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Abstract 
 

Multi-material structures are increasingly used in vehicle bodies to reduce 

weight of cars. The use of these lightweight structures is driven by 

requirements to improve fuel economy and reduce CO2 emissions. The 

automotive industry has replaced conventional steel components by lighter 

metals such as aluminium alloy. This is done together with cutting weight 

of structures using more advanced strength steels. However, sound joining 

is still difficult to achieve due to differences in chemical and thermal 

properties. 

 

This research aims to develop a new innovative welding technique for 

joining aluminium alloy to ultra-high strength steels. The technique is 

based on friction stir welding process while the non-consumable tool is 

made of an ordinary tool steel. Welding was done by penetrating the 

rotating tool from the aluminium side without penetrating into the steel 

surface. One grade of Al-Mg aluminium alloy was welded to ultra-high 

strength steels under lap joint configuration. Different types of steel 

surface coatings including uncoated, hot-dipped galvanised and 

electrogalvanised coating have been studied in order to investigate the 

influence of zinc on the joint properties. The correlation among welding 

parameters, microstructures, intermetallic formation and mechanical 

properties are demonstrated in this thesis.  Results have shown that 

friction stir welding can deliver fully strong joints between aluminium alloy 

and ultra-high strength steels. Two intermetallic phases, Al5Fe2 and 

Al13Fe4, were formed at the interface of Al to Fe regardless of surface 

coating conditions. The presence of zinc can improve joint strength 

especially at low heat input welding due to an increased atomic bonding at 

Al-Fe interface. The formation of intermetallic phases as well as their 

characteristics has been demonstrated in this thesis. The proposed welding 

mechanisms are given based on metallography investigations and related 

literature. 
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Sammanfattning 
 

Multimaterialstrukturer används allt mer i fordon för att reducera vikt. 

Ökad bränsleekonomi och minskade CO2 utsläpp är drivande krafter. 

Bilindustrin har ersatt konventionella stål med lättare material som 

aluminium legeringar. Detta har skett parallellt med utbyte av 

konventionella stål mot mer höghållfasta varianter. Men detta ger problem 

i sammanfogningen mellan de nya materialen som ofta har stora skillnader 

i kemisk sammansättning och termiska egenskaper. 

 

Denna forskning syftar till att utveckla innovativa fogningsmetoder för 

aluminiumlegeringar till ultrahöghållfast stål. Tekniken baseras på 

Friction Stir Welding (FSW) tekniken med ett verktyg av verktygsstål. 

Fogningen utförs med ett roterande verktyg som penetrerar genom 

aluminiumsidan utan att gå in i stålet. En Al-Mg legering fogades till olika 

ultrahöghållfasta stål i överlappsförband. Olika typer av beläggning på 

stålen studerades från obelagt över varmförzinkat till elförzinkat. Detta 

gjordes för att analysera zinkets effekt på fogen. Sambanden mellan 

fogningsparametrar, mikrostrukturer, intermetaller på fasgränsytor och 

mekaniska egenskaper togs fram. Resultaten visade att FSW kan ge starka 

fogar mellan aluminiumlegeringar och ultrahöghållfasta stål. Två typer av 

intermetalliska faser Al5Fe2 och Al13Fe4 bildades på fasgränsen mellan stål 

och aluminium i samtliga fall. Närvaron av zink kan förbättra mekaniska 

egenskaper vid låg värmetillförsel på grund av god bindning på atomnivå 

vid fasgränsen. Avhandlingen visar hur intermetalliska faser kan bildas och 

hur de påverkar egenskaper. Fogningsmekanismer förklaras baserat 

metallografiska studier och resultat från litteraturen på likartade fall. 

 

 

Nyckelord:  

Aluminium legeringar, höghållfasta stål, intermetaller, friction stir 

welding, hybridfogning 
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Chapter 1 Introduction  

Two major challenges that the automotive industry is facing today are 

needs to improve fuel efficiency and to reduce environmental emissions 

such as CO2 and NOx [1]. Lightweighting of vehicle is one of the key 

strategies to achieve these goals since a lower mass of the vehicle means 

that less power is required to accelerate or to keep it moving. The lighter 

vehicles not only reduce fuel consumption, but also reduce greenhouse 

gas emissions. The use of lightweight structures can be done through 

material substitution and design optimisation [1]. Over the years, the 

automotive industry has made a great effort to reduce the mass of 

vehicles by replacing structural materials from conventional steels to 

ultra-high strength steels (UHSS); or combinations of steels and light 

metals such as aluminium and magnesium alloys; or even polymer 

composites. The multi-material structures are used in today’s vehicles 

and are expected to be used in a much larger quantity in the near future. 

However, the development of manufacturing and joining processes is still 

underway to satisfy the safety standards with good reliability at 

reasonable cost. 

 

In this chapter, the background to the topic being studied will be 

introduced. This is followed by the scope of this thesis work in the second 

section. The knowledge from the background and problem study is 

subsequently used to formulate the research questions which determine 

the research methodology presented in this chapter. Next, the overview of 

the appended papers and relation of the licentiate thesis to this research 

work will be presented. The outline of the thesis will be given at the final 

section of the chapter. 
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1.1 Background 

Road transport is one of the important sources of environmental 

pollutions and greenhouse gas emissions. Statistics show that the road 

transport sector contributed around 20 percent of all CO2 emission to the 

environment in Europe in 2014 [2]. Studies have shown that the level of 

CO2 emissions and fuel efficiency are directly proportional to the vehicle 

weight [3]. A reduction of vehicle weight by 100 kg can contribute up to 

12.5 g/km less CO2 emissions. In addition, the lighter vehicle weight also 

reduces the power requirement of the car resulting in an increased fuel 

economy. Downsizing of engine, transmission and suspension can be 

further achieved if the weight of the car is reduced. This results in the 

supplementary reduction of CO2 emissions and greater fuel economy. 

The average weight of vehicles has declined over the past decades [4]. 

This has been stimulated by increasingly stringent emission legislations 

which set mandatory emission reduction targets for new cars. 

 

Multi-material vehicle concepts can effectively reduce the weight of the 

car while durability, safety and required performances are still 

maintained. In modern cars, mild steels in body-in-white (BIW), chassis 

and closures are being substituted by combinations of several grades of 

wrought and cast aluminium, high strength steels, ultra-high strength 

steels as well as magnesium. It is well known that the usage of more 

advanced steels such as high- and ultra-high strength steel can lower the 

weight of the structure since it is possible to use thinner sheet thickness 

without compromising performance. In addition, the aluminium and 

magnesium alloy have high strength-to-weight ratio which means that the 

weight of the multi-material structures can be reduced further. Although 

there are several advantages of the use of multi-material structures, the 

applications of this concept into real production cars is still limited. This 

is due to its high cost of manufacturing, incompatible material properties, 

difficulty in joining process and poor joint reliability [5].  

 

1.2 The scope of the thesis 

The ultimate aim of this work is to develop the welding technique for 

joining of dissimilar materials between aluminium alloy and steel, which 

is economic and environmental-friendly. An additional aim is to increase 
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the understanding of the effects of welding parameters, intermetallic 

phases at the reaction layer and third low melting material on the 

weldability and resulting microstructures of joints. The gained knowledge 

is used to produce general guidelines to improve the joint performance 

and quality. Such aims can be achieved through critical analysis on the 

correlation between the mechanical properties and microstructures of the 

joints including intermetallic compounds (IMCs), fracture path, voids and 

grain structures in relation to the welding parameters. Determination of 

types of intermetallic phases at the reaction layer and their characteristics 

is done by means of metallography investigation. The mechanisms of 

weld formation and the effects of the third low melting material on joint 

performance are proposed based on the experimental results and 

previous studies in the literature. 

