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ABSTRACT 

The aim of this dissertation is to find a relationship between the strength of adhesive joints 

and the material properties of adherend and adhesive. In order to achieve this, the current 

study is motivated by four main objectives for adhesively bonded joints. According to the 

results, the surface treatments were enhanced with positive influences or greater adhesion by 

means of roughening of the surface. The improved wettability of the surface is displayed by 

measured contact angles, and these values are equated with surface energy values to calculate 

adhesion strength. As a consequence of static tensile test results for single lap joints, acid 

etched plus sanded treatment joints are observed to have the highest shear strength of single 

lap joints (14.4 MPa). However, in the case of the durability of prepared joint samples, sanded 

treated joints are shown to have the best performance and do not indicate any visual signs of 

failure in the interfacial zone due to ageing. As a result of an ageing test, it seems difficult to 

determine an exact time period for the ageing mechanism of single lap joints, whereas a 

scratch test may acquire failure results over the short term, compared to the ageing of single 

lap joints. 

Keywords: Contact angle, Mild steel, Single lap joints, Surface treatment, Roughness  

ANOTACE 

Cílem této disertační práce je nalezení vztahu mezi pevností lepených spojů a materiálových 

vlastností adherendu a lepidla. Pro dosažení tohoto cíle byly studovány čtyři základní 

vlastnosti důležité pro lepené spoje. Pro dosažené dobrých výsledků byla zjištěna důležitost 

povrchové předúpravy, kdy byl pozorován pozitivní vliv vyšší drsnosti. Zlepšení smáčivosti 

bylo zjišťováno pomocí měření kontaktního úhlu. Hodnota kontaktního úhlu je přímo úměrná 

povrchové energii, která má značný vliv na pevnost lepeného spoje. Nejlepších výsledků 

statické pevnosti bylo dosaženo při předúpravě pomocí moření v kyselině a následným 

tryskáním. V tomto případě bylo dosaženo pro jednoduše přeplátovaný spoj pevnosti až 14,4 

MPa. Z hlediska životnosti připravených spojů byla zjištěna také nejvyšší trvanlivost spojů a 

nebyla zjištěna žádná degradace povrchu během testů životnosti v korozním prostředí. Bylo 

zjištěno. že zkoušky stárnutí pro pro jednoduše přeplátované spoje jsou zdlouhavá a není 

možné jednoznačně stanovit dobu stárnutí. Naproti tomu při využití „scratch testu“ byly 

získány velmi rychle výsledky , které je možno využít pro stanovování životnosti lepidel. 

Klíčová Slova: Kontaktní úhel, Konstrukční ocel, Jednoduše přeplátovaný spoj, 

Povrchová předúprava, Drsnost 
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1. Introduction 

Adhesive joining is increasingly applied as a practical method for the joining of similar 

or dissimilar structural components such as automotive, aircraft, railways vehicles, micro 

electronic and medical devices industries and mostly within the model of designing 

lightweight structures, replacement which is conventional joining techniques such as welding, 

bolting and riveting. In these sectors, adhesively bonded joints are in common use due to 

improved load distribution, increased service life, reduced machining cost, and/or reduced 

complexity [1]. When two materials are brought in contact, the appropriate or sufficient 

adhesion between them is of great significance, so it is necessary to devise ways to attain the 

essential adhesion strength between similar or dissimilar materials [2].  

Various types of polymers are used as adhesives, and are selected according to the 

substrates to be bonded and the operating conditions of the adhesive joints. A predominant 

concerns for engineers in using adhesive bonding is the optimization of adhesion strength. 

Thus, it is essential to understand the adhesion mechanisms involved and to investigate the 

influence of each mechanism on adhesion strength since such an understanding will allow for 

the formation of strong and reliable adhesive joints [3].  

In addition, among a number of mechanisms that explains the adhesion phenomena; it is 

well-known that mechanical interlocking is the main mechanism that contributes to the 

adhesion strength of adhesive/adherend (substrate) interfaces. Chemical bonding can also be 

proposed as a main adhesion strength improvement factor by embedding a coupling agent at 

the interface and forming a metal/coupling agent/polymer system. The amount of work of 

adhesion plays a significant role in the adhesion, so that small changes in its value can cause 

large changes in practical adhesion strength. Furthermore, the roughness of the interface is 

assumed to be main factor activating the energy dissipation process in polymeric adhesives 

during crack propagation.  

In order to produce strong and durable adhesive joints between two mild steel 

adherends, surface treatments are necessary (e. g mechanical or chemical surface treatment). 

The surface treatment is a crucial prior to bonding is found to have significant influence in the 

control of this effect. The surface treatment allows for chemical reactions such as chemical, 

physical and morphological modifications to steel surfaces.  

Therefore, there have been few studies regarding the influence of such surface 

treatments on adhesion properties of zinc plated mild steel surfaces as well as on the 

durability and ageing behavior of adhesive joints. The properties of treated surfaces are 
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discussed with supporting surface roughness, contact angle measurement and surface 

morphology analyses in this dissertation study.  

1.1 Definition of dissertation objectives  

The aim of this dissertation is to find a relation between strength of adhesive joints and the 

material properties of adherend and adhesive. The present dissertation study is motivated by 

four main objectives for adhesively bonded joints. First objective is to carry out surface 

characterization of both adherend and adhesive. The second objective is to analyze the 

adhesive/adherend (epoxy/steel) interlayer with certain different parameters such as surface 

treatment, adhesive type, geometry and so on. Third objective is to discuss surface treatment 

on the load carrying capacity of adhesive joints using single lap tensile test. An investigation 

of accelerated ageing mechanisms of differently treated surfaces is the fourth objectives of 

this study. A flow-chart representation of the step by step procedure of investigations of 

materials, surface pre-treatments and ageing mechanisms of adhesive is illustrated in Figure 

1.1.  

1.2 Structure of thesis  

Chapter two of the thesis presents a literature review of recent research conducted 

regarding adhesive and adhesive bonding and its applications in many fields, especially in the 

transportation sector. This chapter continues with a general background of the theories of 

adhesion mechanisms, types of joint design, surface treatments, and the durability and failure 

modes of bonded joints. 

Investigations, presented in the third chapter, focus on details of used materials, and 

experimental steps of study including analytical techniques, such as Scanning Electron 

Microscopy (SEM) Analysis, Energy Dispersive X-ray (EDX) Spectroscopy, Surface 

Roughness and Contact Angle Measurement and Taguchi Analysis. Chapter 3 not only covers 

adhesive bonding procedures and the geometrical configuration of single lap joints for the 

static tensile test, but also the scratch test procedure of an adhesive/steel adherend interlayer, 

also taking into account accelerated ageing conditions.   

Chapter 4 presents a discussion of the experimental results presented in the previous 

chapters. In this chapter the characterization of bulk materials, an investigation of treated 

surfaces and single lap adhesive joints, and the scratch test adhesive/adherend interlayer, 

including an examination of the durability tests are assessed.  

Chapter 5 summarizes the main conclusions from results obtained in the previous 

chapter. 
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Figure 1. 1 The objectives of dissertation study 
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2. Literature review  

In the present thesis, the following literature topics are reviewed in detail (a) adhesive 

and adhesive bonding, (b) interphase (c) theories and mechanism of adhesion (d) surface 

treatment methods for the adhesively bonded joints and (e) combined effects of surface 

treatments and environmental conditions on the joint durability and performance. 

2.1. Adhesive and adhesive bonding  

An adhesive is defined according to ASTM D907-6 [4] and DIN EN 923 [5] as a non-

metallic substance capable of joining materials by surface bonding (adhesion), and the bond 

possessing adequate internal strength (cohesion). Adhesion term refers to the state in which 

two dissimilar bodies are held together by intimate interfacial contact such that mechanical 

force or work can be transferred across the interface [6].  Adhesive bonding is described as 

bonding at least two surfaces together. These surfaces can be same or different substrates 

under application of an adhesive. Therefore, the primary function of adhesives is to join parts 

together. Adhesives accomplish this goal by transmitting stresses from one member to another 

in a manner that distributes the stresses much more uniformly than mechanical fasteners. 

Adhesive bonding often provides structures that are mechanically equivalent to, or stronger 

than, conventional assemblies at lower cost and weight. In mechanical fastening, the strength 

of the structure is limited to that of the areas in contact with the fasteners.  

Adhesive bonding has several advantages over conventional mechanical fasteners, such 

as rivets, bolts, and welds. These advantages include: weight reduction, no thermal influence 

on adherends bulk, the ability to bond very thin adherends as well as complicated parts, high 

dynamic strength as well as high damping of vibration, and the ability to bond different 

materials with different properties [7, 8]. However, this bonding technique has also a few 

disadvantages such as surface treatment of adherends (see section 2.6) before bonding, 

durability of adhesive joints (e.g. mild steels demounting of adhesive bonds, limited thermally 

deformation resistance of adhesives and limited possibility of repair of adhesive joints.  

The reliability of adhesion technology is often measured in terms of the ability of an 

adhesive joint to maintain it’s primarily strength, despite the fact that long term exposure to 

various weathering and stressing conditions that can exist in the service environments of 

manufactured products. This property is often referred to as bond durability. The 

performance/durability of an adhesive joint depends on several criteria such as material 

properties of the adhesive and adherend, the physical-chemical interactions between adhesive 
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and substrate, bonding conditions, adherend geometry, residual stresses in the join as well as 

imperfection in the bondline and interphase [9]. 

2.1.1. Analysis of the current situation in the area of dissertation 

In North America, structural adhesives used in transportation means are a $1.2 billion 

industry and projected to grow about 3-4% annually through 2013. According to paper [10], 

the auto original equipment manufacturer (31%) is by far the leading transportation means 

end-use market. Other leading markets are truck (20%), aerospace (18%), bus (16%) and 

railway sector (2.5%) in 2010. However, epoxy adhesives usage will be reached in railway 

sector, about 7.2 % as compound annual growth rate in period of 2015-2020 years [11]. 

The  adhesive  bonding  is  the  possibility  to  join  many materials  without  affecting  

their properties. This allows to be used in almost any application. The industrial sectors which 

employs structural adhesive  bonding  include  aeronautical,  aerospace,  automotive,  marine  

and  off  shore, construction,  medical  and  sports. Out  of  these,  aerospace  and  automotive 

industries are the largest users of adhesive bonding technology [12]. The application of 

bonding in these industries is explained below: 

• Aeronautical and aerospace applications 

Adhesives  and  aircraft have  a  long  and  interesting  joint  history.  Even  though  

flying  vehicles  have progressed  from  glorified  kites  to  commercial  jet  transports,  

supersonic  missiles and  space  vehicles,  adhesively  bonded  structure  has  been  crucial  to  

virtually every one. Both primary structures, which carries primary flight loads and failure of 

which could result in loss of vehicle, and secondary structure are bonded. The  use  of  

adhesives  also  prevents  corrosion  when  different  materials  to  be combined. Due to 

uniform, plane load transfer through the adhesive, layer notch sensitivity  is  reduced.  The  

use  of  bonding  also  provides  high  potential  for variation  in  styling  due  to  the  

possibility  of  combining  different  materials [13]. 

• Automobiles  

Adhesives   have   been   employed   in   the automotive  industry  since  its  

beginnings,  with  the  use  of  natural  resins  to  bond wood  and  fabric bodies. The main  

requirements for  the automotive industry are lightweight structures, use of mixed materials, 

long term performance, crash performance and also styling and design. Since the adhesive can  

improve  the  stiffness  and  strength  of  a  joint  the  weight  can  be  reduced. Adhesive  

bonding  can  furthermore  allow  the realization of  combining  different structural materials 
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such as metals, glasses and ceramics. Itis quite clear that  many  parts  of  different  materials  

have  to  be  brought  together  through bonding, sometimes together with rivets [14].  

In certain researched by [15-17], it can be seen that the use of structural adhesives in 

car body construction has a lot of advantages: the joint is not localized in small areas, the 

adhesive layer produces in addition valuable insulating, protecting and damping effects, and, 

finally, it is possible to join different materials of almost any kind. 

•  Railway vehicles 

Modern lightweight design has revolutionised transportation construction over recent 

years. Regardless of whether we are talking about ships, aircraft, cars or rolling stock, the use 

of the best available materials has resulted in significant improvements to weight, safety and 

comfort. For instance, in the lightweight construction of a rail vehicle: strengthening a steel 

framework construction using elastically-bonded prefabricated glass reinforced plastic 

lightweight structures and bonded window elements (see in Figure 2.1). It is also, the rubber-

elastic adhesives are used in the construction of ships, rolling stock, utility vehicles and cars. 

In shipbuilding, for example, panes of polycarbonate are bonded to the aluminium outer 

structure. Elastic-plastic adhesives are used in chassis construction and in aircraft construction 

by reported in adhesive bonding in transportation construction [18]. 

 
Figure 2. 1 Lightweight construction of a rail vehicle 

2.2. Interphase 

The interphase is a thin area between the adherend and the adhesive as illustrated Figure 

2.2. The interphase area is expected to have mechanical properties different from either the 

adherend or the adhesive. Mechanisms of environmental degradation leading to failure in the 



7 
 

interphase include (i) displacement of adhesive on adherend (e.g. by water) owing to the 

break-off of secondary bonds at the adhesive and adherend interface, (ii) mechanical 

attenuation and failure of the oxide layer and (iii) failure in a boundary layer of adhesive close 

to the adherend surface (i.e. at the interphase) [19]. This layer known as “weak boundary 

layer” and has low strength properties as compared to bulk adhesive. In addition, interfaces 

usually constitute a weak link in the chain of load transfer in bonded joints. Also, the 

discontinuity of the material properties causes abrupt changes in stress distribution, as well as 

causing stress singularities at the edges of the interfaces. It is very desirable to optimize the 

substrate surface topography at the interfaces to maximize the load bearing capacity of 

bonded joints, and to improve their deformational characteristics. Therefore, the use 

properties of the adhesive joints depend significantly on the quality of the interface that is 

formed between the substrates [20]. 

 
Figure 2. 2 Polymer-oxide metal interphases [19] 

2.3. Adhesion mechanisms and adhesion theories  

There is no unifying single theory of adhesion on which to accurately model all 

interactions that take place between the adhesive and the adherend [21]. Up to today, different 

theories have been proposed to provide a definition for the phenomena of adhesion. However, 

the mechanisms of adhesion are usually difficult to fully ascribe adhesive bonding to an 

individual mechanism. A combination of different mechanisms is responsible for bonding 

within a given adhesive system. The extent of the role of each mechanism would then vary for 

different systems. An understanding of these theories will be helpful to those who plan to 

work with most aspects of adhesion. In the following these theories will be briefly described.  
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2.3.1. Mechanical interlocking theory and surface roughness 

Some bonding may occur purely by the mechanical interlocking of two surfaces. This 

theory points out that surfaces on a micro scale are very rough. Therefore, when a liquid 

adhesive is placed between two surfaces, it penetrates the crevices and pores and then 

solidifies [22]. A positive contribution to the adhesive bond strength results from the 

mechanical interlocking of the adhesive and the adherends. Adhesives frequently bond better 

to porous abraded surfaces than to smooth surfaces. This theory is, however, not universally 

applicable because good adhesion also takes place between smooth surfaces.  

In explanation of mechanism of mechanical interlocking theory by Baldan [20], the 

roughness and porosity of substrates are generally suitable factors only in so far as the 

wettability by the adhesive is sufficient. Therefore, mechanical adhesion is related to the 

degree of roughness and as a consequence friction of the adherend surface. A certain amount 

of bonding can be expected purely from the mechanical interlocking, increased total surface 

area available for chemical bonding and creating a convoluted failure path where the adhesive 

penetrates crevices on the adherend surface. Although the tensile strength of the bond can 

depend on the crevice angles on the adherend surface, shear strength increases significantly 

with increased roughness. However, mechanical interlocking is not a mechanism at the 

molecular level. It is merely a technical means to increase the adsorption of the adhesive on 

the substrates. 

