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Abstract 

Surface pretreatments of aluminum alloys are known to be of great importance for 

stronger and environmentally stable adhesively bonded joints. Aluminum alloy adhesive 

joints offer a wide range of potential applications in the automotive and aerospace 

industries, thus detailed research of their performance is necessary. Better surface 

treatment of the substrates is necessary to offer good surface characteristics that will 

increase the strength and stability of adhesive joints. In this work surface pretreatments 

like degreasing, grit blasting, and/or anodizing are done on aluminum alloy EN-AW-

6061. Surface roughness profile was studied though optical profilometry. Surface 

morphological studies were done through scanning electron microscopy (SEM) and 

compositional analysis through energy dispersive X-ray spectroscopy (EDX). The surface 

pretreated substrates were adhesively bonded using polyamide or nylon-6 (PA-6) in a 

convection oven. The bond line thickness was measured using optical microscopy.  Single 

lap shear testing of adhesively bonded joints was performed at tensile testing machine. 

The grit blasted samples showed a good roughness value Ra of around 14 µm and 15 µm 

as compared to the degreased ones which showed Ra of 0.5 µm. The grit blasted and 

anodized samples showed good lap shear strengths of 19 MPa and 16 MPa, respectively. 

The control samples, i.e., as received, or degreased ones demonstrated a very low lap shear 

strength of 9 MPa and 13 MPa, respectively. After hydrothermal aging, the lap shear 

strengths of grit blasted samples were dropped to a 5 MPa, whereas the samples received 

other pretreatments showed almost zero lap shear strengths after this hydrothermal 

treatment. The fracture analysis revealed the polymer residues on grit blasted surfaces of 

and no such residues were observed at fracture surfaces of decrease or as received 

samples. This observation explained the better performance of decreased samples 

compared to that of as received or degreased ones. 
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Chapter:1 

Introduction 

1.1 Need for adhesive joining  

Adhesive joining of hybrid materials is essential for light weight constructions in the 

aircraft and automobile industries. When compared to traditional joining procedures such 

as welding, brazing, and mechanical riveting, adhesive joining has various advantages. 

Even though mechanical riveting is the most common method for joining together aircraft 

assemblies, it has a drawback: compared to bonded joints, it can cause points of high stress 

concentration, which can result in premature failure, especially in fatigue conditions. 

Secondly, welding can solve many of the problems that arise when aerospace materials 

are joined with riveting. But some people have said that some aerospace alloys are ‘un 

weldable’ because such heat-treated alloys can experience solidification cracking[1-7]. 

Adhesively bonded joints, on the other hand, are said to be superior to mechanically 

fastened joints in several ways, such as having a high strength-to-weight ratio, a longer 

fatigue life, a simpler design, a smooth finish on the outside, and the ability to connect 

materials with no similarity. Aluminums adhesive bonded joints are very important in the 

aircraft and car industries because they have a high strength-to-weight ratio, good 

corrosion resistance, are easy to find, are cheap, and look good[8-11]. 

 

1.2 Surface pretreatment role in adhesive joining 

Even though adhesive joining has many benefits over other traditional ways of joining, it 

also has some problems. In a hydrothermal environment, the mechanical performance of 

adhesively bonded joints gets much worse. As during the service life of adhesively bonded 

joints fuels used in industries, oils and some other deicing agents are used more often 

which may results in their fracture or damage. Experience with adhesive bonding has 

shown that the main point of attack in these joints is where the metal, or metal oxide, 

meets the polymer. Also, the rate of hydrothermal attack at the interface regions can be 
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sped up by service loads. Without a stable metal-polymer interface, even the best joint 

designs can't make sure whether the adhesive bonded joints will be durable or not[12]. 

The only two ways by which high joint durability can be accomplished is either by 

preventing corrosive substances like water from getting into the joint, like by sealing it, 

or by making the interface between the metal and polymer joints stronger so that water 

does not break them. Several studies have shown that surface pretreatments are the most 

important factor in how well and how long adhesively bonded joints stay together[1, 12-

16]. In order to get a better bond between the substrate and the adhesive, surface 

pretreatments should not just be thought of as a way of cleaning the surface[12]. It is a 

necessary condition, but it is not enough on its own. Its functions include increasing 

surface energies for better wetting, changing surface chemistry to provide specific 

functional groups for physical or, preferably, chemical bonding, making new oxides with 

better resistance to water, making surface structures to increase bonding surface area, and 

providing features for mechanically locking polymers and making interfaces tougher[1, 

8, 17]. 

 

1.3 Aluminum and its alloys 

1.3.1 Aluminum 

Aluminum is the third most common element in the earth's crust. Since it reacts with other 

elements, such as iron, oxygen, or silicon, it is often found with those things. Bauxite ore 

is used to get aluminum as a metal in a cost-effective way. Aluminum is popular in the 

aircraft industry because it is a light metal with a low density (2.7 g.cm-3) and a high 

mechanical strength[18]. When metal meets oxygen, an oxide layer forms on its surface. 

