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Abstract 

This study investigated a modified phosphoric acid anodising (PAA) process and grit 

blasting as surface pretreatments to increase the strength and integrity of aluminium 

bonded with SpaBond 345 epoxy by Gurit. SpaBond 345 as an adhesive for aluminium 

is not widely documented but was shown in this study to have a high bond strength 

and durability. 

Anodising and grit blasting have historically been used to successfully increase the 

strength of aluminium bonded with epoxy. Anodising is an electrochemical process 

that creates micropores on non-ferrous metal surfaces such as aluminium. Grit 

blasting mechanically cleans and prepares metal surfaces through a blasting medium, 

such as glass beads.  

Testing was done based on the ASTM-D1002 standard, which uses single-lap joints 

to test the bonds’ strength and durability. The overlap length of the joint was modified 

from 12.7 mm to 25 mm, to account for the difference in thickness of the aluminium 

used, while the crosshead speed was kept at 1.3 mm/minute per the standard. The 

single-lap joint samples were tested to failure in an MTS universal testing machine, 

and the maximum shear strengths were recorded. The testing conditions were 

unaged, 300 hours aged, and 600 hours aged in a 3% NaCl solution at 60 °C. Test 

results showed that anodising produced bonds that were on average stronger for all 

ageing conditions than grit blasted bonds. 

After testing, all fractured samples were photographed, and a few were chosen for 

analysis by scanning electron microscope (SEM). The optical results showed cohesive 

and adhesive failure in the anodised samples, but only adhesive failure for the grit-

blasted samples. Moisture ingress was more prevalent in the grit blasting samples 

than in the anodised samples, which is a deciding factor in the durability of a bond. 



VII 
 

SEM analysis confirmed that the structures attained by PAA and grit blasting were 

consistent with what is found in the literature in terms of surface morphology and also 

how the epoxy was able to better adhere to the anodised samples even after ageing. 

Anodising produced bonds with a higher lap shear strength in all ageing conditions 

and prevented moisture ingress to a greater extent than the grit-blasted joints. Grit-

blasted joints are sufficient for non-critical applications to reduce costs, and anodising 

should be reserved for bonding critical components. 

Keywords 

Adhesion 

Accelerated ageing 

Aluminium 

Anodising 

Grit blasting 

Lap shear testing 

Scanning electron microscope  

Single lap joints 

SpaBond
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1. Introduction 

1.1. Background 

During World War 2, the use of aluminium in aircraft construction became prevalent 

and eventually surpassed the use of wood. This was partly due to the declining costs 

of producing aluminium and partly because aircraft design necessitated materials with 

a high strength to weight ratio (Risbrudt et al., 2007). Traditionally, riveting has been 

used to fasten aluminium panels and components on aircraft because they are low in 

cost and easy to install (Barrett, 1990). Rivets work by expanding into an interference 

fit in holes drilled into the aluminium components being fastened (Barrett, 1990). Laser 

beam welding (LBW) has also been used successfully to join aluminium components 

because it is lighter than rivets with up to 10% savings in panels on the A380 (Melhem, 

2018). LBW also decreases the possibility of corrosion in the joints as well as fatigue 

cracking usually associated with riveting but increases the residual stresses around 

the weld (Melhem, 2018:37).  



2 
 

Over time, aircraft were increasingly built with aluminium and composite materials, and 

it was thus necessary to find a different method of bonding because riveting and 

welding these dissimilar materials were found to be unsuitable. Using rivets to join 

composites and aluminium requires both materials to be drilled which leads to the 

formation of stress concentrations (Legdin, 2017). Furthermore, Barrett (1990:29) 

states that solid rivets, most used in aircraft construction, expand into an interference 

fit and thus should not be used with composite materials as they may cause the 

composite to delaminate. Figure 1 clearly shows the difference in stress distributions 

of riveted and bonded joints (da Silva et al., 2018).  

Legdin (2017:7-21) also notes galvanic corrosion as a further risk to riveting 

composites and aluminium. Laser welding has also been shown to be effective at 

joining fibre composite materials to aluminium (Zhang et al., 2017). The adhesion of 

carbon fibre-reinforced polymer (CFRP) to epoxy is well-documented and only 

requires a simple treatment such as grit blasting or abrasion (Sorrentino et al., 2018); 

hence, it is not the focus of this study. 

Figure 1: Improved stiffness and stress distribution in adhesively bonded joints (da Silva et al., 2018:3) 
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Adhesives such as epoxies and tapes have become ever more popular as a method 

of fastening aluminium to itself or dissimilar materials. Most epoxies and tapes will 

adhere to any surface, but strong and durable adhesive bonds are created only when 

the surfaces being bonded are free from contaminants, such as oils, and have an 

appropriate micro and macro structure for the adhesive being applied (da Silva et al., 

2018). This surface needs to have the correct surface energy and morphology to allow 

for adsorption or mechanical interlocking to keep the bonded surfaces together (da 

Silva et al., 2006). These epoxies have various advantages over rivets including 

improved stress distributions at bonding area and no risk of galvanic corrosion (Legdin, 

2017). An example of such an epoxy, SpaBond 345, is a toughened thixotropic paste 

that has great gap filling properties. It has been used to adhere steel and CFRPs, but 

no literature could be found that documents its usage with aluminium adherends 

(Borrie et al., 2021). 

Aluminium naturally forms a relatively smooth and thin oxide layer on its surface, and 

the structure of this layer is not conducive to adhesion due to low surface energies 

and surface roughness, which is why surface pretreatments are necessary prior to 

bonding (da Silva et al., 2018:1317). Momm et al. (2021) note various examples of 

debonding on aircraft that led to damage to the aircraft and in some cases even harm 

or death to occupants. One of the most famous incidents involved an Aloha Airlines 

Boeing 737 that lost part of its fuselage due to bond failure and fatigue cracks along 

the rivet holes (Board, 1989). This incident led to one fatality and various occupant 

injuries and highlights not only the importance of a properly pretreated bond surface, 

but also the stresses caused by riveting. In 1999 a glider’s wing broke off and led to 

the destruction of the aircraft. The investigation found that bond failure between 

aluminium and composite fibre components on the aircraft to be a major contributing 

factor to the incident (Demko et al., 1999) 
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One of the first aluminium surface pretreatments used was a simple acid etch 

developed by Forest Products Laboratory (FPL), which would later be known as the 

FPL etch (Risbrudt et al., 2007). Further research led to chromic acid anodising (CAA), 

an electrochemical pretreatment that produced strong and durable bonds (Critchlow 

& Brewis, 1996). Both processes used various forms of chromic acid, which in some 

instances contain hexavalent chromium, a highly carcinogenic substance that is 

harmful to the environment (Labor, 2006). A transition was made to cleaner and safer 

alternatives in recent years; these include the P2 etch, phosphoric acid anodising 

(PAA), laser engraving, and grit blasting (Critchlow et al., 2006). 

The decision to choose a pretreatment is further motivated by cost, complexity, and 

time consumption. Anodising is generally costly and complex to establish in an 

industrial environment due to the high cost of energy usage, chemical procurement, 

and disposal and infrastructure development (da Silva et al., 2018:149-150) Grit 

blasting is generally considered more cost effective and simpler to implement, but 

does not have the same bond strength and durability of anodising (Critchlow & Brewis, 

1996). 

1.2. Problem statement 

The shear strength and bond durability of aluminium bonded with epoxy, using grit 

blasting versus phosphoric acid anodising as a surface preparation method requires 

investigation to confirm the differences in these parameters between treatments. 

Furthermore, no data in the literature is available on the bond strength and durability 

between SpaBond 345 and pretreated aluminium. 
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1.3. Methodology 

A literature study will be performed to further identify and analyse the problem and 

consider possible solutions. An experimental procedure will be developed to anodise, 

and grit blast the aluminium samples. Testing will be done to failure according to a 

modified ASTM-D1002 standard. The empirical data obtained through 

experimentation will be used to investigate the issues identified in the problem 

statement. Visual and SEM analysis will be done on the treated and fractured surfaces. 

Conclusions will be made from the collected data as it might apply to the study, and 

suggestions for further study will be made. 

1.4. Chapter layout 

Chapter 2 contains the literature study of research that has been done in the field of 

anodising and adhesion, as well as the methods of testing and analysis of bonded 

joints. Chapter 3 outlines and describes the experimental procedures and the 

materials used. The results and discussion are given in Chapter 4. Conclusions are 

given in Chapter 5, and recommendations for future work in Chapter 6.  
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2. Literature Review 

This section discusses aluminium bonding in terms of adhesion theory, surface 

pretreatments, accelerated ageing, and bonding testing methods. 

