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This novel study investigates the heat-affected zone (HAZ) of 6082-T6 plates with Y 

grooves. The thermal history of various points was collected, and three points in the HAZ 

subzones were chosen based on the simulation of the weld, peak temperatures of which 

ranged from 345°C to 615°C. These subzones were subsequently simulated in the Gleeble 

furnace. Quasi-static tensile testing where digital image correlation (DIC) analysis was 

employed indicated the weakened HAZ with a variation in the mechanical properties across 

the area. Vicker’s hardness test was mapped across the Gleeble samples and the original 

joint where similarities were observed. Microstructural analysis was conducted utilizing 

optical (OM) and scanning electron microscopy (SEM), and chemical composition was 

obtained via an EDS detector.  

A correlation between the different methodologies was established. It was highlighted that 

the subzone closest to the weld fusion line exhibited partial hardness recovery owing to the 

reprecipitation of hardening phases. In contrast, in the other two subzones, the yield strengths 

deteriorated in correlation with their average grain size, which is in agreement with the Hall-

Petch equation. The Gleeble-simulated sample of the subzone farthest from the fusion line 

indicated the lowest ultimate tensile strength and highest elongation at break.  
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SYMBOLS AND ABBREVIATIONS  

 

Roman characters 

d    average grain diameter  [µm]   

I    welding current           [A]   

Q    heat input                [J/mm]   

U    welding voltage           [V]   

 

Greek characters 

ε strain   [%] 

κ     Hall-Petch coefficient  [MPa·µm¹/²]   

υ       welding travel speed  [mm/s]   

 

Dimensionless quantities 

α       aluminum matrix   

β       equilibrium Mg₂Si phase   

βʹ      semi-coherent metastable precipitate phase in 6082-T6   

βʺ      coherent metastable precipitate phase in 6082-T6   

η       thermal efficiency   

ηʹ      semi-coherent metastable phase in 7000 aluminum alloy series   

 

Subscripts 

dis     dislocation   

gb      grain boundary   



 
 

mat     matrix strengthening   

p       precipitation   

ss      solid solution   

y       yield   

 

Superscripts 

' prime  

" double prime 

 

Abbreviations 

AA       Artificial Aging   

AW      Aluminum Wrought   

BM       Base Material/Metal   

DC       Direct Current   

DIC      Digital Image Correlation   

EBW      Electron Beam Welding   

EDS Energy-Dispersive Spectrography 

EN       European Norm   

ER       Electrode Rod   

F        As Fabricated   

FSW      Friction Stir Welding   

FZ       Fusion Zone   

GP       Guinier–Preston   

GMAW     Gas Metal Arc Welding   



 
 

GTAW     Gas Tungsten Arc Welding   

H        Cold Worked   

HAZ      Heat-Affected Zone   

HI       Heat Input   

HV       Hardness Vicker’s   

LBW      Laser Beam Welding   

MAG      Metal Active Gas   

MIG      Metal Inert Gas   

MMAW     Manual Metal Arc Welding   

O        Annealed   

OM       Optical Microscopy   

P-GMAW   Pulsed Gas Metal Arc Welding   

PAW      Plasma Arc Welding   

PMZ      Partially Melted Zone   

PWHT     Post Weld Heat Treatment   

SAW      Submerged Arc Welding   

SEM      Scanning Electron Microscopy   

SMAW     Shielded Metal Arc Welding   

SSSS     Supersaturated Solid Solution   

T        Heat Treated   

TEM      Transmission Electron Microscopy   

TIG      Tungsten Inert Gas   

TZ       Transition Zone   

UHSS     Ultra High Strength Steel   



 
 

UTS      Ultimate Tensile Strength   

W        Solution Heat Treated and Naturally Age Hardened   

wt%      Weight Percent   

YS       Yield Strength  
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1  Introduction 

This chapter sets the background of the welding processes and provides an overview of the 

types of processes utilized in the industry, the importance of welding aluminum alloys 

specifically the 6000 series, and their most significant characteristics. The problems faced 

in welding this series of aluminum alloys and the reasons and characteristics from which 

these issues stem are briefly discussed and posed as the problem this research seeks to tackle. 

Furthermore, the questions that arise from the research problem, the accuracy, and 

applicability of the utilized simulation technology, Gleeble thermos-mechanical simulation, 

are posed and the objectives of this study are laid out. Lastly, the framework to which this 

study is limited is established and a comprehensive outline of what the work entails is 

presented. 

1.1  Background 

Welding is a critical process in the modern manufacturing industry used in various 

industries, including marine, aerospace, automotive, and construction. Its salience lies in the 

endurance it brings in withstanding mechanical and environmental stresses (corrosion). 

