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Abstract 

This thesis examines the structural integrity of automotive joints in lightweight vehicle 

design, focusing on aluminium alloys AA6082 (6xxx series) and AA7075 (7xxx series). 

With the automotive industry increasingly adopting lightweight materials such as 

advanced high-strength steels, aluminium alloys, and carbon-fibre-reinforced polymer 

composites to improve fuel efficiency and reduce emissions, reliable joining methods 

are essential.  Three joining techniques were investigated: self-piercing riveting (SPR), 

adhesive bonding (SikaPower® 497 epoxy), and hybrid SPRïadhesive bonding. 

Single lap shear specimens were prepared for similar (AA6082ïAA6082) and 

dissimilar (AA6082ïAA7075) configurations. Quasi-static tests were performed under 

a constant displacement rate, and fatigue tests under tensionïtension loading (load 

ratio R = 0.1, and frequency 10Hz) in both ambient and wet conditions. 

 

Quasi-static results showed SPR joints had the lowest failure loads and displacements, 

while adhesive joints achieved the highest failure loads and greater displacements. 

Hybrid joints exhibited slightly lower failure loads than adhesive joints but the greatest 

displacements and energy absorption, with a distinct two-stage failure process. 

Dissimilar joints showed higher strengths but lower energy absorption than similar 

joints.  Fatigue results indicated SPR joints had the shortest fatigue lives, failing at 

rivet-induced stress concentrations. Adhesive joints performed best, failing in a mixed 

cohesiveïinterfacial fracture in the adhesive layer. Hybrid joints matched adhesive 

joints at low loads but had improved lives at high loads; however, their fatigue curves 

were steeper, indicating greater load sensitivity. Dissimilar substrates generally 

improved fatigue lives but increased load sensitivity. The wet testing conditions had 

no significant effect on fatigue performance in this research due to the relatively short 

duration of exposure to water.  

 

This study demonstrates the relative advantages and limitations of SPR, adhesive, 

and hybrid joints for lightweight automotive structures, highlighting how joint type, 

material pairing, and loading conditions influence strength, energy absorption, and 

fatigue life. 
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1 

 

1 Introduction 

1.1 Background  to Research  

Due to the latest figures on increasing pollution levels in cities and increasing 

consumption of fossil fuels, weight reduction and improving fuel economy is one 

of the key challenges in the design of automotive structures. The move towards 

light weighting for energy saving has been one of the most important factors 

leading to changes in the designs of cars in recent years. In the automotive 

industries, continuous improvement for weight reduction and energy saving has 

led to the use of different materials. The time and the cost of manufacturing are 

major factors to be considered for any new materials in this respect. Corrosion 

resistance, strength under different environmental and thermal conditions, 

durability, and formability are just some of the design inputs.  

 

Substituting steel with suitable alternative lightweight materials has been the 

focus of many new designs. However, the problems with the use of alternative 

materials to steel include the difference in melting points and thermal conductivity, 

which makes the conventional resistance spot welding process (RSW) or similar 

welding processes unsuitable. Achieving greater speed with less power 

consumption, finding new material combinations (dissimilar material joints) in 

addition to traditional materials and suitable joining techniques are other areas 

continually developing in the field of automotive design. Instead of conventional 

materials (mild steel) and joining technique (Resistance Spot Welding process), 

there are new material combinations and new joining techniques being developed 

in the latest designs [1].  

 

Any material replacement should be made without compromising the safety of 

passengers. The challenge is to achieve safety at lower cost and in real time 

manufacturing. The lower required thickness and higher strength of Ultra high 

strength/Advanced high strength steel in automotive applications is utilised to 

manufacture drive shafts, suspension parts and doors under crush and impact 

conditions. The superior mechanical properties of high strength steel would be 
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another reason to use it if fully integrated joints with aluminium alloy panels could 

be made, exhibiting very good mechanical properties and formability. The use of 

composite panels with titanium alloys has been established in the design of skin 

structures in the aerospace industry. The same cannot be adopted for the 

automotive industry due to the very high costs involved with Ti-alloys. The options 

for dissimilar materials and hybrid joining are increasingly chosen to improve the 

quality of design. 

 

The key issues around dissimilar material structures include the formability of 

high strength materials, the additional time and cost involved in any subsequent 

heat treatment, and the choice of an appropriate joining technique. The structural 

integrity of dissimilar joints against crash resistance and service life are other 

issues. Polymerïmetal structures are more difficult to join by conventional joining 

techniques such as resistance spot welding, mostly due to their strong dissimilar 

physical and chemical features [2-5].  

 

Self-Piercing Riveting (SPR) is a technique used to join dissimilar metals, and the 

integrity of these joints have been shown to be comparable with welding 

processes [5]. However, any of the parameters of this joining technique remain 

to be optimised and their mechanical performance in a range of loading 

conditions is still not well understood.  Environmental exposure to moisture, oil 

and extreme temperatures are potentially very deleterious to the performance of 

an SPR joint [5, 6]. In service vibration and potential rapid loading due to vehicle 

collisions can be investigated separately. Components and automotive body 

parts made of high strength aluminium reduce the weight considerably as 

compared to an all-steel structure. High strength aluminium alloys and advanced 

high strength or ultra-high strength steel components have higher strength and 

thereby allow reduction in the thickness of stiffeners or components made from 

them [7]. 

 

Hybrid joining combines two or more joining techniques together to join similar or 

dissimilar materials. Adhesive joining can be combined with SPR in hybrid joining 

to improve the integrity of the joints. The advantages of adhesive and hybrid 
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joining include the uniform stress distribution and reduction in stress 

concentration, elimination of metal-to-metal contact and significant increase in 

the absorbed energy until failure, elimination of liquid ingression into the joints 

and better strength and durability. The use of an appropriate structural adhesive, 

the preparation of the substrate surface, controlling the adhesive thickness 

effectively and the fillet geometry of the adhesive are being investigated in this 

project to realize the project objectives.     

1.2 Research Aims and Objectives  

The main aim of this project is to characterise the performance of joints formed 

between lightweight metals as used in the automotive industry. The joining 

techniques of self-piercing riveting, adhesive bonding, and the combination of the 

two were investigated. The joints were subjected to quasi-static loading, and 

fatigue loading and dry and wet conditions.    

Following objectives are set to realize this: 

¶ Research and review existing literature on hybrid joints and joining 

techniques. 

¶ Select suitable structural adhesives and joining parameters (e.g., 

surface treatment, bond line thickness, and cure conditions) for the 

adhesive joints.  

¶ Purchase an SPR gun and develop the riveting technique for 

aluminium and steel.   

¶ Manufacture specimens between different grades of Al-alloys (A6082 

and A7075) using SPR, simple adhesive bonding and hybrid joining 

which is a combination of SPR and adhesive bonding.  

¶ Perform tests to evaluate the joint strengths under quasi-static loading 

conditions. 

¶ Perform tests to evaluate the joint strengths under fatigue loading 

conditions. 

¶ Compare and analyse the test results of all three joining methods for 

the similar and dissimilar joints. 

¶ Compare and analyse adhesive and hybrid test results for the similar 

joints under dry and wet environment loading conditions.  
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1.3 Structure of Thesis  

Project plan 

To achieve these objectives, the research work has been described into following 

chapters. 

¶ Chapter 2 focuses on literature review which involved the past and present 

work on joining dissimilar materials on automotives, properties of different 

lightweight materials and their applications, different joining techniques, 

merits and limitations in each technique and the test methods used to 

measure the strength and durability of the joints. This includes mechanical, 

adhesive and hybrid joining techniques. 

 

¶ Chapter 3 describes the experimental set up and the testing equipment for 

making joints, the sheet materials, structural adhesive, and the test 

parameters for various mechanical testing to check the strength and 

durability of the joints under various environment conditions, procedure for 

manufacturing different type of joints, specimen preparation for 

mechanical joints, surface treatment for adhesive and hybrid joining 

methods for selected lightweight material combinations.  

 

¶ Chapter 4 focusses on the results of mechanical testing under quasi-static 

loading for each type of joints under dry conditions and the strength and 

energy dissipation under loading on three types of joints until failure are 

compared and analysed. 

 

¶ Chapter 5 presents the results of mechanical test under different levels of 

dynamic loading for each type of joints in dry condition and the adhesive 

and hybrid joints formed with similar substrates under wet conditions, and 

the test results are analysed for durability and joint integrity of each type.  

 

¶ Finally, the chapter 6 converges to the conclusions of the research and 

presents the recommended guidelines for making automotive joints with 

future work to concentrate.  
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2 Literature review 

2.1 Introduction  

In automobiles, continuous improvement for weight reduction and energy saving 

has led to the use of different dissimilar materials day by day. Among other things, 

the time and the cost of manufacturing are the main factors to be considered for 

new materials in this respect. Corrosion resistance, strength under different 

conditions of loading (environmental and thermal), durability, formability, etc. are 

some of the design inputs. The components and body parts made of high strength 

steel and aluminium alloys and titanium are reducing the weight considerably. 

The advanced high strength/ultrahigh strength steel components have higher 

strength and thereby reducing the thickness of stiffeners or components made of 

them. The anisotropic properties and superior mechanical properties of 

composite materials have led to use it extensively in aerospace industries and to 

some extent in automotive. It has very good strength to weight ratio. The literature 

review is focussed on automotive joints involving sheet materials of similar and 

dissimilar metals and non-metals and their structural integrity and durability. 

Hence the detailed investigation into SPR parameters and the present issues 

associated are highlighted on account of meeting the project objectives of 

improving the joining integrity of hybrid joints.    

2.2 Materials and Structures in the Automotive industry  

2.2.1 Introduction  

In the automotive product development process, crucial aspects of structural 

design include Noise, Vibration, and Harshness (NVH) analysis, crashworthiness, 

performance, dynamics, and fuel consumption. Structural optimization, aimed at 

enhancing the static and dynamic performance of the Body-in-White (BIW), is 

pivotal in achieving these goals. 

 

The BIW represents the skeletal framework of an automobile, stripped of all 

closures (doors, hood, deck lid), subsystems (steering column, fuel tank, seats), 
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and trim components (carpeting, battery, etc.), as illustrated in Figure 2.1. It also 

excludes the suspension and powertrain systems. By focusing on optimizing the 

BIW's design, engineers can significantly influence the vehicle's overall 

performance characteristics. Weight reduction, achieved through strategies like 

using thinner panels and employing alternative lightweight materials, contributes 

to improved fuel efficiency [8]. 

 

To meet the ever-increasing demands of modern automotive design, engineers 

must carefully consider the specific requirements of each component and choose 

materials that offer the optimal balance of strength, stiffness, weight, and cost. 

The selection of materials significantly impacts these design attributes [9, 10]. 

Subsequent sections will explore the diverse range of materials, including   

various grades of steel, aluminium alloys, and polymeric materials used in the 

automotive industry to address the evolving design requirements. Each material 

class presents unique advantages and challenges, and understanding their 

properties and applications is essential for designing vehicles that are not only 

safe and efficient but also deliver an exceptional driving experience. 
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Figure 2.1 Representative lightweight materials applicable for different 

components of automobiles, including light alloys (e.g., aluminium, magnesium, 

and titanium alloys), HSSs, composites (e.g., CFRP), and advanced materials 

(e.g., metamaterials) [8]. 

 

2.2.2 Steel   

The automotive industry's drive for lighter, stronger, and more durable vehicles 

has spurred the development and adoption of a diverse range of advanced steels 

including hot rolled high strength steel (HSS), hot rolled advanced high strength 

steel (AHSS), hot rolled ultra-high strength steel (UHSS), and heat treatable 

steels. These steels offer superior strength, formability, and corrosion resistance 

compared to traditional mild steel, enabling weight reduction and improved 

performance. Their adoption is contributing to a new generation of safer, 
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sustainable, and more fuel-efficient vehicles. These innovative steels are 

progressively replacing or diminishing the use of traditional mild steel (MS) in 

automotive manufacturing [7, 10, 11].  

 

To further enhance the mechanical properties of ultra-high strength steels, hot 

stamping (HFQ) is employed. This process involves heating the steel, forming it, 

and then rapidly quenching it to achieve a martensitic microstructure, renowned 

for its exceptional hardness and strength. This transformation dramatically 

increases tensile strength, often reaching 1500 MPa or higher. This strength, 

combined with the steel's formability during hot stamping, makes it perfect for 

critical automotive structural components like B-pillars and door pillars. 

Hot-stamped ultra-high strength steels enable lightweight yet incredibly strong 

structures, significantly contributing to both weight reduction and improved 

crashworthiness in modern vehicles [12-14]. 

 

Subsequent sections will delve into specific steel grades commonly employed in 

automotive manufacturing, highlighting their typical applications within vehicles 

and the crucial material properties that render them suitable for their designated 

functions [7]. 

2.2.2.1 Hot-rolled high strength steel  (HR HSS). 

HR HSS is a key player in the automotive industry's drive for weight reduction 

and performance enhancement. By offering increased yield strength, it allows for 

the use of thinner gauges without compromising the crucial attributes of stiffness, 

strength, and fatigue resistance [7]. This 'downgauging' strategy directly 

translates to lighter vehicles, improving fuel efficiency and handling without 

sacrificing structural integrity. 

 

High Strength Low Alloy (HSLA) grades within the HR HSS category are 

particularly favoured due to their combination of good formability and high 

strength. This versatility makes them suitable for a wide range of automotive 

components.  
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One prominent example of a hot-rolled HSS is Ferrite-bainite ï HR FB590-UC. 

This specific grade finds application in: 

¶ Wheel rims:  where it provides the necessary strength and impact 

resistance to withstand the demands of daily driving. 

¶ Chassis and suspension components and assemblies:  where its 

strength and fatigue resistance contribute to a safe and durable vehicle 

structure. 

The continued development and adoption of HR HSS grades are vital for the 

automotive industry to meet stringent safety and environmental regulations while 

delivering vehicles that are both lightweight and high performing. 

2.2.2.2 Hot-rolled advance and ultra -high -strength steel ( HR AHSS-UHSS). 

Die-quenched hot forming steel HR HQ1500-UC is a hot-rolled ultra-high-

strength steel (UHSS) [7]. It enables an excellent degree of shape accuracy and 

mechanical performance. This has excellent weight savings by reducing the 

thickness with its high strength properties. 

 

Following are the important properties and advantages of the advanced/ultra-high 

strength steels (AHSS/UHSS) make it ideal for automotive applications. 

¶ Strength and ductility which provide the necessary higher strength and 

appreciable formability to manufacture parts. 

¶ Increased performance 

Advanced steel grades are used in place of lower strength, conventional 

steel grades to achieve increased performance of finished components. 

¶ Weight reduction 

Advanced steel with a lower thickness is used in place of lower strength, 

conventional steel grades to reduce component weight without 

compromising performance. This will increase the output per tonne of 

steel. 

Among the advanced steel grades, hot-rolled AHSS and UHSS stand out for their 

exceptional strength and potential for significant weight reduction in automotive 

applications. One notable example is the die-quenched hot forming steel HR 

HQ1500-UC, classified as a hot-rolled ultra-high-strength steel (UHSS) [7]. This 
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grade exhibits an impressive combination of shape accuracy and mechanical 

performance, allowing for intricate designs and robust components. Its high 

strength facilitates the use of thinner gauges (downgauging), leading to 

significant weight savings without sacrificing performance. 

The key properties and advantages of AHSS/UHSS that make them ideal for 

automotive use include: 

¶ Strength and Ductility:  These steels offer a remarkable balance of high 

strength and sufficient formability, enabling the production of complex 

parts that can withstand substantial loads without fracturing.   

¶ Increased Performance:  When AHSS/UHSS replaces conventional 

lower-strength steels, it improves the overall performance of components 

by enhancing their strength, stiffness, and fatigue resistance. 

¶ Weight Reduction:  The high strength of AHSS/UHSS allows for the use 

of thinner gauges compared to conventional steels, reducing component 

weight without compromising functionality.  This leads to a lighter vehicle 

with improved fuel efficiency and handling. 

The versatility of HR AHSS-UHSS is evident in their widespread use across 

various automotive components. These advanced steels find applications in 

critical areas such as: 

¶ Upper and lower control arms:  Where their high strength and durability 

ensure reliable performance in these crucial suspension components, 

even under demanding conditions (Figure 2.2) 

¶ Engine sub -frames:  Providing a lightweight yet robust foundation for the 

engine and transmission, contributing to overall vehicle weight reduction 

and improved fuel economy. 

¶ Chassis and suspension components:  Reinforcing the structural 

integrity and safety of the vehicle frame and suspension system, essential 

for withstanding impacts and ensuring optimal handling. 

¶ Twist beams, rear axles, and wheels:  Ensuring the strength and 

performance of these components, which are subjected to significant 

stresses and strains during vehicle operation. 
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Figure 2.2 The Control arm made using HR AHSS-UHSS [7].  