2.1. Adhesion theory 

The adsorption and mechanical theories of adhesion are the primary driving forces for 

the bonding of aluminium and epoxy. The Handbook of Adhesion Technology states 

that “[t]he essential idea of the adsorption theory of adhesion is that whenever there 

is contact between two materials at a molecular level, there will be adhesion” (da Silva 

et al., 2018:16). Da Silva et al. (2018:18) further note that these attractive forces are 

primarily dispersion forces. The effectiveness of these forces between two materials 

is increased when the surface of the adherend is free from contaminants and is 

modified to provide structures, such as micro fibrous tendrils produced by PAA, that 

will decrease the intermolecular range to the adhesive (da Silva et al., 2018). In Figure 

2, the intermolecular forces between the adherend, and adhesive are represented by 

the dashed red lines. 

The mechanical theory emphasises that interlocking between the adhesive and 

adherend surface is necessary for proper adhesion (da Silva et al., 2018:21). The 

primary method of increasing mechanical interlocking is by roughening up the surface 

of the adherend on a micro- and macro-scale whilst also keeping it free of 

Figure 2: Modified schematic of adsorption theory (Mattson). 

(Adherend) 
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contaminants (da Silva et al., 2018). This roughening creates pores and crevices for 

the epoxy to run into (da Silva et al., 2018). Figure 3 shows the mechanical interlocking 

that is possible between an adherend and adhesive. 

These theories are closely connected and share two common concepts: wettability 

and surface energy. Wettability describes the tendency of a liquid to spread out over 

a surface (da Silva et al., 2018). In view of adsorption, the more an epoxy can wet a 

surface, the more surface area there is for the dispersive forces to act upon, increasing 

the bond strength (da Silva et al., 2018). Similarly, if an epoxy can thoroughly wet a 

rough surface, mechanical interlocking also increases (da Silva et al., 2018). The 

wettability of a surface can be predicted by considering its surface energy relative to 

that of the liquid being spread over it (Xu et al., 2016). The greater the difference in 

surface energy between the two materials, the greater the attractive forces (da Silva 

et al., 2018).  

The surface energy of aluminium in its natural state has a low surface energy of 

between 24-45 mJ/m2 (Kang & Choi, 2021; Matta et al., 2022; Narbon et al., 2018; 

Ostapiuk et al., 2014; Petersson et al., 2011). Given that epoxies, on average, have a 

surface energy of 45 mJ/m2, it is necessary to apply a pretreatment to aluminium to 

increase its surface energy to between 69.8-75 mJ/m2, and hence increase the wetting 

of the epoxy (Aspenes et al., 2008; Coulon & Maillard, 2010; Higgins, 1988; K & 

Alagar, 2014; Li et al., 2014; Rudawska et al., 2017). 

  

Figure 3: Schematic of mechanical interlocking (Mattson). 
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2.2. Aluminium pretreatments 

Surface pretreatments are necessary to ensure proper adhesion between the surface 

of the aluminium and the adhesive being used (da Silva et al., 2018). Aluminium is 

naturally resistive to adhesion because of the natural oxide layer on its surface that 

lowers its surface energy and, consequently, its wettability (da Silva et al., 2018). Thus, 

it is necessary to use a pretreatment method that cleans off the natural oxide layer 

and creates a new, stable and ordered oxide layer with a surface morphology that 

promotes adhesion (Critchlow et al., 2006). This structure is shown in Figure 4 after 

the CAA process. In addition, the surface energy of the aluminium needs to be higher 

than the epoxy to ensure adequate molecular contact with the adhesive (da Silva et 

al., 2018:23). This means the introduction of micropits and even tendrils on the 

aluminium surface (Critchlow & Brewis, 1996). The following subsections consider 

some of the most common pretreatments used mainly in aerospace. 

 

Figure 4: Idealised anodic oxide structure formed on clad alloys following the 
40/50V CAA process (Critchlow et al., 2006) 
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2.2.1. Etching 

Etching is a chemical pretreatment that involves using acids or alkalis to clean a 

metallic surface of contaminants, such as grease or oxides, and to create a micro-

rough structure by dissolving the base metal (da Silva et al., 2018:146). The FPL 

etching process is one of the oldest etching methods, which creates a micro-rough 

oxide layer on the surface of aluminium (Critchlow & Brewis, 1996:258; da Silva et al., 

2018:178). This process has been in use since the mid-1900s and saw its first use in 

World War 2, when the transition was made from wooden to aluminium aircraft 

(Risbrudt et al., 2007). It consists of sodium dichromate (Na2CrO7) and sulphuric acid 

(H2SO4) in water (H2O), with a process temperature of 68 °C for 10-30 minutes (da 

Silva et al., 2018; Digby & Packham, 1995). It has been used in Boeing’s BAC 5555 

and despite its wide adoption and high adhesion strength, many manufacturers are 

seeking alternatives due to its use of hexavalent chromium, which is carcinogenic 

(Critchlow & Brewis, 1996; Critchlow et al., 2006; Labor, 2006).  

The P2 etch was developed as an alternative to the FPL etch (da Silva et al., 2018:178; 

Digby & Packham, 1995). It creates a similar oxide layer morphology and adhesion 

strength as the FPL etch, without the use of toxic chromate components (Erich et al., 

2015; Ozenc & Sekercioglu, 2013). The process uses ferric sulphate (FeSO4) and 

sulphuric acid (H2SO4) in water (H2O) at 60-70 °C for 8-15 minutes (da Silva et al., 

2018; Digby & Packham, 1995).  

A sodium hydroxide (NaOH) etch is very effective at dissolving the natural oxide layer 

on aluminium (Saleema et al., 2012). Even though they can be used independently, 

P2 and NaOH etches are sometimes used together to prepare aluminium for anodising 

(da Silva et al., 2018). This is because etching activates the aluminium surface and 

creates a clean surface for the new oxide layer to be formed by anodising (Prolongo 
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& Ureña, 2009).Sodium hydroxide etching has shown shear strengths of between 

5MPa to 20MPa (Prolongo & Ureña, 2009; Saleema et al., 2012) 

2.2.2. Acid anodising 

Anodising is an electrochemical pretreatment that uses an electrical circuit through an 

acidic electrolyte to modify the surface of non-ferrous metals, such as aluminium and 

titanium(da Silva et al., 2018). The part to be anodised is positively charged and thus, 

it is the anode and is placed in an electrolyte bath along with a cathode, which can be 

made from a similar material as the anode. When current is passed through the circuit, 

the resulting electrochemical process accelerates oxidation on the surface of the metal 

part whilst also forcing the oxide layer to form in a controlled manner (Council; da Silva 

et al., 2018; Kudelka, 2011). The resulting oxide layer that forms is controlled by 

varying the anodising process parameters such as voltage, current, acid 

concentration, and immersion time (Abd-Elnaiem et al., 2019; Araoyinbo et al., 2010).  

The oxide layer can be characterised by several parameters, but emphasis is placed 

on the following qualitative and quantitative characteristics. Qualitative characteristics 

include corrosion resistance, surface lubricity and surface morphology, while 

quantitative characteristics include pore diameter, pore depth, pore wall thickness and 

layer thickness (da Silva et al., 2018). Each of the quantitative characteristics have 

optimal values depending on the end use. Larger pore sizes lead to better mechanical 

interlocking but may decrease corrosion resistance; a thinner oxide layer is better 

suited for dimensionally accurate parts but may also decrease joint strength (Critchlow 

et al., 2006; da Silva et al., 2018). Figure 5 shows a schematic of an anodising bath 

with the cathodes on either side of the tank negatively charged and the anode, or 

workpiece, positively charged in the middle. The most popular methods for anodising 

aluminium include chromic acid anodising (CAA), boric sulfuric acid anodising (BSAA), 
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sulfuric acid anodising (SAA) and phosphoric acid anodising (PAA) are discussed 

below. 

CAA has for many years been one of the preferred methods for aluminium surface 

pretreatment in aircraft manufacturing (da Silva et al., 2018). It is described in 

standards such as ASTM B580-79; MIL-A-8625 Type I, II, IIB, III; or MIL-C-60536, 

amongst others. It produces the thinnest oxide layer out of the three main types of 

anodising at between 0.001-0.005 mm (da Silva et al., 2018). The pore sizes for the 

oxide layer can vary from 12-25 nm, with a wall thickness of 10 nm (Critchlow et al., 

2006; Ding et al., 2018). It is considered a good option when tight tolerances on parts 

and superior bond strength are necessary. However, Ding et al. (2018:32) notes that 

“the CAA process uses a significant amount of chromic acid, which is a huge 

environmental liability for manufacturing, handling, and waste management”. 

