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ABSTRACT 

 

 

Prediction of Thermal and Mechanical Characteristics in TIG assisted 
Hybrid Friction Stir Welded Joints of Dissimilar Materials (Al5052-

DP590) by Numerical Analysis 

 

Seong-Min Hong 

Advisor : Prof. Bang, Hee-Seon, Ph.D. 

CO-Advisor : Prof. Bang, Han-Sur, Ph.D. 

Department of Welding and Joining Science  

Engineering, 

Graduate School of Chosun University 

 

최근 자동차산업 및 각종 수송기산업에서는 승객의 안전과 편의성 향상을 위한 

장착부품의 증가와 환경규제에 따른 대응책으로 차체 경량화를 통한 연비향상에 대해 

연구가 활발히 진행되고 있다. 경량화 기술 중, 경량금속 및 이종/혼합재료를 

채택하는 Multi-Materials Mix Technology의 효율성이 확인됨에 따라 이종재료 

접합기술은 위의 연구 중에서도 가장 각광받는 분야이다.  

특히, 알루미늄 합금은 기존에 사용되던 스틸에 비해 비중이 1/3 이고, 높은 

성형성, 내식성 등을 갖음으로써 그 활용성이 주목을 받고있다. 또한, 고장력강 및 

초고장력강은 기존 스틸에 비해 높은 ‘강도 대 중량 비(Strength weight ratio)’를 
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가짐으로써 위의 재료들은 차체 경량화를 위한 최적의 재료로 손꼽히고 있다. 하지만, 

기존의 용융용접(Fusion welding)을 이용한 철계(steel) 및 비철계(Al, Mg 합금 

등)간의 이종재료 접합은 두 재료의 상이한 물성 차이 및 계면에서 형성되는 취성의 

금속간화합물(intermetallic compound, IMC)의 생성으로 건전한 접합부를 얻기 

힘들다. 알루미늄합금-초고장력강 용접 시 형성되는 Fe-Al IMC의 경우, 다른 

이종재료 용접 시 형성되는 IMC와 달리 형성되는 화합물 모두가 취성의 성질을 

나타냄으로써 용접부의 강도를 저하시키는 주요 원인이 된다. 

위의 두 접합재료의 물성 차이에서 오는 문제점은 1991년 영국 TWI에서 개발된 

고상접합법인 마찰교반접합(Friction Stir Welding, FSW)은 철계와 비철계간의 

이종재료 접합에서 모재 대비 약 70~80 %의 접합강도를 확보함으로써 하나의 

해결책이 될 수 있다 [1]. 특히, 하이브리드 마찰교반접합(Hybrid Friction Stir 

Welding, HFSW)은 경질재료(hard material)에 보조열원을 조사하여 재료의 

소성유동(plastic flow)을 증가시킴으로써, FSW 단독공정 대비 향상된 접합부 강도를 

확보할 수 있으며, 티그(TIG), 레이저, 고주파, 초음파 등 다양한 열원을 

보조열원으로 적용한 연구결과들이 보고되고 있다. 최근에는 컴퓨터 

하드/소프트웨어의 발달에 의해 이종재료 용접 시 용접부의 온도변화나 열응력, 

잔류응력 등의 계산에 대한 상용 프로그램 개발이 활발히 이루어지고 있으며, 

이동열원의 효과 및 재료의 온도 의존성을 고려한 열전도, 용접잔류응력 등의 

수치해석 기법들이 국내외의 다수 학자들에 의해 활발한 연구와 논문으로 발표되고 

있다. 하지만 위의 수많은 노력에도 불구하고, 아직까지 하이브리드 마찰교반 용접을 

이용한 알루미늄합금-초고장력강의 용접공정과 수치해석을 이용한 용접 시 형성되는 

금속간 화합물(Fe-Al IMC)의 두께 예측에 대한 연구는 미비한 실정이다. 

따라서 본 연구에서는 자동차용 부품인 CTR FLR COMPL의 Side Upper TWB 적용을 
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위한 알루미늄 합금-초고장력강 이종재(Al5052-DP590) 용접부의 신뢰성 확보를 위해 

TIG-FSW 하이브리드 용접을 이용한 이종재료 용접공정을 최적화하고, 수치해석 및 

금속간화합물(IMC) 예측을 수행하였다. 본 연구에 사용된 재료는 알루미늄합금 

(AA5052-H32, 2.5t) 및 초고장력강(SFPC590DP,1.4t)이며, 용접재료의 소성유동 

향상을 위한 보조열원은 티그(TIG)를 사용하였다. 보조열원으로 차용된 TIG의 

전류(20, 30, 40 A)에 따른 용접부 특성을 평가하기 위해 HFSW 용접부의 특성들은 

FSW 단독공정을 이용하여 취득한 용접부의 특성과 비교평가 되었다. 용접에 앞서 

실제 시험편과 같은 크기인 250 mm (W) x 600 mm x 2.5 mm (t) 알루미늄 합금 & 1.4 

mm (t) 초고장력강의 3차원 유한요소 모델 개발을 통해 용접부의 열전도 해석 및 IMC 

두께 예측, 열탄소성 해석을 진행하였다. 수치해석 결과의 신뢰성 확보를 위하여 

해석 결과를 실제 실험결과와 비교평가 하였다. Thermocouple을 이용하여 측정된 열 

이력을 시뮬레이션과 비교하였으며, 이종재료 TWB 접합부의 기계적 특성 평가를 위해 

인장시험 및 Vickers 경도시험을 진행하였다. 접합부의 금속학적 평가는 

주사전자현미경(SEM-EDS)을 이용하여 IMC 특성을 고찰하고, IMC의 형성두께를 

측정/평가하였다. 

수치해석 결과, 예측된 알루미늄 합금-초고장력강 이종재 용접부의 IMC 두께는 

1.4 ~ 5.6 µm 로 예측되었으며, 이는 실제 평균형성두께인 2.02(±0.222) ~ 

3.94(±0.518) μm 로 유효성이 입증되었다. 예측된 IMC 두께 및 실측 두께는 모두 

건전한 용접부 형성조건인 10 µm 이하의 두께를 만족하였다. 하이브리드 용접부의 

최대 평균인장강도는 TIG 전류 20 A, 용접속도 1 mm/sec, 툴 회전속도 400 RPM의 

조건에서 약 184 MPa를 기록하였으며, 이는 알루미늄 모재 강도의 약 84 %로써 FSW 

용접부 대비 10 % 향상된 인장강도를 확보할 수 있었다.  
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Chapter I.  

Introduction 

 

1.1 Background 

 

As regulations on reducing emission gas of vehicles have become a main global issue, 

improving fuel efficiency is heavily emphasized in the automotive industry. The Corporate Average 

Fuel Economy (CAFE) requires manufacturers in this industry to achieve the standards of 44.8 

miles per gallon (mpg) of fuel efficiency by 2020. The European Council of the European Union 

have accepted the announcement of CAFE and have agreed to decrease the amount of CO2 

emission within 2020. In this agreement, passenger car standard was decided as reaching 95 g/km 

(95 %) till 2020, and with 100% compliance in 2021. In terms of light-commercial vehicle 

standard was decided as 147 g/km for 2020 [2]. In order to respond to these growing demands, the 

lightweight products have spotlighted as a key solution in vehicle design, because 10% reduction 

in vehicle weight can lead 6-8% of fuel efficiency improvement as shown in Figure. 1.1. 

 
Figure 1.1 Advantages of vehicle weight reduction [3] 
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The use of lightweight materials, such as instance aluminum (Al) alloy, advanced high-

strength steel (AHSS), carbon fiber and polymer composite, and magnesium (Mg) alloy, can be a 

possible solution to reduce the vehicle body weight and components of chassis up to 50%. 

Due to aluminum alloys have high strength-to-weight ratio, automotive industry sees 

aluminum alloys as the most promising lightweight material in the automotive industry. By 

adopting aluminum alloys on automobile production, moreover, stiffer and lighter designs can be 

easily applied into the product in comparison to adopting conventional steels. Especially for 

automotive components, Al-Mg alloy (AA 5XXX series) is mainly used in chassis as components 

because of its sound weldability, satisfactory strength and exceptional corrosion resistance. In case 

of Al-Mg-Si alloy (AA 6XXX series), it is appropriate to be employed in body panels due to its 

excellent formability and high strength. However, welding steel to aluminum alloy is under an 

important structural limitation. For example, aluminum alloys’ elastic modulus, which is about 70 

GPa, is one-third of typical steel, so the Al-steel component would experience a greater 

deformation in elastic range than the steel-only component under a given load when they have 

identical size and shape. In addition, aluminum alloys are less formable than automotive steel 

because of their lower mechanical properties; Aluminum alloys have lower elongation, elastic 

modulus, plastic strain ratio (r-value) and strain hardening exponent (n-value) that determine the 

formability of car body and chassis component. Therefore, it is necessary that aluminum alloys 

should satisfy strength, formability, weldability, and corrosion resistance to be adopted to various 

automotive parts [4]. 

For the safety requirement of automobiles, such as crash safety, advanced high-strength steels, 

such as Complex phase (CP), dual phase (DP), ferritic-bainitic (FB), hot-formed (HF), martensitic 

(MS), transformation-induced plasticity (TRIP), and twinning-induced plasticity (TWIP) steel, can 

be adopted with achieving weight reduction simultaneously. Advanced high-strength steel, which 

has multi-phase microstructure, shows reasonable formability and ductility, but has poor 

weldability due to its higher carbon and alloying elements than other lower-strength steels. The 
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higher content of carbon and alloying elements makes advanced high-strength steel on more 

susceptible welding thermal cycle, resulting in greater variations in microstructures and mechanical 

properties of welds [5]. 

As an application of light materials to the vehicle weight reducing, one of the most prominent 

solutions is multi-material mix technology. Notably, joining aluminum alloy to advanced high-

strength steel is increasingly adopted to improve the strength-to-weight ratio of the vehicle 

components including aerospace, cars, and rails. 

The dissimilar materials of steel and aluminum alloy can be joined by adhesive bonding 

processes, mechanical fastening such as bolting, clinching, and riveting, and thermal joining [6] . 

However, most of those processes have some drawbacks; adhesive bonding demands long 

processing time for ensuring effective bonding and causes environmental pollution with their 

chemical reactions, mechanical fastening process increase stress concentration around the fastened 

locations [7] . Many states of the art literature also show joining steel to aluminum alloy with 

conventional fusion welding is significantly restricted due to their significantly different melting 

temperatures (725 versus 1900 K) and thermo-physical properties like thermal conductivity (238 

versus 77.5 W∙𝑚𝑚−1 · 𝐾𝐾−1) and thermal expansion coefficient (23.5×10-6 versus 11.76×10-6/K) 

between those two materials [8-11]. Additionally, the lower solubility of Al in Fe forms the brittle 

intermetallic (IMC) layer at the joint interface, but the IMC layer thickness should be optimized to 

attain sound joint strength and properties [12-15].  

As shown in Figure 1.2, Honda Motor Co., Ltd has employed friction stir welding (FSW) 

process to join dissimilar materials (steel to aluminum alloy) to reduce the sub-frame weight of the 

Accord 2013 [16] . The success of new joining process for the sub-frame achieved 25% (6 kg) 

weight reduction than previous process which is mechanical fastening (bolting). 
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Figure 1.2 Comparison between conventional sub-frames and dissimilar materials  

applied sub-frame of Honda Accord [16] 

 

Several previous studies recommended the application of hybrid friction stir welding (HFSW) 

than the conventional friction stir welding (FSW) because the HFSW process not only increases 

plastic flow of materials which provides improved stirring of FSW tool, but also extends the tool 

life in joining of harder and high melting point materials like steels [17-20]. In HFSW, an 

additional heat source is applied in front of the FSW tool to preheat the harder workpiece materials 

due to the fact that the workpiece at higher temperatures offers improvement of plastic flow and 

lower resistance which in turn enhances the tool life significantly [15,20-21]. Therefore, a TIG 

assisted FSW process is used in the present study for joining of aluminum alloy and steel [15]. 
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1.2 Characteristics of Fe-Al Intermetallic Compounds (IMC) 

 

As brittle Fe-Al intermetallic compounds (IMC) can deteriorate joint strength of dissimilar 

materials (aluminum to steel), a comprehensive understanding of characteristics of IMC such as its 

composition, morphology, nucleation, growth kinetics and mechanism is required to develop the 

desirable joint.  