 

2.2.2.3 Hot formed heat treatable Boron steels . 

Boron manganese steels, commonly referred to as boron steels, possess an ideal 

combination of properties for forming complex structural components, such as B-

pillars, in the automotive industry. Through a carefully controlled heat treatment 

process involving quenching and tempering, the desired levels of hardness and 

strength can be imparted to the final product. 

 

22MnB5 serves as a prime example of a versatile boron steel utilized in a wide 

range of applications, including those demanding structural integrity. Boron 

steel's inherent ability to provide homogenous material properties translates to 

consistent and predictable performance in the final component, thereby 

enhancing its longevity and reliability [15]. 

 

Figure 2.3 The scanned 3D model of a B-pillar for mechanical testing and 

microstructural observation [16]. 

https://www.tatasteeleurope.com/en/products-and-services/automotive/hot-rolled/ahss-uhss
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Boron steel's impressive mechanical and performance attributes encompass high 

strength, high formability, excellent wear resistance, good weldability, guaranteed 

hardness post-heat treatment, and consistent dimensional tolerance and 

flatness. These characteristics collectively contribute to a superior surface finish, 

positioning boron steel as an optimal choice for numerous automotive 

applications. 

Specific applications of boron steel include: 

¶ B-pillars (as illustrated in Figure 2.3), crucial for side-impact protection. 

¶ Twist beams, integral to the rear suspension system. 

¶ Engine sub-frames, providing a sturdy support structure for the powertrain. 

¶ Chassis and suspension components, ensuring a safe and responsive 

vehicle. 

¶ Twist beam rear axles and wheels, contributing to vehicle stability and 

handling. 

The versatility and performance advantages of boron steel make it an 

indispensable material in the quest for lighter, stronger, and safer automobiles. 

Its ability to meet the stringent demands of the automotive industry underscores 

its significance in shaping the future of vehicle design and engineering. 

2.2.3 Aluminium alloys   

Aluminium alloys are experiencing a surge in popularity within the automotive 

industry, finding diverse applications in chassis, body structures, and other key 

components. This growing adoption is driven by their favourable mechanical 

properties, including low density, good formability, and inherent corrosion 

resistance. Through careful control of chemical composition and processing 

parameters, a range of aluminium grades has been developed to meet specific 

automotive requirements. 

 

As illustrated in Figure 2.4, non-heat-treatable Al-Mg alloys are often favoured for 

chassis applications due to their inherent high strength and resistance to 

intergranular corrosion, a crucial factor in maintaining long-term structural 

integrity. In contrast, heat-treatable Al-Mg-Si alloys are commonly employed in 
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extruded components, as heat treatment significantly enhances their mechanical 

properties, making them well-suited for demanding structural applications [17, 18]. 

Achieving lightweight automotive designs without sacrificing load-carrying 

capacity is a key market driver. Automotive structures and exterior panels 

contribute significantly to overall vehicle mass. Lightweight aluminium alloys 

present an attractive alternative to conventional materials, offering several 

advantages. Their relatively low density and high specific strength (strength-to-

weight ratio) make them ideal for weight reduction initiatives. Furthermore, they 

possess high tensile, compressive, and shear strengths, ensuring structural 

performance. Their inherent corrosion resistance adds to their durability and 

longevity. Additionally, aluminium alloys are easily fabricated and recyclable, 

aligning with the growing emphasis on sustainable automotive design. 

 

Overall, the versatility and performance benefits offered by aluminium alloys 

make them an increasingly attractive option for automotive manufacturers 

seeking to reduce vehicle weight, improve fuel efficiency, and enhance overall 

performance while meeting market demands for lightweight and sustainable 

vehicles.  

 

The following section will showcase the diverse range of aluminium alloys 

currently employed in the automotive industry, highlighting their specific 

properties and applications. 
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Figure 2.4 Aluminium products for advanced automotive applications [17]  

Different Al-alloys: [17, 18].  

As illustrated in the Figure 2.4, different aluminium alloys are strategically utilized 

in various automotive applications and locations based on their specific suitability 

for the intended application and the processing methods involved. The principal 

aluminium alloys are broadly classified into three main categories (as illustrated 

in the Figure 2.4): 

¶ Age-hardening alloys:  These alloys gain strength through a heat 

treatment process that precipitates fine particles within the alloy's 

microstructure. This process enhances their mechanical properties, 

making them ideal for applications requiring high strength and durability. 

¶ Casting alloys:  These alloys are designed for casting processes, where 

molten metal is poured into a mould to create complex shapes. They offer 

good castability, fluidity, and dimensional stability, making them suitable 

for intricate automotive components. 

¶ Work -hardening alloys:  These alloys gain strength through cold working 

or deformation processes. They exhibit excellent formability and can be 

shaped into various forms, making them useful for automotive body panels 

and other applications requiring complex shapes. 

The selection of the appropriate aluminium alloy for a specific automotive 

application is critical to ensure optimal performance, durability, and cost-
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effectiveness. As illustrated in Figure 2.5, this classification provides a valuable 

framework for understanding the diverse range of aluminium alloys available for 

automotive applications and their respective strengths and limitations [17, 18]. 
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Figure 2.5 The Principal Al alloys: [18] 

 

The important aluminium alloys and their common mechanical properties for 

automotive applications are provided in Table 2.1. The mechanical properties 

listed in this table are approximate and can vary depending on the specific temper 

or heat treatment applied to the alloy.  
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Table 2.1 Properties of selected Aluminium alloys at room temperature [19].  

 

The ductility of aluminium alloys remains largely unaffected by lower 

temperatures, resulting in superior ductility compared to steel in cold conditions. 

This characteristic enhances their suitability for automotive applications in various 

climates. Moreover, aluminium alloys offer the unique advantage of maintaining 

equivalent strength while significantly reducing structural weight, with the 

potential for up to 50% mass reduction compared to competing materials [10]. 

This combination of high strength and lightweight properties positions aluminium 

alloys as a prime solution for achieving lightweight automotive designs without 

compromising safety. 

 

Research by Hirsch, Juergen [17] and the Ducker report (2012) [20] reveal that 

the average aluminium content per European car in 2012 reached a substantial 

140 kg. This aluminium was strategically distributed across key vehicle areas: 
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¶ Engine, fuel system, liquid lines:  69 kg, encompassing 25 components 

such as the engine block, cylinder head, transmission housings, and 

radiators. 

¶ Chassis and suspension:  37 kg, comprising 17 components including 

wheels, suspension arms, and steering systems. 

¶ Car body:  26 kg, incorporating 20 components like bonnets, doors, front 

structure, and bumper beams. 

This data underscores the significant and growing role of aluminium in the 

automotive industry, driven by the continuous pursuit of lighter, more efficient, 

and sustainable vehicles. 

 

Figure 2.6 provides a visual breakdown of how different forms of aluminium alloys 

are utilized in the Super Light Car (SLC) project [17]: 

¶ Aluminium Sheet (Green):  It's evident that aluminium sheet plays a major 

role in the SLC's construction. The extensive use of green in the car's body 

suggests that aluminium sheet forms a significant portion of the outer skin 

and structural panels, likely due to its formability and corrosion resistance. 

¶ Aluminium Cast (Red):  Red sections highlight areas where aluminium 

castings are employed. These are likely complex-shaped components that 

benefit from the casting process, such as engine blocks or suspension 

parts. 

¶ Aluminium Extrusion (Blue):  Blue indicates the use of extruded 

aluminium, possibly in structural elements like frame members or door 

beams. Extrusions offer high strength and stiffness, crucial for such 

applications. 

Overall, the image clearly shows the strategic placement of different aluminium 

forms to achieve weight reduction in the SLC. 
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Figure 2.6 Final SLC-body ñmulti-materialò concept (SLC project) [17].  

 

Several firms, including Chrysler, Reynolds Metals, Renault, Lotus, Jaguar, and 

GM, have developed prototypes and concept automobiles showcasing extensive 

use of aluminium components. Audi's AL2 aluminium body structure (Figure 2.7) 

serves as a prime example of this trend [10]. 

       

Figure 2.7 Audi AL2 aluminium body structure [10]. 

  

Figure 2.8 illustrates the typical applications of 5xxx and 6xxx series aluminium 

alloys in automotive components [21, 22]. These alloys are commonly used in 
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body panels and structural elements due to their combination of strength, 

formability, and corrosion resistance. 

 

 

Figure 2.8 Applications of aluminium alloys in the automotive components of a 

typical passenger car [21, 22]. 

 

A presentation from Euro Car Body 2016 [23] highlighted the extensive use of 

aluminium alloys in the Aston Martin DB 11 (Figure 2.9). Excluding the 

underframe, aluminium accounted for 53% of the body and closures' material 

composition. This included aluminium die casting and aluminium sheet forms 

from the 5XXX and 6XXX series. 

 

Figure 2.9 Aston Martin DB 11, Accessed from the presentation Euro Car Body, 

Bad Neuheim, 2016 [23]. 
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The weight-reduced aluminium front end of the BMW 5-series "GRAV" (Figure 

2.10) showcases the potential of this material, achieving a 30% reduction in 

weight [17, 24]. The mechanical properties essential for a front structure, namely 

high stiffness and energy absorption capacity, were successfully fulfilled with this 

design [17, 24]. 

 

Figure 2.10 Weight-reduced aluminium front end of BMW 5-series ñGRAVò 

(Source: BMW) [17, 24].  

2.2.3.1 Automotive structural components processed through HFQ 

(Heating, Forming, and Quenching) process for a luminium alloys . 

High-strength aluminium alloys, particularly those within the 6xxx and 7xxx series 

have become indispensable for manufacturing various structural components in 

automotive industries due to its strength to weight ratio. A key process enabling 

the widespread use of these alloys is the Solution Heat Treatment, Cold Die 

Forming, and Quenching (HFQ®) technique. This three-step procedure facilitates 

the mass production of intricate, lightweight aluminium panel components, not 

only in the automotive sector but also in the demanding aerospace industry [21]. 

Figure 2.11 provides a schematic overview of the general manufacturing steps 

for automotive components using high-strength aluminium and steel alloys [21]. 

For a more focused look at the HFQ® process tailored to AA6082 alloys, Figure 

2.12 provides a detailed schematic breakdown [25]. 

 

The synergy between advanced materials like high-strength aluminium alloys and 

innovative manufacturing techniques such as HFQ® is driving significant 

advancements in the automotive and aerospace sectors. The ongoing pursuit of 

lighter, stronger, and more fuel-efficient vehicles and aircraft is reliant on such 
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developments, highlighting the importance of continued research and innovation 

in these fields. 

 

    

Figure 2.11 Schematic diagram showing temperature history of HFQ with 

artificial ageing [21]. 

 

         

Figure 2.12 Typical thermal history for hot stamping of AA6082 alloys (HFQ 

process) [25]. 

Solution heat treatment (SHT) is a crucial step within the HFQ process. It involves 

heating the aluminium alloy to a precisely defined elevated temperature to 

dissolve alloying elements, thereby modifying the microstructure, and enhancing 

the material's formability. During SHT, the material is held at this specific 
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temperature, known as the SHT temperature, for a sufficient duration to ensure 

the dissolution of most intermetallic precipitates present within the aluminium 

matrix [26]. It's important to note that this SHT temperature varies depending on 

the specific aluminium alloy being treated; AA6082 and AA7075, for instance, 

require different SHT temperatures to achieve the desired microstructural 

changes. 

 

The solution heat treatment (SHT) is instrumental in modifying the microstructure 

of AA6082, a favoured aluminium alloy in the automotive industry, resulting in 

enhanced formability. During SHT, the elevated temperature facilitates the 

dissolution of low melting point intermetallic particles like Mg2Si and Si, which 

previously contributed to work hardening [12, 27, 28]. This uniform distribution of 

elements within the solid solution softens the matrix, thereby increasing its 

formability. Hot forming is a solution to address the ductility and spring back 

issues. Forming at elevated SHT temperature (T SHT) causes reduction of flow 

stress and improves formability [12, 25, 26].  

 

Furthermore, SHT induces the transformation of brittle ɓ-AlFeSi phase particles 

into the more ductile Ŭ-AlFeMnSi phases [27, 28]. This phase transformation 

further contributes to the improved formability of the AA6082 alloy. Figure 2.13 

[26] provides a schematic illustration of this process, visually demonstrating how 

the precipitates dissolve back into the solid solution during the SHT stage. 

 

 

Figure 2.13 Schematic diagram showing the microstructure evolution for the 

material: (a) at the beginning of SHT; (b) intermediate SHT; (c) close to finishing 

SHT [26]. 
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Following SHT, the material undergoes a change in properties. While in the T6 

condition (prior to SHT) it is relatively strong but less ductile, the SHT process 

transforms it into a more ductile state, typically referred to as the T4 temper [12, 

27, 28]. This enhanced ductility is essential for the subsequent forming operations 

involved in the HFQ® process. 

 

During the forming stage, the heated and softened aluminium alloy is shaped into 

the desired component or panel. This shaping is achieved through techniques 

like hot stamping and pressing. While hot stamping forms the material at elevated 

temperatures, pressing utilizes mechanical force to shape the alloy at room 

temperature. The selection of the appropriate technique depends on the specific 

alloy, the desired component geometry, and the production requirements. 

 

In the context of HFQ®, the aluminium alloy blank is deformed between a cold 

die set immediately after the Solution Heat Treatment (SHT), as illustrated in 

Figure 2.11 and 2.12 [25, 29]. During the Die Quenching stage, the deformed 

component undergoes rapid cooling, or quenching, directly within the forming die 

and punch at room temperature. This process "freezes" the alloy into the 

supersaturated state achieved during SHT, preserving the desired mechanical 

properties imparted during earlier stages of the HFQ® process. By rapidly cooling 

the component within the die, undesired microstructural transformations that 

might occur during slower cooling are prevented, ensuring the material retains its 

enhanced strength and hardness. This rapid cooling results in a specific 

microstructure condition, known as 'Supersaturated Solid Solution' (SSSS) [12, 

25, 26], where the alloying elements remain dissolved in the aluminium matrix, 

contributing to the material's enhanced properties. 

 

Die quenching offers several advantages over traditional quenching methods. 

The intimate contact between the component and the die during quenching 

facilitates rapid and uniform heat transfer, leading to a more consistent 

microstructure throughout the part. Additionally, die quenching can minimize 

distortion and residual stresses, further contributing to the overall quality and 
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performance of the final product. Cold dies facilitate rapid quenching, preventing 

the formation of coarse ɓ-phase precipitates, particularly at grain boundaries [29].  

 

The desired mechanical properties of automotive parts manufactured through the 

HFQ process are achieved through a subsequent aging or age hardening process. 

This crucial step involves a controlled decomposition of the supersaturated solid 

solution (SSSS) formed during SHT, resulting in the formation of finely dispersed 

precipitates within the aluminium matrix. In the context of aluminium alloys, 

artificial aging is employed. This process entails heating the material to an 

elevated temperature for a specific duration before cooling it back to room 

temperature. 

 

Research on HFQ has experimentally confirmed that increasing the duration of 

the Solution Heat Treatment (SHT) results in improved ductility during forming, 

accompanied by a reduction in maximum flow stress [12, 25]. This insight 

underscores the importance of optimizing SHT parameters to achieve the desired 

balance between formability and strength in the final product. 

 

Within the automotive industry, paint baking often serves as the final stage of this 

aging process. It not only enhances the material's strength further but also 

tempers the formed part to the desired T6 condition, characterized by high 

strength and moderate ductility. 

 

Figures 2.14 to 2.16 showcase exemplary structural components in automotive 

vehicles, all crafted from aluminium alloys through the HFQ® process. 

 

Figure 2.14 Pillar Outer Formed by Hot Stamping from High Strength Aluminium 

Sheet AA7075 [30]. 
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The B-pillar, as shown in Figure 2.14, plays a crucial role in vehicle safety, 

particularly during side impacts and rollover events. It must exhibit high impact 

resistance, yield strength, and stiffness, ensuring minimal deformation to protect 

occupants. The AA7075 alloy, processed using HFQ® (Figure 2.12), presents a 

viable solution. It offers the necessary stiffness, strength, and impact resistance 

for B-pillars while also contributing to weight reduction, a key factor in modern 

automotive design [14, 21]. 

 

 

Figure 2.15 High Strength Aluminium Door Inner Made of AA6082 by HFQ® 

Process in a Lotus Car [31]. 

Figure 2.15 showcases the successful implementation of HFQ®-processed 

AA6082 aluminium in constructing a high-strength door inner for a Lotus car. This 

exemplifies the adaptability of the HFQ® process, demonstrating its capacity to 

shape various automotive components. Moreover, it underscores the potential of 

aluminium alloys to substitute heavier materials in diverse structural applications, 

contributing to enhanced vehicle performance and fuel efficiency through weight 

reduction. 