This makes the metal highly resistant to corrosion. This layer is waterproof and does not 

let water in. In the future, it can keep the base material from oxidizing. Even though this 

oxide layer cannot be eaten away by acid solutions, alkaline solutions can. It can be made 

better through the anodizing process, which increases its thickness. Pure aluminum has a 

low mechanical strength, between 7 and 11 MPa, but it can be raised to around 690 MPa 

by heating and mixing it with other metals. But most of the alloying elements that make 

it stronger mechanically also make it less resistant to corrosion. So, surface treatments are 

needed to give the right amount of protection. 
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1.3.2 Aluminum alloys 

As was already said, pure aluminum cannot be used to make structures because it does 

not have enough strength. Because of this, it is not used in industry in its pure form. 

Instead, it is mixed with other materials to improve performance. Silicon, magnesium, 

manganese, zinc, and copper are the most common[18]. The aluminum alloy studied in 

this thesis is EN AW-6061-T6. 

 

1.4 Surface pretreatments 

Metal substrates are subjected to a variety of surface pretreatments. On industrial surfaces 

that stick together, you can find lubricants, corrosion inhibitors, dust, corrosion products, 

salts, water that has stuck to the surface, and other contaminants. Solvent degreasing is a 

simple surface pretreatment that removes some of the loose surface contaminants, which 

can help with initial adhesion[13]. However, solvent degreasing will not be enough to 

make sure that adhesive-bonded joints last in harsh environments, so it can be used as a 

supplement to more advanced treatments. 

Wet chemical pretreatments like chromic acid etching (CAE), Forest Product Laboratory 

(FPL), Sulfo-ferric acid (P2), phosphoric acid anodizing (PAA), and chromic acid 

anodizing (CAE) are used to make sure that adhesively bonded aluminum joints will stay 

stable over time. In these pretreatments, dangerous chemicals like strong acids or 

hexavalent chromium are used. These dangerous chemicals are very toxic and hard to get 

rid of, especially in CAE and CAA. 

 

These wet chemical pretreatments can be replaced by physical pretreatment like Grit 

blasting and Physiochemical treatments like laser and plasma, they also show some 

promising results[17, 19-25]. 

The classification of common surface pretreatments is shown in Table 1.4-1 [26, 27]. 
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Table 1.4- 1 Surface Pretreatments Classification 

 

1.4.1 Degreasing (DG) 

Before doing the rest of the surface treatments, the first steps are to clean and remove 

grease. The main goal of degreasing is to get rid of any dirt that may have gotten on the 

surface of the metal while it was being moved or handled. 

Solvent degreasing (DG), a simple surface pretreatment, can remove some of the loose 

surface contaminants and give a good initial adhesion, but it does not help with the surface 

modifications that are needed for adhesively bonded joints to last in harsh environments. 

DG should be used to supplement treatments that are more advanced[8]. 
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1.4.2 Grit Blasting 

Grit Blasting also known as Sand Blasting is a Mechanical treatment process which 

employs centrifugal force from a mechanical device to propel blasting media (alumina or 

silica grit) upon the part being blasted. 

Compressed air sends small, angular, or spherical particles in the direction of a part. The 

type of the blast media which involves its shape, size, density, and hardness are considered 

very important. The pressure at which the blasting media is striking the workpiece the 

distance between the blaster and the workpiece, and the angle of impact plays a vital role 

in this process. 

Hand cabinets, automated enclosures, and blast rooms are built to handle parts that come 

in different sizes and shapes. The containment systems are made so that the blast media 

and parts stay inside the enclosures and are controlled by the systems. Using gravity, the 

blasted material falls to a place where it can be collected and used again for blasting. This 

is how the enclosure systems work[28]. 

Grit blasting is a great way to clean and get surfaces ready. It can be used to clean rust, 

corrosion, and oil lubricants from the surface of metal. 

 

1.4.3 Phosphoric acid anodizing (PAA) 

A native oxide or hydroxide coating can be form on the surfaces of non-ferrous metals 

like aluminum, these native oxide coating provides limited protection to surface 

degradation. 

Anodizing, which is an electrochemical process provides a thicker, durable, corrosion and 

wear resistant anodic oxide coating[29], [30]. 

In anodizing process, the components which is to be anodized is immersed in an 

electrolyte of suitable condition which in our case is 10wt.% of Phosphoric acid solution 

as we are doing Phosphoric acid anodizing PAA. After immersion in electrolyte the 

components are then connected to anode which is a positive electrode and the counter 

electrode (cathode) used can be sheet or rod of stainless steel, carbon, lead, platinum, or 

any other metal. This counter electrode should be inert in the anodizing electrolyte. A DC 

source is used to provide the required voltage. 
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After PAA, a new layer of anodic coating forms on the surface of the substrate. This layer 

makes a great base for adhesion bonding[30], [31]. 

 

1.5 Aims & objective 

 

➢ To study the influence of different surface pretreatments and their parameters on 

the morphology and topography of the Aluminum alloy-6061. 

 

➢  To study the impact of roughness and surface area on the surface adhesion and 

hydrothermal durability of the adhesively bonded joints. 

 

➢  Fracture analysis to determine the possible adhesion mechanism. 
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Chapter:2  

Literature Review 

Researchers have used different surface pretreatments, such as mechanical methods, 

chemical etching, physiochemical surface treatments, and electrochemical surface 

treatments[31], to improve adhesive bonding properties of various aluminum alloys.  A. 