Petrie [21] expressed that surface roughness generally aids in adhesive bonding by the 

mechanical interlocking effect. With rough surface preparation as shown schematically in 

Figure 2.3(a), the adhesive would have to pass through the adherend in order for separation to 

take place. What generally occurs is that the roughness or micro-overhangs cause the adhesive 

to plastically deform which in turn absorbs energy. Consequently the strength of the adhesive 

joints increases. Another benefit of mechanical interlocking is that a rough surface will 

provide a crack propagation barrier. Notice that in Fig. 2.3(b) as a wedge is driven into the 

edge of a sharp interface between adherends A and B, little energy dissipation is required to 

separate the adherends, and a clean separation of adherends is possible. The substrates will 

simply ‘‘unzip’’. However, if there is surface roughness as shown in Fig. 2.3(a), then a 

tortuous interface between the adhering materials will act as path-breaks between the 

separating adherends. These excursions in crack propagation dissipate energy and increase the 

resulting strength of the joint. Roughness or an increase in the surface which are results in 

increased mechanical interlocking of the adhesive to the adherend. It has been shown that as a 
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result of the high stability of the fresh oxide layer to moisture degradation, good durable 

bonds can be achieved. 

 
Figure 2. 3 Schematics showing a) tortuous interface between two adhering materials with 

rough surfaces and b) two adherends with smooth surfaces [21]. 

2.3.2. Electrostatic theory and diffusion theory  

The electrostatic attraction theory (or the electrical adhesion mechanism) is also known 

as electrical double, or electronic, or parallel plate capacitor theory. This mechanism is based 

on the two materials joining at the interface having two different band structures such that at 

contact there is a mutual sharing of electrons by Kinloch [23]. 

Baldan [22] expressed that this model treats the adhesive–substrate system as a plate 

capacitor whose plates consist of the electrical double layer that occurs when two materials of 

different nature are brought in contact, see Figure 2.4. This model is only applicable in the 

case of incompatible materials, e.g., a polymer and a metallic substrate. This theory postulates 

that as a result of the interaction of the adhesive and the adherend, an electrostatically charged 

double layer of ions develops at the interface. In another words, forces of attraction occur 

between two surfaces when one surface carries a net positive charge and the other surface a 

net negative charge as in the case of acid–base interactions and ionic bonding. The fact that 

electrical discharges are observed when an adhesive is peeled from a substrate is cited as 

evidence of these attractive forces. A difference in electrostatic charge between constituents at 

the interface may contribute to the force of attraction bonding. The strength of the interface 

will depend on the charge density. This attraction is unlikely to make a major contribution to 

the final bond strength of the interface. The bonding of this type will explain why silane 

finishes are especially effective for certain acidic or neutral reinforcements like glass, silica 

and alumina. 
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Figure 2. 4 Electrical double layer at polymer-metal interfaces 

 

2.3.3. Diffusion theory  

Diffusion theory explained by Voyutski adhesion as being the result of interdiffusion of 

the macromolecules of the two polymeric materials at the interface [20]. According to the 

diffusion theory both the adhesive and substrate must be polymers, which are reciprocally 

miscible and compatible [24]. The diffusion theory suggests that adhesion is developed 

through the interdiffusion of molecules in and between the adhesive and adherend. The 

diffusion theory is mainly applicable when both the adhesive and adherend are polymers with 

relatively long-chain molecules capable of movement [25]. However, bonding in this thesis 

study involves epoxy adhesives and metallic substrates. Therefore, it is not included that 

diffusion between polymeric components and metallic substrates contributes to adhesion in 

this investigation. 

2.3.4. Chemical bonding theory  

The natural of chemical bonding is the key to physical and chemical behaviour of 

subject matter. It leads to intermolecular forces between adhesive and adherend for instance 

dipole-dipole interactions, van der Waals forces and chemical interactions (i.e., ionic, 

covalent and metallic bonding). Kinloch [20] provides certain examples where chemical 

bonds enhance the adhesion strength as well as the durability of the adhesive joints. 

Therefore, it is obviously understandable that chemical bonds formed across the adhesive-

adherend interface can exceedingly improve the level of adhesion between two similar or 

dissimilar materials (adherends).  

These bonds are usually examined as primary bonds in comparison with physical 

interactions for instance, van der Waals, which are called secondary force interactions. The 

term primary and secondary emerge from the relative strength or bond energy of each type of 

interaction. Chemical bonding mechanism needs an intimate contact between two adherends. 

Nonetheless, intimate contact only is often in adequate for good adhesion at the interface. 

Therefore, it may presence any defects, cracks and air bubbles [23].  
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A chemical bond is formed between a chemical grouping on the adhesive surface and 

compatible chemical group in the adherend.  The strength of chemical bond depends on count 

and sort of bonds, and interface failure include must bond breakage. The process of bond 

formation and breakage are in some form of thermally activated dynamic equilibrium. Atomic 

or molecular transmission, by diffusional processes, is concerned in chemical bonding. Solid 

solution and compound formation may take place at the interface which results in a reaction 

zone with a determined thickness. This comprehensives all types of covalent, ionic and 

metallic bonding. Chemical bonding includes primary forces and bond energy in the range of 

about 40-400 kJ/mol [20].  

Surface treatments often involve chemicals which produce surfaces with different 

chemical compositions and oxide stoichiometry. These morphological changes influence the 

nature of the chemical bonds. Subsequently, a relationship exists between chemical 

composition of the surface and the bond durability [22]. Chemical bonding can also be 

introduced as a dominant adhesion strength enhancement factor by embedding a coupling 

agent at the interface and forming a metal/coupling agent/polymer system.  

2.3.5. Wetting theory and work of adhesion 

This theory proposes that adhesion results from molecular contact of two materials and 

the surface forces that develop between them. The first step in bond formation is to develop 

interfacial forces between the adhesive and the substrates. The process of establishing 

continuous contact between the adhesive and the adherend is called wetting. For an adhesive 

to wet a solid surface, the adhesive should have a lower surface tension than the critical 

surface tension of the solid, which is the reason for the surface treatment of plastics [6].  

Figure 2.5 shows complete and incomplete wetting of an adhesive spreading over a 

surface. Good wetting results when the adhesive flows into the valleys and crevices on the 

substrate surface. Poor wetting occurs when the adhesive bridges over the valley and results in 

a reduction of the actual contact area between the adhesive and adherend, and thus a lower 

overall joint strength. Incomplete wetting generates interfacial defects, thereby reducing the 

adhesive bond strength. Complete wetting achieves the highest bond strength [26]. 
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Figure 2. 5 Examples of good and poor wetting by an adhesive spreading across a surface 

Wettability is often characterized by measuring the contact angle formed between a 

liquid drop and a solid surface. Surface roughness plays a major role in contact angle 

phenomena, as a water droplet occurred on a micron textured hydrophilic surface give rises to 

the water to sink into the grooves, due to lowering the contact angle. This effect, however, has 

an opposite effect on a hydrophobic surface where Guo et al. [27] presented a correlation 

between the contact angle and surface roughness, where increasing the surface roughness of a 

hydrophobic surfaces increased the contact angle almost uniformly. This is due to increases in 

surface energy by roughening, causing a greater differential in energy between the water 

droplet and the surface, causing the droplet to decrease, thus forming larger contact angles.   

If the contact angle “θ” is equal to zero, the liquid wets the solid material surfaces 

complete (spreading), and i.e. the surface energy of the liquid is lower than the surface energy 

of the solid material surfaces. When the contact angle θ is greater than 90°, it is said the 

wetting is minimal. In the case of a contact angle θ less than 90°, it is said the wetting is 

incomplete; however, the wettability of the solid material is dominated as good. If the contact 

angle θ is equal to 180°, the liquid does not wet the solid [28]. The ratio “r” is the roughness 

ratio which is defined as the ratio of the true area of the solid surface to the apparent area. 

This ratio can be calculated  from profilometry measurements will lead to higher angles and 

lower calculated surface free energies [29].  

2.3.6. Model of weak boundary layer 

A Weak boundary layer theory relates weak adhesive strength and interfacial failure to 

the character of the first few atomic layers around the interface. This is based on the fact that, 
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on a microscopic level, the typical surface of a real material is rough. This theory explains the 

failure of adhesive bonding as being not at the adhesion interface, but within the adhesive or 

adherend. This implies the formation of a weak boundary layer, which contains impurities and 

experiences adverse chemical reactions around the interface [30]. This has been disproved 

strongly as real adhesives are generally polymeric and that the interface contains chain 

complexities and cross links, consequence of a much greater force being required for 

interfacial failure [31]. Though it must be recently noted that, surface morphology including 

plasma treatment can often degrade polymeric substrates, giving rise to the formation of a 

weak boundary layer [32].  In the separation of an assembly, the propagation of the failure is 

very unlikely to take place exactly at the interface. The fracture is, in fact, cohesively 

propagated in either solid in contact. Thus, whatever the mechanism governing the assembly 

formation, the strength of the assembly only depends on the bulk properties of the substrates. 

This also indicated that another failure mechanism may occur when the fracture moves 

forward in a weak interfacial layer located between two materials. Fig. 2.6 shows graphically 

the seven classes of weak boundary layers that were given as Bikerman model [20]. Bikerman 

model is simple, but was criticized in the past. It is now, however, admitted that many cases 

of poor adhesion can be attributed to these weak interfacial layers [33]. 

 
Figure 2. 6 Model of weak boundary layer [33] 

1) air pores; 2) and 3) impurities at the interface; 4 to 6  reactions between component media  

2.4 Types of joint design  

In general, adhesively bonded joints may experience various types of stresses, such as 

tensile, compressive, shear, cleavage, and/or peel, which may also be present in various 

combinations. Thus, the design of joint geometry is of great importance, considering that: (i) 

adhesively bonded joints are relatively strong under tension, compression, and shear loading, 

and (ii) such joints are not as strong in cleavage and peel. It should be emphasized that the 

details of the joint design, related to its geometric characteristics and the manner of the 
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transmission of the applied load, have a major effect on the mechanical properties of the 

adhesively bonded joint. The types of stress that are typically present in adhesive joints are 

illustrated in Fig. 2.7(a).  In this context, lap joint designs are advantageous for bonding thin 

rigid cross-sectional parts are given in Fig. 2.7(b). 

 
Figure 2. 7 a) the types of stress typically present in adhesive joints b) selected types of 

adhesive joint designs 

Note that in lap joints; the bonded parts are slightly offset, resulting in the development 

of peel and cleavage forces in the presence of the load. However, by employing the offset lap 

joint, such forces can be reduced. In general, as a primary characteristic, better-quality 

adhesive joint designs are those that have larger contact areas between the components to be 

joined [30]. 

2.5. Failure modes 

Joints may fail in adhesion or cohesion or by some combination of the two. Adhesive 

failure is an interfacial joint failure between the adhesive and adherend. Cohesive failure takes 

place when the failure is such that a layer of adhesive residuals on the adherend. When the 

adherend fails before the adhesive, it is known as a cohesive failure of the adherend. If the 

bond failure occurs between the adhesive layer and one of the adherends, it is called adhesive 

failure at Figure 2.8 (a). A failure in which the separation occurs in a manner that both 

adherend surfaces remain covered with the adhesive is called cohesive failure in the adhesive 

layer in Figure 2.8 (b- c) [6, 21]. 
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Figure 2. 8 Schematics of adhesive bond failure modes 

Sometimes the adhesive bond is so strong that the failure occurs in one of the adherends 

away from the bond. This is called a cohesive failure in the adherend. Bond failures often 

involve more than one failure mode and are ascribed as a percentage to cohesive or adhesive 

failure. This percentage is calculated based on the fraction of the area of the contact surface 

that has failed cohesively or adhesively. Cohesive failure respect to the adhesive or one of the 

adherends is sometime taken into accounted a preferred type of failure, because the maximum 

strength of the material in the joint has been achieved. However, failure mode should not be 

used as an only criterion for a useful joint. Besides, an analysis of failure mode can be an 

extremely useful guide to determine if the failure was due to a weak boundary layer or 

improper surface preparation (see Table 2.1). Consequently, the nature of the failure can be 

made by investigating the failure mode. For example, if the adhesive failure is interfacial, the 

bulk cohesive strength of the adhesive material can be supposed to be greater than the 

intermolecular strength of adhesion. If the whole joint strength is not adequate, the user needs 

approach to ‘‘weakest link’’, believably, the surface condition of the substrates [21, 26]. 

Table 2. 1 Failure mode as an inference to joining (bond) quality [21] 

Failure mode Inference 

Adhesive failure Cohesive strength >  interfacial strength 

Cohesive failure Interfacial strength > cohesive strength  

Adhesive/cohesive (mixed failure mode; hybrid) Interfacial strength ∞ cohesive strength 
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2.6. Surface treatment  

Since adhesive bonding is a surface phenomenon, preparation prior to adhesive bonding 

is a keystone of success. Therefore, surface pretreatment is, perhaps, the most important 

process step governing the quality of an adhesively bonded joint.  Structural adhesive bonding 

of joints is achieved either by mechanical interlocking of the polymer with the adherend 

surface or chemical bonding of the polymer molecules with the metal oxide [34]. To improve 

bond strength and durable adhesive joint between different substrates, surface preparation is a 

necessary pretreatment prior to adhesive bonding [22]. The main purpose of surface 

preparation is to ensure that adhesion develops to the extent that the weakest link in the joint 

is either in the adhesive or in the adherend. With optimum surface treatment, failure should 

not occur at the interface because of a weak boundary layer or insufficient wetting. As a 

general rule, all substrates must be treated in some manner prior to bonding if not to remove 

or prevent the formation of weak boundary layers then to provide a consistent surface. Certain 

low energy surfaces must be modified chemically or physically prior to bonding so that the 

adhesive can adequately wet the surface and provide the attractive forces necessary for good 

adhesion.  

Several surface treatment methods to improve the strength of adhesively bonded joints 

with metallic materials have been investigated by Kim et al., [35], which can be generally 

divided into three categories: mechanical, chemical, and energetic surface treatment methods. 

They explained in the first category, there are mechanical abrasion methods using sand paper 

and grit blasting; in the second category, there are sulfuric acid etching, phosphoric acid 

anodizing and silane treatment; finally in the third category, there is plasma treatment and 

flame treatment. These surface treatments have been applied to the adherends of adhesive 

joints for the following purposes [6, 21, 25, 26, 35]: 

• To increase the surface free energy. 

• To increase the hydrophilicity. 

• To introduce the surface cross-linking. 

• To improve the chemical inertness. 

• To remove weak boundary layers and contaminants. 

• To produce special functional groups at the surface for specific interactions with other 

functional groups. 

• To modify the surface morphology by increasing or decreasing the surface roughness 

and the crystallinity. 
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On the other hand, some researchers have studied the primary and secondary surface 

treatments with a combination of mechanical, chemical, and energetic surface treatment 

methods on the metal surfaces for improved reliability of the adhesive joint. The main 

purpose of the primary surface treatment is to increase the surface free energy of the metal 

adherend, which improves the bond strength of the adhesive joint. Then, the secondary 

surface treatment is conducted to further increase the bond performance of the adhesive joint 

and to have better view of the failure mode of the adhesive joint. 

A review of the literature has indicated that there are few reported pretreatments for 

low-and medium-carbon containing steels, the studies concentrating on simple mechanical 

treatments, such as degreasing or grit-blasting. In particular, the usefulness of chemical 

conversion coatings for the adhesive bonding of steels and the modification of the steel 

surface has been introduced by a number of studies.  

Sancaktar and Gomatam [36] investigated the effects of surface roughness on the 

strength of single lap joints. They performed by four types of surface modification 

(sandblasting, etching with a chemical recipe containing chromic acid) on the cold-rolled and 

hot-rolled steel adherends. The single lap joint strength and displacement values were 

measured at two different crosshead speeds of 1 and 100 mm/min, to assess the inter 

relationship between the failure mechanisms and joint displacements, surface topography and 

adhesive viscosity. The authors claimed when tested at a 100 mm/min loading rate, and 

compared with the 1 mm/min loading rate condition the cold-rolled specimens, which had 

smaller surface roughness averages in comparison with the hot-rolled condition, exhibited a 

higher reduction in failure load values. 