When dissimilar materials (aluminum and steel) are in contact at elevated temperature, the 

formation of intermetallic compounds is decided by three main thermodynamic factors. The first is 

the chemical potentials of aluminum and iron elements, the next is the nucleation conditions at the 

inter-diffusion process beginning, and the last is the mobility of the alloying constituent during 

thermal joining process [22]. The Fe-Al phase diagram which is shown in Figure 1.3 depicts the 

possible formation of Fe-Ale intermetallic compounds under the interaction between temperature 

and element concentration at the atmospheric pressure. Table 1.1 shows crystal structure and 

hardness for Fig. 1.3. As the intermetallic compounds contain comparatively more Al element, it 

shows more brittle characteristics than Fe rich intermetallic compounds. 
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Figure 1.3 Fe-Al phase diagram [23] 

 

Table 1.1 Stability range, crystal structure and hardness of intermetallic compounds formed in Fe-

Al binary system at room temperature [22,24] 

Phases Crystal structure 
Stability range 

(at.%) 
Vickers hardness 

(HV) 
Density 

(Mg/mm3) 
Fe solid solution BCC 0-45 - 7.8 
γ-Fe FCC 0-1.3 - 7.8 
FeAl (β2) BCC (order) 23-55 470-667 5.58 
Fe3Al (β1) Do3 23-34 330-368 6.72 
Fe2Al3 (ε) Cubic (complex) 58-65 - - 
FeAl2 (ζ) Triclinic 66-66.9 1058-1070 - 
Fe2Al5 (η) Orthorhombic 70-73 100-1158 4.11 
FeAl3 (θ) Monoclinic 74.5-76.5 772-1017 3.9 
Al solid solution FCC 99.998-100  2.69 
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The formation and growth of intermetallic compounds at the joint interface between Al and Fe 

primarily contain three stages. In the first stage, the formation of solid solution through atomic 

diffusion is started at the interface. In next stage, nucleation of intermetallic compounds is started 

when it is thermodynamically more favorable at corresponding temperature and constant pressure. 

In the third stage, solute atoms will continue to diffuse into the nucleus of stabilized intermetallic 

compounds for it to grow gradually. 

Several studies have been carried out to investigate on growth and characteristics of Fe-Al 

IMC. The formation of Fe3Al occurs at a critical temperature of 825 K from FeAl (FeAl↔Fe3Al) 

while FeAl is formed through a peritectic reaction (liquid+α-Fe↔FeAl) under the temperature 

around 1583K. The Al-rich intermetallic compounds FeAl3 are formed easily at a temperature 

around 1430K through a peritictic reaction (liquid+Fe2Al5↔FeAl3). The Fe2Al5 IMC can be 

formed by congruent compound (liquid↔ Fe2Al5) at a temperature around 1142K. On the other 

hand, Fe-rich intermetallic compounds with lower aluminum composition, basically FeAl and 

Fe3Al, can only be formed at a higher temperature of over 1273 K. 

The effects of high pressure raised by the mechanical welding force during FSW also should 

be considered for the formation of Fe-Al IMC. It was reported that an increase in pressure can lead 

IMC formation at the interface layer in lower temperature under constant diffusion time. 

Furthermore, during FSW, materials near the pin are subject to severe plastic deformation at a high 

strain rate. It is suggested that short-circuiting along static and moving dislocations, grain 

boundaries and cracks generated during deformation can enhance diffusion and facilitate IMC 

nucleation by providing heterogeneous nucleation sites. 

 Above discussions show that the formation and growth of IMCs layers affected by 

temperature variation, mechanical welding force and material deformation status that are 

determined by process parameters.  
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1.3 Objective 

 

The purpose of the present study is to investigate the effect of process parameters on growth 

of IMC layer thickness in TIG assisted FSW of aluminum alloy to steel joints.  

A lot of research works on joining aluminum to steel in butt or lap joint by conventional FSW 

process have been reported. Watanabe et al. [25] noticed tool worn out within a short duration of 

weld in FSW of 2.0 mm thick AA5083 aluminum alloy to SS400 low carbon steel in butt 

configuration. The authors reported FeAl and FeAl3 intermetallic compounds (IMCs) along the 

joint interface. Tanaka et al. [26] found joint strength decayed exponentially with an increase in Fe-

Al IMC layer thickness in FSW of 3.0 mm thick AA7075-T6 aluminum alloy and mild steel. The 

authors reported the maximum joint strength of 333 MPa when the IMC layer thickness is lower 

than 0.1 μm. Coelho et al. [14] reported tool pin deformed Al side severely in FSW of 1.5 mm 

thick AA6181 aluminum alloy and DP690 steel in butt configuration. The authors found a 0.5 nm 

thick IMC layer of Fe2Al5 along joint interface that yielded the maximum joint strength of 207 

MPa, which was nearly 80% of aluminum strength. Liu et al. [27,28] reported tool offset towards 

aluminum side reduced thrust force experienced by the tool in friction stir butt welding (FSBW) of 

1.5 mm thick AA6061 aluminum alloy to 1.4 mm thick TRIP steel. The corresponding IMC layer 

thickness and the maximum joint strength were reported 1μm and 196 MPa (~ 70% of aluminum 

base metal), respectively. Habibnia et al. [29] identified the FeAl3 and Fe2Al5 IMCs along the 

interface and reported maximum joint strength of 175 MPa in FSBW of AA5055 aluminum alloy 

to AISI 304 stainless steel. Wei et al. [30] employed cutting pin in FSW tool to improve the joint 

strength in FSLW of 3.0 mm thick AA1060 aluminum alloy to 1.0 mm thick SUS321 stainless steel. 

That study attempted to improve the joint strength by expanding the width of stir zone towards the 

harder material side. The authors found FeAl3 IMC along the joint interface and achieved 

maximum joint strength around 89 MPa. The above studies illustrate tool life is the major problem 
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in multi-material joining of aluminum alloy to steel by conventional FSW process. Several recent 

studies are attempted to resolve this issue by employing HFSW process. 

 Bang et al. [15] preheated the steel plates by TIG arc to reduce the tool wear in HFSW of 

AA6061 aluminum alloy and stainless steel, both of 3 mm in thickness, in butt configuration. The 

maximum joint strength in HFSW process was found to be around 290 MPa which was 90% of the 

aluminum base metal strength. The author achieved higher joint strength in HFSW process in 

comparison to that of conventional FSW process. In place of TIG arc, several authors used laser 

beam to preheat the material in FSW process. Bang et al. [21] employed laser beam assisted FSW 

process to investigate the mechanical characteristic of AA6061 aluminum alloy and DC04 steel 

joints. The authors concluded that secondary heat source increased the tool life in HFSW by 

softening the workpiece material prior to progress of the tool. In summary, additional preheat 

source in HFSW process enhanced both the tool life which consequently improved the mechanical 

properties of the joint. 

 Overall, most of the experimental studies have reported Fe-Al IMC layer has a significant 

effect on joint strength in multi-material joining of aluminum alloy to steel and the excess growth 

of IMC layer adversely affected the join strength due to the brittle nature of the intermetallic 

compounds [13,15,26]. Thus, the a-priori estimation of IMC layer thickness is required to assess 

the joint strength. Murakami et al. [31] and Das et al. [32] analytically estimated the IMC layer 

thickness in gas metal arc based joining of aluminum alloy to steel sheet considering parabolic law 

of diffusion. Crucifix et al. [33] proposed an analytical solution for estimation of the IMC layer 

thickness using computed temperature histories in friction melt bonding process. At present, very 

few analytical models are available for estimation of IMC layer thickness. However, no attempts 

have been reported so far in the open literature for comprehensive modelling in HFSW of 

aluminum alloy to steel to predict the temperature history and IMC layer thickness as a function of 

different process conditions in an integrated manner. 

 In the present work, a coupled experimental and numerical analysis is carried out on TIG 
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assisted hybrid friction stir welding (HFSW) of 2.5 mm thick Al5052 aluminum alloy to 1.4 mm 

thick DP590 high strength steel plates. The influence of different process parameters on bead 

quality and growth of the IMC layer are studied extensively. A three dimensional numerical heat 

transfer model is developed for an a-prior estimation of temperature fields and temperature 

histories. Further, IMC layer thickness at the joint interface is estimated form numerically analyzed 

temperature histories and validated the same with the corresponding experimentally measured 

results. 
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1.4 Construction of Thesis 

 

In Chapter I, research background, objectives and construction of thesis are described. 

In Chapter II, experimental researches based on conventional friction stir welding and TIG 

assisted friction stir welding of 2.5 mm thick Al5052 aluminum alloy to 1.4 mm thick DP590 

advanced high-strength steel plates are carried out. This part is mainly focused on the comparison 

between conventional friction stir welding and TIG assisted hybrid friction stir welding. The 

influence of different process parameters, which is especially for the effect of preheating source, on 

the mechanical and metallurgical characteristics of welded joints in dissimilar materials (Al5052-

DP590) are investigated in order to guarantee the weldability. For the mechanical and metallurgical 

characteristics of welded joints in dissimilar materials, bead quality, tensile strength, hardness and 

growth of the IMC layer are studied.  

In Chapter III, numerical simulation research on heat conduction analysis, estimation of IMC 

layer growth, and elastic-plastic analysis of conventional FSW and TIG assisted hybrid friction stir 

welding is introduced. This chapter describes temperature distribution, analytical methodology to 

estimate the growth of IMC layer thickness, and numerically estimated welding residual stress and 

plastic strain. A heat source model for simulation in transient state thermal conduction analysis is 

determined considering the conventional FSW and TIG assisted hybrid FSW characteristics. To 

establish the feasibility of the numerical analysis result, temperature history of the model is 

compared with that of measured by the thermocouple, and estimated IMC layer thickness is 

compared with experimentally measured by SEM-EDS. The results obtained from this chapter will 

be submitted to journal soon. 

In chapter IV, knowledge obtained from each chapter is summarized and conclusion is described. 

Figure 1.4 shows the flow chart of the thesis which constructs four chapters.  
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Chapter I 
Introduction 

 

 Research background, objective and construction of thesis are described 

 
Chapter II 

Experimental Development of  
TIG assisted Hybrid Friction Stir Welding Process 

 

-  Objective material: 2.5 mm thickness of Al5052 with 1.4 mm thickness of DP590 

-  TIG assisted Hybrid Friction Stir Welding system  Ar 99% shielding gas 

 Temperature history of conventional FSW and HFSW process are investigated with 

thermocouple. 

 Relation between process parameter (TIG current) and geometric shape of bead is investigated 

 Relation between process parameter (TIG current) and mechanical & metallurgical 

characteristics of weld joints (tensile strength, hardness, IMC layer thickness) are 

investigated. 

 
Chapter III 

Prediction of Thermal and Mechanical Characteristics of Dissimilar 
Materials by Hybrid Friction Stir Welding through Numerical Analysis 

 

 A heat source model for simulation in the transient state thermal conduction analysis is 

determined considering the conventional FSW and TIG assisted HFSW characteristics. 

 To establish the feasibility of the numerical analysis result of heat conduction analysis, 

estimated IMC layer thickness, thermal elastic-plastic analysis, experimental results of 

temperature history and IMC layer thickness are compared. 

 
Chapter IV 
Summary 

 

Research summary and conclusion of thesis is described 

 
Figure 1.4 Flow chart of thesis 



21 

 

Chapter II.  

Experimental Development of TIG Assisted Hybrid Friction 
Stir Welding Process 

 

2.1 Introduction 

 

Joining dissimilar aluminum alloy to steel has been getting attentions considerably for 

lightweight automobile production. However, it is difficult to achieve a sound dissimilar joints by 

conventional fusion welding because of difference in the solid solubility, thermal properties 

(thermal conductivity, thermal expansion, heat capacity and melting point), and lattice 

transformation [34]. In particular, the biggest problem is an excessive formation of intermetallic 

compound (IMC), which forms due to both chemical reaction and inter-diffusion near interface 

between aluminum alloy and steel. According to the Fe-Al equilibrium phase diagram [35], non-

stoichiometric intermetallic compounds of Fe-rich (Fe3Al, FeAl,) and Al-rich (FeAl2, Fe2Al5 and 

FeAl3) are formed in Fe-Al system. Although Fe-rich intermetallic compound is preferred as 

ductile phase, Al-rich intermetallic compounds resulting in the brittle joints, are mainly generated 

in dissimilar joints during welding. Because the presence of intermetallic compound in joints 

interface can lead to severe problem causing brittleness and low strength, it is necessary that the 

size and quantity of intermetallic should be properly controlled with lower heat input during 

welding [36-40]. 

Many research works in joining of aluminum alloy to steel have been attempted by cold metal 

transfer welding (CMT), advanced pulsed metal inert gas welding (Advanced Pulsed MIG), 

resistance spot welding (RSW), laser beam welding (LBM), ultrasonic spot welding (USW) and 
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friction stir welding [39,41-45]. The primary interest is not only how to control the thickness of 

intermetallic compounds but also to improve the mechanical properties of the joints. Since the 

transient thermal cycle and short diffusion time during welding processes may form different 

intermetallic compounds, an appropriate joining method has been required to join aluminum alloy 

to steel and to satisfy the strength of dissimilar joints. 