Critchlow et al. (2006:425) comes to the same conclusion when stating that “[t]his 

process utilises 40 gl-1 of hexavalent chromium which is hazardous to handle and 

operate and has large disposal costs”. 

Figure 5: Schematic of anodising bath (Ryan, 2018). 
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BSAA was developed as an alternative to CAA (Critchlow et al., 2006). It is more 

energy-efficient, cheaper, safer and more environmentally friendly (Critchlow et al., 

2006). It bears the same properties as CAA and, in some cases, even outperforms it 

with regards to corrosion resistance, paint adhesion and manufacturing practicality 

(Critchlow et al., 2006). It is designated under standards such as Boeing’s BAC 5632 

and MIL-A-8625 (Corporation, 2015; PriceWalgren, 2020). 

SAA also known as Type II anodising, is one the most-used method of anodising 

metals (da Silva et al., 2018). It can produce a surface film with thicknesses in the 

range of 0.010mm, which is thicker than either CAA or PAA (da Silva et al., 2018). The 

pore diameter of SAA ranges between 4.2 nm to 24 nm depending on the anodising 

voltage and temperature (Sulka & Parkola, 2006; Sulka & Parkola, 2007). The concern 

with SAA is that it does not provide the same joint strength or long-term durability of 

the joint when compared to CAA or PAA (Critchlow & Brewis, 1996). SAA is mostly 

applied to parts that require corrosion protection (da Silva et al., 2018; PriceWalgren, 

2020). 

The Boeing Company developed PAA, which is classified under their BAC5555 

process and is also defined by ASTM D3933 (Critchlow & Brewis, 1996; da Silva et 

al., 2018). The typical oxide layer thickness is 400 nm, with 100 nm oxide tendrils 

protruding from the surface (da Silva et al., 2018). As with other oxidation processes, 

the oxide layer is well structured with 10 nm thick cell walls separating pores with 

diameters of 30-900 nm, depending on anodising parameters (Cartwright, 2005; Lee 

et al., 2016). PAA treated surfaces can withstand high humidity environments 

especially when bonded with epoxies (da Silva et al., 2018). Tests show that surfaces 

prepared by PAA can withstand environmental stresses due to water immersion or salt 

spray testing and retain up to 85% of their original shear strength (Pires et al., 2005).  
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A variety of PAA processes have been studied, with each study changing different 

aspects to observe the effects thereof. Xu et al. (2016) investigated the effects of 

differences in acid concentration, temperature, voltage and time of the anodisation 

process on the lap shear strength of aluminium samples. They noted that 130 g/l 

𝐻3𝑃𝑂4 at 20 °C and 10 V for 20 min provided the higher lap shear strength at 52.45 

MPa. PAA is usually combined with other pretreatments as part of a surface 

preparation regime. PAA in combination with alkaline etching and acid pickling have 

been shown to be effective at improving the lap shear strength retention, after ageing, 

of aluminium 2024-T3 samples by up to 10% (Pires et al., 2005). Lee et al. (2016) 

varied 𝐻3𝑃𝑂4 temperature between 273 K and 313 K and voltage between 60V to 

100V achieved bond strengths of between 17 MPa to 24.1 MPa. These studies have 

reported adhesive bond strengths of 17.0-52.45 MPa, depending on the anodisation 

parameters and the adhesive used (Ataberk, 2020; Digby & Packham, 1995; Lee et 

al., 2016; Pires et al., 2005; Xu et al., 2016). A custom PAA process was created as 

the focus of this study and will be detailed in the experimental method section. 
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2.2.3. Grit blasting 

Grit blasting is a mechanical pretreatment that works by accelerating small, abrasive 

particles, through a medium such as air or water, at a surface to clean it of 

contaminants and roughen it by abrasion (da Silva et al., 2018). These abrasive 

particles can be in the range of 71 µm to 350 µm depending on the required surface 

morphology (Harris & Beevers, 1999; Slătineanu et al., 2011).The most common use 

of grit blasting is the removal of rust from steel with sand as part of a restoration 

process. It has a low initial cost compared to other pretreatment methods such as 

anodising, but it creates bonds that are less durable and can produce inconsistent 

results due to the difficulty of controlling its working parameters (Critchlow & Brewis, 

1996). Some of these parameters are the stand-off distance and impingement angle 

of the blasting nozzle from the workpiece, as shown in Figure 6, and the dwell time of 

the nozzle over a given section of the component (Cartwright, 2005; Romoli et al., 

2018).  

When grit blasting aluminium, special consideration needs to be given to the abrasive 

medium used. Common grit materials used with aluminium are alumina oxide, glass 

beads, or dry ice (Brewis et al., 1999; Harris & Beevers, 1999; Possart et al., 2002). 

Figure 6: Schematic of grit blasting process (Ghara et al., 2021). 
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Testing has shown that grit blasting and cryoblasting, which uses dry ice as blasting 

medium, can reach single-lap shear strengths of 23.44 MPa and 22.10 MPa, 

respectively, but the strength decreases dramatically due to corrosion when aged 

(Brewis et al., 1999; Harris & Beevers, 1999). This decrease in strength retention may 

be attributed to the rough surfaces created by grit blasting that allow for easier ingress 

of moisture to interact with the oxide layer, and this is supported by data that shows 

larger grit sizes create surfaces that have weaker bond durability (Critchlow & Brewis, 

1995; Harris & Beevers, 1999).  

2.2.4. Lasering 

Lasering is an energetic physical pretreatment that uses a laser beam to clean and 

roughen a surface by partially melting it as can be seen in Figure 7 (Min et al., 2020). 

The use of lasers in the surface modification of aluminium has become an effective 

replacement for wet pretreatments such as anodisation due to its comparable lap 

shear strength and excellent bond durability when aged (Broad et al., 1999; Min et al., 

2020).  

Figure 7: Schematic of lasering (Min et al., 2020). 
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As with anodisation, any changes to the input parameters such as pulse intensity and 

laser head speed, can lead to a difference in the microscopic surface structure from 

simply cleaning of contaminants to melting and transforming the surface morphology 

(Broad et al., 1999; Rechner et al., 2010; Reitz et al., 2017). Unlike anodising, these 

variables are computer-controlled and highly repeatable, and using multiple axis CNC 

programming can accommodate various surface shapes and geometries (Orazi et al., 

2015). In addition, lasering is environmentally friendly and has a low maintenance cost 

(Broad et al., 1999). Common bond strengths range from 17 MPa to 26 MPa, 

depending on laser input parameters (Min et al., 2020; Rotella et al., 2016). Lasering 

has also shown high resistance to ageing with bonds staying intact after more than 

1400 days in a 100% humidity environment at 42-48 °C (Broad et al., 1999). 
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2.2.5. Inorganic coatings 

Solution gelation, also known as Sol-Gel, is a method used to create an interphase 

region between the epoxy and aluminium surface (da Silva et al., 2018). This treatment 

combines an aqueous alkoxide solution with a silane coupling agent that forms strong 

covalent bonds with the appropriate primer or epoxy through the interphase region as 

seen in Figure 8 (da Silva et al., 2018). This process can be combined with grit blasting 

to form bonds comparable to bonds formed on phosphoric acid anodised surfaces (da 

Silva et al., 2018). 

2.3. Accelerated ageing 

The accelerated ageing process artificially stresses joints over a comparatively short 

period in adverse conditions to simulate years of deterioration in a real-world scenario, 

even though there is no accurate correlation between hours aged and years of real-

world usage (Cartwright, 2005; Council, 1996; Hutchinson, 1993). This ageing process 

is used to compare adherends that underwent differing surface pretreatments and is 

critical to fully characterising these treatments as some may initially show high shear 

Figure 8: Schematic of interaction between adherend, adhesive and sol-gel interphase (da Silva et al., 
2018). 



18 
 

strengths, but fare poorly when subjected to ageing (da Silva et al., 2018). This bond 

stability is especially important in aircraft construction as they are expected to be in 

service for many years and thus bond durability is more important than actual adhesion 

strength (da Silva et al., 2018:164). Hutchinson (1993:20) lists various ageing methods 

that include water, salt, and heat as variables. Some of these tests combine only heat 

and water and some only utilise a salt spray (Digby & Packham, 1995; Niknahad et 

al., 2010). The most common method of accelerated ageing is to place samples in a 

chamber heated to 60 °C at a high relative humidity of up to 100% with some tests 

including the use of salt sprays or even complete immersion in water (Cartwright, 

2005). 

