-stage 

fatigue data. 

 

 

 

 

Gth = 225.0 ± 9.2Jm-2 
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Figure 5.7. Log da/dN versus log Gmax for the PAA pretreated aluminium alloy joints 

obtained using the multi-stage machine in water at 21±1°C. Unfilled symbols represent the 

‘Instron’  servo-hydraulic fatigue data; filled symbols represent the multi-stage fatigue data. 

 

 

 

 

Gth = 100.0 ± 7.6Jm-2 
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5.2.3 Comparison of the multi-stage and servo-hydraulic machines 

 

As noted above, the multi-stage machine is load controlled as opposed to the servo-

hydraulic ‘Instron’  machines which are displacement controlled. It has been shown that 

these differing control methods produce good agreement for the same fatigue data when 

testing was carried out and compared using joints prepared in exactly the same way [117]. 

For the multi-stage machine the load generator was set to a particular load and the machine 

was left for a period of time for crack growth to occur. This crack opening displacement 

was measured via a clip displacement gauge, and the crack growth was calculated using the 

load-compliance method. At high applied loads this crack growth could take a short time 

frame, for example a number of hours (10,000 cycles) to grow one millimetre, whereas 

with applied loads set closer to the threshold crack growth zone, one millimetre of crack 

growth could take weeks (millions of cycles). Therefore particularly at high loads the 

machine was not automated or self-sufficient as would be the ideal and could not be left 

unattended as the load would need to be manually changed. This is not the case for the 

displacement controlled servo-hydraulic ‘Instron’  test set up. It could be left unattended for 

hours/days or weeks at a time depending on the stage in the lifecycle of the cyclic-fatigue 

test as there was never a need to stop. 

 

5.2.3.1 Advantages of the multi-stage cyclic-fatigue machine 

 

The results obtained from the multi-stage cyclic-fatigue machine have shown a good 

correlation with those obtained using the servo-hydraulic ‘Instron’  machines. This proves 

that this method and machinery are an excellent low-cost combination compared to the 

expense incurred in purchasing and running an ‘Instron’  machine.   

 

The machine has proven itself as a reliable alternative to the more expensive servo-

hydraulic machines as the results obtained are directly comparable. However, it is still not 

the ultimate solution to replace the ‘Instron’  machines, are there are many small problems 

with the machine that need to be worked out (a) to ensure that the multi-stage machine runs 
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more efficiently for long periods and (b) that it becomes more automated without the need 

for human intervention. Environmental testing in the water bath has also been validated and 

has proven to be very successful with results also comparable to those obtained on the 

‘Instron’  machines. 

 

Further, the multi-stage machine has been validated with two specimens running 

simultaneously and with the purchase of more load cells and specimen holders, there should 

be no problem with expanding the number of specimens up to a maximum of twelve. The 

surface pretreatments and testing environments may have to be similar as the load being 

applied to each specimen will remain constant and therefore one sample may have a crack 

that does not grow very fast with a load of 500N applied to it, whereas a weaker surface 

pretreatment/sample might break very quickly with this load applied. It is therefore best to 

start similar samples at the same time with the same environmental conditions, e.g. all 

submerged in water. If forces applied are low enough to give relatively slow growth in all 

specimens, then different specimens and environments could be used simultaneously, 

however this would not be wise if there was no prior knowledge of the behaviour of a 

surface pretreatment and/or an adhesive system when testing under cyclic-fatigue 

conditions for the first time.  

 

5.2.3.2 Disadvantages of the multi-stage cyclic-fatigue machine 

 

One of the major drawbacks of a load controlled cyclic-fatigue machine is having to alter 

the load regularly. In the case of the multi-stage test machine it is difficult to change the 

load, as it requires changing (with Allen keys) the not very accurate visual gauge indented 

onto a small flywheel. This is joined to the motor and drives the crank that determines the 

stoke length, and therefore the maximum load. Ideally the machine should be displacement 

controlled, but to keep the current setup and load controlled generator, something needs to 

be done to make this adjustment much easier and far more accurate.  
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One other disadvantage is that the current method of joining the clip displacement gauge to 

the specimens is difficult and time consuming. Currently the specimens need two very 

small holes drilled into the tapered end of the TDCB which are then carefully threaded. The 

blade of a pencil sharpener is then cut down to the right width (although most break when 

cut as the metal is too brittle) and are then attached to the specimen with a screw into the 

tapped holes. Another joining method needs to be found with an easier method of creating 

an edge for the clip gauge to grip on. 

 

The output signal from the displacement gauge to the (Wheatstone bridge) amplifier, which 

is then converted to a displacement by the ‘MacLab’  system and onto the computer is not 

accurate enough due to a noisy signal from unknown interference. There are methods of 

filtering the signal within the ‘Chart’  software package, but this does not overly help, as the 

accuracy of the readings from the clip gauge is only 0.1mm when set to a high voltage 

(covering a wider range) or 0.01mm when set to a lower voltage input, which will only 

cover a very small displacement range. Thus, if the crack grows too much the reading goes 

out of range. So one can have poor accuracy and a large displacement covered or better 

accuracy over a small range. 

 

If ran for long periods the load slightly decreases which confuses the results (so it needs 

constant adjustment and can not really be left unsupervised). This is a problem with the 

regulator that controls and ensures a constant oil pressure, and therefore a constant load. 

The regulator is not powerful enough to top-up the pressure in the oil that causes the load 

generation, and therefore the displacement of the specimens. A full investigation into 

adjusting the regulator, and its power and pressures, needs to be undertaken to ensure that 

the load generation is constant over a long-term period. 
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5.2.4 Comparison between the multi-stage and servo-hydraulic cyclic-

fatigue machine results 

 

To assess the reliability and accuracy of the results obtained from the multi-stage fatigue 

machine, the results were compared with the data obtained using an ‘Instron’  servo-

hydraulic machine. The use of an ‘Instron’  servo-hydraulic machine to examine the fatigue 

behaviour of adhesive joints has been validated previously in the author’ s laboratory (see 

for example [98,99,118]) as well as previously in the present study. Therefore, such a 

comparison would enable an assessment on the accuracy of the fatigue data ascertained 

using the new multi-stage machine. For the fatigue tests undertaken using the ‘Instron’  

machine, a sinusoidal loading waveform with a frequency of 5Hz and a displacement ratio 

of 0.5 was used. Figure 5.2 depicts the plot of the fatigue crack growth rate, da/dN, versus 

the maximum value of strain-energy release-rate, Gmax , applied in the fatigue cycle for the 

PAA pretreated aluminium alloy joints obtained at 21±1°C and at approximately 55% RH 

using the ‘Instron’  machine. It may be seen that the general trend of the plot was similar to 

the fatigue data obtained using the multi-stage machine, see figure 5.6. Indeed, upon 

comparing the fatigue data obtained from both machines (as shown in both figures 5.6 ‘dry’  

& 5.7 ‘wet’ ), it is apparent that a good agreement was observed. This implies that the 

fatigue data acquired using the multi-stage machine was accurate and reliable.  
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5.3 Fatigue data obtained from testing PAA with the addition of a 

primer (PAAP) using a servo-hydraulic ‘Instron’ machine 

5.3.1 PAAP pretreated joints at 55% RH 

 

The use of PAA surface pretreatments obviously leads to enhanced fatigue properties as 

can be seen from figure 5.6. Therefore, in depth investigations into the effect of the use of a 

primer prior to bonding were undertaken, since primers are usually considered to further 

improve the performance of a PAA pretreated joint [19]. This involved long-term cyclic-

fatigue testing, and then determination of (a) the loci of failure and (b) the mechanisms 

involved. Figure 5.8 illustrates the plot of the fatigue crack growth rate, da/dN, versus the 

maximum value of strain-energy release-rate, Gmax , applied in the fatigue cycle for the 

PAAP pretreated aluminium alloy joints with results obtained at 21±1°C and at 

approximately 55% RH using the servo-hydraulic ‘Instron’ . These data are directly 

compared to values of the PAA surface pretreated joints obtained using the same 

equipment.  

 

The primer used was Cytec BR127, which is a modified epoxy-phenolic consisting of 10% 

solids including 2% strontium chromate as a corrosion inhibiting additive. One might 

expect that this type of primer, which contains corrosion inhibitors, would increase the 

toughness of the adhesive joints, particularly in the tests conducted immersed in water. As 

it is the interface between the anodised oxide layer and the adhesive that the primer is 

applied to, and therefore expected to interact with, in the ‘dry’  conditions it did not affect 

the strength or durability of the adhesive joint since the locus of failure was cohesive in the 

adhesive layer. On visual inspection of the fracture surfaces the failed PAAP specimens are 

cohesive and the PAAP data in figure 5.8 confirms the hypothesis as the data correlates 

directly with the PAA data shown on the same graph. 
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5.3.2 PAAP pretreated joints in liquid water 

 

As described above, the use of a primer in adhesive systems is often associated with the 

low viscosity of the primer penetrating the oxide layer and creating a better chemical and 

micro-mechanical bond between the aluminium substrate and the adhesive layer. Figure 5.9 

illustrates the plot of the fatigue crack growth rate, da/dN, versus the maximum value of 

strain-energy release-rate, Gmax , applied in the fatigue cycle for the PAAP pretreated 

aluminium alloy joints obtained in the water immersion tests at 21±1°C using the servo-

hydraulic ‘Instron’ . These results are directly compared to the data for PAA surface 

pretreated joints obtained using the same equipment. It is clear from this data that the 

primer has had a small effect on the adhesive bond strength with the Gth shifting from 100.0 

± 7.6Jm-2 to 112.0 ± 6.2Jm-2. 

 

The visual inspection of the PAA suggests that, in water immersion, the locus of failure is 

interfacial in the slow growth zone and close to the threshold zone. It is therefore expected 

that the primer should influence the nature, and environmental resistance of the interface 

between the oxide and the adhesive. The results obtained from the PAAP joint tests in 

water, demonstrate that the PAAP data is offset to the right of the PAA data in the 

threshold zone therefore suggesting that the primer has had an effect of around a 10% 

increase on the strength (as described above) and improved the durability of the adhesive 

joint accordingly. Only a small effect would suggest that either (a) the loci of failure, 

although visually interfacial, was actually not very far within the oxide side of the interface 

between the oxide and the adhesive (the oxide layer is where the primer would have been 

expected to have had an influence); or (b) the adhesive penetrated the oxide so well 

originally that the primer could only help to slightly further improve the interphase zone of 

the bond. In both cases it can be hypothesized that the water is not attacking, and 

weakening, the PAA oxide deep within the hexagonal pore structure created by the 

anodising process but is therefore more likely to be attacking the very extremities of the 

oxide, maybe being mainly in the adhesive layer and very close to being a cohesive failure. 

These theories are further discussed and investigated in the loci of failure and mechanisms 

of failure chapter (6). 
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Figure 5.8. Log da/dN versus log Gmax for the PAA and PAAP pretreated aluminium alloy 

joints obtained using the ‘Instron’  machine tested at 21±1°C at 55% RH. Filled symbols 

represent the fatigue data for PAA pretreated joints; unfilled symbols represent the fatigue 

data for PAAP pretreated joints. 

 

 

 

Gth = 225.0 ± 9.2Jm-2 
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Figure 5.9. Log da/dN versus log Gmax for the PAA and PAAP pretreated aluminium alloy 

joints obtained using the ‘Instron’  machine immersed in water at 21±1°C. Filled symbols 

represent the fatigue data for PAA pretreated joints; unfilled symbols represent the fatigue 

data for PAAP pretreated joints. 

Gth = 112.0 ± 6.2Jm-2 
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5.4 Fatigue durability performance of adhesive joints 

 

Having established the good correlation from present and previous results from GBD 

pretreated joints, the cyclic-fatigue behaviour of PAA pretreated joints was assessed using 

both the servo-hydraulic ‘Instron’  machines and multi-stage machines. The logarithmic 

crack growth rate, log da/dN, was plotted against the logarithmic maximum applied strain-

energy release-rate, Gmax. The plots for the ‘dry’  and ‘wet’  PAA pretreated aluminium alloy 

joints tested on servo-hydraulic machines are shown in figures 5.2 and 5.4, respectively. 

The comparative plots for the same surface pretreatment whilst utilising the multi-stage 

machine are shown in figures 5.6 and 5.7 for ‘dry’  and ‘wet’  testing, respectively. Figures 

5.8 and 5.9 show the fatigue data for PAA with a primer and it is clear that the primer has 

had no effect on the strength and long-term durability of the PAA surface pretreated joints 

tested at 55%RH whereas testing that took place with the joints immersed in water saw the 

presence of the primer resulting in a ~10% improvement in threshold strain-energy release-

rate over the results of the standard PAA surface pretreatment for the adhesive system 

being studied. For all of the PAA and PAAP joints tested in water, the loci of joint failure 

in the threshold growth zones were found to be visually along the adhesive-oxide interface, 

but this is discussed further in the chapter (6) on the loci of failure and mechanisms of 

failure. As may be seen from these plots, threshold values exist for the maximum values of 

the strain-energy release-rate, Gth, applied in the fatigue cycle, and the values are 

summarised in table 5.2 below.  
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Surface Pretreatment Testing Conditions Gth [Jm-2] Ranking 

PAAP 55% RH 225.0 ± 9.2 1 

PAA 55% RH 225.0 ± 9.2 1 

PAAP Water 112.0 ± 6.2 2 

PAA Water 100.0 ± 7.6 3 

GBD 55% RH 39.5 ± 3.8 4 

GBD Water 24.0 ± 3.9 5 

 

Table 5.2. Values of Gth for GBD, PAA and PAAP pretreated joints tested in 55% RH and 

water immersion cyclic-fatigue tests at 21±1°C using the ‘Instron’  machine. The ranking of 

the joints is also quantified in this table. 

 

As may be seen from table 5.2, the values of Gth for the GBD pretreated joints in water 

immersed fatigue tests are in the order of 24 Jm-2. Indeed Little [99], Taylor [117] and Tan 

[100] have reported similar magnitudes of the values of Gth for the GBD pretreated joints in 

the same environment. This indicates that for a given fatigue crack growth rate, the fatigue 

crack propagates at a relatively low applied strain-energy release-rate, Gmax. This 

comparison again helps to validate the test results and allows more conviction in the new 

results found for the PAA and PAAP surface pretreatments.  

 

From the results given in table 5.2 it can be concluded that the PAA in ‘dry’  conditions is 

over 5 times stronger than the GBD in similar ‘dry’  conditions, and the PAA in ‘wet’  

conditions is 4 times stronger than that of GBD in the ‘wet’  tests. The PAAP is no stronger 

than the PAA in ‘dry’  conditions whereas in ‘wet’  conditions it exhibits a 10% 

improvement. Such a durability ranking of the six types of surface pretreatment/testing 

environment shows good agreement with the ranking obtained using the accelerated test 

methodology based upon constant displacement rate tests, see chapter 4. These durability 

rankings will also be directly compared in the conclusions chapter, chapter 8. 
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5.5 Comparison of cyclic-loading and monotonic-loading test 

methodologies 

 

A major advantage of the cyclic-fatigue and monotonic loading test methodologies is that 

they allow environmental durability tests to be undertaken and completed in a matter of a 

few weeks, as opposed to the more typical accelerated ageing tests which involve exposing 

the joints, unstressed in water, for many months. The presence of relatively high stresses at 

the advancing crack tip render the interfacial molecular bonds more susceptible to 

environmental attack by lowering the free energy barrier that must be crossed if the bond is 

to change from an unbroken state to a broken state, i.e. the applied stresses lower the 

activation energy for, and so increase the rate of, bond rupture (see figure 5.10) [4]. Also, 

the applied stresses may well increase the rate of diffusion in the adhesive and/or along the 

adhesive-substrate interface (see for example [119]). Essentially, the accelerated test 

methodology based upon the cyclic-loading or monotonic-loading tests relies upon water 

diffusing rapidly along the crack to the crack tip regions, along with high stress 

concentrations at the crack tip, to attack relatively rapidly the adhesive-substrate interfacial 

region of the joint immediately ahead of the advancing crack tip.  