Welding is among the most prominent mechanical joining methods of metals alongside 

brazing, riveting, screwing/bolting, adhesion and soldering. This process is defined as the 

joining method for both metals and, in some cases, thermoplastics, which involves applying 

heat or pressure to two or more joining parts, allowing the solidification thereafter. This 

process is powered by various sources such as electricity, petrol, gas, chemicals, or in the 

more recent sources, laser, friction, ultrasound, and electron beam. (Mathers, 2002, pp. 6-9.) 

Welding processes consist of fusion welding, fusion and pressure welding, resistance 

welding, stud welding, and solid phase bonding. Fusion welding is a common method used 

by a wide range of industries categorized into various processes and applications such as 

tungsten inert gas arc welding (TIG), metal inert gas arc welding (MIG), manual metal arc 

welding (MMAW) electron beam welding (EBW), laser beam welding (LBW), etc. MIG 

welding is a technique in which a metal wire filler is fed and melted into the joint that can 

create high-quality joints, either manually or automatically.  (Khoshnaw, 2023, pp. 4-6.)  
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Welding is critical in creating high-strength and integral joints, specifically in the case of 

lightweight materials such as aluminum and its alloys. Aluminum and its alloys are deployed 

widely in structural applications. Steel is a metal widely known and used by engineers; 

however, aluminum holds advantages against steel. One advantage is the formation of 

aluminum oxide on the surface with a melting point of 2060°C that enhances the durability 

and corrosion resistance of the component to a great extent. The module of elasticity of 

aluminum is much lower than that of steel, corresponding to its lower stiffness. Additionally, 

the strength-to-weight ratio of aluminum and its alloys is favorable in applications where the 

light weight of the structure is without compromising the strength and performance.  

The 6000 series (Al-Si-Mg) is one of the most versatile series of aluminum alloys used in 

applications such as structures, marine, vehicles, and architecture due to its balance of 

medium strength and high corrosion resistance, formability, extrudability, suitable for tubing 

and pipes, extruded components, and rolled plates and sheets. Alloy 6082 is one of the most 

favorable among the series owing to its good formability, machinability, and the appropriate 

combination of corrosion resistance and medium strength.  

This heat-treatable series enables the enhancement of their mechanical properties through 

processes such as solution treatment and artificial or natural aging. T6 or T651 temper 

designation, also known as a delivery condition, is the set of tempering procedures the metal 

must undergo, namely stretching to relieve the residual stresses following a solution heat 

treatment, quenching, and artificial aging afterward. This delivery condition drastically 

improves the mechanical properties of the plate, such as its yield strength, tensile strength, 

and fatigue strength. However, welding deteriorates these properties, especially in some 

areas of the heat-affected zone (HAZ). (Mathers, 2002, pp. 1-44.) 

This study investigates each of these areas of the HAZ to achieve the alterations caused by 

welding to each of these subzones locally. This is done by extracting the thermal history of 

each subzone created with Gleeble simulation using the thermal cycles during and after the 

welding process, simulating the mechanical and microstructural properties, and 

subsequently, studying the correlation and differences between the simulations and the real-

world weld joint to understand the changes in detail. (Amraei & Afkhami & Javaheri & 

Larkiola & Skriko & Björk & Zhao, 2020, pp. 1-12.) This understanding is critical in the 

case of design considerations in the aerospace, marine, and construction industries to ensure 

the safety and endurance of the components  
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The current research forms a component of a larger initiative, the AluWeld project. This 

project, funded by Business Finland, encompasses research and development of the 

aluminum field which is interconnected with the industry.  

1.2  Research problem 

While the generic details and properties of 6082-T6 grade aluminum alloy such as 

hardness, tensile strength, and elongation at break as well as the microstructural features and 

different phases of the as-cast or heat-treated parts are available in various studies and public 

specifications, the details of the changes in this material after welding, especially the HAZ 

and its subzones are unknown to us. Welding this aluminum alloy grade poses challenges as 

each of these individual areas undergoes microstructural transformations due to the variety 

of thermal cycles, peak temperatures, and the differences in phase transformations, grain 

growth, and softening during the welding process. These transitions lead to changes in the 

mechanical properties of each subzone such as yield strength, tensile strength, hardness, 

toughness, or deformation capacity. This gap in knowledge of the HAZ of 6082-T6 grade 

can cause premature failure and jeopardize the safety and overall performance of the product. 

Understanding these local microstructural and mechanical properties allows us to predict 

potential failures and make well-versed decisions while designing structures where this 

grade is used for its desirable strength-to-ratio and corrosion resistance such as automotive, 

marine, and construction. 

1.3  Research questions 

Surrounding the research problem outlined in section 1.2, questions arise that should be 

addressed in order for the problem to be solved and the gap in understanding, filled. It is 

crucial to ask the right questions to solve the described problem comprehensively and 

accurately. The most salient questions are as follows. 