2.4. Standardised testing of adhesion strength 

The effectiveness of surface pretreatments, choice of adhesive and adherends may 

be determined by established tests that are accurate and give reliable results. 

Regarding the testing of adhesion, it is vital to take note of the modes of failure namely 

adhesive or cohesive (Ebnesajjad & Landrock, 2015). The intermolecular forces and 

mechanical interlocking between different materials cause adhesion (da Silva et al., 

2018). Adhesive failure occurs when the adhesion forces between two materials are 

exceeded. In practice, adhesive failure occurs at the boundary between an adhesive 

and its adherend (da Silva et al., 2018). Cohesion is caused by the intramolecular 

forces within each material and cohesive failure occurs when the cohesion forces 

within a single material are exceeded (da Silva et al., 2018). In practice, this would be 

a failure within the adhesive or the adherend (da Silva et al., 2018). 

There are various methods by which adhesion can be tested, and each test serves a 

different purpose and has its unique challenges and advantages. Some of the most 

common tests are described in the following subsections. 
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2.4.1. Peel tests 

Peel tests are conducted when it is necessary to determine the fracture energy of an 

adhesive bond between flexible adherends that may bend between 45° and 180° such 

as food packaging or electronic components (da Silva et al., 2018). One of the most 

common peel tests is the T-peel test shown in Figure 9. This test is suitable for thin 

metallic adherends such as aluminium sheets (Broughton, 2000).  

2.4.2. Shear tests 

One of the most common shear tests is the single-lap joint shear test, which consists 

of two rectangular tabs glued together with a certain overlap and bondline thickness 

(da Silva et al., 2018). It is so widely adopted and accepted because it simulates 

adhesive joints in aerospace structures (da Silva et al., 2018). These samples are then 

pulled apart with a tension and compression test instrument, and the strength required 

to break the adhesion is measured along with the strain endured by the sample (Xu et 

al., 2016). This test is one of the most affordable and reproducible, but it does come 

Figure 9: Schematics of various peel tests (Heinzmann et al., 2015). 
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with a caveat. When the adherends are pulled apart, a moment forms at the bond 

location due to the thicknesses of the coupons (da Silva et al., 2018). The moment 

generated causes the joints to break in a mixed tensile and shear mode, thus not 

giving a pure shear result as shown in Figure 10. 

A common standard for the lap shear joint test is ASTM D1002, and requires two 

coupons of metal with approximate dimensions of 100×25×1.6 mm that are adhered 

to each other with a 0.3 mm-thick layer of adhesive, with an overlap of between 12.5 

and 25 mm (Cartwright, 2005; Duncan, 2010; Kuczmaszewski & Zawada-

Michałowska, 2020; Udatha et al., 2019). This single-lap joint is shown in Figure 11. 

Figure 10: Single lap shear test moment (TWI, 2002). 
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2.4.3. Tensile tests 

A standard method of analysing the tensile strength of an adhesive is the butt joint test 

(da Silva et al., 2018). This test has the adhesive in a thin layer between two 

substrates, as shown in Figure 12. The substrates are made of rigid materials such as 

steel where the thickness of the adhesive is controlled, and a mould is used to ensure 

that the adhesive is aligned correctly with the substrates. The drawback of this method 

is that if the adhesive and substrate are misaligned, then the axial load on the adhesive 

will cause bending, which would lead to incorrect measurements (da Silva et al., 2018).  

2.5. Conclusion 

This literature review compared and described some of the most common theories, 

pretreatments, and testing methods used in adhesion. It has been shown that some 

pretreatments may provide similar results in one aspect but suffer in others. Anodising 

and grit blasting differ in cost, ease of use and repeatability and will be used to 

compare the strength and durability of aluminium bonded with epoxy. Accelerated 

Figure 11: Schematics single lap joint. 

Figure 12: Schematic of tensile test (Saint-Gobain, 2020). 
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ageing forms an integral part of any investigation on proper adhesion and thus will be 

included in this study. The single-lap shear test is one of the most common and widely 

reported methods of determining the bond strength of aluminium and epoxy and allows 

for many data points from which to draw meaningful conclusions.  
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3. Experimental method 

In this section, the experimental method followed to test the bonding of aluminium and 

epoxy by anodising and grit blasting is discussed. The testing method is described, 

followed by the bond preparation steps and then the bonding process. Finally, the 

accelerated ageing process is explained.  

3.1. Testing method 

3.1.1. Lap shear testing 

The lap shear test requires an increasing force to be applied to the bond sample until 

failure occurs. Servohydraulic test machines are typically used for this purpose. An 

MTS Landmark Servohydraulic Test System at the NWU Materials Laboratory was 

used in this study and is shown in Figure 13. 

The deformation rate selected was 1.3 mm/minute, as it is in line with ASTM D1002. 

A sample size of 24, four batches of 6 samples, was selected for each PAA condition 

and 26, four batches of 7 samples, for each grit blasted condition. The chosen samples 

sizes exceeded typical sample sizes found for single lap joint testing in the literature 

where sample sizes are in the range of 3 to 6 for any given condition (Boutar et al., 

2016; Critchlow et al., 2006; da Silva et al., 2006; da Silva et al., 2009). The difference 

in sample sizes chosen was because the anodising baths could only take 12 coupons 

at a time which equates to 6 samples whereas this restriction did not apply to the grit 

blasting. Furthermore, the adhesion jig could only take a maximum of 7 samples at a 

time for curing. This totalled 72 samples for all anodising conditions and 84 samples 

for all grit blasting conditions, where each batch of samples was created sequentially. 



24 
 

A custom alignment jig was developed to align the centre of the bond to the centre of 

MTS’s claws, and minimise the moment caused in the joint, as shown in Figure 10 and 

explained in Section 2.4.2. The jig consisted of two machined carbon steel pieces 

inserted into the claws of the MTS machine. The samples were placed in the jig and 

fastened by a pressure plate using Allen head bolts. The jig mounted in the MTS 

system is shown in Figure 14. Complete drawings of the jig are given in Appendix A.  

 

Figure 13: MTS Landmark Servohydraulic Testing System at NWU Materials Laboratory. 
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3.1.2. Visual analysis 

Scanning Electron Microscopy, SEM, was chosen as a method of visual examination 

to show the microstructures on the surface of the aluminium and how well the adhesive 

adheres to these structures. An FEI Quanta 250 FEG SEM at the NWU Laboratory for 

Electron Microscope was used for this study. The working voltage and distance were 

set to 5-10 kV and 10 mm, respectively, after various imaging distances were 

examined. Visual analysis was also done using phone camera images to provide an 

understanding of the overall adhesion of the joint with regard to the adhesive and 

cohesive failure as explained in Section 2.4, as well as a degree of moisture ingress 

due to accelerated ageing as explained in Section 2.3. A Huawei Mate 20 smartphone 

was used to take images of the joints directly after failure of the joint on the MTS 

system. 

Figure 14: Alignment jig shown mounted in MTS system. The 
alignment jigs are in the red square and the sample is within the 
green square. 
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3.2. Bond preparation 

3.2.1. Anodising 

The anodising process used was derived from a process by Digby and Packham 

(1995), but used acetone instead of 1,1,1 trichloroethane because the latter has been 

banned since 1996 due to its contribution to the depletion of the ozone layer 

(Information, 2023). Minco N24205 alkaline cleaner is not commercially available and 

was replaced with a sodium hydroxide etch. The post-anodising dip was removed 

because the available fume hood was not large enough to contain it, along with the 

anodising bath and heated etches. Digby & Packham (1995) showed that the post-

anodising dip has a negligible effect on bond durability. An overview of the modified 

process is shown in Figure 15, the timings for each step are given in the procedure. 

 

 

 

 

 

Figure 15: Anodising process line. 
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Acetone was used as a preliminary degreaser in container one along with distilled 

water in containers two, three, four and five. The etches fit between the rinses, with 

the NaOH etch being after the acetone step and the P2 etch after rinsing in container 

two as shown in Figure 15. The NaOH etch was a 3% solution of NaOH and the P2 

etch was a 9 L solution of 3330 g of H2SO4 and 1350 g of ferric sulfate. These etches 

are shown in Figure 16. Both etches were heated to 60 °C and this, along with the 

corrosive nature of the etches, necessitated that they be placed in stainless steel 

containers. The reaction between NaOH and aluminium during etching releases 

hydrogen, and therefore the etching operations were all performed in a fume hood.  