 

However, a problem associated with monotonic loading and the use of an applied stress to 

accelerate the environmental attack is that it may involve the use of unrealistically high 

applied loads, which are unlikely to be encountered during the long-term in-service 

performance of real bonded structures. Such unrealistically high stresses might introduce an 

irrelevant and unrealistic mechanism of environmental failure being studied. For example, 

in the case of the monotonically-loading tests, when the adhesive joints were loaded at a 

relatively fast displacement rate, then this resulted in crack growth/extension occurring at a 

relatively fast rate. Thus, the crack velocity exceeds the diffusion rate of water molecules to 

the crack tip and hence the effect of the water attack was suppressed. Indeed, as discussed 

in chapter 4, the adhesive fracture energies ascertained at 55% RH and in liquid water 

extrapolate to the same values, regardless of surface pretreatment, if relatively fast 
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displacement rates are employed. (This type of crack growth behaviour has been denoted as 

‘Region III’ .) 

 

 

Ea in an unstressed specimen 

Ea in a stressed specimen 

Unbroken bond 

Broken bond 
Bond breaking coordinate 

 
 

Figure 5.10. Schematic illustration of energy profile for a bond breaking mechanism. The 

presence of stress increases the rate of debonding by providing a mechanism that has a 

smaller activation energy, Ea.  

 

As discussed in the present chapter, the threshold value in the applied strain-energy release-

rate, Gth, in a fatigue cycle was often an order of magnitude lower than the value of the 

adhesive fracture energy, GC, ascertained using monotonically-loaded tests, for the same 

test environment and surface pre-treatment (see chapter 4). It may be noted that the fatigue 

crack growth always occurs at a somewhat higher crack velocity for a given applied strain-

energy release-rate, compared to the monotonically-loaded crack growth. Therefore, cyclic-

fatigue loading tests constitute a more damaging accelerated test methodology, as compared 

to the monotonic-loading tests. One reason for the reduced time to joint failure in service 

conditions for the cyclic-loading testing may be that cyclic stress has the effect of pumping 

water either along the interface or through the adhesive. Secondly, therefore, the opening 

and closing of cracks during the cyclic stressing may promote crack propagation and 

rapidly accelerate the failure of already weakened joints [98].  
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The presence of a threshold value of the strain-energy release-rate, Gth, applied in a fatigue 

cycle provides a single parameter for the durability ranking of adhesive joints [19]. This 

also has important engineering design implications, since design engineers can take 

advantage of the fatigue crack growth threshold concept to ensure that existing inherent 

flaws in engineering structures will not propagate to failure in-service, or between given 

inspection periods. It should be emphasized that, although threshold values neither in the 

value of GC nor in the crack velocity in the present monotonically-loaded tests were 

observed, Arnott and Kindermann [65,67] did record threshold values in the crack velocity 

from such tests. Indeed, their threshold values were used to distinguish the environmental 

resistance of different types of adhesive systems. Also, they showed that the more inferior 

(in terms of durability performance) an adhesive system was, the more readily a threshold 

value was to be seen. Therefore, a relatively very slow displacement rate of the cross-head 

of the testing machine is needed to reach such a threshold value, if a relatively good 

adhesive system is under investigation. Unfortunately, such very slow rates are usually 

beyond the capacity of most testing machines. To summarize, a threshold value is more 

likely seen in the cyclic-loading tests compared to monotonic-loading tests, and thus the 

cyclic-fatigue methodology appears to be more useful in this respect.  

 

As remarked above, the applications of cyclic and monotonically loadings both provide 

excellent durability test methodologies; since sharp cracks are always maintained in the test 

specimens, giving rise to stress concentration in the nearby interfacial regions. However, it 

should be noted that in situations where extensive localised plastic deformation occurs at 

the crack tip, the crack may blunt under monotonic loading conditions [120]. Such a crack 

blunting effect diminishes the local stress concentration around the crack tip, and thus 

effectively ends the durability test. Under such test conditions, one may therefore obtain a 

very misleading interpretation concerning the durability ranking of the adhesive systems. In 

the case of cyclic-fatigue tests, the crack blunting effect is seldom seen as the alternating 

loading sharpens the crack tip during each fatigue cycle. Hence, for an adhesive system 

under study where the crack tends to blunt, cyclic-fatigue tests should be favoured over the 

monotonically-loading tests.  
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5.6 Concluding remarks 

 

Major problems associated with the typical cyclic-fatigue tests are that (a) the tests involve 

the use of large and expensive servo-hydraulic machines, and (b) only a single test is 

possible at any one time, thus leading to an extensive time-scale being needed for the test 

programme and considerable experimental expense. To overcome these limitations, a low-

cost multi-stage fatigue machine has been developed by Dr. Maddison of Applied Research 

Ltd and employed to examine the cyclic-fatigue behaviour of adhesively-bonded TDCB 

joints. One of the main advantages of the new test machine is that it allows multiple testing 

to be undertaken. The aim of the current research was to validate the accuracy and 

reliability of the machine, and therefore only two fatigue tests were undertaken at any one 

time. The validation of results from this multi-stage machine was successfully completed. 

However, the equipment does need some modifications (described in section 5.2.3) to 

ensure that it is suitable to run long-term tests with multiple specimens. 

 

Having validated the GBD pretreated joint data, and completed the PAA and PAAP 

pretreated joint experiments, the durability of adhesively-bonded aluminium alloy joints 

was investigated. Of particular interest was the presence of a threshold value of the strain-

energy release-rate, Gth, applied in the fatigue cycle, below which fatigue crack growth was 

not observed to occur in the fatigue data plot. The lower the Gth value, the less durable the 

adhesive joints. Therefore, the threshold value provides a single parameter for assessing the 

environmental resistance of adhesive joints. Indeed, it was found that the value of Gth for 

the GBD joints was relatively low, compared to the PAA joints. The PAAP joints gave 

exactly the same results as the PAA joints in 55%RH whereas the PAAP joints tested 

immersed in water were around 10% stronger than the PAA joints tested in the same 

conditions. This initiated an investigation into the effect of the primer and further surface 

analysis investigations into the locus and mechanisms of failure, as will be discussed in the 

next chapter. Also revealed was the very detrimental effect of liquid water on the joints. 

Indeed, such a durability ranking order (as in table 5.1) is in excellent agreement with the 

results obtained using the constant displacement rate tests. Therefore, it is evident that the 

cyclic-fatigue tests provide the basis for a very effective accelerated-ageing test. 
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In the following chapter (6) the loci and mechanisms of failure will be discussed. The 

chapter will investigate the test specimens from each of the different surface pretreatments 

undertaken in the different testing environments which have been studied. Both the 

constant displacement and the cyclic-fatigue fracture mechanics tests have shown excellent 

agreement with the ranking of the durability of each type of adhesive joint in the different 

environments and chapter 6 will therefore attempt to determine, using advanced surface 

analysis techniques, the reasons behind these results and therefore the justification of the 

ranking order which has been distinguished. 
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CHAPTER SIX 
 

6 LOCI AND MECHANISMS OF 

FAILURE 
 

 

Having carried out fracture mechanics tests on the aluminium alloy samples, with results 

explained in the constant displacement and cyclic-fatigue chapters, this chapter attempts to 

describe the distinguishing variations between the fracture surfaces of the samples from 

different surface pretreatments and testing environments. Therefore the objectives of this 

chapter are two fold: firstly to determine the loci of failure for each surface pretreatment 

and in each testing environment; and secondly to determine the mechanisms associated 

with the failure in each case. A range of analytical techniques have been employed on 

control and tested samples from both constant displacement and cyclic-fatigue test 

methods.  

 

6.1 Comparison of visual inspections from constant displacement 

and cyclic-fatigue testing 

 

PAA results from cyclic-fatigue testing and from differing environments have similar 

visual loci until the results enter the threshold crack growth zone. This is where the loci 

changes from mainly visually cohesive in the adhesive layer to the interface between the 
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adhesive and oxide layer or the interface between the oxide and the bulk metal, which will 

be discussed in later sections of this chapter. 

 

For the PAA testing, it was discovered early on in the study that very slow crack velocity 

constant displacement testing provides very similar fracture surfaces to the threshold crack 

growth zones from the cyclic-fatigue testing. This is confirmed by SEM and XPS results 

that could not distinguish the failure surfaces generated by the two methods from each 

other. Therefore the results presented in this chapter will mainly be from the cyclic-fatigue 

testing (unless otherwise stated) as this long-term test methodology is less susceptible to 

rogue crack growth movements during testing. Where it was deemed necessary to add 

clarity, constant displacement tests have been described and the results discussed. 

 

6.2 Introduction to surface analysis approach 

 

Each surface pretreatment has been investigated and is reported in this chapter accordingly, 

beginning with grit blasted and degreased (GBD) surface pretreatment in ‘dry’  (55%RH) 

conditions, then in ‘wet’  (immersed in water) conditions. Following the same pattern, 

investigations are then made for phosphoric acid anodised (PAA) and phosphoric acid 

anodised with primer (PAAP). Within each surface pretreatment the loci of failure can be 

determined visually and in more detail by using SEM. For further confirmation, and for 

more detailed elemental composition data, XPS was then undertaken for small areas across 

the surface. To determine the mechanisms of failure for more complex bonding surfaces 

such as the PAA and PAAP surface treatments, TEM and EFTEM were carried out. At the 

end of each surface pretreatment section, conclusions will be drawn as to the loci and 

mechanisms of failure and at the end of the chapter comparisons the loci and mechanisms 

will be discussed with reference to the differing surface pretreatments and testing 

environments. 
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6.2.1 ‘Region I’ versus ‘Region II’ and ‘Region III’ 

 

Initially from visual inspection of failed joints from constant displacement tests, 

assumptions can be made as to the loci of failure of the specimen and therefore the 

causes/mechanisms of that failure. For tests in water within ‘Region III’ , as described in 

chapter 4, the rate of crack growth exceeds the rate of ingress of the water and therefore 

these joints generally see the same loci of failure as those tested in the ‘dry’  55% RH test 

conditions. This is the case for all three surface pretreatments under investigation, GBD, 

PAA and PAAP. For GBD joints that is mainly interfacial along the substrate/adhesive 

interface, whereas for PAA and PAAP pretreated joints the joints fail cohesively as, in ‘dry’  

conditions, the adhesive is a weaker layer than the aluminium substrate or its oxide layer. 

 

The visual inspection of failed joints from cyclic-fatigue tests show similar results. The 

faster crack velocity associated with the higher applied loads cause the loci of failure to 

follow the weakest possible path through the crack along the joint interphase. As the 

applied load is reduced throughout the test period (using the fixed displacement cyclic 

testing method) the loci of failure alters to be the same as the slower tests seen in the 

constant displacement testing. These loads are more realistic to those applied in the service 

life of the application of the adhesive system and therefore it has been ‘Region I’  that is 

focused upon in this study. The effects of water are far more apparent at these slow speeds 

and it is the influences of harsh environmental conditions that we are most concerned 

about. 

 

6.3 GBD at 55% RH 

 

GBD is a very basic surface pretreatment which is also a prerequisite of both of the later 

surface pretreatments used in this study, PAA (phosphoric acid anodised) and PAAP 

(phosphoric acid anodised with primer). The treatment process is described in the 

experimental methods chapter (three) of this thesis but basically the main objectives of the 

degreasing is to reduce flushing oils and other contaminates on the bonding surface and the 
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grit blasting is used to remove surface corrosion and uneven oxide layers to create a 

uniform bonding surface with an increased micro-rough texture to facilitate adhesion. 

 

6.3.1  Mechanism of failure for GBD at 55% RH 

 

From the results shown in figures 4.1, 4.2 and 4.3, the relationship between GC and a�  may 

be governed by a power-law equation of the form: 

 
n

C aG �∝       (6.1) 

 

A similar relationship has been observed for thermoplastic and thermosetting polymers. To 

study the underlying mechanisms of failure in ‘Region I’  for joints tested at 55% RH, the 

experimental data was fitted using the model proposed by Williams and Marshall [68]. 

These workers proposed that the relationship between GC and a�  in ‘Region I’  is governed 

by relaxation processes, i.e. viscoelastic processes, occurring at the vicinity of the crack tip. 

In the present study, the values of GC for any given surface pretreatment were found to be 

increasing slightly with a� . For the epoxy adhesive, the value of n is typically small, arising 

from the high cross-linked structure of the epoxy polymer. It was found from a previous 

study [113] to be 0.02. The low value of n implies that the dependence of GC with a�  is 

relatively weak. Indeed, this has been observed for the data in ‘Region I’  and a slope of 

0.02 would give an excellent fit to the data. The observation is consistent with the previous 

findings [98,113]. Therefore, it is concluded that the relationship between GC and a�  is 

controlled by the viscoelastic nature of the epoxy adhesive, irrespective of the surface 

pretreatment of the substrate. 

  

6.3.2 X-Ray Photoelectron Spectroscopy of GBD at 55% RH 

 

To help to quantify and understand the mechanisms involved in the fracture of the adhesive 

joints, XPS analyses have been conducted to determine accurately the locus of failure and 



Chapter 6 – Loci and Mechanisms of Failure 

 

163 

to detect any corrosion products on the fracture surfaces. In all cases this analysis was 

carried out on a circular area of 500µm diameter (as described in the experimental methods 

chapter 3). The XPS results for all types/pretreatment of joint tested at 21°C at 55% RH and 

in water are presented in the following sections. The XPS analyses for freshly-prepared 

GBD, PAA & PAAP substrate surfaces and adhesive, referred to from now on as control 

specimens, are also included. These control specimen results are important as they allow 

meaningful data comparison with the fracture surfaces of the tested adhesive joints, and 

provide information on the possible mechanisms of environmental attack. 

 

6.3.2.1 Adhesive control specimen 

 

Oxygen, carbon and nitrogen were detected on the adhesive control specimen, see table 6.1. 

This observation is attributed to the fact that the adhesive used in the present study is 

digylcidylether of bisphenol-A (DGEBA) cured with dicyandiamide, H2N-C(C=NH)-NH-

C≡N. The presence of  a strong nitrogen signal is due to the possible residue of the adhesive 

curing agent, and the nitrogen signal provides a distinctive ‘fingerprint’  to identify the 

presence of adhesive on the fracture surfaces. A very small concentration of chlorine signal 

was also detected on the adhesive sample, which is clearly seen in the XPS spectrum 

illustrated in figure 6.1. Epichlorohydrin was used to make DGEBA, and it is likely that the 

present resin contains chlorine residues. Also, the chlorine may originate from 

contamination that might have occurred during the preparation of the specimen. The 

binding energy of the Si2p elemental peak is approximately 102.5eV which proves that the 

silicon present in the adhesive control specimen is a colloidal SiO2 bond formed during the 

manufacture of the adhesive.  
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Figure 6.1. The XPS spectrum of an adhesive control specimen. 

 

 

 

Elements Atomic % 

C 81.2 

N 1.2 

O 14.1 

Si 2.4 

Cl Traces 

 

Table 6.1. Elemental composition (at %) of the adhesive control specimen. 
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6.3.2.2 GBD aluminium alloy control specimen 

 

The morphology of the GBD pretreated surface of aluminium alloy is depicted in figure 

6.2. The surface is microscopically rough and devoid of any fine structure. The GBD 

pretreatment has been reported to increase the area available for adhesion by approximately 

a factor of two [113], and to give an average roughness of approximately 2 micrometers if 

the surface is abraded with 50µm alumina grit [100]. As expected, aluminium and oxygen 

were detected in relatively high abundance. It has been found that the oxide produced by 

GBD may readily hydrate in the presence of water and become cohesively weak [121]. 

Carbon was detected in a high concentration, which may be attributed to the fact that 

aluminium is a very reactive metal where a thin layer of oxide is spontaneously formed 

upon exposure to the atmosphere and also, the high surface energy of the aluminium alloy 

surface tends to attract carbon contamination from air. Magnesium, silicon and sodium 

were also found, see table 6.2. These elements are chemical constituents of the aluminium 

alloy 2014A although they may also be present from the alumina grit blasting process. 

Aluminium is never found as a free metal; it is commonly found as aluminium silicate or as 

a silicate of aluminium mixed with other metals such as sodium, potassium, iron, calcium 

and aluminium [124]. Therefore grit blasting with alumina particles can introduce these 

metals in small quantities. 

 



Chapter 6 – Loci and Mechanisms of Failure 

 

166 

 
 

Figure 6.2. SEM micrograph of a GBD aluminium alloy control specimen [113]. 
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Figure 6.3. The XPS spectrum of a GBD aluminium alloy control specimen surface. 
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Table 6.2. Elemental composition (at %) of the GBD aluminium alloy control specimen. 