27 

 

 

Figure 2.16 Side Door Impact Beam Formed Under (a) HFQ®, (b) Cold Forming 

[21, 32]. 

This figure 2.16 provides a comparative illustration of side door impact beams 

formed using both HFQ® and cold forming processes. Notably, the cold-formed 

beam exhibits a crack, a potential consequence of this manufacturing method. 

The presence of a crack in the cold-formed beam highlights a potential limitation 

of this process, emphasizing the importance of considering factors such as 

formability and potential defects during material and process selection for 

automotive components. 

 

These examples collectively underscore the significant role of HFQ®-processed 

aluminium alloys in modern automotive engineering. Their ability to deliver high 

strength, stiffness, and impact resistance, coupled with weight reduction benefits, 

positions them as key materials for future vehicle designs. 
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Figure 2.17 Superplastic formed aluminium sheets [21, 33].  

 

Figure 2.17 showcases an aluminium body panel shaped through Isothermal 

Superplastic Forming (SPF) [34]. SPF addresses the need for high-volume 

production, particularly in the automotive sector. The substantial increase in 

aluminium alloy formability achieved through SPF enables the creation of more 

complex shapes, as depicted in Figure 2.17. This, in turn, can lead to the 

elimination of fasteners and joints, streamlining assembly and potentially 

reducing weight [21, 33, 34]. 

2.2.4 Polymeric  and Composite materials  

2.2.4.1 Introduction  

 

The automotive industry is increasingly incorporating plastics and polymer 

composites into modern car designs. These materials are gaining traction due to 

their low density, which translates to improved fuel efficiency, reduced pollution 

levels, enhanced comfort, and the lower prices. At the end of a vehicle's life, the 

thermoplastics offer a significant recovery advantage over both metals and 

thermosetting plastics due to their ability to be remelted and reprocessed with 

relatively low energy input. In contrast, thermosetting polymers form irreversible 

cross-linked structures during curing, making them difficult to recycle, often 

requiring incineration or landfill disposal. While recycling polymer composites 

remains a challenge due to the difficulty in separating fibres from the matrix, it's 
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an area of active research. In addition to their lightweight nature, polymers and 

composites offer good corrosion resistance, contributing to longer vehicle 

lifespans. Their flexibility in part integration and design freedom further 

encourages creative and innovative applications. Furthermore, polymers can be 

joined to various high-strength metals and alloys using diverse joining techniques, 

expanding their potential uses in automotive manufacturing. 

 

Injection moulding, blow moulding, heat forming, and extrusion are the 

predominant manufacturing processes employed in crafting polyethylene 

polymer components. The ongoing research and development in this field 

promise to expand the utilization of plastics in contemporary automobiles even 

further. 

 

Research conducted by Patil et al. highlights the growing prevalence of plastics 

and plastic composites in automobiles. The average vehicle currently utilizes 

approximately 150 kg of these materials, compared to 1163 kg of iron and steel. 

This translates to plastics and composites accounting for roughly 10-15% of the 

total car weight (Figure 2.18), a figure that is steadily increasing. Notably, three 

types of plasticsðpolypropylene (PP) at 32%, polyurethane (PUR) at 17%, and 

polyvinyl chloride (PVC) at 16%ðconstitute about 66% of the total plastics used 

in a typical car [35]. 

 

Figure 2.18 Increasing use of plastics in automobiles [35].  
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As detailed in the Table 2.2, other commonly used plastics in the automotive 

industry include Acrylonitrile/butadiene/styrene (ABS), (Polycarbonate (PC), 

Polyamide (PA, Nylon 6/6, Nylon 6), Polystyrene (PS), Polyoxymethylene (POM), 

PMMA (Acrylic), Polybutylene terephthalate (PBT), Polyethylene Terephthalate 

(PET) and Acrylonitrile Styrene Acrylate (ASA) [35].   

 

In recent advancements, polymer materials with reduced carbon footprints are 

being developed, utilizing bio-based feedstocks. A prime example is PA410 from 

DSM, currently boasting a 70% bio-based composition and a notably low 

embedded carbon footprint [36]. This shift towards sustainable materials 

represents a crucial step in reducing the environmental impact of the automotive 

industry, aligning with the growing demand for greener and more eco-conscious 

products. 
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Table 2.2 Plastics used in typical car [35]. 

Component Type of Plastics 
Average weight in car 

(Kg) 

Bumpers PS, ABS, PC/PBT  10 

Seating  PUR, PP, PVC, ABS, PA 13 

Dashboard PP, ABS, SMA, PPE, PC 7 

Fuel system 
HDPE, POM, PA, PP, 

PBT 
6 

Body (incl. panels) PP, PPE, UP 6 

Under bonnet 

components 
PA, PP, PBT 9 

Interior trim 
PP, ABS, PET, POM, 

PVC 
20 

Electrical components PP, PE, PBT, PA, PVC 7 

Exterior trim 
ABS, PA, PBT, POM, 

ASA, PP 
4 

Lighting  
PC, PBT, ABS, PMMA, 

UP 
5 

Upholstery PVC, PUR, PP, PE 8 

Liquid reservoirs PP, PE, PA 1 

Total  105 

 

Figure 2.19 illustrates various automotive components, including sub-frames, 

suspension control arms, front modules, doors/enclosures, central floor modules, 

roof panels, and cross-car beams, that utilize dissimilar material joints combining 

thermoplastic CFRP and aluminium alloys as part of the óEnhanced Lightweight 

Design (ENLIGHT)ô initiative [36]. Table 2.3 provides further details on the 

specific dissimilar materials and their joining methods employed. 

 

ENLIGHT, which stands for "Enhanced Lightweight Design," is a specific 

objective within the broader European Green Vehicle project. Its core focus is to 

drive advancements in innovative lightweight material technologies. These 

technologies are specifically targeted towards the structural components of 
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mass-produced electric vehicles. By combining sustainable and innovative 

materials and associated technologies, the ENLIGHT project aims to enable the 

production of medium-volume electric vehicles, with a target of up to 50,000 units. 

Dissimilar joints leverage the high strength, stiffness, and low weight of CFRP 

structures, alongside the ductility of aluminium alloys. This combination facilitates 

the cost-effective integration of composite materials into metal assembly 

processes within the automotive industry. 

 

In essence, ENLIGHT represents a strategy or framework aimed at enhancing 

vehicle efficiency and sustainability through innovative material selection and 

joining techniques, ultimately leading to lighter and more resource-conscious 

automobiles [36]. 

 

Using renewable fuels or alternate powertrains such as battery electric vehicles 

(BEV), the consumption of fossil fuels can be reduced, however, maximizing the 

environmental advantages of this shift necessitates continued innovation in 

battery technology to address the issue of weight [37]. 

 

Reducing the weight of automotive components is crucial for decreasing CO2 

emissions and advancing the development of electric and hybrid vehicles. 

However, the benefits of lightweight materials can be partially offset by the heavy 

batteries used in battery electric vehicles (BEVs). To fully capitalize on 

lightweighting and optimize vehicle energy consumption, the development of 

smaller, lighter batteries with higher energy density is essential [38, 39]. 
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Table 2.3 Examples of Thermoplastic matrix CFRP joined to Aluminium alloys 

[36]. 

Module Hybrid materials 

 

Front module 

Roll formed bumper beam in 

Aluminium design with CFRP/GFRP 

patch 

Suspension control arm 
Thermoformed CFRP structure with 

aluminium sheet insert 

Cross-car beam 

Aluminium and CFRP inserts over 

moulded with short fibre reinforced 

thermoplastic 

Central floor section 
Aluminium joining flanges bonded to 

CFRP/GFRP floor pane. 

 

 

Figure 2.19 ENLIGHT modules with the vehicle architecture of (ALIVE 2012) 

[36].  

Figure 2.20 showcases the ENLIGHT project's exploration of alternative material 

joints using integrated manufacturing, demonstrating their advantages over 

adhesive bonding [36]. This approach involves locally heating PA410 composite 

above its melting point before contacting the metal substrate, forming a joint upon 

solidification. The current research focuses on comparing interface optimization 

methods for Aluminium-PA410 to enhance bond strength and corrosion 

resistance [36]. 
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Figure 2.20 Fabrication of dissimilar material structure Al-PA410 system [35, 

36].   

 

While metallic parts (steel in particular) are widely used in automotive industry, 

composites have not received comparable acceptance. The main reasons for this 

have been their high manufacturing costs and poor end of life recyclability for 

CFRP composites. The cost of CFRP components for passenger vehicles is 

about 20 times that of their steel equivalents, which justifies their use only in high 

performance vehicles [37]. 

 

Composites are increasingly used in car structures for their superior strength-to-

weight ratio, fatigue resistance, energy absorption, and contribution to ride 

comfort. Designs often combine continuous and chopped fibres for optimal 

performance. While composites generally outperform metals in fatigue, specific 

properties vary. For instance, in automotive applications, GFRP fatigue limits are 

typically estimated to be 35-40% of their ultimate tensile strength [40]. Stiffness 

is vital for ride quality (NVH), achieved by minimizing joints and integrating parts. 

Composites also offer effective energy absorption during crashes through 

controlled fracture, unlike metals' plastic deformation [40]. 

 

The Table 2.4 highlights relative energy absorption capabilities of different 

materials compared to with high performance composites.  

Table 2.4 Energy absorption with high performance composites [40]. 

Material Relative energy absorption (per unit weight) 

High performance composites 100 

Commercial composites 60-75 

Mild steel 40 
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Carbon Fiber Reinforced Polymer (CFRP) composites have seen increasing use 

in automotive applications, from structural parts in performance vehicles to 

reinforcement vehicles to reinforcements in hybrid models like BMW 330e. 

However, their wider adoption is still constrained by key bottlenecks: high 

manufacturing cost, poor end-of-life recyclability, and long processing times that 

limit the compatibility with high-volume productions. However, advances in 

automation, resin transfer moulding, and recyclable plastics are helping to 

address these challenges.  

 

Carbon Fiber Reinforced Polymer (CFRP), celebrated for its exceptional 

lightness and stiffness, is steadily gaining prominence in the automotive sector. 

Leading manufacturers like BMW have embraced CFRP, incorporating its 

components extensively into models like the Megacity vehicle (MCV) and 

establishing mass-production capabilities [41, 42]. The integration of advanced 

high-strength steel and CFRP in the Body in White (BIW) has become 

commonplace in passenger cars, reflecting a broader trend towards lightweight, 

high-performance materials. Figure 2.21 visually outlines the trajectory for CFRP 

adoption, showcasing the anticipated advancements in its mechanical 

propertiesðsuch as strength and modulusðalongside the projected increases in 

production rates. This roadmap underscores the growing importance of CFRP in 

shaping the future of automotive design and manufacturing.                  



36 

 

 

Figure 2.21 Technology Road map of CFRP in terms of mechanical properties 

and production rate [43]. 

Carbon fibre reinforced thermo-plastics (CFRTP) offer a compelling combination 

of high strength, stiffness, low weight, and recyclability, making them ideal 

material to replace traditional automotive structural components like the B-pillar, 

as illustrated in Figure 2.22 [41, 43, 44]. The potential for CFRTP to revolutionize 

vehicle design is further exemplified in Figure 2.23, showcasing a CFRP roof 

panel used by BMW [42]. 

 

     

Figure 2.22 Rib and Space Frame Model with a CFRP B-Pillar [41]. 
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Figure 2.23 The carbon fibre composite roof panel used by BMW [42]. 

 

The growing adoption of lightweight materials necessitates a corresponding 

evolution in joining techniques. The subsequent section 2.3 will delve into the 

diverse methods employed to join these materials in automotive structures, 

ensuring structural integrity and optimal performance. 

2.3 Different type of joining technique s 

2.3.1 Introduction   

A significant challenge in using lightweight materials is achieving functional 

components at an acceptable cost. Traditional spot-welding of aluminium alloys 

presents issues such as surface sensitivity and reduced electrode life. The 

demand for joining dissimilar materials with sufficient structural integrity and 

functionality is rising in the automotive industry. Automating this process to 

achieve consistent quality within a reasonable timeframe would be a significant 

advancement in modern manufacturing. 

 

The need to join materials for various applications, such as stiffener-skin 

structures in automotive manufacturing, has led to joining different material 

combinations (e.g., dissimilar metals and metal-to-composite joints) under 

varying load requirements. Fusion welding of dissimilar metal joints is challenging 

due to the differing thermal properties of the components. The joining of 

lightweight materials like advanced high-strength steel, aluminium alloys, and 

carbon fibre reinforced polymers (CFRP) in automotive applications requires 

weight reduction without sacrificing strength. 
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Different joining techniques are employed to optimize the strength and durability 

of joined components. Mechanical joining methods offer versatility in joining both 

similar and dissimilar materials, making them a popular choice for a wide range 

of applications in automotive industries [2, 3, 45, 46]. 

 

Adhesive bonding is increasingly favoured in automotive manufacturing, 

particularly for joining composite-to-metal or metal-to-metal components. This 

surge in popularity is due to the versatility of adhesive bonding, accommodating 

various materials and joint configurations. Numerous adhesive types are 

employed in automotive applications, catering to both similar and dissimilar 

material bonding [47-50]. 

 

In contrast, hybrid joining offers a multi-faceted approach, integrating two or more 

joining techniques, such as mechanical and adhesive bonding, to create a joint. 

This approach broadens the possibilities for joining diverse material combinations, 

whether similar or dissimilar, offering increased design flexibility and potentially 

enhanced joint performance [51-53].  

 

The Super Light Car (SLC) project, a significant initiative aimed at revolutionizing 

automotive design, focuses on three key priorities: weight reduction, the selection 

of appropriate joining techniques for various materials and their combinations, 

and achieving cost-effective part production targets [17, 24]. 

 

This ambitious project has spurred the development of specialized alloys for 

structural applications, including aluminium alloys (5xxx, 6xxx, and 7xxx series) 

and advanced high-strength steels (AHSS & UHSS). These advancements have 

opened numerous avenues for reducing vehicle weight without compromising 

performance or safety. 

 

Aluminium alloys, with their tailored chemical compositions, offer a unique 

combination of desirable properties such as resistance to corrosion, high strength, 

formability, energy absorption, and exceptional crashworthiness. For example, 

non-heat treatable Al-Mg alloys find use in chassis components, while heat-
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treatable Al-Mg-Si alloys are utilized in extruded components and sheet 

applications due to their enhanced age hardening response during automotive 

paint bake cycles. Cast aluminium components can be employed where stronger 

part assembly integrity is required, and extruded aluminium profiles provide 

lightweight solutions for various structural elements. 

 

Through strategic part integration, assembly optimization, and the utilization of 

these advanced materials, it is estimated that a mass reduction of 30% or more 

can be achieved in automotive manufacturing, all while maintaining or even 

enhancing vehicle performance and safety standards [17, 24]. 

 

Figure 2.24 provides a comprehensive overview of the various joining 

technologies utilized within the automotive industry. These diverse techniques 

can be broadly categorized into four primary classifications: mechanical, thermo-

mechanical, adhesive, and hybrid joining, as outlined in reference [54]. The 

forthcoming sections of this chapter will provide an in-depth examination of each 

of these joining methods, encompassing a detailed exploration of their underlying 

principles, practical applications, and specific advantages within the context of 

automotive manufacturing and assembly. 
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Figure 2.24 Joining technologies used in the automotive industry [54]. 

2.3.2 Automotive mechanical  joining . 

2.3.2.1 Introduction  

Mechanical fastening is the oldest joining technology, encompassing diverse 

methods such as screwing, folding, clamping, riveting, and clinching. Unlike other 

joining methods, mechanical fastening does not involve metallurgical bonding, 

making it well-suited for assembling aluminium sheet structures in automotive 

applications. Its advantages include relatively high speed, low cost, and the 

avoidance of thermal processes like welding, which can be detrimental to certain 

materials. Among the various mechanical fastening approaches, clinching, self-

piercing riveting, and blind riveting have gained prominence for their 

effectiveness in joining aluminium automotive structures [54]. 

2.3.2.2 Self -piercing riveting (SPR ) 

Self-piercing riveting (SPR) is a widely adopted technique for joining both similar 

and dissimilar materials, particularly in situations where resistance spot welding 

(RSW) is not suitable, such as with dissimilar metal joints [55]. SPR involves 

joining two or more materials using a specially designed rivet. Unlike solid, blind, 
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or semi-tubular rivets, self-piercing rivets do not require pre-drilled or punched 

holes. This characteristic makes SPR a highly efficient and popular solution for 

joining body panels and structures, especially for materials like aluminium alloys, 

advanced high-strength steels (AHSS), and ultra-high strength steels (UHSS). 

             

                  

Figure 2.25 A schematic diagram of the four stages of a SPR process [56]. 