(1) What are the mechanical properties, including yield strength, ultimate tensile 

strength, % elongation at break, and hardness of these Gleeble-simulated local HAZ 

subzones?  
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(2) What are the microstructural characteristics in each subzone of the original joint and 

the Gleeble-simulated samples, and how similar are the grain shapes and sizes, grain 

boundaries, and present phases of the Gleeble-simulated local subzones of the HAZ 

to the corresponding subzones of the actual weld joint? 

(3) What is the relation between the microstructural characteristics and mechanical 

properties of each of these different local areas of the HAZ? 

(4) How accurately do the Gleeble simulation samples align with the original weld joint?  

Finding the answer to these questions helps us gain a deeper, more thorough 

understanding of the weld joint of the 6082-T6 alloy. 

1.4  Objectives  

The primary aim of this study is to examine the microstructure and mechanical properties of 

each subzone of the HAZ of 6082-T6 grade aluminum alloy simulated by a Gleeble furnace 

to gain a thorough understanding of the correlation and differences between the mechanical 

and microstructural properties in each subzone. This research aims to observe the grain 

boundary changes and grain size alterations of each of the Gleeble-simulated HAZ subzone 

samples of a welded 6082-T6 aluminum alloy base plate utilizing the measured thermal 

cycles. In addition, this investigation measures the yield strength, ultimate tensile strength, 

and % elongation at break of each subzone of the Gleeble-simulated sample and determines 

the hardness maps. Subsequently, to explore the discussed research question, this research 

examines the relationship between the extracted data from both mechanical and 

microstructural findings and determines the correlation between the mechanical property 

profiles, such as hardness maps and the stress-strain curves to the welded joint subzones. 

Furthermore, in an effort to examine the reliability of the Gleeble simulation, the findings of 

both mechanical and microstructural analyses are compared, the potential differences are 

characterized, and the reasons for the differences are analyzed. 
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1.5  Scope and limitations 

This study is structured to investigate gas metal arc welding of the aluminum alloy 6082 

grade with T6 delivery condition. The weld joint of this study contains a butt weld where 

two 6082-T6 plates were joined with 5356ER filler material. The specific methodology used 

in this study is the thermomechanical simulation of the thermal cycles of 3 critical subzones 

of the HAZ via the Gleeble machine of which the samples undergo quasi-static tensile testing 

and are analyzed through the Digital Image Correlation method (DIC), providing 

information about the mechanical properties such as yield strength, ultimate tensile strength, 

elongation at break. Vicker’s hardness test is also conducted to achieve hardness maps. 

Furthermore, the emphasized techniques for microstructural analyses in this research are 

optical microscopy (OM), scanning electron microscopy (SEM), and energy-dispersive X-

ray spectroscopy (EDS). 

This study focuses on gas metal arc welding (GMAW or MIG) as no other welding processes 

are examined. Similarly, the only aluminum alloy grade researched includes the 6082-T6 

grade from the 6000 series, and no other material or grade with other delivery conditions is 

assessed. The two 6082-T6 plates were joined by 5356ER filler material. However, the 

results are specific to the base plate and the simulated samples of different local areas of its 

HAZ, and the properties and state of the filler material are fully disregarded.  

The mechanical testing is limited to quasi-static tensile testing and Vicker’s hardness testing. 

Dynamic testing was not executed to keep the focus on the results of the aforementioned 

tests and secure high accuracy. Likewise, the material analyses in this study are exclusive to 

the microstructure and macrostructure, and the fractography of the joint is not embarked on. 

The microstructure analysis methods are OM, SEM, and EDS detection, and other methods, 

such as XRD, EBSD, or advanced 3D microscopy, are excluded from this work.  

Another delimitation of this research is the major focus on the thermal cycles of the 

designated subzones and the disregard of the mechanical loadings each of these subzones 

experiences; therefore, the Gleeble simulations solely include the thermal cycles. In addition, 

this study overlooks the residual stresses in the joint and their effects and solutions. Given 

the minimal understanding of the content of this topic, this study originally prioritizes 

understanding the mentioned properties of this material after the weld and does not 

concentrate on devising solutions. 
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1.6  Thesis outline 

This thesis utilizes a combination of research methodologies, including a thorough literature 

review, experimental and analytical techniques, organized into six main chapters. The first 

chapter (Introduction) introduces the background of the metal inert gas (MIG) welding 

process of 6000 series aluminum alloys, discusses the changes causing problems in the HAZ 

of these alloys after welding, and poses questions regarding the research problem and 

whether the simulation methodology employed in this work is reliable. It establishes the 

objectives as well as the structure to which this study is limited and the reason why the data 

achieved in this study is significant.  