Marra et al. [37] was aimed to evaluate the adhesiveness of uncoated and zinc-

electrogalvanized steel sheets used in the automotive industry. In accordance with, they used 

types of adhesives, one acrylic and two epoxy resins which were employed to join low carbon 

cold rolled steels, one uncoated and another electrogalvanized, both previously degreased or 

chemically pickled. Mechanical strength of the joints was evaluated by the T-peel and tensile 

strength tests. Steel grade, surface condition and heating below the cure temperatures did not 

influence the joints’ mechanical strength. They discovered that their shear strength decreased 

drastically as the test temperature increased. The exposure of the joints to an atmosphere with 

90% relative humidity at 40 °C caused by reduction of their shear strength. Epoxy adhesives 

showed higher mechanical strength, but exhibited higher degradation by humidity.   

Zain et al. [38] studied surface treatment i.e. by alkaline etching and warm water 

treatment followed by silanization method of aluminium alloy plays a significant role in 
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improving the strength of the adhesive bond. The durability of polyurethane adhesive bonding 

is found to display an interesting dependence on the surface treatments.  

Mertens et al. [39] investigated the comparison of the applicability of the plasma pre-

treatment to wet-chemical treatments (alkaline etching, anodising) on titanium for structural 

bonding.  

Crithlow et al.[40] evaluated the effectiveness of a number of novel chemical 

conversion coatings as treatments, specifically, for bonding medium-carbon or plain steels. In 

this matter, a range of chemical pretreatments were identified which were expected to provide 

key surface features such as; wettability, surface roughness and passivation. Screening tests 

were carried out using initial single lap shear joint strengths to identify those which provided 

levels of adhesion above a critical minimum value. In addition, durability results were 

obtained from unstressed SLS joints immersed in water.  

2.7. Durability of adhesive joints  

Environmental resistance is fundamental to the durability of a bonded joint or repair. 

Most in-service failures are caused by environmental degradation of the interface between the 

bonding surface and the adhesive. These failures are characterized by adhesion failures at the 

interface. The environmental resistance of an adhesive bond is determined by the chemical 

bonds formed during cure of the adhesive and the resistance of the chemical bonds to 

environmental degradation [41].  

In the literature, with regard to the durability of adhesive joints, oxide films (in the case 

of metal substrates) and surfaces, humidity (water) and temperature are referred to as the most 

environmental influences i.e. by some papers [42-44].  

The water can diffuse into the interfacial areas and the bondline by way of diffusion 

processes or capillary pulling forces and produces significant property changes of the 

adhesive as well as of treated surfaces or adherend surfaces.  

The water is the substance that shows the greatest durability problems to adhesive bond. 

Water also has a weakening effect on the adhesives. Water may affect adhesive properties by 

plasticization and cracking. It may affect the adhesive/adherend interface by displacing the 

adhesive or by hydrating the metal or metal oxide surface of the adherend [45]. 

Knox and Cowling [46] investigated the durability performance of thick adherend steel 

lap shear joints and bulk adhesive using accelerated ageing techniques. They have found that 

the application of a preload to a thick steel adherend lap shear joint was detrimental to 

durability performance. The bulk adhesive used underwent plasticization and reduction in 
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strength when exposed to a wet environment at 30 °C. The interfacial zone is a critical area in 

determining thick adherend joint durability performance. 

Knox and Cowling [47] also presented the benefits from using a surface treatment prior 

to bonding in order to increase the durability performance.  

Lunder et al.[48] studied various surface treatments before bonding substrate with an 

epoxy based adhesive and subsequent exposure to chloride and humid atmosphere (82% RH, 

40 °C) for 50 days. Single lap joints given an alkaline etch pre-treatment before bonding 

suffered a 7% reduction in strength as a result of environmental exposure.  

Doyle and Pethrick [49] studied environmental effects on the ageing of epoxy adhesive 

bonded joints. Joints are exposed to a range of different environments in aerospace 

applications.  

Lettieri and Frigione [50] researched the effects of exposure to different humid 

environments in a commercial cold-cured epoxy adhesive. Their samples were exposed up to 

one month to 55%, 75% and 100% relative humidity (RH) or immersed in liquid water, at a 

constant temperature (23°C). They reported weight changes, thermal and mechanical 

properties before and at different stages of the ageing. Their results demonstrated that 

plasticization, reactivation of curing reactions and erasure of physical ageing were observed in 

the specimens subjected to the different humidity regimes, all affecting both the thermal and 

the mechanical properties of the aged samples: while the glass transition temperature was 

influenced by plasticization mainly at shorter times of exposure and by post-curing at longer 

treatment times, the mechanical characteristics were less affected by these phenomena. 

Leger et al. [51] concluded that a study of the impact of humid ageing on the strength of 

industrial adhesive joints. They carried out by investigating the ageing of a single lap joint 

(SLJ) in water at a constant temperature (50 °C). Experimental observations show an 

important decrease of deformability from 1 day of ageing, while initial behaviour is not 

impacted. Further investigations reveal that the initial crack occurs at the interface near 

extremities of overlaps at a load depending from ageing time.  

Schroeder et al. [52] studied the adhesive bonds between thick AA5754 being exposed 

to 50 °C and 90%RH for 200 days. Both lap shear coupons and coach peel coupons exhibited 

essentially no strength loss after 200- days of exposure. Experimental tests have shown by 

[53] the exposure of an epoxy adhesive lap-shear metal joint to water vapor at 50 °C during a 

period of 40 days, resulted in an overall uptake of moisture in the adhesive of 69% of the true 

equilibrium value at saturation. Since, in normal service conditions, exposure to high 

humidity is intermittent and periods of absorption are followed by periods of desorption of 
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moisture, it is believed that the critical water concentration will be reached only in exceptional 

circumstances. 
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3. Experimental methods  

3.1. Materials  

3.1.1. Adherend  

Mild steel or low carbon steel as zinc plated mild steel with a thickness of 1 mm was 

used as substrate material for all investigations in this thesis work. The mechanical properties 

and chemical composition of zinc plated mild and S235 JRG1 steels (DIN EN 10025-94) [54] 

are illustrated in section 4.1.1. The samples or coupons were cut into specimens with a 

dimension of 110 mm × 30 mm for all experiments but the treated surface area was different 

for each treatment (see section 3.2.1-3.2.4). 

3.1.2. Adhesives 

Three commercial types of adhesives were selected in order to carry out first objectives 

of this study. Sikaflex®-552 was an one-component polyurethane hybrid adhesive supplied 

by Sika [55]. Sikaflex® hybrid technology combines the high performance of Sikaflex 

polyurethane systems with silane, which gives great adhesion with little surface preparation, 

removing the necessity to use a primer. The second adhesive was Sikasil®SG-20 [56], it is 

one component silicone based adhesive. The adhesive is moisture-curing and ultraviolet 

resistant. One of the main applications of this adhesive is structural glazing. According to the 

product data sheet, the tensile strength is approximately 2.2 MPa and the elongation at break 

45%. The other adhesive was chosen as Polyurethane glue Sikaflex®-263 [57]. Flexible 

adhesives, such as Sikaflex-552 and Polyurethane have low glass transition temperatures and 

low elastic modulus, but high extensions to failure. Two adhesives were used as Veropal (He 

20-06) and CarboResin in order to perform other objectives. The Veropal (He 20-06) adhesive 

is from (Synpo, Czech Republic) [58]. The adherends were joined using a unique hybrid two-

component (component A: resin, component B: hardener) epoxy structural adhesive with high 

elongation and at the same time with excellent peel strength and shear strength. It is used for 

structural bonding of a wide range of substrates. The chemical basis of the hardener is an 

arbitrary rubber (ATBN) modified complex mixture of amines. The adhesive components 

were mixed as 1:1 by parts weight. The viscosity of adhesive after mixing is 15-22 Poise at 23 

°C. As it is recommended by the manufacturer, the bonded samples were cured in the ambient 

condition at 20-23 °C and 70% humidity for 24 hours. The other of adhesive was a brittle type 

of adhesive CarboResin (Sanax, Czech Republic) [59]. Carbo Resin is two component 

(component A: resin, component B: hardener) which are epoxy base glue with inorganic 

fillers. The chemical basis of the hardener is used as an aminic hardener in epoxy resin-based 
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systems. The adhesive components were mixed as A: B is 3:1 by parts weight. According to 

instructor of manufacturer, the bonded samples are cured in the ambient condition at 20-23 °C 

and 70% humidity for 7 days.  

The mechanical properties and geometries of the bulk adhesive samples are given in 

section 4.1.2.  

3.1.3. Chemicals 

 The chemicals used in the current study for the treatment of adherends are summarized 

in below:  

• Sulfuric acid (H2SO4) with 30% concentration in H20. 

• Phosphoric acid (H3PO4) with 85% concentration in H20. 

• Deionized water was used to dilute the sulfuric acid as well as phosphoric acid.  
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3.2.  Surface preparation 

The adherends were treated by four different surface treatment methods, i.e. 

sandblasting, etching, and an anodic treatment followed by a hybrid combination, in this 

study. In the following the surface treatment steps which were carried out in this work are 

described and schematically displayed in Figure 3.1. 

 
Figure 3. 1 Schematic diagram of wet-chemical surface treatment steps in this study 

3.2.1. Cleaning  

Cleaning process was performed using a commercially product which is Sika® Cleaner 

205 [60] is a cleaning and activating agent specifically formulated for the treatment of bond 

faces in direct glazing work prior to application of various adhesives.  
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3.2.2. Sand-blasting  

The sand-blasting process was performed using a dry sanding box with a ceramic 

abrasion grit blast for an industrial sanding application. The sanding process was performed 

by a hand process with air pressure of 0.6 MPa. The distance of the sample from the nozzle 

was 70 mm. The duration of the sandblasting was ten seconds. The hardness of sand was 6-7 

Mohs, and the grain size was 0.2-0.8 µm. The dimensions of the specimens were 30 mm in 

width with an overlap length of 20 mm. After sanded surface treatment, the specimens were 

marked and kept in a desiccator. Following to this surface preparation, the anodic oxidation 

was applied on certain specimens. 

3.2.3. Acid etching   

The acid etching solution had the following recipe; with 30wt. % sulfuric acid and 

distilled water at ambient conditions.  The acid etching solution was mixed as 1:2 (Acid: 

Distilled water) by parts volume. 

The surface preparation by etching process was carried out in four steps:  

(1) The samples were degreased with acetone two times.  

(2) The samples were etched vertically for 2 minutes utilizing a stand to hold the 

adherend sample in place. 

(3) Subsequently, at the end of the appropriate time (up to no visible air bubbles in the 

acid solution), the samples were removed from the etching bath, immersed in running water, 

and wiped with a wet paper towel.  

(4) The samples were wiped dry with a dry paper towel. 

After etching surface treatment, the specimens were marked and kept in a desiccator. 

Subsequent to this surface preparation, the sanding process or anodic oxidation was applied 

on certain specimens. 

3.2.4. Anodic oxidation 

In the anodizing treatment, the adherend was clamped to the anode and cathode holders. 

The composition of the solution was arranged with the certain percentage of phosphoric acid 

and distilled water. The phosphoric acid solution was mixed as 1:3 (Acid: Distilled water) by 

parts volume. The anodizing voltage was raised to 30 V and held for 20-30 seconds. At the 

end of this time the adherend was cleaned using distilled water at the ambient temperature. 

The anodized adherends may then be air-dried, preferably blow-dried. The anodic oxidation 

treatment produces a very thin layer which is occurred grey-black oxide color on the 

adherends surface. Before the anodized treatment was applied, all the specimens were 

undergone a chemical etching process. 



25 
 

3.2.5. Hybrid surface preparation 

A hybrid surface treatment process consisted of cleaning acid etching, sand-blasting, 

and the anodizing treatment processes, respectively. In the first step of this surface treatment, 

acid etching was applied on all adherends. Subsequent to acid etching process, all the 

adherends were sanded. In the final step of this hybrid surface treatment, anodic oxidation 

was applied using an electrochemical treatment method. The details of these surface 

preparations are given in section 3.2.1-3.2.4. 

3.3. Analytical techniques  

3.3.1. Scanning Electron Microscopy (SEM)  

The surfaces of the samples were investigated using analytical scanning electron 

microscopy (SEM) Tescan Vega III SB electron microscope. During imageing, the electron 

gun was operated in range voltage of 10-15 kV. The principles of this method is described in 

the literature by Egerton [61].  

3.3.2. Energy Dispersive X-Ray Spectroscopy (EDX) 

The investigation of elemental composition of surface regions was conducted energy 

dispersive X-ray spectroscopy (EDX) analysis using Tescan Vega III SB electron microscope. 

During this analysis, the electron beam was performed in range voltage of 10-15 kV  

3.3.3. Peeling test  

The Peel testing is a method to characterize adhesive bonds. In this regard, the peel 

testing was carried out for certain three kind of adhesives as (Sikaflex®-263, Sikasil®SG-20, 

Sikaflex®-552) by using zinc plated mild steel surface in first objective of this study. The 

peeling test is carried out in the two steps. Firstly, a thick layer was occurred on zinc plated 

mild steel surface for each adhesive (see in Fig.3.2). In the second step, it was waited till 

adhesives curing process according to their manufacturer instructor.  After cured process, the 

adhesives were peeled from surfaces by needle nose pliers and utility knife - coil around the 

plier’s nose, perpendicular cuts through glue bead to adherent each 5 mm (for cohesion 

damage).   
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Figure 3. 2 Peeling test for certain adhesives 

3.3.4. Surface Roughness Measurement   

Roughness is a measure of vertical deviations when traversing a metal surface. As 

described in ASME B46.1 [62], surface roughness parameters of the absolute values of the 

profile height deviations, from a mean line recorded within an evaluation length (see in Figure 

3.3). 

For 2D surface roughness of the individual samples was measured using a Portable 

Surface Roughness Tester, (Surf test SJ-210 Series) [63], an evaluation length of 4 mm and 

least count of 0.01μm. The roughness profile contains L spaced points along the trace, with z 

as the vertical distance from the mean line to the data point [38]. In this investigation, part 

surface finish was assessed by means of the range of such 2D surface roughness parameters as 

Ra and Rz. Ra is the arithmetic mean of the absolute value of the profile departures from the 

center line within the evaluation length. The Rz value is the arithmetic mean from the peak-

to-valley heights offensive successive sampling lengths. 

Moreover, 3D surface topography was plotted using Matlab computer software program 

[64] by means of measured surface roughness values of Ra (z direction) with a sampling 

length of 2.0 mm (y direction), and an evaluation length of 4 mm (x direction).  

To measure surface roughness of 2D, adherend specimens were used; they were 

subjected to the discussed treatment methods. In each batch, three specimens at different 

positions were examined. On the whole, five measurements results were obtained per every 

batch (see section in 4.2).   

In order to carry out 3D surface topography, the adherend samples were used after 

certain treatments applied on its surfaces, with a sampling length of 2.0 mm (y direction).  



27 
 

 
Figure 3. 3 Surface roughness profile of 2D and 3D [62] 

3.3.5. Contact Angle Measurement  

In this thesis study, the contact angle measurement was carried out by considering 

sessile drop technique for treated surfaces. This method involves measurement of the contact 

angle optically and is used to estimate the wetting properties of a localized region on a solid 

surface [65]. The angle between the baseline of the drop and the tangent at the drop boundary 

are determined (see in Figure 3.4). This technique is ideal for curved samples or when one 

side of the sample surface has different properties than the other side. The contact angle 

measurements were performed by Olympus video camera and the licensed Olympus imaging 

software program AnalySIS Docu Five in order to imaging process. The drop image was 

stored by the video camera and an image analysis system calculated the contact angle θ from 

the shape of the drop, i.e. the angles from left (θ𝐿) and right (θ𝑅) sides of the drop were 

measured and averaged was carried out using licensed Olympus software program. In 

experimental stage of this measurement, the samples related to each surface treatment were 

prepared and eight drops were occurred on each surface. The recording was performed within 

10 s after the probe liquids were deposited on the specimen to minimize deviation in the 

measured. An average of the angles for eight drops was taken for each sample (see results in 

section 4.2) with standard deviation values of these measurements. The schematic of a liquid 

drop showing measured angles are given in Figure 3.4. The drop volume for the 

measurements was performed using purified liquid water 10 μl as constant volume by 

arranging automatic pipet. All measurements were performed at room temperature (23°C ± 

1°C). A smaller contact angle means that more of the fluid spreads over an area for a given 

fluid volume; hence, the fluid has high wettability on that surface. The surface tension of the 

liquid is then equal to the critical surface tension of the substrate. The large contact angles are 

associated with poor wettability [29]. 
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Figure 3. 4 Schematic of a liquid drop showing measured angles 

The contact angle of a liquid on a surface can be related to thermodynamic work of 

adhesion, Wa, which is directly related to surface energy of surfaces [20].  Wa, is an important 

consideration for predicting the success of the adhesion promoters such as the surface 

pretreatments for increasing the joint strength since the work of adhesion determines the 

required to separate the unit area of two phases in contact (i.e.[66]). The work of adhesion can 

be described by the DUPRE equation [67]: 

𝑊𝑎 = 𝛾𝑤(1 + 𝑐𝑐𝑐𝑐)                                                         (3.1) 

where 𝛾𝑤 is surface free energy of water and equals to 72.8 mJ/m2 in literature [35, 68]. 