The anodising step came after rinsing in container three and consisted of a 10% by-

volume solution of phosphoric acid at room temperature with a constant voltage of 10 

V on the power supply. The process ended with back-to-back rinses in containers four 

and five, followed by air drying. 

Figure 16: NaOH, left, and P2 etch, right 

P2 etch 

NaOH etch 
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A schematic diagram of the anodising bath is shown in Figure 17. Two aluminium 

sheets were used as the cathode for the anodising bath because of their high corrosion 

resistance and high electrical conductivity. The bath was connected to a 12 V power 

supply by an insulated conductor rated to 3 A. 

A brass busbar was used to attach the aluminium coupons during anodising. Brass 

was chosen for the busbar because of its high electrical conductivity and high 

corrosion resistance. Shallow slots were machined into the busbar at the same width 

as the coupons to hold them in place securely and prevent contact between the 

coupons. A CAD drawing of the busbar is shown in Figure 18, and complete drawings 

can be found in Appendix A. 

Figure 18: Brass busbar. 

Figure 17: Schematic of anodising bath. 
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The busbar allowed easy manipulation of the coupons without touching them directly, 

which was especially important given that any contact with the treated surface of the 

aluminium could deposit oils and contaminants. Electrical contact with the busbar was 

made with terry clips, and these clips also held the busbar firmly in place. Figure 19 

shows the anodising bath with a brass busbar and aluminium coupons fastened with 

brass nuts and bolts. The bath was tested, and bubbles formed on the surface of the 

aluminium coupons, confirming that anodising did take place. 

3.2.2. Glass microsphere grit blasting 

The grit blasting is as described in Section 2.2.3, with a stand-off distance of 10 cm, 

since this distance has previously been used as part of a grit blasting pretreatment 

(Arenas et al., 2010; Possart et al., 2002). The grit blasting was with a MAC AFRIC 

Bench Type Sand Blast Cabinet, as depicted in Figure 20, at Jonker Sailplanes in their 

Figure 19: Anodising bath. 
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prototyping hanger. The blasting was done by hand with an impingement angle of 90° 

and a dwell time of 30s. In addition, the 6 bar pressure of the blasting system and 

glass beads in the range of 150-250 µm was used by Possart (2002). The process 

ended with a rinse in acetone as a final degrease before air drying until all acetone 

had evaporated. 

Figure 20: MAC AFRIC Bench Type Sand Blast Cabinet (Mart, 2023) 
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3.3. Sample bonding 

The sample geometry was based upon the ASTM D1002 standard for testing metal-

to-metal adhesion with epoxy. Changes were made to the joint overlap to compensate 

for the thickness of the material used. The standard requires samples that are 

approximately 101.6 mm long, 1.62 mm thick and 25.4 mm wide, but in this study, 

samples were 102 mm long, 2 mm thick, and 25 mm wide. The thickness of the bond 

was set to 0.3 mm, as it has been shown to yield the highest shear strength(Arenas et 

al., 2010). Each joint sample tested was identified by its tag, BX, Y, where X is the 

batch number and Y is the sample number within the batch. For instance, B1,1 is batch 

1, sample 1. Further explanation is given in Section 5.8 for these changes. A complete 

joint sample geometry is shown in Figure 21. 

In this study a repeatable method for securing the specimens during bonding and 

curing was developed to ensure consistent results. A jig was designed based on some 

that are already used for such single-lap bonding(Technology, 2016). It was designed 

to keep the coupons straight and the adhesion area and bond line thickness constant. 

A visual representation of proper vs. improper alignment is given in Figure 22. The jig 

was made from plain carbon steel to provide a heavy, stable base that could be 

transported without disturbing the samples while curing. The alignment of the coupons 

Figure 21: Joint sample geometry. 
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and the constant adhesion area was achieved by holes drilled and tapped across the 

jig’s surface and fastened with Allen head bolts, to act as stoppers. The bolts could be 

removed to safely demould the samples after curing. 

A compression bar that spans the adhesion area to ensure consistent pressure was 

applied to each bond joint. As shown in light grey in Figure 23, the bar also had Allen 

head bolts that go through the holes drilled in it which fastened to the base, to locate 

the bar over the sample joint. The bar also had two grub screws in it that controlled 

the bond line thickness, because the bar could only be tightened until the grub screws 

contacted the jig base.  

The thickness was set with two aluminium coupons and a 0.3 mm feeler gauge. The 

coupons were stacked on top of each other under the bar on the lower step of the 

base, and the feeler gauge was inserted between the top coupon and the bar. The 

grub screws were adjusted until the feeler gauge contacted the bar. Thread locker was 

added to the grub screws to prevent them from moving. The CAD design for this jig is 

shown in Figure 23. Detailed drawings of the jig can be found in Appendix A. 

Figure 22: Proper vs. improper sample alignment. 
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The area on the jig base where the overlap occurred was polished to a mirror surface 

to ease the demoulding process. A layer of grease spray was also applied to the 

surface of the jig to further ease demoulding. This was necessary because in the 

adhesion process, some of the epoxy spilled out of the sides of the bond, which 

ensured that the entire intended adhesion surface area was covered with adhesive. 

Figure 24 shows the completed jig without coupons.  

 

Figure 24: Adhesion alignment jig without any coupons 

Figure 23: Adhesion alignment jig CAD model with coupons 

Sample coupon 
Compression bar 

Jig base 
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3.4. Accelerated ageing 

Accelerated ageing was done as discussed in Section 2.3. A polypropylene container 

was used for the ageing, as it could handle the 60 °C temperature and would not 

corrode in the salt solution. The container was filled with 75 L of plain tap water and 

2.25 kg of sodium chloride to create a 3% salt water solution to be heated to 60 °C, as 

done by Del Real (2006). The solution was heated with a stainless-steel heating 

element equipped with a stirrer and a thermostat. The ageing bath with immersed 

samples can be seen in Figure 25. 

Figure 25: Accelerated ageing bath with joint samples. 

Heater element and stirrer 

Immersed samples 
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4. Experimental procedure and testing 

4.1. Anodising  

The following procedure was followed to anodise aluminium coupons in preparation 

for bonding. All electrical contact points on the busbar were cleaned using steel wool 

before every session of anodising to ensure a proper electrical connection. 

1. Untreated aluminium coupons were immersed and agitated in pure acetone to 

remove surface oils.  

2. The coupons were submerged in the NaOH etch for 10 minutes, after which 

they were rinsed in distilled water.  

3. The coupons were then placed in the P2 acid etch for 10 minutes and 

subsequently rinsed with distilled water.  

4. The coupons were then placed in the anodising bath for 20 minutes. 

5. The specimens were then rinsed in two separate distilled water baths to remove 

all chemicals and residue. 

6. Specimens were then air-dried in preparation for adhesion.  

4.2. Grit blasting 

The following procedure was followed to grit blast the aluminium coupons. 

1. Grit blasting was done on identical specimens as used for the anodising.  

2. Glass microspheres with a size range of 150-250 microns were used to clean 

the aluminium specimens’ surfaces of any possible contaminants.  

3. Attention was given to ensure a consistent dwell time over and distance from 

the aluminium coupons during blasting. 

4. The coupons were subsequently rinsed in pure acetone to remove any leftover 

glass microspheres and oils on the surface.  

5. The acetone was allowed to evaporate in preparation for adhesion.  
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4.3. Bonding 

Single-lap joints were bonded in the alignment jigs using SpaBond 345 (Gurit) resin 

(yellow), with the appropriate slow hardener (red), at a 100:40 ratio by weight, as 

recommended by the manufacturer. The joint samples were cured in the adhesion 

alignment jig for 24 hours at 25 °C before being demoulded and subsequently heat-

treated at 70 °C for 5 hours, per the manufacturer’s specifications, to obtain maximum 

bond strength and durability. 

4.4. Ageing 

The samples were fastened to the brass busbars and suspended in the solution on 

longer brass bars that spanned the length of the container, as shown in Figure 25. 

Anodised and grit-blasted joint specimens were submerged for 300 and 600 hours, 

respectively. These times were chosen because they fall within the typical amount of 

time usually taken to age aluminium-epoxy bonds (Niknahad et al., 2010; Xu et al., 

2016). This setup was covered with cellophane wrap to reduce moisture loss during 

the ageing time. The bath was topped up with water as necessary. After the allotted 

time passed, the specimens were rinsed with clean water and air-dried in preparation 

for testing. 
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5. Results and discussion 

5.1. Introduction 

The results of this study were categorised into two main parts: quantitative and 

qualitative. The quantitative data included the comparison of lap shear strengths for 

anodised and grit blasted joints, both unaged and after ageing for 300 and 600 hours, 

along with a statistical analysis of the lap shear strengths and the influence of the 

associated confidence levels. The qualitative data consisted of optical and SEM 

analysis of the prepared surfaces and the fractured surfaces, both unaged and aged. 