 

1.3 Research questions and hypotheses 

The fundamental core of this thesis aims to answer the following three 

research questions in the development of dissimilar joining techniques 

for aluminium alloy and ultra-high strength steel: 

 

1. Is it possible to friction stir weld aluminium alloy to steel with ordinary 

tool steel? 

2. What are the effects of welding parameters on microstructures of joints 

and their performance? 

3. What are the mechanisms of weld formation when the low melting 

materials like zinc are involved in the welding process? 

 

The research hypotheses developed from the above research questions 

are as follow: 

 

1. Friction stir welding (FSW) with an ordinary tool steel can produce 

sound dissimilar joints between aluminium alloy and steel. 

2. Low heat input as a result of fast translational speed and slow 

rotational speed produces a joint with thin intermetallic layer and 

accordingly high strength. 

3. Zinc can improve the weldability of friction stir welded joint of Al/Fe 

by stimulating the chemical bonding between the aluminium and the 

steel base materials. 
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1.4 Research methodology 

In this research, dissimilar joints between aluminium alloy and ultra-high 

strength steel were produced using the friction stir welding technique in 

the lap joint configuration. Joints were produced with a rotating tool 

made of H13 tool steel which penetrated through the aluminium sheet but 

the tool tip did not reach the steel sheet. This approach offers the 

possibility to use an inexpensive tool steel grade without severe wear of 

the tool tip. Ranges of welding parameters were used for producing joints 

in order to investigate the correlation among process parameters, heat 

input, microstructures, defects, intermetallic formation and mechanical 

properties. Joint performance in this study is defined in term of 

maximum tensile shear load. Since the intermetallic compounds 

formation is very crucial for joint performance, the microstructural 

analysis was done in scanning electron microscopy (SEM) while the phase 

determination was done by energy dispersive X-ray spectroscopy (EDS) 

and X-ray diffraction analysis (XRD). Thermodynamic simulations have 

been performed by Thermocalc to critically determine the possible 

intermetallic phases that could form at the interface. The mechanisms of 

weld formation have been studied by investigating joints with different 

surface coating conditions including uncoated and several types of hot-

dip galvanised (HDG) and electrogalvanised (EG) layer. 

 

1.5 Introduction to papers 

Paper A 

W. Ratanathavorn, A. Melander and H. Magnusson, “A study of friction 

stir welded joint between AA5754 and ultra-high strength steel in hot dip 

galvanized condition,” in Proc. 10th Int. Symp. Friction Stir Welding, 

Beijing, China, 20-22 May 2014. 

 

This paper aims to demonstrate the feasibility study to join aluminium 

alloy to ultra-high strength steel using FSW. The results showed that 

dissimilar Al/Fe joints can be potentially produced by the rotating tool 

made of an ordinary tool grade. Two intermetallic compounds including 

Al5Fe2 and Al13Fe4 were detected regardless of rotational speed. The 

detected phases are also in a good agreement with results of 

thermodynamic calculation of Al-Fe-Zn system. The effects of welding 
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parameter (rotational speed) on thicknesses of intermetallic compounds 

were presented. The paper demonstrated that the heat input from high 

rotational speed influences the thickness of the Al13Fe4 phase to a higher 

degree than for the Al5Fe2 phase. The study also showed that the thick 

intermetallic compounds shows brittleness which is detrimental to joint 

strength. 

 

Paper B 

W. Ratanathavorn, A. Melander and H. Magnusson, “Intermetallic 

compounds in friction stirred lap joints between AA5754/galvanised 

ultra-high strength steel,” Science and Technology of Welding and 

Joining, vol. 21, pp. 653-659, 2016. 

 

This journal publication investigated the effects of welding parameters 

including translational speed and rotational speed on microstructure of 

joints. The term weld pitch, the ratio of translational speed to rotational 

speed, is used as the inverse of heat input in this paper. The results 

showed that the high weld pitch generally offers better joint strength 

compared with the low weld pitch. However, very high rotational speed 

can produce significantly higher joint strength at the equivalent weld 

pitch. This corresponds to a strong removal rate of the IMCs layer due to 

very strong material circulation. The intermetallic phases formed at the 

reaction layer are further confirmed by XRD patterns in this paper. The 

discussion on the detected IMCs phases in relation to the calculated 

stable phases in Al-Fe-Zn system by Thermocalc was given. 

 

Paper C 

W. Ratanathavorn and A. Melander, “Influence of zinc on intermetallic 

compounds formed in friction stir welding of AA5754 aluminium alloy to 

galvanised ultra-high strength steel,” Published in Science and 

Technology of Welding and Joining 2017. 

 

The roles of zinc on intermetallic phase and weld formation have been 

thoroughly investigated in this paper by producing joints between 

aluminium alloy and steels of different surface conditions. Two different 

thicknesses of hot-dip galvanised coated and one uncoated states were 

used in the paper. The results indicated that joints with galvanised layers 

show higher strength compared with uncoated steel. The joint with higher 
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thickness of galvanised layer tends to give higher strength compared with 

the thin galvanised layer depending on the translational speed. The 

mechanism of weld formation can be described as melting of the zinc 

layer, dissolution of aluminium into liquid phase and solidification. In 

case of uncoated steel, lack of chemical bonding between the aluminium 

alloy and the steel can be detected from discontinuities of the reaction 

layer. At the same welding condition, joints with galvanised layers can 

generate a continuous chemical bonding at the interface. The discussion 

on the roles of zinc and fracture behavior of joints with different steel 

surface conditions are given in this paper. 

 

Paper D 

W. Ratanathavorn, “A study of weld formation in friction stir welding of 

electrogalvanised steel to aluminum alloy in lap joint configuration,” 

submitted to Journal of Materials Processing Technology 

 

The final paper is devoted to the roles of zinc on the microstructures of 

intermetallic compound layer and the mechanism of weld formation 

when electrogalvanised steel was used. The reason to use the 

electrogalvanised steel in this paper is due to the fact that the hot-dip 

galvanised steel normally contains an inhibition layer of Al5Fe2 phase 

from the process of hot-dip galvanising. The use of electrogalvanised steel 

can avoid the influences of these former phases and improve 

understanding on intermetallic compound formation. Microstructural 

investigations of intermetallic layer and joint interface are presented in 

this paper. The results are used to propose the growth kinetics of 

intermetallic compounds as well as the mechanisms of weld formation at 

various welding parameters. 

 

1.6 Contribution of the present author to the 

papers 

Paper A 

W. Ratanathavorn defined the hypotheses of the experiments, planed for 

experiments, designed the specimen fixture and friction stir welding tool, 

conducted welding experiments, metallographic investigation and 

mechanical testing. The paper was written by W. Ratanathavorn. H. 

Magnusson conducted thermodynamic simulation and contributed with 
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scientific discussions and suggestions on the phase diagram. A. Melander 

contributed with scientific discussions and suggestions on the 

manuscript. 

 

Paper B 

W. Ratanathavorn planned the experiments, designed the friction stir 

welding tool, conducted welding experiments, metallographic 

investigation and mechanical testing, wrote the major part of the paper. 