3.3.6. Taguchi Analysis Method  

The Taguchi method was used to design of experiments in order to carry out the second 

objective of this study. The Taguchi experimental design method is a statistical approach that 

reduces the number of experiments necessary for investigating the effects of various 

parameters on the product quality and/or quantity. This method also screens the significant 

factors affecting the response from those with less significance, and gives the optimum 

condition to attain the most desirable performance [69]. 

The Taguchi L16 orthogonal array was employed to analyze experimental scratch test 

results obtained from eight experiments with two repetitions and four process parameters 

corresponding e.g. surface treatment (A), adhesive type (B), blade angle (C) and thickness 

(D). If all the possible test combinations were to be tested, the number of tests would be 64 

(one test with two repetitions) Parameterlevel = (41 × 21 × 21 × 21) (one test) which are 

impractical in terms of time and cost. The use of pre-defined orthogonal arrays on which the 

Taguchi method is based reduces the number of tests and permits to quantify the interactions 

between the variables considered. The experimental layout for the four scratch force 

parameters using the L16 (41x23) orthogonal array is shown in Table 3.1. Accordingly, eight 

experiments were carried out to study effect of scratch force input parameters. Each 

experiment was repeated two times in order to reduce experimental errors. It contains 8 rows 
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corresponding to the number of tests with two replicates, one column with four levels) and 3 

columns with 2 levels.  

Table 3. 1 Experimental plan based on Taguchi orthogonal array (L16) 

Number Sample No Surface 
Treatment (A) 

Adhesive 
Type (B) 

Blade angle 
(C) 

Thickness 
(D) 

1 
Sample 1 

1 1 1 1 
2 1 1 1 1 
3 

Sample 2 
1 2 2 2 

4 1 2 2 2 
5 Sample 3 2 1 1 2 
6 2 1 1 2 
7 

Sample 4 
2 2 2 1 

8 2 2 2 1 
9 Sample 5 3 1 2 1 

10 3 1 2 1 
11 

Sample 6 
3 2 1 2 

12 3 2 1 2 
13 Sample 7 4 1 2 2 
14 4 1 2 2 
15 

Sample 8 
4 2 1 1 

16 4 2 1 1 
 

The first column was assigned the surface treatment, the second to the glue type, the 

third to the blade angle, and the fourth to the adhesive thickness (see in Table 3.2). The 

response studied was scratch force (F), scratch energy (SE) and it involves signal to noise 

(S/N) ratio factors. The influence of each variable was assessed by the statistical analysis of 

responses. The statistical software MINITAB 17 program [70]. 

Table 3. 2 Scratch force parameters and their levels    

Parameters Level 1 Level 2 Level 3 Level 4 

Surface treatments (A) Sanding Acid etching  

plus sanding 

Acid etching  

plus anodization 

 Hybrid 

Adhesive type (B) Soft Rigid - - 

Blade angle (C) 0 ° 15 ° - - 

Thickness (D) 0.3 0.6 - - 

 

3.4. Bonding procedure and geometry configuration  

The bonding procedures of single lap joints were performed as follows. The adhesive 

was mixed according to composition (1:1 by part weight). In the case of two-component 
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adhesives, the mixture of the resin and hardener introduce voids, to reduce even further the 

quantity of voids, a toothpick was used to burst the air bubbles before the application of 

pressure. The single lap joints, having an overlap area was 20×30 mm, were manufactured 

and tested according to ASTM D1002 standard [71]. The adherend thickness was 1 mm. The 

single lap joints were manufactured individually in a mould with the adhesive thickness 

controlled using wires [72]. The bondline (adhesive) thickness was considered 0.6 mm 

according to own previous work [73] and certain experimental experiences explained in 

below:  

 Our failure modes are pure adhesion to interfaces which not required high 

adhesion strength. It means that this strength of interface is also lower at even 

high adhesive thickness.  

 Ease of manufacture and ensuring full adhesion area is achieved at the 

interfaces. Correspondingly, implementing of large thickness leads precise 

control of adhesive thickness in our study.  

 Moreover, the optimum thickness for adhesive/adherend interface has been 

discovered as 0.6 mm for Veropal (He 20-06) adhesive in own previous work. 

The adhesive was applied to the sides to be bonded with a spatula. Then 100N force was 

applied to the adherends for bonding. The samples were aligned according to markings and 

held in place by the force until the completion of the curing processes for 24 hours. Cotton 

buds were used to wipe off any extra adhesive from the sides of the overlap, to avoid fillet-

like formation of adhesives. The samples were kept in ambient conditions at 20-23 °C and in 

70% humidity.  

Once, three repetitions for each experiment were performed corresponding to all 

discussed surface treatments at a constant crosshead speed of 5mm/min, in a tensile testing 

machine (ZD 10/90), at ambient laboratory temperatures according to ASTM D1002:10 [71] 

“Standard for static tensile tests of single lap joints”. Alignment tab ends were used to reduce 

eccentricity, as shown in Fig. 3.5. 

 
Figure 3. 5 Single lap joint geometry (not to scale, dimensions in mm) 
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3.5. Scratch test procedure and geometry configuration 

The scrape (scratch) test technique attempted to grade the strength of adhesion of an 

adhesive to a metallic (or relatively smooth non-metallic) adherend by measuring the force 

required to remove the adhesive from an adherend. The scratch test is usually applied to 

determine the adhesive strength of coatings deposited by chemical or physical vapor 

deposition techniques [47, 74]. This test technique appears to be very useful for rapidly 

detecting changes in interfacial strength of adhesive/adherend system, and for distinguishing 

amongst the durability performance of various surface pretreatments. Numerous research 

efforts have been carried out and similar commercial scratch test equipment has been 

employed to evaluate coatings adhesive strength [75-78] rather than [47]. According to [73] 

the residual adhesive-adherend interfacial strength was quantified by recording the required 

force to remove a strip of adhesive from the adherend surface by using a razor. The proposed 

benefits of this test method are that the adhesives are aged in “realistic” environments while 

gaining results within a relatively short time span. This scratch method suggests that it 

appears to be very useful for rapidly detecting changes in interfacial strength of an adhesive-

adherend system, and for distinguishing amongst the durability performance of various 

surface treatments [47]. To investigate the effect of different parameters on the adhesion 

strengths of Veropal (HE 20-06) and Carbo Resin, a jig at the surface was created based on 

[73] see in the Figure 3.6 to strip a thick film of adhesive from an adherend geometry can be 

seen in Figure 3.7. The specimens used in the scratch tests the procedure is as follows: 

• The required area on the adherend is prepared for adhesive. This may include shot 

blasting of the surface, acid etching, and anodic oxidation and then followed by 

treatment with a primer if required.  

• The adhesive were applied to adherend surface.  

• The thickness of specimen and bondline thickness (t) were controlled using wires 

above the adhesive. 

• The adhesive was cured according to adhesive manufacturer’s instructions. This 

involved a cure at room temperature for 24 hour.  

• The specimens were then allowed to wait to ambient in the laboratory environment.  

• The specimen thickness was verified after cure.  

• The tests were performed in a tensile testing machine (ZD 10/90) at a constant 

crosshead speed 5mm/min) at ambient laboratory temperatures. 
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Figure 3. 6 Design of scratch jig based on [73] 

 
Figure 3. 7 Scratch test specimen (not in scale) [73] 

3.6. Ageing conditions 

In this thesis study, accelerated testing  were performed at three different times in order 

to determine durability performance of peeling test effects on certain adhesives, static tensile 

test of single lap adhesive joints after ageing and scratch test of adhesive/adherend interlayer 

after ageing. 

For peeling test; Samples were prepared according to section 3.3.3. The ageing 

conditions were by using the distilled water bath equipment as ED Model Heating Immersion 

Circulators, [79] (see in Figure 3.8) at constant temperature at 50 °C immersion in water for 0, 

1, 2, and 8 weeks (almost 1350 hours). The temperature of water was selected as 50 °C due to 

own previous work [57, 80]. 
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Figure 3. 8 Water bath for accelerated ageing test 

In case of static tensile test of single lap adhesive joints and scratch test of 

adhesive/adherend interlayer after ageing, the single lap joints specimens and scratch test 

specimens were immersed at 50 °C temperature and duration of ageing test was from weeks 

of 0, 1, 2 till 6 weeks (almost 1000 hours). 
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4. Results and discussion 

Figure 4.1 exhibits flow-chart representation of the step by step the procedure of 

investigations of materials, surface pre-treatments and aging mechanisms of adhesive joints. 

 
Figure 4. 1 Surface treatments, adhesive joints, scratch test and accelerated,  

In this thesis, the Sections 4.1, 4.2 and 4.3 were derived from related to author previous 

work as Özdemir et al.[81]  

4.1 Characterization of bulk materials 

4.1.1. Adherend 

Adherend was selected as zinc plated steel mild steel which is basic material as low 

strength S235 JRG1 steels (DIN EN 10025-94). The DIN EN 10025-94 steel has the tensile 
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strength is 340-470 MPa, yield strength min 235 MPa [54]. The chemical composition of this 

steel substrate, as indicated in literature studies are shown in Table 4.1 [82].  

Table 4. 1 Chemical composition of adherends  

Adherend C Cr Mn Si Cu P S Ni Zinc 

S235 JRG1 mild steel 0.17 0.15 1.4 n.a <0.40 <0.045 <0.045 <0.007 n.a 

Zinc plated mild steel  0.07 0.018 0.95 1.05 0.01 0.01 0.003 n.a max 0.002 

 

The thickness of coating of zinc plated mild steel was measured using DFT-Ferrous 

(PosiTest DFT) instrument. Thickness was in the range of 10-14 µm. The zinc coating was 

undergone by hot-dip galvanizing steel. The mechanical properties of zinc plated mild steel 

were measured at laboratory conditions according to [83] such that ultimate strength  𝜎𝑢 =371 

MPa, yield strength ,𝜎𝑦 =281 MPa, and ductility 32.5 % (see in Figure 4.2). The mechanical 

properties of this steel are given in Table 4.2 [73].  

 

 
Figure 4. 2 Tensile stress–strain curves for zinc plated steel mild steel 

Table 4. 2 Mechanical properties of adherends 

Adherend 
Ultimate  

Strength (MPa)  

Yield 

Strength (MPa)   

Modulus of 

Elasticity (GPa)  

Elongation at 

Break (%) 

S 235 JRG1 mild steel 325 285 200 25 

Zinc plated mild steel  371 281 200 32.5 

 

Analytical SEM and EDX analysis were performed in order to make characterization of 

bulk materials as zinc plated mild steel and S235 steel. As indicated by SEM image in Figure 
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4.3 (a-b), where is presented by the basic surface properties of zinc plated mild steel. Surface 

of initial condition of zinc plated mild steel has not been shown any corrosion; however, the 

surface consists of slightly oxygen texture approx. 10%. Also, microcracks have been seen as 

visible on the zinc layer. This structure represents a standard surface of hot dip galvanizing 

steel. The percentage of adherend contents was determined by means of EDX analysis, in the 

range of 79-88 % of Zn. 

 
Figure 4. 3 a) SEM of zinc plated mild steel surface b) EDX analysis image of zinc plated 

mild steel  

Figure 4.4 represents SEM-EDX analysis of steel S235JRG1. SEM imageing was 

recorded using 100x of magnification revealed that the zinc layer was totally removed from 

own surface using sulfuric acid etching procedure (Fig.4.4a). The phenomenon is confirmed 

by EDX analysis (Figure 4.4b) and can be seen, the composition of Fe and C, are detected 

95.1% and 4.9%. However, the Fig. 4.5 showed the surface contained certain corrosion 

products (iron oxide) at higher magnification. This case can be explained by decreasing iron 

amount from 95% to 60%, and by increasing oxygen level from %10 to 29 % on the adherend 

surface. This means that it can be assumable that the corrosion products have been occurred 

even after zinc layer removed of adherend surface. As a result of this, it can be clearly 

understood the certain surface preparation might be applied in order to prevent any formation 

of corrosion products i.e. iron oxide as well as weak boundary layer on adherend surface.  
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    Figure 4. 4 a) SEM image of S235 mild steel b) EDX analysis image of S235mild steel  

 
Figure 4. 5 EDX analysis image of S235 mild steel at higher magnification 

 

4.1.2. Adhesives   

The geometries of the bulk adhesives samples which are Veropal (He 20-06) and 

CarboResin are illustrated in Figure 4.6. The bulk adhesives were also tested according to 

standard EN-ISO 527-2 [84]. The bulk adhesive specimens were tested in a tensile testing 
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machine, (ZD 10/90) at a constant crosshead speed of 5mm/min, at followed cured processing 

at the ambient conditions, according to their manufacturer instructor (2 days and 7 days; 

Veropal and CarboResin).  

 
Figure 4. 6 Geometry of mould of bulk adhesives [84] 

Table 4. 3 The geometry of bulk adhesive is given in below detailed [84] 

 Symbols  Geometry type Dimension (mm) 

l3 Overall length  ≥150 

l1  Length of narrow parallel-sided portion 80 ± 2 

l2 Distance between broad parallel-sided portions 104 to 113 

r Radius 20 to 30 

b2 Width at ends 20 ± 0.2 

b1 Width of narrow portion 10 ± 0.2 

h Preferred thickness 4 ± 0.2 

Lo Gauge length  50 ± 0.5 

L Initial distance between grips 115 ± 1 

 

The results of the mechanical test for the Veropal bulk adhesive are; Young’s Modulus 

1150 MPa, Yield strength 31 M Pa, Poisson’s ratio 0.34, tensile strength 34 MPa, and 

elongation at break %12. Moreover, the stress–strain behaviour of the bulk adhesive 

(Veropal) is illustrated in Figure 4.7.  
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Figure 4. 7 Tensile stress–strain curves for the Veropal adhesive tested 

The mechanical properties of CarboResin adhesive are summarized as Young’s 

Modulus (E) of 7850 MPa, Yield strength of 23.6 MPa, and elongation at break %4. Also, the 

stress–strain behaviour of the bulk adhesive (CarboResin) is shown in Figure 4.8.  

 
Figure 4. 8 Tensile stress–strain curves for the CarboResin adhesive tested 
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4.2. Investigations of treated surfaces  

4.2.1. Sanded 

4.2.2.1 SEM characterization and EDX analysis  

SEM image of zinc plated mild steel surface sanded are presented in Figure 4.9(a). It 

can be seen that zinc flakes and sanding material were appeared on the adherend surface. It 

can be also assumed that white zones are represented by a low electric conductivity as sand 

materials, so that the sand material penetrated into adherend surface occurred as good 

mechanical interlocking between surface and material. This case is illustrated in Figure 4.9(b) 

using EDX analysis of sanded treatment surface. The results of this analysis were showed that 

the percentage of Zn, O, C and Si were approx.76 %, 9.3 %, 10.3%, 2 %. In this analysis, it 

has been considered that the high carbon content texture is caused by environment 

contamination.  

 

Figure 4. 9 a) SEM image of zinc plated mild steel surface after sand-blasting b) EDX 

analysis image of zinc plated mild steel after sand-blasting. 