The second chapter (Literature review) comprehensively embarks on the welding process of 

the 6000 series and other aluminum alloys, the properties of 6082-T6 alloy and what its 

delivery condition means, and the influence of welding on the mechanical and microstructure 

of the material, especially in the HAZ. The literature review not only encompasses the past 

work regarding this topic but also highlights the knowledge gap in the mechanical and 

microstructural analysis of the MIG welded 6082-T6 HAZ.  

The experimental setup and the data attainment methods are mapped out in the third chapter, 

elaborating on the sample preparation details, techniques, and equipment. This chapter also 

discusses the properties of the material in the initial phase, the parameters with which the 

samples were made and arranged, and both mechanical and microstructural specimen 

preparation procedures. In addition, the points in the HAZ subzones are established, and 

each point's extracted thermal history used for calibrating the Gleeble furnace is plotted in 

this chapter.  

The output of the hardness, microstructural, and tensile testing is presented, discussed, and 

analyzed in chapter four (Results and analysis). The hardness maps of each Gleeble-

simulated specimen and the original joint, microstructural images captured with a variety of 

techniques, and the tensile test results obtained by the DIC are explored and analyzed per 

previous similar literature. The tensile test results were analyzed quantitively and with image 

analysis, assisting with the extraction of engineering and true stress-strain plots. MATLAB 

processing was utilized to visualize the hardness mappings. The SEM images were analyzed 

qualitatively, and a literature review of the past research was adopted for verification. 
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Further analysis is discussed in chapter five, the discussion section, and the results from the 

tensile test, hardness mapping, and microstructural analysis are included and compared to 

gain a holistic understanding of the behavior of the HAZ of this metal. This chapter addresses 

the mechanisms and the contributing factors and characteristics of the metal causing the 

observed outcome and discusses the correspondence between the different experimental 

techniques, including the mechanical testing and the microstructural analysis results. 

Furthermore, this chapter incorporates the limitations and considerations regarding the 

attainment of results and how they may have influenced the results.  

Lastly, the sixth chapter (Conclusion) summarizes the entire study, consisting of the key 

findings of this research and a brief description of the driving factors of those results. The 

similarities and discrepancies of the results are studied, and the relations and 

correspondences are scrutinized.  
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2  Literature review 

The literature review chapter provides the theoretical context and previous scientific findings 

on the 6082-T6 grade aluminum alloy and its characteristics. It also covers this grade’s 

welding and HAZ, mechanical and microstructural properties discussed in the past literature, 

and the selected methodology for simulating the local HAZ subzones and other properties to 

achieve the desired in-depth knowledge. 

2.1  6000 Aluminum alloy series 

Aluminum is a metal used in various industries, namely aircraft and shipbuilding, which 

introduces both advantages and challenges. The significance of aluminum alloys lies in their 

excellent corrosion resistance, lower weight, and lower maintenance requirements as 

opposed to steel. In addition, their ductile nature and high toughness make them desirable in 

applications such as aerospace. (Mouritz, 2012, p. 173.) However, they are more prone to 

buckling due to their poorer mechanical properties, such as stiffness and strength, more so 

when fusion welded. The structural strength of the HAZ can face drastic non-linear 

reductions from 30-50% depending on the alloy series, its temper, and welding process 

parameters. Series such as 5000 and 6000 are weakened in the HAZ after fusion welding. 

(Hosseinabadi & Khedmati, 2021, p. 3.)  

The heat-treatability of the aluminum alloy is of great significance since the precipitation 

hardening followed by the solution heat treatment process introduces precipitates to the 

microstructure, heightening the mechanical properties and refining the microstructure. The 

yield strength of non-hardenable series can go below 300 MPa, whereas that of the heat- or 

age-hardenable series can range from 450 to 600 MPa. Among the series of heat-treatable 

(age-hardenable) alloys are 2000, 4000 in some cases, 6000, 7000, and 8000 in most cases. 

(Mouritz, 2012, pp. 176-177.) 

The 6000 series aluminum alloys contain silicon and magnesium as alloying elements that 

enhance their mechanical properties, corrosion resistance, age hardenability, and 

extrudability. The series includes 6005A, 6060, 6061, 6082, 6106, and 6262 as grades based 

on the present elements. The mechanical properties can be enhanced through the addition of 
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silicon as one of the major alloying elements, as well as magnesium. This series includes 

both elements that form magnesium silicide, rendering these alloys heat-treatable. (Vargel, 

2004, p. 67.)  

The weight percentage graph of these elements is illustrated in Figure 1, indicating high 

relative values of the percentages in grade 6082 aluminum alloys (Sanders & Marshall, 2023, 

p. 148).  

 

 

Figure 1. Silicon and magnesium content of extrudable grades of 6000 aluminum alloy 

series (Sanders & Marshall, 2023, p. 148). 