Friction stir welding (FSW) developed by The Welding Institute (TWI) in 1991 has become a 

prominent process for joining of aluminum alloy to steel. The solid-state joining method generates 

lower heat input as compared to the conventional fusion welding processes preventing 

solidification problems such as solidification crack and porosity. FSW provides very limited Fe-Al 

intermetallic compound because the diffusion of Fe and Al in solid phase is much more difficult 

than the liquid phase. The experimental studies have proven an understanding of the critical issue 

on joining of aluminum alloy to steel using friction stir butt welding. Watanabe et al. [45] 

investigated the effects of pin rotation speed, pin offset and pin diameter on tensile strength and 

microstructure of the dissimilar joints (AA5083 to SS400 mild steel). They obtained maximum 

tensile strength when pin offset at steel side. Intermetallic compounds of FeAl and FeAl3 was 

formed at an upper part of the joint interface, while no intermetallic compounds were observed at 

central and bottom regions of joint interface. Ramachandran et al. [46] indicated that intermetallic 

compounds of FeAl, FeAl2 and FeAl3 were observed at joint interface and also joint strength was 

significantly dependent upon the thickness of intermetallic compounds formed at the interface. The 

typical softening at thermo-mechanically affected zone (TMAZ) close to stir zone (SZ) occurred 

due to the reduction in dislocation density. However, they explained that as reinforcement, the 

fragments of steel and intermetallic compounds distributed in the stir zone of aluminum alloy side 

were contributed to high tensile strength. The effect of tool offset and geometry of tool pin profile 

on the mechanical and metallographic characteristics of dissimilar joints (Al5052 to HSLA steel) 

was reported by Ramachandran et al. [47]. Liu et al. [48] quantitatively studied the growth kinetics 

of interlayer by relationships between thickness and welding speed under process parameters on 
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rotational speed and tool offset. They indicated that the welding speed was related with interlayer 

thickness, whereas the variations in rotational speed and tool offset have an effect on the formation 

of the intermetallic compound of FeAl and Fe3Al. Movahedi et al. [49] examined the effect of 

travel and rotation speed on the formation of reaction layer of dissimilar joints (AA5083 to St-12 

steel) to improve the joint quality. They indicated that joint strength was enhanced by decreasing 

the travel speed and increasing the rotation speed. A thin intermetallic layer of less than 2 μm has 

no effect on joint strength resulting in fracture of base metal. Dehghani et al. [50] investigated the 

effect of plunge depth, tilt angle, pin geometry and travel speed at fixed rotation speed on 

microstructure and tensile strength. As a linear relationship, the thin intermetallic compound layer 

was formed by increasing travel speed resulting in low heat input. 

Tailor welded blanks (TWB), which is combining different thickness materials represents one 

of the most exciting areas as the lightweight structures in automobile joining applications. Laser 

beam welding has achieved a relatively significant predominance in the joining of steels [51]. On 

the other hand, the considerable potential for aluminum joining of TWB with difference thickness 

has been recently verified by friction stir welding [52]. However, the research work on friction stir 

welding for tailored welded blanks (TWB) of dissimilar materials with different thicknesses is still 

not available in the literature for joining of aluminum alloy to steel. 

Various aspects, such as such as joining process, joint geometry, sheet thickness, welding 

distortion and galvanic corrosion relevant to mechanical properties, have to be considered when 

dissimilar joints are designed for actual application on automotive components [53]. Therefore, the 

purpose of this study is to assess the applicability of friction stir welding and TIG assisted hybrid 

friction stir welding for tailored welded blanks of dissimilar materials with different thicknesses. 

Specifically, a process parameters, effect of TIG current, on mechanical properties and 

microstructure characterization has been investigated. The side upper of automotive component, 

where was combined in center floor module, has been manufactured by friction stir welding under 

optimal conditions obtained in this study. 



24 

 

2.2 Experimental Details 

 

2.2.1 Experimental Equipment 

 

In the present study, TIG assisted friction stir welding (HFSW) adopting tailored welded 

blanks with different thickness of dissimilar materials is carried out to join 2.5 mm thickness 

Al5052-H32 and 1.4 mm thickness DP590 high strength steel. WINXEN FSW gantry type system 

is coupled with DAIHEN Inverter ELECON 500P TIG welding equipment for hybrid welding 

experiment. Shielding gas was supplied through a GTAW torch located at 20 mm away from the 

front of FSW tool. The TIG assisted FSW hybrid welding was implemented, where the TIG arc is 

perpendicular to the surface of the specimen. Figure 2.1 shows the FSW equipment used in this 

study in (a) and the set-up for TIG assisted hybrid FSW. 

 

  
(a) FSW equipment and specification (b) Experimental setup for TIG assisted hybrid 

friction stir welding (HFSW) 
Figure 2.1 Configuration of FSW and HFSW for the experiment 
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2.2.2 Experimental Method 

 

(A) Experimental set-up 

A 2.5 mm thick Al5052 aluminum alloy and 1.4 mm thick DP590 high strength steel were 

joined in butt configuration by TIG-assisted FSW process (HFSW). Figure 2.2 shows the 

Schematics diagram of the experimental setup. Gantry type FSW machine and TIG power source 

were employed to perform joining. Table 2.1 shows the chemical composition and mechanical 

properties of the base metals. An 18 mm diameter shoulder with un-threaded taper cylindrical 

probe was used for the study. Showing Schematics of tool in Figure 2.3, and Table 2.2 shows the 

chemical composition and dimensions of the tool. The tool tilted an angle of 3° with the vertical 

axis along the welding direction. The TIG electrode was placed on steel surface in front the FSW 

tool at a distance of 5.0 mm away from the joint interface, and a standoff distance of 20 mm was 

maintained between the TIG electrode and FSW tool as shown in Fig. 2.2. Pure argon (99.99%) 

with a flow rate of 15 l/min was used as a shielding gas to protect the surface from oxidation. The 

pin was inserted into the aluminum alloy, and pin edge was offset towards steel side at a distance 

of 0.4 mm from the joint interface to reduce the tool wear. The temperature histories during joining 

were measured using K-type thermocouples embedded at 1.0 mm and 0.5 mm from top of the 

aluminum alloy and steel plates, respectively, and at a distance of 16 mm at both sides from the 

joint interface. Aluminum alloy plates were cleaned with acetone and edges were polished with 

emery papers before welding to remove the oxide layer. 

 Table 2.3 shows the processing conditions used in the study. These parameters were 

selected from preliminary trials. Similar range of welding conditions were also reported in 

conventional FSW process with an aim to achieve continuous bead along with maximum tensile 

strength would be more than 45% of the aluminum base metal [15].  
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Figure 2.2 Schematics of experimental setup 

 

 
Table 2.1 Chemical compositions and mechanical properties of base materials 

Chemical composition 
Material Mg Mn Zn Fe Si Cr Cu Ti Al 
Al5052 2.5 0.1 0.1 0.4 0.25 0.15 0.1 0.15 Bal. 
Material C Mn Si S P Cr+Mo Nb+Ti V Fe 
DP590 0.05 1.2 0.6 0.01 0.06 1.0 0.15 0.2 Bal. 

Mechanical properties 
Material Yield strength (MPa) Tensile strength (MPa) Elongation (%) 
Al5052 193 220 12 
DP590 459 635 24 

 

  



27 

 

 

 

 
Figure 2.3 Schematics of FSW tool 

 

Table 2.2 Chemical composition and dimensions of tool 

Chemical 
composition 

Shoulder diameter 
(mm) 

Pin length 
(mm) 

Pin diameter (mm) 
Root Tip 

WC-12% CO 18 1.4 6 4 
 

Table 2.3 Welding conditions used in the experiments 

Varied parameters 
Case No. Name set TIG welding current (A) 

1 FSW 0 
2 HFSW 20 A 20 
3 HFSW 30 A 30 
4 HFSW 40 A 40 

Fixed parameters 

FSW 
RPM Travel speed 

(mm/sec) 
Plunge depth 

(mm) 
Tool 

inclination (⁰) 
Offset 
(Al:St) 

400 1 0.8 3 9:1 

TIG 
Arc length 

(mm) 
Distance to 
tool (mm) 

Distance to 
interface (mm) 

Torch 
inclination (⁰) 

Shielding gas 
(%) 

2 20 5 60 Ar, 99.99 
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(B) Mechanical test and metallurgical analysis 

The bead profiles and corresponding dimensions were examined after polishing and etching 

with the Keller’s reagent. Based on ASTM E8 standard, tensile specimens were tested for each 

process condition to evaluate joint strength using a universal testing machine (Shimadzu: EHF-

EF200kN) at room temperature at a cross head speed of 1 mm/min [54]. Figure 2.4 shows the 

Schematics of tensile specimens which is oriented along perpendicular to welding direction. The 

Micro Vickers Hardness (Mitutoyo: AKASHI HM112) was measured along the transverse cross 

section of welded specimen with a load of 500 g with dwell time of 10 s. 

 

 
Figure 2.4 Schematics of tensile test specimen 

 

All joint samples for metallurgical observation were polished from SiC paper of 400 to 4000 

grit to diamond suspension of 9, 3 and 1 micron. After polishing samples for metallographic, the 

samples were etched in 5% Nital reagent (100 ml Ethanol+5 ml nitric acid) for 5 s and Tucker’s 

reagent (45 ml HCI+15 ml HNO3+15 ml HF+25 ml distilled water) for 10 s to observe the 

macrostructure through optical microscope (Olympus SZ61 and BX51M with I-solution imaging 

program). Hitachi S-4800 scanning electron microscope (SEM) combined with X-ray energy 

dispersive spectroscopy (EDS) was employed to characterize the joint interface and determine the 

composition of interfacial layer. In addition, the phase of intermetallic compound formed at joint 

interface was identified by X-ray diffractometer (MODEL) using monochromatic CuKa radiation. 
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2.3 Optimization of Welding Process 

 

2.3.1 Mechanical Evaluation 

 

The bead profile of the welded joints by friction stir welding (FSW) and TIG assisted hybrid 

friction welding (HFSW) under various TIG current as 20, 30, 40 A are shown in Fig. 2.5. When 

TIG current was increased from 0 A, which is same with conventional FSW process, to 40 A, the 

width of top bead was increased with wider burr by higher heat input. That could be attributed to 

the addition of preheating source which in turn increase the temperature and plastic flow of 

material during HFSW process. Figure 2.5 also shows the cross sectional and back bead profiles of 

FSW and HFSW welded joints. From the observation of the cross section, it is confirmed that FSW 

process could not join the dissimilar materials perfectly because of low level of heat input implying 

the lack of material plastic flow during welding. In contrast, HFSW process showed perfectly 

joined interface with no defects such as tunnel and crack. As shown in Fig. 2.5, furthermore, the 

reduction of effective thickness ranging from 2.00 mm to 1.81 mm occurred in the sequence as 

FSW, HFSW 20 A, HFSW 30 A, and HFSW 40 A welded joints was observed. It is due to the 

difference of the amount of heat input. The effective thickness of the weld by FSW was most thick 

among all condition, and that by HFSW 20 A showed slightly thinner thickness. However, in 

HFSW 30, and 40 A condition, significantly decreased effective thickness were observed. This 

means the increase of plasticization caused by higher friction heat generation attributes increased 

temperature by increase in TIG current. From the observation of effective thickness of dissimilar 

welded joints, it can be inferred that the weld from HFSW 30 and 40 A would have decreased 

strength by insufficient effective thickness. In all condition, additionally, the steel fragments with 

irregular shape spread to retreating side (Aluminum alloy side) by stirring action of pin. 
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Figure. 2.5 Bead profiles of FSW and HFSW welded joints 

 

  



31 

 

Table 2.4 and Figure 2.6 shows the comparison of tensile strength of the welded joints of 

FSW and HFSW with TIG current with 20, 30, 40 A. The average tensile strength of conventional 

FSW joints and HFSW joints are achieved as 163, 184, 161, and 128 MPa, respectively. The 

average tensile strength of FSW joints is approximately 163 MPa, whose joint efficiency as 

approximately 74 % of the Al base metal. The maximum tensile strength of HFSW 20 A processes, 

on the other hand, are obtained as 187 Mpa. When 20 A of TIG current is adopted, the maximum 

tensile strength reaches its joint efficiency to 85 % (Average joint efficiency: 84 %) as the 

preheating source increased plastic flow with higher heat input to the workpiece. However, the 

average tensile strength has significantly decreased with the increase of TIG current from 30 to 40 

A which have excessive heat input inducing thinning effect, as 158 (Joint efficiency: 71 %) and 

128 MPa (Joint efficiency: 58 %), respectively. 

 

Table 2.4 Average tensile strength of FSW and HFSW welded joints 

Welding Process Average tensile strength (MPa) 
FSW (Case 1) 163 

HFSW 20 A (Case 2) 184 
HFSW 30 A (Case 3) 158 
HFSW 40 A (Case 4) 128 

 

 
Fig. 2.6 Comparison of tensile strength of FSW and HFSW welded joints 
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Figure 2.7 shows the hardness distribution measured along the middle line of transverse cross 

section of conventional friction stir weld and TIG assisted hybrid friction stir weld, which showed 

the maximum tensile strength when TIG current adopts 20 A. The hardness of base metal Al5052 

and DP590 used in this work have ranges of 54-57 HV and 192-198 HV, respectively. The welded 

joints of HFSW can be divided into four distinct featured zones which are the nugget zone (NZ), 

thermo-mechanically affected zone (TMAZ), preheating affected zone (PAZ) and base metal zone 