4.2.2.2 Surface roughness measurement  

The roughness of the sanded surfaces found by measuring is listed in Table 4.4 as an 

each batch; three specimens at different positions were examined. On the whole, five 

measurements results were obtained per every batch with standard deviations of 
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measurements. The average surface roughness value (Ra) and the arithmetic mean from the 

peak-to-valley (Rz) were measured as 2.34 ± 0.07 µm and 17.54±1.20 µm. 

Table 4. 4 Results of roughness of sanded treated surfaces 

Number of 
measurement 

Ra Rz 
Ra Rz 

1.Sample 2.Sample 3.Sample 1.Sample 2.Sample 3.Sample 
1 2.545 2.457 2.004 16.655 17.070 15.174 

  
2 2.643 2.392 2.016 21.092 17.878 14.607 

  
3 2.543 2.301 2.061 19.303 15.422 17.909 

  
4 2.803 2.281 2.010 21.831 17.459 16.273 

  
5 2.694 2.336 1.993 22.054 16.230 14.209 

  
Mean value (µm) 2.646 2.353 2.017 20.187 16.812 15.634 2.34 17.54 
St. deviation (𝜎) 0.109 0.072 0.026 2.251 0.986 1.490 0.07 1.20 
 

The 3D surface topography image of zinc plated mild steel treated with sanded was 

plotted using Matlab computer software program by means of measured surface roughness 

values of Ra (z direction) with a sampling length of 1.5 mm (y direction), and an evaluation 

length of 4 mm (x direction) and are shown in Figure 4.10. It can be seen that a moderately 

irregular surface with peaks and valleys. It was meant that these irregularities would enhance 

the mechanical interlocking between the adhesive and adherend surface.  

 
Figure 4. 10 3D surface topography image of treated with sanded 

4.2.2.3 Contact angle analysis  

Table 4.5 shows the contact angles values after treated sanded surfaces. The average 

contact angle was measured as 68.9 º after its eight measurements. The work of adhesion is 

calculated as 99.05 MJ /m2 via using DUPRE equation (see 3.3.5).  
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In DUPRE equation relates a thermodynamic parameter; Wa, to two easily determinable 

quantities: the contact angle and the liquid-vapor surface tension. For conditions of perfect 

wetting (cos θ=1). When the value of θ increases, it is clear that cos θ reduces so, the trend of 

Wa tends to increasing. Molitor [66] expressed that Wa is an important consideration for 

predicting the success of the adhesion promoters the work required to separate the unit area of 

two phases in a contact.  

Table 4. 5 Results of contact angles of sanded surfaces 

Liquid Water  
Drop Number 
on surface 

Left Side 
Contact Angle 
(θL) of Surface 

Right Side Contact  
Angle (θR) of  
Surface 

Mean value of 
Contact Angle (θ) 
of Surface 

Standard  
Deviation 
     (𝜎) 

1 67.53 68.41 67.97 

  ±8.3 

2 67.22 67.42 67.32 
3 53.83 55.97 54.90 
4 58.56 55.00 56.78 
5 76.32 78.53 77.42 
6 75.28 78.42 76.85 
7 74.60 75.16 74.88 
8 75.24 75.33 75.29 
Mean value (º) 68.57 69.28 68.9   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 
 

4.2.2. Acid etching plus sanded 

4.2.2.1 SEM characterization and EDX analysis 

Figure 4.11(a-b) displays SEM and EDX image of zinc plated mild steel surface after 

etching in sulfuric acid based solution plus sand blasting treatment. The SEM image of acid 

etched plus sanded mild steel surface showed that light zones by means of the interlocking 

between sanding material and rough steel surface. Therefore, the etching in sulfuric acid was 

conducted aiming remove the non-uniform oxide layer at the surface. In addition, it was 

implemented to generate microstructures and to increase roughness on the surface in order to 

improve the performance of bonded joints by mechanical interlocking and enhancement of 

effective surface, i.e. increase of chemically active sites on the surface and enhancement of its 

ability to forming chemical bonds. Moreover, the surface of adherend has not been observed 

any zinc layer in this treatment. In selected first point of EDX analysis, Fe and O and Si 

percentages are almost 78% and 10.1% and Si 2.5%. Owing to the changes of this 

contribution of elemental composition, the presence of corrosion products with high oxygen 

percentage (49%) can be confirmed on a basic material surface in Fig. 4.11(b). 

 
Figure 4. 11 a) SEM image of mild steel surface after acid etched with sanded b) EDX 

analysis image of mild steel surface after acid etched with sanded 
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4.2.2.1 Surface roughness measurement  

The roughness of the acid etched plus sanded surfaces measured and is summarized in 

Table 4.6. The average surface roughness (Ra) and the arithmetic mean from the peak-to-

valley (Rz) values were measured 2.93 ± 0.09 µm and 19.91±0.84 µm. 

Table 4. 6 Results of surface roughness of acid etched plus sanded surfaces 

Number of 
 measurement 
 

Ra Rz 
Ra Rz 

1.Sample 2.Sample 3.Sample 1.Sample 2.Sample 3.Sample 

1 2.682 3.081 3.060 19.684 20.495 21.284     
2 2.648 3.163 2.928 19.247 21.873 20.413 

  3 2.617 3.364 3.117 17.825 23.302 19.158 
  4 2.722 3.087 2.972 18.409 19.379 20.267 
  5 2.675 3.051 2.841 18.058 19.340 19.881 
  Mean (µm) 2.669 3.149 2.984 18.645 20.878 20.201 2.934 19.908 

St. Dev. (𝜎) 0.04 0.13 0.11 0.79 1.70 0.78 0.09 0.84 
 

MATLAB 3D surface topography image of the zinc plated mild steel treated with acid 

etched and sanded using of Ra values is presented in Figure 4.12. The etching plus sanding 

treatment showed the highest surface roughness and surface topography image of this treated 

showed a non-uniform surface with distinct sharp projections dotted with pores. Etching with 

H2SO4 acid solution can produce proper surface texture and roughness. In addition to, sanding 

treatment is provided a non-uniform pattern with distinct sharp projections dotted with pores. 

 
Figure 4. 12 3D surface topography image of treated with acid etched plus sanded 
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4.2.2.2 Contact angle analysis  

The contact angles values after treated sanded surfaces are illustrated in Table 4.7. The 

work of adhesion is calculated as 119.5 MJ /m2.  

Table 4. 7 Results of contact angles of acid etched plus sanded surfaces  

Liquid Water  
Drop Number 
on surface 

Left Side 
Contact Angle 
(θL) of Surface 

Right Side Contact  
Angle (θR) of  
Surface 

Mean value of 
Contact Angle (θ) 
of Surface 

Standard  
Deviation 
     (𝜎) 

1 50.84 49.54 50.19 

±5.4 
 

2 49.34 47.00 48.17 
3 54.50 57.46 55.98 
4 53.99 48.64 51.32 
5 59.04 60.22 59.63 
6 50.02 48.95 49.48 
7 43.08 43.51 43.29 
8 43.44 41.45 42.44 
Mean value (º) 50.53 49.59 50.1   
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4.2.3. Acid etching plus anodization  

4.2.3.1 SEM characterization and EDX analysis 

Figure 4.13(a-b) shows SEM and EDX image of zinc plated mild steel surface after 

etching in sulfuric acid based solution plus anodization. The surface of the steel has a 

relatively clear surface due to chemical adhesion. In addition, certain phosphate layer may 

occur without oxide particles on the surface. In addition to, an epitaxial growth was observed 

in the steel microstructure owing to anodization (Figure 4.13(a)). Fig. 4.13(b) exhibits the 

results of EDX analysis. In this analysis, the chemical compositions of surface were detected 

by using three selected points. According to these points, the composition of basic material 

surface as steel; 90% of Fe, 5% of C, 4% of O and 0.3-0.5% P)  

 
Figure 4.13 a) SEM image of mild steel surface after acid etched plus anodization b) EDX 

analysis image of mild steel surface after acid etched plus anodization 

4.2.3.2 Surface roughness measurement  

The roughness of the acid etched plus anodization surface was measured by surface 

profilometry and was exhibited in Table 4.8. The average surface roughness (Ra) and the 

arithmetic mean from the peak-to-valley (Rz) were measured 1.10 ± 0.12 µm and 5.72±0.48 

µm. 
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Table 4. 8 Results of surface roughness of acid etched plus anodization 

Number of 
 measurement 

Ra Rz 
Ra Rz 

1.Sample 2.Sample 3.Sample 1.Sample 2.Sample 3.Sample 
1 1.193 1.342 0.924 6.588 7.567 5.246     
2 1.107 1.107 0.932 5.431 5.431 4.772 

  3 1.018 1.199 0.945 6.409 5.882 4.682 
  4 1.115 1.053 0.925 6.383 5.319 5.148 
  5 1.184 1.071 1.282 5.944 5.362 5.656 
  Mean (µm) 1.123 1.154 1.002 6.151 5.912 5.101 1.093 5.721 

St. Dev. (𝜎) 0.07 0.12 0.16 0.47 0.95 0.39 0.12 0.48 
 

The Figure 4.14 shows 3D surface topography image of zinc plated mild steel treated 

with etched plus anodized. Surface roughness image showed a moderately irregular surface 

with peaks and valleys after acid etched treatment. However, the lowest surface roughness 

value is obtained after anodization process. It can be enable that the decrease of surface 

roughness after anodization in phosphoric acid play a key role in the micro irregularities at the 

oxide layer. 

 
Figure 4. 14 3D surface topography image of treated with acid etched plus anodized.  

4.2.3.3 Contact angle analysis  

The measured contact angle values of acid etched plus anodization surfaces were shown 

in Table 4.9. In addition, the work of adhesion is calculated as 136.5 MJ /m2 using DUPRE 

equation.  
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Table 4. 9 Results of contact angles of acid etched plus anodization surfaces 

Liquid Water  
Drop Number 
on surface 

Left Side 
Contact Angle 
(θL) of Surface 

Right Side Contact  
Angle (θR) of  
Surface 

Mean value of 
Contact Angle (θ) 
of Surface 

Standard  
Deviation 
     (𝜎) 

1 28.94 28.07 28.51 

±1.8 

2 30.03 30.95 30.49 
3 30.50 33.98 32.04 
4 28.08 30.52 29.30 
5 27.94 25.01 26.47 
6 26.41 26.82 26.61 
7 27.20 27.92 27.06 
8 29.10 29.94 29.52 
Mean value (º) 28.52 28.97 28.9   
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4.2.4.  Hybrid  

4.2.4.1 SEM characterization and EDX analysis 

SEM and EDX images of mild steel surface prepared by acid etched sulfuric acid 

solution, sanded and plus anodization phosphoric acid solution is shown in Figure 4.15(a-b). 

It was found that the obtained surface morphology similar to second surface treatment option. 

Nevertheless, a low thickening of the phosphorus oxide layer seems to take place during the 

anodization process. In contrast to acid etched plus anodized mild steel surface in phosphorus 

solution, no epitaxial growth were detected in the oxide on the anodized mild steel surface. 

Figure 4.15(a) displays low electric conductivity which represents sandblasting material and 

corrosion products in A region (white color areas). These areas might be created by 

mechanical interlocking between corrosion products and sand material. Therefore, it can be 

measured both high amount of Oxygen (O) and Silicon (Si) via EDX analysis in Fig. 4.15(b) 

The results of EDX analysis also shows corrosion products as iron oxide (FeO) at interlocking 

points, whereas the corrosion not be seen at the first area with high amount of Iron (Fe) of 

78% and average values of O for about 13%. The other elements (Si, Al and P) of surface are 

measured as percentages 5.8%, 3.2% and 0.1% respectively 

 
Figure 4. 15 a) SEM image of mild steel surface after hybrid treatment b) EDX analysis 

image of mild steel surface after hybrid treatment. 
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More SEM image of treated surfaces are shown in Appendix A (Section 8: 

Appendixes). 

4.2.4.2 Surface roughness measurement  

The average surface roughness (Ra) and the arithmetic mean from the peak-to-valley 

(Rz) were measured as 2.18 ± 0.11 µm and 15.40±1.24 µm, respectively. These values are 

given below in Table 4.10.  

Table 4. 10 Results of surface roughness of hybrid treated surfaces   

Number of 
 measurement 

Ra Rz 
Ra Rz 

1.Sample 2.Sample 3.Sample 1.Sample 2.Sample 3.Sample 
1 2.135 2.162 2.026 14.286 14.547 16.329     
2 2.300 2.155 1.984 20.068 15.084 13.817 

  3 2.368 2.248 2.241 16.455 17.011 15.386 
  4 2.081 2.188 1.957 13.500 14.516 14.244 
  5 2.350 2.385 2.077 17.590 14.517 13.625 
  Mean (µm) 2.247 2.228 2.057 16.380 15.135 14.680 2.177 15.398 

St. Dev. 0.13 0.10 0.11 2.63 1.08 1.15 0.11 1.24 
 

3D surface topography image of zinc plated mild steel treated with hybrid process is 

illustrated in Figure 4.16. The etching with H2SO4 acid solution can produce proper surface 

texture and roughness. Also, the sanding treatment enables to create a non-uniform pattern 

with distinct sharp projections dotted with pores. On the other hand anodization in phosphoric 

acid solution causes a smoothing effect of the surface roughness due to the thickening of the 

phosphor oxide layer. 

 
Figure 4. 16 3D surface topography image of treated with hybrid.  
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4.2.4.3 Contact angle analysis  

The contact angles values after treated hybrid surfaces are given in Table 4.11. 

Accordingly DUPRE equation, the work of adhesion is calculated as 133.2 MJ/m2.  

Table 4. 11 Results of contact angles of hybrid treated surfaces 

Liquid Water  
Drop Number 
on surface 

Left Side 
Contact Angle 
(θL) of Surface 

Right Side Contact  
Angle (θR) of  
Surface 

Mean value of 
Contact Angle (θ) 
of Surface 

Standard  
Deviation 
      

1 27.24 28.69 27.97 

± 5.0 

2 27.72 29.10 28.41 
3 29.28 33.46 31.37 
4 29.83 31.18 30.51 
5 35.33 37.38 36.36 
6 31.07 36.95 34.01 
7 43.28 42.45 42.87 
8 38.18 40.93 39.55 
Mean value (º) 32.74 35.02 33.9   
 

4.2.5. Summary results of contact angle and surface roughness 

Surface free energies are also associated with a failure of an adhesive bond. Failure 

involves forming new surfaces, and suitable surface free energies have to be supplied. The 

surface free energy term may be the work of adhesion. Adhesives that have surface energies 

less than those of the adherend will readily wet the surface form good bonds. If sufficiently 

intimate contact is reached between the adherend and adhesive a physical interaction initiates 

between the atoms of the two surfaces, which results in wetting. Poor wetting leads to less 

contact area between the adherend and the adhesive and more stress regions at the interface, 

so accordingly, the adhesive joint strength decreases [20]. The contact angle between 

deionized water and an acid etched plus anodization treated surface shows a smaller contact 

angle of 29°, compared to hybrid surface treatment processes, acid etched plus sanded and 

only sanding, respectively. The improved wettability of the surface is displayed by measured 

contact angles and these values are equated with surface energy values to calculate the 

amount of work of adhesion. This might be due to the acid etched plus anodization adherends 

having low surface energy resulting in higher work of adhesion (136. 5 MJ/m2). The adhesion 

force between the liquid and the substrates is affected by the surface energy of the substrates 

where, with higher surface energy, the attraction between molecules of liquids and substrates 

will be stronger. The contact angle between the liquids and substrates will be lower, whereas 
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the work of adhesion will be higher. In addition, higher work of adhesion shows weak 

attraction between the molecules of the liquids and substrates. [38]  

According to surface roughness results, the highest roughness was obtained with an acid 

etched plus sanded process (Ra=2.93 µm). The surface roughness of acid etched plus 

anodization treatment (Ra=1.09 µm) is approximately two to three times lower than both 

sanding (Ra=2.34 µm) and hybrid treatment (Ra=2.18 µm). It can be seen that surface 

treatments that enhance adhesion have an influence on roughening the surface. After being 

treated by acid etched plus sanded, the geometrical structure contains a greater amount of 

relatively deep, irregular peaks and longer roughness distances. Sanding and acid etching 

treatments also remove weak boundary layers, increase the reactivity of the surface and 

enhance its wetting behaviour. In addition, this treatment option does not only remove weak 

boundary layer but can also change the chemical behaviour of the adherend surface. An 

optimum surface profile varies from one adhesive to another and is based on type of stress 

applied. However, it is possible to see positive effects of surface roughness, with an increase 

in surface area resulting in improved intermolecular bonds and playing an important role in 

mechanical adhesion [36]. Surface roughness is also to provides appropriate spreading of an 

adhesive, either because the adhesive cannot diffuse to adherend or because it gels before it 

completes diffusion [20]. Compared to the anodization operation, the performed acid etched 

plus sanded surface treatment has a very positive effect on the development of the geometrical 

structure of specimens for adhesive bonding. This is because the level of roughness increases, 

which can lead to better adherence of the adhesive to the surface of the adherend and an 

increased joint strength. 
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4.3 Investigations of single lap adhesive joints 

In order to evaluate the strength of single lap adhesive joints, the static tensile stress 

were performed in a tensile testing machine (ZD 10/90), at ambient laboratory temperatures 

according to ASTM D1002:10. With regards to this standard, the shear strength of these joints 

was calculated using certain equation in below section 4.3.2.  