H. Magnusson conducted thermodynamic simulation and contributed in 

reviewing the part of paper on thermocalc simulations. A. Melander 

contributed with scientific discussions and suggestions on the 

manuscript. 

 

Paper C 

W. Ratanathavorn developed the additional hypothesis of the 

experiments on the influence of zinc, planned the experiments, conducted 

welding experiments, metallographic investigation and mechanical 

testing. The paper was written by W. Ratanathavorn. A. Melander 

contributed with scientific discussions and suggestions on the 

manuscript. 

 

Paper D 

W. Ratanathavorn planned the experiments, conducted welding 

experiments, metallographic investigation and mechanical testing. The 

paper was written by W. Ratanathavorn. 

 

1.7 Relation of licentiate thesis to this research 

The licentiate thesis of the present author has demonstrated the 

methodology to join aluminium alloys to thermoplastics using FSW. 

Results have shown that the FSW technique can successfully join 

different lightweight materials together with low cost. The global aim of 

both thesis works is to develop an innovative joining technique that can 

be used to produce sound joints of dissimilar lightweight materials. 

Knowledge gained from the licentiate work including basic principles of 

FSW, tool geometry optimisation and influences of welding parameters to 

joint microstructure have been used in this thesis work. The list of 



Introduction | 8 

 

appended papers in licentiate thesis, that are not presented in this 

dissertation, are summarised as follows: 

1. W. Ratanathavorn, A. Melander, M. Akermo, E. Lind-Ulmgren, 

M. Åkermo, M. Burman, “Hybrid joining of aluminium to 

thermoplastics with friction stir welding,” in Proc. Swedish 

Production Symposium, Linkoping, 6-8 November 2012. 

2. W. Ratanathavorn and A. Melander, “Joining of hybrid joints 

between thermoplastics and aluminium alloy by friction stir lap 

welding: a feasibility study,” in Proc. 10th Friction Stir Welding 

Symposium, Beijing, China, 20-22 May 2014. 

3. W. Ratanathavorn, A. Melander, “Dissimilar joining between 

aluminium alloy (AA6111) and thermoplastics using the friction 

stir welding,” Science and Technology of Welding and Joining, 

vol. 20, pp. 222-228, 2015 

 

1.8 Outline of thesis 

There are 6 chapters in this thesis including introduction, theoretical 

framework, literature survey, experimental procedure, results and 

discussions and lastly conclusion and future work. The thesis begins with 

introduction and background to this work. The first chapter summarises 

the scope of the thesis and formulated research questions. A brief 

description of research methodology, appended papers and thesis outline 

are also given in this chapter. Chapter 2 presents related theoretical 

framework that is used in this research. The chapter provides basic 

knowledge on friction stir welding principles, intermetallic formation and 

galvanised coating on steel substrate. The next chapter, 3, aims to 

summarise the previous work from the literature which involved 

dissimilar joining between aluminium to steel. It is noted that this 

chapter mainly focuses on aspects of joining between aluminium and 

steel using FSW. Chapter 4 provides detailed information on materials 

and experimental procedures used in this thesis. The chapter also 

presents the geometry of the rotating tool as well as its specifications. The 

next chapter, chapter 5, presents results and discussions based on 

published papers. The last chapter in this thesis is the conclusion and 

future work. General conclusions from all papers, answers to the research 

questions, as well as suggestions on future work are summarised in this 

chapter.
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Chapter 2 Theoretical framework 

In this chapter, the theoretical framework in relation to the research 

being studied will be presented. The chapter begins with basic principles 

of the friction stir welding process. Microstructural evolution as well as 

effects of welding parameters on FSW microstructure are presented in the 

first section. The second section describes the phase equilibria of Al-Fe 

and Al-Zn systems which are necessary for understanding intemetallic 

formation in dissimilar welds. The final section in this chapter introduces 

previous investigations on the characteristics of galvanised steel including 

hot-dipped galvanised and electrogalvanised coatings.  

 

2.1 Basic principles of friction stir welding 

Friction stir welding is a solid-state joining process that was invented at 

The Welding Institute (TWI) in the UK in 1991 [6]. The process uses a 

non-consumable tool consisting of a shoulder and pin to join the 

workpiece without melting the work material. The workpiece is joined by 

a translation of the rotating tool along the weld line as shown in Figure 1. 

Heat is generated by the friction between the tool shoulder and the 

surface of workpiece, and the severe plastic deformation due to the 

stirring action of the rotating tool. This causes the material of the 

workpiece to soften. As the FSW tool is translating along the weld line, 

the plasticised material is forced to move from the leading edge to the 

trailing edge behind the tool. At the same time, the high axial force along 

the tool axis forges the material beneath the shoulder to fill in the gap and 

consolidate the workpiece. As a result, ultra-fine and equiaxed grain 

structures can be observed in the stir zone of the weld [7]. 
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Figure 1: Schematic illustration of friction stir welding process [8]. 

 

2.1.1 Microstructure evolution of friction stir welds 

Microstructure in friction stir welds can be classified into the following 

four zones as shown in Figure 2 [8]: 

 

Stir zone (SZ) 

 

Stir zone (known as nugget zone or dynamically recrystalised zone, DXZ) 

is a region of intense plastic deformed material due to severe plastic 

deformation by the rotating tool. The combination of intense plastic 

deformation and frictional heat during the process cause recrystalisation 

of joined materials which results in ultra-fine and equiaxed grain 

structures in this zone [9]. The location of the stir zone corresponds to the 

area where the pin has passed through. It was reported that the size of the 

stir zone is slightly larger than the pin diameter [10].  

 

Thermo-mechanically affected zone (TMAZ) 

 

This transition zone is situated between the SZ and the heat affected zone 

as seen in Figure 2. The TMAZ experiences a heat dissipation and plastic  
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Figure 2: Microstructure evolution of the friction stir welded joint showing different 

regions of cross-section [11]. 

 

deformation similar to the one in the stir zone. However, insufficient 

deformation and temperature prevents the TMAZ from dynamic 

recrystalisation. It is reported that temperature in this zone can lead to 

dissolution of some precipitates near grain boundaries [11]. 

 

Heat affected zone (HAZ) 

 

Unlike TMAZ, grain structures in this zone do not experience plastic 

deformation during the process. The HAZ undergoes a thermal cycle 

which can result in coarsening of precipitates in aluminium alloys [9, 11]. 

This may lead to reduced strength and ductility of the material since there 

is no plastic deformation or recrystallisation in this zone. This has been 

confirmed by microhardness measurements and tensile tests which 

indicated that the HAZ is the weakest zone in the weld [9]. 

 

Base material (BM) 

 

This is the outer most zone from the weld line. The region is not affected 

by a heat dissipation from the process which means no microstructural 

changes occurs in the BM.  

 

2.1.2 Welding parameters 

The two major welding parameters that influence heat generation, 

material circulation and accordingly microstructures are tool rotational 

speed and tool translational speed [8]. The term weld pitch, which is the 

ratio of translational speed to rotational speed, is also introduced to 
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estimate the heat generation during the FSW process [12]. It is well 

understood that high rotational speed and low translational speed results 

in an increased peak temperature due to high heat input [8, 12]. While a 

sole increase in tool rotational speed may lead to higher frictional heating 

to the workpiece, self-governing mechanism can limit its peak 

temperature. This is due to change in the coefficient of friction at the 

interface between the tool surface and the workpiece surface [8]. It is also 

noted that at higher process temperature, the material circulation become 

easier which results in a reduction of cavity or groove-like defects [13].   