 

The high-speed mechanical fastening technique of SPR involves four distinct 

steps: clamping, piercing, flaring, and releasing, as illustrated in Figure 2.25 [45, 

56]. First, the sheets to be joined are securely clamped together. Then, a punch 

drives the rivet through the top sheet and partially into the bottom sheet, which is 

supported by a die. The material of the lower sheet flows into the die cavity, and 

the rivet shank flares outward, creating an interlock between the two sheets. 

Finally, the punch is released once the load reaches a pre-set value. 

 

Self-piercing rivets are cold forged into a semi-tubular shape with a partial hole 

at the end opposite the head. The chamfered edge of the rivet tip facilitates 

piercing through the materials being joined. The rivet is driven into the material 

using a pneumatic, hydraulic, or electric servo rivet setter, and an upsetting die 

provides a space for the displaced bottom sheet material to flow. 

 

Importantly, the self-piercing rivet fully penetrates the top sheet but only partially 

pierces the bottom sheet. This feature creates a joint that is resistant to water and 

gas permeation. The flaring and interlocking of the rivet tail into the bottom sheet 
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under the influence of the upsetting die results in a low-profile button on the 

underside of the joint [45, 57]. 

 

Self-piercing riveting (SPR) is increasingly used in the automotive industry due to 

several key advantages. It is versatile, capable of joining dissimilar materials 

across multiple layers and thicknesses and eliminates the need for pre-drilling 

and the generation of waste. The process lends itself to automation, ensuring 

consistent quality while reducing production time and costs. 

 

Unlike welding, SPR does not involve heat, eliminating the need for fume 

extraction and significantly lowering energy consumption. This makes it a more 

environmentally friendly joining method. Additionally, SPR joints are nearly 

watertight and exhibit excellent mechanical properties, often surpassing the static 

and fatigue strength of conventional resistance spot welding (RSW) [55]. 

 

However, SPR joints do have certain limitations. They require access from both 

sides, which can be problematic in automotive repair scenarios. Additionally, the 

process is unsuitable for brittle materials unless pre-drilling is employed. The high 

forming forces involved can potentially affect the materials being joined. 

Furthermore, the resulting bulges and indents, while functional, may not be 

aesthetically pleasing.  

 

In terms of fatigue failure, the primary mechanism is fretting wear between the 

top and bottom substrates, as well as between the rivet and substrates during 

cyclic loading [58-60]. 

2.3.2.3 Self -pierce riveting with local conditioning of the joining zone 

High-strength boron steel, characterized by low ductility, can be locally heated to 

enhance its workability. This is achieved through laser or robotic induction heating, 

a process known as local conditioning. It can be applied during or after hot 

stamping of the boron steel parts [2, 29]. 

 

Local conditioning involves a short-cycle heat treatment targeting only the areas 

requiring mechanical joining in subsequent assembly. The heat modifies the 
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martensitic structure, either improving workability through annealing or 

transforming it into bainite or ferrite-pearlite for conventional SPR joining [2, 3]. 

The advantage of this approach is that the sheet metal's mechanical properties 

are altered only in the joining zones, leaving the global properties unaffected. This 

results in a part with varying mechanical properties (soft/hard) across different 

locations, which can significantly enhance crash performance [2, 3, 29]. 

 

Local conditioning significantly increases the ductility of the joining area, enabling 

even die-side ultra-high strength boron steel parts to deform during SPR joining. 

With sufficient ductility enhancement, boron steel parts on the die-side can be 

joined using conventional self-piercing rivets. 

 

Figure 2.26 demonstrates the comparison between short-cycle and long-cycle 

conditioning (temperature-time heat treatment), revealing a decrease in Vickers 

hardness within the conditioned zone. Specifically, short-cycle annealing at 

700°C for 4 seconds reduced hardness to approximately 280 HV30, which is 

suitable for joining punch-sided boron steel parts using conventional self-piercing 

rivets. 

                             

Figure 2.26 Measurement results of Vickers hardness in boron steel part before 

and after local conditioning with different cycle times [2]. 

 

Longer and more complex temperature profiles during heat treatment can 

transform the martensite structure in boron steel into ferrite-pearlite and bainite 

[[2]. This transformation is evident in Figure 2.27, which illustrates the flared 
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location between the rivet tail and the bottom sheet. The local conditioning clearly 

resulted in a thicker bottom sheet under the rivet tail. 

 

Figure 2.27 Left- Cross-sections of an SPR joint without conditioning showing 

cracks in the die-sided boron steel part. Right- Cross-section of an SPR joint 

with locally conditioned boron steel part [2]. 

2.3.2.4 Conventional  Clinchin g process  

Clinching is an energy-efficient mechanical joining method employed in the 

automotive industry to connect dissimilar materials, such as ultra-high-strength 

steels, advanced lightweight plastics, magnesium, and aluminium alloys. It 

involves the plastic deformation of sheets to create a mechanical interlock using 

a punch and die. 

 

In the conventional clinching process, sheet metal parts are deformed locally 

without the use of additional elements. Clinching equipment consists of a tooling 

set (punch and die) and can join parts with or without cutting the sheets [61, 62]  

Clinching has faced challenges when joining lightweight materials with varying 

strengths and ductility. These challenges have necessitated advancements in the 

conventional clinching process. Figure 2.28 illustrates the principle of clinching, 

which involves four distinct processes: deforming, drawing, extruding, and 

interlock forming [62]. 
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Figure 2.28 The conventional clinching process: (a) deforming, (b) drawing, (c) 

extruding, (d) interlock forming [62]. 

The clinching offers several advantages over other mechanical joining processes, 

such as simplicity, repeatability, clearness, the absence of external fastening 

components, and equipment portability. As there are no flying objects, heat, or 

flashes, specialised personal protective equipment are not necessary 

Furthermore, it does not require predrilling of holes or surface preparation, it 

involves simple and cheap machines, and improves the mechanical behaviour of 

the metal in the joint due to strain hardening [63]. One disadvantage of clinching 

is the limited tool life due to bending stresses, which vary depending on the sheet 

material's strength. The clinching force in conventional processes can range from 

tens to 100 kN. 

 

Different failure modes are common in conventional clinching, as described in the 

article [62]. The failure mode A (Figure 2.29) is involved with a crack forming due 

to excessive elongation of the joint neck, caused by insufficient clearance 

between the tool and die or a die that is too deep.  

 

The failure mode B (Figure 2.30) is involved with the joining sheets open and 

separate due to inadequate deformation, resulting in poor interlocking. This 

failure is associated with higher shear loads. 
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Figure 2.29 Failure mode A in conventional clinching process [62]. 

 

Figure 2.30 Failure mode B in conventional clinching [62]. 

 

In failure mode C, a combination of modes A and B, where one edge of the joint 

fails like mode A while the other deforms. This leads to sheet separation without 

further fracture [62, 63]. 

 

The shear strength of the joint depends on the material thickness in the neck and 

the "S" shape. A sufficient "S" shape, created during pressing the material into 

the die bottom, is crucial for keeping the sheets together under axial loading 

(Figure 2.31). 

 

 

Figure 2.31 Characteristic for an ideal joint [62]. 
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Recent developments in clinching have aimed to address these failure modes 

and improve joint performance. The sections 2.3.2.5 and 2.3.2.6 will explore two 

improved clinching processes. 

2.3.2.5 Shear  Clinching  or Hole clinching (SC P):  

 

Conventional shear clinching requires a pre-punched hole in the harder ultra-high 

strength steel to join it with aluminium alloy. This extra step complicates the 

joining mechanism, especially in continuous production where positioning the 

pre-holed steel is difficult. Multiple processes and alignment issues with the die 

reduce efficiency in series production [2, 61]. Figure 2.32 illustrates this process. 

 

Figure 2.32 [61, 62] Schematic steps involved in conventional shear clinching 

process. 

2.3.2.6 Flat Clinch Rivet Process  (FCRP) 

The FCRP offers an alternative to SPR, particularly when joining lightweight 

materials like aluminium alloys in the automotive industry. While SPR is effective, 

it creates a bulge on the die side, limiting its use in certain areas. The FCRP 

addresses this issue by using a specialized rivet and flat die. 

 

In this process, the rivet is pressed into the aluminium alloy sheets, causing 

plastic deformation. The upper sheet is embedded into the lower sheet, forming 

an inlaid mechanical interlock (Figure 2.33). Unlike SPR, both sheets rest on a 

smooth flat die, eliminating bulging in the lower sheet. This characteristic makes 

FCRP suitable for applications where a smooth surface is required. Experimental 

results demonstrate that FCRP joints exhibit higher tensile and shear strength 

compared to SPR joints  [64]. 
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Figure 2.33 Flat clinch rivet process (FCRP) [[64]. 

2.3.2.7 Resistance Element Welding process  (REW) 

Resistance Element Welding (REW) is a thermo-mechanical joining process 

designed to mitigate the high forces required in mechanical joining by 

incorporating a thermal process. REW addresses limitations of standard 

automotive welding methods, such as resistance spot welding, when joining steel 

and aluminium. Due to the limited solubility of iron (Fe) in aluminium at room 

temperature and the resulting formation of brittle intermetallic phases, resistance 

spot welding is unsuitable for large-scale production [[2]. Table 2.5 [2] provides a 

comparison of the forces required for joining AA6016 alloy and 22MnB5 boron 

steel using various methods, highlighting the advantages of REW in reducing 

joining forces. 

 

REW is a two-step technique used to join less ductile boron steel with aluminium 

sheets. First, an auxiliary steel joining element (weld rivet) mechanically punched 

into the aluminium sheet, creating a force lock, either during or after metal 

stamping. Subsequently, the rivet is welded to the boron steel sheet using 

conventional spot welding, as illustrated in Figure 2.34. This forms a strong 

metallic bond with the boron steel without generating intermetallic phases [2, 3]. 
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Figure 2.34 Illustration of resistance element welding process [[2, 3].      

 

 

Table 2.5 Mean maximum process forces of Joint AA6016 and 22MnB5 [2, 3]. 

      Joining 

process 

SSPR SPR +Local 

conditioning 

SCL  REW 

 

Force in kN 44 49 87.5 6 

 

2.3.2.8 Comparison of  static and fatigue strengths of SPR, Clinch and RSW  

joints   

He et al. [57] cite several studies [55, 65] that have shown the static strength of 

self-piercing riveted (SPR) joints to be somewhat lower than that of resistance 

spot welded (RSW) joints. Specifically, Booth et al. (2000) found that the failure 

load of steel-to-steel RSW joints was over 25% higher than SPR joints in static 

tests [55]. However, this difference in strength was not consistently observed 

when testing aluminium-to-aluminium joints. 

 

The shear test results of Lennon et al. [66] demonstrated that self-piercing riveted 

joints in 2mm thick steel sheets exhibited higher peak load, initial stiffness, and 

ductility compared to press joining, pop riveting, and self-tapping screws (Figure 

2.35). This superior performance was consistent across varying steel sheet 

thicknesses of 1.0, 1.2, 1.6, and 2.0mm [57, 66]. 
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Figure 2.35 Average load displacement paths of connections in 2.0-mm thick 

steel [57, 66]. 

While the static strength of SPR joints may be slightly lower than RSW joints, a 

suitable rivet and die set design can ensure satisfactory strength for SPR joints 

[67]. However, numerous studies [5, 55, 57, 68] on various automotive materials 

have consistently demonstrated that the fatigue strength of SPR joints surpasses 

that of RSW joints. 

 

 

Figure 2.36 Fatigue behaviour comparison of spot-weld, clinch and SPR joints. 

[57, 68].  

As shown in Figure 2.36, the fatigue strength of SPR joints has been found 

superior to RSW joints in coupons made of 2mm thick aluminium alloy sheet 
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(AA5754). This superior fatigue performance is attributed to the work hardening 

of the sheet area around the SPR joint, in contrast to the thermal softening in the 

heat-affected zone (HAZ) of RSW joints [57, 68]. 

 

Iyer et al. (2002) explain that fretting is a significant factor in the fatigue 

degradation of SPR joints [69]. Their research concluded that fatigue crack 

initiation in SPR joints is primarily caused by fretting wear at the interfaces 

between the rivet and the sheet, as well as between the sheets themselves. 

 

However, Booth et al. [55] found that the fatigue strength of SPR joints was 

superior to RSW joints. Additionally, they demonstrated that hybrid joints, 

combining SPR with adhesive joining, exhibited further enhancements in both 

static and fatigue properties compared to SPR and RSW joints alone.  

2.3.3 Automotive adhesive joining . 

2.3.3.1 Introduction  

 Structural adhesive bonding is rapidly gaining popularity as a material joining 

technique in automotive and aerospace structures [4, 49, 70, 71]. Compared to 

traditional mechanical joining methods and conventional metal arc welding, 

adhesive joints offer a multitude of advantages. Adhesive joining minimizes 

component distortion, unlike arc or spot welding, which can cause significant 

warping [72, 73]. Additionally, it enables the joining of dissimilar metals with 

varying thermal expansion coefficients, a task often problematic for conventional 

methods like welding, riveting, or screwing [4, 49, 70, 74]. The adhesive layer 

also acts as an electrical insulator, preventing galvanic corrosion between 

dissimilar metal surfaces [75, 76]. Moreover, adhesives not only provide 

mechanical strength but also seal the joint, protecting it from moisture and debris 

ingress [75, 77]. 

 

Adhesive bonds demonstrate inherent strength in shear and offer improved joint 

stiffness compared to mechanical fasteners or spot welds due to the continuous 

nature of the bond. This results in a more uniform stress distribution across a 

larger area, effectively eliminating stress concentrations [48, 73, 78]. The 
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versatility of adhesive bonding is further highlighted by its ability to join a wide 

range of materials, including polymers, composites, and metals. In addition, 

adhesive joints can exhibit superior energy absorption properties compared to 

mechanical or welded joints, along with enhanced noise control and vibration 

damping, collectively contributing to improved NVH (Noise, Vibration, and 

Harshness) performance [75-77]. 

 

In the automotive and aerospace industries, the elimination of mechanical 

fasteners and reduction of vibrations through adhesive bonding led to increased 

productivity in assembly lines. This streamlined process minimizes the need for 

stress relieving and results in a better surface finish. Furthermore, adhesive 

bonding eliminates many conventional mechanical fabrication processes 

required in both production and maintenance [4, 49, 70, 71]. 

 

Industrial adhesive application often necessitates robotic automation with 

additional measures like viscosity compensation, specialized nozzles, and 

heated supply hoses for consistent application. A control system is essential to 

facilitate interaction between the robot and the adhesive dispenser [79]. 

 

When selecting an adhesive, it is crucial to consider factors such as appropriate 

automation for joint manufacture, health and safety and environmental aspects, 

and the required mechanical properties of the joint. A strong adhesive bond 

depends on several factors, including good contact between the adhesive and 

the substrate, the absence of weak boundary layers, and reduced stress 

concentration to minimize debonding. Additionally, the shelf life of the adhesive 

and chemical treatment to remove oxide layers on adherends are important 

considerations [48, 67, 73, 77]. 

 

Numerous factors influence the performance of bonded structures and should be 

considered before bonding. These include substrate topology, weak boundary 

layers between adhesive and adherend, pretreatment methods (mechanical, 

solvent cleaning, chemical treatment), and the use of primers. Surface energies 

at the interface between the adherend and adhesive affect the rate and degree 
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of wetting, with high-energy surfaces like metal oxides exhibiting faster wetting 

compared to non-polar molecules. The adhesive's surface tension and viscosity 

also play significant roles in wetting. 

 

Bonding conditions, such as applied pressure, temperature, and adhesive and 

adherend thickness, are critical for a successful joint. Aging and environmental 

conditions must also be carefully considered to prevent corrosion or weakening 

of the joint's strength and durability [80-82]. 

 

Bonded structures are subjected to various stresses, including shear, tensile, and 

peel stresses. These stresses can lead to different failure modes: 

¶ Mode I:  Cleavage stress (the adhesive is pulled apart perpendicular to the 

bond line) 

¶ Mode II:  In-line shear stress (the adhesive is sheared in the plane of the 

bond line) 

¶ Mode III:  Scissor-like shear stress (the adhesive is sheared out of the 

plane of the bond line) 

To assess the performance of adhesive joints under shear stress, the single lap 

shear test is commonly used in industrial settings [80, 83]. This test provides 

valuable insights into the adhesive's strength and durability under specific loading 

conditions. Figure 2.37 would presumably illustrate these failure modes. 
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Figure 2.37 Principal failure modes in adhesive joints: (a) Mode I, cleavage 

loading (b)Mode II, in-plane shear loading (c) Mode III, out-of-plane shear 

loading [80, 84]. 