4.3.1. Static tensile test  

The results of static tensile tests for adhesively bonded joints, after use of the certain 

surface treatment methods, are presented in Figs 4.17 - 4.20. 

The main failure mechanisms of single lap joints having mild steel adherends (high 

ductility) are generally divided into several stages. These stages are described as follows: the 

initiation of yielding in the adherend; the formation of cracks at the edge of the adhesive bond 

line; the propagation of cracks almost symmetrical at opposite edges; and then the dropping of 

loads, which is a sign of catastrophic failure. In order to examine the fracture behaviour of 

single lap joints under static tensile loading for different surface treatments, three repetitions 

for each sample were conducted. The load displacement curves of the sand blasted joints are 

illustrated in Fig. 4.17, attaining failure loads of between 5 and 6 kN for each repetition. One 

of the main reasons for error of almost 10 percent is the non-uniformity of the glued areas, 

dimensional tolerances and air bubbles during the mixing and curing processes. 

An overlap length of 20mm for ductile mild steel can be assumed to be a moderate 

length in terms of stable crack growth along the bond line. Therefore, the yielding of ductile 

adherends plays an important role in failure initiation, due to high localized strains and the 

effects of Possion’s ratio in a lateral direction (z axis). Accordingly, a bending moment which 

creates peeling stress depends mainly on the length of the overlap and the thickness of the 

steel adherend, and is the second effective parameter on the failure type. It is also known that 

single lap joints with ductile steel adherends are quite independent of adhesive thickness and 

overlap length in terms of failure estimation. However, the strength of adhesion at the 

adhesive and substrate interface is quite dominant for the failure mechanism. This is because a 

cohesive failure mode is generally encountered in single lap joints with ductile mild steel 

adherends. The adhesion strength at interfaces becomes the most important failure parameter 

in making an evaluation for the failure load. It is clear that the failure loads radically change 

for each surface condition, as a result of adhesion quality. For this case, the best performance 

is achieved with etched plus sanded, which also exhibits relatively lower errors than others. A 

sanding process is considered to be the most dominant process for full adhesion at interfaces, 

whereas the acid etched plus anodization process is characterized by poor adhesion properties 
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for a failure load range of between 1800 and 3500N. For zinc plated steel adherend treated 

after sanded configurations, the failure load ranges at almost 15-20 percent lower than for 

those of acid etched plus sanded, which is a sign of a worsening effect of zinc coating on steel 

adherends.  

The load versus displacement diagrams of single lap joints in Figs. Figs 4.17 - 4.20 have 

the same response until the yielding of the substrate material, when the bonding quality at the 

interfaces becomes the source of failure. For example, more stable crack propagation is 

reached in Fig. 4.17, accompanying constant variation in global joint stiffness, until a sudden 

fracture pointing mainly to the global yielding failure mechanism. Contrary to this situation, a 

steel adherend is almost in the elastic region, so that premature joint failure appears for the 

anodic oxidation treatment. This case is also concluded partially for other samples, in Fig. 

4.17 and 4.20, as a result of poor surface adhesion and a decreased load carrying capacity of 

the adhesive layer. The tensile test results in Figs 4.18 and 4.19 shows inconsistent behaviour 

for each repetition associated with higher errors in gross failure load. This generally occurs 

due to voids, poor adhesion, lack of mechanical interlocking at random points and slippage of 

grip areas in contact with the testing device fixture. Consequently, for a precise estimation of 

failure load and the production of stable crack propagation, the bonding quality at the 

interfaces, corresponding to higher joint strength, may be changed with regard to the type of 

surface adherend being in contact, according to the tensile tests in Figs. 4.17 - 4.20. 

 
Figure 4. 17 Load –displacement curve of after sanded 
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Figure 4. 18 Load –displacement curve of after acid etched with sanded 

 
Figure 4. 19 Load-displacement curve of after acid etched plus anodization 
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Figure 4. 20 Load-displacement curve of after acid hybrid treatment 

The average failure loads with possible error bands are assessed in Figure 4.21 for 

investigated surface treatments. It is clear that the failure loads radically change for each 

surface condition, as a result of adhesion quality. 

 
Figure 4. 21 Failure loads of single lap joints subjected to surface treatment with error bands 
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From the measured static tensile load capacity F, the average static lap shear strength 𝜏 
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𝜏 =
𝐹

𝑤 × 𝑙
                                                                            (4.1) 

where w and l are the bond width (30mm) and length (20 mm) of the lap shear joint, 

respectively. The average values and standard deviations of the lap shear strength were 

calculated from the three replicate specimens. 

The lap shear strengths of the single-lap joints at 25 °C with respect to the surface 

treatments are summarized in Table 4.12. According to these results, acid etched plus sanded 

treatment samples is observed the highest shear strength of single lap joint. The second 

highest value of shear strength was obtained from zinc plated mild steel treated with sanded. 

It has been considered that the adhesion strength is increased by the increased surface 

roughness of a substrate only if the increased roughness causes the transition of failure mode 

from adhesive to cohesive. It is important to emphasize that mechanical interlock is not just 

one aspect governing the adhesion phenomenon. Mechanical interlock promoted by 

adsorption gives rise to energy expenditure during fracture, which practically constitutes the 

adhesion strength [3]. The acid etched plus anodization joints were demonstrated the worst 

strength of single lap joints. Therefore, anodization process provides lower surface roughness 

with micro irregularities at the oxide layer compared to mechanical or chemical surface 

treatments. 

Table 4. 12 Lap shear strengths of the single-lap joints respect to surface treatments 

Surface  

treatment 

Sample 1 

(MPa) 

Sample 2 

(MPa) 

Sample 3 

(MPa) 

Mean Value  

(MPa) 

Standard 

Deviation (𝜎) 

Sanded   9.8 10.8 11.2 10.6 ± 0.56 

Acid etched plus sanded 14.0 14.5 14.6 14.4 ± 0.29 

Acid etched plus anodization   3.0   4.1   5.8   4.3 ± 0.86 

Hybrid   6.6   9.4 11.0   9.0 ± 0.82 

 

In order to carry out durability performance of single lap joints, it has been considered 

that surface treatment options demonstrated better strength after its tensile test. According to 

this test, three types of surface treatment options were selected to durability performance of 

joints. These were sanded, acid etched plus sanded and hybrid treatments.  
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4.4 Investigations of scratch test adhesive/adherend interlayer  

4.4.1. Scratch force analysis and failure mechanisms 

Scratch forces for each configuration of adhesive samples including different surface 

treatments, adhesive type, thickness and angle of scratching were performed experimentally. 

The trends of scratch forces with respect to position of cutting tool are demonstrated in Figure 

4.22 and 4.23. Two different behavior of fracture mechanism were achieved as ductile and 

brittle response. The samples having soft adhesive, are mainly characterized by relatively 

smooth and lower force amplitudes with low amount of oscillations as it is exhibited e.g. in 

sample 1, 3 and 7 in Fig. 4.22(a), 4.22(c), and Fig 4.23(c). Hence, the failure mechanism for 

these samples is mainly dominated by interfacial fracture stimulating exponential traction and 

separation cohesive zone delamination as stated in literature. For almost all samples, the force 

increases up to traction limit corresponding to peak values on the graphs then softening 

mechanism takes place until the critical distance is achieved. This case was also experienced 

for rigid adhesives, excepting large amplitudes of force oscillations caused by considerably 

high amount of vibrations due to brittle cracking fracture response. Contrary, the scratch force 

variation for the sample 5 has a brittle fracture response. This adverse effect may be evaluated 

as the tendency of interface adhesion to a brittle behavior due to surface treatment factor 

(etching plus anodic oxidation), yielding an adhesive failure at slightly lower thickness of 0.3 

mm in Fig. 4.22(a). Therefore, this mentioned brittle interface zone was considered to 

generate high frequency of vibrations accompanied with high scratch force amplitudes. The 

surface treatment option, especially anodic oxidation process had a quite negative impact on 

the bonding characteristic of adhesive and adherend. This situation was observed in sample 5 

and 8 in Fig. 4.23(a) and 4.23(d). The anodic oxidation processes led to weakening bonding 

strength at relatively low adhesive thickness. The mean values of scratch forces in the steady-

state (separation) region were illustrated in Table 4.13 The samples corresponding to 

thickness (0.6 mm) have relatively high scratch forces at an interval of 918N and 1020 N. The 

lower scratch force was obtained at thinner (0.3 mm) adhesive sections which are a sign of 

significant effect of thickness. 
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Table 4. 13 Experimental results 

Sample A B C D 

Scratch  

Force 

(N)  

Set 1 

Scratch 

Force  

(N)  

Set 2 

S/N 

ratio  

Scratch 

Energy 

(KJ/m2)  

Set 1 

Scratch 

Energy 

(KJ/m2) 

Set 2 

S/N  

ratio 

Failure  

mode  

1 Sanding Soft 0° 0.3 mm 388.7 384.6 51.75 8.6 9.7 19.16 A 

2 Sanding Rigid 15° 0.6 mm 1020.0 976.0 59.98 28.3 35.7 29.93 C 

3 S2 + S1 Soft  0° 0.6 mm 993.4 1000.7 59.97 27.6 33.2 29.56 A 

4 S2 + S1 Rigid 15° 0.3 mm 495.3 500.4 53.94 20.4 17.3 25.41 C  

5 S2 + S3 Soft 15° 0.3 mm 492.0 435.5 53.27 14.0 9.6 21.01 A 

6 S2 + S3 Rigid 0° 0.6 mm 372.1 359.3 51.25 7.1 12.8 18.85 A 

7 Hybrid Soft 15° 0.6 mm 918.0 910.2 59.22 35.6 27.4 29.74 H 

8 Hybrid Rigid 0° 0.3 mm 292.5 276.9 49.08 11.8 9.4 20.36 C 

S2 + S1: Acid etching plus sanding, S2 + S3: Acid etching plus anodic oxidation, A: Adhesive failure; C: Cohesive 

failure. H: hybrid failure 

 

 

Figure 4. 22 The scratch force-displacement graphs of samples 1-4 
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Figure 4. 23 The scratch force-displacement graphs of samples 5-8 

4.4.2. Scratch energy analysis and failure mechanisms 

The amount of energy to drive the adhesive zone into fracture state is a better indication 

of surface adhesion properties. For this reason, the work done during the scratch process was 

evaluated in terms of area under the force-displacement curves based on trapezoidal 

integration rule per unit area of adhesive surface. This parameter is called specific scratch 

energy in kJ/m2 to reach failure state. The specific scratch energy values of each sample were 

given in Table 4.13 and Figure 4.24 represents different surface treatments, geometry 

parameters and etc. The highest specific energy values were obtained in the samples of 2, 3 

and 7 corresponding to thickness 0.6 mm, expressing the substantial effect of thickness by 

roughly 44%. This is a reason of stacking ability and larger contact interaction of cutting 

blade and adhesive cross-section at increasing thicknesses against longitudinal motion. 

Furthermore, sharp decreases were concluded at lower thicknesses by a certain amount 

regardless of other parameters. However, there has been a remarkable impact of surface 

treatment especially for the samples of 5, 6 and 8 undergoing anodic oxidation treatment, 

attaining the worst surface effect on scratch resistance of adhesive. On the other hand, 

implementation of sanding process has produced quite better bonding characteristics 

comparing to the others for all samples as it was stated in previous works in literature [85]. 
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Figure 4. 24 Specific scratch energy and forces 

Based on the variations of specific energy values in Table 4.13, no significant 

contribution of adhesive type was appeared although it plays an important role in fracture 

mode which is either adhesive or cohesive failure. In terms of fracture energy approach, 

samples 2 and 7 having 0.6 mm thickness and subjected to sanding process in common have 

the optimum configurations with similar scratch energies of 36kJ/m2 approximately. The 

specific fracture energy for both brittle and ductile fracture behavior were observed to be not 

influenced due to the fact that brittle material undergoes low displacement at high forces, 

whereas ductile materials exhibits opposite response. 

4.4.3. Statistical analysis of scratch test 

4.4.3.1 Analysis of signal to noise (S/N) ratio 

Taguchi uses the S/N ratio as the quality characteristic of choice. S/N ratio is considered 

as a measurable value instead of standard deviation because as the mean decreases, the 

standard deviation also decreases and vice versa. In less technical terms, signal-to-noise ratio 

compares the level of a desired signal (such as music) to the level of background noise. The 

higher the ratio, the less obtrusive the background noise is. ‘‘Signal-to-noise ratio’’ is 

sometimes used informally to refer to the ratio of useful information to false or irrelevant data 

in a conversation or exchange. In other words, the standard deviation cannot be minimized 

first and the mean brought to the target [86]. Taguchi has empirically found that the two stage 

optimization procedure involving S/N ratios indeed gives the parameter level combination, 

where the standard deviation is minimum while keeping the mean on target. The target mean 

value may change during the process development. Two of the applications in which the 

concepts of S/N ratio are useful are the improvement of quality through variability reduction 
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and the improvement of measurement. The S/N ratio characteristics can be divided into three 

categories given by Equations (1) – (3), when the characteristic is continuous [87]: 

• Nominal is the best characteristic 
𝑆
𝑁

= 10 log
𝑦�
𝑆𝑦2

                                                                                                                                  (4.2) 

• Smaller is the better characteristic 
𝑆
𝑁

= −10 log
1
𝑛
�𝑦2                                                                                                                        (4.3) 

• and larger the better characteristic 
𝑆
𝑁

= − log
1
𝑛
�𝑦2                                                                                                                             (4.4) 

Where 𝑦� the average is observed data, 𝑆𝑦2 the variation of y, n the number of 

observations, and y the observed data or each type of the characteristic, with S/N ratio, the 

better results when it has been considered such as surface treatment, adhesive type, blade 

angle and thickness. Factor levels that maximize the appropriate S/N ratio are optimal. The 

goal of this research was to produce maximum scratch force (F) and energy. Larger F and 

energy values represent better adhesive resistance to scratch. Therefore, a larger-the-better 

quality characteristic was implemented and introduced in this study. As mentioned earlier, 

there are three categories of performance characteristics, i.e., the lower-the-better, the higher-

the-better, and the nominal-the-better. 

The Taguchi L16 orthogonal array was employed to analyze experimental results of 

scratch force, scratch energy, S/N ratio and failure modes obtained from 8 experiments which 

are given in Table 4.13 (see in above). The level values obtained from MINITAB 17 software 

program according to the Taguchi design are given in Table 4.14. This table also shows the 

experimental results for scratch force, scratch energy and the corresponding S/N ratio using 

Eq. (4.4). 