 

2.2 Phase equilibria 

Understanding the binary phase equilibria in the Al-Fe and Al-Zn systems 

is necessary for the development of friction stir welding between 

aluminium alloys and ultra-high strength steels. This is due to the nature 

of dissimilar joining of Al to Fe that tends to form an atomic bonding at 

elevated temperature. The limited solubility between Al and Fe is 

responsible for the formation of various phases of intermetallics in the Al-

Fe system as shown in Figure 3. The intermetallic phases in the phase 

diagram can be regards as Fe-rich phases including AlFe and AlFe3, and 

Al-rich phases including Al2Fe, Al5Fe2 and Al13Fe4 [14]. However, some 

equilibrium phases might not form during welding process due to very 

slow growth kinetics which make them undetectable or insignificant [15]. 

 

Several studies have investigated the influences of zinc on weldability of 

friction stir welded joints between aluminium and steel. It is well 

accepted that zinc can improve joint performance by promoting mutual 

diffusion between Al and Fe after the zinc layer is melted and displaced by 

the force from the rotating tool [16]. Thus, the phase diagram of Al-Zn 

system is of interest and introduced in this section as shown in Figure 4. 

The solubility of Zn in Al at 110 ˚C is reported to be 2.2 at.% Zn. However, 

at the elevated temperature of 381 ˚C, the single phase Al solid solution 

can dissolve a considerably high amount of zinc up to 67 at.% Zn. The 

high solubility of zinc in aluminium favours a formation of solid solution 

of Al-Zn rather than a formation of intermetallic compounds. The phase 

diagram also indicates that Al and Zn form eutectic and eutectoid 

structures at 381 ˚C and 277 ˚C, respectively.  
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Figure 3: Phase diagram of Al-Fe binary system [17]. 

 

 
Figure 4: Phase diagram of Al-Zn binary system [17]. 
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2.3 Metallurgy of galvanised steel 

Galvanising is one of the most effective and economical ways to protect 

steels from corrosion. The process applies a layer of zinc alloys on the 

surface of the steel to form a galvanised layer. Galvanising can protect the 

base steel by preventing corrosive substances to reach the steel 

underneath and sacrificing as zinc anode in a galvanic cell [18]. Two 

commercially used methods for galvanising are hot-dipped galvanising 

and electrogalvanising, which are often used in the automotive industry. 

For HDG, the process is done by an immersion of the steel substrate in 

the liquid zinc at the typical galvanising temperature. Alloying elements 

in the molten bath will react with the steel substrate and form different 

types of coating layers depending on the composition of the molten bath 

and composition of steel. Common phases that formed on the steel 

substrate are gamma phase (Γ), gamma1 phase (Γ1), delta phase (δ), zeta 

phase (ζ) and zinc eta phase (η) [19]. Since the Fe-Zn intermetallic phases 

especially gamma phases (Γ and Γ1) exhibit brittle behavior, attempts 

have been made to control their formation [18]. Additions of Al into the 

molten zinc bath is often used to form an inhibition layer that can 

suppress the formation of brittle Fe-Zn intermetallics. Several studies 

have reported that Al additions lead to a formation of the Fe2Al5 phase 

that prevents the chemical reaction between Fe and Zn element. 

 

The second type of gavanised steels commonly used in the automotive 

industry is EG steel. This type of galvanising is done by so called zinc 

electroplating in which a current of electricity runs from the zinc anode to 

the steel cathode. The process oxidises zinc and dissolves it in the form of 

zinc ions in an aqueous solution where these ions will subsequently be 

reduced as a zinc layer on the steel substrate. Since the electrogalvanising 

process is done without or with low heat generation, it can be employed 

on most steel grades without restrictions. The electrogalvanising process 

offers some advantages including good aesthetic appearance and a thin 

galvanised layer.  

 

This chapter has introduced the basic knowledge that intends to increase 

the understanding of phenomena in dissimilar welding of aluminium to 

steel. The detailed descriptions for each aspect can be found in the related 

references given in the section. 
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Chapter 3 FSW of aluminium to steel 

In this chapter, previous studies on friction stir welding of aluminium 

alloys to steels are reported. The first section illustrates the crucial 

process parameters that influence the intermetallic formation and 

dissimilar joint performance. The section describes effects of the 

following process parameters; the tool translational speed, penetration 

depth and rotational speed. The second section reviews studies related to 

intermetallic phase formation in dissimilar joints. This section also 

introduces the formation of intermetallic compounds in terms of 

diffusion and growth mechanisms. 

 

3.1 Process parameters  

Several studies have reported that the essential process parameters in 

dissimilar joining of Al to Fe using FSW are translational speed, tool 

penetration depth and rotational speed. Haghshenas et al. investigated 

the effects of translational speed and tool depth by producing friction stir-

induced diffusion bonding of AA5754 to coated high strength steels [20]. 

They reported that lower translational speed could enhance joint strength 

compared to that of faster translational speed. The reason is the 

transformation of the Al5Fe2 phase to the AlFe phase as the joint is 

exposed to longer cycle times at lower translational speed. The presence 

of the Fe-rich intermetallic, AlFe, appears to improve the interface 

strength. In contrast, Kimapong et al. studied lap joints between AA5083 

and SS400 by FSW and reported that high translational speed could 

enhance the joint strength because the thickness of IMCs at the interface 

is reduced [21]. Another study by Bozzi et al. reported that an increase in 

rotational speed and penetration depth leads to a higher thickness of 

intermetallic layer in lap joints [22]. Types of intermetallic phases formed 

at the interface also correspond with the welding parameters. They



 FSW of aluminium to steel | 16 

reported that the hardest intermetallics, Al2Fe and Al5Fe2, tend to form at 

high rotational speed and large penetration depth. The results also 

noticed that too thick intermetallics can initiate cracks especially through 

the brittle phases. The influence of rotational speed to IMC thickness is 

also in a good agreement with results reported by Kundu et al. for friction 

stir butt welding [23]. 

 

In friction stir lap welding, a small penetration of the probe tip into the 

steel surface leads to an increased joint strength [24, 25]. Elrefaey et al. 

reported a lap joint between aluminium and low carbon steel tends to fail 

under low applied load if the probe tip does not touch the steel surface. 

Meanwhile, a slight penetration of the probe tip (0.1 mm) significantly 

increases the joint strength [24]. Similar results were also reported by 

Xiong et al [25]. One possible reason for an increased joint strength is due 

to a mechanical interlocking between the aluminium and the steel hook 

as the penetration depth increases [25]. Another possible reason might be 

from a better abrasive cleaning of the surface oxide when the probe tip is 

close to the steel surface. 

 

3.2 Intermetallic phases 

There are several recent publications on intermetallic formation in the 

friction stir welded joints of aluminium to steel. Different intermetallic 

compounds were reported in the literature including Al13Fe4, AlFe3, AlFe, 

Al2Fe and Al5Fe2 [20, 22, 26, 27]. The Al-rich intermetallics are believed 

to degrade joint strength due to its brittleness. The hardness 

measurement of two common Al-rich intermetallics, Al5Fe2 and Al13Fe4 is 

reported to be 1100 and 820 HV, respectively [22]. This is in contrast to 

the hardness of Fe-rich intermetallics like AlFe which is only 400 HV. 