 

This figure indicates the vastness of grade 6082 chemical composition among the other 

alloys of the 6000 series. 

2.1.1  Grade 6082 aluminum alloy  

Grade 6082 aluminum alloy is one of the strongest among the 6000 series, generally 

considered as a medium-strength alloy, with outstanding corrosion resistance, and is 

commonly employed in structures such as trusses, ore skips, bridges, and cranes, which are 

high-stress applications, hence labelled a structural alloy. This specific alloy is also studied 
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in accordance with the AluWeld project objectives. It is an extrudable, formable, highly 

machinable material with a rough finish. It comes in a variety of shapes such as sheets, plates, 

various geometries of bars and tubes, etc. This grade exhibits medium to high mechanical 

properties with a yield strength (YS) of 260MPa, ultimate tensile strength (UTS) of 290 

MPa, 75 Vicker’s hardness, and 19% elongation at break. Furthermore, it possesses a high 

thermal conductivity at 170 W/m.K compared to the 316L stainless steel, by way of example, 

which measures at approximately 15 W/m.K. This alloy possesses a low melting point of 

555°C. (Smith Metal, 2020.) This grade is among the most lightweight high-strength grades 

with a density of 2.70 g/cc as opposed to other durable grades such as 7075 with 2.81 g/cc, 

7075 with 2.83 g/cc, and 2024 with 2.87 g/cc of density. Grade 6082 is usually compared to 

6061 and is nowadays replacing it. The components of the 6082-aluminum alloy grade are 

presented in Table 1. (apac, 2024.) 

 

Table 1. Empirical chemical composition of 6082 Al alloy (wt%) (apac, 2024). 

 Al Mg Si Fe Cr Cu Mn Ti Zn Other 

6082-T6 95.2 - 

98.3 

0.60 - 

1.2 

0.70 - 

1.3 

∼0.5 ∼0.25 ∼0.10 0.40 - 

1.0 

∼0.10 ∼0.20 ∼0.15 

 

The presence of manganese in the chemical composition of the alloy causes higher 

uniformity in the grain structure, which is higher in 6082 (0.4-1%) as opposed to a maximum 

of 0.15% in grade 6061 (matweb, 2024b). 

2.1.1  Delivery conditions  

The grade 6082 aluminum alloy is a weldable structural metal deployed in the marine 

industry, transport industry, and boilers, among a wide array of other applications. It contains 

the highest Mg and Si wt% and tensile strength as opposed to other grades of the 6000 series 

on average. (Vargel, 2004, pp. 67-68.) 

Delivery condition or temper designation is the set of treatments performed on the aluminum 

alloy product to achieve the desirable metallurgical properties. These treatments can be 

carried out during forging in the forms of hot or cold work or thereafter as age hardening or 
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annealing, which can be specified by a set of letters and numbers in the designation system. 

By way of example, the most basic designations include F (as fabricated, no thermal 

treatment or strain hardening), O (annealed), H (cold worked, digit indicates the amount of 

mechanical or thermal treatment the alloy has experienced), W (tempered or solution heat-

treated), and lastly T (heat treated, digit describing the type(s) of heat treatment(s)). 

(Mathers, 2002, pp. 38-39.) 

T6 is a common temper designation delivering a product with superior metallurgical 

properties as opposed to other common designations by artificially aging the product after 

solution treatment and quenching (Mouritz, 2012, pp. 177-178). The generic grade of 6082-

T4, where the solution heat-treated metal is naturally aged, possesses the UTS of 290 MPa, 

250 MPa of YS, and 10% of elongation at break. The Vicker’s hardness of this material is 

65. (matweb, 2024a.) 

Since this alloy series is heat-treatable through age hardening and forms precipitates during 

the hardening process to enhance its strength, the precipitation series includes various 

phases. The alloying elements (Mg and Si) are dissolved into the aluminum matrix as the 

alloy is heated to a certain temperature, forming a homogenous phase called the 

supersaturated solid solution (SSSS). Smaller clusters of these solutes begin to appear and 

spread across the matrix as the temperature is lowered. These clusters then evolve into other 

phases; namely GP Zone (sphere-shaped), βʺ (needle-shaped coherent metastable 

precipitates), βʹ (rod-shaped semi-coherent metastable precipitates), and finally β, an 

equilibrium intermetallic non-coherent phase of Mg2Si crystals, sequentially. βʺ appears 

during artificial aging (AA), which drastically increases the strength, whereas βʹ is formed 

when the aging is prolonged, which influences the strength less than βʺ, though is an 

important strengthening phase. (Hidalgo-Manrique & Cao & Shercliff & Hunt & Robson, 

2021, p. 1.) 