 

6.3.3  GBD joint failure surfaces at 55% RH 

 

As previously undertaken for the control specimens, the fracture surfaces of an aluminium 

alloy GBD joint at 55% RH were examined using the SEM. Five micrographs sized 45 x 60 

microns were obtained from the ‘metal’  side of the fracture surface and the proportion of 

the area covered with adhesive in each micrograph was estimated (a typical SEM image is 

shown in figure 6.4). It was found that approximately 10% of the fracture surface was 

covered with adhesive. Thus, it is postulated from these scanning electron microscopy 

studies, that approximately 10% of the failure took place in the adhesive layer and 

approximately 90% along the interface or in the oxide layer. 

 

Elements 
Atomic 

% 

Al 16 

C 34.3 

N Traces 

O 47.1 

Si 1.1 

Na 3.1 

Mg Traces 
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Figure 6.4. SEM images of the fracture surface of the ‘metal’  side of an aluminium alloy 

GBD joint tested at 21°C at 55% RH. 

 

The XPS spectra for the fracture surfaces of the GBD joint tested at 55% RH are shown in 

figures 6.5 and 6.6. The proportion of the failure which occurred either in the oxide layer or 

along the interface can be estimated to be 12.55/16 ≈ 78%. This implies that approximately 

20% of the failure occurred cohesively in the adhesive layer. The proportion of the fracture 

that took place in the adhesive may also be estimated from the carbon concentration present 

on the ‘metal’  side of the fracture surface. It was found that approximately (43.77-

34.3)/81.2 ≈ 12% of the failure took place in the adhesive layer. This estimation could have 

been underestimated using the carbon signal, as the adhesive thickness covering the ‘metal’  

side of the fracture surface was not taken into account. If the thickness of the residue 

adhesive is more than 10-20 nm, i.e. a typical surface depth analysed by the XPS, the 

difference in concentration between the carbon signals present on the ‘metal’  side of the 

fracture surface and the GBD control specimen indicates the presence of residue adhesive 

on the metal surface and will definitely give an underestimated approximation. It is also 

worthwhile to note that even a true interfacial failure will absorb a thin carbonaceous 
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(<1nm) layer on exposure to the atmosphere. Therefore, the figure obtained from this 

approach is merely an approximation. However, further evidence to support the hypothesis 

that a high proportion of failure has taken place in the interfacial region may be found by 

comparing the spectrum of the ‘metal’  side of the fracture surface with the spectrum of the 

GBD aluminium alloy control specimen. These two spectra appear to be identical, see 

figures 6.3 and 6.5.  

 

There was also a small concentration of aluminium detected on the ‘adhesive’  side of the 

fracture surface, see table 6.3. This may suggest that approximately 1.18/16 ≈ 7% of the 

fracture surface was covered with the metal oxide. Therefore, it is concluded that 

approximately 15% of the fracture took place in the adhesive layer, approximately 5% in 

the oxide layer and approximately 80% along the interface. This estimation shows good 

correlation with the estimation obtained from the previous studies [98,113].  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. The XPS spectrum of the ‘metal’  side of the aluminium alloy GBD joint tested 

at 21°C at 55% RH. 
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Figure 6.6. The XPS spectrum of the ‘adhesive’  side of the aluminium alloy GBD joint 

tested at 21°C at 55% RH. 

 

Elements Metal Adhesive 

Al 12.6 % 1.2 % 

C 43.8 % 75.4 % 

Ca 0.7 % - 

N 1.0 % 2.1 % 

O 38.8 % 20.6 % 

Si 1.2 % 0.5 % 

Cl - 0.3 % 

Na 0.7 % - 

Mg 1.7 % - 

 

Table 6.3. Elemental compositions (at %) for interfacial failure surfaces of the aluminium 

alloy GBD joint exposed at 21°C and 55% RH. 
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6.4 GBD immersed in water 

 

In the presence of liquid water, the value of GC was relatively low compared to that tested 

at 55% RH and the dependence of GC on a�  seems to be quite significant but again 

irrespective of the surface pretreatment of the substrate. This suggests that the mechanism 

of failure involved is different from the 55% RH tests. The intrinsic stability of the 

adhesive/oxide/substrate interface in water may be employed using the thermodynamic 

argument described in section 2.7.2.1. From previous work [122], the value of WA and WAL 

were reported to be +230 and -140mJ/m2 for aluminium alloy. The change from a positive 

to negative work of adhesion indicates that the interfaces are unstable in water, and are 

susceptible to water attack. Therefore, the presence of water molecules at the crack tip 

causes the instability of the interface and results in lower GC. This hypothesis is supported 

by the XPS and SEM work on the fracture surfaces to determine the loci of failure. All 

types of joint tested in liquid water were found to fail mainly along the adhesive/substrate 

interface with a small extent of failure in the oxide layer in GBD specimens and mainly in 

the oxide/adhesive interface for the PAA pretreated specimens. The adhesion of epoxy 

adhesive to a metal is usually strong, which could be attributed to the strong interactions 

between the polar groups on the chains of the epoxy resin and the oxygen atoms and the 

hydroxyl groups on the surface of the metal. Therefore, the delamination of epoxy from a 

metal substrate will only occur after long time exposure to moisture. The timescale of the 

present tests was relatively short and failure solely due to the encroaching of water 

molecules into the joints is considered unlikely. Therefore, it is concluded that the 

application of a stress and the presence of water molecules at the crack tip and along the 

substrate/adhesive interface, control the mechanism of failure of the joints in water. 

 

6.4.1 Visual inspection GBD immersed in water 

 

For ‘Region I’  at 55% RH, the relationship between GC and a�  is controlled by the 

viscoelastic nature of the epoxy adhesive, regardless of the pretreatment of the surface of 

the substrate. For ‘Region I’  in water, the combination of an application of a stress and the 
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presence of water molecules at the crack tip and along the substrate/adhesive interface, 

control the mechanism of failure of the joints. 

 

The ‘metal’  side of a GBD aluminium alloy joint tested in water was examined using the 

SEM and is shown in figure 6.7. Five of these micrographs sized 45 x 60 microns were 

obtained and the proportion of the area covered with adhesive in each micrograph was 

estimated. It was found that there were almost no traces of adhesive patches retained on the 

‘metal’  side of the fracture surface. Figure 6.8 shows the adhesive side of the same 

fractured specimen and that suggests that there is no traces of metal on the adhesive side. 

Thus, it is postulated that failure did not take place in the adhesive layer but mainly through 

the oxide layer and the interface region. 

 

 

 
Figure 6.7. SEM image of the fracture surface of the ‘metal’  side of an aluminium alloy 

GBD joint tested at 21°C and in water.  
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Figure 6.8. SEM image of the fracture surface of the ‘adhesive’  side of an aluminium alloy 

GBD joint tested at 21°C in water. 

 

6.4.2 X-Ray Photoelectron Spectroscopy of GBD joint immersed in water 

 

Figures 6.9 and 6.10 illustrate the XPS spectra for the two failure surfaces of the GBD joint 

tested immersed in water. Examining the quantity of aluminium signal present on the 

‘metal’  side, approximately 12.36/16 ≈ 78% of the fracture took place either in the oxide 

layer or along the interface. The proportion of the fracture took place in the adhesive may 

also be estimated from the carbon concentration present on the ‘metal’  side of the fracture 

surface. Using the same reasoning, it was found that approximately (38.44-34.3)/81.2 ≈ 5% 

of the failure took place in the adhesive layer. Examining the nitrogen concentration in the 

‘metal’  side of the fracture surface, it was estimated that approximately 3% of the fracture 

took place in the adhesive layer. The estimations obtained from the carbon and nitrogen 

signals were in good agreement. There was also a small concentration of an aluminium 

signal detected on the ‘adhesive’  side of the fracture surface, see table 6.4. This suggests 

that approximately 0.64/16 ≈ 4% of the fracture surface was covered with the metal oxide. 
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Therefore, it is concluded that approximately 5% of the fracture took place in the adhesive 

layer, approximately 5% in the oxide layer and approximately 90% along the interface. 

This estimation is in good agreement with that obtained from the previous studies [98,113].  

These results also confirm the previous hypothesis that the GBD immersed in water has a 

very different mechanism of failure to the dry 55% RH tests. The combination of the 

application of a stress and the presence of water molecules at the crack tip and along the 

substrate/adhesive interface, control the mechanism of failure of the water immersed GBD 

joints. The slower the stress is applied the longer the water has to detrimentally act on the 

substrate/adhesive interface, therefore lowering the fracture energy required to break the 

adhesive bonds. 

Having proven the GBD surface pretreatment to be very weak and venerable to 

environmental attack, this study goes on to compare GBD with two more advanced surface 

pretreatments, namely phosphoric acid anodising (PAA) and phosphoric acid anodising 

with a hydration inhibiting primer (PAAP) applied prior to bonding. 
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Figure 6.9. The XPS spectrum of the ‘metal’  side of the aluminium alloy GBD joint tested 

at 21°C in water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. The XPS spectrum of the ‘adhesive’  side of the aluminium alloy GBD joint 

tested at 21°C in water. 
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Elements Metal Adhesive 

Al 12.36 % 0.64 % 

C 38.44 % 74.18 % 

Ca 0.70 % 0.81 % 

Fe 0.37 % - 

N 1.36 % 3.24 % 

O 44.65 % 20.30 % 

Si 1.32 % - 

Cl - 0.24 % 

Na - 0.60 % 

Mg 0.80 % - 

 

Table 6.4. Elemental compositions (at %) for the aluminium alloy GBD joint tested at 21°C 

in water. 
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6.5 PAA testing at 55% RH 

 

PAA is an advanced surface pretreatment that has been used in the American aerospace 

industry by Boeing for over 30 years. It has a very large surface area created by the 

anodising process which may help to account for its excellent adhesive bonding qualities. 

Prior to this study there has been a noticeable lack of investigation into PAA joint failure 

mechanisms with a low viscosity adhesive, particularly long-term cyclic-fatigue testing 

followed by detailed surface analysis. 

 

6.5.1 Visual inspection of PAA control specimen 

 

The morphology of the PAA pretreated surface of aluminium alloy is depicted in the SEM 

images shown in figures 6.11, 6.12 and 6.13. The surface is microscopically rough but with 

a clear underlying cellular structure (see figure 2.13 in section 2.8.2). Figure 6.11 shows the 

PAA control specimen at a relatively low magnification of x1000. Large pores are evident 

in various sizes between 20 and 30µm and it can be assumed that this macro scale 

morphology is derived from the surface roughness provided by the grit blasting and 

degreasing surface prior to the anodising process. Also obvious are a number of inclusions 

and contamination resting on the very top surface of the morphology. This contamination 

could have been caused by post anodising surface treatment but it is more likely that it was 

on the surface prior to the anodising process and remains during the process. These 

inclusions are still present at higher magnifications, such as in figure 6.12 (x10000), 

proving that they do occur regularly across the surface but some are so small that they are 

not visible at low magnifications.  

 

The large spherical pores seen in the honeycomb structure figure 6.11 contain smaller 

spherical pores which are visible as small dots, and when looking in closer detail on figure 

6.12, these smaller pores of 6-10µm exhibit significant ridges and troughs created at this 

macro level. This level of morphology will considerably increase the surface area and 
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therefore the mechanism of adhesive bonding referred to as mechanical interlocking. Figure 

6.13 depicts SEM carried out at an extremely high magnification of x100000 and helps to 

define the concentrated modifications that the PAA process has instigated on the surface of 

the aluminium at a micro level. It is only at this degree of the detail that the substantial 

surface area increase can be truly comprehended. The majority of the surface topography 

such as the hexagonal cell structure (as described by Venables et al [125]) is hidden under 

the visible surface layer which shows the finger like protrusions of between 30nm and 

120nm. The combination of these surface aspects contribute to the excellent bonding 

surface which has shown PAA to be far superior to GBD in the fracture mechanics 

investigations throughout this study. 

 

 

 

 
Figure 6.11. SEM micrograph of PAA aluminium alloy control specimen. 
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Figure 6.12. SEM micrograph of PAA aluminium alloy control specimen. 

 

 

 
Figure 6.13. SEM micrograph of PAA aluminium alloy control specimen. 
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Figure 6.14 depicts an image taken perpendicular to the side of a PAA oxide layer. This 

sample was created using a small section of a thin sheet of PAA pretreated aluminium 

2014A and immersion into liquid nitrogen. It was then removed and instantly “ snapped”  

into two pieces. The specimen created could then be mounted and placed into the SEM for 

analysis. The image shows the hexagonal pore structure which has previously been 

described earlier in this section and in the literature review. This image helps to visualise 

the extra surface area created by the phosphoric acid anodising process and the amount of 

available volume created that the adhesive now has to penetrate into and create an excellent 

bond with. The combination of thousands of these cells, each approximately 3-5 microns 

wide, spread across the entire pretreated bonding surface, create a honeycomb structure 

which is vastly superior to GBD possessing tremendous mechanical locking properties as 

was seen in the fracture mechanics tests undertaken on the PAA and PAAP pretreated 

samples. Further surface analysis of the fracture surfaces should prove the loci of failure 

and mechanisms behind these surface pretreatments bonding superiority. 

 

 
 

Figure 6.14. SEM micrograph of PAA aluminium alloy control specimen taken from the 

side of a specimen fractured artificially after immersion in liquid nitrogen. 
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6.5.2 SEM of PAA joint at 55% RH 

 

When tested at 55%RH and at various displacement rates to obtain different crack opening 

velocities, the visual results were typically cohesive in nature. SEM micrographs taken 

from various places on the surface of the failed PAA joints tested in 55% RH suggested that 

the failure was 100% cohesive through the adhesive layer. As can be seen from the SEM 

images taken from either side of a tested specimen, figure 6.15, even at slow speeds the 

specimen fractures in the adhesive layer and creates markings in the direction of the crack 

opening. 

 

      
 

Figure 6.15. SEM images of the fracture surface of the ‘adhesive’  sides of a PAA joint 

tested at 21°C at 55% RH.  

 

6.5.3 X-Ray Photoelectron Spectroscopy of PAA at 55% RH 

6.5.3.1 PAA aluminium alloy control specimen 

 

Figure 6.16 shows the XPS spectrum of a PAA with the breakdown of the elemental 

composition shown in table 6.5. The PAA pretreatment creates an oxide layer consisting of 

a porous cellular structure, with a typical thickness of 0.5�m. As expected, aluminium and 

oxygen were detected in relative abundance (especially as the aluminium will have formed 
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a deep oxide layer). Carbon was detected on the surface of the sample which can be 

attributed to the fact that aluminium is a very reactive metal and a thin layer of oxide is 

spontaneously formed upon exposure to the atmosphere. Also, the high surface energy of 

the aluminium alloy surface tends to attract carbon contamination from air (the sample was 

tested as soon as possible after production but was exposed to air for short periods) but the 

quantity of carbon found is relatively low because the sample has a very high surface area 

proportionally reducing the amount of carbon able to form on the top surface in a short 

space of time.  Silicon was also found but this is a constituent of the aluminium alloy 

2014A. Phosphorus was also present which will have originated from the phosphoric acid 

anodising process and may be of interest in the failed joints, as it acts as hydration 

inhibitor. 
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Figure 6.16. The XPS spectrum of a PAA aluminium alloy control specimen surface. 
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Table 6.5. Elemental composition (at %) of the PAA aluminium alloy control specimen. 

 

6.5.3.2 X-Ray Photoelectron Spectroscopy of PAA joint failure surfaces at 

55% RH 

 

The XPS spectra for one of the visually ‘adhesive’  fracture surfaces of the PAA joint tested 

at 55% RH and the ‘adhesive’  control specimen are shown in Figure 6.17. The proportion 

of the aluminium found in the samples was negligible therefore implying that all of the 

failure occurred cohesively in the adhesive layer. As can be seen from the spectra, the peak 

shapes are very similar and the chemical composition shown in table 6.6 confirms that the 

PAA pretreated samples failed in a truly cohesive manner. 

 

 

 

 

 

 

 

 

Elements 
Atomic 

% 

Al 18.2 

C 15.5 

N 1.2 

O 60.0 

P 1.5 

Si 0.8 

Ca Traces 
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Figure 6.17. The XPS spectrum of (a) one of the ‘adhesive’  sides of the aluminium alloy 

PAA joint tested at 55% RH (both of which were very similar) (b) the ‘adhesive’  control 

specimen. 