(BM). For the hardness distribution of HFSW in Fig. 2.7, the minimum hardness value in the 

nugget zone of retreating side, which is Al side, was about 46 HV. This minimum value indicates 

lower than the value of the base metal. The W pattern in the nugget zone was observed due to 

scattered steel particle in the aluminum side. Furthermore, the decrement of hardness value by 

softening was observed at TMAZ as 5 mm away from joint interface. Similar to the welded joints 

of FSW, the decrement of hardness value by softening was observed at TMAZ as 2 mm away from 

joint interface. The softening area of HFSW was wider than that of FSW away from joint interface 

because of higher heat input. The hardness value of steel side is increased as the location is being 

close to the joint interface, due to its high hardenability. Compared to the conventional FSW 

process, the hardness values in HFSW process is increased earlier in preheating affected zone (PAZ) 

and is being higher than that of FSW process because the presence of preheating source in HFSW 

allow the steel to experience grain refinement and high hardenability. In the PAZ of the advancing 

side, especially, the hardness value is increased due to the microstructural; quenching effect after 

HFSW increase in the martensite and decrease the ferrite matrix. However, the average hardness 

value in the stir zone of the aluminum side, which is retreating side, was slightly lower than that of 

the aluminum base metal. The hardness in TMAZ of retreating side close to the stir zone (SZ) 

shows significantly decreased values. The decrease of hardness value in this area is due to the 

softening caused by reduction in dislocation density, metallurgical recovery and annealing effect 

from thermal cycle of FSW process. This phenomenon is also consistent with that of tensile test 

result indicating fracture of NZ close to the stir zone, which is lower tensile strength. 
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Figure 2.7 Comparison of hardness distribution between FSW and HFSW welded joints along 

the transverse line 
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Figure 2.8 shows the effect of preheating source on the axial force (FZ) during welding stage 

of FSW and HFSW under different TIG current of 0, 20, 30, and 40 A. Based on the time- axial 

force curve depicted in Fig. 2.8, the welding process can be divided into four stages with its 

distinct feature as plunging stage, dwelling stage, welding stage and pulling stage. Notably, the 

axial force curve is soared drastically in the plunging stage. After the plunging stage, dwelling 

stage shows decrease of axial force. Approximately same axial force values in the plunge and dwell 

stage are shown in the conventional FSW and HFSW, but the lower values of force are obtained in 

the welding stage as the TIG current increase. Higher heat input from increase of TIG current, 

which is able to increase the material shear strain rate between the plunged tool surface, especially 

for pin surface, and material, can reduce the axial force in welding stage. Hence, higher heat input 

attributes to enhance both plastic material flow and frictional heat generation. As shown in Fig. 2.8, 

positive correlation is conspicuous between the axial force and TIG current. 

 

 
 

(a) Axial force versus time curve (b) Average axial force 
Fig. 2.8 Comparison of axial force in FSW and HFSW welded joints 
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2.3.2 Metallurgical Evaluation 

 

Figure 2.9 shows the SEM macrographs of Fe-Al intermetallic compound (IMC) layer at 

different welding conditions of FSW and HFSW processes. Left side of the interface indicates steel, 

while right side is the aluminum alloy. The thickness of the IMC layer were measured at several 

location along the joint interface and average value was considered. In Figures 2.9 (a) which 

depicts the IMC layer formation in conventional process, the average value of IMC layer was 

measured as 2.02 (±0.2) μm. In Fig. 2.9 (b) to (d), measured IMC layer thickness in HFSW with 

TIG current 20, 30, and 40 A show the average values as 2.77, 3.18, and 3.94 (±0.5) μm, 

respectively. The increase of IMC layer can be attributed to the higher amount of heat generation at 

high TIG pre-heat source current. The morphology of the IMC layer was serrated type and oriented 

towards the aluminum alloy side that implied non-uniform diffusion between Fe and Al at the 

interface. Furthermore, EDS with line analysis is used to observe the composition of the IMC layer 

and to identify the variation of the chemical compositions of the available elements along the layer 

thickness. Figure 2.11 shows the concentration in weight percentage of Fe and Al elements along 

the IMC layer for HFSW weldments with TIG welding current of 40 A. Figure 2.10 shows the 

concentration of aluminum and steel is increasing and decreasing from the base metal to the joint 

interface, respectively. The concentration in weight percentage of aluminum and steel along the 

IMC layer is varied from 7 ~ 23% (67 ~ 92 at%) and 1 ~ 9% (23 ~ 3 at%), respectively. The 

variation of Fe and Al concentration in IMC layer indicates there is possibility to form various 

intermetallic compounds. Substituting the concentration of the Al and Fe elements of Figure 2.10 

into Fe-Al binary phase diagram, it is confirmed that the formation of Al-rich intermetallic 

compounds such as Fe2Al5 and FeAl3 would be formed easily. 
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(a) FSW (b) HFSW 20 A 

  
(c) HFSW 30 A (d) HFSW 40 A 

Figure 2.9 SEM-EDS analysis of IMC layer in FSW and HFSW welded joints 

 

  
(a) Concentration of Al in at % (b) Concentration of Fe in at % 

Figure 2.10 Concentration of Al and Fe in the measured line 
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2.4 Conclusion 

 

Fixing the welding conditions as travel speed as l mm/s, tool rotational speed as 400 RPM and 

varying TIG current from 0 to 40 A, dissimilar joining of different thicknesses with 2.5 mm thick 

Al5052 and 1.4 mm thick DP590 steel has been successfully achieved by TIG assisted Hybrid 

Friction Stir Welding (HFSW) in the present study. The results can be summarized as follow: 

 Compared to the welded joints of conventional FSW, the welded joints of HFSW which 

adopts 20 A of TIG current shows the perfectly welded joints and indicates the optimum 

welding condition with no internal or external defect. The highest average tensile strength 

is achieved as 184 MPa (Joint efficiency: 84 %), and this strength is 10 % increased value 

than the tensile strength of the joint of conventional FSW due to the increased material 

plastic flow by preheating source TIG. In both welded joints of FSW and HFSW 20 A, In 

addition, the localized decrement in hardness value at TMAZ of the aluminum side, 

which is retreating side, close to stir zone is observed due to the softening caused by 

reduction in dislocation density, metallurgical recovery and annealing effect during 

thermal cycle.  

 The effect of preheating source, TIG, also shows that the axial force to the tool is 

decreased as increased heat input prompts the material flow in the harder material (steel). 

 From the results of SEM-EDS analysis, the intermetallic compounds (IMC) layer 

thickness formed by FSW was approximately 2.04 μm, while that by HFSW were 2.77 

μm. The IMC layer thickness is increased as the rate of temperature variation is increased 

by the preheating source. Consequently, the elevated temperature by TIG, significantly 

affects the growth of IMC layer, and the thickness satisfied under 10 μm thickness 

standard for the application in the industrial field.  
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Chapter III.  

Prediction of Thermal and Mechanical Characteristics of 
Dissimilar Materials Joints by Hybrid Friction Stir Welding 

through Numerical Analysis 

 

3.1 Introduction 

 

The state of the art literature shows that aluminum alloy to steel joining is mainly restricted 

due to their considerable gap of melting temperatures and thermo-physical properties [8-10]. The 

lower solubility of Al in Fe induces the formation of intermetallic (IMC) which is brittle layer at 

the joint interface [12,13]. The presence of IMC layer is unavoidable in joining aluminum to steel, 

but the IMC layer thickness has to be optimized to achieve desirable joint strength and properties 

[13-15]. Preceding studies recommended the application of hybrid friction stir welding (HFSW) 

rather than the conventional friction stir welding (FSW) because of its higher plastic flow 

inducement during the welding process and the longer tool life in joining of harder and high 

melting point materials like steels [17-20] . In HFSW, an additional preheating heat source is 

applied to the harder workpiece materials prior to progress of the tool due to the fact that the 

workpiece at higher temperatures offers an environment to promote plastic flow and lower 

resistance which in turn enhances the tool life significantly [15,20,21]. Therefore, a TIG assisted 

FSW process is used in the present study for joining of aluminum alloy and steel [15]. 

 The purpose of the present study is to investigate the effect of process parameters on growth 

of IMC layer thickness in TIG assisted Hybrid FSW of aluminum alloy to steel joints. In the 

present work, numerical and experimental analysis are carried out on TIG-assisted HFSW of 2.5 

mm thick Al5052 aluminum alloy to 1.4 mm thick DP590 high strength steel plates. The different 
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process parameters to heat conduction analysis, growth of the IMC layer, and thermal elastic-

plastic analysis are studied. A three dimensional numerical heat transfer model is developed to 

estimate the temperature fields, temperature histories, residual stress, and plastic strain. Further, 

IMC layer thickness at the interface is estimated from numerically analyzed temperature histories 

and validated the same with the corresponding experimentally measured results. 

 

3.2 FE Model of Heat Source for TIG Assisted Hybrid FSW Process 

 

3.2.1 Characterization of Heat Source 

 

(A) Heat Generation of FSW 

The heat energy is generated by frictional heat and deformation at the interface between the 

tool shoulder and workpiece, and at the interface of tool pin and workpiece during friction stir 

welding process. For three-dimensional numerical modeling on heat generation in conventional 

friction stir welding (FSW), the total heat generation is simply expressed as follow: 

𝒬𝒬𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝒬𝒬𝑠𝑠ℎ𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 + 𝒬𝒬𝑝𝑝𝑝𝑝𝑛𝑛𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑡𝑡𝑠𝑠𝑜𝑜 + 𝒬𝒬𝑝𝑝𝑝𝑝𝑛𝑛𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝                    (3.1) 

At a steady state, one-dimensional heat flow through the interface of two metallic materials, 

the estimation for percentage of heat transferred to the workpiece (ηh) is as following 

𝜂𝜂ℎ =
��𝐾𝐾×𝜌𝜌×𝐶𝐶𝑝𝑝�𝑊𝑊𝑊𝑊

��𝐾𝐾×𝜌𝜌×𝐶𝐶𝑝𝑝�𝑇𝑇𝑊𝑊+��𝐾𝐾×𝜌𝜌×𝐶𝐶𝑝𝑝�𝑊𝑊𝑊𝑊

                                 (3.2) 

where the WO and TO refer to workpiece and tool material, respectively. The equation assumes 

an intimate contact between the tool and the workpiece, and a constant thermos-physical properties.  
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Figure 3.1 Schematics for vector of rotational speed and travel speed of tool shoulder 

 

When the extent of slip; sticking condition is δ = 1, no material stick to the tool and all heat 

is generated by friction. On the contrary, when sticking condition is δ = 0, which can be refer to 

total slip, all heat is generated by plastic deformation. The detailed characteristics of tool-

workpiece contact conditions and matrix velocity are shown in Table 3.1. The terms on extent of 

slip (δ) and coefficient of friction (µf) are estimated as below [55,56] 

𝛿𝛿 =  −0.026 + 0.5 × 𝑒𝑒𝑒𝑒𝑒𝑒 � 𝜔𝜔𝑜𝑜
1.87

�                                 (3.3) 

𝜇𝜇 =  0.51 × 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝛿𝛿𝛿𝛿𝛿𝛿)                                    (3.4) 

As shown in Fig. 3.1, the tangential speed (Vr) of the tool with regard to the workpiece 

between the tool shoulder and workpiece interface can be described as following, 

𝑉𝑉𝑜𝑜 = (𝛿𝛿𝛿𝛿 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)                                  (3.5) 

The local heat generation rate (q1) due to friction at shoulder-workpiece interface is shown as, 

𝑞𝑞1 = 𝛿𝛿 × 𝑉𝑉𝑜𝑜 × 𝜇𝜇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃 (𝑈𝑈𝑠𝑠𝑈𝑈𝑃𝑃𝑈𝑈𝑈𝑈𝑠𝑠 𝑣𝑣𝑒𝑒𝑠𝑠𝑣𝑣𝑣𝑣𝑈𝑈𝑣𝑣𝑣𝑣 × 𝑓𝑓𝛿𝛿𝑈𝑈𝑣𝑣𝑣𝑣𝑈𝑈𝑣𝑣𝑈𝑈𝑓𝑓𝑠𝑠 𝑓𝑓𝑣𝑣𝛿𝛿𝑣𝑣𝑒𝑒) 

= 𝛿𝛿 × (𝛿𝛿𝛿𝛿 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) × 𝜇𝜇𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃                                  (3.6) 
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The local heat generation rate (q2) from the shear deformation at shoulder-workpiece interface 

is expressed as following, 

𝑞𝑞2 = 𝜂𝜂𝑝𝑝 × (1− 𝛿𝛿) × (𝛿𝛿𝛿𝛿 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) × 𝜏𝜏𝑦𝑦𝑃𝑃𝑃𝑃                   (3.7) 

 

Table 3.1  Characteristics of contact condition related to tool and matrix velocity 

Contact condition Matrix velocity 
(m/sec) 

Tool velocity 
(m/sec) 

Shear stress 
(Pa) State variable 

Sticking νmatrix = νtool νtool = ωr τfriction > τyield δ = 1 

Sticking/sliding νmatrix < νtool νtool = ωr τfriction ≥ τyield 0 < 𝛿𝛿 < 1 

Sliding νmatrix = 0 νtool = ωr τfriction < 𝜏𝜏yield δ = 0 

 

Due to friction and plastic deformation between rotating tool and workpiece at the interface, 

these two components on equations 3.6 and 3.7 can be summing up, and the rate of heat generation 

per unit area along the tool shoulder and workpiece interface (𝒬𝒬s) is calculated as below, 

𝒬𝒬𝑠𝑠 =  𝜂𝜂ℎ
𝑞𝑞1+𝑞𝑞2
𝑜𝑜𝑑𝑑

=  𝜂𝜂ℎ�𝛿𝛿𝜇𝜇𝑠𝑠𝑃𝑃𝑁𝑁 + 𝜂𝜂𝑝𝑝(1− 𝛿𝛿)𝜏𝜏𝑦𝑦�(𝛿𝛿𝛿𝛿 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)                       (3.8) 

 

where ηh is heat partition efficiency, δ is extent of slip, µf is coefficient of friction, PN is axial 

pressure, ηm is mechanical efficiency, τy is the temperature dependent shear yield stress of the 

deforming material, ω is the rotational speed, r is the radial distance from the tool axis and U is 

the welding speed. 