Lastly, verification and validation were discussed. 

A summary of the results was given in the form of a box-and-whisker plot in Figure 26. 

For context, shear strength values were calculated by taking the load applied in 

Newtons and dividing it by the surface area of the bond in mm2. The formula is given 

below: 

𝜎 =
𝐹

𝐴
=

𝑁

𝑚𝑚2
= 𝑀𝑃𝑎 

This plot showed the outliers associated with both PAA and grit blasting as well as the 

mean, Q1, Q3, minimum and maximum values of lap shear strength. The 0 hours aged 

PAA results had one outlier on the upper end of the plot. The 300 hours aged PAA 

results had one outlier on the upper end of the plot and one outlier at the lower end of 

the plot. There was one outlier on the lower end of the plot for 300 hours aged grit 

blasting and one outlier on the lower end of the plot for 600 hours aged grit blasting. 

The outliers for grit blasting are associated with complete failure of the adhesive bond 

due to ageing and was further discussed in the qualitative analysis of the results.   

These outliers were removed to ensure that the data may be fairly interpreted, but the 

grit blasting outliers were considered significant because such outliers were not 
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encountered with PAA. This observation formed an important part of the of the 

comparison of the two pretreatment methods. 

The presence of outliers skewed the data and thus nullified any basic statistical 

analysis on the data to determine true differences in means (McDonald, 2009). For 

this reason, the outliers for both PAA and grit blasting identified in the box-and-whisker 

plot were removed. To further support this decision the Jarque-Bera test was used to 

determine normality of the result distributions.  

Figure 26: Summary of lap shear strengths with box and whisker plots 
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The Jarque-Bera test was used for testing normality and these results are presented 

in Table 1 before and after outliers were removed. The Jarque-Bera test uses the 

number of samples as well as the kurtosis and skewness of the results to conclude on 

distribution normality (Jarque & Bera, 1987). The test’s null hypothesis is that the 

distribution is normal. Thus, if the p-value from the test is higher than the significance 

level, which in this case is 0.05, then the null hypothesis cannot be rejected, and it can 

be assumed that the distributions are sufficiently normal (Jarque & Bera, 1987). It is 

thus clear from Table 1 that after outliers have been removed all distributions are 

assumed to be normal and tests may be performed on the results. The removal of the 

outliers did reduce the number of samples available for each testing condition, but all 

the statistical tests applied account for differences in sample size.  

With the outliers removed and the distributions assumed to be normal further analysis 

was conducted for each of the surface pretreatments. Welch’s t-test was chosen in 

place of the typical Student’s t-test to test for a significant difference between means 

because it is more resistant to changes in sample variance and sample size (Delacre 

et al., 2017). Given that there were differences in both sample variance and size of 

this study’s results, Welch’s t-test provided better insight into the significance of each 

pretreatment’s mean lap shear strengths. Welch’s t-test was used to compare each 

aged condition within each pretreatment to determine whether ageing caused a 

significant change in the mean lap shear strengths. Furthermore, each aged condition 

p -value w/ outliers p -value w/o outliers

PAA 0 hours 1.54E-10 0.59

Gritblasting 0 hours 0.33 N/A

PAA 300 hours 8.24E-04 0.73

Gritblasting 300 hours 1.16E-16 0.83

PAA 600 hours 0.63 N/A

Gritblasting 600 hours 1.17E-08 0.86

Table 1: Jarque-Bera test results with and without outliers 
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for PAA was compared to the corresponding grit blasting aged condition to determine 

whether the differences in mean lap shear strengths between pretreatments were 

significant. For comparison, one set of results was used to show the differences in 

these two t-tests. 

5.2. Phosphoric acid anodising 

Table 2 reported various statistical parameters applicable to PAA results. Conditional 

formatting was applied to easily rank results according to their criterion. For example, 

a high mean was desirable and thus was identified with green, whilst a high variance 

was undesirable and was indicated with red. The 0 hours aged samples were 

strongest with a mean of 12.982 MPa and 600 hours aged samples were weakest with 

a mean of 9.949 MPa. The standard error for the 600 hours aged samples was 2.185 

and 2.316 times greater than that of the 0 hours and 300 hours aged samples 

respectively. Welch’s test was applied to these three sets of data to determine whether 

the difference in means was indeed significant. 

Welch’s test was applied three ways between any two anodised conditions as shown 

in Table 3. The significance level, or alpha value, was chosen as 0.05 and a difference 

Table 2: Summary of statistical parameters for anodised samples 
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in means is significant when the p-value is lower than this alpha value. Table 3 shows 

that there is a significant difference between any three anodised conditions. 

 To further show the behaviour of the samples under testing conditions stress vs. strain 

graphs were drawn and shown below for each ageing condition. Unfortunately, all raw 

data for the unaged samples became corrupted and unrecoverable. Figure 27 shows 

stress vs. strain for 300 hours aged anodised samples and each samples underwent 

a slight yield as indicated by the change in slope of the line. Run 1 and 6 did not reach 

0 MPa because the testing machine stopped after detecting a break and the coupons 

were still attached to each other by a sliver of epoxy, so the runs were still counted as 

valid.  

Table 3 Welch's test results for anodised samples 

Figure 27 Stress vs. Strain for PAA samples aged 300 hours 
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Figure 28 shows that at 600 hours the samples had more pronounced yield points with 

shorter elongations on average compared to the 300 hours aged samples.  

Given that there were 4 batches for each pretreatment and ageing condition it was 

important to consider potential differences. To do this Welch’s test was once again 

applied and showed that for unaged samples there were no significant differences in 

mean values as seen in Table 4. The same was true for the 300 hours aged samples, 

but there was a difference within batches for the 600 hours aged samples. 

 

Figure 28 Stress vs. strain for PAA samples aged 600 hours 

Table 4 Interbatch Welch's test for PAA 
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5.3. Grit blasting 

In Table 5 the summary of statistical parameters for grit blasting was given. As in Table 

2 conditional formatting was applied to emphasize results. The 0 hours aged samples 

were the strongest with a mean of 8.575 MPa and the 300 hours aged samples the 

weakest with a mean of 6.899 MPa. The mean strength increased from 300 to 600 

hours by 1.25 MPa which is contradictory to the results from the PAA samples, but this 

phenomenon was also reported by Harris & Beevers (1999). The standard error of the 

600 hours aged samples was 1.309 and 1.451 times greater than the 0 hours and 300 

hours aged samples respectively. Welch’s test was applied to these three sets of data 

to determine whether the difference in means was indeed significant. 

Welch’s test was applied three ways between any two grit blasted conditions as shown 

in Table 6. The significance level, or alpha value, was chosen as 0.05 and a difference 

in means is significant when the p-value is lower than this alpha value. Table 6 shows 

that there is a significant difference between the 0 hrs and 300 hrs and 300 hrs and 

600 hrs aged samples, but not as significant between 0 hrs and 600 hrs aged samples.  

Table 5: Summary of statistical parameters for grit blasted samples 
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To further show the behaviour of the samples under testing conditions stress vs. strain 

graphs were drawn and shown below for each ageing condition. The graphs are shown 

in Figure 29 to Figure 31. On average they show lower strain values than the anodised 

joints. The maximum strain values also followed the trend of the stress values where 

the strain was highest for unaged joints, lowest for 300 hours aged joints and in 

between for 600 hours aged joints. 

Welch’s test was also applied to the different grit blasted batches and the results are 

given below in Table 7. There are significant differences in the interbatch mean values 

for all the ageing conditions. This could be attributed to the variance in grit blasting 

results that have already been presented. 

Table 6 Welch's test results for grit blasted samples 

Table 7 Interbatch Welch's test for grit blasting 
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Figure 31 Stress vs. strain for grit blasted, 600 hours aged joints 

Figure 29 Stress vs. strain for grit blasted samples aged 0 hours 

Figure 30 Stress vs. strain for PAA samples aged 300 hours 
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5.4. Phosphoric acid anodising compared to grit blasting 

When PAA was compared to grit blasting in Table 8, it was observed that overall PAA 

samples performed better under each condition than the grit blasted samples. Some 

notable differences between the two pretreatments included the sample variance at 

0hrs and 300hrs aged as well as the mean values for all ageing conditions. 

Furthermore, Welch’s test was applied to compare the two pretreatments at each 

ageing conditions and the results were given in Table 9 below. This shows that for 

each ageing condition there is a significant difference in the mean values of PAA 

compared to grit blasting. 