 

 

 

 

Elements 

PAA ‘Dry’ 

Adhesive 

Surface 

Atomic % 

Adhesive 

Control 

Atomic % 

C 79.0 81.2 

N 1.3 1.2 

O 15.8 14.1 

Si 3.6 3.4 

Cl Traces Traces 

 

Table 6.6. Elemental composition (at %) of the PAA failure surface and the adhesive 

control specimen. 
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6.5.4 TEM of PAA at 55% RH 

 

Figure 6.18 shows a TEM micrograph of a PAA control sample prior to undergoing 

fracture mechanics testing. It confirms that the oxide created in the anodising process is 

approximately 500nm in thickness and has a long columnar structure with wispy protruding 

fingers, which are least rigid perpendicular to the surface. There is a major density change 

from right to left which is produced as the oxide layer grows away from the bulk metal 

surface during the anodising process. It also illustrates that the adhesive has fully penetrated 

the oxide layer although this can be further confirmed by carrying out EFTEM analysis on 

the same sample. 

 

 
 

Figure 6.18. TEM micrograph of PAA aluminium alloy control specimen. 
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6.5.5 EFTEM of PAA at 55% RH 

 

 
 

Figure 6.19. EFTEM micrograph of PAA aluminium alloy control specimen with key: Red 

representing the element carbon which is present in the adhesive; green representing 

oxygen in the oxide layer; and blue representing aluminium in the substrate. 

 

Figure 6.19 is an EFTEM micrograph of the TEM image shown in figure 6.18. It has been 

compiled by taking individual elemental maps and then superimposing them on top of each 

other (this is depicted later in figures 6.25 and 6.26 for the PAA tested immersed in water). 

The adhesive shown in red (and mapped using carbon) has penetrated the green anodised 

oxide layer (mapped here using oxygen). The metal bulk aluminium alloy substrate shown 

in blue (and mapped with the element aluminium) helps to distinguish were the oxide 
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surface has begun to form from. The adhesive can also been seen to have penetrated the 

aluminium oxide layer and in the process created a strong mechanical bond.  

 

6.5.6 PAA at 55% RH conclusions 

 

From the control specimens it can be seen that the PAA surface pretreatment provides a 

physically excellent surface for adhesion. From both the visual and XPS surface analysis it 

is clear that the loci of failure for PAA tested in ‘dry’  (55% RH) conditions, is cohesive 

through the adhesive layer. This can be confirmed from the TEM and EFTEM studies that 

the phosphoric acid anodised oxide layer at its interface with the adhesive has been made 

stronger than the adhesive alone and so the surface pretreatment has achieved its objective 

for ‘dry’  conditions. For these test and service conditions further development should focus 

on making the adhesive stronger and tougher but continuing to be low enough viscosity to 

penetrate the oxide layer so effectively. 
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6.6 PAA immersed in water 

6.6.1 Visual inspection of PAA immersed in water 

 

At high applied loads the crack growth velocity was also high and the fracture surfaces 

remained visually cohesive in the adhesive layer until the crack growth reached the 

threshold zone. It was at this point that the loci of fracture switched from being cohesive in 

the adhesive layer to visually interfacial along the apparent oxide/adhesive interface. This 

threshold crack growth zone is considered very important in investigating the fracture 

surfaces as it is the type of crack growth that occurs when an adhesive joint is seemingly 

fatigued under very little stress, as might be the service conditions in industrial 

applications. 

 

6.6.2 SEM of PAA immersed in water 

 

The constant displacement rate testing produced two different types of failure surface 

which will be addressed separately. The faster crack velocities caused the adhesive to ‘pull 

out’  of the metal oxide created by the PAA process, whereas the slower displacement rates 

and therefore crack velocities caused a failure that is visually in the oxide/adhesive 

interface which is likely to have been caused by the slow ingress of water and weakening of 

this part of the joint.  

 

6.6.2.1 Fast crack velocity (~2mm/min – ‘Region III’) of PAA failure surfaces 

immersed in water 

 

The ‘metal’  side of a PAA aluminium alloy joint tested in water at a very fast crack 

velocity (‘Region III’ ) was examined using the SEM. Five of these micrographs sized 45 x 

60 microns were obtained and the proportion of the area covered with adhesive in each 

micrograph was estimated. It was found that there were almost no traces of adhesive 
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patches retained on the ‘metal’  side of the fracture surface. Thus, it is postulated that failure 

did not take place in the adhesive layer but mainly between the oxide layer and the interface 

with the adhesive. 

 

As can be seen from the SEM images taken from either side of a tested specimen, figure 

6.20, the adhesive has been ‘pulled out’  of the pores created by the phosphoric acid 

anodising process. Water had very little chance of penetrating the bulk adhesive at this rate 

and therefore these results are odd but of worth reporting briefly. Further investigation 

proved that this type of failure was not repeatable and can be discarded as a ‘one off’  result, 

but it may also suggest that this is a failure in ‘Region II’  and that water may have 

ingressed into this interface before the main adhesive could be penetrated causing failure of 

the oxide/adhesive interphase. 

 

    
 

Figure 6.20. SEM images of the fracture surface of the ‘metal’  side and ‘adhesive’  side 

respectively of a PAA joint tested in water at 21°C. 

  

The XPS spectra for the ‘metal’  and ‘adhesive’  fracture surfaces of the PAA joint tested in 

water are shown in figure 6.21. The proportion of the aluminium found in the ‘metal’  

fracture surface implies that the failure occurred along the metal substrate and adhesive 

join. Examining the quantity of aluminium signal present on the ‘metal’  side, 

approximately 10.81/18.2 ≈ 60% of the fracture took place either in the oxide layer or along 

the interface. The carbon absorbed on exposure to contaminants (air) may mask the true 
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value of aluminium present at the surface. Comparing the form of the XPS spectra in figure 

6.21 and the compositional data from table 6.7 with the adhesive and PAA control 

specimens it is clear that they are very similar and therefore apart from very small amounts 

of adhesive left on the ‘metal’  side of the fracture, this failure can be considered as 

interfacial between the oxide layer and adhesive layer. 
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Figure 6.21. The XPS spectrum of (a) the ‘metal’  side of the aluminium alloy PAA joint 

tested in water at 21°C (b) the ‘adhesive’  side of the same failure specimen. 

 

Elements Metal Adhesive 

Al 10.81 % 0.87% 

C 38.44 % 77.76% 

Ca Traces 0.53% 

P 0.46 % Traces 

N 1.36 % 1.15% 

O 34.65 % 16.66% 

Si 1.08% 2.16% 

Na Traces 0.45% 

Mg 0.80 % Traces 

 

Table 6.7. Elemental compositions (at %) for the aluminium alloy PAA joint at 21°C in 

water. 
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6.6.2.2 Slow crack velocity (~0.01mm/min – ‘Region I’) of PAA failure surfaces 

immersed in water 

 

The ‘metal’  side of a PAA aluminium alloy joint tested in water at a very slow crack 

velocity was examined using the SEM. Five of these micrographs sized 45 x 60 microns 

were obtained and the proportion of the area covered with adhesive in each micrograph was 

estimated. It was found that there were large patches of adhesive retained on the ‘metal’  

side of the fracture surface as in figure 6.22. Thus, it is postulated that failure took place in 

the adhesive layer but as the SEM shows the presence of small quantities of aluminium on 

the visually adhesive fracture surface, the fracture may have been very close to the edge of 

the oxide layer removing with it some of the PAA oxide structure onto the adhesive side. 

 

 

    
 

Figure 6.22. SEM images of the fracture surfaces of the ‘metal’  side and ‘adhesive’  side 

respectively of a PAA joint tested in water at 21°C. 

  

The XPS spectra for the ‘metal’  and ‘adhesive’  fracture surfaces of the PAA joint tested in 

water are shown in figure 6.23. Comparing the shapes of the XPS spectra in figure 6.21 and 

the compositional data from table 6.8 with the adhesive and PAA control specimens, there 

are traits associated with metal and adhesive. Clearly the nitrogen signal acts as a 

‘fingerprint’  that adhesive is present on both sides of the fracture surfaces. Very high 

carbon signals are also consistent with the adhesive control specimen but small amounts of 
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aluminium and magnesium are present and suggest there are definitely small quantities of 

the oxide layer in attendance. 

 

The proportion of the fracture that took place in the adhesive may be estimated from the 

carbon concentration present on the ‘metal’  side of the fracture surface. Using the same 

reasoning, it was found that approximately (67.66-15.5)/81.2 ≈ 65% of the failure took 

place in the adhesive layer. There was also a small concentration of aluminium signal 

detected on the ‘adhesive’  side of the fracture surface, see table 6.8. The proportion of the 

aluminium found in the ‘metal’  fracture surface implies that the failure occurred in the 

adhesive but very close to the oxide layer. Examining the quantity of aluminium signal 

present on the ‘metal’  side, approximately 1.44/18.2 ≈ 8% of the oxide was present in the 

‘metal’  side of the fracture. Estimating the oxide layer in the adhesive side 0.75/18.2 ≈ 4% 

suggests that some aluminium from the oxide layer is also present within the visually 

‘adhesive’  fracture surface. 

 

Therefore, it is concluded that approximately 90% of the fracture took place in the adhesive 

layer and approximately 10% in the PAA oxide layer. At this stage, this research suggests 

that it can be speculated that there could be a point of weakness in the adhesive joint at the 

interface between the least dense part of the morphology of the PAA oxide structure and its 

interaction with the bulk adhesive, and because of the slow rate of displacement and crack 

growth rate, the water is able to flow to the crack tip and cause weakening further along the 

crack’ s path. Further investigation into the loci of failure has been investigated using 

transmission electron microscopy of ultra-thin sections across the substrate/oxide/adhesive 

interface and will be presented in the following sections. 

 

 



Chapter 6 – Loci and Mechanisms of Failure 

 

193 

   

0

5000

10000

15000

20000

25000

20040060080010001200

C
ou

nt
s 

/ s

Binding Energy (eV)

C KLL
O KLL

O 1s

C 1s

N 1s
Ca 2p

P 2s

Al 2p

O 2s

Al 2s
P 2p

Ca 2s

Si 2p

Si 2s

0

5000

10000

15000

20000

25000

20040060080010001200

C
ou

nt
s 

/ s

Binding Energy (eV)

0

5000

10000

15000

20000

25000

20040060080010001200

C
ou

nt
s 

/ s

Binding Energy (eV)

C KLL
O KLL

O 1s

C 1s

N 1s
Ca 2p

P 2s

Al 2p

O 2s

Al 2s
P 2p

Ca 2s

Si 2p

Si 2s
C KLL

O KLL

O 1s

C 1s

N 1s
Ca 2p

P 2s

Al 2p

O 2s

Al 2s
P 2p

Ca 2s

Si 2p

Si 2s

0

5000

10000

15000

20000

25000

20040060080010001200

C
ou

nt
s 

/ s

Binding Energy (eV)

C KLL
O KLL

O 1s

C 1s

N 1s

Ca 2p

P 2s

Al 2p

O 2s

Al 2s

P 2p

Mg 1s

Na 1s Ca 2s

0

5000

10000

15000

20000

25000

20040060080010001200

C
ou

nt
s 

/ s

Binding Energy (eV)

C KLL
O KLL

O 1s

C 1s

N 1s

Ca 2p

P 2s

Al 2p

O 2s

Al 2s

P 2p

Mg 1s

Na 1s Ca 2s

 
Figure 6.23. The XPS spectrum of (a) the ‘metal’  side of the aluminium alloy PAA joint 

tested in water at 21°C (b) the ‘adhesive’  side of the same failure specimen. 

 

 

 

 

Elements Metal Adhesive 

Al 1.4 % 0.8 % 

C 67.7 % 79.5 % 

Ca Traces 0.6 % 

P Traces Traces 

N 2.5% 1.1 % 

O 34.7% 15.2 % 

Si 1.2% 1.7 % 

Na Traces 0.6 % 

Mg 2.5% 0.4 % 

 

Table 6.8. Elemental compositions (at %) for the aluminium alloy PAA joint tested at 21°C 

and in water. 
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6.6.3 EFTEM of PAA immersed in water 

 

Figures 6.24, 6.25 and 6.26 show an example of a tested PAA sample from a cyclic-fatigue 

test undergone immersed in water. This sample is taken from a specimen which has been 

tested for a number of weeks and reached its threshold crack growth zone. It was regularly 

found that the oxide ‘fibrils’  on the surface post failure had been dislodged by the 

mechanical damage of the harsh cyclic-fatigue process in which the failed surfaces are 

opened and closed upon each other. Therefore this sample was taken from just past the 

crack tip before it was due to fail.  

 

Figure 6.24 shows the normal TEM exposure and the EFTEM composite image that was 

constructed from the three elemental maps shown in figures 6.25 and 6.26. There is no 

visible difference between the 55%RH specimen that is illustrated in figures 6.18 and 6.19 

and this specimen tested in water. These images provided a reasonable confirmation that no 

hydration of the oxide layer has taken place prior to the crack tip. It would be expected that 

should hydration of taken place, the oxide layer morphology would appear different as the 

pores may have swollen due to the water ingress and the thickness of the oxide layer would 

be seen to have increased. Some proof of hydration post failure has been found and all of 

this work was written up and was presented at the ECASIA conference in 2007. The paper 

[141] has been included in this study in the appendices. 
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Figure 6.24. TEM micrograph and EFTEM composition micrograph of a section just prior 

to the crack tip growth from a PAA aluminium alloy specimen tested in water. On the right 

hand image: red represents the element carbon which is present in the adhesive; green 

represents oxygen in the oxide layer; and blue represents aluminium in the substrate. 

 

 

  
Figure 6.25. EFTEM micrograph mapping separate elements of PAA aluminium alloy 

specimen prior to the crack tip growth and tested in water (mapped element is lightest in 

contrast) left: aluminium (for the bulk metal substrate) right: carbon (for the adhesive). 
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Figure 6.26. EFTEM micrograph mapping separate element of PAA aluminium alloy 

specimen prior to the crack tip growth and tested in water (mapped element is lightest in 

contrast), oxygen (for the oxide layer). 

 

6.6.4 PAA immersed in water conclusions 

 

The investigation into the PAA control specimen using SEM and EFTEM has confirmed 

the porous nature of the PAA layer and proven that the adhesive has penetrated the oxide to 

form a micro-composite interphase between the adhesive and the underlying aluminium 

alloy. The TEM and EFTEM investigations indicated that the pores of the oxide layer are 

filled with adhesive and therefore cannot readily act as sinks for the water sites which 

might bring about subsequent oxide hydration. TEM (figure 6.24) has also shown that there 

is no evidence of significant change in morphology resulting from the thickening of the 

oxide layer due to exposure of the joint to an aqueous environment. 

 

Surface analysis using SEM and XPS has proven that PAA tested at 55%RH is always 

cohesive in the adhesive layer. When tested in water the rate (gradient) of degradation 

remains the same for specimens from both the constant displacement tests and the cyclic-

fatigue tests. This suggests that the mechanisms of failure are the same for both 
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environmental test conditions. The loci of failure has been proven to shift to just inside the 

very extremities of the PAA oxide layer which is due to the presence of water affecting the 

weakest section of the joint first. The strong PAA bond reduces local stress concentrations, 

but water may still be able to attack via the microvoids left in the oxide/adhesive layer 

where the phosphate ‘fingers’  form in a 20-nm layer above the main hexagonal deep pore 

structure of the PAA formed oxide layer. Such a ‘finger’  region is clear on both of the TEM 

images for 55%RH and for the joints immersed in water (figures 6.18 and 6.24) and 

appears less dense than the rest of the 400-500nm thick oxide layer, but the integrity of the 

micro-composite interphase appears good in this region so attack via the microvoids is 

thought to be unlikely. 

 

This mechanically weaker section of the joint at the interface of the adhesive and the oxide 

layer causes the crack to grow at a very similar speed to that of the ‘dry’  tests but at a 

slightly lower applied load. The presence of aluminium on both of the mostly adhesive 

sides of the ‘wet’  tested fracture surfaces suggests that the crack grew mainly through the 

adhesive but very close to the interface between the adhesive and the PAA oxide through 

only the protruding ‘fingers’  and well away from the stronger hexagonal cellular structure. 