Table 4. 14 Response table mean signal to noise ratios for scratch force 

Scratch Force Scratch Energy 
Level A B C D Level A B C D 
1 55.86 56.05 53.01 52.01 1 24.54 24.87 21.98 21.49 
2 56.96 53.56 56.60 57.61 2 27.48 23.64 26.52 27.02 
3 52.26 - - - 3 19.93 - - - 
4 54.15 - - - 4 25.05 - - - 
Delta 4.69 2.49 3.59 5.60 Delta 7.55 1.23 4.54 5.53 
Rank 2 4 3 1 Rank 1 4 3 2 
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Accordingly, Figure 4.25 shows that the second level of A factor (surface treatment), 

the first level of B factor (adhesive type) and the second level of C factor (blade angle) and 

the second level of D factor (thickness) are higher as both left and right side 

 
Figure 4. 25 Mean of S/N ratios versus factor levels for scratch force (at left side) and scratch 

energy (at right side) 

4.4.3.2 Analysis of variance for scratch force and scratch energy 

analysis 

The analysis of variance (ANOVA) is a powerful technique in Taguchi method that 

explores the percent contribution of factors affecting the response. The strategy of ANOVA is 

to extract the variations that each factor cause relative to the total variation observed in the 

results.  The results of the ANOVA for scratch force and scratch energy with surface 

treatment (A), adhesive type (B), blade angle (C), thickness (D) and interaction (E) 

parameters are shown in Tables 4.14 and 4.15. This analysis was carried out for a significance 

level of α = 0.05, i.e. for a confidence level of 95%. Tables 4.15 and 4.16 show the P-values, 

that is, the realized significance levels, associated with the F-tests for each source of variation. 

The sources with a P-value less than 0.05 are considered to have a statistically significant 

contribution to the performance measures. The other/error term, in the last row of ANOVA 

table, contains thus the information about three sources of variability of the results including 

uncontrollable factors, factors that are not considered in the experiments, and the 

experimental error [69]. It should be emphasized that the interpretation of ANOVA table is 

valid just in the range of considered levels for the factors. That’s why the determination of 

levels is of great importance in any experimental design approach.   
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The ANOVA table (see Tables 4.15-16) of the experimental results gives the relative 

importance of all the variables. The main factors influencing the scratch force are thickness 

52.4%. The second factor is surface treatment also significant contribution at about 19.9%. 

The other factors; blade angle and adhesive type have contribution, 13.7% and 7.3% 

respectively. On the other hand, the interaction between adhesive type-angle-thickness 

parameters was determined as 6.5%. In case of analysis of variance analysis for scratch 

energy, the trend of contribution is similar to scratch force. Thickness 43.9% is main factor 

effect on scratch energy. The other parameters; surface treatment 25.6%, blade angle 17.8% 

and adhesive type 2.0%  whereas the interaction between  adhesive type-angle-thickness 

parameters were shown 3.7% given in Table 4.16. The F-ratio in ANOVA table is a reliable 

criterion for ranking the factors with respect to their influence. A higher value of the 

calculated F-ratio for a factor means a greater influence of that factor on the experiment 

outcome. Moreover, if the percent contribution of a factor would be equal to or less than 10% 

of that of the most affecting factor, this factor can be pooled with error terms [69]. According 

to Tables 4.15-16, P value is scratch force and scratch energy at the reliability level of 95%, 

because the results are lower than 0.05. 

Table 4. 15 Results of the analysis of variance analysis for scratch force 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 
Surface treatment 3 255750 19.87% 339493 113164 314.31 0.000 
Adhesive type 1 94660 7.36% 178411 178411 495.53 0.000 
Blade angle 1 176114 13.68% 8448 8448 23.46 0.001 
Thickness 1 674051 52.36% 141155 141155 392.05 0.000 
Adhesive type*Angle*Thickness                 1 83913 6.52% 83913 83913 233.07 0.000 
Error 8 2880 0.22% 2880 360     
Total 15 1287369 100.00%         

 

Table 4. 16 Results of the analysis of variance analysis for scratch energy 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 
Surface treatment 3 416.25 25.63% 474.83 158.28 11.31 0.003 
Adhesive type 1 32.93 2.03% 91.19 91.19 6.52 0.034 
Blade angle 1 289.29 17.81% 42.71 42.71 3.05 0.019 
Thickness 1 713.32 43.92% 179.39 179.39 12.82 0.007 
Adhesive type*Angle*Thickness                 1 60.32 3.71% 60.32 60.32 4.31 0.072 
Error 8 111.92 6.89% 111.92 13.99     
Total 15 1624.03 100.00%         

 

The optimum conditions to attain scratch force/displacement can be determined from 

maximum points in main effect. Applying the optimum condition, the contribution of each 
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factor on improvement of response can be found using Taguchi approach [69]. A prediction 

for scratch force with regarding factors and their levels was performed in the MINITAB 17 

Software program [70]. This prediction based on S/N ratio’s highest values is in the parameter 

level chosen as (A2, B1, C2 and D2). As a result of this prediction, the scratch force and 

scratch energy are calculated 1062.04 N and 37.00 KJ/m2, respectively. 

In order to determine durability performance of adhesive/adherend (epoxy/steel) 

interlayer, the configuration of sample 2, 3 and 7 were selected using their results of scrath 

force and scratch energy.   
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4.5 Investigations of durability test  

4.5.1. Peeling test after ageing 

The selected peeling test characterizes adhesion quality adhesive to adherend. This test 

is used in order to perform rapidly adhesion testing in industry applications. The ageing 

conditions were 50 ºC of temperature and 1 week cured, aged up to 8 weeks. A result of this test 

is given three levels of adhesion as good/ partial/ none. According to results, the adhesion of 

Sikaflex®-263 adhesive was none for our samples. The poor adhesion was observed at all 

stages of test related to this adhesive. Sikaflex®-263 was worst for adhesion features because 

the weak boundary layer was observed under the adhesive layer. Adhesion of Sikaflex®-552 

adhesive was partial. After one week of curing at normal conditions the failure was partially 

adhesive and cohesive (see Fig.4.26). Afterwards of ageing, the result of adhesion test for 

Sikasil®SG-20 adhesive was good whereas, the failure of glue joints was cohesive with the 

exception of region of edge glue bead. On the edges of glue bead region was observed mixed 

adhesion/cohesion failure. Nevertheless, the best results of adhesion peel test show the 

Sikasil®SG-20 glue.  

 
Figure 4. 26 After view of adhesive view of peeling test over 8 weeks accelerated ageing 

4.5.1.1 SEM characterization and EDX analysis  

The Figure 4.27(a-c) shows the corrosion of surface under glues layers of Sikaflex®-

263, Sikaflex®-552 and Sikasil®SG-20 adhesives, respectively after EDX image analysis. 

The low corrosion resistant and the lots of corrosion interlayer products were observed for 

Sikaflex®-263 adhesive in the Fig. 4.27(a). The Sikaflex®-552 adhesive showed extremely 

low corrosion and visible corrosion products with small corrosion particles on adherend 

surface at Fig. 4.27(b). The Fig. 4.27(c) no exhibits any corrosion under the adhesive layer 

respect to The Sikasil®SG-20 adhesive. However, the corrosion was visible on the between 

uncoated surface and coated surfaces in the Figure 4.27(c). The cause of failure of adhesive 
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bonds was the presence at the interface of a layer which was its mechanically weak. This was 

sufficiently thin that it could not usually be detected by means of which were then available, 

but it was almost inevitably present.  

 
Figure 4. 27 EDX image of adherend surface under adhesive layer after 8 weeks ageing test 

a) Sikaflex®-263, b) Sikaflex®-552 c) Sikasil®SG-20 

The results showed that Sikasil®SG-20 adhesive would be good choosing compared to 

others. In case of this type of adhesion should improve the feature of corrosion resistant on 

adherend surfaces as zinc plated mild steel. Adhesion performance of this adhesive is very 

good even after ageing test. The adhesion performance of Sikaflex®-263glue was bad in all 

cases (cured and aged). The corrosion resistance of Sikaflex®-263 was also undesired, 

because it has been found the corrosion products under adhesive layer after ageing of samples 

at water. The Sikaflex®-552glue shows the acceptable properties. This adhesive had 

insufficient adhesion to adherend surface both also before and after corrosion test. The 

corrosion of substrate under adhesive layer was low. The adhesion to substrate under adhesive 

bead was good with the exception of edges of adhesive bead – in this area the adhesive shows 

adhesion/cohesion failure after ageing test. In the EDX analysis of adherend material (zinc 

plated mild steel), it has been observed certain starting of corrosion after one day even if it is 

in the good condition. In accordance with, it may apply surface treatment on basic material 

preventing the weak boundary layer occurred against to corrosion and corrosion products. 

Therefore, this problem is resulted from weak boundary layer theory. This theory by [6] states 
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that bond failure at the interface is caused by either a cohesive break or weak boundary layers. 

Weak boundary layers can originate from the adhesive, the adherend, the environment, or a 

combination of any of the three. Weak boundary layers can occur in the adhesive or adherend 

if an impurity concentrates near the bonding surface and forms a weak attachment to the 

substrate. When failure takes place, it is the weak boundary layer that fails, although failure 

appears to take place at the adhesive-adherend interface. Weak boundary layers, such as those 

found in polyethylene and metal oxides, can be removed or strengthened by various surface 

treatments. Weak boundary layers formed from the bonding environment are very common. 

Moreover, SEM-EDX analysis showed that it is necessary to apply certain surface treatments 

on adherend to prevent weak layer at interface adhesion due to adherend surface corrosion. 

4.5.2. Static tensile test of single lap adhesive joints after ageing  

4.5.2.1 Static tensile test results 

Figs.4.28 - 4.30 displays the load versus displacement trends of single of lap joints for 

the applied respect to surface treatments under tensile loading. Only one curve is represented 

in these Figs., but each time two samples have been tested giving a good reproducibility. 

There is reduces in the static failure strength over a 6 week ageing duration for all samples 

types. The single lap joints treated for sanding decreased to approximately 25% of the initial 

value. The prepared samples with sanded demonstrated the best durability performance and 

did not indicate visual observation of failure in the interfacial zone owing to ageing. In case of 

joints treated with acid etched plus sanded, the failure loads reduced in durability performance 

was acquired after 6 weeks from loaded specimens when the residual static failure strength 

had fallen to approximately half of the initial value. Whereas, the lowest static failure load 

was obtained in case of hybrid treatment over a 6 weeks almost 760 N. This means that hybrid 

treatment demonstrated the highest decreasing in durability performance of joints. The 

accelerated durability performance of single lap joints and failure modes are summarized in 

Table 4.17.  

In general, failure loads of the single lap joints follow a similar trend; see Fig. 4.31 with 

regards to ageing time. This trend shows the decrease of residual strength of bonded metallic 

adherends with epoxy adhesives after ageing, in both natural environments and accelerated 

ageing in wet or humid conditions. In most of samples, metallic surfaces are due to hydrated 

oxides which displace the chemical bonds between the adhesive and the surface. The 

consequence being that the adhesive bond fails along the interface certain time after 

manufacturing (adhesion failure) [41]. A several joints have been demonstrated increasing of 
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failure loads in the certain weeks due to cohesive failure modes of joints. With regards to 

failure modes, a hybrid failure (partially adhesive plus cohesive failures) have been obtained 

at failure load-displacement curve treated with acid etched plus sanded at 4th weeks. In 

addition, the trends from the results in the thesis study show that for the ageing period 

examined, the single lap joints in order of reducing durability performance are subjected to 

surfaces. This would demonstrate that penetration of water between adhesive and adherend 

surface has a destructive effect on durability performance. Knox and Cowling [46] also have 

discovered that the water effects both the adhesive and the adhesive/adherend interfacial zone. 

They also examinations suggest that losses in joint strength are given rise to by adverse 

effects of water on the interface. Bowditch et al. [88] claimed that the water division between 

the adhesive and the adherend surface and proposed that, for a given adhesive, sensitivity to 

interfacial hydrolytic attack increases with hydrophilicity of the adherend surface. Presence of 

chloride ions is further expected to accelerate the loss of adhesion, e.g., by propagation of 

localized corrosion of the metal beneath the adhesive [22].  

 
Figure 4. 28 Load-displacement curves of joints treated with sanded during ageing test 
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Figure 4. 29 Load-displacement curves of joints treated with acid etched plus sanded during ageing 

test 

 
Figure 4. 30 Load-displacement curves of joints treated with hybrid during ageing test 

The ultimate failure load reduced as the ageing time in the water bath increased, but 

there is some scatters in the results. This trend is as might be expected. The durability 

performance of joints can be improved by using an acid etched. This indicates that the 

durability performance can be improved by the modification of the interfacial region and 

suggests that in the current study the same degradation is occurring in this region [46]. 
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Table 4. 17 Accelerated durability performance of single lap joints during weeks of ageing 

test  

Ageing 

duration 

(Weeks) 

1 Failure 

Load (N) 

Failure 

modes 

2 Failure 

Load (N) 

Failure 

modes 

3 Failure  

Load (N ) 

Failure 

modes 

0 6700 Adhesive 8700 Adhesive 5600 Adhesive 

1 6615 Adhesive 6530 A + C 3128 A + C 

2 6485 Adhesive 6471 Adhesive 2636 Adhesive 

3 6362 Adhesive 6267 Adhesive 2531 Adhesive 

4 5937 Adhesive 6383 A + C 2345 Adhesive 

5 4998 Adhesive 5960 Adhesive 2200 Adhesive 

6 4980 Adhesive 4942 A + C 769 Adhesive 

For 1: Joints surface treated with sanded, 2: Joints surface treated with acid etched plus sanded, 
3: Joints surface treated with hybrid, A: Adhesive failure, C: Cohesive failure  

 
Figure 4. 31 Accelerated durability performance of epoxy-bonded mild steel failure loads 

4.5.2.2 Lap shear strength  

The shear strengths of single lap joints were calculated using ultimate failure loads of 

joints via equation 4.1 can be seen in Section 4.3.2.  The shear strengths are illustrated in 

Table 4.18. The highest shear strength was obtained in single lap joints treated with sanding 
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fallen almost 40% compared to initial situation duration of ageing test. The lowest shear 

strength has been measured in joints treated with hybrid treatment.  

Table 4. 18 Lap shear strengths of the single-lap joints respect to surface treatments during 

weeks of ageing test  

Weeks 
Shear strength (MPa) of 

sanding  treated 

Shear strength (MPa) of  

acid etched plus sanding treated 

Shear strength (MPa) of 

hybrid treated 

Initial 10.60 14.40 9.00 

1 10.55 10.62 5.16 

2 10.44 10.68 4.33 

3 10.34 10.14 4.06 

4 9.56 10.33 3.76 

5 8.09 9.69 3.63 

6 8.14 8.08 1.26 

 

4.5.2.3 SEM characterization and EDX analysis 

The failures of adhesive joints are observed as adhesive, cohesive and hybrid failures 

(partially both adhesive and cohesive). For instance, adhesive failure and hybrid failure 

corresponds to single lap joints shows a SEM image of acid etched plus sanded after 3 weeks 

in Figure 4.32.  

 
Figure 4. 32 SEM image of single lap joint surface treated with acid etched plus sanded at 3 

weeks.  
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Figure 4.33(a-b) displays SEM and EDX of failure analysis of single lap joints image after 

ageing test of three weeks. The adherend surface was treated with regards to acid etched plus 

sanded. The failure of single lap joint was observed as hybrid failure. This failure represents 

partially adhesive distribution on adherend (substrate) surface. It is also can be seen that 

brittle cracks and low amount bubbles of adhesive on SEM image. Any corrosion product was 

not observed on adherend surface; therefore, the amount of oxygen was measured as 8.3% as 

a result of EDX analysis in Figure 4.33(b).  

 
Figure 4. 33 a) SEM b) EDX image of single lap joint surface treated with acid etched plus 

sanded after 3 weeks.  

A cohesive/cohesion failure can be seen in Figure 4.34(b). The cohesive failure was 

occurred with better interlocking between surface layer and adhesive. It has been considered 

that this failure is resulted from either chemical bonding or highest surface roughness values.  
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Figure 4. 34 a) SEM b) EDX image of single lap joint surface treated with acid etched plus 

sanded after 6 weeks. 

The cracks lines were observed in SEM image of Figure 4.35(a). The corrosion products were 

appeared in the 5th weeks of ageing test for hybrid surface treatment. Besides, the reason of 

corrosion in hybrid treatments has been considered as high thickness phosphate layer (10%) it 

is also provided that a weak layer formed in adherend surface, this case was approved by 

EDX analysis in Figure 4.35(b).  