Spaggiari A. et al. [32] and SG. Prolongo et al[33]. used mechanical treatment to change 

the surface morphologies of aluminum substrates. They found that making surfaces 

rougher makes adhesively bonded joints stronger. Researcher N. Saleema et al[34]. 

studied that very high adhesion strength of aluminum alloy 6061 was achieved after a very 

short exposure of the plasma treatment, when it was treated with with atmospheric 

pressure helium oxygen plasma at room temperature.  S. Sharifi Golru et al. [35] did some 

research and found that different ways of cleaning the surface of aluminum alloy 1050 

improved its adhesion performance and surface hydrophilicity. Thomas S. Williams et al. 

[36] used helium/oxygen plasma at atmospheric pressure to treat the surface of aluminum 

2024 before adhesive bonding. They found that the wettability and lap shear strengths of 

the joints were significantly improved. 

Researchers investigated the anodization process, which is a common way to treat the 

surface of aluminum and produces great surface morphology and high bonding 

performance. Yiwei Xu et al. [37] did phosphoric acid anodization (PAA) on aluminum 

alloy-2060 using different parameters[38]. They found that the roughness and 

microstructure formed had a big effect on the bonding performance and joint durability of 

the pretreated alloy. L. Goglio [39] and his colleagues studied how degreasing and 

anodizing affect the durability of bonded joints when exposed to the environment. They 

found that anodized samples have the best durability because their strength stays 

constant over period. A. Rudawska [28] and her colleagues looked into how sandblasting 

affected the strength of the adhesive bonded joints between the three types of aluminum 

alloy sheets. The samples were blasted at three different pressures. It was found that when 

the same pressure was used to sandblast different types of aluminum alloys, the roughness 

parameters Ra and Rz were different depending on the type of alloy, and that heat 
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treatment made the joints in an aluminum alloy sheet twice as strong. By grit blasting mild 

steel and aluminum alloy with different alumina grits, A.F. Harris et al. [27] were able to 

learn a lot about their surface characteristics. He said that the changes in the surface's 

physical and chemical properties caused by the grit-blasting process had a significant 

contribution to the joint behavior. 

Over the years, most research has been done on how to improve adhesion bonding with a 

single surface treatment process. However, the effects of combined treatments like 

anodizing and grit blasting are rarely talked about in papers about the same topic.  

Comprehensive mechanistic studies on the surface characteristics and adhesion strength 

of bonded joints by the combined effect of surface treatment have yet to be finished or 

presented. 

Yibo Li [40] and his colleagues looked into how the adhesion performance and surface 

characteristics of aluminum-lithium alloy sheets changed when the surface was treated 

with grit-blasting and phosphoric acid anodization (PAA) at the same time. He looked at 

samples that had been given different surface pretreatments and compared their 

wettability, how they broke, and how strong they were when pulled apart. The test results 

showed that the combined treatment gave good wettability and single-lap joint 

performance and had high surface free energy values.  

Lei Dong and his colleagues also looked at how surface pretreatment on 6061 aluminum 

alloy sheets worked and their combined effect. He first used 400-mesh sandpaper to 

mechanically polish the aluminum substrate to remove the natural oxide film that formed 

the microgroove structure. The same substrate was then treated with phosphoric acid 

anodizing (PAA) process to improve the strength of the adhesive bond. The results of his 

experiments showed that the joint between aluminum alloy 6061 and thermoplastic 

adhesive can be made to fracture in a different way by using the phosphoric acid anodizing 

(PAA) process under the right conditions. The shear strength of the joint is also improved 

because the surface of the aluminum alloy has the right number of circular pits structure.  

Solvent degreasing is a simple surface pretreatment that removes some of the loose 

surface contaminants, which can help with initial adhesion. However, solvent degreasing 

is not enough to ensure the long-term durability of adhesively bonded joints in severe 
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environments, therefore surface pretreatment using solvent degreasing can be used as a 

supplement to more advanced treatments.  

Wet chemical pretreatments like chromic acid etching (CAE), Forest Product Laboratory 

(FPL), Sulfo-ferric acid (P2), phosphoric acid anodizing (PAA), and chromic acid 

anodizing (CAE) are used to make sure that adhesively bonded aluminum joints will stay 

stable over time. In these pretreatments, dangerous chemicals like strong acids or 

hexavalent chromium are used. These dangerous chemicals are very toxic and hard to get 

rid of, especially in CAE and CAA. These wet chemical pretreatments that are bad for the 

environment are also against the law in the European Union.  

Instead of using chemicals that are bad for the environment, Grit Blasting and anodizing 

can be used together. When First Grit Blasting is used on the surface of an aluminum 

alloy, the natural oxide layer on the alloy is removed by the intense collision of abrasive 

media, leaving a uniform layer of rough surface with dense ridges, grooves, and 

undercuts. Such rough spots increase the surface area of the aluminum alloy substrate. 

When anodizing is done on this surface, it forms porous and cellular nano structures. This 

makes the bonding area bigger because the treated surface has structures on both the micro 

and nano scales. This also increases the shear strength. Yibo Li et al. [40] said that after 

anodizing porous structures are formed, but what actually happens is that cellular 

nanostructures also form, which increases the bonding area. 
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Chapter:3 

Experimental Procedure 

3.1 Materials 

Aluminum alloy EN AW-6061-T6 was used as a substrate material and all the studies 

were performed on this alloy. The chemical composition of the alloy is given in Table 

3.1-1 and Table 3.1-2 shows its mechanical properties. Polyamide or Nylon 6 (PA6) was 

used as a thermoplastic hot melt adhesive which was supplied by mf folien GmbH. 