Table 8 Summary of statistical parameters between PAA and grit blasting 

Table 9 Welch's test results where PAA was compared to grit blasting 
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5.5. Optical analysis of fractured surfaces 

Visual analysis of the unaged fracture surfaces gave a qualitative complement to the 

quantitative data shown in Sections 5.2 to 5.4. The grit-blasted surface on the left of 

Figure 32 showed a clean fracture within the epoxy and the surface of the aluminium 

for both surface pretreatments. This was adhesive failure between the aluminium and 

epoxy, but also a cohesive failure within the epoxy and was thus considered a mixed 

failure mode. Further cohesive failure was circled within Figure 32 in the anodised 

joint, and this showed that the bond between the anodised surface and the epoxy was 

stronger than the internal bonds of the epoxy to itself (da Silva et al., 2009:164). This 

kind of failure was very desirable and was indicative of a very strong adherend-to-

adhesive bond. Such cohesive failures, as circled in red in Figure 32, were not noted 

in any of the unaged grit-blasted joints. 

Figure 32: Fractured surfaces of unaged joints grit blasted and anodised 
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Figure 33 shows the fractured surfaces of a grit-blasted and anodised joint, left and 

right respectively, after 300 hours of ageing. The aged, anodised joint was like the 

unaged joint, and there was no apparent difference between the 0 hours and 300 

hours aged joints. In contrast, it was evident that there was some interaction between 

the salt water and grit blasted samples as indicated by the red circle where a white 

discolouration could be seen on the surface of the aluminium. This could have been 

moisture infiltration along with precipitation, but this was inconclusive without 

compositional analysis. However, the discolouration was useful as a metric to compare 

anodising to grit blasting as no 300 hours aged anodised samples showed this 

discolouration. 

It was apparent that 600 hours of exposure to heated salt water had detrimental effects 

on both the anodised and grit-blasted joints, as seen in Figure 34. There was an 

Figure 33: Fractured surfaces of 300 hours-aged joints. 
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evident change in the 600 hours aged fracture surface of this grit blasted joint 

compared to an unaged grit blasted joint. White discolouration on the surface could 

have been attributed to a change in morphology and composition. This discolouration 

could have been attributed to ingress of moisture and salt into the bond, which led to 

its ultimate failure. The anodised joint experienced similar discolouration of its surface 

that was different when compared to either the 0 hours or 300 hours aged samples. 

This was an excellent example of the durability of anodised joints because none of 

them showed the same discolouration and change to the surface as the grit blasted 

joints showed. The shear strengths for the joints shown in Figure 34 were the lowest 

recorded after 600 hours of ageing at 0.32 MPa and 5.50 MPa for the grit-blasted and 

anodised joints, respectively.  

Figure 34: Fractured surfaces of 600 hours-aged joints. 
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Figure 35 shows two fracture surfaces that show no apparent signs of discolouration 

or changes to the fractured joint surface after 600 hours of ageing. The anodised joint 

on the right in Figure 35 shows a typical example of cohesive failure, circled in red, 

with epoxy visible on corresponding sides of the joint. The grit blasted joint also 

showed a combination of adhesive and cohesive failure and indicated that it could 

provide resistance to ageing, albeit to a lesser extent than anodising.  

Optical analysis showed that the anodised joints were better at adhering to the epoxy 

as indicated by the cohesive failure areas where epoxy could be seen on 

corresponding sides of the fractured joint, while this type of failure was not seen on 

any of the grit-blasted joints. The anodised joints were also more resistant to ageing 

because the worst aged, anodised joint showed less apparent moisture ingress and 

damage than the worst aged grit-blasted joint.  

Figure 35: Fractured surfaces of 600 hours-aged joints with no apparent moisture ingress. 
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Finally, a phenomenon known as stress whitening was seen on the anodised samples 

The type of joint failure; be it adhesive failure (AF), cohesive failure (CF) or a 

combination of the two (AF + CF), along with the corresponding frequencies are given 

in Table 10. The anodised samples at 300 and 600 hours aged conditions remained 

consistent in the type of failure whilst grit blasted joints declined in mixed failure to 

adhesive failure from 0 hours aged to 600 hours aged.  As previously discussed, this 

is due to a weaker bond between the grit blasted surface and the epoxy than the bond 

within the epoxy. 

 

Table 10 Joint failure type and frequency 
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5.6. Analysis of treated surfaces by SEM 

SEM analysis was done for a selection of unaged, 300 hours-aged and 600 hours-

aged joints that were grit-blasted and anodised. Only two of each ageing condition for 

each pretreatment were analysed by SEM, but the locations for imaging were based 

on how they represented different characteristics such as surface structure, moisture 

ingress and whether adhesive was still on the surface or not. 

SEM analysis showed a difference in surface morphology of grit-blasted and anodised 

aluminium that was not apparent through optical analysis. Figure 36, at 250× 

magnification, shows that the grit-blasted surface was relatively smooth with some 

random slivers of aluminium sticking out from the surface, whilst the anodised surface 

had a pitted and rougher surface. The anodised pattern consisted of smaller pores 

and deeper crevasses all over the surface along the grain boundaries. The very fine 

patterns of the anodised surface explain why it was dull to the naked eye, as light was 

not fully reflected but rather refracts in between the pores.  
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Figure 36: Treated aluminium surfaces under various levels of magnification 
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Magnification at 8000× in Figure 36 showed micron-sized holes in the anodised 

surface into which epoxy could flow to seal the surface from moisture ingress and 

interlock with the aluminium, which lead to greater adhesion strength. As previously 

noted, the grit-blasted surface was comparatively smoother than the anodised surface, 

with slivers sticking up from the surface. The aluminium slivers would have provided 

some mechanical interlocking with the epoxy, but the rest of the surface was too 

smooth to provide the same adhesion as seen with the anodised surface.  

At 30,000× magnification in Figure 36, the pores produced by the anodising could be 

seen and even measured. The pores ranged in size from 150 nm to 420 nm, consistent 

with what was found in previous studies (Cartwright, 2005; Goushegir et al., 2020; Li 

et al., 2019; Xu et al., 2016). Sharp edges on the borders of the pores could also be 

seen, which would further improve interlocking with the epoxy. 

 

5.7. Analysis of fractured surfaces by SEM 

Figure 37 showed the unaged and aged joints’ fractured surfaces at higher levels of 

magnification. Note that, in these figures, the colour differences showed differences in 

electrical conductivity of the materials. A lack of conductivity was indicated by white 

due to a build-up of electrical charge that could not be transmitted to ground (Postek 

& Vladár, 2015). The epoxy used is not electrically conductive, and a thin layer of 

graphite had to be added to increase voltage absorption and reduce charge build up. 

In some cases, images were difficult to produce because even the samples 

themselves were not conductive. 
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Figure 37: From top-down fractured surfaces of joints at 0 hours, 300 hours and 600 hours aged, respectively. 
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Figure 37 showed the fractured unaged anodised surface at 1300× magnification on 

the right, with what appears to be epoxy still adhered to the crevices in the surface 

shown in white. The grit-blasted surface at 1500× magnification did not show the same 

amount of epoxy on the surface, but some epoxy could be seen in scattered pockets 

and was circled in red for emphasis. Note the bubbles that formed within the epoxy; 

these bubbles were most likely the epoxy off-gassing as it cured, and because as the 

epoxy was mixed, air bubbles were incorporated in the mixture (Yin et al., 2018). 

These bubbles were present in the grit-blasted and anodised joints for all ageing 

conditions.  

The 300 hours-aged grit-blasted surface at 1500× magnification, shown in Figure 37, 

with nodules on the surface; two of these clusters were circled in red. These nodules 

could be indicative of oxidation from saltwater penetration into the bond that hydrate 

the aluminium oxide surface to create aluminium hydroxide (da Silva et al., 2018; 

Goushegir et al., 2020).  To support this claim examples of hydroxide formation on 

aluminium from literature were given unmodified in Figure 38 and Figure 39. 

Figure 38: Example 1 of aluminium hydroxide formation (Goushegir et al., 2020) 
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These same structures were found on grit blasted samples from this study as seen 

across Figure 40 and in the absence of EDS analysis gave high confidence that the 

grit blasted surfaces did have moisture ingress which led to the hydration of the 

aluminium oxide. 

Figure 39: Example 2 of aluminium hydroxide formation (Kazantsev et al., 2018) 

Figure 40 Grit blasted fracture surface after 300 hours of ageing 
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The anodised surface was like the unaged surface and showed epoxy still attached, 

shown in white, with no signs of oxidation at 1200× magnification. The lack of oxidation 

being due to the phosphate incorporated in the aluminium oxide layer that formed 

during anodising (da Silva et al., 2018:170).   