The precipitate sequence temperature range as each phase is precipitated in 6000 Al-Mg-Si 

alloys is shown in Figure 2 (Cheng & Song & Zhang & Liu & Liu, 2021, p. 5): 
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Figure 2. Precipitation sequence during heat treatment of a 6000 series aluminum alloy 

(Cheng et al., 2021, p. 5). 

These phases are metastable precipitates formed during AA that end in the β phase as the 

aging continues, a stable equilibrium phase. These precipitates limit the dislocation loops 

and restrict dislocation movements, thus improving the strength and hardness. (Hell & 

Holmedal & Bjørge & Marioara & Holmestad, 2023, p. 1.) The direction of the phase 

transformation after the welding process in various segments of the HAZ is discussed in the 

following section. 

A study on the influence of T6 heat treatment on 6082 aluminum alloy automotive flange 

parts provided insight into the phenomenon of metallographic structure morphology and the 

precipitate distribution trend before and after the most optimal heat treatment found by this 

research. This optimized process is reported to be heating the component to a solution 

temperature of 525 °C for 180 min and aging it at 185°C for 420 min. The study demonstrates 

OM images of T6 heat treatment in Figure 3 where, before the heat treatment, the 

microstructure consists of an α-Al matrix with submicron-sized precipitates dispersed in the 

intergranular area, identified as segregation, shown in Figures 3 (a-c). As Figures 3 (d-f) 

depict, the heat treatment causes refinement of the grains and a paramount reduction in the 

segregation phenomenon as the precipitates located in the grain boundaries dissolve during 

the solution heat treatment and are rather uniformly distributed across the grains and their 

boundaries during artificial aging. The uniform and discontinuous distribution promotes the 

mechanical properties of the metal as the movement of dislocations is more easily inhibited 

when deformed. Additionally, the spherical phases and small rod-shaped intermetallic 

phases observed in Figure 3 (f) provide a significant strengthening effect on the mechanical 

properties. Accordingly, after undergoing this tempering process the UTS of this squeeze-

casted metal increased by 169.8 MPa and the elongation decreased by 4.86%, showing an 

increase in hardness. (Jiang & Cui & Wang & Huang & Dong & Yan, 2024, pp. 1-13.) 
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Figure 3. 6082 aluminum alloy microstructure before (a-c) and after (d-f) T6 heat treatment 

(Jiang et al., 2024, p. 11). 

 

Another group of researchers also observed a correlation between the strength of 6082 

aluminum alloy and the intermetallic precipitates, confirming the sequence of formation of 

the GP zone followed by the metastable phases of βʺ and βʹ. Figure 4 (a) shows the SEM 

image of the alloy after it was cast without tempering. As evident in this figure, the gain 

sizes are larger with a combination of β-AlFeSi and α-AlFeMnSi intermetallic phases 

dispersed near the grain boundaries where coarse Mg2Si precipitates can be observed. After 

the heat treatment, the grain sizes reduce drastically, as presented in Figure 4 (b), and the 

intermetallic phases are distributed in parallel positions with the dislocations caused by 

deformations. (Mrówka & Sieniawski & Nowotnik 2009, pp.162-170.)   

 

 

Figure 4. Microstructure of an a) as-cast and b) hot-extruded 6082 aluminum alloy 

(Mrówka et al., 2009, p. 165). 
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Furthermore, they established the diminishing of similar mechanical properties, namely 

yield strength, after the experience of over-aging, similar to what the HAZ of a weld joint 

undergoes. 

2.1  Welding processes overview 

Welding is considered the backbone of the industry including energy, manufacturing, 

marine, construction, and automotive. It is a process where two or more components of 

similar or different materials join permanently via heat, pressure, or both As mentioned 

previously in the Background subchapter, a wide array of welding processes is used in the 

industry and categorized in various ways. One categorization is based on the process, 

including the major classifications of fusion welding as the most common method, fusion 

and pressure welding, resistance and flash welding, stud welding, and solid phase welding. 

Various fusion welding and solid-state welding processes, and occasionally laser welding, 

are among the most prevalent methods used in the industry to join aluminum alloy plates 

and components. Fusion welding is a method where melting and therefore coalition occurs 

due to heat caused by employing an electrical arc, gas, or laser beam where consumable or 

non-consumable electrodes are used. Solid-state welding is another method that fuses the 

parts without melting them using friction, resistance, ultrasonic, etc., and is mainly used for 

thinner plates and materials. Brazing and soldering are yet metallurgical joining processes 

that involve the application of filler material to overlapping configurations, employing an 

external heat source where a temporary shallow melting layer is formed on the surface during 

forging. Each of these major categories encompasses a wide variety of other methods with 

similar base principles. From the data summarized in Table 2, it could be seen that arc 

welding offers strength for larger-sized products, high reliability, ease of maintenance, and 

overall feasibility for industrial applications.as opposed to the other main welding and 

joining methods. (Kalpakjian & Schmid, 2023, pp. 828-830.) 
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Table 2. Comparison of welding and joining methods (Kalpakjian & Schmid, 2023, p. 830, 

modified). 
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ARC WELDING 1 2 3 1 3 1 2 2 2 

RESISTANCE WELDING 1 2 1 1 3 3 3 3 1 

BRAZING 1 1 1 1 3 1 3 2 3 

Note: 1 indicates excellent, 2 good, and 3 poor. 