Table 3.1- 1 Chemical compositions of EN AW-6061 T6 

 

Table 3.1- 2 Mechanical Properties of EN AW-6061 T6 

 

 

3.1.1. Dimensions of Specimen 

The material purchased was in the form of sheets having dimension (500 × 300 × 1.5 

mm³) as shown in Figure 3.1-1.  
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Figure 3.1- 1 EN AW-6061 T6 Sheet 

The dimension for each aluminum specimen which we needed for the surface pretreatment 

were (72.5 × 10.0 × 1.5 mm³). Therefore, the aluminum sheets were cut into required 

dimensions by CNC Laser cutting machine present in Robot Maker lab EME college 

NUST. Figure 3.1-2 shows the aluminum sheet during laser cutting and aluminum strips 

after laser cutting are presented in Figure 3.1-3. 

 

Figure 3.1- 2 Laser Cutting of EN AW-6061 T6 Sheet 
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Figure 3.1- 3 EN AW-6061-T6 Sheet after Laser cutting 

 

3.2. Surface pretreatment  

 

3.2.1. Degreasing 

For degreasing, the sample were placed in a beaker containing high purity acetone. The 

beaker was then placed in ultrasonic bath for 10 minutes in 2 cycles, each time using a 

fresh acetone solvent. To remove any type of residues, present at the specimen surface, 

the samples were dipped in fresh acetone after the second cycle. Before adhesive bonding 

the samples were air dried. Note that the samples labeled as received (AR) did not get any 

type of surface pretreatment even degreasing. 

 

3.2.2. Grit Blasting 

Grit blasting was carried out using a mixture of alumina and sand as grit with mesh size 

40μm. All the samples were blasted at a constant pressure of 5 bar for 10 sec. The grit was 

blasted at an angle of 90° to the surface of the sample. The distance between the sample 

and the grit exit nozzle was either 2cm or 8cm and accordingly samples were designated 

as GB2 or GB8. The blasted samples were then cleaned in ultrasonic bath containing high 

purity acetone for 2 cycles each of 10 minutes so that any slack grit particles may be 
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removed from the grit blasted surface. And before using the samples for adhesive bonding 

they were air dried [41]. 

 

3.2.3. Phosphoric acid anodizing (PAA) 

The standard Phosphoric acid anodizing (PAA) surface pretreatment was performed 

according to another study [42] and the procedure is shown in the form of flow chart in 

Figure 3.2-1. After degreasing and alkaline etching, the samples were cleaned with 

deionized (DI) water and dried before anodizing. 

 

Figure 3.2- 1 Standard PAA pretreatment flow chart 

The phosphoric acid anodizing (PAA) was performed in an electrochemical cell using 

10wt% 𝐻3 𝑃𝑂4 was used as an electrolyte. The cathode was a plate of stainless steel (SS) 
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and the aluminums strips were connected with the positive terminal of the DC source as 

anode [42]. A setup was developed, as shown in Figure 3.2-2, to hold the samples and the 

SS plate. The voltage was raised to 20 V at a rate of 1 V/30 s and held there for 20 minutes. 

The samples were rinsed in deionized water after the anodizing was complete. Before 

using the samples for adhesive bonding, they were dried in an oven at 60 °C for 15 

minutes. 

 

Figure 3.2- 2 Phosphoric acid anodizing Setup 

 

3.3. Adhesive Bonding process  

For adhesive bonding process a tool was a designed and manufactured from a brass plate. 

The tool was manufactured as per the dimensions of the joints so that it can hold the 

bonding assemblies, shown in Figure 3.3-1. 
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Figure 3.3- 1 Bonding tool for Adhesive Joints 

 

3.3.1. Design and Fabrication of bonding tool 

Before manufacturing the bonding tool, the design was made in CATIA which is a 

CAD design 3D software used in a variety of industries, including aerospace and 

automotive, to design, simulate, analyze, and manufacture products. 

The first design of the bonding tool which is shown in Figure 2.3-2 was perfect to hold 

the bonding assemblies, but unfortunately, we could not manufacture that design because 

the brass sheet of the required thickness of 9.6mm was very expensive. 
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Figure 3.3- 2 First design of Bonding tool 
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Therefore, a new design of bonding tool, see 2D drawings in Figure 3.3-3, was made from 

a relatively thin brass plate. The 3-D drawing of bonding tool is shown in Figure 3.3-4. 

 

Figure 3.3- 3 New design of Bonding tool 
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Figure 3.3- 4 3D Image of Bonding tool 

 

A 4mm brass sheet was purchased from the local vendor and the bonding tool was 

manufactured by CNC Milling machine (MV-1060) present at Design and Manufacturing 

Engineering Department, School of mechanical and manufacturing engineering (SMME) 

NUST. Figure 3.3-5 shows the manufacturing of bonding tool along with the machined 

bonding job. 