Figure 37 shows the fractured surface of the 600 hours-aged, anodised joint at 1300× 

magnification, with a marked decrease in the epoxy still adhered to the surface. This 

corresponded well to the observed decrease in lap shear strength but only served as 

an example of how the surface might look. This was because, as with all previous 

SEM images, they only showed a tiny part of the surface, and different structures can 

be present. This was shown again by looking at the grit-blasted surface at 1500× 

magnification, which looked unchanged by the ageing.  

Figure 41 shows the 300 hours-aged joints at 6000× and 5000× magnification. An 

excellent example of epoxy interlocking was seen on the grit-blasted surface. The 

anodised surface also showed excellent interlocking within the crevices and pores with 

no signs of oxidation in either the grit-blasted or anodised joints. 
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Figure 41 showed oxidation on the grit-blasted fracture at 6000× magnification, after 

Figure 41: From top-down fractured surfaces of joints at 0 hours, 300 hours and 600 hours aged, respectively. 
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600 hours of ageing. The oxidation was less prevalent but can be seen as rounded 

structures in the image as was also found by Goushegir et al. (2020). There seems to 

be no further degradation of the anodised surface when compared to the 300 hours 

aged samples. 

A close-up of the red oval on the anodised side of Figure 41 is shown in Figure 42 to 

better illustrate the epoxy within the crevice.  

In summary, the SEM images showed a clear difference in the microstructures seen 

on the surfaces of the grit-blasted and anodised joints. The grit-blasted joints have a 

much smoother surface finish with no micropores, whilst the anodised surfaces are 

rougher and show micropores. Epoxy was seen in these micropores and crevices on 

the anodised surface but was much less prevalent on the grit-blasted surfaces. After 

ageing, the grit-blasted joints showed moisture ingress in the form of rounded 

structures on the surface, whilst the anodised joints showed no such structures. 

  

Figure 42: Close-up of red oval in Figure 44. 
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5.8. Verification 

ASTM D1002 was used as the base standard for testing in this study and recommends 

using 1.62 mm-thick, 101.6 mm × 25.4 mm aluminium coupons that have an adhesive 

overlap of 12.7 mm. Given that a 2 mm thick aluminium flat bar was used in this study, 

as it is readily available and much easier to cut into lengths, the standard ASTM D1002 

method for testing the lap shear strength of aluminium joints could not be fully used. 

The coupons used in this study were cut to approximately 102 mm and came off-the-

shelf with a width of 25 mm. Even though there is a slight difference in the coupon 

geometry, it allowed for a greater amount of data points and thus allowed more 

meaningful conclusions to be made. The adhesive overlap in this study was set to 25 

mm because, as mentioned above, the thickness of the aluminium was more than the 

standard prescribes. Variations on the ASTM-D1002 standard, such as those done in 

this study, have been reported in the literature (Safari et al., 2020).  

To further verify that the changes made to the standard did not have a significant effect 

on results, a set of tests was done with an overlap of 12.7 mm, as per ASTM D1002, 

and that data is given below in Table 11. The samples made for this test were 

pretreated with the PAA method.  

Table 11 Comparison between 25.4 mm and 12.7 mm overlap shear strengths unaged. 
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There is a slight increase in lap shear strength when a 12.7 mm overlap is used, and 

the difference may be attributed to a slight decrease in the moment that forms during 

a lap shear test due to the smaller overlap area. To further validate the claim, Welch’s 

test was applied to these two datasets, and it proved that there was no significant 

difference in the means. These results are summarised in Table 12 below. 

The tests were done on an MTS Landmark Servohydraulic System that was calibrated 

on the 10th of March, 2021, by SPS Calibration Services Pty Ltd. The calibration 

certificate can be found in Appendix A. 

. 

5.9. Validation 

Results from the literature are comparable to results obtained in this study; some 

values are given here. Del Real et al. (2012) reported lap shear strengths of 15 MPa 

for abraded joints and 18 MPa for P2-treated joints. Harris and Beevers (1999) 

reported a lap shear strength of 3.20 MPa for grit-blasted joints. Safari et al. (2020) 

reported lap shear strengths between 3 MPa and 14.85 MPa for grit-blasted joints for 

two different epoxies. Ataberk (2020) reported lap shear strengths between 9 MPa 

and 15 MPa for PAA-treated joints.  

  

Table 12 Welch's test for 25.4mm vs. 12.7mm overlap 
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6. Conclusions 

The comparative performance of aluminium 6063-T6 bonded with SpaBond 345 epoxy 

after grit blasting and phosphoric acid anodising was studied. Lap shear tests 

performed on the unaged joints showed that anodised joints fail in a mixed mode of 

adhesive and cohesive failure, and that grit-blasted joints experience more adhesive 

failure. Aged, anodised joints were able to retain 91% and 74% strength after 300 and 

600 hour ageing, respectively, whilst grit-blasted joints retained 74% and 88% strength 

after 300  and 600 hour ageing, respectively.  

Due to the great number of samples that were tested, statistical analysis could be 

applied and proved that there are significant differences between surface 

pretreatments as well as the amount of time samples were aged for. This observation 

was consistent down to batch level where the difference in batch means for PAA 

samples were less than the grit blasted samples. Greater standard deviations and 

standard errors for grit blasted results indicated that grit blasted joints do not provide 

results that are consistent and repeatable as anodised joints. Anodised data points 

showed a tighter spread around the mean for all ageing conditions. These claims were 

further supported by the qualitative analysis of the surfaces.  

Optical image analysis showed that apparent moisture ingress was more prevalent on 

grit-blasted joints than anodised joints. This qualitative observation was supported by 

the quantitative data already shown. It also showed a greater number of cohesive and 

mixed failures on anodised joints compared to grit-blasted joints which increasingly 

fractured in adhesion as the ageing time increased. 

SEM analysis showed mechanical interlocking for both grit-blasted and anodised 

joints, but to a greater degree in anodised joints. Signs of aluminium oxidation were 

found in both the grit-blasted and anodised joints, but more so in the grit-blasted joint 
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with complete oxidation and infiltration of moisture as indicated by the formation of 

aluminium hydroxide. 

It was found that SpaBond 345 is suitable for adhering pretreated aluminium especially 

if anodised. If joints are not exposed to moisture for prolonged periods then grit blasting 

can also be considered at a reduction in lap shear strength. 

All results confirmed the findings in the literature that indicate grit blasted joints may 

have comparative shear strength to anodised joints, but that have a greater tendency 

to degrade when aged. 

7. Recommendations and further study 

This study served well as a pilot for a breadth of further research. Given that it is a 

pilot project, it had various shortcomings that should be addressed in subsequent 

studies. These include but are not limited to the points that follow in this section.  

An investigation should be done to determine the effect of accelerated ageing on the 

bulk adhesive. Even though differences in strength and variances were noted after 

ageing the bonds, the ageing process should ideally be extended to determine the 

point at which PAA samples break down in the same manner that the grit blasted 

samples in this study did. Along with this, a fatigue study should be done on these 

bonds, both unaged and after ageing because lap shear tests cannot fully characterize 

the behaviour of joints as discussed in the literature. 

In addition, SpaBond 345 bulk samples should be aged and tested to determine the 

effect of water absorption. This is due to an effect called plasticization and as 

suggested by Sharp (2015) may increase the toughness of a given epoxy due to 

varying degrees of moisture absorption. 
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Given that anodising is commonly paired with various other surface pretreatments, as 

shown in the literature discussed, these interactions should be investigated. Some of 

these include the effect of sealing the anodised layer after it is created by boiling in 

water, dipping the anodised surface in a primer or epoxy to allow extended shelf-life, 

or using grit blasting in combination with the anodising. In addition, grit blasting should 

be further investigated to determine the effect that impingement angle, dwell time, and 

stand-off distance will have on the surface being blasted. 

As noted, the lap shear test is a very effective method of quickly ascertaining the 

strength of a bond, but it does have drawbacks. Other testing methods, such as those 

mentioned in the literature review of this study, should be further examined. 

Further EDS analysis should be done to confirm the exact surface composition of 

fractured samples before and after ageing to give a better understanding of the level 

of moisture ingress that occurs. 
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Appendix A 

Designs 

 

Figure 43: Testing alignment jig detail drawing. 
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Figure 44: Adhesion alignment jig base detail drawing. 
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Figure 45: Adhesion alignment jig pressure plate detail drawing. 
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