 

Therefore the conclusions that can be drawn are that there is a well developed interphase 

region with no evidence of the adhesive separating from the anodised substrate. Thus the 

loci of failure by XPS is confirmed for PAA joint tested in water in that separation occurs 

close to the oxide/adhesive interface but in the adhesive. 
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6.7 PAAP at 55% RH 

 

PAAP has exactly the same morphology as PAA but includes the post anodising 

application of a primer prior to bonding the pretreated surfaces. The use of primers in 

adhesive bonding has been proven to be a very useful additive in the protection of the oxide 

and the adhesive interface, particularly against the attack of water molecules. Primers, 

through their composition and specific additives, protect the bonding surface by enhancing 

the highly energetic covalent or chelate interfacial bonding and enhancing corrosion 

resistance of the oxide. This type of interaction across the interface of the adhesive and the 

adherend can be exploited particularly well when much is known about the chemistry of the 

adhesive and the adherend [6], otherwise, as in most types of adhesion, extensive non-

covalent interactions e.g. van der Waals forces have to be relied upon. Cytec BR127 is 

based on a modified epoxy primer structure and is proven as a strong corrosion inhibiting 

primer. It is the leading industry standard for high performance corrosion inhibiting primers 

and has been used in virtually every commercial aircraft built since its introduction [123]. 

 

6.7.1 Visual inspection of PAAP tested in 55%RH 

 

PAA tested in ‘dry’  conditions failed cohesively in the adhesive layer. Therefore the 

addition of a primer to the surface of the PAA prior to bonding should significantly 

strengthen that part of each side of the interphase between the anodised oxide and the 

adhesive during the curing cycle, thus, it should make no differences to the loci of failure 

nor the mechanisms of failure associated with the PAAP ‘dry’  failure. The (cyclic-fatigue) 

fracture mechanics tests confirm this conclusion in that the toughness of the PAA and 

PAAP pretreated adhesive joints were virtually identical and it is therefore concluded that 

they are extremely likely to have failed in the same manner. Visual inspection of the failed 

joint surfaces and further SEM and XPS investigation has clearly confirmed this 

hypothesis, and the results are documented below. 
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The PAAP fracture surfaces were visually similar to the PAA fracture surfaces apart from a 

slight orange-yellow tint of the primer visible through the semi-transparent adhesive layer. 

The actual fracture was very central to the adhesive layer as the thickness of the adhesive 

on each fracture surface was virtually symmetrical. 

 

6.7.2 SEM of PAAP control specimen 

 

The SEM image depicted in figure 6.27 shows the primer ‘painted’  on top of the 

oxide/metallic surface of the phosphoric acid anodised layer. The morphology of the 

fingers created by the anodising process can be clearly seen across the image and 

protruding through the slightly thinner primer sections. This primer is designed for this type 

of application and the method used for application was as recommended by the 

manufacturer with the addition of specific checks for the average thickness using a 

handheld eddy current scanner. With a permissible range of this primer application 

thickness between 2.5 – 7 microns, the actual average thickness was measured at just over 6 

microns. 
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Figure 6.27. SEM micrograph of PAAP aluminium alloy control specimen. 

 

6.7.3 X-Ray Photoelectron Spectroscopy of PAAP control specimen 

 

The XPS control specimen for the PAAP surface is shown in figure 6.28 with the 

classification of the elemental composition shown in table 6.9. During the manufacture of 

the PAAP samples the PAA surface pretreatment is undertaken and the primer is applied to 

the surface therefore immediately protecting the prepared surfaces from further oxidation. 

This can be quantified by the XPS data for oxygen. The PAAP sample has a composition 

containing 45% oxygen whereas the PAA surface without the primer has a 60% oxygen 

content. The increased carbon percentage (from ~15% in PAA to ~35% in PAAP) can be 

accounted for by the primer being based upon a modified epoxy, and therefore has similar 

characteristics to that of the adhesive used in this study. The presence of phosphorous, 

nitrogen and silicon on the PAA surface are all significantly masked by the depositing of 

the primer onto the surface. 
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Figure 6.28. XPS spectrum of PAAP aluminium alloy control specimen. 

 

 

Elements 
PAA 

Control 

PAAP 

Control 

Al 18.2% 18.1% 

C 15.5% 35.7% 

Cu - 0.1% 

P 1.5% 0.4% 

N 1.2% 0.3% 

O 60.0% 45.1% 

Si 0.8% 0.2% 

Mg - 0.3% 

 

Table 6.9. Elemental compositions (at %) for the aluminium alloy PAAP control specimen 

compared to those from the PAA control specimen. 
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6.7.4 PAAP at 55% RH conclusions 

 

Having carried out the SEM and XPS surface analysis on the fracture surfaces of PAAP 

joints it was clear that the results were identical to those of the PAA under 55% RH 

conditions. The failure occurred cohesively in the adhesive layer well away from any oxide 

interface. These SEM images and XPS results are not fully presented in this section as all 

of the results obtained conclusively proved that the PAAP fails cohesively in the adhesive 

layer well away from the influence of any interface. The primer therefore has no effect on 

the toughness of the adhesive joint under these test conditions.  

 

6.8 PAAP immersed in water 

 

It can be suggested from previous studies [19] that the addition of a primer will 

significantly increase the joint durability over the standard PAA adhesive joint. The 

fracture mechanics results for the PAAP joints are almost identical to that of the PAA 

joints. Thus, the similar degrees of degradation, seen in the cyclic-fatigue tests suggests that 

the extent of the ingress of water has not altered due to the presence of a primer between 

the oxide and the adhesive, and that there is therefore no visible difference in the loci of 

failure or the mechanism of failure. Using surface analysis it has been proven that this is in 

fact not the case. When considering the loci of failure and how it moves from cohesive to 

visually interfacial when approaching the threshold crack growth zone in cyclic-fatigue 

tests, it has to be considered that the influence of the primer may cause the loci of failure to 

shift further into the adhesive compared to that seen in the PAA water tests. It is postulated 

that the presence of the primer improves the hydrostatic stability of the oxide/adhesive 

interface, thereby creating a strong bond that forces the crack growth to continue through 

the edge of the bulk adhesive as opposed to along the oxide and adhesive interface, as was 

suggested as the loci of failure in the PAA water tests. 
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6.8.1 Visual inspection of PAAP immersed in water 

 

Following the pattern seen in the PAA specimens, the majority of the crack growth in 

cyclic-fatigue tests, and therefore loci of failure, seen in the PAAP tested samples is 

cohesive in the adhesive layer until the applied load reduces and the crack approaches and 

enters the threshold growth zone. This would help to account for the very similar cyclic-

fatigue curves, see figures 5.8 and 5.9. As the crack progresses in the threshold growth 

zone, the loci of failure visually changes from centrally in the adhesive layer to visually 

interfacial but, as theorised above, the crack growth may continue through the bulk of the 

adhesive as opposed to removing the tips of the oxide layer as seen in the PAA specimens. 

This would suggest that the PAAP joint is more durable than the PAA joint when tested in 

water and that the line of best fit on the PAAP cyclic-fatigue graph would move slightly to 

the right of the PAA line when approaching and entering the threshold crack growth zone 

as depicted in figure 6.37 later in this chapter. 

 

6.8.2 SEM of PAAP immersed in water 

 

Figure 6.29 illustrates the image of a PAAP pretreated adhesive joint taken from the metal 

side of the cyclic-fatigue threshold growth zone. The visible damage and crazing on the 

surface may be due to the adhesive drying out and therefore shrinking and cracking during 

the dehydration process. To reduce the likelihood of this crazing, the sample should have 

been tested as soon as possible after being removed from the chosen testing environment 

(immersed in the water). Equally the sample has to dry out in a controlled environment 

before being placed into the SEM as water may volatilise in high vacuum. 

 

The higher magnification images seen in figure 6.30 depict traces of aluminium and 

interlocked adhesive on the surface of the metal side of the fracture in more detail. These 

images would suggest that the metal only shows through the adhesive at a few places over 

the entire threshold crack growth zone of the fractured specimen, confirming the theory that 

the fracture has taken place in the adhesive at the extremities of the phosphoric acid 
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anodised oxide morphology. It also helps to confirm the strong mechanical interlocking that 

has taken place through the bonding and curing procedures. This is evident as figure 6.31 

depicts the image of a PAAP pretreated adhesive joint taken from the metal side of the 

cyclic-fatigue threshold growth zone. The surface is clearly made up of the majority of 

epoxy adhesive, but there are also visual indications of the aluminium fingers at the end of 

the PAA oxide being pulled out of the adhesive surface and leaving small rectangular 

indents in the adhesive surface. To investigate these findings in more detail further surface 

analysis was done and is presented in the following sections.  

 

Figure 6.32 shows a higher magnification of the adhesive side and clearly shows small 

deposits of aluminium and other contamination left on the fracture surface. 

 
Figure 6.29. SEM micrograph of the metal side of a PAAP aluminium alloy specimen 

tested immersed in water. Aluminium remnants can also be distinguished and the adhesive 

has dehydrated and cracked in places. 
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Figure 6.30. SEM micrographs of two areas on the metal side of a PAAP aluminium alloy 

specimen tested immersed in water. Left hand image clearly depicts remains of parts of the 

aluminium PAA oxide layer. 

 
Figure 6.31. SEM micrograph of the adhesive side of a PAAP aluminium alloy specimen 

tested immersed in water. Only very small amounts of aluminium oxide are visible. 
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Figure 6.32. SEM micrograph of the adhesive side of a PAAP aluminium alloy specimen 

tested immersed in water. Rectangular marks are left by the PAA oxide layer fingers being 

pulled out of this side of the specimen. 

. 

 

6.8.3 X-ray Photoelectron Spectroscopy of PAAP immersed in water 

 

XPS was carried out on the two sides of a PAAP pretreated failed joint from a cyclic-

fatigue test. The points were taken opposite each other from the crack threshold growth 

zone. Figures 6.33 and 6.34 illustrate the XPS spectra for each side of the joint. Both of the 

spectra are very similar to the adhesive control specimen (figure 6.1) shown earlier in the 

chapter. In addition to the similarities there is also the presence of small quantities of 

aluminium, phosphorus, calcium and sulphur. The presence of the aluminium and 

phosphorus helps to support the hypothesis that the PAA oxide layer protrudes into the 

adhesive at the point where the failure has taken place. The primer is likely to contain 

inorganic ions which contain sulphur and oxygen as one of its major corrosion inhibiting 
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constituents (preferably the ions would contain a sulphur oxygen bond). The calcium is 

likely to have come from the water that the specimen was immersed in. 

 

When comparing the adhesive control specimen compositional data in table 6.1 with that of 

both surfaces of the PAAP water tested specimen in table 6.10, the lower carbon in the 

PAAP surfaces (6% lower) is replaced by the large oxygen content present from the 

aluminium oxide layer (6% higher). The XPS data suggests that both sides of the fracture 

are very similar. The amount of aluminium varies from 0.23% to 0.50% which can be 

compared to the control specimen to gauge how much of the fracture was in the oxide layer 

or along the adhesive/oxide interface. Approximately 0.50/18 � 3% of one side of the 

failure was covered in aluminium oxide and approximately 0.23/18 � 1.5% of the other side 

of the failure surfaces, totalling 4.5%. It can also be approximated that 75/81 � 93% of the 

surface was covered by adhesive. 

 

It is therefore concluded that approximately 95% of the fracture took place in the adhesive 

layer and approximately 5% in the PAA oxide layer. As with the PAA fracture specimens 

with a slow rate of displacement, water would have had time to penetrate the bulk adhesive 

but in this case the primer has stopped the water from entering the interfaces between the 

adhesive and the PAA oxide layer. This therefore causes the weakest path to shift from the 

interface of the adhesive and oxide, just inside the PAA oxide, to the very limit of the join 

between the adhesive and the oxide, therefore only removing the loose remnants of the 

oxide that may have been weakened during the joint creation. Further investigation into the 

loci of failure has been investigated using transmission electron microscopy of ultra-thin 

sections across the substrate/oxide/adhesive interface and will be presented in the following 

sections. It can be hypothesised that the damage of the loose oxide at the interface acts just 

as contamination would between the adhesive and oxide layer and may therefore cause this 

to be the weakest path for water attack causing failure at the very extremity of the PAAP 

oxide. 
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Figure 6.33. XPS spectrum of PAAP aluminium alloy adhesive side from a specimen tested 

immersed in water. 
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Figure 6.34. XPS spectrum of PAAP aluminium alloy metal side from a specimen tested 

immersed in water. 
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Elements Metal Adhesive 

Al 0.23% 0.50% 

C 75.11% 75.33% 

Ca 0.22% 0.20% 

P 0.24% 0.28% 

N 4.14% 3.02% 

O 20.01% 19.63% 

Si Traces 0.70% 

S Traces 0.34% 

 

Table 6.10. Elemental compositions (at %) for the two sides of an aluminium alloy PAAP 

joint tested at 21°C in water. Although the table refers to the metal and adhesive sides of 

the fractured joint, it is clear from the experimental evidence that both sides exhibit 

adhesive based fracture surfaces. 

 

 

6.8.4 TEM/EFTEM of PAAP immersed in water 

 

Comparing PAA and PAAP TEM images the primer application process may have caused 

some damage to the fragile top of the PAA oxide layer. It can be observed in figure 6.35 

that the wisps/fingers of aluminium are reduced in length, bent or damaged. These changes 

may have negative effects, should the wisps become dislodged and then sealed within the 

adhesive layer, creating microscopic points of weakness. 

 

The image does, however, support the theory that the fracture is in the adhesive layer very 

close to the aluminium oxide layer and removing small amounts of the extremities of the 

phosphoric acid anodised oxide morphology. 
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Figure 6.36 shows the adhesive penetrating the oxide layer formed by the PAA process. 

The features of the oxide morphology may look thicker than usual because the primer is 

coated onto the aluminium oxide features and it contains a large amount of carbon and 

oxygen. This image may help to prove the existence of a barrier layer formed at the surface 

of the bulk aluminium during the anodising process. This thin layer shown in figure 6.36 as 

a green line between the aluminium substrate and the start of the oxide layer may actually 

be evidence of the primer fully penetrating the honeycomb morphology of the PAA oxide. 

 

 

 
 

Figure 6.35. TEM micrograph of PAAP aluminium alloy specimen. This slice has been 

removed from ‘metal’  side of the joint fracture.  
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Figure 6.36. EFTEM micrograph of PAAP aluminium alloy metal side specimen with key: 

Red representing the element Carbon which is present in the adhesive; Green representing 

oxygen in the oxide layer; and blue representing aluminium in the substrate. 
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6.8.5 PAAP immersed in water conclusions 

 

It is evident that the presence of the primer does help the bond strength which is obvious 

from the fracture mechanics studies. It also becomes clearer from the XPS, TEM and 

EFTEM surface analysis that the primer has played a significant part in the bonding of the 

adhesive to the metal oxide surface pretreatment.  

 

In conclusion, the primer has prepared and sealed the bonding surfaces from the further 

oxidation that they would undergo if left unbonded after standard PAA surface treatment. It 

has also prevented the hydrolysis of the oxide layer during and post failure and has 

improved the hydrostatic stability at the oxide and adhesive interface forcing the fracture to 

take place further into the bulk adhesive than was evident in the studies of the PAA surface 

pretreatment. 
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6.9 Concluding remarks 

 

The loci of failure established using the SEM and XPS studies are summarised in table 

6.11. It is generally observed that when the joints were tested at 55% RH, the loci of failure 

moved between the adhesive layer and along the adhesive/substrate interface for GBD and 

was cohesive, in the adhesive layer, for PAA pretreated joints. However, when the tests 

were conducted in water, the GBD joints failed mainly along the adhesive/substrate 

interface. For PAA joints the additional surface treatment has been shown to make the 

interface layer more resistant to damage from moisture and has kept the failure largely in 

the adhesive layer although it has moved very close to the interface with the oxide layer in 

the threshold growth zone showing that there is a new path of weakness. For PAAP the 

additional surface treatment (primer) further improves the joint strength and slightly 

changes the loci of failure from that seen in the PAA towards being virtually fully cohesive 

in the adhesive layer.  

 

Type of joints Loci of failure at 55% RH Loci of failure in water 

GBD Aluminium alloy 80% I, 15% A and 5% O 90% I, 5% A and 5% O 

PAA Aluminium alloy 100% A 90% A and 10% O 

PAAP Aluminium alloy 100% A 95% A and 5% O 

A = Failure occurred in the adhesive layer.  