The Fe-rich intermetallics may also slightly promote strength and 

toughness of Al-Fe dissimilar joints due to their better ductility. Xun et al. 

have investigated butt joining of AA6061-T6 to high strength steel (TRIP) 

where the joint strength can achieve 85% of the base aluminium strength 

[26]. They reported that two intermetallic layers of AlFe and AlFe3 were 

detected at the interface. The intermetallic layer on the aluminium side 

shows a smooth boundary compared with a wavy boundary on the steel 

side. This may indicate that the diffusion of iron atoms in TRIP steel is a  
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rate determining step. They also commented on the formation of the AlFe 

phase which is generally formed around 1310 C through a peritectic 

reaction according to the Al-Fe phase diagram. However, this phase can 

form at a much lower process temperature of 500 C in their experiments. 

The possible description can be a contribution of the mechanical action 

during FSW process that can assist the formation of IMCs through 

dislocation and grain refinement which results in diffusion enhancement.   

 

Formation of intermetallic compounds 

 

The role of diffusion to the formation of intermetallic phases was studied 

by Das et al. on friction stir lap welding of AA6061 to high strength 

galvannealed steel [27]. They reported that two intermetallic phases were 

detected at the interface region including Al13Fe4 and AlFe3. The Gibbs 

free energy for both IMCs are -189.2, -178 kJ/mol at 528.7 C and -79.8, -

76.5 kJ/mol at 412.3 C, respectively. Thus, Al13Fe4 is more 

thermodynamically stable and is expected to form in higher amounts at 

the interface. It is also noted that Al13Fe4 may react with Fe and partially 

transform to AlFe3. They also validated the diffusivity expression by 

estimating the diffusion times from the thermal profiles. Their numerical 

results have confirmed that intermetallic formation at the interface is 

controlled by diffusion. They concluded that the diffusion of aluminium 

in iron is responsible for the structures at the interface. However, this 

claim contradicted the results from Xun et al. [26] and Nishida et al. [28] 

where iron should diffuse into the aluminium. 

 

Mechanisms involved in the formation of IMCs were thoroughly 

discussed by Nishida et al. [28]. The study produced lap joints between 

A3003 and SUS 304 using FSW. They proposed that the Al-rich IMCs, 

Al13Fe4 and Al5Fe2, are formed by the diffusion of iron into the aluminium 

during welding. They reported the thickness of formed intermetallic 

layers between 0.1-0.15 um which is lower than results in other literature 

(around 1-2 um). No further comments were given for this difference. 

They described that the joining of Al to Fe is done by a continuous flow of 

the aluminium alloy into the interspaces between the tool pin and the 

steel. Surface oxide layers are removed from the surface by a strong 

material circulation in this area. The flow of the stirred aluminium into 

this region contributes to the continual formation of the mixed reaction 
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layer and the ultra-fine IMCs. Grain growth induced by the generated 

heat turns the ultra-fine IMCs into a thin continuous layer on the 

completion of the tool passing. 
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Chapter 4 Experimental methods 

This chapter describes the experimental methodology used in this 

research work. The chapter begins with material specifications including 

dimensions and chemical compositions. The second section illustrates the 

experimental procedures, sample preparation, welding equipment, FSW 

tool and used metallographical techniques. The final section indicates the 

method for mechanical testing and related parameters. 

 

4.1 Materials 

Material combinations in this thesis were chosen based on their potential 

usage in the automotive industry. For aluminium substrate, an 

aluminium alloy AA5754-H22 with a thickness of 1.5 mm was used 

throughout the thesis. This Al-Mg aluminium alloy is mainly used for 

structural panels in vehicles such as inner door and floor panels. The alloy 

offers a good formability, moderately high strength, good impact energy 

absorption and high corrosion resistance. The typical chemical 

compositions of AA5754 are shown in Table 1. 

 

Two grades of ultra-high strength steels supplied by SSAB were used in 

this study including DP800 and DP1000. In Paper A and Paper B, the 

DP800 steel sheet with a thickness of 1.5 mm was friction stir welded to 

the aluminium alloy AA5754. The steel sheets were coated with hot-

dipped galvanised layer of 7 µm on both sides. The typical chemical 

compositions of this steel grade are shown in Table 1. 

 

Table 1: Typical chemical compositions of base materials. 

Material Cr Si  Mn Mg Zn C P S Al Nb 

AA5754 0.009 0.18 0.25 2.88 0.06      

DP800 0.50 0.25 1.90   0.16 0.02 0.004 0.015  

DP1000  0.50 1.50   0.15 0.01  0.04 0.015 
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To answer the third hypothesis regarding the influence of the zinc coating 

type on weldability of aluminium to steel, the ultra-high strength steel 

DP1000 with uncoated and two different thicknesses of hot-dipped 

galvanised coating were used in Paper C. The thickness of the steel sheets 

for both uncoated and hot-dipped galvanised coated were 1.5 mm 

throughout the paper. The thicknesses of the hot-dipped galvanised 

layers were measured to 8 µm and 14 µm, respectively. The typical 

chemical compositions of DP1000 are shown in Table 1. 

 

For Paper D, joints were produced by friction stir welding between the 

aluminium alloy AA5754 and a electrogalvanised DP1000 steel with a 

thickness of 1.0 mm. The thickness of the electrogalvanised layer was 

measured as 5 µm for each side.  

 

4.2 Experimental procedures 

In this study, the aluminium alloy AA5754 was joined to the ultra-high 

strength steels using the friction stir welding technique. The general 

approach to achieve the research goal involved the FSW tool design, 

sample preparation, welding trials, mechanical testing, metallographic 

investigations and chemical characterisation of samples. The welding 

procedures have been developed based on the feedback of preliminary 

tests with a wide range of welding parameters. Weld quality is defined in 

terms of joint strength, level of defects, intermetallic compound 

characteristics, fracture appearance and strength variation. 

 

Samples were prepared by cutting material blanks into rectangular shape 

with dimensions of 50 long and 100 mm wide for welding trials in Paper 

A and Paper B. For Paper C and Paper D, samples were cut into 

rectangular shape with dimensions of 150 long and 100 mm wide. The 

samples were rinsed with acetone prior to friction stir welding. The 

aluminium sample was placed on the top of the steel sample in the fixture 

with two clamps on both ends. Lap joint configuration with an overlap 

distance of 30 mm for joining was used throughout the study. The 

experimental set-up of welding equipment is schematically shown in 

Figure 5. 
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Figure 5: Schematic of the friction stir welding set-up. 

 

The friction stir tool was made of Uddeholm Orvar Supreme tool steel 

which conforms to the AISI H13 specification. The hardness of the tool 

was measured to be 53 HRC. The tool probe diameter and shoulder 

diameter were 6 mm and 15 mm, respectively as shown in Figure 6. The 

FSW tools were fabricated at the workshop of Swerea KIMAB and 

hardened by Bodycote in Stockholm. Welding trials were carried out on a 

Hermle C50 milling machine at KTH for Paper A and Paper B. The 

welding trials for Paper C and Paper D were carried out on a Värnamo 4-

axis universal milling machine at Swerea KIMAB. All welding trials on 

both milling machines were done under displacement control mode. The 

joining parameters used in each paper are summarised in Table 2. 