 

The most commonplace arc welding processes include gas metal arc welding (GMAW), gas 

tungsten arc welding (GTAW), shielded metal arc welding (SMAW), submerged arc 

welding (SAW), plasma arc welding (PAW), etc, with major shared components being the 

consumable or non-consumable electrode, power source, connections, and workpiece  

(Phillips, 2023, p. 3).  

GMAW is a widely used welding process for both thick and thin materials where the heat 

source is supplied by an arc formed between an electrode and the workpiece, melting the 

continuously fed filler material and a part of the workpiece. The molten material and the 

weldment are shielded by a shielding gas which could be one or a combination of inert gases, 

called metal inert gas (MIG), or an active gas such as CO2, known as metal active gas 

(MAG). A simplified schematic of the GMAW process is illustrated in Figure 5.  

 

 

Figure 5. GMAW schematic (Baker Martha, 2011, p. 1). 
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The GMAW process holds advantages over the other welding processes, making it desirable 

for automated welding and high-production industrial applications. Some of the superiorities 

of this process include its feasibility to weld most ferrous and non-ferrous alloys and thin 

and thick metals, production of a banal amount of spatter as opposed to other methods, high 

controllability in different process parameters, deeper penetration levels, the viability of the 

filler material to be fed continuously without the need of changing wires which increases the 

efficiency, high deposition rate, the requirement of little to no post-weld cleaning due to little 

production of slag, the ability to weld in various positions, and little to no waste of the filler 

material. This method can produce smaller weld beads with higher speed. (Baker Martha, 

2011, pp. 1-2.) GMAW or TIG weld offers superior quality and is suitable for high-

production industries such as automotive and construction due to their capability to come in 

all forms of manual, semi-automated, and fully automated as well as various types of 

currents such as straight or pulsed.  

Welding of aluminum, however, causes some issues, deviating the weld joint from the ideal 

that is similar properties between the base material (BM) and the weld. Weld issues can 

concern the weldment such as porosity, hot or cold cracking, formation of an oxide layer, 

lack of fusion, as well as the base plate, including the loss of mechanical properties in HAZ 

and distortion. This difference between the properties of the HAZ and the base plate is caused 

by the conduction of heat to the base plate as the filler material is fused, inducing various 

heating and cooling cycles. (Mathers, 2002, p. 10.) Due to the heat-treatability and sensitivity 

to heat in 6082-T6 aluminum alloy, the HAZ of a weld joint is a critical area highly 

susceptible to failure. 

2.2  Aluminum alloy welding 

The conduction of heat during and after welding causes heat transfer to the BM, affecting 

the BM. The weld joint comprises three distinct areas of weldment, the HAZ of the base 

plate, and the unaffected zone of the base plate. Figure 6 exhibits the HAZ of a base plate of 

a heat-treatable metal, similar to what a 6000 series grade would experience.  
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Figure 6. HAZ of a heat-treatable alloy (Tony, 2010, p. 29, modified). 

 

Due to the thermal cycles experienced by the parent material including undergoing multiple 

heating and cooling cycles, the base plate, previously heat treated and aged based on its 

temper designation, loses its properties achieved by those operations and varies drastically 

from its prior state. The strength declines even though a full annealing process does not 

occur. Over aging is the cause of this loss of strength and with higher heat input comes a 

more drastic drop in the as-weld strength of the material. A paramount analogy of the 

strengthening phase dissolution of a welded joint made from a heat-treatable aged-peak 

aluminum alloy is represented in Figure 7. This analogy divides the HAZ into three different 

subzones with different qualities owing to the microstructural characteristics induced by 

various temperature gradients based on their distance from the fusion zone. Figure 7 from 

another review study suggests that the GP phase in HAZ1 is developed due to its vicinity to 

the fusion zone where the temperature exceeds the solvus line and a supersaturated solid 

solution (SSSS) is formed, cooled, and a coherent area with high strength is formed. HAZ2 

is the area with the poorest mechanical properties due to the coarsening of the precipitates 

as the peak temperature experienced by this segment is under the solvus line. Since the peak 

temperature is lower than approximately 480°C, non-coherent coarsened phases appear from 

the disappearance of the strengthening phases and over-aging occurs. As the distance grows 

from the HAZ2 towards the BM, the peak temperature reduces and semi-coherent phases in 

HAZ3 emerge where the deterioration of the mechanical properties occurs less. It is evident 

that the softening of the HAZ is inevitable regardless of the welding process parameters, 

though can partially be controlled by regulating the amount of heat input which is the focus 

of a large number of researchers. (Cheng et al., 2021, p. 6.) 
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Figure 7. Various zones of a fusion-welded heat-treatable aluminum alloy (Cheng et al., 

2021, p. 6). 