 

19 
 

 

Figure 3.3- 5 Manufacturing of Bonding tool by CNC milling machine 

 

After the bonding tool was initially manufactured then holes for M3 screws were drilled 

as per the dimensions of the joints so that it can hold the bonding assemblies. Figure 3.3-

6 shows the drawing for the dimension at which holes for M3 screw were made. 
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Figure 3.3- 6 Holes dimensions for m3 screw 
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The holes were made by milling machine available at manufacturing resource center 

(MRC) SMME NUST. A drill bit of 2.4 mm was used to create holes and taping of 0.6mm 

was done to cut internal threads in holes so that a cap screw of size M3 can be threaded 

into the hole. Figure 3.3-7 shows the process of holes creation by milling machine and 

tapping for internal threading. 

 

Figure 3.3- 7 M3 screw holes drilling and tapping 
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3.4. Thermal joining process 

 

A convection oven (model UN30 manufactured by Memmert) was utilized to perform 

adhesive bonding. Before bonding PA6 adhesive was cleaned in ultrasonic bath for two 

cycles, each 10 min, in a solution containing 50% DI water and 50% Ethanol. After 

cleaning,  PA6 adhesive was dried overnight in an  oven at 65˚C and then used for bonding 

aluminum substrates[8, 17]. 

The PA6 joints were consolidated at 225˚C for 15 minutes, as per the recommendation of 

the manufacturer. The oven took approximately 30 - 40 min to reach 225 ˚C. The 

temperature was hold for 15 min at 225˚C and after 15 min the oven door was slightly 

opened for 25 minutes and 

then left fully opened for 20 minutes to allow the joining assemblies to cool to room 

temperature. 

For reach type surface pretreatment, a set of six samples were prepared. Three samples 

were tested under unaged conditions and the other three samples were subjected to 

hydrothermal aging before testing. 
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Chapter:4 

Characterization Techniques 

4.1. Mechanical Testing 

4.1.1. Single Lap Shear Joint Test 

For mechanical testing a pair of aluminum substrates was adhesively bonded, the 

dimensions of the aluminum substrates were 72.5 × 10.0 × 1.5 mm³, and the overlap area 

was 10 × 5 mm², Figure 4.1-1. European Standard DIN EN 1465 was used to determine 

these dimensions and these dimensions were reduced to prevent excessive substrate 

deformation, which could negate the pretreatment's results.  

 

Figure 4.1- 1 Schematic of substrate for single lap joint shear test 

One set of three samples was prepared for each surface pretreatment and each set was then 

tested under unaged condition with strain rate of 1mm/min. in Universal testing machine 

of (model SHIMAD2U 20KN). A load cell of 5kN was used (Figure 4.1-2). 
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Figure 4.1- 2 Single lap joint shear test setup 

 

4.1.2. Hydrothermal Aging 

Similarly for joint durability studies the other set was subjected to hydrothermal aging 

before mechanical testing. Aging of samples was done at 80 ˚C for 7 days. The samples 

were stacked in a beaker of 1000 ml containing deionized water, the beaker was then 

placed over a hot plate and temperature was adjusted such that the thermometer placed 

inside the beaker showed 80 ˚C. A special setup shown in Figure 4.1-3 was developed to 

refill the beaker when the DI water level starts to drop due to evaporation. The samples 

were removed from the beaker after 7 days and were tested immediately[43]. 
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Figure 4.1- 3 Hydrothermal Aging setup 

For calculating lap shear strength geometrical bonding area was used, the following 

relation used to calculate lap shear strength: 

 

4.2. Scanning electron microscopy (SEM) 

The surface morphologies were studied using SEM. The pretreated samples were 

investigated using SEM manufactured by JEOL model (JSM6490A). Before scanning a 

thin layer of gold was sputtered to all the pretreated samples using a gold sputter coater to 

make them more conductive to facilitate the analysis. Under high vacuum, an electron 

beam with an acceleration voltage of 20 kV was used to scan all the samples. Secondary 
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electron detector was used, and images were taken at different magnification and were 

then investigated. 

 

4.3. Energy dispersive x-ray spectroscopy (EDS or EDX) 

Energy Dispersive X-Ray Spectroscopy is an analytical technique used in conjunction 

with scanning electron microscopy (SEM). EDS was used for the identification of 

elemental composition of individual points as well as the mapping of lateral distribution 

of the elements from imaged area. EDS analysis of all the pretreated samples, aged as well 

as unaged was done. 

 

4.4. Optical Profilometry 

An optical profilometer is an instrument for measuring the profile of a surface to 

determine its roughness. All the pretreated samples were scanned under optical 

profilometer, the result shows values for different roughness parameters. To study 

roughness profile, the average of the following roughness parameters was taken and 

plotted; Ra (arithmetic mean height), Rq (root mean square height) and Rz (Avg. Max. 

Height of the Profile). 

 

4.5. Optical Microscopy 

Optical microscope was used to measure the thickness of adhesive after bonding. Emery 

paper of different grades (P240 and P800) was first used to get smooth and shiny finished 

surface so that the adhesive can be easily viewed under optical microscope. Figure 4.5-1 

shows the sample prepared for optical microscope by using emery paper. 
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Figure 4.5- 1 Sample preparation for Optical Microscope 

After finishing the surface of the sample, the thickness of the adhesive was viewed under 

optical microscope manufactured by Optika Italy model IM-3 MET. The images were 

taken at a low magnification of 5X. 
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Chapter:5 

Results and Discussion 

5.1. Morphological study of un bonded pretreated surfaces: Unaged 

5.1.1. As Received 

SEM image of as received sample at 1000X showed sheet rolling lines at low 

magnification (arrows in Figure 5.1-1) and contaminants and some loose products of 

oxides/hydroxides on the surface of the alloy as indicated by arrows at higher 

magnification of 10,000X (Figure 5.1-1). 