As shown in Fig. 3.2, R(z) is linearly decreased from the top to bottom surface of the tool 

pin and can be expressed as following, 

   𝑅𝑅(𝑧𝑧) = 𝑅𝑅1 + (𝑅𝑅2 − 𝑅𝑅1) 𝑧𝑧
ℎ
                                                    (3.9) 
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Because of plastic deformation in workpiece by tool pin, the rate of heat generation around 

the workpiece region vertical to the taper pin is applied as volumetric heat intensity (𝒬𝒬ps), and is 

calculated as below [56], 

𝒬𝒬𝑝𝑝𝑠𝑠 = 𝜂𝜂ℎ�𝜂𝜂𝑝𝑝(1− 𝛿𝛿)𝜏𝜏𝑦𝑦 + 𝛿𝛿𝜇𝜇𝑠𝑠𝜎𝜎𝑦𝑦�{𝛿𝛿𝑅𝑅(𝑧𝑧)− 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈} �𝑑𝑑𝑖𝑖
𝑉𝑉𝑖𝑖
�                             (3.10)  

where ηh is the percentage of heat transferred to the workpiece. ηm is the mechanical efficiency, 

which is a material dependent parameter on complex function of strain, strain rate and temperature. 

The temperature dependent shear yield strength of workpiece (τy) was considered as σy/√3, 

where σy represented yield strength based on Von Mises yield criteria [55]. σy and R(z) are the 

temperature dependent yield strength of the deforming material and pin radius, respectively. Ai 

and Vi are the pin surface contact area and the volume of the presumed shear layer adjacent to the 

pin surface. 

The rate of frictional heat generation along the pin bottom surface is applied as volumetric 

heat intensity by multiplying the rate of heat generation per unit area along the tool shoulder and 

workpiece interface (𝒬𝒬s) with below [57,64], 

𝒬𝒬𝑝𝑝𝑝𝑝 = 𝜂𝜂ℎ�𝜂𝜂𝑝𝑝(1− 𝛿𝛿)𝜏𝜏𝑦𝑦 + 𝛿𝛿𝜇𝜇𝑠𝑠𝜎𝜎𝑦𝑦� × {𝛿𝛿𝛿𝛿 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈} × �𝑑𝑑𝑖𝑖
𝑉𝑉𝑖𝑖
�                            (3.11) 

 

 
Figure 3.2 Heat generation schematics of FSW tool pin 
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(B) Heat Generation of TIG 

In TIG assisted HFSW process, heat input form TIG electrode was considered as a surface 

heat flux as [55] 

𝑞𝑞𝑠𝑠2 = 𝑜𝑜𝑑𝑑𝑃𝑃𝑊𝑊
𝜋𝜋𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒2

exp�−d 𝑥𝑥2+𝑦𝑦2

𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒2
�            (3.12) 

where d was the energy distribution coefficient, η and PW referred to process efficiency and arc 

power, and reff represented effective radius of TIG arc on top surface of the workpiece. The values 

of d and η were considered as 1.3 and 0.5, respectively. A lumped heat transfer coefficient of 

h0(T − T0)0.25 was considered to represent the heat loss from bottom surface where h0=70 

W/𝑚𝑚2K, and a constant heat transfer coefficient of 20 W/𝑚𝑚2K was applied rest of the surfaces [57]. 

Table 3.2 shows the thermo-physical properties of base materials used in the calculation.  

 

 
Table 3.2 Thermo-physical properties of aluminum alloy and steel sheets 

Density, 
kg/m3 

DP590 8000 
AA5052 2696 

Solidus (TS) and Liquidus 
(TL) temperature, K 

DP590 1673 and 1728 K 
AA5052 880 and 925 K 

Specific heat, 
J/ kg K 

DP590 448.11+3.7×10-2T+1.61×10-4T2-6.86×10-8T3 
AA5052 929.0-0.627T+1.5×10-3T2+4×10-8T3 

Thermal conductivity, 
W/ m K 

DP590 3.79+3.85×10-2T-4.18×10-6T2-3.03×10-9T3 
AA5052 25.2+0.398T+7×10-6T2-3×10-7T3 

Yield Strength, 
MPa 

DP590 356.58-0.29T-3.98×10-5T2+5.55×10-8T3 
AA5052 13.52+263.25×[1+exp{(T-456.5)/29}]-1 
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3.2.2 Analysis Method 

 

(A) Heat Conduction Analysis 

The spatial and temporal temperature distribution follows the un-stationary heat conduction 

governing equation. The governing equation [57,58] is as following 

𝜌𝜌𝑣𝑣 𝜕𝜕T
𝜕𝜕𝑡𝑡

= λ( 𝜕𝜕
2𝑇𝑇

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑇𝑇

𝜕𝜕𝑦𝑦2
+ 𝜕𝜕2𝑇𝑇

𝜕𝜕𝑧𝑧2
) + �̇�𝒬                               (3.12) 

where Τ is the temperature (K), ρ is the density (g/m3), �̇�𝒬 is the heat generation per volume 

(W/m3), t is the time (sec), λ is the thermal conductivity of isotropic material (W/m·K) and c  

is the specific heat (J/kg∙K). 

To solve the un-stationary heat conduction equation mentioned above, four boundary 

conditions are applied as following 

1) When the temperature is determined on the boundary S1: 

𝑇𝑇 = 𝑇𝑇                                             (3.13) 

where 𝑇𝑇 is determined temperature. 

2) When the heat flux (q0) flows from the boundary S2: 

q = q𝜊𝜊                                             (3.14) 

3) When heat transfer is on the boundary S3 for convection: 

q = α𝑠𝑠(𝑇𝑇 − 𝑇𝑇𝑠𝑠)                                    (3.15) 

where α𝑠𝑠 is the convective heat transfer coefficient (W/m2∙K), 𝑇𝑇 is boundary temperature of the 

object (K), and 𝑇𝑇𝑠𝑠 is the outside temperature of the object (K). 



45 

 

4) When heat radiation is on the boundary S4: 

q = 𝜎𝜎𝜎𝜎(𝑇𝑇4 − 𝑇𝑇𝑜𝑜4)                                       (3.16) 

where 𝜎𝜎 is the Stefan Boltzmann constant, 𝜎𝜎 is a compensation coefficient and 𝑇𝑇r is the 

temperature of radiation source (K).  

This equation can be changed into the form of linear equation for the ease of processing as 

following 

q = 𝛼𝛼𝑜𝑜(𝑇𝑇 − 𝑇𝑇𝑜𝑜)                                        (3.17) 

𝛼𝛼𝑜𝑜 = 𝜎𝜎𝜎𝜎(𝑇𝑇 + 𝑇𝑇𝑜𝑜)(𝑇𝑇2 − 𝑇𝑇𝑜𝑜2)                                  (3.18) 

Heat flux, q (W/m2), in normal to the boundary is derived from the Fourier’s law as below: 

q = −λ𝜕𝜕𝑇𝑇
𝜕𝜕𝑛𝑛

                                          (3.19) 

Galerkin’s method is used to discretize the governing equation and corresponding boundary 

conditions. Internal temperature of the element 𝑇𝑇 is given as following 

𝑇𝑇(𝑒𝑒,𝑣𝑣, 𝑧𝑧, 𝑣𝑣) = [𝑁𝑁(𝑒𝑒,𝑣𝑣, 𝑧𝑧)]{∅(𝑣𝑣)}                             (3.20) 

where [𝑁𝑁] is a shape function matrix shown the relation between nodal temperature and internal 

temperature of the element. {∅} is the vector of the nodal temperature of the element at time (𝑣𝑣). 

If Galerkin method is applied into equation (3.13) by using [𝑁𝑁] as a weight function, the 

following equation (3.21) is obtained. 

∫ [𝑁𝑁]𝑇𝑇V𝑒𝑒 �λ �𝜕𝜕
2𝑇𝑇

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦2

+ 𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2

�+ �̇�𝒬 − 𝜌𝜌𝑣𝑣 𝜕𝜕T
𝜕𝜕𝑡𝑡
� dV = 0                  (3.21) 

where 𝑇𝑇 shows transformation of matrix and V𝑜𝑜 shows the domain of element. The second order 

term in partial differential equation (3.20) is alternated using Green-Gauss theorem as below, 
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 ∫ λV𝑒𝑒 [𝑁𝑁]𝑇𝑇 �𝜕𝜕
2𝑇𝑇

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦2

+ 𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2

�dV 

= −∫ λV𝑒𝑒 �𝜕𝜕[𝑁𝑁]𝑇𝑇

𝜕𝜕𝑥𝑥
𝜕𝜕𝑇𝑇
𝜕𝜕𝑥𝑥

+ 𝜕𝜕[𝑁𝑁]𝑇𝑇

𝜕𝜕𝑦𝑦
𝜕𝜕𝑇𝑇
𝜕𝜕𝑦𝑦

+ 𝜕𝜕[𝑁𝑁]𝑇𝑇

𝜕𝜕𝑧𝑧
𝜕𝜕𝑇𝑇
𝜕𝜕𝑧𝑧
�dV + ∫ λS𝑒𝑒 [𝑁𝑁]𝑇𝑇(𝜕𝜕𝑇𝑇

𝜕𝜕𝑛𝑛
)𝑃𝑃𝑈𝑈               (3.22) 

where S𝑜𝑜 is the boundary of element. 

Equations (3.20) and (3.13) are substituted in equation (3.22), the right side of equation (3.22) 

becomes as follows: 

−∫ λV𝑒𝑒 �𝜕𝜕[𝑁𝑁]𝑇𝑇

𝜕𝜕𝑥𝑥
𝜕𝜕[𝑁𝑁]
𝜕𝜕𝑥𝑥

+ 𝜕𝜕[𝑁𝑁]𝑇𝑇

𝜕𝜕𝑦𝑦
𝜕𝜕[𝑁𝑁]
𝜕𝜕𝑦𝑦

+ 𝜕𝜕[𝑁𝑁]𝑇𝑇

𝜕𝜕𝑧𝑧
𝜕𝜕[𝑁𝑁]
𝜕𝜕𝑧𝑧
�dV · {∅(𝑣𝑣)} − ∫ 𝑞𝑞S𝑒𝑒 [𝑁𝑁]𝑇𝑇𝑃𝑃𝑈𝑈            (3.23)                                                                                          

Using equation (3.22), equation (3.20) becomes finally as follows:  

 −∫ λV𝑒𝑒 �𝜕𝜕[𝑁𝑁]𝑇𝑇

𝜕𝜕𝑥𝑥
𝜕𝜕[𝑁𝑁]
𝜕𝜕𝑥𝑥

+ 𝜕𝜕[𝑁𝑁]𝑇𝑇

𝜕𝜕𝑦𝑦
𝜕𝜕[𝑁𝑁]
𝜕𝜕𝑦𝑦

+ 𝜕𝜕[𝑁𝑁]𝑇𝑇

𝜕𝜕𝑧𝑧
𝜕𝜕[𝑁𝑁]
𝜕𝜕𝑧𝑧
�dV · {∅(𝑣𝑣)} –∫ 𝑞𝑞S𝑒𝑒 [𝑁𝑁]𝑇𝑇𝑃𝑃𝑈𝑈 + ∫ �̇�𝒬V𝑒𝑒 [𝑁𝑁]𝑇𝑇𝑃𝑃𝑉𝑉 

−∫ 𝜌𝜌𝑣𝑣V𝑒𝑒 [𝑁𝑁]𝑇𝑇[𝑁𝑁]𝑃𝑃𝑉𝑉 · 𝜕𝜕{∅(𝑡𝑡)}
∂𝑡𝑡

= 0                    (3.24) 

Simplifying above equation (3.12), transient heat conduction problem can be expressed in finite 

element expression for an element as 

[ ]{ } [ ] { }f
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+
φφ                                                          (3.25) 

where [ ]k , [ ]c  and { }f  show the heat conductivity matrix of an element, the heat capacity matrix 

of an element and the heat flow vector of an element, respectively. They are expressed as follows: 
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Boundary conditions at the boundary 
2S  to 

4S  [equation (3.14), (3.15) and (3.16)] are 

substituted in second term of equation (3.28). 