2.3.3.2 Structural adhesives  in Automotive adhesive joints  [85-87]   

The selection of an adhesive should be based on several factors, including 

substrate materials, surface treatment techniques, working environment, and 

loading conditions. Table 2.6 classifies the application conditions of various joints, 

emphasizing the importance of considering factors such as substrate materials, 

surface treatment techniques, working environment, and loading conditions in 

adhesive selection. As Figure 2.38 illustrates, structural adhesives exhibit 

superior overlap shear strength and load-bearing capacity compared to other 

adhesive types. The material properties of structural adhesives can be tailored to 

specific applications by incorporating various additives, determined through 

material characterization, which modify the adhesive's chemical composition to 

achieve desired properties [84, 86]. 
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Table 2.6 Application conditions of adhesive joints [86].  

 

 

 

Figure 2.38 Adhesive materials and their shear strengths [86]. 

 

Structural adhesives are classified by chemical composition as epoxies, acrylics, 

urethanes, and cyanoacrylates. Epoxy adhesives excel in bonding metal and 

thermoset composites, with flexible epoxies offering high peel strength and 

impact resistance, while toughened epoxies excel in shear, peel, impact, and 

fatigue resistance [86, 88]. 

 

Adhesive curing involves polymerization and crosslinking. Curing cycles involve 

specific temperatures and durations, with key parameters being temperature, 

pressure, and time [89, 90]. Structural adhesives require heat curing, often 

integrated into automotive paint bake cycles. 

 

Temperature control is crucial during curing to prevent under- or over-curing, 

which can affect bond strength [91]. Post-curing stress relief and controlled 

cooling minimize residual stresses [92]. Applied pressure ensures good contact 
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and minimizes porosity [90]. Curing time depends on adhesive chemistry and 

temperature. Higher temperatures shorten cure times but may increase 

brittleness [86, 93, 94]. 

 

Handling, processing time, and storage are important. Two-part epoxies, acrylics, 

and urethanes cure at room temperature but have specific storage requirements. 

Prolonged storage of isocyanate-based adhesives can affect adhesion [95]. 

         

2.3.3.3 Lap shear tests on adhesive joints .  

Quasi-static mechanical testing is a common method for characterizing the 

structural properties of adhesive joints. This testing allows for the determination 

of the load-bearing capacity of the joints. Lap shear tests are frequently used to 

determine the lap shear strengths of adhesive joints with specific adherend 

materials under various conditions [74]. Peel tests are another common method, 

used to assess the peel strength of the adhesive in different joint configurations. 

 

Reis PN et al. [96] conducted single lap shear tests on adhesive joints with 

various combinations of adherend materials: Aluminium/Aluminium, 

Aluminium/Composite, and Aluminium/Steel (Figure 2.39). The quasi-static tests, 

adhering to the ASTM D 5868-95 Standard, were performed at a displacement 

rate of 1 mm/minute using an electromechanical Instron Universal Testing 

Machine at room temperature. The materials and their mechanical properties 

used for the specimens are detailed in Table 2.7. 

 

Figure 2.39 Specimen geometry used for quasi-static tests (overlap length=12.5 

and 25mm) [96].  
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Table 2.7 Mechanical properties of the adhesive and adherends [96]  

 

 

The stress-strain curves (Figure 2.40) demonstrated a nearly linear behaviour at 

relatively low stress levels, transitioning to a non-linear behaviour at higher stress 

levels due to the viscoelastic nature of the adhesive. This non-linearity was more 

pronounced in the Al/Al adherend joints due to global yielding. While the strain at 

failure was similar across different adherend combinations, the maximum stress 

occurred in joints without aluminium adherends. This observation is attributed to 

the excess plastic deformation in aluminium adherends [96]. The extensive 

plastic deformation in aluminium occurs as the stress reaches the yield point, and 

failure is ultimately governed by the yielding of the adherend [97]. However, 

adhesive strain has a limit, and failure occurs when this limit is surpassed [98, 

99]. 

 

Figure 2.40 The stress-strain curves obtained from the quasi-static tests [96]. 

 

The following section will discuss the fatigue tests conducted on an adhesive joint, 

followed by an analysis of fatigue life prediction based on lap shear and peel tests 

performed on similar adhesive joints. 
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2.3.3.4 Fatigue testing on SLJ  

Boutar Y et al. conducted fatigue tests on single lap joint (SLJ) specimens 

constructed from aluminium alloy 5754 substrates (Figure 2.41) and a one-

component polyurethane adhesive, DINITROL 500 (with adhesive properties 

detailed in Table 2.8) [100]. 

 

 

Figure 2.41 Single lap joint (SLJ) specimen geometry [100].  

 

 

Table 2.8 Adhesive properties of Polyurethane DINITROL 500 [100, 101].  

 

 

The overlapping adherend surfaces were polished unidirectionally with 1000-grit 

abrasive paper and degreased in acetone solvent. SLJ specimens for fatigue 

testing were prepared in a steel mould, ensuring proper substrate alignment and 

consistent adhesive thickness.  

 

Fatigue tests were performed under cyclic loading according to the standard 

ASTM D3166ï99 (2000). Load-controlled tests with a constant load amplitude, 

an R-ratio of 0.1, and a frequency of 6 Hz were employed. Specimens were 

subjected to different load levels (20%, 40%, 60%, 80%, and 100%) of the 

average static failure load. Three specimens were tested at each load level using 

a servo-hydraulic universal test machine. S-N curves (Figure 2.42) were 

generated for fatigue life prediction and further analysis. The fatigue experiments 

continued until failure, with tests lasting one million cycles without visible damage 

being stopped [100, 101]. 
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Figure 2.42 Fatigue life curve of one-component polyurethane adhesive SLJs  

[100]. 

 

Table 2.9 Summary of the experimental fatigue program and results for SLJs 

[100].  

 

 

Specimens S10, S11, and S12 (Table 2.9), after being subjected to cyclic fatigue 

loading, were tested under static loading until failure. The average lap shear 

strengths obtained were 4.05 MPa, 3.54 MPa, and 4.6 MPa, respectively (Table 

2.10). Notably, these values represent 89%, 78%, and 101% of the initial lap 
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shear strengths measured before fatigue loading, indicating varying degrees of 

strength retention after cyclic loading. 

Table 2.10 The results of Lap Shear Strength of static tests after cyclic loading 

[100].  

Specimen  

 

Lap Shear Strength 

(MPa) 

Percentage of  

initial Strength (%) 

S10 4.05 89 

S11 3.54 78 

S12 4.60 101 

 

The results of fatigue testing of SLJs consisting of aluminium substrates bonded 

with a polyurethane adhesive were compared with experimental results from two 

separate studies, in which SLJs with aluminium adherends bonded with different 

epoxy adhesives (FM 73 M and UHU Endfest 300 Plus) were tested [100, 102]. 

A comparison of the fatigue performance of these adhesives is illustrated in 

Figure 2.43. 

 

The fatigue life curves for the single-part toughened epoxy adhesive and the two-

part epoxy-based adhesive exhibited steeper gradients compared to the curve 

for the more flexible polyurethane adhesive (Figure 2.43). This suggests that 

SLJs bonded with epoxy adhesives were more sensitive to fatigue loading than 

those bonded with polyurethane adhesive [100]. Moreover, for both epoxy 

adhesives, a mixture of cohesive and adhesive failure was observed in all tested 

samples under fatigue loading [100, 102, 103].  
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Figure 2.43 Epoxy and Polyurethane fatigue crack behaviour of bonded 

aluminium SLJ [100, 102, 103].  

 

2.3.3.5 Fatigue life prediction based on  lap shear and coach peel strengths . 

While much research focuses on single or double lap shear joints, real-world 

adhesive joints in automotive structures often experience combined shear and 

tensile loading, resulting in both lap shear and peel stresses [87, 104]. Therefore, 

a realistic fatigue life prediction approach should consider both types of stresses 

[104, 105]. 

 

Chen Q et al. [74] investigated the tensile and fatigue behaviours of adhesive lap 

shear and coach peel joints bonding aluminium alloy (A5754-O) adherends with 

a toughened epoxy adhesive, BETAMATE 4601TM, (Dow Chemical Company, 

Michigan, USA) as detailed in Table 2.11. Based on their findings, they proposed 

a fatigue life estimation approach for cohesively failed adhesive joints across 

various loading conditions. This approach is crucial for minimizing the risk of 

fatigue failure and preventing over-design in automotive structures [105]. The 

authors acknowledged the challenges in fatigue life prediction due to the diverse 
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joint types and geometries used in practice [106]. They recommended prioritizing 

the minimization of peel loads in adhesive joint design to optimize overall joint 

performance [107]. 

Table 2.11 Material properties of the substrate and the adhesive employed in 

the tests [105].   

 

 

 

Figure 2.44 Geometries and dimensions of the (a) lap shear joint (LSJ) and (b) 

T-peel joint (CPJ) reported in [105]. 

 

Tensile, quasi-static tests were conducted on lap shear and coach peel joints, as 

shown in Figure 2.44. The substrate material used was A5754-O aluminium alloy, 

pretreated with the commercially available Alcoa 951Ê process (Chemetall, Inc.). 

This process involves deoxidation, application of the vinyl phosphoric acid-based 

Alcoa 951Ê (which enhances corrosion resistance) and rinsing with deionized 

water. 
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The overlap length for single lap shear joints was 12.7 mm, as per ASTM 

standards [108, 109], while coach peel joints had a 20 mm overlap. The bond line 

thickness was controlled using 0.275mm diameter glass beads. 

 

Single lap shear and coach peel joints with varying substrate thicknesses were 

tested. Adhesive fillets were removed from lap shear joints prior to curing to 

enhance joint appearance. PTFE tape was applied to the coach peel joint 

substrates to control bond area size. The joints were cured at 180°C for 30 

minutes, replicating the automotive paint bake process. Testing was performed 

on an MTS 810 servo-hydraulic testing system with a 15 kN capacity. 

 

The quasi-static tests were conducted in displacement control at 10mm/minute, 

and the average peak loads for lap shear and coach peel tests were measured 

(Figure 2.44 a and b). The results in Figure 2.42 indicate significant differences 

in peak loads between the two joint types, with variations also observed 

depending on substrate thickness. 

 

Notably, the load-displacement traces in Figure 2.45a indicate that lap shear 

strength increases with increasing substrate thickness, while joint ductility 

decreases. Conversely, Figure 2.45b demonstrates that lap shear strengths 

significantly exceed coach peel strengths, highlighting the superior performance 

of adhesive joints under shear loading compared to peel loading. 
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Figure 2.45 Displacement versus load curves (Quasi-static) of the (a) LS and 

(b) CP joints [105].  

 

Fatigue tests were conducted on a servo-hydraulic test machine at an applied 

frequency of 40 Hz with various load cycles and an R-ratio of 0.1. The adhesive 

temperature remained stable throughout the higher-frequency tests. Two to four 

repeat tests were performed at each load level, with an end-of-test criterion of 10 

million cycles. The results, displayed in Figure 2.46 (a) and (b), show fatigue life 

as a function of load range for LS and CP joints, respectively. Arrow symbols 

indicate run-out tests (not failed at 107cycles). 

 

The fatigue test results (Figure 2.46) reveal that LS joints with all substrate 

thickness variations experienced cohesive failure at higher loads, while substrate 

failure (in the aluminium alloy) occurred at lower loads [104, 105, 110]. This 
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suggests that the thickness of the substrate does not influence the failure mode 

of the LS joint. 

 

 

 

 

Figure 2.46 Fatigue life cycles versus applied load range data of (a) LS and (b) 

CP joints [105]. 

Figure 2.46 (b) indicate that cohesive failure was observed in all thicknesses for 

coach peel joints at all load levels and there was no substrate failure. 

 

A semi-analytical approach utilizing the J-integral (strain energy release rate) has 

been reported for fatigue life estimation [105, 110]. The J-integrals for LS and CP 
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joints with varying substrate thicknesses were calculated. In this study, the range 

of J-integral, ȹJ = Jmax - Jmin, was employed to correlate the fatigue life of the 

adhesive joints. 

 

The fatigue data for both LS and CP joints were effectively correlated using the 

J-integral of the initial crack in the adhesive layer. By plotting the number of 

fatigue cycles to failure (Nf) against the applied J-integral range (ȹJ), a unified 

fatigue curve was obtained, with both lap shear and coach peel tests falling on 

the same curve (Figure 2.46b). This unified curve was then successfully used to 

estimate the fatigue life of a different U-shaped specimen. 

 

Figure 2.47 (a) illustrates the relationship between load range and fatigue life (Nf), 

while Figure 2.47 (b) depicts the correlation between J-integral range (ȹJ) and 

fatigue life (Nf) [104, 105, 110]. These results highlight the effectiveness of the J-

integral approach in predicting adhesive joint fatigue life, demonstrating its 

applicability across different joint configurations (lap shear and coach peel) and 

varying loading conditions. 
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Figure 2.47 Cohesive fatigue failure data of LS and CP joints correlated by (a) 

load range and (b) J [104, 105, 110].  

 

Analysis of the fatigue data (Figure 2.47) revealed that the load capacity of coach 

peel (CP) joints increased with increasing substrate thickness, while lap shear 

(LS) joints did not exhibit a similar trend. This suggests that substrate thickness 

plays a more significant role in the fatigue performance of CP joints than LS joints. 

Additionally, the applied loads in CP joints were notably lower than those in LS 

joints, reflecting the inherent lower strength of adhesive joints under peel loading 

compared to shear loading. 
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2.3.4 Automotive Hybrid joinin g. 

2.3.4.1 Introduction  

A hybrid approach, combining adhesive bonding and mechanical fastening, has 

been proposed to avoid the individual limitations of adhesive joining and 

mechanical fastening previously discussed. This hybrid technique has found 

application in e.g. the automotive industry for the joining of and   dissimilar 

materials, including composites and metals [2, 111, 112].  A mechanical fastening 

can sustain an axial load while adhesives support some of the load otherwise 

carried by the rivets or fasteners thus redistributing the remaining load more 

uniformly. The load sharing of a hybrid joint depends on the combination of 

materials and its geometric parameters. According to much other research works 

on hybrid joints [111, 112], the hybrid joint has an increased maximum load, a 

higher initial stiffness, strength, and energy absorption compared to a non-hybrid 

joint. It remains a challenge to design an appropriate hybrid joint to share 

substantial amount of load between the adhesive and a fastener due to the 

combination of materials and the actual geometrical parameters. The design of 

hybrid joints with an adhesive and SPR or clinched joint doesnôt need an 

additional connecting part which helps to reduce weight. They do not need pre-

drilled holes, and the process time is reduced [111, 113]. 

 

A hybrid approach, combining adhesive bonding and mechanical fastening, has 

been proposed to overcome the individual limitations of each method. This 

technique has found application in various industries, notably the automotive 

sector, for joining dissimilar materials such as composites and metals [2, 111, 

112]. Mechanical fasteners provide axial load-bearing capacity, while adhesives 

distribute the remaining load more uniformly, thereby enhancing overall joint 

performance. The load-sharing capacity of a hybrid joint depends on the specific 

material combination and geometric parameters. 

 

Extensive research on hybrid joints [111, 112] indicates that they exhibit 

increased maximum load, initial stiffness, strength, and energy absorption 

compared to non-hybrid joints. However, designing an optimal hybrid joint to 
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achieve substantial load sharing between the adhesive and fastener remains a 

challenge due to the complex interplay of materials and geometry. 

 

Hybrid joints utilizing adhesives in conjunction with self-piercing riveting (SPR) or 

clinching offer advantages such as weight reduction, elimination of pre-drilled 

holes, and reduced process time [111, 113]. Critical process parameters for 

achieving a metallurgically sound hybrid joint include the joint configuration, 

fastener type, adhesive material and its thickness (bond line), loading conditions, 

adherend type and thickness, overlap length, and fastener-hole clearance, as 

outlined in Table 2.12 [111]. 

Table 2.12 Process parameters of hybrid bonded joints [111, 113, 114]. 

 

 

The following sections, 2.3.4.2 and 2.3.4.3, discuss two distinct types of 

mechanical joining combined with adhesives to form hybrid joints. 

2.3.4.2 Adhesive clinching or hybrid adhesive clinched join ts 

Clinching, a cold-formed mechanical fastening process, can be significantly 

enhanced by incorporating adhesive bonding, resulting in hybrid adhesive 

clinched joints [99, 100]. This hybrid approach addresses several limitations of 

clinching alone, including rigidity, load capacity, noise and vibration damping, 

pressure tightness, crashworthiness, and corrosion resistance (e.g., galvanic 

corrosion). 

 

The introduction of an adhesive layer between the substrates strengthens the 

joint and offers several advantages. Hybrid joints exhibit higher static and fatigue 
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strength compared to simple clinched joints, eliminate the need for additional 

sealing operations, and provide improved corrosion resistance [51, 115, 116]. 

The adhesive layer plays a crucial role in enhancing joint properties. It distributes 

loads more evenly, dampens vibrations, and resists galvanic corrosion when 

joining dissimilar metals [50, 115, 117]. Finite element simulations and 

experiments have demonstrated the superior crashworthiness and energy 

absorption of hybrid clinched joints compared to mechanically clinched joints 

[116]. 