 

Figure 5.1- 1 SEM image of as received sample 

 

5.1.2. Degreased 

The SEM image of degreased sample at 1000X also revealed the original rolling lines of 

the sheet and some loose products of oxides/hydroxides on the surface of the alloy as 

indicated by arrows in Figure 5.1-2. At higher magnification of 5000X some cracks were 

also visible (as indicated by arrow in Figure 5.1-2) along with loose products.  
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Figure 5.1- 2 SEM image of degreased sample 

5.1.3. Grit Blast at 2cm Distance (GB2) 

The SEM image of the grit blasted sample with sample to nozzle distance of 2cm (GB2) 

demonstrated a large number of undercuts and re-entrant geometries, Figure 5.1-3. The 

image at 5000X further revealed the under cuts and re-entrants features that may provide 

the sites for mechanical interlocking of adhesive at the substrate and an increase in real 

surface area for the physicochemical interactions between alloy substrate and adhesive, 

Figure 5.1-3. 

 

 

Figure 5.1- 3 SEM image of GB2 sample 
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5.1.4. Grit Blast at 8cm Distance (GB8) 

The SEM image of the grit blasted sample, GB8, also showed the undercuts and re-entrant 

geometries at the surface, Figure 5.1-4. 

 

Figure 5.1- 4 SEM image of GB8 sample 

 

5.1.5. Phosphoric acid Anodizing (PAA) 

 

The SEM image of PAA pretreated samples taken at 1000X demonstrated dimple like 

micro-structures (Figure 5.1-5) which were due to chemical treatment performed before 

anodizing process. At higher magnification of 60,000X, cellular nanostructures were 

evident, Figure 5.1-5. 
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Figure 5.1- 5 SEM image of (PAA) sample 

5.2. Morphological study of unbonded pretreated surfaces: Aged 

5.2.1. As Received  

SEM image of as received sample after hydrothermal aging showed that due to hydration 

various oxides/hydro oxides were formed on the aged surfaces, Figure 5.2-1.  

 

Figure 5.2- 1 SEM image of as received sample 
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5.2.2. Degreased 

The SEM image of degreased sample also confirmed that the structure was changed some 

home due to hydration and some crystals of early stages of hydration were formed. (Figure 

5.2-2). 

 

Figure 5.2- 2 SEM image of degreased sample 

 

5.2.3. Grit Blast at 2cm Distance (GB2) 

The SEM image of the grit blasted sample at 2cm distance (GB2) after aging shows that 

the grit blasted features were visible even after hydration, Figure 5.2-3). 

 

Figure 5.2- 3 SEM image of GB2 sample 
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5.2.4. Grit Blast at 8cm Distance (GB8) 

The SEM image of the grit blasted sample at 8cm distance (GB8) also showed similar 

behavior like demonstrated by the samples with blasting distance of 2cm, GB2, Figure 

5.2-4. 

 

Figure 5.2- 4 SEM image of GB8 sample 

 

5.3. Topographical Analysis 

For topographical analysis surface roughness parameters Ra, Rq, and Rz of different 

surface pretreatments were obtained through optical profilometry technique and are 

shown in figure 5.3-1. As Received and degreased samples exhibited a very small surface 

roughness with Ra value of 0.3 µm and 0.5 µm, respectively. After treating the samples 

with anodization process, the Ra value increased to 1.7 µm. When the samples are 

subjected to grit blasting by keeping pressure constant at 5 bar and varying the distance 

between the sample surface and the grit exit nozzle, the surface exhibits a high roughness 

Ra value of 14.0 µm and 15.1 µm when the distance was maintained at 2 cm and 4 cm, 

respectively. When the distance was further increased to 6cm and 8 cm the Ra value again 

decreased to 2.2 µm and 2.0 µm, respectively. Approximately Similar trend was observed 

for surface roughness parameter, Rq and Rz. 
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Figure 5.3- 1 Surface roughness values Ra, Rq and Rz of diff. surface treatments 

 

5.4. Bondline Thickness of adhesively bonded joints 

The bondline thickness of adhesively bonded joints of two different samples was 

measured using optical microscope. The figure 5.4-1 and 5.4-2 shows the image of result 

obtained via optical microscope. The bondline thickness was around 187 µm, 161 µm, 

and 142 µm for sample 1 measured at three different points, figure 5.4-1, after thermal 

consolidation. Similar observations were made for sample 2, figure 5.4-2 figure 5.4-2. For 

adhesive bonding, 2 strips of PA6 polymer adhesive having thickness 100 µm each were 

used, so the total thickness before the consolidation was 200 µm. But during consolidation 
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as the temperature was increased the polymer melted and some polymer flowed out of the 

bonded area and therefore the bondline thickness was lower than 200 µm after 

consolidation as evident from figure 5.4-1 and figure 5.4-2.  