 

After welding, the samples were cross-sectioned by electrical discharge 

machining perpendicular to the welding direction for metallographic 

analyses. The tensile testing was done on the as-welded samples in Paper 

A and Paper B. While the samples were cut by electrical discharge 

machining into strips of 20x170 mm for tensile testing in Paper C and 

Paper D. Three replicates were employed for tensile shear test for each 

specific parameter.  
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Figure 6: Appearance of the friction stir welding tool. 

 

Microstructural investigation was performed on cross-sections of 

dissimilar joints in a scanning electron microscope (Leo 1530 Gemini). 

Intermetallic phases present at the reaction layer were identified by 

energy dispersive X-ray spectroscopy (EDS). The calculated phases from 

EDS were also confirmed by X-ray diffraction (XRD), Bruker D8 

Discovery, on fractured specimens. Grain morphology and phases of 

reaction layer were characterised using a SEM equipped with an electron 

back scatter diffraction (EBSD) detector.  

 

Table 2: Process parameters of FSW between aluminium and UHSS. 

Parameters Paper A Paper B Paper C Paper D 

Aluminium AA5754 AA5754 AA5754 AA5754 

Steel DP800 DP800 DP1000 DP1000 

    - Surface coating HDG HDG None, HDG EG 

Translational speed (mm/min) 60 40-80 40-160 40-160 

Rotational speed (rpm) 1000-3500 1000-3500 1800 1800 

Tool tilt angle () 2 2 2 2 

Control mode Position Position Position Position 
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4.3 Thermodynamic simulation 

The intermetallic phases that could form at the interface between Al and 

Fe can be both metastable and stable phases since the process cycle time 

of the FSW is rather short. This can make it difficult for the phase 

transition to reach an equilibrium state. However, by assessing of the 

thermodynamic properties of the equilibrium system is still possible to 

predict the intermetallics that might form. In this study, the phase 

equilibrium of the Al-Fe system with zinc addition has been calculated 

with the software Thermocalc. The simulated temperature of 450˚C was 

chosen based on the results of Das et al. [27] and metallographic 

observations. The thermodynamic description by Luo et al [29] was used 

in the calculations. The calculation results have been compared with 

observation results presented in Paper A and Paper B. The agreement 

between results from experiments and calculation was discussed in Paper 

B.  

 

4.4 Mechanical testing 

Tensile shear strength was used to quantify the joint strength of friction 

stir lap welding (FSLW). It is defined as the ultimate tensile strength 

(UTS) divided by the cross-sectional area of the thinner sheet thickness. 

This term is beneficial when comparisons between different studies are 

needed. It is noted that the joint strength reported in the papers are 

shown in term of maximum force. The reason is to avoid the 

misinterpretation since the failure load is a combination of both shear 

and tensile. The force was measured using an Instron 4505 universal 

testing machine equipped with a 100 kN load cell. The displacement is 

monitored by an extensometer with a measuring distance of 50 mm. The 

samples were loaded with a constant crosshead speed of 10 mm/min at 

room temperature. Three replicates were used for the average maximum 

force.
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Chapter 5 Results and discussion 

This chapter is divided into five sections. The chapter begins with the 

influence of welding parameters on the microstructures of friction stir 

welded joints. The second section describes the formation of intermetallic 

phases including detected intermetallic phases, grain structures and 

thermodynamic of intermetallic formation. The third section proposes the 

mechanisms of weld formation based on results of this study. This is 

followed by section four which illustrates the role of zinc on dissimilar 

joint characteristics. The final section describes the fracture behavior 

under tensile shear loading in relation to the reaction layer morphology.   

 

5.1 Influence of welding parameters on the 

microstructures of friction stir welded joints 

The results of this study have shown that two welding parameters; 

rotational speed and translational speed, have great influence on the 

microstructures of joints and accordingly mechanical properties. The 

term so called weld pitch, which is a ratio of translational speed to 

rotational speed, is introduced to represent a measure of the inverse of 

heat input. Results showed that the high heat input (low weld pitch) tends 

to reduce the joint strength of aluminium to steel (see Figure 7(a)). This 

corresponds to a formation of thick intermetallic layer along the Al-Fe 

interface which results in brittle behavior under tensile-shear tests. It is 

observed in Figure 7(b) that the failure load has a linear dependency on 

the thickness of IMCs for all ranges of welding parameters. In addition, 

the influence of material circulation due to mechanical stirring become 

significant as the rotational speed reaches 3500 rpm (reported in Paper A 

and B). A strong stirring action results in a thinner intermetallic layer and 

thus slightly higher joint strength at 3500 rpm compared to that of 2500 

rpm (see Figure 7(a)). 
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Figure 7: (a) Failure load of joint between AA5754 and DP800 at different weld 

pitch (b) Influence of IMCs thickness to failure load of joint between 

AA5754 and DP800. 

 

Porosities are generally formed at a low welding temperature when a low 

rotational speed or high translational speed is used (see Figure 8(a)-(d)). 

This can be described by a higher resistance of material circulation during 

the cold FSW process [12]. On the positive side, the low welding 

temperature can suppress the formation of the intermetallic layer as seen 

in Figure 8(a). The thin intermetallic layer itself results in the better joint 

strength. However, insufficient welding temperature can lead to a lack of 

chemical bonding between Al and Fe especially in case of uncoated steel 

(reported in Paper C). 
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Figure 8: Back scattered electron images of cross-sections between AA5754 and 

galvanised DP800 steel at translational speed of 40 mm/min  (a) 1000 

rpm (b) 2500 rpm (c) 3500 rpm (d) magnified view of the interface in c. 

 

5.2 Intermetallic phase formation 

Friction stir welded joints were created through an atomic bonding 

between Al and Fe. However, due to a very low solubility of iron in the 

solid aluminium (and also aluminium in solid iron), the precipitated 

phases appear as intermetallic phases. It is seen from Figure 9(a)-(c) that 

the reaction layer (light grey) contains two sub-layers of intermetallic 

phases. They are identified by EDS and XRD analysis to be Al13Fe4 on the 

aluminium side and Al5Fe2 on the steel side, respectively. The detection of 

these two intermetallic phases can be found in all steel surface conditions 

including uncoated, hot-dipped galvanised and electrogalvanised coating. 

However, the phase fraction of each phase in the reaction layer is 

dependent on rotational speed (as a result of heat input) and steel surface 

coating conditions (reported in Paper A and C, respectively). It is seen 

from Figure 9(a)-(c) that the Al5Fe2 layers are of comparable thicknesses  



Results and discussion | 28 

   
 

Figure 9: Back scattered electron images of cross-sections between AA5754 and 

galvanised DP800 steel at translational speed of 60 mm/min  (a) 1000 

rpm (b) 2500 rpm (c) 3500 rpm. 

 

regardless of rotational speed. While the Al13Fe4 layers are highly 

dependent on the value of rpm. This may be described by different 

thermal characteristics (heat generation) and influence of stirring action 

especially at highest rpm. The discussion on different phase fraction 

under various steel surface conditions will be given further later on. 