 

To further quantify these benefits, tensile shear strength and energy absorption 

were compared experimentally between clinched and adhesive-clinched joints 

using single lap shear tensile tests, with verification by numerical FE simulation 

[118]. The simulation revealed that while maximum load was similar for both joint 

types, the energy absorption capacity of clinch-bonded hybrid joints was 

significantly higher than that of clinched joints alone. The details of these 

experimental methods and results are presented below [118]. 

 

Two sets of eight specimens each were prepared to compare the tensile shear 

strengths of clinched joints and adhesive-bonded clinched (hybrid) joints. Both 

substrates consisted of AA7075 aluminium alloy, joined using a blend of ductile 

and brittle adhesives. The adhesive was applied to degreased surfaces, and the 

sheets were pressed together to form an initial bond. Hybrid specimens were 

created by clinching these joints using RIVCLINCH 1106 P50 equipment with two 

different constant pre-clamp loads: 5kN and 50kN. The adhesive layer thickness 

was controlled during clinching, and the adhesive was then cured at room 

temperature for at least 24 hours. 

 

Tensile-shear tests were conducted to measure the ultimate tensile-shear 

strengths of clinched and adhesive-bonded clinched (hybrid) joints [104]. Quasi-

static tests at 1 mm/minute were performed using a servo-hydraulic test machine. 

The results, illustrated in Figures 2.48 and 2.49, revealed that the addition of 

adhesive led to an increase in both shear strength and energy absorption values 

for the clinched joints. While the maximum load values were similar between the 
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two joint types, the energy absorption capacity of the hybrid joints was notably 

higher due to the combined deformation of the adhesive and metal components 

[118]. 

 

 

Figure 2.48 Forceïdisplacement curves for a) clinched and b) clinch-bonded 

hybrid joints [118]. 

 

 

Figure 2.49 Intercepts of Strength and the energy absorption for clinched joints 

[118].  

The energy absorption values of the clinched joints and clinch-bonded hybrid 

joints were obtained by measuring the areas under the force-displacement curves 

(Figure 2.49). This reveals that the addition of adhesive to the clinched joint 

resulted in increased load-bearing capacity and displacement, leading to 

significantly higher energy absorption for hybrid joints compared to clinched joints 

alone (Table 2.13).   
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Table 2.13 Statistical tensileïshear testing data of clinched joints and clinch-

bonded hybrid [118].   

 

2.3.4.3 Hybrid -adhesive  with self -piercing solid  rivets (SSPR)  

The high strength and low ductility of ultra-high-strength steel (UHSS) present 

challenges when using conventional joining methods such as self-piercing rivets 

(SPR) or clinching. Meschut et al. (2014) suggest several improved techniques 

to optimize existing SPR methods, including the combination of SPR with 

structural adhesive joining [2]. This process utilizes a high-strength solid rivet to 

join punch-side ultra-high-strength (UHS) boron steel (22MnB5) to die-side 

ductile AA6016-T4 aluminium alloy through self-piercing riveting with solid rivets 

(SSPR) [2]. 

 

Figure 2.50 illustrates the SSPR process. Following blank holder fixation, the rivet 

pierces both materials. Increased process force drives the rivet into the die-side 

material, causing it to deform plastically around the emboss ring on the die, thus 

forming a positive lock (as shown in Image 3 of Figure 2.50). The process does 

not require the rivet to deform plastically to create a positive lock. Therefore, the 

use of solid rivets with high tensile strength and hardness enables the joining of 

high-strength materials like boron steel. However, this process necessitates 

higher forces to punch through the materials and form the interlock. A solid rivet 

(rather than a hollow one) is driven into the adhesive joint. 

 

The hybrid SSPR process combines adhesive bonding with mechanical joining 

to leverage lightweight materials. However, high process forces can cause 

adhesive squeeze-out, resulting in inconsistent bond thickness and potentially 



73 

 

exposing the underlying material. Additionally, spring-back of the die-side 

material can create discontinuities in the adhesive layer, further reducing the 

effective bonding area and increasing the risk of corrosion when exposed to 

corrosive environments [2]. 

 

Figure 2.50 Schematic illustration of the steps in SSPR [2].  

 

The section below, 2.3.4.4, provides a comparison of various mechanical joining 

methods that incorporate adhesive (hybrid joining). 

2.3.4.4 Comparison of different m echanical joining methods with adhesive 

(Hybrid)  

The comparison of the mechanical performance of various hybrid joints is 

summarized in Figure 2.51. Single lap shear specimens formed between boron 

steel (22MnB5) and aluminium alloy (AA6016-T4), prepared according to the 

German guideline DVS 3480-1 [2], were manufactured both with and without 

structural adhesive. The adhesive used was a heat-cured structural epoxy (DOW 

Automotive BM1496V) with a bond line thickness of 0.3mm and a cure cycle of 

180°C for 30 minutes. The test results (Table 2.14) indicate that the maximum 

test load for hybrid joints was significantly higher than for mechanical and thermo-

mechanical joints without adhesive [2, 3].    
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Figure 2.51 Comparison of mean (maximum) forces and standard deviations 

under shear load of joints made using AA6016 and 22MnB5, produced with the 

presented joining methods with and without additional adhesive bonding (SSPR 

= Self-pierce riveting with solid rivet; SPR = Self-pierce riveting with semi-hollow 

rivet; SCL = Shear clinching; REW = Resistance element welding) [2, 3, 29]. 

   

Table 2.14 Lap shear test: Size 105x45mm, Overlapping: 16mm, Rate: 

10mm/minute [2]. 
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2.4 Testing methods   

2.4.1 Testing of specimens and failure modes.  

 

Figure 2.52 Overview of experimental methodology for adhesively joined joints 

[86].  

In mechanical testing, it's crucial to understand the dominant forces acting on a 

joint, as illustrated in Figures 2.52 and 2. 53. In a butt joint, the primary force is 

tensile, pulling the materials directly apart. Conversely, in a lap joint, shear forces 

become more significant, acting parallel to the bonded surfaces as illustrated in 

Figure 2.53. 

 

However, it's important to recognize that adhesive joints rarely experience a 

single, isolated load regime. The failure can be triggered by various stress modes, 

including peel (where the adhesive is pulled away from the substrate at an angle), 

cleavage (where the adhesive is split apart within the bond line), or a combination 

of these. Therefore, a comprehensive understanding of these different loading 
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conditions is essential for accurate mechanical testing and prediction of adhesive 

joint performance  [119]. 

 

 Manufacturers leverage insights into the basic chemistry of structural adhesives 

to tailor the resin system, thereby enhancing specific mechanical properties such 

as tensile, shear, peel, or compressive strength. This strategic modification 

enables them to optimize the overall performance of the structural adhesive  [84, 

106]. 

 

Figure 2.53 Schematic of (a) common joint structures and appropriate (b) types 

of joint stresses in adhesive bonding [84].     

 

The specimens are fabricated and evaluated in accordance with established test 

standards, including ASTM and ISO. Table 2:1 offers a reference of common 

ASTM test standards; each tailored to specific adhesive joint geometries 

employed in mechanical testing. 
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Table 2.15 Common ASTM test standards of adhesively bonded joints [86].  
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The failure of adhesive or hybrid specimens is predominantly rooted in one of the 

failure modes visually represented in Figure 2.54. These failures, which can 

manifest at various points within the specimen, are fundamentally caused by one 

or a combination of the following: 

¶ Adhesive failure:  This occurs when the bond between the adhesive and 

the substrate weakens or breaks, leading to separation at the interface. 

¶  Cohesive failure:  This involves the internal failure of the adhesive itself, 

often due to exceeding its strength or experiencing excessive stress or 

strain. 

¶ Substrate failure:  This type of failure originates within the substrate 

material, which may fracture or deform under load. 



79 

 

¶  Mixed failure:  In some cases, the failure may involve a combination of 

the above modes, making it more challenging to pinpoint the exact root 

cause. 

Understanding these distinct failure modes, their characteristics, and the factors 

that contribute to them is crucial for researchers and engineers working with 

adhesive joints. Understanding these distinct failure modes is crucial for 

developing more robust and reliable adhesive joints in both research and 

industrial applications. 

 

 

        

Figure 2.54 Failure modes of adhesively bonded joints: (a) adherend failure 

(including fibre-tear failure and stock-break failure); (b) cohesive failure 

(including thin-layer cohesive failure); (c) debonding/adhesive failure; (d) mixed 

failure [86]. 

2.4.2 Quasi -static and fatigue testing.  

Quasi-static testing serves to determine key material properties like yield stress 

and ultimate tensile strength by applying a gradual load to a specimen until failure. 

This methodical approach facilitates a precise understanding of the material's 

behaviour under controlled conditions. These tests can assess both in-plane 

characteristics, such as tensile strength, which measures the material's 

resistance to being pulled apart, and out-of-plane properties, including 

compressive strength in bending tests, evaluating how the material withstands 

forces that cause it to bend or buckle. Furthermore, quasi-static testing can also 

investigate time-dependent phenomena like creep, where a material deforms 

slowly under a constant load over an extended period (Figure 2.52). 

In contrast, dynamic tests offer critical insights into how structures react when 

subjected to rapidly changing forces or conditions. These tests cover a broad 
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spectrum of scenarios, encompassing fatigue, vibration, and impact tests (Figure 

2.52). Fatigue testing, for example, subjects a material to repeated cyclic loading, 

even within its elastic limit, simulating real-world conditions where components 

experience fluctuating stresses over their service life. This aids in identifying the 

material's fatigue limit and predicting its lifespan under such conditions. 

 

Vibration tests assess a structure's response to various frequencies and 

amplitudes of vibration, which is crucial for ensuring the integrity and performance 

of components in applications such as aerospace or automotive engineering. 

Impact tests, on the other hand, evaluate a material's ability to absorb energy 

from sudden impacts, essential for designing structures that can withstand 

collisions or sudden shocks. 

 

Dynamic mechanical testing machines play a pivotal role in these tests, offering 

precise control over loading and displacement profiles to simulate various 

dynamic conditions. The inherent time-dependent nature of these tests 

necessitates capturing data over prolonged durations, enabling engineers and 

researchers to gain valuable insights into how materials and structures respond 

to fluctuating loads and stresses. This information proves invaluable for designing 

components and systems that are safer, more durable, and more reliable across 

diverse industries. Furthermore, conducting tests under different environmental 

conditions facilitates a comprehensive assessment of both the static and dynamic 

behaviour of materials and structures. 

2.5  Properties of the joints  

A major challenge for lightweight materials is the ability to produce a functional 

component at an acceptable price. This review will conclude with a cost-benefit 

perspective for typical light-metal application in the automotive industry. 

Traditional spot-welding of aluminium alloys presents challenges, including 

surface sensitivity and short electrode tip life. Joining different materials, often 

dissimilar, is a growing research area in automotive manufacturing. Automating 

joining processes to achieve consistent joint quality in real production time would 

be a significant advancement in modern car manufacturing. The SLC project, as 
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discussed earlier in this chapter, encompasses the key priorities of car design: 

weight reduction, suitable joining techniques for various materials and their 

combinations, and meeting part production and cost targets [120, 121]. 

 

Al alloys with selected chemical compositions and alloying elements can be 

optimized to meet the necessary mechanical, chemical, and physical properties, 

including resistance to intercrystallite corrosion, high strength, formability, energy 

absorption, and excellent crash resistance. For example, non-heat-treatable Al-

Mg alloys are suitable for chassis construction, while heat-treatable Al-Mg-Si 

alloys are utilized for extruded components and sheet applications due to their 

improved age-hardening response during automotive paint bake cycles. Cast Al 

components find use where stronger part assembly integrity is required and 

extruded longer Al profiles offer lightweight solutions. By considering part 

integration and assembly optimization, it's possible to achieve mass reductions 

of 30% or more without compromising vehicle performance and safety [14, 120, 

121]. 

 

The complexity of part production is influenced by the selection of various alloys 

for different components, based on their individual properties and forming 

conditions. Manufacturing costs associated with detailed assemblies that meet 

required structural integrity are another critical factor to investigate in automotive 

production. Safety is yet another crucial aspect that necessitates thorough testing. 

Structural adhesives are extensively used for joining parts to sub-assemblies and 

main assemblies (Figure 2.55). 
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Figure 2.55 Coating position of structural adhesive on: (a) car body side and 

A/B pillar reinforcement plates; (b) welded part of rear-wall side-cover; (c) dash 

panel, boom, and front beam; (d) rear floor, rear frame, front side door, doorsill, 

and transom piece [86]. 

Beyond weight reduction and increased production and assembly costs, 

optimizing joining techniques for dissimilar material combinations poses a 

significant manufacturing challenge. An appropriate joining technique should 

possess several key characteristics to meet automotive requirements. These 

include lightweight, simple, and easy-to-manufacture joints; a fast and easily 

automated joining process that is energy-efficient; durable, strong, and stiff joints 

with good energy absorption; integral and crash-resistant joints; and joints that 

resist corrosion and environmental degradation from temperature, humidity, and 

moisture. 

 

Considering the demands of automotive joints in production lines, which combine 

materials from both similar and dissimilar groups, optimizing joining methods and 

process parameters is essential. The following chapter will present the materials 

and joining techniques investigated in this project, including mechanical, 

adhesive, and hybrid methods for joining similar and dissimilar materials (Table 

3.7). Test specimens made with selected combinations will be evaluated for 

structural integrity under both dry and wet conditions. 



83 

 

2.6   Conclusions  

This chapter has provided a comprehensive review of the relevant literature for 

this research project. It began by exploring different types of automotive materials 

and structures, followed by an examination of various joining techniques and 

testing methods. The chapter concludes by highlighting the challenges and 

opportunities associated with joining lightweight materials in automotive 

applications, setting the stage for the research presented in subsequent chapters. 

 

As the selected material combinations (Al alloys, high-strength steel alloys, 

composites, and polymeric materials) and the diverse joining techniques 

discussed above demonstrate, process parameters and testing methods are still 

under development. Each testing method has its own advantages and 

disadvantages concerning the requirements of an automotive joint. The 

manufacturing industry's relentless pursuit of weight reduction, improved safety, 

enhanced automation, and innovative material alternatives to replace 

conventional ones, drives the need for further research and development. 

 

Based on the synthesis of various articles, this discussion underscores the critical 

need for alternative joining techniques to effectively unite dissimilar materials in 

both part production and assembly. Attaining the ideal confluence of low cost, 

process reliability, consistent quality, good microstructural integrity, high strength, 

and excellent impact and durability performance within a single joining method 

presents a significant challenge. However, a strategic combination of techniques 

can be leveraged to satisfy most of the requirements for joint integrity when 

joining dissimilar materials, ultimately optimizing overall joint performance. 

 

The mechanical method of self-piercing riveting (SPR) is a convenient and widely 

used industrial joining technique, offering benefits for both manufacturing and 

repair due to its cost-saving potential in maintenance. The strength of SPR joints 

is comparable to other mechanical joining methods like clinching and spot 

welding. However, the failure mechanism of SPR joints primarily involves fretting 

between the joining sheets and between the sheet and the rivet. Despite this, 
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SPR joints demonstrate superior fatigue properties compared to clinching and 

resistance spot welding (RSW) [55, 57]. 

 

While spot welding and other mechanical and thermo-mechanical methods, 

including SPR, have their limitations, structural adhesives present a compelling 

alternative with enhanced strength and durability. Adhesive joints' uniform load 

distribution, reduced stress concentration, and improved stiffness position them 

favourably against mechanical joints.  

 

Moreover, a hybrid approach that combines mechanical and chemical bonding 

through the modification of, mechanical or adhesive joining can further elevate 

energy absorption while preserving strength and durability comparable to 

adhesive joining alone [70, 111, 113]. 

 

The innovative hot forming and quenching (HFQ) process of high-strength 

aluminium alloys has led to the development of aluminium body-in-white (BIW), 

a key advancement in lightweight car manufacturing [19, 21]. Aluminium alloys, 

with their advantageous mechanical properties, loading capabilities, formability, 

mass reduction potential, joining integrity, recyclability, and life-cycle 

considerations, have seen increasing prominence. While the initial cost of an 

aluminium BIW exceeds that of steel, the overall vehicle manufacturing cost is 

significantly reduced when accounting for fuel savings due to the lightweight 

nature of aluminium [122, 123]. 

 

Given the ongoing research into lightweighting and the expanding applications of 

aluminium alloys in part production through HFQ, the subsequent chapter will 

provide a detailed exploration of the specific materials, joining methods, and 

experimental tests conducted in this investigation. 
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3 Materials and Methods 

3.1 Introduction  

This project examines the performance of various metal joint combinations 

created using different joining methods. Joints were formed between AA6082 and 

AA6082 (similar materials), and AA6082 and AA7075 (dissimilar materials). 