 

Figure 5.4- 1 Bond line of Sample 1 

 

Figure 5.4- 2 Bond line thickness of sample 2 

5.5. Single lap joint shear strengths 

The mechanical test of adhesively bonded joints revealed that the single lap shear strength 

of the grit blasted samples was enhanced as compared to as received and degreased, figure 
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5.5-1. The AR and degreased samples showed single lap shear strength of 9.0 MPa and 

13.0 MPa, respectively. The grit blasted samples demonstrated the lap shear strengths of 

19.2 MPa and 12.3 MPa for GB2 and GB8 samples, respectively. The anodized sample 

showed lap shear strength of 15.7 MPa. The enhanced strength of grit blasted, and 

anodized surfaces was due to increased roughness values, see figure 5.3-1. This increased 

surface roughness increased the surface area and hence the adhesion strengths were 

enhanced.  

The as received and degreased samples after hydrothermal aging showed zero strength 

while grit blasted samples demonstrated comparatively good strengths after the aging, 

figure 5.5-1. Here, the aging resistance of GB 2 samples was higher compared to the GB8, 

and this can be attributed to the higher surface roughness of these samples. The lower 

aging resistance of the anodized samples needed further investigation.  

To explain the variations in adhesion strengths and aging resistance of various surfaces 

and to see whether the change in strength and the failure was due to chemical bonding or 

mechanical interlocking, the fracture surfaces were analyzed using SEM and EDX studies.  
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Figure 5.5- 1 Lap shear strength of Pretreated samples 

 

5.6. Fracture Analysis: unaged samples 

5.6.1. Morphological study 

5.6.1.1. As Received 

In Figure 5.6-1 rolling lines were evident seen on the fracture surfaces of the as received 

samples. These rolling lines indicated almost complete adhesive failure of the joints and 

hence very weak bonding between the polymer and the as received sample surfaces. 
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Figure 5.6- 1 Fracture surface of unaged As Received sample 

 

5.6.1.2. Degreased 

The fracture surface of unaged degreased sample also showed the original rolling lines of 

the sheets, Figure 5.6-2. The rolling again indicated the very weak bonding of the polymer 

to the degreased only surfaces. However, some polymer residues were evident at the 

fracture surfaces showing relatively better adhesion of polymer at these surfaces 

compared to the as received ones.  

 

Figure 5.6- 2 Fracture surface of unaged Degreased sample 
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5.6.1.3. Grit Blast at 2cm Distance (GB2) 

The fracture surface of unaged GB2 sample (Figure 5.6-3) revealed large polymer 

residues at these surfaces. Most of the polymer was locked at the undercuts generated by 

grit particles. This observation shows higher adhesion at these surfaces leading to 

cohesive failure of the joints and hence explained the higher single lap shear strengths of 

these joints. Therefore, the undercuts were the suitable sites available at the surface for 

the polymer interlocking and increased surface area resulted in large number of sites for 

chemical. 

 

Figure 5.6- 3 Fracture surface of unaged GB2cm sample 

 

5.6.1.4. Grit Blast at 8cm Distance (GB8) 

GB8 fracture surfaces demonstrated similar behavior compared to the GB2 ones, figure 

5.6-4. The difference in adhesion strengths of GB8 and GB2 can therefore be only 

explained by the difference in surface roughness and hence surface area of these surfaces.  
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Figure 5.6- 4 Fracture surface of unaged GB8cm sample 

 

5.6.2. Compositional study 

5.6.2.1. As Received 

The EDS mapping of AR samples showed the signal mostly of aluminum with very less 

signal from the carbon, figure 5.6-5 & figure 5.6-6. Also, it was confirmed through SEM 

image that the AR features, i.e., rolling lines etc. were still visible and so the failure was 

between metal and polymer and there was no polymer infiltration to substrate. Since all 

the polymer was debonded from the metal surface, therefore the failure was adhesive one. 
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Figure 5.6- 5 EDS mapping of unaged as received sample 
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Figure 5.6- 6 Elemental composition of unaged as received sample 

 

5.6.2.2. Degreased 

The EDS mapping of degreased sample also revealed presence of aluminum with small 

carbon concentrations, figure 5.6-7 and figure 5.6-8. therefore, the failure was mostly 

adhesive on these degreased surfaces like the as received ones. 
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Figure 5.6- 7 EDS mapping of unaged degreased sample 



 

44 
 

 

Figure 5.6- 8 Elemental composition of unaged degreased sample 

 

5.6.2.3. Grit Blasting with 2cm Distance (GB2) 

The greater intensity of carbon at GB2 fracture surfaces indicated the presence of large 

polymer residue at some regions of these surfaces, Figure 5.6-9.  The regions with weak 

carbon signal showed the absence of polymers at these regions. Since the surface features 

generated by the girt blasting were not evident at fracture surfaces of these samples, see 

Figure 5.6-2, there must be some thin layer of the polymer at the areas with weak carbon 

signals.  As the sampling volume of EDX is more therefore thin layer of polymer at some 

regions was not detected and more sensitive technique like XPS is required. The XPS 

sampling volume is less, and a thin layer of 3-4 nm can be detected.  Therefore, larger 

carbon signals, Figure 5.6-10, and absence of grit blasted features indicated the presence 

of polymer residue all over the surface of grit blasted samples. This observation showed 

polymer into the features of these surfaces and hence the failure was mostly cohesive 

failure, though pseudo cohesive at some regions. 
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Figure 5.6- 9 EDS mapping of unaged GB2cm sample 
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Figure 5.6- 10 Elemental composition of unaged GB2cm sample 

 