O = Failure occurred in the oxide layer. 

I  = Failure occurred along the adhesive/substrate interface. 

 

Table 6.11.  Loci of failure of aluminium alloy adhesive joints tested at 55% RH and 

immersed in water (in ‘Region I’ ) for GBD, PAA and PAAP surface pretreatments. 
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6.9.1 Comparisons of the loci of failure 

 

With the GBD pretreatment the loci of failure is interfacial in ‘dry’  conditions and also 

interfacial in ‘wet’  testing conditions. In the tests in water, the failure causes some 10% less 

of the fracture to occur in the adhesive compared to the ‘dry’  test conditions. This suggests 

that the presence of water causes the path of weakness, which the crack will follow, to 

change slightly i.e. along the interface between the oxide layer and the adhesive.   

 

The PAA surface pretreatment behaves very differently to the GBD joints. The physical 

interaction of the adhesive with the large surface area of the PAA oxide causes the simple 

interfacial failure seen in the GBD joints to be virtually impossible. PAA pretreated joints 

fail cohesively in the adhesive layer when testing at 55%RH conditions. PAA pretreated 

joints tested using the cyclic-fatigue methodology and in ‘wet’  conditions, fail at first 

cohesively in the adhesive layer but then shifting towards the adhesive/oxide interface, still 

remaining mainly in the adhesive but with a small amount of the fracture occurring just 

inside the oxide layer. This loci of failure only really switches to very close to the oxide 

layer when the testing has progressed significantly and therefore under very slow threshold 

crack growth rates which has given the water time to get to this region of the joint.  

 

The PAAP pretreated adhesive joints fail in a very similar way to the PAA joints. They fail 

cohesively at 55%RH and when ‘wet’  cohesively until very slow threshold cracking when 

the loci of failure again switches to very close to the oxide interface. The difference 

between PAA and PAAP surface pretreatments is that for the PAAP pretreated joint, tested 

immersed in water, the SEM, XPS and EF/TEM investigation has proven that the failure is 

virtually fully in the adhesive layer but follows along the interface between the adhesive 

and the oxide layer. This is proven as it removes a very small amount of aluminium oxide 

which may have been simply just the loose remnants of the oxide dislodged by the 

application of the primer to the PAA surface. 
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6.9.2 Comparisons of the mechanisms of failure 

 

Figure 6.37 depicts the ranking of the surface pretreatments with crack resistance 

increasing from left to right. The mechanisms of failure are mainly based around the 

viscoeleastic process that was first seen in this study within the GBD ‘dry’  specimens.  This 

method is hypothesised for the ‘dry’  and ‘wet’  tests of PAA and PAAP pretreated samples 

because the gradients of degradation are the same, clearly evident in both the constant 

displacement tests reported in chapter 4 and the cyclic-fatigue tests reported in chapter 5 

and depicted in figure 6.37. The only surface pretreatment with a different type of 

mechanism of failure suggested is the thermodynamic work of adhesion affecting the GBD 

in ‘wet’  conditions. It is in these samples that the water has had the most damaging effect 

on the interface between the GBD oxide layer and the adhesive, which has in turn proven to 

be far more susceptible to water ingress and therefore attack because of the poor bond 

created by the basic bonding pretreatment and lack of integration of the adhesive deep into 

a well structured oxide layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 – Loci and Mechanisms of Failure 

 

216 

 

-8

-7

-6

-5

-4

-3

-2

-1

0.5 1 1.5 2 2.5 3 3.5 4

log Gmax (Jm-2)

lo
g 

(d
a/

dN
)

GBD
Wet

GBD
55% RH

PAA
Wet

PAA
55% RH

PAAP
55% RH

PAAP
Wet

 
Figure 6.37. Log da/dN versus log Gmax for the GBD pretreated, PAA pretreated and PAAP 

aluminium alloy joints at 55% RH (solid line) and in water (dotted/dashed lines). Data 

points have been omitted to aid the reader. 
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6.9.3 Comparisons between ‘dry’ versus ‘wet’ test conditions 

 

Both the fracture mechanics results and the surface analysis investigations have 

conclusively proven the vulnerability of the adhesive joints studied from the penetration 

and degradation caused by the liquid water. The ‘wet’  tests for each specific surface 

pretreatment were all worse than the ‘dry’  conditions for that respective surface 

pretreatment. 

 

This work has demonstrated a good qualitative relationship between the fracture mechanics 

testing results and the failure regions through the joint layers as shown by microscopic 

surface studies.  With the failure of the PAA and PAAP (when tested immersed in water) 

being 90% and 95% contained within the adhesive (and 100% cohesive in the ‘dry’  tests), 

the fracture mechanics tests and surface analysis on the failed surfaces can conclude that 

the PAA oxide is far stronger than the GBD and that the use of the primer with the PAA 

has helped to further strengthen the adhesive interphase because of the primer’ s 

hydrophobic corrosion inhibitors keeping the water away from the weak path along the 

outside edge of the oxide layer. The PAAP experimentation has confirmed that the interface 

is relatively strong and the failure has been ‘pushed’  out of the oxide layer and into the bulk 

adhesive. In conclusion, future recommendations for further work could involve the 

investigation into better water resistance within the adhesive and adhesive system design. 

 

The next chapter will investigate the use of organosilanes as a potentially environmentally 

friendly alternative to the acid-based surface pretreatments described and investigated in 

this thesis so far.  Although the studies are performed using toughened glass there is 

definite potential in the future to apply the understanding and knowledge taken from this 

study to the application of the silanes under investigation on the same aluminium alloy 

substrates discussed in the previous chapters. 
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CHAPTER SEVEN 
 

7 RESULTS AND DISCUSSION: LONG 

CARBON-CHAIN SILANES AS 

ADHESION PROMOTERS 
 

7.1 Introduction 

 

It has been established that silane treatments such as the γ-glycidoxypropyltrimethoxy-

silane (GPS) pretreatment may be used to enhance the durability of adhesive joints [100]. 

The purpose of the silane coupling agent in this application is to reduce the access and 

therefore the impact that water can make on the interfaces involved in a substrate-adhesive-

substrate joint whilst creating strong chemical and mechanical bonding between an organic 

material or synthetic resin (such as in this case, an epoxy resin) and inorganic material 

(such as in this case, glass). Recently it has been reported [94] that the silane performance 

might be improved further if the silane could be adsorbed as ordered monolayer films in 

such a way that the hydrocarbon chains are densely packed together and orientated 

therefore making the vinyl-terminal groups available for reaction with the epoxy adhesive. 

This would result in the formation of a covalently bonded ‘bridge’  between the substrate 

and the adhesive, but without an intermediate layer of a relatively thick polymerized 

polysiloxane network, which may act as a weak boundary layer. Also, the intermediate 

hydrocarbon chains are hydrophobic so an ordered monolayer film would impede water 

diffusion to the interface. All these features might impart excellent joint durability. It may 
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be possible to achieve these aims via the use of a long carbon-chain self-assembling silane 

with a silane head-group which is chemically reactive with the substrate, and with a carbon-

chain consisting of at least eighteen –CH2– units [94,127]. In the present research, the 

potential of a novel long carbon-chain self-assembling silane with twenty –CH2– units was 

investigated. The results obtained from this work are discussed in the present chapter. 

 

7.2 Exploratory studies 

 

The durability of glass-epoxy-glass joints pretreated with 22-triethoxysilyl-docos-1-ene (i.e. 

a vinyl-terminated long carbon-chain silane) has been investigated. The soda lime glass 

substrates were used to adsorb the long carbon-chain silanes because they are relatively 

smooth and this should enable the long carbon-chain silanes to self-assemble, and thereby 

form ordered monolayer films. For control purposes, the durability of solely ultrasonically-

cleaned glass-adhesive-glass joints was also assessed. In addition, in order to characterize 

the glass substrate surfaces, contact angles formed by droplets of deionised water were 

measured on each sample using the sessile drop method, via the use of a Ramè-Hart 100-00 

Goniometer (see section 3.2.3.1 for a more detailed description of the experimental 

process). 

 

7.2.1 Durability studies of vinyl-terminated silane-pretreated joints 

 

Previous studies [100] have suggested that such a long carbon-chain silane is adsorbed with 

the vinyl-terminal groups pointing upwards, and orientated away from the surface. Thus, 

these groups were positioned adjacent to the epoxy adhesive. This observation is in 

excellent agreement with the molecular dynamic modelling work reported in a previous 

study [127], where it was found that, when using a long carbon-chain silane with a chain 

length exceeding eighteen –CH2– units, the silane molecules would adsorb spontaneously 

on the substrate surface as an ordered monolayer film (see section 7.1). In this modelling 

work of the monolayer film, the hydrocarbon chains were densely packed, and the silane 
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polar-terminal groups were adjacent to the substrate with the alkoxy-terminal groups being 

orientated away from the substrate surface. The –CH2– chain length of the long carbon-

chain silane investigated in the present study was twenty, so an ordered monolayer film 

should be formed on the glass substrate. However, since the vinyl-terminal groups are non-

reactive to the epoxy adhesive, this would indeed be expected to lead to an inferior 

durability for the vinyl-terminated long carbon-chain silane-pretreated glass joints and 

therefore conversion of these vinyl-terminal groups into a reactive terminal group needs to 

take place prior to bonding with the epoxy adhesive. 

 

Further, attempts have been made in previous research [100] to convert in situ the vinyl-

terminal groups to reactive-terminal groups, i.e. after the vinyl-terminated long carbon-

chain silane has been adsorbed onto the glass surface. These attempts were continued in the 

present work in order to enable covalent bonding with the epoxy adhesive, without 

disrupting the densely packed monolayer silane film. It was decided to try to chemically 

change the vinyl-terminal groups into reactive-terminal groups that would chemically bond 

to the adhesive via a series of chemical reactions taking place on the silane-covered 

substrate surface (see section 3.2.2). 

 

7.3 Conversion of vinyl-terminal groups to reactive terminal groups 

via hydroboration route 

 

The advantage of the vinyl-terminal groups (compared to, for example, a methyl (–CH3–) 

terminal group) is that they may more readily be converted in situ into reactive terminal 

groups after the vinyl-terminated long carbon-chain silane has been adsorbed on the glass 

surface, and hopefully without interfering with the nature of the ordered hydrocarbon 

chains on the glass surface.  

 

An attempt has been made in the present research to convert in situ the vinyl-terminal 

groups to hydroxyl-terminal groups via using a hydroboration route adapted from the 

method of Netzer et al. [128,129]. After the adsorption of the silane onto the glass surface 
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the next stage was the chemical modification process. This was a two-stage reaction 

process: (a) the first stage involved the hydroboration reaction of a double bond (C=C) to 

form a boron functional group, (the hydroboration reagent used in the present work was 

(borane-tetrahydrofuran (BH3.THF) complex) and (b) the final stage involved the 

replacement of the boron functional group into a terminal hydroxyl functional group by 

using an alkaline hydrogen peroxide solution (30% H2O2 in aqueous NaOH (0.1M)). The 

proposed modification reaction is shown schematically in figure 7.1. In order to investigate 

whether the desired surface reaction had actually taken place, constant displacement rate 

tests and contact angle measurements were undertaken to examine the characteristics of the 

resulting ‘activated’  glass surfaces. Surface analysis was then performed on the fracture 

surfaces. The results from this work are presented in the following sections.  
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Figure 7.1. Reaction schematic for the modification of a vinyl-terminal group to a 

hydroxyl-terminal group via a hydroboration route [130]. 
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7.3.1 Contact angle studies 

 

To gain initial insight into whether or not a reaction may have taken place on the surface of 

sample, contact angle measurements can give a very good indication that the chemistry may 

have altered through observation of the surface wettability. Each contact angle was taken a 

minimum of five times and the average calculated to ensure the accuracy of the 

measurements taken. 

 

It is noteworthy that the value of the contact angle for the ultrasonically-cleaned glass was 

amongst the lowest of all the samples, as can be seen in table 7.1. This is because the 

relatively clean glass surface has a highly polar nature and hence high surface energy, 

which leads to good wettability. The highest recorded contact angle was for the samples left 

untreated after the addition of the vinyl-terminated long carbon-chain silane (82°) which 

may indicate that the CH2=CH- groups are pointing outwards and have formed an ordered 

monolayer [94]. With the hydroboration treatment times of 120 seconds and 300 seconds 

the contact angles were lower than that of purely ultrasonically-cleaned glass (i.e. 14°), at 

13.5° and 9° respectively, again suggesting that an ordered monolayer may have occurred, 

and will still be present, on the surface so maximising the surface hydroxyl content.  

 

However, the contact angles associated with specimens which underwent the 30 and 60 

second surface treatments are 43° and 37° respectively, which proves that they are more 

hydrophobic than the ultrasonically-cleaned glass but still more hydrophilic than the 

samples left untreated after the addition of the vinyl-terminated long carbon-chain silane 

(82°). This observation may be attributed to the presence of some hydroxyl groups on the 

surface of the 30 and 60 second treated samples but also indicates that the treatment time 

may not have been long enough for full modification of the vinyl-terminated groups to the 

hydroxyl-terminated groups required. 
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Surface Pretreatment 
GC [Jm-2] 

Contact Angle 

of Water 

Ultrasonically-cleaned 59 ±9 14° ±2 

GPS [100] (inserted for comparison) 97 ±25 42° ±1 

VT long carbon-chain silane only – No treatment <5 82° ±5 

VT long carbon-chain silane – 30 second treatment 37 ±5 43° ±2 

VT long carbon-chain silane – 60 second treatment 31 ±3 37° ±1 

VT long carbon-chain silane – 120 second treatment 91 ±10 13.5° ±0.5 

VT long carbon-chain silane – 300 second treatment 130 ±13 9.0° ± 3 

VT long carbon-chain silane – 600 second treatment 60 ±9 24.5° ±4 

 

Table 7.1. Values of fracture energy, GC, and contact angles for various types of the DCB 

glass-epoxy-glass joints and pretreated glass substrates, respectively. Fracture tests were 

conducted at a rate of 10µm/min immersed in water and at 21±1°C. The typical crack 

velocity for these tests was 0.3 mm/min. 

 

 

7.3.2 Constant displacement rate tests 

 

The next step of the investigation was for the samples to undergo constant displacement 

rate testing. These tests help to assess the durability of the glass-epoxy-glass joints. The test 

geometry used was a double cantilever beam (DCB) configuration and the displacement 

rate of the cross-head of the ‘Instron’  machine was set at a constant 10µm/min. The tests 

were conducted in water at 21±1°C. (Readers are referred to section 3.2.3.2 for 

experimental details). The fracture energy, GC, of the adhesive joints was measured and the 

results are presented alongside the contact angle investigation in table 7.1. All of the 

constant displacement fracture test results in table 7.1 are averages of two or of three 

replicate tests. 
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The values of GC for the ‘activated’  hydroxyl-terminated silane-pretreated joints were 

relatively low for the samples with hydroboration chemical treatment times of 30 seconds 

and 60 seconds compared to the values measured for the ultrasonically-cleaned glass joints. 

They are, however, significantly increased for treatment times of 120 and 300 seconds to 

values of 91 and 130J/m2 respectively (the control value of GC being 59J/m2). If vinyl-

terminated groups have been converted to hydroxyl-terminated groups, a durable joint 

would be expected to be formed, since the hydroxyl-terminated groups are reactive with the 

epoxy adhesive. Therefore, at this stage it is concluded that the vinyl-terminal groups may 

have been converted via the hydroboration route for the 120 second and 300 second 

chemical modification times. Surface analysis will help to substantiate this hypothesis in 

the next section. 

 

As may be seen from table 7.1, the long-chain hydroxyl-terminated silane-pretreated joints 

exhibited better durability performance than the ultrasonically-cleaned glass joints when 

treated for 120 seconds and 300 seconds. This observation is in agreement with work 

published in the literature (see for example [131-134]), where the use of silane coupling 

agents has been widely reported to enhance the interfacial adhesion between glass 

substrates and the adhesive. The superior durability performance of these pretreated joints 

may be attributed to the formation of covalent bonds between the silane coupling agent and 

the glass surface, and between the coupling agent and the adhesive. Thus, ingressing 

moisture at the crack tip must now rupture primary Si-O-Si bonds, rather than solely the 

secondary bonds which act across the interface of the ultrasonically-cleaned glass-adhesive 

joints [131]. This results in crack propagation in the water environment for the 120 second 

and 300 second pretreated joints occurring at higher values of fracture energy, GC.  