These materials were chosen due to their prevalence in automotive applications 

and the ongoing research on their formability within the department's metal 

forming group. Similarly, combinations of mechanical and adhesive joining 

techniques were selected for their importance in the automotive industry, and the 

adhesives used are also subject to extensive research within the department's 

adhesion and adhesive group. 

 

This chapter provides a comprehensive overview of the experimental methods 

employed in this project. 

¶ Materials:  This section details the specific materials utilized, including the 

properties of the substrate and the rivet materials used, and the properties 

of the adhesives employed. 

¶ Joint Fabrication Techniques:  This section describes the various joining 

methods used to create the metal joints, including details on the specific 

techniques and parameters employed for each method. 

¶ Testing Methods:  This section outlines the testing procedures used to 

evaluate the performance of the fabricated joints. The specific tests 

conducted (e.g., tensile tests, fatigue tests) and the testing equipment 

used will be detailed. 

¶ Experimental Apparatus:  This section provides a comprehensive 

description of the experimental apparatus used for joint fabrication and 

testing. This may include details about any specialized equipment or 

instrumentation employed. 
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3.2 Materials  

3.2.1  Substrate materials  

The following two aluminium alloy materials have been chosen as substrates for 
this project.  

¶ Aluminium alloy-AA6082 T6 

¶ Aluminium alloy-AA7075 T6  

The compositions of the two alloys are shown in Table 3.1.   

Table 3.1 Chemical composition of aluminium alloys used in this project [124].  

 

 

AA 6082-T6 is a versatile aluminium alloy chosen for its excellent combination of 

mechanical properties, such as ductility and strength, and good corrosion 

resistance. This combination, particularly the favourable balance between 

strength and weight, makes it a popular choice for lightweight applications in the 

automotive industry [8, 19]. The "T6" designation refers to the temper of the alloy, 

which influences its properties. 

 

AA7075-T6 belongs to the heat-treatable 7000 series aluminium alloys, known 

for their Al-Zn-Mg-Cu composition [18, 124]. This alloy offers excellent 

mechanical properties like high strength, good toughness and corrosion 

resistance and can be shaped into plates, extrusions, or forgings for high-

performance structural applications in the automotive industry, such as B-pillars, 

due to its favourable strength-to-weight ratio. The "T6" designation indicates the 

temper of the alloy, influencing its final properties. 

 

The AA6082-T6 and AA7075-T6 aluminium alloys were purchased in hot rolled, 

sheet form with a thickness of 2mm from authorized UK suppliers. The 

mechanical properties of AA6082-T6 and AA7075-T6 are as outlined in Table 3.2.   
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Table 3.2 Base material properties of substrate materials at room temperature 

[19, 30, 125].  

Base 

material 

Ultimate 

Strength 

(MPa) 

Yield 

strength 

(MPa) 

Elongation 

at Break 

(%) 

Density 

(g/cc) 

 

Hardness 

Brinell 

 

 

AA6082-

T6 
310 260 8-10 2.70 94 

AA7075-

T6 
572 503 5-11 2.81 150 

 

 

Unlike solution heat treatment (SHT) and quenching, which can alter the temper 

and ductility of AA6082-T6 and AA7075-T6 aluminium alloys, subsequent age 

hardening can restore the mechanical properties of the joints to those of the base 

materials [12, 25, 26]. In the automotive industry, paint baking serves a dual 

purpose: retaining the temper of the metal and curing adhesives used in the 

assembly process. For this project, the adhesive and hybrid joints were cured in 

an oven set at the specific curing temperature of the SikaPower-497 adhesive. 

3.2.2 Adhesive materials  

The adhesive selected for this project is SikaPower-497 [126] a one-part, warm-

applied, heat-curing, highly structural epoxy-based adhesive formulated for 

toughened performance. It retains high impact resistance during high-speed 

loading (vehicle collision). Designed for bonding different sheet metals, including 

aluminium alloys, SikaPower-497 finds application in automotive body shop 

assembly work. On the assembly line, the adhesive is cured in the paint oven 

where it crosslinks into a high-performance thermoset. The curing rate depends 

on oven temperature (with a maximum not exceeding 220°C) and time, as 

detailed in Section 3.3.4. 

 

SikaPower-497 offers several advantages for this project. It demonstrates good 

adhesion to oily surfaces, a crucial characteristic for automotive applications 
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[126]. Additionally, it develops high strength, making it suitable for structural 

applications. The manufacturer describes it as ideal for joining various metals, 

particularly aluminium, due to its ability to form distortion-free joints without 

damaging the substrates [126]. Notably, SikaPower-497 is designed for use in 

conjunction with mechanical fastening methods like spot welding, riveting, and 

clinching. Furthermore, it's solvent-free, isocyanate-free, and PVC-free, 

contributing to a safer working environment and a more environmentally friendly 

product. Finally, the cured adhesive joint offers excellent corrosion resistance, 

enhancing the long-term durability of the bonded components. 

3.2.3 Self -piercing r ivet material.  

This section describes the self-piercing rivet (SPR) used in this project, focusing 

on its material and geometry. The SPR is made of Boron steel (22MnB5 steel 

grade) due to its excellent combination of good structural stiffness and strength. 

This material ensures the rivet can pierce the sheet metal without breaking while 

providing a strong joint. The composition of the SPR rivet material is detailed in 

Table 3.3. 

 

Table 3.3 Composition of rivet material made of 22MnB5 steel grade [ 6]. 
%C %Mn %P %S %Cr %Mo %Ti %B  %Al  %Fe&Si 

0.15-

0.25 

0.7-

1.5   
0.03max 0.04max 

0.1-

0.3 

0.05-

0.5 

0.02-

0.5 

0.0005-

0.005 

0.03-

0.07 
0.35max 

 

 

3.2.3.1 Rivet Geometry  

 

Figure 3.1 Geometry of the rivet with L (shank length), D1 (head diameter), and 

D2(shank diameter) adapted from [58]. 
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The geometry of the self-piercing rivet (SPR), as depicted in Figure 3.1, consists 

of a flat head with a diameter of 7.8 mm and a shank with a diameter of 5.3 mm. 

The shank has a length of 6 mm, a dimension carefully selected to ensure 

adequate material is available to form a robust interlock with the lower sheet. A 

slight taper at the rivet's tip facilitates the initial piercing of the sheet and helps 

minimize potential damage during the process. 

 

 

Figure 3.2 Cross section of the riveted joint using 5mm  and 6mm  rivets. 

 

The rivet length was optimized to 6mm following a series of trial tests on single 

riveted lap shear joints. The results, depicted in Figure 3.2, indicate that the 6mm 

rivet achieved a more effective interlock with the lower substrate. This enhanced 

interlocking mechanism correlated with an increase in both the ultimate strength 

and the displacement at failure when compared to the performance of the 5mm 

rivet during the trials. 

3.3 Specimen preparation  

3.3.1 Cutting of raw material  

The typical schematic sketch (Figure 3.3) shows processing schedule for high 

strength Al-Zn-Mg-Cu plate form.  
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Figure 3.3 Semi-schematic processing schedule for high-strength 

AlīZnīMgīCu sheet (Some commercial and experimental variations are 

indicated by dashed lines) [28]. 

2 mm thick sheets of the material were cut with length along rolling direction using 

a guillotine saw to create adherends for the lap shear specimens, following the 

specified geometry [58]. The dimensions of the cut substrates were 95.2 mm x 

25.4 mm, as defined in [58, 59]. The specimens were then cleaned using a 

degreaser solvent and batched in small quantities to fit within the small ovens for 

solution heat treatment. The following section combines the information on SHT 

and the subsequent processes of quenching and hardening. 

3.3.2 Experimental Procedure for SHT of substrates ( AA6082 and 

AA7075)  

The aluminium alloy substrates underwent solution heat treatment (SHT) as 

illustrated in Figure 3.4. The specific SHT soaking temperatures for each alloy 

(AA6082 and AA7075) are detailed in the Table 3.4. The SHT was carried out in 

the laboratory through the steps including Oven Preheating and stabilization, 

Specimen loading, Temperature Monitoring, Soaking and Quenching. 

 

In the Oven Preheating and Stabilization stage, the oven was preheated to the 

specific soaking temperature required for the alloy being treated. This 

temperature was then maintained for 2-3 hours without the specimens present to 

ensure the chamber temperature stabilized. Next, during Specimen loading, the 
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specimens were carefully arranged on a steel tray and transferred into the 

preheated oven using metal tongs. A thermocouple attached to one of the 

specimens monitored the temperature. 

 

The Soaking step began when the thermocouple reached the designated SHT 

temperature. A stopwatch was then started to time the 30-minute soaking 

duration. Finally, in the Quenching stage, the soaked specimens were 

immediately transferred to a water-filled quenching tank located near the oven 

door. 

Table 3.4 SHT parameters used for specimen preparation [26]. 

Material Soaking temperature  Soaking time  Quenching medium 

AA 6082 T6 535±10°C 30 minutes Water 

AA 7075 T6 490± 10°C 30 minutes Water 

 

 

Figure 3.4 SHT for AA6082 and AA7075 alloy specimens in this project. 

 

Vickers hardness testing was utilized to assess the hardness of the AA6082 and 

AA7075 alloys following solution heat treatment (SHT) and quenching. It's crucial 

to highlight that these hardness measurements were conducted in the "as 

quenched" condition, signifying that they were taken immediately after the 

quenching process and prior to any artificial aging (such as paint baking). 
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Generally, formability is superior in the "as quenched" condition compared to the 

aged (or paint-baked) condition. This is because SHT and quenching result in a 

softer, more workable microstructure. However, the specific degree of 

improvement depends on the alloying elements present.  The automotive industry 

relies on paint baking as a critical step. While it introduces some degree of 

artificial aging, it can be strategically optimized to preserve a substantial portion 

of the hardness and temper attained through SHT. This allows for a balance 

between the desired mechanical properties and the formability required for 

subsequent manufacturing processes. 

 

Moreover, for adhesively bonded joints, the curing process itself, which often 

takes place within an oven, can contribute to tempering effects. The precise 

impact on temper is contingent upon the adhesive's properties and the curing 

temperature employed. 

 

3.3.3 Preparation of SPR  joints  

 

 

Figure 3.5 Specimen geometry of the single lap shear joint (SLSJ) [58, 59].  

 

Initially, similar self-piercing riveting (SPR) joints were created by joining Al alloy 

AA6082 substrates to identical AA6082 substrates using an Xpress pneumatic 

rivet gun (Figure 3.6). Subsequently, dissimilar substrates of aluminium alloys 

(AA6082 T6 and AA7075 T6) were prepared according to specified dimensions 
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and assembled into single lap joints [58, 59]. The specimen geometry for these 

single lap shear joints (SLSJ) followed the specifications outlined in Figure 3.5. 

 

In dissimilar joints, the AA7075 was placed as the upper substrate due to its 

higher strength but lower ductility, making it more suitable for rivet penetration 

while placing the more ductile material (in the W condition, i.e. as quenched), as 

the lower substrate which facilitated the desired rivet flare and interlock formation.  

 

 

Figure 3.6 The Xpress pneumatic rivet gun used for making the self-piercing 

riveting (SPR) joints in this project. 

 

An Xpress 800 rivet gun was used to form the joints under a pneumatic pressure 

of 85-90 psi as shown in Figure 3.6. A custom fixture equipped with two parallel 

plates was employed to accurately position the substrates prior to riveting. Thin 

tapes secured the overlapping substrates to the bottom plate, while the top plate 

was fastened using screws. The entire assembly was clamped in a bench vice 

for stability. The fixture's central hole ensured precise rivet placement at the 

overlap centre and guided the rivet gun perpendicular to the substrates. The joints 

are made within 3 weeks of heat treatment. 

 

Maintaining a consistent speed during the riveting process is essential to ensure 

uniform material deformation and proper rivet formation. Similarly, the specified 
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air pressure range likely represented a balance between sufficient force to set the 

rivet and preventing excessive stress on the materials. A pressure below the 

lower limit might result in incomplete riveting, while a pressure above the upper 

limit could damage the materials or the rivet gun itself. The summary of 

parameters used are 

¶ Constant speed of rivet gun-12 mm/s  

¶ Air pressure for the gun-85 to 90 psi (586-621 kPa) 

 

The ability to rivet from either side in production likely results in improved joint 

quality compared to repair scenarios. In vehicle repair, the limited access to one 

side of the panel restricts the riveting options. The automated production lines 

offer greater flexibility with suspended panels and the ability to rivet from either 

side. AA7075's higher hardness and reduced ductility impact riveting, 

necessitating placement as the top substrate in dissimilar joints. The decision to 

place AA7075 as the top substrate in dissimilar joints is important for achieving 

adequate rivet deformation and joint strength without breakage of the substrate. 

3.3.3.1 Assembly of end tabs . 

Aluminium end tabs measuring 25.2 mm x 25.2 mm x 2mm, fabricated from 

AA6082 T6 or AA7075 T6, were attached to both ends of each specimen. This 

configuration ensured an accurate alignment of the load line with the specimen's 

centre during testing and minimised the specimen bending [63]. A two-part epoxy 

adhesive (Araldite 2015) was employed to secure the end tabs to the cured 

specimens. Curing conditions for the Araldite adhesive included one hour at 60°C, 

two hours at 40°C, or 24 hours at room temperature. Prior to testing, adhesive 

residues were removed from the joint edges to ensure proper gripping in the 

testing machine. 

3.3.4 Preparation of the Adhesive joint s. 

This section provides a detailed description of the procedures employed to 

prepare the adhesive joints investigated in this research.   
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3.3.4.1 Preparation of surface of adhesive joint - Hydro -sonic  cleaning  

Substrates for both adhesive and hybrid joints were initially cleaned in a hydro-

sonic solvent tank using HFE (Hydrofluoroethers) at 48°C for 32 minutes. When 

HFE was unavailable, acetone with sonication was used for 15 minutes. These 

methods effectively removed grease and other contaminants from the substrate 

surfaces. 

 

Degreased substrates were placed in a mesh carrier and immersed in the 

chromium-sulfuric acid etching solution. This solution, prepared according to 

Forestry Products Laboratory (FPL) guidelines, consisted of sodium dichromate, 

sulfuric acid, and deionized water. The etching process removed the weak, 

inconsistent oxide layer from the substrate surfaces, replacing it with a stronger, 

uniform one, enhancing adhesive bonding. The solution was heated to 68.5°C 

using a submerged heater and maintained at this temperature for 30 minutes. 

 

Subsequently, substrates were removed from the etching solution, rinsed 

thoroughly with tap water, and soaked in a water tank filled with running tap water 

for 30 minutes. They were then sprayed with deionized water and dried in an 

oven at 65°C for 30 minutes, preparing them for the adhesive bonding process. 

 

3.3.4.2 Manufacturing process of adhesive joint using Sika power 497.  

Sika Power 497 adhesive, stored in a refrigerator, was allowed to reach ambient 

temperature for at least 2-3 hours before application. This process reduced the 

adhesive's viscosity, improving its flowability and enabling even distribution on 

substrates.  

 

Etched and dried substrates were meticulously marked to define the adhesive 

overlap area before being positioned on clean tissue-covered work surfaces. Due 

to the carrier capacity limitations of the acid etching process, a maximum of 

sixteen substrates were prepared simultaneously. Employing an adhesive 

applicator gun, a consistent amount of adhesive was dispensed onto each 

substrate and subsequently spread evenly using a stainless-steel spatula. To 
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ensure uniform bond line thickness and prevent adhesive displacement, the light 

pressure clips were applied bilaterally to each joint. Approximately seven or eight 

prepared specimens were readied for the curing phase in each cycle. 

3.3.4.3 Adhesive fillet  

The incorporation of an adhesive fillet at the edges of overlap interface is known 

to significantly enhance the strength characteristics of single lap joints [47, 127]. 

It is important to note that the influence of fillet geometry extends beyond its 

impact on joint strength. Factors such as stress distribution, crack initiation, and 

propagation can be significantly affected by fillet dimensions. However, achieving 

consistent and precise fillet geometry has proven to be challenging due to the 

inherent low flowability of most adhesives. Maintaining a consistent fillet profile is 

paramount for accurate comparative evaluations of different adhesive-adherent 

combinations, as variations in this parameter can significantly influence joint 

performance [47, 98]. While it was not feasible to eliminate fillet geometry 

inconsistencies in this study, efforts were undertaken to minimize their impact on 

the overall experimental outcomes. 

3.3.4.4 Bond -line thickness  

Maintaining a consistent bond-line thickness is crucial for achieving predictable 

and reliable joint strength. Variations in adhesive layer thickness can significantly 

impact the mechanical performance of the joint. Flexible adhesives are difficult to 

control due to its highly viscous nature [47]. Several techniques exist for 

controlling bond-line thickness, including the use of mechanical fixtures, wire 

spacers, or glass bead additives. However, each method presents limitations, 

such as potential stress concentrations or difficulties in achieving uniform 

distribution of additives [98, 128, 129]. 