 
Figure 4. 35 a) SEM b) EDX image of single lap joint surface treated with hybrid after 5 

weeks 

After adhesion failure of joints with treated sand-blasting the localized corrosion 

products can be seen on the adherend surface of treated sanding in 100 x resolution in Figure 

4.36(a). The Figure 4.36(b) shows visible cracks and corrosion products on the surface of 
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adherend. According to EDX analysis, the corrosion products are occurred on certain part of 

surface due to water ingresses between adherend surface and adhesive layer.  

 
Figure 4. 36 a) SEM b) EDX image of single lap joint surface treated with sanding after 6 

weeks. 

4.5.3. Scratch test of adhesive/adherend interlayer after ageing  

4.5.3.1 Scratch test results  

This scratch test is discussed below in relation to the effect a surface treatments have on 

the durability performance of a steel adherend treated surface. The scratch test samples 

(Sample No; 2, 3 and 7) were chosen accordingly scratch values in given Section 4.4.3. The 

durability performance of samples was carried out using certain configuration of adhesive 

samples including different surface treatments, adhesive type, constant thickness and blade 

angle at ageing conditions. After ageing in a water bath, the scratch test samples were tested 

at weekly intervals for up to six weeks. The configuration of selected samples are illustrated 

Table 4.19. 

Table 4. 19 Scratch force and configuration at initial condition  
Sample 

No 

Surface  

Treatment 

Adhesive 

type 

Blade  

Angle 

Thickness 

(mm) 

Scratch  

Force (N) 
Failure mode  

2 Sanding Rigid 15 ° 0.6 1000 Cohesive 

3 Acid etched plus sanded  Soft  15 ° 0.6 997 Adhesive  

7 Hybrid Soft 15 ° 0.6 914 Hybrid failure 

 

However, initial results showed obviously that, within three weeks, the failure mechanisms 

and interfacial strengths had changed dramatically. In these experiments, the adhesive layer 
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was subjected to cleavage/peel loading, using a blade-like tool, until adhesive failure 

occurred. Fig. 4.37 and Table 4.20 show the results of scratch forces of samples in the steady-

state (separation) region (from Figs. 4.38 - 4.40). Although there is a large amount of scatter, 

it is possible to see a trend. Initial failure strengths was labelled starting time as 0 week. For 

almost all samples, the force increases up to traction limit corresponding to peak values on the 

graphs then softening mechanism takes place until the critical distance is achieved. During 

ageing time, the failure modes are play important role on scratch force which generates high 

frequency of vibrations accompanied with high scratch force amplitudes. This is mainly 

contributed by interfacial fracture stimulating exponential traction and separation cohesive 

zone delamination as stated in literature during ageing time. The Fig. 4.38 displays the scratch 

force-displacement graphs of sample 2 duration of ageing test. The trends of scratch force for 

Sample 2 are decreased against to ageing time increased. This sample demonstrated adhesive 

failure and cohesive failure on adherend surface.  Sample 2 “the zinc plated mild steel treated 

with sanded and applied brittle adhesive” moderately decreases the stability of the 

adhesive/adherend interface against displacement and/or penetration by water molecules. This 

effect is demonstrated by retention of higher residual adhesion strength by a sanding treatment 

due to cohesive failure of surface in Fig. 4.38. Therefore, failure occurs due to the adhesive, in 

effect, being chipped of the surface as spalling. The Sample 3 and Sample 7 having soft 

adhesive, are mainly characterized by relatively smooth and lower force amplitudes with low 

amount of oscillations as it is exhibited (See Fig. 4.39 and 4.40). Failure surfaces are visually 

cohesive, adhesive and hybrid failures (see Fig. 4.41). As the adhesion strength is decreased, 

due to degradation, and the adhesive is plasticized and becomes tougher and the interface 

weaker, the adhesive may be removed from the adherend surface as a single strip, as seen in 

Fig 4.41(a-f) failure. The Fig. 4.41(a) exhibits cohesive failure of sample 2 over two weeks 

and the spalling shape is occurred by applied force and corresponding high peaks. After this 

peaks, the scratch force releases to down till new spalling shape of adhesive. The failure of 

sample 2 is observed the scratching movement a spalling with small pieces. The Figs. 4.41(b) 

and (c) display loose spalling of sample 3 and tight spalling of sample 7, respectively. These 

spallings represent the force increases up to traction limit corresponding to peak values on the 

graphs then softening mechanism occurs until the critical distance is reached. Ageing duration 

was over six weeks for sample 7, a delamination was observed during scratch test. While the 

scratch force applied on sample, a delamination was demonstrated a deep movement between 

adherend and adhesive layer. The Fig 4.41(e) represents typical adhesive failure about failure 
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modes, for sample 3. Whereas the partially cohesive failure mode seen in Fig 4.41(f), due to 

tight spalling movement of sample 7.  

 
Figure 4. 37 Accelerated durability performance of adhesives interfacial strength on steel 

adherends with application of surface treatment 

Table 4. 20 Scratch force and failure modes of samples during ageing test  

Duration 

(Weeks) 

Scratch Force (N) 

Sample 

No 2 

Failure 

modes 

Sample 

No 3 

Failure 

modes 

Sample 

No 7 

Failure 

modes 

Initial 998 C 997 A 914 H 

1 920 H 250 A 300 A 

2 675 C 200 A 275 A 

3 455 A 150 A 290 Partially C 

4 300 A+ Slightly C 140 A 100 A 

5 250 A 160 Slightly C 100 A 

6 400 C 135 A 75 A 
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Figure 4. 38 The scratch force-displacement graphs of sample 2 duration of ageing test 

 
Figure 4. 39 The scratch force-displacement graphs of sample 3 duration of ageing test 
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Figure 4. 40 The scratch force-displacement graphs of sample 7 duration of ageing test 

 
Figure 4. 41 Failure behavior of samples 2, 3, 7 

a) Cohesive failure of sample 2, b) Loose spalling of sample 3, c) Tight Spalling of Sample 7, 

d) Delamination of Sample 7 e) Adhesive failure of Sample 3. f) Cohesive failure Sample 7  
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4.5.3.2 SEM characterization and EDX analysis  

The SEM-EDX analysis was carried out in order to make characterization of discussed 

samples 2, 3, 7, respectively.  During ageing time of respect to samples, SEM characterization 

and EDX analysis was performed in case of interesting visually findings of failures.  

• For  sample 2  

The SEM-EDX analysis was carried out for sample 2 over two weeks. The failure 

behaviour of this sample has both cohesive and adhesive failure. The scratch line is also can 

be seen in Figure 4.42(a-b). The low conductivity (white light color) represents adhesive 

(brittle, carbo resin) which is covered more surfaces than steel on surface. Therefore, the 

cohesive failure is happened when applied scratch force. The most of adhesive is shown as 

minerals from small particles (fillers) of adhesive in Figure 4.42(a). 

The EDX analysis was carried out two different position of zinc plated mild steel 

surface treated with sanded in Figure 4.42(b). According to this analysis, the basic material is 

obtained 47% Zn, 35% C, and 11.8% O. Si is 3.8% in first position. Also, aluminium and 

magnesium matters are resulted from adhesive’s context as 1.2 %. The second position is 

obtained from surface of rigid adhesive; therefore, it has been recorded not only high 

percentages of C but also more less zinc composition at this position.  

 
Figure 4. 42 a) SEM b) EDX image of sample 2 over 2 weeks. 

As a result of SEM characterization at 1.5kx and 3.5kx, the adhesive is dominantly 

shown as minerals from small particles (fillers) of adhesive in Figure 4.43 side of (b) also the 
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visible cracks are seen inside of adhesive at more magnification. These parts of cracks are 

probably resulted from its spalling.  

 
Figure 4. 43 SEM images of sample 2 over 2 week at a) 1.5 and b) 3.5 kx magnification 

Starting corrosion can be observed at the edge of between adhesive and adherend within 

six weeks.  The SEM image shows scratch lines and cohesive failure of adhesive on adherend 

surface in Fig. 4.44(a). Back Scattered Electron (BSE) was used in order to have important 

cracks view with more contrast and better visible image view of SEM-EDX analysis for this 

sample at 1.5 kx magnification in Fig. 4.44(b). Therefore, surface displays quite good visible 

cracks. In the EDX analysis, the composition of elementel was obtained as Zn, O, C and Fe; 

approx. 46%, 43%, 8% 3%, respectively.   
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Figure 4. 44 a) SEM b) EDX via BSE images of sample 2 over 6 weeks 

• For  sample 3  

The surface of sample was not change over one week, whereas it was shown adhesive 

failure. Fig. 4.45(a-b) also exhibits there are no any both corrosion products and oxidation. 

With this condition can be observed in the first position of EDX analysis, which is the etching 

plus sanded surface in Fig.4.45(b) reveals only the main component with percentages from 

mild steel which are (Fe 70%) carbon (C 18.5%), oxygen (O 8%), and silicon (Si 0.6%) and 

residual zinc due to slightly lack of etching processes. Also, it can be seen same percentages 

of these main components in the second position of this analysis.  
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Figure 4. 45 a) SEM b) EDX images of sample 3 over 1 week 

 

• For  sample 7  

The ductile adhesive and microcracks are visible on surface of adherent as white color 

light due to low electric conductivity. A weak layer is occurred more than mechanical 

interlocking on the surface of adherend. As a result of this phenomenon, a lower scratch force 

is measured during test. The EDX analysis in the Figure 4.46(b), the oxygen percentages are 

very closer within the first position which is compared to second position, however, there is 

no corrosion products. It also is measured the lower phosphor percentage (0.6%) among 

scratch line than first position (1.3%) owing to phosphorus oxide is from anodic oxidation 

treatment. 

 
Figure 4. 46 a) SEM b) EDX images of sample 7 over 1 weeks 
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The adhesive lines are visible due to spalling during scratch test in Figure 4.47(a). In 

the first and third points of EDX analysis, basic material is shown according to components 

percentages which are Fe, and C 60% and 28.8%, respectively. Whereas, the second position 

shows that it is obtained from adhesive line. C percentage is almost 72% corresponding to this 

phenomenon. In the adhesive line, there is no phosphorus by means of either increasing 

mechanical interlocking or decreasing weak layer.  

 
Figure 4. 47 a) SEM b) EDX images of sample 7 over 3 weeks 

The Figure 4.48(a-b) shows SEM-EDX image scratch sample with treated of hybrid 

surface. In SEM image (a), the adhesive represent white zones due to its low electric 

conductivity. Corrosion particles are observed clearly on the adherend surface. The corrosion 

particles are occurred due to lack of good acid etching process; they correspond to oxide 

matters such as zinc oxide.  

 
Figure 4. 48 a) SEM b) EDX images of sample 7 over 5 weeks 
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5. Conclusion  

In this thesis study, the aim was to find a relation between the strength of adhesive 

joints and the material properties of adherend and adhesive. The present dissertation study 

was motivated by fourth primary objectives for adhesive joints.  

The first objective was to carry out a surface characterization of adherend and adhesive. 

In order to carry out this surface characterization, the treated surfaces were investigated to 

identify the surface roughness and contact angle measurement. 

• It can be seen surface treatments that enhance adhesion have influence on roughening 

the surface. After being treated by acid etched plus sanded, the geometrical structure 

contains a greater amount of relatively deep, irregular peaks and longer roughness 

distances. 

• The improved wettability of the surface is displayed by the measured contact angles 

and these values are equated with surface energy values to calculate the amount of 

work of adhesion. The work of adhesion value is significantly improved following the 

surface treatments, providing the single lap shear strengths for the metal/adhesive 

bond. 

• An investigation of adhesive joint defects, such as corrosion products and visible 

cracks lines with respect to treated surfaces was carried out using SEM and EDX 

analyses.  

The second objective of this thesis was to analyze the adhesive/adherend (epoxy/steel) 

interlayer by certain different parameters, such as surface treatment, adhesive type, and 

geometry so on.  

• The Taguchi method of experimental design was carried out for optimizing scratch 

force response parameters, evaluated using L16 orthogonal array. This design method 

is suitable for predicting the scratch force described in this paper. 

• It was found that the parameter design of the Taguchi method provides a simple, 

systematic, and efficient methodology for the optimization of the scratch force 

parameters.  

• The experimental results demonstrate that the thickness of adhesive layer and the 

surface treatment are the main parameters influencing scratch force (52.4% and 

19.9%), and scratch energy (44.0 % and 25.6%), respectively.  

• Although the adhesive type has only a negligible effect on scratch energy, it was found 

to be very sensitive to changes of peak scratch forces. 
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• The sanding process was observed to provide better bonding ability as a result of 

mechanical interlocking for almost all of the samples. However, the anodic oxidation 

process has a degrading effect on bonding ability and is not suggested as an effective 

surface treatment. 

• Blade angle was also concluded as an important parameter in the evaluation of scratch 

force and energy by amounts of 13.8% and 17.8%, respectively. 

The third objective was an examination of the discussed surface treatment on the load 

carrying capacity of adhesive joints using a single lap static tensile test. For this purpose, a 

type of structural epoxy adhesive, Veropal (He 20-06), and mild steel S235 are used as 

adhesive and adherend material, respectively. The surface treatment methods applied to S235 

steel were sanding, acid etched plus sanded, acid etched plus and anodization, and a hybrid 

treatment. 

• According to the static tensile test results for single lap joints, acid etched plus sanded 

treated joints showed the greatest shear strength of single lap joints (14.4 MPa). The 

second highest value of shear strength was obtained from zinc plated mild steel treated 

with sanded (10.6 MPa). The acid etched plus anodization joints demonstrated the 

worst strength of single lap joints (4.3 MPa). The strength of the hybrid treated joints 

was found to be 9.0 MPa.  

• In accordance with these results, we can see that the anodization process leads to 

lower surface roughness with micro irregularities at the oxide layer compared to 

mechanical or chemical surface treatments. So, adherend with treated anodization 

process also showed lower strength in adhesively bonded joints.  

The final objective of thesis was to investigate the durability performance of 

polyurethane based adhesives, and manufactured with a certain configuration of single lap 

joints specimens and scratch test samples. 

• The result of peeling test for polyurethane based adhesive; Sikasil®SG-20 adhesive, 

showed a good adhesion in a mixed adhesion/cohesion failure. The adhesion quality of 

Sikaflex®-552 adhesive was partial. Sikaflex®-263 was worst for adhesion features 

because a weak boundary layer was observed under the adhesive layer. In the case of 

the ageing test, Sikasil®SG-20 adhesive would also be a good choice compared to 

alternatives because the corrosion resistance of Sikaflex®-263 was also unacceptable, 

and Sikaflex®-552 showed insufficient adhesion to the adherend surface both before 

and after the ageing test. 
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• As a result of durability performance of prepared joint samples, sanded treated joints 

demonstrated the best durability performance and did not indicate visual failure in the 

interfacial zone through ageing. In the case of joints treated with acid etched plus 

sanded, the failure loads reduced in durability performance after six weeks from 

loaded specimens when the residual static failure strength fell to approximately half of 

the initial value. On the other hand, the lowest static failure load was obtained in the 

case of hybrid treatment over six weeks at almost 760 N. 

• In the case of the durability performance under scratch test, all of the samples 

followed a similar trend as the scratch force decreased against an increased ageing 

time. Nevertheless, a specimen with a sanded treated surface, with a moderately 

applied brittle adhesive specimen (sample 2), shows more durable adhesive/adherend 

interfaces against displacement and/or penetration by water molecules. This outcome 

can be explained by there being partial adhesive and cohesive failures on the adherend 

surface.   

• It is hard to determine an exact time for ageing mechanism of single lap joints. It can 

be seen that the scratch test may acquire failure results in the shorter term compared to 

ageing of single lap joints. This is because the adhesive/adherend interface becomes 

very quickly saturated with water, due to the test geometry allowing a larger surface 

area for water ingress.  
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8. Appendixes 

8.1 Appendix A  

8.1.1. SEM images of treated surfaces  

 
Figure 8. 1 SEM image of zinc plated mild steel surface after sand-blasting 

 
Figure 8. 2 SEM image of zinc plated mild steel surface after acid etched plus sanding 
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Figure 8. 3 SEM image of mild steel surface after acid etched plus anodization  

 
Figure 8. 4 SEM image of mild steel surface after hybrid treatment 
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