When the heat flux, oq , flows from the boundary 2S : the equation (3.14),       

[ ] [ ] dSNqdSNq T

S o
T

S ee ∫∫ =
22

              (3.29) 

In the case of adiabatic boundary condition, oq  becomes zero (0). 

When heat transfer is on the boundary 3S  for convection: equation (3.15),   

[ ] [ ] dSNTTdSNq T
cS c

T

S ee
)(

33

−= ∫∫ α              (3.30) 

If T in the equation (3.30) is substituted by the equation (3.8), the equation (3.30) comes, 

[ ] [ ] [ ] { } [ ] dSNTtdSNNdSNq T
cS cS

T
c

T

S eee ∫∫∫ −⋅=
333

)( αφα            (3.31) 

When heat radiation is on the boundary 4S : equation (3.6),        

[ ] [ ] dSNTTdSNq T
rS r

T

S ee
)(

44

−= ∫∫ α             (3.32) 

If T in the equation (3.32) is substituted by the equation (3.8), the equation (3.32) forms below, 

[ ] [ ] [ ] { } [ ] dSNTtdSNNdSNq T
rS rS

T
r

T

S eee ∫∫∫ −⋅=
444

)( αφα          (3.32) 

From the above conditions, general boundary condition eliminated first boundary condition when 

the temperature is determined on the boundary 1S which can be applied to solve the transient heat 

conduction problem. 
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Equation (3.26) and (3.28) are modified using equation (3.29), (3.31) and (3.32) as below, 
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{ } [ ] [ ] dSNqdVNQf T

S

T

V ee ∫∫ −=
2

0
 [ ] [ ] dSNTdSNT T

rS r
T

cS c ee ∫∫ ++
43

αα          (3.34) 

Therefore, finite element formula of an element can be derived as a form of matrix equation 

including boundary conditions by using equation (3.27), (3.33) and (3.34). 

Finite element formula for the whole object analysed is constructed with assembled each 

matrix of elements and it can be expressed as following, 

                                                         (3.35) 

where [ ]Φ , [ ]K , [ ]C  and { }F  show the nodal temperature vector, the heat conductivity matrix, 

the heat capacity matrix and the heat flow vector, respectively. They are given as below, 

,   ,    ,            (3.36) 

 

In this study, the numerical analysis for investigating the characteristics of thermal 

distribution of dissimilar welded joints (SPFC 590 DP/AA5052) by FSW and HFSW was 

proceeded based on the equation (3.35). 
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(B) Thermal Elastic-plastic Analysis 

The increment of strain in the element is given by differentiation of the internal displacements 

as below, 

}]{[}{ dwBd =ε               (3.37) 

The increment of stress in element is obtained by using a matrix [D], the elasticity matrix [De] 

or the plasticity matrix [Dp]. 

}]{[ εσ dDd =               (3.38) 

If the increment of initial strain {dε0} exists, stress increment is described as following, 

}]{[}{ 0εεσ ddDd −=              (3.39) 

where the initial strains are function of temperature such as thermal strains and has a relation as 

following, 

dTdd T }{}{}{ 0 αεε ==              (3.40) 

Using equation (3.40), the increment of stress, equation (3.39), can be revised as following, 

dTCdDd ][}]{[}{ −= εσ              (3.41)  

Through the relationship between the nodal displacement which is {dw} and the increment of 

the nodal force which is {dF}, following equation (3.42) is obtained by applying the principle of 

virtual work. 

 }{}]{[ dLdWK −=           (3.42) 

where, ∫= dVdDBK T }]{[][][ ε  is the stiffness matrix          (3.43) 

∫ ∫−= dTdVCBdVdDBdF TT ][][}]{[][}{ ε
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∫= dTdVCBdL T ][][}{  is the nodal force due to initial strain                    (3.44) 

The equilibrium of the whole object satisfying the additional equilibrium condition at each 

step of temperature increments can be constituted with individual equilibrium equation at 

individual nodes as below, 

∑ ∑ ∑−= }{}]{[}{ dLdWKdF             (3.45) 

When there is no external force acting at each node, equation (3.45) can be written in the 

simple form as following [1], 

∑ ∑= }]{[}{ dwKdL                                                            (3.46) 
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(C) Estimation of IMC Layer Thickness 

Estimation for growth of the IMC layer considers parabolic law of diffusion in a cumulative 

manner throughout the interface temperature history [32,59]. The IMC layer thickness can be 

calculated based on the layer growth following the parabolic law of diffusion and its proportional 

characteristics of the square root of diffusion time as [33,59] 

)t
RT

*qexp(kktX 0 −==                       (3.47) 

where X represents the IMC layer growth; k0 is a exponential factor and q* is the activation energy 

for the IMC layer growth. T is temperature and t is corresponding diffusion time, respectively.  

Figure 3.3 depicts a typical transient temperature history at the joint interface that is utilized 

to exhibit the estimation of IMC layer thickness.  

 

 

 
Figure 3.3 Prediction of the IMC layer thickness using temperature history at the joint interface 
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The growth of the IMC layer because of the time change from t0 to t1 and corresponding 

temperature change from T0 to T1 can be estimated as 

{ } ( )01
10

0
2
1 tt

2)T(TR
*qexpkX −








+

−=            (3.48) 

where X1 was the estimated IMC layer thickness after time t1. Likewise, the layer thickness X2 

after time t2 is able to be estimated as  
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−+=              (3.49) 

or, 
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−+=           (3.50) 

Thus, an overall function of estimation for the layer thickness with temperature history can be 

noted as, 

{ } )t(t 
2)T(TR

*q expkXX n1n
n1n

0
2
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+

−+= +
+

+           (3.51) 

where Xn+1 and Xn depicts the IMC layer thicknesses corresponding to temperature of interface as 

Tn+1 and Tn with time of tn+1 and tn. The values of k0, q* and R are considered as 1.32×102 m2 s-1, 

250 kJ mol-1 and 8.31 J mol-1 K-1, respectively [59]. 
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3.2.3 Numerical Model and Welding Condition 

 

The shape and principal dimensions (600 mm (L) x 500 mm (W) x 2.5 mm (t of the aluminum 

alloy) and 1.4 mm (t of the steel)) of the models has been taken same as the experiment. The 

dimension of finite element model is shown in Figure 3.4, and applied welding conditions are 

shown in Table 3.3. 

Numerical analysis is carried out on the butt welding of dissimilar materials as shown in Fig. 

3.4. Assuming the heat flow is in unsteady state, 3 dimensional heat transfer model is adopted to 

conduct heat conduction and thermal elastic-plastic analysis for the dissimilar welded joints. 

767550 numbers of nodes is adopted in the model, and the model is meshed into fine mesh from 

the interface to 20 mm away in both aluminum and steel side, but the other parts were applied as 

rough sized. The results are investigated and thermal and mechanical characteristics of dissimilar 

FSW and TIG assisted HFSW welded joints are demonstrated. From the result of heat conduction 

analysis, temperature history of the joint interface was measured to estimate the Fe-Al intermetallic 

compound (IMC ) layer thickness 

Table 3.3 shows the welding conditions used in the study. The parameters were selected from 

preliminary trials. Similar rang of parameters were also reported in conventional FSW process 

which achieved continuous bead with maximum tensile strength more than 45% of the aluminum 

base metal [15]. 
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Figure 3.4 Configuration of numerical model for FSW and HFSW welded joints 

 

Table 3.3 Welding conditions for dissimilar materials (Al502 to DP590) 
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3.3 Thermal Characteristics 

 

3.3.1 Temperature Distribution 

 

Temperature distribution of dissimilar materials (Al5052-DP590) welded joints by friction stir 

welding (FSW) and TIG assisted hybrid friction stir welding (HFSW) is measured and compared to 

investigate the characteristics of heat conduction in the dissimilar materials welded joints. Figure 

3.5 shows the numerically analyzed temperature distribution in FSW and HFSW of Al5052 

aluminum alloy to DP590 steel sheets for different process conditions. Fig. 3.5 (a) shows a 

temperature distribution of FSW, and Fig. 3.5 (b) to Fig. 3.5 (d) plot the temperature distribution in 

HFSW with TIG current as 20, 30, and 40 A, respectively. In the process of HFSW, which is shown 

in Fig. 3.5 (b) to (d), the front and rear contour of temperature above 600 K indicates temperature 

distribution due to TIG preheat source and FSW tool. In Fig. 3.5 (a), the maximum temperature 

appears in the steel side as 754.64 K and wider temperature distribution is observed in the 

aluminum alloy side. From Fig 3.5 (b) to Fig. 3.5 (d), the maximum temperature appears in the 

steel side as 786.6 K, 813.37 K, and 842.42 K, respectively. The wider temperature distribution in 

the aluminum side than in the steel side is because higher thermal conductivity of the aluminum 

alloy allows to the heat to be conducted faster in the aluminum alloy. Plus, the generation of 

maximum temperature in the steel side can be attributed to the difference of thermo-physical 

properties between the aluminum alloy and the steel, such as higher coefficient of friction of the 

steel than that of the aluminum alloy. Figure 3.5 depicts temperature distribution in the aluminum 

alloy surface is below the aluminum liquids temperature, while steel surface experiences maximum 

temperature below the liquidus temperature of steel (1773 K). It can presume that pre-heating of 

steel surface below its melting temperature by TIG arc softens the harder material and improves the 

plastic flow of the material. 
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(a) FSW (b) HFSW 20 A 

  
(c) HFSW 30 A (d) HFSW 40 A 

Figure 3.5 Temperature distribution in FSW and HFSW welded joints with welding current of 20, 

30, and 40 A 
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Figure 3.6 shows sectional view of temperature distribution in aluminum alloy side along the 

joint interface. It can be seen that the widths of temperature region are maximum at the top surface 

and reduce towards the thickness direction that can be attributed to the higher amount of heat 

generation due to friction at the tool shoulder to workpiece interface than pin to workpiece 

interface. Additionally, the maximum temperature contour in aluminum side is 0.7 – 0.8 times (700 

– 800 K) of aluminum liquidus temperature (925 K), which can be considered as a stir region. 

 

  
(a) FSW (b) HFSW 20 A 

  
(c) HFSW 30 A (d) HFSW 40 A 

Figure 3.6 Sectional view of temperature distribution in Al side along the joint interface 
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Figure 3.7 shows a comparison of the longitudinal temperature distribution of the interface 1.2 

mm above from the bottom surface and between the location which is vertical to the TIG center 

and which is also vertical to the pin center with the condition of conventional FSW and HFSW 

with TIG current 20, 30, 40 A. Fig. 3.7 (a) depicts the location of measured the longitudinal 

temperature distribution estimated by numerical analysis, and Fig. 3.7 (b) shows the longitudinal 

temperature distribution profile in the interface by FSW and HFSW process, respectively. The 

maximum temperature of conventional FSW process is observed as 686.48 K, and the maximum 

temperature of the HFSW process is observed as 706.32, 720.77, and 734.71 K when the TIG 

current was applied as 20, 30, and 40 A respectively. The locations of the maximum temperature 

appeared are near the pin-workpiece interface in all conditions because there is the highest rate of 

heat generation from the plastic deformation through pin-workpiece interface and the friction and 

plastic deformation through tool shoulder-workpiece interface . The preheating source, TIG, also 

induces the FSW tool to rotate in the environment of temperature increased material which leads 

increased plastic flow in 519.02, 559.78, and 607.40 K when the TIG current was 20, 30, and 40 A, 

respectively. 
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(a) Schematics of longitudinal temperature distribution measurement 

 
(b) Longitudinal temperature profile of the interface 

Figure 3.7 Longitudinal temperature distribution of the interface from the tool center to TIG in 

FSW and HFSW welded joints 
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Figure 3.9 shows the numerically analyzed temperature variations along the transverse 

direction to the weld line which is measured 0.9 mm above from the bottom surface in Figure 3.8, 

during welding. The maximum temperature appears as 754.60, 1153.2, 1492.2, and 1648.7 K in the 

condition of conventional FSW, HFSW with TIG current 20, 30, and 40 A, respectively. The peak 

temperature in FSW is observed in the steel side, especially in the region attached or close to the 

tool pin, and all HFSW process show their peak temperature in the center of arc from TIG, 

respectively. However, the peak temperature appeared by the tool in all condition is observed in the 

steel side, especially in the region near from to the tool pin as 754.60, 785.6, 811.23, and 841.92 K, 

respectively. Higher peak temperature occurred in the steel side than in the aluminum side due to 

the lower heat conductivity of the steel and the friction between the pin to DP590 inducing higher 

heat generation rate during the process, despite the location of the pin is biased into the aluminum 

side. Compared to the steel side, the aluminum alloy side achieved swift heat conduction at the 

same distance from the center of the model and it also shows higher cooling rate. Heat is conducted 

rapidly toward the aluminum alloy elements, and thus, temperature is raised throughout the 

aluminum alloy within a very short time compared to DP590 side. This is mainly because of higher 

value of heat conductivity of the aluminum alloy. 
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Figure 3.8 Schematics of location for the measurement of the temperature variation along the width 

direction 

  
(a) FSW (b) HFSW 20 A 

  
(c) HFSW 30 A (d) HFSW 40 A 

Figure 3.9 Temperature variation along the width direction in FSW and HFSW welded joints with 

time 
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Figure 3.11 shows a comparison between numerically analyzed the experimentally measured 

thermal histories the thermocouple monitoring locations shown in Figure 3.10 for different process 

conditions and at a constant moving speed of 1 mm/sec and rotational speed of 400 rpm. As shown 

in Fig. 3.10, the temperature history is measured at a depth of 0.9 mm from the bottom surface and 