 

Grain structures of the interface region of Al to Fe have been studied on 

the cross-section between AA5754 aluminium alloy and electrogalvanised 

DP1000 steel as shown in Figure 10 (reported in Paper D). The reaction 

layer consists of two sub-layers which are indexed by EBSD as Al13Fe4 and 

Al5Fe2 phases. The shape of grains of the Al13Fe4 phase is elongated while 

the Al5Fe2 phase grains have trapezoidal-like shape. Grain sizes in the 

Al5Fe2 region are obviously larger than that of the Al13Fe4 region. The 

elongated shape of grains is associated with columnar growth due to a 

rapid anisotropic diffusion in the direction perpendicular to the Al-Fe 

interface [30]. It is also observed that one large Al5Fe2 grain is 

surrounded by several small grains of the Al13Fe4 phase. This can indicate 

the Al13Fe4 phase is nucleated along the grain boundaries of the Al5Fe2 

phase after the Al5Fe2 grains have already formed [31]. 
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Figure 10: EBSD micrograph at the interface of AA5754 and electrogalvanised 

DP1000 welded at 80 mm/min and 1800 rpm. 

 
Thermodynamic of intermetallic compounds 

 

The EDS and EBSD analysis have previously identified two Al-Fe 

intermetallic phases in the reaction layer as Al13Fe4 and Al5Fe2. Besides, 

XRD analysis in Paper C also detected the Fe3Zn10 spectra on the fracture 

surface of AA5754 and hot-dipped galvanised DP1000 steel. As reported 

by Marder, this brittle Γ phase (Fe3Zn10) is a typical product of the hot-

dipped galvanising process that is formed on the substrate steel [18]. This 

suggests that the Fe3Zn10 phase can be the remaining product at the 

interface of steel to galvanised layer despite it experienced the elevated 

temperature and FSW stirring action.  

 

Thermocalc simulations have been performed in Paper B to critically 

determine the possible intermetallic phases that may form at the interface 

between the aluminium alloy and galvanised steel. The used isothermal 

temperature of 450 ˚C was chosen based on the measured peak 

temperature in the work of Das et al. [27] and the ternary phase diagram 

of Al-Fe-Zn system [32]. The simulation result in Figure 11 shows that 

three stable Al-Fe intermetallics are Al2Fe, Al5Fe2 and Al13Fe4. It is noted 

that the δ-phase refers to a zinc-rich solution phase with composition of 

Zn0.84-Fe0.12-Al0.04. This δ-phase is most likely the Fe3Zn10 phase which 

was identified by XRD spectra. 
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Figure 11: Phase fraction near aluminium-rich corner with 1 at.-% zinc at 

isothermal temperature of 450 ˚C. 

 

It is seen that the detection of the Al5Fe2 and Al13Fe4 phases from the 

experimental observations is in a good agreement with the 

thermodynamic simulation. However, the Al2Fe phase was not found in 

the metallographic characterisation. The absence of this Al2Fe phase is in 

line with results from the diffusion couple experiments found in literature 

[29, 33]. Naoi and Kajihara described the absence of this intermetallic 

was due to slow nucleation and/or much slower growth of the Al2Fe phase 

[33]. Therefore, this intermetallic cannot grow to a visible thickness in 

such a short cycle time. 
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5.3 Mechanisms of weld formation 

Mechanisms of weld formation when a zinc layer is involved have been 

proposed in Paper C and Paper D. The typical cross-section of a joint 

between the aluminium alloy and the HDG steel is shown in Figure 12. 

Results from this study showed that full strength of dissimilar joints can 

be obtained using friction stir welding technique without penetration of 

the tool into the steel. Figure 13(a)-(d) show microstructures at different 

regions along the interface of Al to Fe in transverse section perpendicular 

to the welding direction. It is observed that microstructures at point B 

consist of a Zn-rich solid solution (white region) and a mixture of α+η 

phase (grey region) in the neighbourhood. It is noted that the α phase 

denotes face-centered cubic aluminium and η phase denotes hexagonal 

close-packed zinc. This solidified structure is a result of molten zinc layer 

that is laterally extruded by the pressure of the tool during the welding 

process. Melting of the galvanised layer tends to consume significant 

amount of heat generation, which results in differences in 

microstructures between joints with 14-µm- and 8-µm-thick galvanising 

layers.  

 

According to the results, the zinc layer seems to liquefy through melting 

of pure zinc which is supported by a high volume fraction of the η phase. 

It is also noted that the zinc layer can liquefy through a formation of a 

eutectic mixture of Al-Zn like in Paper D. This depends on material 

conditions such as dimensions and surface coating conditions as well as 

welding parameters. The weld formation process is followed by 

dissolution of Al into the liquid phase and finally solidification of the 

liquid phase. At the same time, revealed steel surface in the center of weld 

reacts with aluminium which results in the reaction layer containing 

intermetallic compounds at the interface. This atomic bonding process is 

a diffusion-controlled process which has been mentioned in the previous 

section. It is noteworthy that at very high translational speed (cold 

welding), melting of the zinc layer may not be possible. The zinc layer 

may instead undergo a solid eutectoid transformation of Al-Zn. According 

to our results, the process of friction stir welding of aluminium alloy to 

galvanised steel bears some similarity to the so-called transient liquid 

phase bonding [34]. 
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Figure 12: Cross-section perpendicular to the welding direction of friction stir 

welded AA5754 alloy to HDG DP1000 steel. The center of weld is 

denoted by C. 

 

  

  
 

Figure 13: Micrographs showing cross-sections of AA5754 to HDG DP1000 

welded at 80 mm/min and 1800 rpm  (a) 8-µm-galvanised steel at point 

A (b) 8-µm-galvanised steel at point B (c) 14-µm-galvanised steel at 

point A (d) 14-µm-galvanised steel at point B.    

 

5.4 Role of zinc on joint characteristics 

Influence of zinc contents on joint performance and microstructure has 

been studied using three UHSS with different coating conditions. The 

used materials are two hot-dipped galvanised steels with coating 

thicknesses of 8 µm and 14 µm; and one base uncoated steel. It is noted  
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Figure 14: Tensile shear force of friction stir welded joints between AA5754 and 

DP1000 steel with three coating conditions at different translational 

speed. 

 

that the joint with uncoated steel normally has poor joint properties 

especially without abrasive removing of the surface oxides.  

 

The tensile shear failure load of joints with three surface coating 

conditions is shown in Figure 14. It is seen that the zinc layer can enhance 

joint strength throughout a range of translational speed. The joints with 

galvanised layers perform significantly better than joints with uncoated 

steel especially at high translational speed. When the translational speed 

is below 80 mm/min, the joint with thick galvanised layer (14 µm) can 

still achieve approximately 25% better joint strength than that of 

uncoated steel. 

 

Microstructural investigations and EDS measurement were carried out to 

explore the influence of the zinc layer (see Paper C). According to results, 

the overall thickness of the reaction layer shows no significant difference 

between uncoated and galvanised steels. However, the phase fractions of 

intermetallic sub-layers in the reaction layer are different. That is to say, 

joints with uncoated steel seem to have a thicker layer of the Al2Fe5 phase 

than do galvanised steels. This can be explained by an increased 
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interdiffusion of Al and Fe through the Al2Fe5 phase when zinc atoms are 

present which can result in a chemical reaction and a new phase [35].  