 

In this study, mechanical pressure clips were employed to regulate bond-line 

thickness, resulting in a consistent range of 0.20-0.25 mm. While this method 

offered a practical approach for this specific investigation involving different 

joining methods, it is acknowledged that more sophisticated techniques may be 

necessary for achieving even greater precision in future studies. 



97 

 

3.3.4.5 Adhesive curing  

The adhesive curing process employed a controlled oven environment, mirroring 

the curing protocols commonly used in the automotive industry for aluminium 

alloy paint finishes. The oven was preheated to 185°C for a duration of one hour 

prior to the introduction of the bonded specimens. To accurately monitor the joint 

temperature, a thermocouple was attached to one of the specimens. The oven 

door was subsequently closed, and the curing process was initiated once the 

thermocouple reading stabilized at the target temperature of 185°C. After a 30-

minute curing period, the oven was switched off, allowing the specimens to 

undergo a gradual cooling process to ambient temperature within the oven 

overnight.  

3.3.4.6 Edge polishing  

Post-curing, excess adhesive, commonly referred to as "spear fillets," was 

meticulously removed from joint edges using a disk sander equipped with P320 

grit silicon carbide abrasive paper. This process was carefully executed on a 

Struers LaboPol-21 polishing machine, to prevent inadvertent damage to the 

joint's structural integrity. To mitigate the adhesive debris accumulation and 

subsequent dust generation, a continuous water spray was employed during the 

polishing operation. This necessitated a thorough drying process for the 

specimens to ensure their readiness for subsequent stages of the experimental 

protocol.  

Prior to mechanical testing of the adhesive joints, the end tabs were attached to 

the specimens as detailed in section 3.3.3.1. 

3.3.5 Preparation of hybrid joint s 

Hybrid joints were fabricated by combining adhesive bonding and self-piercing 

riveting (SPR) processes. The manufacturing process incorporated surface 

preparation steps for adhesive bonding, as detailed in Section 3.3.4, followed by 

SPR using a dedicated fixture as explained in Section 3.3.3. 

 

In hybrid joining, the riveting has been performed before the adhesive curing to 

ensure optimal bonding and mechanical performance. If the rivet is installed after 
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the adhesive has cured, the cured adhesive layer may crack or delaminate during 

riveting, leading to poor rivet setting, compromised mechanical interlock, and 

reduced overall joint integrity. 

3.3.5.1 Preparation of adhesive joint  

Substrates underwent cleaning and etching as outlined previously. Adhesive joint 

preparation followed the procedures described in Sections 3.3.4.1 to 3.3.4.4. 

However, prior to adhesive curing, self-piercing rivets were inserted into the 

adhesive joints.  

3.3.5.2 Procedure for  SPR joining.  

SPR riveting was performed as described in Section 3.3.3 with a key modification: 

the adhesive joint, rather than individual substrates, was secured within the 

riveting fixture using thin adhesive tapes. To maintain optimal joint integrity, the 

entire riveting process was completed within a 30-minute timeframe. Prior to oven 

curing at 185 °C (as specified in Section 3.3.4.5), the presence of adequate 

adhesive fillets at both joint ends was verified. The adhesive edges on the 

specimen sides were polished using the grinding and polishing procedure 

outlined in Section 3.3.4.6. End tabs were attached to the specimens prior to 

mechanical testing of the hybrid joints, as detailed in Section 3.3.3.1.  

 

The different mechanical testing methods and the procedures of testing are 

described in the following section 3.4.  
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3.4 Testing Methods  

3.4.1 Test procedure  

                                

Figure 3.7 Servo-hydraulic mechanical testing machine using hydraulic grips. 

 

Quasi-static lap shear and dynamic fatigue tests were conducted on a servo-

hydraulic Instron 8801 machine (Figure 3.7). Specimens were securely clamped 

using hydraulic grips fitted with serrated jaws. Grip pressure was carefully 

optimized to prevent specimen slippage or breakage within the grips during 

testing. A 100 kN load cell, calibrated bi-annually in accordance with ISO 7500 

standards, ensured sufficient resolution for the load range. 

3.4.2 Dry and wet test  procedure.  

Lap shear tests were executed in both dry and wet environments. All quasi-static 

tests were conducted under dry environmental conditions. In contrast, fatigue 

tests were performed in both dry and wet environments, as detailed in Table 3.7.  

The dry testing conditions were characterized by ambient laboratory temperature, 

strictly regulated within 20Ñ5 ęC, and ambient relative humidity as detailed in 

Table 3.8. This controlled environment ensured consistent and comparable 

results across test specimens. 

To simulate the service conditions involving moisture exposure, lap shear tests 

were conducted in a controlled wet environment [130]. The overlapped joint area 
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of the specimens was fully immersed in tap water within custom-designed silicone 

cups as in Figure 3.8. The critical aspect of the experimental methodology was 

the sequential assembly of silicone cups and specimen end tabs. Initially, the 

silicone cup was attached to the specimen's joint area, followed by the 

attachment of the end tabs. This approach minimized the required cut in the 

silicone cup for specimen insertion, facilitating a more secure seal. 

 

The assembled components were then meticulously sealed with silicone paste 

and cured at ambient temperature for six hours to ensure adhesive integrity. 

Subsequently, the cups were filled with water and underwent an overnight leak 

test to verify the assembly's watertightness. This rigorous process safeguarded 

the sensitive hydraulic actuator from potential water damage. 

 

Only after successfully passing the leak test were the specimen's end tabs 

bonded in place using the adhesive and allowed to cure for 24 hours at room 

temperature. This comprehensive preparation established a controlled wet 

environment for precise evaluation of the adhesive's performance under moisture 

exposure. 

 

The specimens equipped with water cups were secured in the hydraulic grips as 

previously outlined. To prevent water contamination of the hydraulic actuator, 

water was carefully injected into the cups using a syringe during fatigue testing. 

Upon specimen failure, irrespective of whether the fracture occurred within the 

joint or the substrate, the testing apparatus was configured to automatically 

terminate the test. Consequently, the lower grip and actuator descended together 

with the fractured specimen component. Given the potential for water spillage 

during such failure events, both the bottom grip and the actuator were shielded 

with plastic sheets as a precautionary measure. 

It is accepted that in this test procedure, there is insufficient time for the adhesive 

in the joint to become saturated.  This is discussed further in Chapter 5 and in the 

recommendations for future work in Chapter 6.   
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Figure 3.8 The servo-hydraulic machine with the silicon cup assembled during 

fatigue testing. 

3.4.3 Quasi -static testing  

Quasi-static tensile tests were performed on single lap shear joints using an 

Instron 8801 servo-hydraulic testing machine equipped with hydraulic grips. The 

load cell was calibrated in accordance with ISO 7500 standards. The testing 

process was automated using Instron Bluehill Universal software, which 

monitored test progress and terminated the test upon joint or specimen failure. 

 

A constant displacement rate of 2 mm/min was applied under displacement 

control. To safeguard against specimen slippage and damage while preserving 

joint integrity, a carefully optimized grip pressure of 30 bar was employed. This 

pressure was established through rigorous experimental testing, in conjunction 

with adherence to the machine manufacturer's guidelines, to ensure secure 

gripping without inducing premature failure due to excessive force or stress 

concentration. Test data, including load-displacement curves, were automatically 

generated upon test completion. 
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Table 3.8 outlines the material combinations (AA6082/AA6082 and 

AA6082/AA7075) used for manufacturing and testing both similar and dissimilar 

substrate configurations. SPR, adhesive, and hybrid joints were fabricated for 

each combination and subjected to quasi-static testing in the following sequence: 

¶ Single riveted lap shear tests on SPR joints (AA6082/AA6082). 

¶ Lap shear tests on adhesive joints (AA6082/AA6082). 

¶ Single riveted lap shear tests on hybrid joints (AA6082/AA6082). 

¶  

The same testing sequence was repeated for the AA6082/AA7075 combination. 

All quasi-static tests were conducted under controlled dry environment conditions 

at room temperature (20Ñ5 ęC), and at relative humidity (55±5%RH) with three 

replications for each joint type.  

3.4.4 Fatigue testing under dry environment  

Dynamic, or fatigue, tests were conducted on lap shear joints (LSJs) using a 

servo hydraulic test machine (Instron 8801) equipped with hydraulic grips set at 

a pressure of 30bar. Specimens were secured with these grips and subjected to 

tension-tension fatigue loading under load control. A sinusoidal waveform with a 

load ratio (R) of 0.1 and a frequency of 10 Hz was employed. Spacers matching 

the substrate thickness were used to minimize specimen bending and ensure 

accurate load alignment. Testing occurred in a dry environment (20Ñ5 ęC, 

55±5%RH). 

 

Five distinct load levels, each with three replicates, were evaluated for SLSJ 

fatigue behaviour (Table 3.5). Mean load values were derived from previous 

quasi-static (QS) test results, with the maximum fatigue load set at 42% of the 

QS maximum. Tests were terminated upon specimen or joint failure, or after 

reaching one million cycles. Due to operational constraints, 6-8 specimens per 

batch were tested sequentially. To maintain continuity, subsequent batches were 

prepared concurrently. The testing sequence adhered to the outlined test plan 

(Table 3.7). 
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Table 3.5 Test parameters used for dry fatigue testing [131, 132]. 

Type of specimen SLSJ 

Adherend material AA6082/AA6082 & AA6082/AA7075 

Type of fatigue test Tension to Tension 

Type of loading Load control 

Type of waveform used Sinusoidal 

Test environment 
Dry, at room temperature (20Ñ5 ęC) 

and at humidity (55±5%RH)  

Mean load levels 
42%, 35%, 30%, 25%, and 20% of the 

average, maximum load in QS tests. 

Frequency used 10Hz 

The load ratio selected (R-ratio) 0.1 

Maximum cycle aimed 1 million  

 

3.4.5 Fatigue testing under wet environment  

Only AA6082-AA6082 adherend combinations were used for fatigue tests 

conducted in wet conditions. This included SPR, adhesive, and hybrid joints 

assembled with silicon cups. Given the focus on comparing fatigue performance 

between dry and wet environments, testing identical material combinations was 

deemed sufficient. 

 

To simulate a wet environment, specimens were clamped into the testing 

machine with an empty silicon cup centred over the adhesive joint as outlined in 

the procedure in section 3.4.2. Laboratory tap water was carefully injected into 

the cup using a syringe until the adhesive was fully submerged. The open end of  

the cup was secured to the top testing head with adhesive tape to prevent water 

spillage and minimize vibrations during the fatigue test. 

 

The fatigue tests conducted in the wet environment employed the same 

parameters (as those outlined in Table 3.6) for dry conditions. The testing 

sequence commenced with adhesive specimens, followed by hybrid joint 

specimens. 
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Table 3.6 Test parameters used for fatigue testing in wet environment. 

Type of specimen SLSJ 

Adherend material AA6082/AA6082 

Type of fatigue test Tension to Tension 

Type of loading Load control 

Type of waveform used Sinusoidal 

Test environment 
Wet in laboratory tap water, at room 

temperature 19-22°C 

Mean load levels 
42%, 35%, 30%, 25%, and 20% of the 

average, maximum load in QS tests. 

Frequency used 10Hz 

The load ratio selected (R-ratio) 0.1 

Maximum cycle aimed 1 million 

3.4.6 Experimental plan  

The mechanical tests were conducted according to the experimental plan 

outlined in the base matrix (Table 3.7). 

Table 3.7 The Test Matrix. 

Materials Joint 
Quasi-static 

QS 

5 Levels x 3 

Dry Fatigue 

5 levels x 3 

Wet Fatigue 

A06-A06 SPR 3 15  

A06-A06 ADH 3 15 15 

A06-A06 SPR/ADH 3 15 15 

A06-A07 SPR 3 15  

A06-A07 ADH 3 15  

A06-A07 SPR/ADH 5 15  

  30 90 30 

A06-Aluminium (Grade AA6082 ); A07-Aluminium (Grade AA7075 ); ADH-

Adhesive (structural adhesive); SPR- Self piercing riveted. 

 

In the forthcoming chapter, the results obtained from the quasi-static tests will be 

presented and subjected to thorough discussion. Subsequently, the fatigue test 

results will be presented and analysed in the following chapter. 
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4 Results and Discussion ï 

Quasistatic 

4.1 Introduction  

This chapter presents the quasi- static test results conducted on SPR, adhesive 

and hybrid specimens. The specimens tested were from the substrate 

combinations AA6082-AA6082 and AA 6082-AA7075 (as quenched condition) at 

room temperature and in dry environment. The results presented in this chapter 

encompass all the quasi-static tests performed, as highlighted in the test matrix 

here (Table 4.1). The fatigue test results are presented and discussed in chapter 

5. 

Table 4.1 The Test Matrix. 

Materials Joint 
Quasi-static 

QS 

5 Levels x 3 

Dry Fatigue 

5 levels x 3 

Wet Fatigue 

A06-A06 SPR 3 15  

A06-A06 ADH 3 15 15 

A06-A06 SPR/ADH 3 15 15 

A06-A07 SPR 3 15  

A06-A07 ADH 3 15  

A06-A07 SPR/ADH 3 15  

  18 90 30 

A06-Aluminium (Grade AA6082 ); A07-Aluminium (Grade AA7075 ); ADH-

Adhesive (structural adhesive); SPR- Self piercing riveted. 

 

4.2 Quasi -static test results  

4.2.1 SPR joints (AA6082 -AA6082/AA6082 -AA7075)  

In this section, the results obtained from testing the lap shear joints manufactured 

using the SPR joining method between similar substrates (AA6082-AA6082) and 

dissimilar substrates (AA6082-AA7075) are presented. The joints were prepared 
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and tested as described in the previous chapter. The tests were quasi-static and 

were run in displacement control at 2mm/min on the servo-hydraulic mechanical 

testing machine. The tests conducted were at room temperature and in the dry 

environmental condition (55%RH+/- 5RH). Each test was repeated three times. 

 

Figure 4.1 shows the load-displacement traces obtained for the similar SRP joints. 

The three traces indicate good repeatability in behaviour with an initial linear 

elastic response giving way to yielding and non-linearity as damage occurs 

around the rivet location.  Following this, the load traces plateau and then the 

load values decrease at an approximately steady rate until a sharp load drop 

occurs indicating final joint failure.  The average maximum load from the three 

repeat tests was 5.2kN. A discussion on the failure mechanism will be presented 

in the section 4.5.  

 

 

Figure 4.1 Load-displacement behaviour for the SPR joints (AA6082-AA6082). 

 

Figure 4.2 shows the load-displacement traces obtained for the dissimilar SRP 

joints. Again, the three traces indicate good repeatability in behaviour with an 

initial linear elastic response giving way to yielding and non-linearity as damage 

occurs around the rivet location.  These test results show that a higher maximum 

load was attained in these dissimilar joint tests with the average maximum load 

being 6.7kN. It can also be seen that there is no longer a clear plateau region at 



107 

 

maximum load and the steady reduction in load observed for the similar joints is 

not present, with the plateau leading directly to a sharp load drop and then final 

joint failure.  The presence of the stronger AA7075 alloy in one substrate clearly 

affects the response of the joint significantly.   

 

Figure 4.2 Load-displacement behaviour for the SPR joints (AA6082-AA7075). 

 

 

Figure 4.3 Comparison of load displacement behaviour of the SPR joints 

AA6082-AA6082 and AA6082-AA7075. 

 



108 

 

Figure 4.3 shows the comparative responses of the SPR joints with similar 

(AA6082-6082) and dissimilar (AA6082-7075) substrates.  In addition to the 

dissimilar joints possessing a greater strength, the dissimilar joints fail at a smaller 

displacement. The results will be further discussed in terms of failure mechanism 

and energy dissipation in the section 4.3. 

4.2.2 Adhesive joints (AA6082 -AA6082/AA6082 -AA7075) 

In this section, the results obtained from testing the lap shear joints manufactured 

using the adhesive bonding joining method between similar substrates (AA6082-

AA6082) and dissimilar substrates (AA6082-AA7075) are presented. The joints 

were prepared and tested as described in the previous chapter. The tests were 

quasi-static and were run in displacement control at 2mm/min on the servo-

hydraulic mechanical testing machine. 

 

Figure 4.4 illustrates the load-displacement curves obtained from the lap shear 

tests on adhesively bonded specimens with similar AA6082 substrates. The three 

traces exhibit a high degree of repeatability, showing an initial linear elastic 

response followed by yielding. Subsequently, there is an extended phase of 

steadily increasing load until the joint abruptly fails. The average maximum tensile 

load across the three repeat tests was determined to be 12kN. 

 


















































































