16 mm away from the interface. Fig. 3.11 (a) and (b) show the temperature histories respectively in 

the aluminum and the steel side of FSW process (TIG current 0A). The numerical (drawn as blue 

dotted line) and measured values (drawn as red solid line) of peak temperatures are 512 and 515 K 

in aluminum side (Fig. 3.11 a), and 439 and 407 K in steel side (Fig. 3.11 b), respectively. Besides, 

Fig. 3.11 (c) and (d) show temperature histories in aluminum and steel side for HFSW with 

welding current of 20 A, and Fig. 3.11 (e), (f) and Fig. 3.11 (g), (h) show the same for TIG current 

of 30 and 40 A, respectively. The values of numerically analyzed (marked by dotted line) and 

measured (marked by solid line) peak temperatures are 552.5 and 551.5 K in Fig. 3.11 (c), 460 and 

457 K in Fig. 3.11 (d), 563.7 and 563.4 K in Fig. 3.11 (e) and 473.6 and 471 K in Fig. 3.11 (f), 

respectively. The existence of two crests in the temperature histories could be noted in Fig. 3.11 (d), 

(f), and (h). The first crest represents an increase in temperature at the thermocouple monitoring 

location due to the TIG preheat source, while second crest depicts change of temperature at the 

same location by the FSW tool.  
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A comparison of Fig. 3.11 (a), (c), (e), (g) and of (b), (d), (f), (h) shows the values of peak 

temperatures in both aluminum alloy and steel side are lower in conventional FSW process than 

that of the HFSW process. That can be attributed to an increase in heat generation per unit length 

of the joint by external TIG preheat heat source in HFSW process. Fig. 3.11 (c) and (e), (d) and (f), 

and (g) and (h) depict peak temperatures in both aluminum and steel side increase with rise in TIG 

welding current from 20 to 40 A in HFSW process, that can be attribute to the higher heat 

generation at high welding current. A fair agreement between the numerically computed and 

corresponding experimentally measured temperature history has been observed in Fig. 3.11. A fair 

agree between the numerical computations and the experimental result is confirmed, and the 

thermal histories of them represent a quick rise to the peak temperature followed by comparatively 

sluggish cooling that can be attributed to the faster rate of heat generation as the tool approaches 

and slower rate of cooling as the tool passes the checked location. 

 

 
Figure 3.10 Schematics of locations for the measurement of temperature history 
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(a) Temperature history of Al in FSW (b) Temperature history of steel in FSW 

  
(c) Temperature history of Al in HFSW 20A (d) Temperature history of steel in HFSW 20A 

  
(e) Temperature history of Al in HFSW 30A (f) Temperature history of steel in HFSW 30A 

  
(g) Temperature history of Al in HFSW 40A (h) Temperature history of steel in HFSW 40A 

Figure 3.11 Temperature history of FSW and HFSW process 
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3.3.2 Fe-Al Intermetallic Compound Layer Thickness 

 

The numerical results are used to estimate the temperature history at the joint interface. Figure 

3.12 shows the schematics of checked locations for estimating intermetallic compound (IMC) layer 

thickness, and following Figure 3.13 shows the numerical result of the temperature history at the 

interface of dissimilar Al5052-DP590 joints from conventional FSW and HFSW with TIG current 

as 20, 30, and 40 A, respectively. The IMC layer thickness is measured at 1.2 mm from the bottom 

surface of the interface along the thickness. Fig. 3.13 (a) shows the computed interface temperature 

history for conventional FSW, and Fig. 3. 13 (b) to (d) illustrate HFSW with TIG current of 20, 30, 

and 40 A, respectively. The maximum numerically analyzed peak temperature in each condition in 

the sequence mentioned above was 686.48, 706.32, 720.77, and 734.71 K, respectively. In Fig. 

3.13 (b) to (d), furthermore, a small bulge can be seen in the heating period of temperature history 

that can be attributed to the change of temperature due to preheated TIG source. The numerically 

computed temperature history of the joint interface in each condition which is shown in Fig. 3.13 

was used to estimate the thickness of IMC layer in the joint interface by substituting into the 

equation (3.51).  
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Figure 3.12 Schematics of location for the measurement of temperature history in the interface 

  
(a) FSW (b) HFSW 20 A 

  
(c) HFSW 30 A (d) HFSW 40 A 

Figure 3.13 Temperature history of the interface in FSW and HFSW welded joints 
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In Figure 3.14, the maximum temperature at the interface increases from 686.48 to 734.71 K 

with an increase in TIG current from 0 to 40 A. In another words, it can be inferred that there is the 

surge in heat generation per unit length of the welded joints at higher welding current. In Table 3.4, 

the estimated IMC layer thickness is illustrated. The formation of IMC layer thickness is estimated 

as 1.39 µm in conventional FSW process, 2.29, 3.72, and 5.44 µm in HFSW process with TIG 

current as 20, 30, and 40 A, respectively. As comparison of each condition, the value of estimated 

IMC thickness tended to be decreased as the material experiences less heat variation. The Fe-Al 

IMC layer, which is brittle and decreases the joint strength but is unavoidable to weld the 

dissimilar materials, remained within a range under 10 µm. 

 

 
Fig. 3.14 The maximum temperature at the interface in FSW and HFSW welded joints 

 

Table 3.4 Estimated IMC layer thickness at the interface 

Welding process Maximum temperature (K) Estimated IMC layer thickness (μm) 

FSW (Indices 1) 686.48 1.39 

HFSW 20 A (Indices 2) 706.32 2.29 

HFSW 30 A (Indices 3) 720.77 3.72 

HFSW 40 A (Indices 4) 734.71 5.44 
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Figure 3.15 shows the SEM macrographs of Fe-Al intermetallic compound layer at different 

welding conditions of FSW and HFSW processes. The steel is located at the left side, while the 

aluminum alloy is at the right side. The thickness of the IMC layers were measured at several 

locations along the joint interface and average value was considered. In Fig. 3.15 (a) showing the 

IMC layer formation in conventional process, the average value of IMC layer with standard 

deviation was 2.04 (±0.222) μm. In Fig. 3.15 (b) to (d), IMC layer thickness in HFSW with TIG 

current 20, 30, and 40 A depict the average values as 2.77 (±0.316), 3.18 (±0.5), and 3.94 (±0.518) 

μm, respectively. The increase of IMC layer can be attributed to the higher amount of heat 

generation at high TIG pre-heat source current. The morphology of the IMC layer was serrated 

type and oriented towards the aluminum alloy side that implied non-uniform diffusion between Fe 

and Al at the interface.  

 

  
(a) FSW (b) HFSW 20 A 

  
(c) HFSW 30 A (d) HFSW 40 A 

Figure 3.15 SEM images of IMC layer in FSW and HFSW process 
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Table 3.5 and Figure 3.16 show the comparison of numerically estimated and experimentally 

measured IMC layer thickness for different joining conditions. Data set index 1 presents the 

thickness of layer in conventional FSW, and indices 2 to 4 show layer thickness for HFSW process 

with TIG current of 20 to 40 A. Fig. 3.16 illustrates an increase in TIG current from 0 to 40 A 

increases numerically computed (marked by blue circle) IMC layer thickness from 1.4 to 5.4 µm, 

and corresponding experimentally measured (marked by red square) thickness varies from 2.04 

(±0.222) to 3.94 (±0.518) μm. The numerically analyzed IMC layer thickness at the joint interface 

are found to be reasonably fair in comparison to the corresponding measured results. Furthermore, 

formed IMC layer thickness in each condition satisfied under 10 μm thickness. [23,60] 

 

Table 3.5 Comparison of IMC layer thickness between numerical and experimental results 

Welding process 
IMC Layer Thickness (μm) 

Computed Measured 

FSW (Indices 1) 1.39 2.04 

HFSW 20 A (Indices 2) 2.29 2.77 

HFSW 30 A (Indices 3) 3.72 3.18 

HFSW 40 A (Indices 4) 5.44 3.94 
 

 
Figure 3.16 Comparison of IMC later thickness between experimental and numerical results 
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3.4 Mechanical Characteristics 

 

3.4.1 Residual Stress 

 

Figure 3.17 shows the transient stress generated in dissimilar materials FSW and HFSW 20 A 

welded joints perpendicular to the weld line. Fig. 3.17 (a) and (b) depict the longitudinal residual 

stress profile at 0 second which is the starting of the welding of FSW and HFSW, respectively. Fig. 

3.17 (c), (d) show the profiles at 9 second during welding, and Fig.3.17 (e), (f), and (g), (h) depict 

the profile of during cooling which is at 12 second, and after cooling which is at 1172 second, 

respectively. The longitudinal residual stress profiles (𝜎𝜎𝑍𝑍𝑍𝑍) is measured at the distance of 1.2 mm 

over bottom surface (y=1.2 mm) of the dissimilar materials welded joints. In Fig. 3.17 (a) to (d), 

when heat is input to the center of the model, compressive stress is generated immediately in both 

aluminum alloy and steel sides. Compared to FSW which shows maximum longitudinal stress as 

75 MPa in the steel side during welding, HFSW shows 18 % higher value of transient stress in the 

steel side as 89 MPa due to increased thermal load by preheating effect of TIG. In Fig. 3.17 (g) and 

(h), consequently, it is also observed that HFSW generates slightly higher longitudinal residual 

stress (𝜎𝜎𝑧𝑧𝑧𝑧) as 296.2 MPa than FSW which shows its residual stress as 273.7 MPa due to increased 

thermal load by TIG. 
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It has been previously observed that the longitudinal residual stress occurred in FSW of 

similar materials shows “M-Like” profile [61,62], and is lower relative to the yield strength of base 

metal [63,64]. However, the occurred stress profiles of the dissimilar welded joints toward 

perpendicular direction to the weld line in this study follows asymmetric ‘M-like’ shape in Fig. 

3.17 because of the different thermal expansion coefficients between the aluminum alloy and the 

steel which has the lower value than the aluminum has. During cooling of dissimilar materials 

welded joints, the aluminum side which has larger thermal expansion coefficient shrinks more than 

the steel does, and this acts as an internal constraint force on the steel. Additionally, the residual 

stress distribution by FSW process is recognized as a combination of two single-peaked profiles of 

tensile residual stress at the edges of the tool shoulder [65]. This is because the heat input during 

welding is assumed to be generated by the friction between the tool shoulder and the surface of 

workpiece, so the heat generation is no longer focused on a narrow weld line but applied on a 

broad region that is the same width of the shoulder diameter. The strongest temperature gradients 

are expected to be at the edges of the shoulder, and this area is characterized by the highest 

tangential speeds of the tool and the highest heat generation rate. In other words, the last region 

cooled down is the distance from the weld center to the edge of the shoulder. 
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(a) FSW 0 sec (b) HFSW 20 A 0 sec 

  
(c) FSW 9 Sec (d) HFSW 20 A 9 sec 

  
(e) FSW 12 Sec (f) HFSW 20 A 12 sec 

  
(g) FSW 1172 sec (h) HFSW 20 A 1172 sec 

Figure 3.17 Distribution of transient welding stress 𝜎𝜎𝑧𝑧𝑧𝑧 in FSW and HFSW welded joints 
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Figure 3.18 plots the distribution of equivalent residual stress of the dissimilar 

materials(Al5052/DP590) welded joints in FSW and HFSW process on the left side, and the 

residual stress profiles (𝜎𝜎𝑋𝑋𝑋𝑋, 𝜎𝜎𝑌𝑌𝑌𝑌, 𝜎𝜎𝑍𝑍𝑍𝑍, 𝜎𝜎𝐸𝐸𝐸𝐸) along the width direction at distance of 1.2 mm over 

bottom surface (y=1.2 mm) of the dissimilar materials welded joints in the right side, respectively. 