5.6.2.4. Grit Blasting with 8cm Distance (GB8) 

EDX of GB8 fracture surfaces demonstrated a similar behavior like that of GB2 ones, 

Figure 5.6-11 & Figure 5.6-12. Despite relatively lower carbon concentrations at these 

GB8 fracture surfaces, the EDX analysis along with the SEM analysis confirmed that 

failure as mostly cohesive. 
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Figure 5.6- 11 EDS mapping of unaged GB 8cm sample 



 

48 
 

 

Figure 5.6- 12 Elemental composition of unaged GB 8cm sample 

 

5.7. Fracture analysis: aged samples 

5.7.1. Morphological study 

5.7.1.1. As Received  

SE image of as received aged sample showed no polymer residues at the fracture surface, 

Figure 5.7-1. SEM images revealed hydration of the surfaces during hydrothermal aging 

manifesting very poor hydration resistance of as received surfaces. This hydration resulted 

in complete delamination of the polymer from the substrate surfaces resulting in zero lap 

shear strengths. 
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Figure 5.7- 1 Fracture surface of aged As Received sample 

 

5.7.1.2. Degreased 

SE image of aged fracture surfaces also confirmed hydration of the degreased surface 

during hydrothermal aging, Figure 5.7-2. Therefore, the failure was completely adhesion 

one with no lap shear strengths. 

 

Figure 5.7- 2 Fracture surface of aged Degreased sample 
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5.7.1.3. Grit Blasting with 2cm Distance (GB2) 

The loci of failure were at the oxide/hydroxide-polymer interfaces for aged GB2 samples 

Figure 5.7-3. Apparently, there were no large polymer residues at the fracture surfaces 

showing mostly adhesive failure at these surfaces. However, there were no indications of 

severe hydration of these surfaces compared to the as received or degreased ones. This 

observation indicated the better hydration resistance of these surfaces. 

 

Figure 5.7- 3 Fracture surface of aged GB2cm sample 

 

5.7.1.4. Grit Blasting with 8cm Distance (GB8) 

The loci of failure for aged GB8 samples were also at the oxide/hydroxide-polymer 

interfaces, Figure 5.7-4. Detached oxide (possibly hydrated one) is also present at the 

fracture surface of aged PA6 bonded joints treated with GB8cm. 
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Figure 5.7- 4 Fracture surface of aged GB 8cm sample 

 

5.7.2. Compositional study 

 

5.7.2.1. As Received 

The oxygen and aluminum signal are intense in AR fracture samples, figure 5.7-5 & figure 

5.7-6. The more oxygen content indicates that there were possibly thick oxides or 

hydroxide layers present as these samples after subjected to aging. The absence of 

polymer indicated complete adhesive failure. 

 



 

52 
 

 

Figure 5.7- 5 EDS mapping of aged as received sample 
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Figure 5.7- 6 Elemental composition of aged as received sample 

 

5.7.2.2. Degreased 

The EDX analysis along with the SEM studies of degreased and aged samples also 

confirmed the hydration of these surfaces during aging, figure 5.7-7 & figure 5.7-8. 
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Figure 5.7- 7 EDS mapping of aged, degreased sample 
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Figure 5.7- 8 Elemental composition of aged, degreased sample 

 

5.7.2.3. Grit Blasting with 2cm Distance (GB2) 

Though SEM analysis of fracture surface of GB2 confirmed adhesive failure, however, 

the EDX of these samples showed that polymer residues were present because carbon 

signal were detected at these surfaces, figure 5.7-9 & figure 5.7-10. Therefore, GB2 did 

not show complete adhesive failure along with no apparent hydration of the aged surfaces. 

 



 

56 
 

 

 

Figure 5.7- 9 EDS mapping of aged GB2cm sample 
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Figure 5.7- 10 Elemental composition of aged GB2cm sample 

 

5.7.2.4. Grit Blasting with 8cm Distance (GB8) 

The behavior of GB8 fracture surfaces was quite like the GB2 ones, figure 5.7-11 & figure 

5.7-12. Therefore, GB surfaces performed better compared to the degreased or as received 

ones, under aged and unaged conditions. 
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Figure 5.7- 11 EDS mapping of aged GB 8cm sample 
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Figure 5.7- 12 Elemental composition of aged GB 8cm sample 
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Conclusions 

Surface pretreatment by grit blasting and anodizing can effectively replace as 

received and degreased sample of the alloy AA-6061. Solvent degreasing surface 

pretreatment only removes some of the loose surface contaminants, which can help 

with initial adhesion but is not helpful for the long-term durability of adhesively 

bonded joints in severe environments. The Grit Blasted surface shows good 

roughness Ra value of 14 um and 15.1 um as compared to degreased samples 

which was 0.52 um. The grit blasted sample GB2, and anodized sample show good 

lap shear strength of 19.16 MPa and 15.71 MPa. Fracture analysis of the shows 

that the polymer residue is present on treated surface of grit blasted samples and 

the features are less means polymer is infiltrated into the reentrant geometries and 

hence shows better lap shear strength as compared to as received and degreased 

samples. High surface adhesion and durability was due to mechanical interlocking 

along with other interactions such as chemical interactions. Although anodized 

samples show high strength, but the durability of anodized samples was poor but 

usually they show good durability but, in our case, it shows poor aging resistance 

further investigation are required to solve this anomaly. 
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