 

Results in this study also showed that zinc can increase the chemical 

bonding between Al and Fe at high translational speed (and thus low heat 

input). Lack of chemical bonding at the interface of aluminium to 

uncoated steel can be described by discontinuities of the reaction layer at 

translational speed of 160 mm/min. This is due to insufficient frictional 

heat to activate the atomic bonding at the interface. In contrast, joints 

with both galvanised layer showed fully continuous reaction layer along 

the interface between Al and Fe. Since the presence of zinc has no effect 

on the stability of the Al-Fe intermetallic phase formation [35, 36, 37], the 

discrete reaction layer could be a result of limited nucleation. That is to 

say, zinc can promote a better intimate contact between the aluminium 

matrix and the steel due to the lower melting temperature of the Al-Zn 

solid solution [38]. Consequently, it is possible to activate nucleation 

sufficiently and maintain the atomic bonding at such a low heat input in 

joint with galvanised layer. 

 

5.5 Fracture surface 

Aluminium-rich intermetallics including Al5Fe2 and Al13Fe4 are classified 

as brittle phases in the Al-Fe system [14]. The hardness values of these 

two phases are previously reported to be 1100 and 820 HV, respectively 

[22]. Results have shown that the reaction layer, which contains two sub-

layers of intermetallics in this study, exhibits brittle behavior when the 

overall thickness surpasses a certain value. Fracture appearances of two 

different thicknesses of the reaction layer between the aluminium alloy 

and DP800 steel are shown in Figure 15(a)-(c). 
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Figure 15: Fracture appearances of joints between AA5754 and hot-dipped 

galvanised DP800 steel on aluminium side  (a) thick reaction layer 

(>3.0 µm) (b) moderately thick reaction layer (2.5-3.0 µm) (c) low 

magnification image of fracture appearance in (b) 

 

It is observed that the fracture appearance of the thick reaction layer 

shows a smooth cleavage rupture surface which indicates the brittle 

properties of the joint. In contrast, the thinner reaction layer shows no 

sign of cleavage rupture on its fracture surface. In addition, elongated 

dimple areas on the fracture surface suggests that the joint possibly failed 

by ductile failure. 

 

XRD analysis was used to determine fracture path of dissimilar joints in 

this research. The XRD spectra indicate that the fracture path seems to 

propagate through the Al5Fe2 layer in the joint with uncoated steel. For 

the joints with hot-dipped galvanised steels, the fracture path seems to 

propagate along the interface between Al5Fe2 and Al13Fe4 or tortuously in 

both phases. These results suggest that the fracture path may correspond 

to the thickness of the intermetallic sub-layers. That is to say, as one of 

the intermetallic sub-layer thickens, the fracture path tends to shift into 

that phase and propagate through it. According to this study, it can be 

Cleavage area 

Dimple area 

(a) (b) 

(c) 
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inferred that fracture behavior of joints between aluminium alloy and 

steel is governed by both overall thickness of the reaction layer as well as 

phase fraction of intermetallic sub-layers. 
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Chapter 6 Conclusions and future work 

Joints between aluminium alloy to ultra-high strength steels were 

successfully created using friction stir welding technique without 

penetration of the probe into the steel. The technique uses the designed 

FSW tool made of an ordinary tool steel grade. Welding was done by 

penetrating the rotating tool from the aluminium alloy side and 

translating it over the aluminium surface. The technique can achieve a 

full strength of joint where fracture goes in the base aluminium. A wide 

process window has been investigated which confirms the robustness of 

this joining technique. This chapter will summarise general conclusions 

obtained from this work as well as suggestions for future work at the end 

of the chapter. 

 

6.1 Conclusions 

In this thesis, three research questions have been studied. These include 

feasibility to use the friction stir welding technique with an ordinary tool 

steel for producing sound dissimilar joints between aluminium alloy and 

steel, effects of welding parameters on microstructures of joints and their 

performance, and mechanisms of weld formation when the low melting 

materials like zinc are involved. The following conclusions developed 

from the research hypotheses are summarised: 

 

• The first hypothesis stated that “Friction stir welding (FSW) with 

an ordinary tool steel can produce sound dissimilar joints 

between aluminium alloy and steel” was confirmed. 

 

Mechanical properties of joints between aluminium alloy and 

steel produced using FSW can achieve the ultimate tensile 

strength of the aluminium alloy. Fully strong joints where 

fracture went through the aluminium base material were 
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obtained when the aluminium alloy were joined to the 14-µm-

thick galvanised steel. The technique can produce sound joints 

with good repeatability as two out of three replicates of strongest 

joints failed at the aluminium base material.    

 

• The second hypothesis stated that “Low heat input as a result of 

fast translational speed and slow rotational speed produces a 

joint with thin intermetallic layer and accordingly high strength” 

was not confirmed. 

 

Translational speed and rotational speed are the most crucial 

welding parameters that influence joint microstructures and 

accordingly mechanical properties. In general, low heat input 

welding using high weld pitch (high translational speed and/or 

low rotational speed) can reduce the risk of brittle behaviors of 

the intermetallic phases which is beneficial for joint strength. 

However, insufficient heat generation due to low heat input may 

not be possible to overcome nucleation barriers especially when 

the aluminium alloy is joined to uncoated steel.  Thus, the 

positive effect of reducing thickness of intermetallic layer is not 

enough to improve joint strength. 

 

• The third hypothesis stated that “Zinc can improve the 

weldability of friction stir welded joint of Al/Fe by stimulating the 

chemical bonding between the aluminium and the steel base 

materials” was confirmed.  

 

The introduction of the low melting temperature materials such 

as zinc can improve the weldability of friction stir welded joints. 

The presence of zinc promotes the atomic bonding between Al 

and Fe especially at low heat input welding. This is because zinc 

can increase nucleation and/or growth of the reaction layer due 

to a better intimate contact between the aluminium matrix and 

the steel. The effect of zinc associates with the initial thickness of 

the galvanised layer and translational speed. These two factors 

control the solubility of zinc into the aluminium matrix through 
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level of heat consumption for the melting of the zinc layer and 

dissolution of zinc in the aluminium matrix, respectively.  

 

Apart from the above conclusions, the general conclusions of this thesis 

can be summarised as follow: 

 

1. Two Al-Fe intermetallic phases, Al5Fe2 and Al13Fe4, were formed at the 

interface between aluminium and steel regardless of surface coating 

conditions. These detected intermetallics are in good agreement with 

thermodynamic calculations, although the welding process has 

relatively short cycle time compared to equilibrium conditions in the 

calculations. 

2. Welds are formed by a lateral extrusion of the molten zinc layer by the 

pressure of the tool. The process leaves a fresh interface of steel to 

react with the aluminium alloy resulting in the reaction layer 

containing intermetallics. Melting of the zinc layer is done through 

melting of pure zinc or formation of the eutectic mixture of Al-Zn. 

3. Intermetallic phase exhibits a columnar growth due to an anisotropic 

diffusion in the direction perpendicular to the Al-Fe interface. 

 

6.2 Future work 

Various types of ultra-high strength steels are increasingly used in today’s 

vehicle bodies. This includes steels for hot stamping such as boron steels 

and Al-Si coated boron steels. It is of interest to evaluate these additional 

steel types to increase the application of this welding technique. The 

author also suggests that additional metallographic characterisations 

should be done to identify exact chemical compositions and 

microstructures especially at the interface area. The methods can be 

transmission electron microscopy (TEM) and electron microprobe 

analysis (EMPA). 

 

To further improve the weld quality, it is recommended that control of 

welding temperature should be done. Apart from optimisation of welding 

parameters, it can be done by controlling the temperature of the rotating 

tool via a tailored cooling system. Temperature control in this way is 

independent from resulting material circulation like in case of controlling 

translational speed or rotational speed. 
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