 

The previous results using the same adhesive as this study have been reported in table 7.1 

for the γ-glycidoxypropyltrimethoxy-silane (GPS) surface pretreatment [100]. This result 

has been included to further enhance the claims of this study that the ability to create 

ordered monolayer silanes and then create a hydroxyl-terminal group has been achieved. 

The best constant displacement test result at a treatment time of 300 seconds had a fracture 

energy of 130Jm-2 compared to the average GPS result of 97Jm-2 concluding that a strong 
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bonding surface has been created and has indeed enhanced adhesion properties 

significantly. 

 

The fracture energy of the 30 and 60 second pretreatment times suggest that this hydroxyl-

terminated surface modification has occurred to a limited extent, as the results are lower 

than that of the ultrasonically-cleaned glass joints. The fracture energy of the 600 second 

treatment gave very similar fracture strengths as the ultrasonically-cleaned glass control 

specimen suggesting that the surface had been activated but that the harsh reactions 

involved in the surface treatment had fully concluded and caused the activated surface to 

pass the point when the terminals of the monolayers were able to properly bond with the 

epoxy i.e. the surface pretreatment had started to disrupt the ordered nature of the silane 

monolayer. 

  

By plotting the fracture energy and contact angles against the treatment time of the 

hydroboration pretreatment technique, as depicted in figure 7.2, it may be concluded that a 

minimum treatment time of around 70-80 seconds is required before a reaction takes place 

on the surface of the silane coated glass sample which creates a better bonding surface than 

the ultrasonically-cleaned glass alone. This reaction has clearly altered the chemistry of the 

surface, and therefore begins to rapidly increased the fracture energy and decreased the 

contact angle.  

 

From figure 7.2, the peak of the fracture energy, GC, occurs at a treatment time of 

approximately 280 seconds, which corresponds with a contact angle of around 8°. It can be 

postulated that this is the optimum treatment time, although had time allowed, further 

studies may have proven that there is a more ideal treatment time which may have 

increased the value of GC in the ‘wet’  environment. (Such studies would involve a range of 

treatment times to confirm the strength of the chemical modification times before and after 

the postulated optimum 280 second treatment time.) It is clear that after this plateau zone 

the positive effects of the surface treatment begin to diminish, and the contact angle returns 

to that of ultrasonically-cleaned glass after a treatment time of about 450 seconds, and the 



Chapter 7 – Long Carbon-Chain Silanes 

 

226 

silane surface becomes more hydrophobic at a treatment time of 600 seconds with a contact 

angle of ~25°.  

 

To gain greater insight into the surface chemistry for each treatment time, XPS studies have 

been undertaken and are reported in the next section. 
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Figure 7.2. Values of fracture energy, GC and contact angles in correlation with the length 

of the hydroboration process treatment time. 

 

7.3.3 X-ray photoelectron spectroscopy studies 

 

X-ray photoelectron spectroscopy (XPS) studies were undertaken to further prove that the 

pretreated substrates had a surface primer present which consisted of ‘activated’  hydroxyl-

terminated long carbon-chain silanes. The results of the investigation are of particular 

interest as they may determine whether the vinyl-terminal groups had been converted to 

hydroxyl-terminal groups, via the hydroboration process to which they were subjected. For 

control purposes, the adhesive surface, the ultrasonically-cleaned surface and the initial 
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vinyl-terminated long carbon-chain silane-pretreated surface were also analysed. This 

provided results to compare with the water immersion tested hydroxyl-terminated long 

carbon-chain silane-pretreated fracture surfaces. 

 

7.3.3.1 Ultrasonically-cleaned glass control surface 

 

The ultrasonically-cleaned sample was analysed to enable a comparison with the silane-

pretreated samples. The XPS elemental composition is shown in table 7.2 and both sides of 

the cleaned glass were examined. It can be seen that silicon and oxygen were detected at 

relatively high intensities. The detection of a high concentration of oxygen is attributed to 

the formation of silica on the glass surface. Sodium and calcium were also detected at 

relatively low intensities. These elements are the chemical constituents of the soda-lime 

glass. It is interesting that tin was detected on both sides of the sample. Soda-lime glass is 

made by the float glass process which involves melting glass and feeding a thin layer onto a 

tank of molten tin in a nitrogen atmosphere. Therefore, the soda-lime glass surfaces contain 

some tin (presumably as dissolved SnO) that was derived from the manufacture process. 

Also, the upper and lower surfaces of the soda-lime glass do not experience the same 

environment during the forming operation, with the result that the ‘bottom surface’  contains 

a significantly higher concentration of tin, as compared to the ‘upper surface’  [135]. This 

explains the different concentrations of tin detected on the two sides of the glass samples.  
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Table 7.2. Chemical compositions of the glass control specimens, silane control specimen 

and the glass fracture sides of glass DCB specimens tested in water and pretreated (prior to 

bonding) with the adsorption of a monolayer silane and the chemical modification of the 

surface via the hydroboration activation. 

 

7.3.3.2 Adhesive control and adhesive fracture surfaces 

 

Table 7.3 gives the results of the X-ray photoelectron spectroscopy chemical composition 

experiments carried out on the adhesive control specimen and the visually adhesive sides of 

the failed fracture surfaces. It is clear from this table that the oxygen levels decrease and the 

silicon levels go up as the treatment times increase from 120 seconds through to 600 

seconds. Oxygen from the adhesive side may have bonded onto the hydroxyl-terminated 

ordered monolayers present on the glass prior to bonding. Both of these chemical 

composition changes of oxygen levels decreasing and silicon levels increasing from the 120 

second treatment time through to the 600 second treatment times suggest that the bonding 

between the hydroxyl-terminated long carbon-chain silanes and the epoxy resin is stronger 

Elements 

Glass 

Control 

Side 1 

Glass 

Control 

Side 2 

Silane Only 

- No 

Treatment 

30s 

Glass 

120s 

Glass 

300s 

Glass 

600s 

Glass 

C 38.8% 38.4% 54.0% 75.2% 53.4% 54.7% 60.9% 

O 42.4% 42.4% 30.6% 20.8% 31.5% 28.9% 21.9% 

N 1.0% 0.8% - 3.2% - - - 

Si 13.9% 11.8% 11.8% 0.1% 9.2% 8.1% 3.5% 

Na 1.6% 2.4% 1.7% 0.5% 1.9% 3.4% 8.2% 

Ca 1.4% 1.6% 0.9% Traces 0.3% 1.0% 0.3% 

Sn 0.6% 2.7% 0.6% Traces 3.6% 3.9% 5.2% 

Mg 0.2% - - - - - - 
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the longer the treatment time; therefore with less silane retained on the visually adhesive 

side with increasing treatment time. 

 

 
 

 

 

 

 

 

 

 

 

 

 

Table 7.3. Chemical compositions of the adhesive control specimen and the adhesive 

fracture sides of the glass DCB specimens tested in water and pretreated (prior to bonding) 

with the adsorption of a monolayer silane followed by the chemical modification of the 

surface via the hydroboration activation. 

 

7.3.3.3 Glass fracture surfaces 

 

Table 7.2 presents the XPS chemical composition results from the glass control specimens 

and the results from the visually glass sides of the fracture surfaces taken after testing. Both 

the composition of the oxygen and the silicon reduces with treatment times between 120 

seconds and 600 seconds (the times it has been postulated that a reaction has taken place). 

The loci of failure may therefore be within the long carbon-chains away from the 

adhesively bonded reactive-terminal end groups that were created in the hydroboration 

process. This proposal is further confirmed by an increase in the amount of carbon seen on 

the fracture surfaces compared to the ultrasonically-cleaned glass surfaces alone. The 

Elements 
Adhesive 

Control 

30s 

Adhesive 

120s 

Adhesive 

300s 

Adhesive 

600s 

Adhesive 

C 79.9% 75.8% 76.0% 76.3% 77.0% 

O 14.9% 17.7% 19.5% 19.1% 18.7% 

N 1.6% 3.9% 2.6% 2.4% 2.0% 

Si 3.5% 1.1% 1.0% 1.2% 1.6% 

Na - 0.8% 0.4% 0.5% 0.3% 

Ca Traces 0.4% Traces 0.4% 0.2% 

Cl Traces 0.3% 0.3% Traces Traces 

S - - 0.3% - - 
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amounts of carbon between 53% and 61% composition are neither close to the 80% seen on 

the adhesive control specimen nor close to the 38% seen on the ultrasonically-cleaned glass 

control specimens. The intermediate long-chain hydrocarbon chains are hydrophobic, so an 

ordered monolayer should impede water diffusion at this interface and cause the path of 

weakest resistance to shift towards the silane/adhesive interface. 

 

Probably the most significant finding in table 7.2 is that the amount of sodium present on 

the fracture surfaces increasing with treatment time (between the 120 second and 600 

second specimens). This may be due to the by-product of the second stage of the 

modification process, whereby the specimen is dipped into an alkaline hydrogen peroxide 

solution to replace the borane functional group created in the first stage. The by-product of 

the desired surface reaction is sodium tetrahydroxyborate. The presence of sodium in such 

large quantities, as the length of the treatment time extends, is testament to the desired 

ordering of the monolayer. Further, combined with the improved durability seen in the 

constant displacement testing. The presence of sodium may also be considered as evidence 

that the locus of failure is in the interfacial region between the silane layer and the adhesive 

layer. This is because the reactive groups formed on the ends of the long-chain silanes are 

where you would expect to find the by-products of the chemical reaction. 

 

It should also be noted that there is a lack of Boron (B1s) signal that you would expect to 

see from the borane solution used in the hydroboration reaction. This is because boron has a 

very poor cross section in XPS so the detection limit will be much higher than for the other 

elements. 
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7.4 Concluding remarks 

 

Silane primers have been used extensively in the past to decrease the susceptibility of the 

adhesive-substrate interface to attack by water. However, the commercially available silane 

primers typically adsorb as a multilayered disordered structure. While these multilayer 

silane primers may form strong primary bonds across the adhesive-substrate interface, the 

multilayer structure may make them more susceptible to (a) water permeating through the 

disordered intermediate hydrocarbon chains and (b) a cohesive failure in the relatively thick 

multilayer structure. Therefore, the silane primer performance might be improved further if 

the silane molecule could be adsorbed as an ordered, closely packed, monolayer as 

attempted with the use of a self-assembling silane with the –CH2– chain length exceeding 

eighteen units [127]. In the present study, the potential of using a novel long carbon-chain 

self-assembling silane (with twenty –CH2– units) as an adhesion promoter was 

investigated. It has been found that contact angle, constant displacement and XPS 

investigations have all proven that the desired reactions, to give strong and durable ordered 

silane-epoxy resin bonding, were successful at certain treatment times (namely at 120 

seconds and 300 seconds). 

 

It was found that at these treatment times, the long carbon-chain silane-pretreated joints 

exhibited better durability performance when compared to the simply ultrasonically-

cleaned joints and to the previously tested GPS silane pretreatment [100]. The fracture 

energies in an aqueous environment at 120 seconds and 300 seconds proved to be higher 

than the ultrasonically-cleaned glass alone, with the 300 second treatment time also 

exceeding the value of GC of the GPS joints from previous studies [100]. The XPS data has 

confirmed the theory that the assumed reactions had taken place. It may therefore be 

concluded that the 120 second and 300 second treatment times had indeed formed the 

required reactive hydroxyl-terminated groups and bonded well with the adhesive. The 

treatment times tested below these (30 seconds and 60 seconds) may not have not yet fully 

formed ordered monolayers with reactive terminal groups, and the times tested above these 
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(600 seconds), may have fully reacted to the extent that the hydroxyl-terminal groups had 

began to degrade the silane ordered monolayer structure. 

 

From the literature three mechanisms of failure may arise from either (a) the molecular  

rupture of the long hydrocarbon chain [136], or (b) the affinity of the silane polar terminal 

groups to adsorb on the glass surface [62], or (c) the disruption of the silane structure by the 

elevated curing temperature of the adhesive employed [137]. From the data gathered in this 

study it is clear that only one of these three methods could be proposed as the mechanism 

of failure in this experimentation (a) the molecular rupture of the long hydrocarbon chain. 

 

XPS has proven that the fractures have not taken place between the glass and the silane 

therefore the silane has bonded strongly with the glass substrates and the failure method 

cannot therefore be related to the silane polar terminal groups adsorbing on the glass 

surface. It is also clear from the increased fracture energy of some of the samples that the 

elevated cure temperature has played no part in reducing the bond strength across the range 

of surface treatment times. 

 

The molecular entanglement of the long hydrocarbon chain needs further investigation to 

determine what would cause it to rupture. It may be the case that the chemical reaction has 

formed reactive terminal groups on the ends of the silanes that are available at the surface 

of the applied silane layer but that the hydrocarbon chain may not be fully extended and 

structured to have all of the vinyl terminals close to the surface for reaction during the 

hydroboration treatment. It is therefore concluded that the hydroboration reaction was 

successful but that the locus of failure may be within the hydrocarbon chains between 

hydroxyl-terminated end groups which bonded with the epoxy and the terminated polar 

groups at the glass substrate.  

 

XPS has shown that very small amounts of the reacted silane remain on the adhesive side 

therefore the weakness is within the hydrocarbon chain layer but very close to the adhesive 

layer.  
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The mechanism of failure can be related to water attacking the weakness found in the 

intermediate layer of long hydrocarbon chains which potentially have not ordered properly 

when applied to the glass surface or if the hydroboration reaction has only taken place to a 

limited extent. The purpose of the ordering of the long chain silane and the creation of a 

good bond formed between the silane and the adhesive is to inhibit access into the joint 

through this path. This conclusion would suggest that future work should be directed 

towards the application of the silane and the use of different non-polar solvents to 

encourage the silane to order in such a way that the hydrocarbon chains are densely packed 

together and making all of the vinyl-terminal groups available at the outer surface and 

therefore accessible to be converted to hydroxyl-terminal groups which can then be 

properly presented at the surface for reaction with the epoxy adhesive. Glass substrates 

were used throughout this work to improve the chance of creating ordered silanes as the 

material is suited to adsorb the long carbon-chain silane because of the relative smoothness 

of the glass and this is ultimately beneficial to enable the long-chain silane to self-assemble, 

and so form a monolayer film. There are many advantages for this type of silane to be used 

in more common engineering applications such as metallic substrates but because of the 

nature of the chemistry involved in ordering the silane the techniques involved for this type 

of application have yet to be perfected. Additional suggestions for future work on this topic 

can be found in chapter 9. 

 

The next chapter will conclude all results and discussion which took place via the use of 

fracture mechanics and surface analysis, and will attempt to determine the fulfilment of the 

aims and objectives of this work.  
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CHAPTER EIGHT 
 

8 CONCLUSIONS 
 

 

8.1 Fracture mechanics studies 

 

 GC (Jm-2) Gth (Jm-2) Rank 

Water 50 24 5th 
GBD 

55% RH 270 40 4th 

PAA Water 600 100 3rd 

PAAP Water - 112 2nd 

PAA 55% RH 850 225 1st 

PAAP 55% RH - 225 1st 

 

Table 8.1. Fracture energy and threshold strain energy release rate for GBD, PAA and 

PAAP surface pretreatments acting as a method of ranking. The values of GC are taken 

from the stable crack growth ‘region I’  and at a crack velocity of 0.01mm/min consistently 

for each surface pretreatment and testing environment so that direct comparisons can be 

made. 

 

The relationship of aGC �− in ‘Region I’  (see figures 4.3 and 4.5, chapter 4) was studied 

using monotonically-loaded tests with the crosshead displacement rate of the tensile 

machine, ranging from 2µm/min to 50mm/min. It was found the data obtained from the 
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present work confirmed the trend observed from the previous study [100] in both ‘wet’  (i.e. 

immersed in water) and ‘dry’  (i.e. at 55%RH) conditions, and having confirmed the 

reliability of the test method, new data was obtained for the PAA surface pretreatment in 

both testing environments. The values of GC which were determined could then be 

compared and have proven to be an excellent way of ranking the surface pretreatments, and 

environmental conditions, to which the joints were exposed. The results of these tests are 

summarised in the table 8.1. 
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Figure 8.1. Log da/dN versus log Gmax for the GBD pretreated, PAA pretreated and PAAP 

aluminium alloy joints at 55% RH (solid line) and in water (dotted/dashed lines). Data 

points have been omitted to aid the reader (see chapter 5 for data points). 
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Adhesively-bonded TDCB joints were also employed in cyclic-fatigue testing to obtain the 

values of fatigue crack growth rate, da/dN, and the maximum value of strain-energy release 

rate, maxG , applied in a fatigue cycle. The previous study of GBD pretreated joints was 

validated and new studies of PAA and PAAP surface pretreatments were undertaken, again 

in two testing environments, 55% RH and immersed in water. The results of which are 

illustrated in figure 8.1 and the fatigue threshold values, Gth, given in table 8.1. 