The residual stress distribution of aluminum alloy and steel were asymmetric. Noting the 

longitudinal residual stress (𝜎𝜎𝑧𝑧𝑧𝑧) is higher in the steel side of welded joints than in the aluminum 

alloy side, the maximum tensile residual stress level of DP590 side of FSW welded joints is about 

273.7 Mpa which is 60 % of the yield strength of the steel (459 MPa). Compared to the maximum 

longitudinal residual stress (𝜎𝜎𝑧𝑧𝑧𝑧) of the conventional FSW welded joints, residual stress (𝜎𝜎𝑧𝑧𝑧𝑧) 

formed by HFSW depicted in Fig. 3.18 (b), (c), and (d) show slightly higher value due to the 

higher heat input by the preheating source. In sequence, the maximum value of the longitudinal 

residual stress (𝜎𝜎𝑧𝑧𝑧𝑧) of HFSW 20, 30, and 40 A is shown as 296.2, 307.4, 321.0 MPa, respectively. 

In another words, HFSW 20, 30, 40 A process show 5, 7, 10 % higher residual stress (𝜎𝜎𝑧𝑧𝑧𝑧), 

respectively. Furthermore, residual stress around the weld line shows a sudden change due to the 

differences in the cooling rate and material properties of the aluminum alloy and the steel. 

Especially, thermal expansion coefficient of the aluminum alloy is larger than that of the steel, thus 

the aluminum leads larger shrinkage than the steel does during cooling. Therefore, the larger 

shrinkage of the aluminum side acts as a constraint force to the steel, and induces the generation of 

higher residual stress in the steel side. It can be also confirmed that the higher value of the residual 

stress (𝜎𝜎𝑧𝑧𝑧𝑧) around the weld line by HFSW than that by FSW is due to the higher heat input by 

preheating source TIG applied increased thermal load. For the total equivalent residual stress, 

preheating source increased the thermal load into the specimens, and thus the residual stress of the 

HFSW 20 A welded joints increased 2 % as 292 MPa than the conventional FSW (286 MPa). 

Moreover, the tensile residual stress level of the steel side of welded joints is escalated drastically 

than the tensile residual stress level in FSW welded joints because shrinkage of the aluminum alloy 

acted as constraint force more actively.  



74 

 

  
(a) FSW 

  
(c) HFSW 20 A 

  
(e) HFSW 30 A 

  
(g) HFSW 40 A 

Fig. 3.18 Distribution of welding residual stress in FSW and HFSW welded joints 
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3.4.2 Plastic Strain 

 

Figure 3.19 shows the distribution of plastic strain profiles along the width direction in FSW 

and HFSW welded joints after cooling down to the room temperature (300 K). The measured 

location for Fig. 3.19 is 1.2 mm over the bottom surface (y=1.2 mm) of dissimilar materials welded 

joints. Fig. 3.19 (a) shows the plastic strain of workpiece in the FSW process, and (b), (c), (d) 

illustrate the plastic strain of the workpiece in HFSW with TIG current as 20, 30, 40 A, 

respectively. It is found that the range of plastic strain is widely spread in the aluminum alloy side 

than in the steel side, and it may because of the wider area of heat input from the offset of the FSW 

tool. In terms of the FSW process, the maximum equivalent plastic strain is observed in the 

aluminum side as 0.090185 at 1 mm away from the interface due to the highest heat input. The 

maximum equivalent plastic strain in the welded joints over all conditions is following as 

𝜀𝜀𝑃𝑃𝐸𝐸𝐸𝐸(𝐻𝐻𝜎𝜎𝑈𝑈𝐻𝐻 40 𝑃𝑃)(= 0.157)  >  𝜀𝜀𝑃𝑃𝐸𝐸𝐸𝐸(𝐻𝐻𝜎𝜎𝑈𝑈𝐻𝐻 30 𝑃𝑃)(= 0.134) > 𝜀𝜀𝑃𝑃𝐸𝐸𝐸𝐸(𝐻𝐻𝜎𝜎𝑈𝑈𝐻𝐻 20 𝑃𝑃)(=

0.125) > 𝜀𝜀𝑃𝑃𝐸𝐸𝐸𝐸(𝜎𝜎𝑈𝑈𝐻𝐻)(= 0.090). The maximum plastic strain of HFSW 20 A is slightly higher as 

0.035 than that of FSW. It is confirmed that the maximum plastic strain was occurred in the 

aluminum alloy side, and the order is following the order of the applied thermal load from the 

maximum to the minimum amount. 
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(a) FSW (b) HFSW 20 A 

  

(c) HFSW 30 A (d) HFSW 40 A 

Fig. 3.19 Distribution of plastic strain in FSW and HFSW welded joints 
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3.5 Conclusion 

 

In present study, welding temperature field with temperature history, estimation of intermetallic 

compound (IMC) layer thickness, residual stress field, and plastic strain field in dissimilar 

materials welded joints of Al5052 (aluminum alloy) and DP590 (high-strength steel) has been 

investigated by numerical simulation and compared with experimental result. The numerical results 

show fair agreements with the experimental results. The results can be summarized as follow: 

 An asymmetric heat conduction phenomenon is observed in the dissimilar materials 

(Al5052-DP590) welded joints. The temperature gradient in steel plate was stiffer 

than that in aluminum alloy because the thermal conductivity of the aluminum was 

much higher than that of the steel. In other words, the temperature field of the 

aluminum shows wider region than that of the steel shows. 

 To validate the result of numerical analysis, comparison of the temperature history 

between numerical result and experimental result measured by thermocouple is 

carried out. As a result, the numerical result of the temperature history was fairly 

matched with experimentally measured temperature history. The result of the 

comparison indicates the adopted numerical model is proper to simulate the 

estimation of IMC layer thickness. 

 The estimated IMC layer thickness in each welding condition by using the 

temperature history of the joint interface was compared with experimentally measured 

and showed fair agreement. Compared to the IMC layer of FSW, HFSW 20 A process 

formed slightly thicker layer. The increase of IMC layer can be attributed to the 

higher amount of heat generation at high TIG pre-heat source current. The 

numerically analyzed IMC layer thickness at the joint interface are found to be 
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reasonably fair in comparison to the corresponding measured results. Moreover, the 

thickness IMC layer satisfied under 10 μm thickness. 

 The peak value of longitudinal stress (𝜎𝜎𝑧𝑧𝑧𝑧) was generated in the high strength steel 

side as 296.2 MPa in HFSW 20 A condition, which is 5 % higher than that in FSW 

(273.7 MPa). Moreover, the plastic strain of HFSW 20 A generated was 0.035 higher 

than that of FSW generated. 
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Chapter 4 

Summary 

 

In this paper, the thermal and mechanical characteristics of conventional Friction Stir Welding 

(FSW) and TIG assisted hybrid Friction Stir Welding (HFSW) on dissimilar materials (aluminum 

alloy and high strength steel) are studied through the numerical analysis and compared with 

experimental result to obtain reliability dissimilar materials welded joints. Feasibility to join 2.5 

mm thick aluminum alloy (Al5052) and 1.4 mm thick high strength steel (DP590) by conventional 

FSW process (FSW) and TIG-assisted HFSW process (HFSW) is studied through experimental 

and numerical analysis. In numerical simulation, both of welding systems were proceed with heat 

conduction analysis and elastic-plastic analysis. Moreover, the characteristics of mechanical and 

metallurgical of dissimilar materials welded joints obtained by conventional FSW and HFSW are 

investigated. 

Recently, joining light materials gets focus in automotive industry because weight reduction 

of vehicle with light materials can be a good solution to improve fuel efficiency for corresponding 

the reinforced emission gas regulations. However, adopting aluminum alloy and high strength steel 

which are lighter than conventional steels have been used in the industry is challenging when they 

are joined with conventional fusion welding process. Notably, not only their difference of chemical 

properties which leads forming brittle IMC layer but also their big gap of thermo-physical 

properties, such as coefficient of thermal expansion and thermal conductivity, are the main factors 

to overcome to join. Especially, the intermetallic compounds layer formation has to be below than 

10 μm thickness because a thick intermetallic compounds layer would cause the brittleness of the 

welded joints and be easier to experience crack initiation and propagation [23,60]. 

The problem mentioned above can be avoided by employing a solid-state welding such as 
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FSW, but lack of plastic flow and excessive tool wear lead significant limitations to this process. 

The HFSW can overcome the problems by adding an additional heat source in front of the FSW 

tool to pre-heat the material which has higher melting temperature resulting in improvement of 

plastic flow and in reduction of the plunging force to the tool during welding.  

In Chapter I, research background, objectives, and construction of the thesis are described. 

In Chapter II, experimental researches based on conventional friction stir welding and TIG 

assisted friction stir welding of 2.5 mm thick Al5052 aluminum alloy to 1.4 mm thick DP590 

advanced high-strength steel plates are carried out. TIG-assisted Hybrid Friction Stir Welding 

process for joining dissimilar materials is optimized with its increased joint strength. 

Comparing to the conventional FSW process, the HFSW process for dissimilar materials is 

optimized by varying TIG current. To investigate the effect of preheating source TIG, welding 

conditions were fixed as moving speed as 1 mm/sec, tool rotational speed as 400 RPM, tool offset 

as Al:St = 9:1, distance of tool to TIG 20 mm, and distance of TIG to interface 5 mm. Moreover, to 

investigate the mechanical characteristics of welded joints, evaluation of bead profiles, tensile test, 

Vickers hardness test were proceeded to compare the FSW and HFSW process. Compared to the 

FSW, which shows imperfect joint, HFSW showed perfect joint but significantly decreased 

effective thickness in HFSW 30 and 40 A by thinning effect. The maximum tensile strength was 

obtained in HFSW as 184 MPa (Joint efficiency: 84 %), which is 10 % increased value than that in 

FSW. Furthermore, IMC layer thickness is measured with SEM-EDS, and slightly increased IMC 

layer thickness in HFSW which is 0.7 μm thicker than that in FSW is observed as the heat input 

increased, and it is also confirmed that the layer thickness satisfied below 10 μm standard for 

application in the industrial fields. Consequently, the optimum conditions for sound joint strength 

in dissimilar butt welded joints of 2.5 mm Al5052 aluminum alloy and 1.4 mm DP590 high 

strength steel is TIG current of 20 A among 0, 20, 30, and 40 A. 
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In Chapter III, a comparative study in joining of dissimilar materials by FSW and HFSW 

processes is performed to realize the effect of different welding parameters on the thermal 

characteristics of the welded joints, growth of IMC layer thickness in the joint interface, and the 

mechanical characteristics of the joints. The result of numerical analysis was fairly matched with 

experimental results. The result of the comparison indicates the established numerical approach is 

proper to be applied in simulation of joining dissimilar materials through TIG-assisted HFSW 

process. 

As the sequence of the numerical analysis, a 3-dimensional heat transfer model is further 

developed to estimate the temperature distribution and temperature histories. An approach is 

proposed to predict the IMC layer thickness at the joint interface using numerically analyzed 

temperature histories, and is validated the same with experimentally measured results. Based on 

the results of the heat conduction analysis, measurement of temperature history of the joint 

interface and elastic-plastic analysis are proceeded for estimation of IMC layer thickness and 

investigation of residual stress and plastic strain of the dissimilar joints.  

The solution domain was constructed considering welding parameters to predict the 

temperature histories as well as IMC layer thickness in FSW and HSW weldments of aluminum 

alloy to steel sheets. As a result of heat conduction analysis, heat conduction in the aluminum alloy 

side is wider than in the steel side due to higher heat conductivity of the aluminum alloy than that 

of the steel. The numerically computed result of temperature histories in FSW and HFSW were 

compared with experimentally measured results, and a fair agreement is confirmed. Compared to 

the estimated IMC layer thickness of FSW, whose thickness as 1.4 μm, elevation of TIG current 

increases numerically computed IMC layer thickness as 2.3 µm in HFSW 20 A. From the 

comparison of the estimated IMC layer thickness and corresponding experimentally measured, it is 

confirmed that the numerical results are reasonably accurate in comparison to the corresponding 

measured results. The maximum of welding residual stress component 𝜎𝜎𝑧𝑧𝑧𝑧 , which is to the 

welding line direction generated in dissimilar materials hybrid welded joints is approximately 5 % 
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higher than that of conventional friction stir welded joints. However, the equivalent stress of 

dissimilar materials welded joints shows almost identical value as those of friction FSW process 

and HFSW process. The plastic strain, 𝜀𝜀𝑃𝑃𝐸𝐸𝐸𝐸, of dissimilar joints of HFSW shows slightly higher 

maximum value than that of FSW as a gap of 0.035. 

In this chapter, Chapter IV, knowledge obtained from each chapter is summarized. The 

reliability of TIG assisted hybrid friction welded joint is procured through the experimental study. 

Also, the possibility on the application of the approach to predict IMC layer thickness in the 

dissimilar materials (Al5052-DP590) joints by FSW and HFSW through numerical analysis has 

been established. The estimation of the Fe–Al IMC layer thickness along the joint interface is 

necessary to assess the joint strength in dissimilar light-weight materials welded joints, especially 

the joint of aluminum alloy to high-strength steel by solid state welding process. It is realized that 

the heat generation per unit length of the joint gives a significant effect on peak temperature and 

growth of IMC layer thickness. The methodology is expected to advance the development for 

quantitative model of the appropriate experimental setting in joining dissimilar materials 

(aluminum alloy to high strength steel). 
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