 

Cyclic-fatigue tests were also carried out using a purpose built multi-stage fatigue machine 

with its own load generator, therefore reducing the financial cost through not having to use 

an expensive oil ring main or the expensive servo-hydraulic equipment involved. This 

experimental setup was proven to give a good agreement with the results obtained on the 

servo-hydraulic test machines. The threshold strain energy release rate, Gth, found in all of 

the cyclic-fatigue tests can then be compared to again rank the durability of the surface 

pretreatments in the different testing environments, again see table 8.1. 

 

From the fracture mechanics investigations it can therefore be concluded that the durability 

ranking order for the cyclic-fatigue tests shows an excellent agreement with the results 

obtained using the constant displacement rate tests. As can be seen from figure 8.1 and 

table 8.1, of the surface pretreatments tested in this study, those tested in ‘dry’  55%RH 

conditions were consistently better than those tested immersed in water. Overall it can be 

concluded that the PAAP was found to be the best surface pretreatment, followed closely 

by PAA. Both were vastly superior to the relatively poor durability of the GBD pretreated 

adhesive joints.  

 

It can also be concluded that the constant displacement tests and the cyclic-fatigue tests 

using both the servo-hydraulic and multi-stage machines have led to the development of 

sound short-term accelerated experimental techniques for assessing and accurately ranking 

the durability, and therefore aiding the prediction of the service life of surface pretreated 

adhesive joints exposed to environmental attack.  
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8.2 Loci and mechanisms of failure 
 

 

Type of joints Loci of failure at 55% RH Loci of failure in water 

GBD Aluminium alloy 15% A, 5% O and 80% I 5% A, 5% O and 90% I 

PAA Aluminium alloy 100% A 90% A and 10% O 

PAAP Aluminium alloy 100% A 95% A and 5% O 

 

A = Failure occurred in the adhesive layer. 

O = Failure occurred in the oxide layer. 

I  = Failure occurred along the adhesive/substrate interface. 

 

Table 8.2.  Loci of failure of GBD and PAA pretreated joints when tested at 55% RH and 

when tested immersed in water (in ‘region I’ ). 

 

XPS and SEM surface analysis techniques have been utilised to study the loci of failure for 

monotonically tested and cyclic-fatigue tested fracture joints. The determined loci of failure 

can be seen in table 8.2. This table confirms that the GBD surface pretreatment fails mainly 

along the adhesive/substrate interface in both of the testing environments. The immersion 

in water tests proved to give the lower values of GC and Gth and this was confirmed by a 

shift of loci of failure with less of the fracture observed to have taken place in the adhesive 

layer and more at the interface. The PAA and PAAP joints performed very similarly in the 

55%RH tests and the difference between the two surface pretreatments was discovered to 

be only slightly different in the fracture mechanics tests with the loci of failure confirming 

the resilience of the PAAP immersed in water through the observation of the amount of 

oxide layer reducing from 10% to 5% and with the locus of failure shifting more towards 

being fully cohesive in the adhesive layer. 
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The mechanisms of failure in ‘Region I’  have been established using a combination of 

SEM, XPS and EF/TEM analyses, together with the model of environmental crack growth 

proposed by Williams and Marshall [68] and Wiederhorn [67]. For ‘Region I’  at 55% RH, 

the relationship between GC and a�  is controlled by the viscoelastic nature of the epoxy 

adhesive, irrespective of the substrate pretreatment i.e. for all three pretreatments used in 

this study, GBD, PAA and PAAP. For ‘Region I’  in water, the application of a stress and 

the presence of water molecules at the crack tip, contribute to and control the mechanism of 

failure of the joints immersed in water. For GBD tested joints immersed in water the 

mechanism of failure was attributed to the effect of the thermodynamic work of adhesion. 

The PAA and PAAP surface pretreatments for both testing environments can be attributed 

to the same mechanism of failure as the GBD in ‘dry’  conditions, i.e. the viscoelastic nature 

of the adhesive. 

 

The study of the surface pretreatment morphology for the PAA and effect of the primer in 

the PAAP tests have been undertaken using TEM and EFTEM surface analysis studies and 

conclusively proved that the adhesive does not hydrate ahead of the crack growth. The 

study of PAA treatment has also helped to understand and develop adhesive systems with 

better long-term durability, such as the addition of the primer in the PAAP joints which 

proved to be more resilient to environmental attack than any of the other surface 

pretreatments which were investigated in this study. 
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8.3 Development of surface pretreatments 

 

An improvement in adhesion for glass substrates has been obtained through employing 

long carbon-chain self-assembling silanes. A modification of the vinyl-terminal group into 

a reactive hydroxyl functional group has taken place through the two-stage hydroboration 

reaction. This was substantiated by the constant displacement tests giving improved 

average fracture energies for a number of the treatment times undertaken on the glass 

samples. 

 

The XPS studies have also helped to understand the loci and mechanisms of failure 

involved in the silane bonded adhesive joints. The locus of failure was determined to be in 

the hydrocarbon chain layer which may not have properly formed and the mechanism of 

failure can be related to the rupture of the hydrocarbon layer with the water attacking this 

intermediate layer of polymerised polysiloxane network. The silane studies have helped to 

develop surface pretreatments which display improved long-term durability whilst being a 

more environmentally friendly option over the excellent acid based surface pretreatments 

which have been used for many years in the aerospace industry, such as the PAA surface 

pretreatment investigated in this study.  

 

This long carbon-chain silane study has established some excellent initial results but the 

work is in its infancy and there are many avenues for future work that can be carried out to 

further improve the long-term durability of this environmentally friendly, surface 

pretreatment.  

 

In the following chapter suggestions for future work in all of the areas of this investigation 

are reviewed. These proposals are based upon the recommendations that could be followed 

to potentially progress the findings described in this thesis and to further develop the 

understanding of the durability of adhesive joints and the science of adhesive bonding. 
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CHAPTER NINE 
 

9 RECOMMENDATIONS FOR FUTURE 

WORK 
 

 

9.1 Improved accelerated ageing tests 

9.1.1 Constant displacement rate testing 

 

A number of constant displacement rate tests have been carried out for the PAAP surface 

pretreatment to determine the value of the maximum fracture energy to be used in the 

cyclic-fatigue testing programme. These studies directly compared the PAAP surface 

pretreatment with that of the PAA. This relationship between the fracture energy and the 

crack velocity could be further investigated for the PAAP adhesive system by varying the 

constant displacement test rates. This may help to provide a valuable insight into which rate 

of displacement (and therefore crack velocity) that the primer has an impact on the test 

results, compared to the PAA treatment which has, of course, no primer employed. 

 

9.1.2 Cyclic-fatigue testing 

 

There are many improvements that might be made to the multi-stage test machine utilised 

in the cyclic-fatigue testing as explained in the experimental section (section 5.2.3). There 
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are two suggestions which are focussed upon here and they could transform the machine 

into a more user-friendly and an extremely effective set-up: 

 

• To make the machine more easy to operate and to more readily adjust between 

applied loads. This could be done with an expanding crank arm with a threaded 

design. This would rotate to allow the stroke length to be changed more precisely. 

This would also be able to have a locking pin that passed through it, to ensure that it 

does not rotate during the fixed-load testing conditions.  

• The main improvement would be to invest in the purchase of more specimen 

holders (plus load cells and clip displacement gauges). Indeed, now that the 

machine has been validated with multiple specimens it would be advantageous to 

design an MSc or PhD project that could solely concentrate on the use of this 

machine for the comparison of a range of surface pretreatments tested in both 

55%RH conditions and immersed in water. Twelve specimens running 

simultaneously would give results in a matter of weeks or months, which would 

take years with one specimen at a time on one servo-hydraulic machine. 

 

9.2 Surface pretreatment techniques 

9.2.1 Primer application 

 

The primer used in the PAAP studies may not have been applied to the bonding surface as 

well as possible. It is very difficult to create an even spread across the bonding surface 

using simply a paint brush, since it is so thin to be naked to the human eye. On the other 

hand, the physical presence of the primer in too thick a deposition may reduce the bonding 

surface area available to the adhesive or act as a weak boundary layer, limiting the ability to 

create a strong and durable joint.  

 

One solution to these problems might be a more consistent application process, such as a 

constant-pressure spray application, as opposed to the very physical “ paint on”  method 
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(although it was recommended by the supplier and used in this study). This would provide 

a more complete and uniform layer on top of the PAA oxide layer. 

 

9.2.2 Environmental improvements 

 

There has been a growing concern about the environmental impact of the traditional wet 

chemical pretreatment techniques used by the author in this study. Therefore, it would be 

interesting and useful to search for new ecologically-cleaner surface pretreatment methods 

that would retain and/or enhance the extremely good environmental resistance produced by 

the wet chemical pretreatment techniques. Two lines of recommendations by the author to 

achieve this objective are: 

 

9.2.2.1 (a) Controlled surface roughness  

 

The use of lithography techniques for patterning semiconducting polymers in integrated 

circuits applications is well documented in the literature. In recent years, advances in the 

patterning of semiconductors have enabled the fabrication of integrated micro- and nano-

systems, with high levels of complexity and functionality. In future research, fracture 

mechanics and surface analysis studies could be conducted to investigate the feasibility of 

the lithography technique to create and control the surface roughness of a metallic substrate 

in a desirable manner. 

 

9.2.2.2 (b) Silane pretreatments 

 

The use of a silane pretreatment enhances the durability of an adhesive joint as was shown 

in this study. More research could be conducted to further investigate the potential of these 

long carbon-chain self-assembling silane pretreatments. It was observed that the durability 

performance had been improved but there are many avenues that can be followed up on to 

determine the accuracy of the required treatment times and to improve the bonding 
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techniques. For example, the use of TOF-SIMS to thoroughly understand what remains on 

each side of the fracture surface would be one such avenue (see section 9.3.2) and a 

different method for the “ activation”  of the long carbon-chain end groups might be another.  

 

 

9.3 Mechanisms of failure  

9.3.1 Water diffusion in adhesive interfaces 

 

In the present study an investigation was initiated into the interaction and penetration of 

water into the interface between PMMA and aluminium using transmission Fourier 

Transform Infrared Spectroscopy. However, within the scope of this study, it had to be 

removed from this thesis because of a change in personnel in the Chemistry Department 

causing the work to end prematurely. This work could have resulted in a better 

understanding of how water diffuses into adhesive interfaces, which could then be utilised 

to produce better surface pretreatments and joints with improved long-term durability. 

Therefore, following through with this type of research would be highly beneficial.  

 

9.3.2 Fracture surface investigations 

 

Corrosion products on the fracture surfaces need to be investigated more thoroughly to give 

a better insight into the mechanisms of failure during crack growth and therefore it is 

recommended that the fracture surfaces of the joints tested at 55% RH and immersed in 

water should be analysed using TOF-SIMS (Time-of-flight secondary ion mass 

spectrometry). It utilises a pulsed ion beam to sputter the top surface layer of a sample and 

the secondary ions produced in this sputtering process are accelerated into a mass 

spectrometer where they are mass analysed by measuring their time-of-flight from the 

sample surface to the detector. The mass spectrum and secondary ion images generated 

may be used to determine the composition and distribution of constituents on the sample 
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surface. The sensitivity of TOF-SIMS is extremely high as it analyses surface up to 1ppm 

regime. 

 

9.3.3 Silane investigations 

 

One of the first pieces of work for future studies when it comes to progressing the results 

from the silane testing should be to follow the exact same method as in this study but to 

change the timing of the stages in hydroboration process. Thus, there will be a broader 

spectrum of results to draw conclusions as to which treatment time is the optimum to create 

an ordered monolayer, i.e. in its optimum bonding position. This could be followed up by 

varying the timings of each stage of the two stage process i.e. more time in the borane 

complex and less time in the hydrogen peroxide stage. Understanding doing such research 

for a wide range of times should help to determine which of the two stages has the greatest 

impact on the surface pretreatment. 

 

A second recommendation is to use contact angle tests to a greater extent. It is known that 

lower contact angles for hexadecane or large differences between advancing and receding 

contact angles (i.e. hysteresis) are indicative of incomplete surface coverage and/or 

imperfections in the orientation of the hydrocarbon chains [138,139]. It is therefore worth 

considering this when carrying out initial contact angle tests after having deposited the 

silane in a hexadecane solution and onto the glass specimen surfaces. By undertaking such 

research a better understanding and optimisation of the adsorbed silane monolayer could be 

established.
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APPENDICES 
 

Determination of the loci of failure  
 

The loci of failure for adhesively-bonded aluminium alloy joints were ascertained using 

scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) 

techniques. In the present section, the principles for determining the loci of failure using the 

SEM and XPS approaches are discussed. 

 

A1.  Estimation using the SEM technique 
 

The ‘metal’  sides of the fracture surface of the joints, which were tested at 55% RH and in 

water at 21±°1C, were examined using the SEM technique. The proportion of the 

micrographs covered with residual adhesive was estimated for all types of joints (regions 

covered with adhesive are visible due to the presence of rubber particles.) However, it 

should be noted that these results were considered to give only estimates because the 

microscopy technique is unable to detect the presence of a relatively thin overlayer of 

residual adhesive. Moreover, the adhesive might simply be due to debris from the 

‘adhesive’  side of the fracture surfaces. Therefore, small area XPS scans were undertaken 

to quantify the chemical composition of the fracture surfaces more accurately. 
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A2.  Estimation using the XPS technique 
 

The proportion of failure occurring either in the oxide layer, along the adhesive-substrate 

interface or cohesively in the adhesive layer was estimated using the XPS technique.  

 

 

(a) Cohesive failure in the adhesive layer 

 

Carbon and nitrogen are the main building blocks of the epoxy adhesive. Therefore, the 

proportion of failure that took place cohesively in the adhesive layer may be estimated by 

examining the nitrogen (N1s) and carbon (C1s) signals detected on the ‘metal’  side of the 

fracture surface. The proportions of the cohesive failure in the adhesive are estimated by: 

 

    N1s detected on the ‘metal’  side – N1s detected on the metal ‘control’  specimen        

          N1s detected on the adhesive ‘control’  specimen    (A1) 

 

    C1s detected on the ‘metal’  side – C1s detected on the metal ‘control’  specimen      

         C1s detected on the adhesive ‘control’  specimen    (A2) 

 

 

(b) Failure in oxide or along the adhesive-oxide interface 

 

The proportion of failure that took place in the metal oxide, and/or along the adhesive-

substrate interface, may be estimated by examining the metal signal present on the ‘metal’  

side of the fracture surface.  

 

      Metal signal detected on the ‘metal’  side     (A3) 

     Metal signal detected on the metal ‘control’  specimen  
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(c) Failure in the metal oxide layer 

 

If failure has occurred in the metal oxide layer, there will be some substrate metal oxide 

retained on the ‘adhesive’  side of the fracture surface. Therefore, the failure occurring in 

the oxide layer may be estimated by comparing the intensity of metal signal on the 

‘adhesive’  side with the same signal detected on the metal ‘control’  specimen.  

 

            Metal signal detected on the ‘adhesive’  side     (A4) 

     Metal signal detected on the metal ‘control’  specimen  

 

 

Concluding remarks 
 

It should be emphasized that the results obtained using both the SEM and XPS techniques 

are merely estimates. For example, the use of the metal signal detected on the ‘adhesive’  

side of the fracture surface as the indicator of the failure occurring in the metal oxide layer 

could have been overestimated. This is because the metal signal could originate from the 

‘transfer’  from the ‘metal’  side of the failed joint. However, the combination of the many 

approaches, as described above, to estimate the failure paths increases the level of 

confidence. The final conclusions were reached by comparing the estimates obtained from 

the SEM and XPS approaches, as well as by comparing the various XPS spectra. 
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