 

Table 3 indicates an approximate and generic overview of the difference between the tensile 

strengths of various grades of heat-treatable aluminum alloys in their normal and as-welded 

states. As shown in the table, the drastic changes after the welding of these alloys render the 

joint critical since the strength can be reduced to a level under the required strength of the 

application and cause premature failure. (Tony, 2010, p. 30.) 

 

Table 3. Generic tensile strengths of groove welds of heat-treatable aluminum alloys 

(Tony, 2010, p. 30). 

Base Alloy Grade and Temper Base Alloy Tensile Strength 

(MPa) 

As-Weld Tensile Strength 

(MPa) 

6063-T6 214 131 

6061-T6 310 186 

6061-T4 241 186 

2014-T6 483 234 

7005-T53 393 296 

2219-T81 455 241 

 

The mechanical properties of a fusion welded joint, similar to an additively manufactured 

part of an aluminum alloy are influenced by the solidification pattern which is closely related 

to the grain structure of the immediate metal, the temperature field, and the movement 

pattern of the weld pool, a study has shown. This study analyzed the correlation between the 
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3D temperature field and the microstructural transformations in the fusion zone (FZ) and the 

HAZ. The findings of this study indicate that the grain size in the HAZ of gas tungsten arc 

welding (GTAW) of a 1050 aluminum alloy which is virtually pure alloy starts with smaller 

sizes, increases with distance, and subsequently reduces again in both longitudinal and top 

plane regardless of the travel speed as demonstrated in Figure 8. This study is, however, 

limited to 1000 series alloys and overlooks the effect of precipitates and the loss of the 

hardened material properties. Furthermore, it was mentioned that the variety of thermal 

cycles caused by the variation of heat input (HI) through modifying the travel speed 

influences the mean grain size. Therefore, as the HI increases, the mean grain sizes grow. 

(Wei & Elmer & DebRoy, 2017, pp. 413-425.) 

 

 

Figure 8. Grain size distribution in the HAZ, 1 mm from the fusion line (Wei et al., 2017, 

p. 423). 

 

Another study established that MIG welding leads to a 52% reduction of YS and a 60% 

decrease in the rupture strength of both 6082-T6 and 6061-T6 aluminum alloys. As the 

results suggest in Figure 9, the micro hardness in the vicinity of the fusion zone is slightly 

higher than that of the weldment which, afterward, experiences a decline before rising again. 

This study also suggests that the hardness profile is lower in MIG welding than that of 

friction stir welding (FSW) even though the yield strength is generally higher in MIG 

welding of these two materials. (Arunakumara & Sagar & Gautam & George & Rajeesh, 

2023, pp. 293-301.) 
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Figure 9. Micro hardness of MIG welded 6082 and 6061 alloys (Arunakumara et al., 2023, 

p. 295). 

 

This study also highlighted that the rupture during the tensile test occurs outside of the FZ 

and in the HAZ as the hardness and yield strength are at their minimum state. The 

comparison in Figure 10 highlights the higher YS in MIG weld though higher elongation in 

the friction stir welding as the rupture takes place in the weldment rather than the HAZ. Both 

yield strength and the rupture strength of the MIG welded 6082-T6 alloy were reduced by 

approximately 35% compared to the BM.  

 

 

Figure 10. Stress-strain curve of MIG and FS welded 6082-T6 and 6061-T6 alloys 

(Arunakumara et al., 2023, p. 296). 
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Additionally, this study has separated the HAZ as indicated in Figure 11 and the unaffected 

zone of the BM based on the macroscopic distinction in the grain sizes of these regions. The 

microstructural analysis of this research is, however, limited to the highlighting of 100 µm 

micropores in the weldment and disregards the microstructure of the HAZ.  

 

 

Figure 11. Macrostructure of 6082-T6 aluminum alloy after MIG welding (Arunakumara et 

al., 2023, p. 299). 

 

Another research focused on the microstructure involving the precipitates and the 

mechanical behavior of TIG welded 6061-T6 aluminum alloy. The optical micrograph (OM) 

taken from the BM in Figure 12 depicts the two main phases; the α-al phase as supersaturated 

with Mg and Si as well as some precipitates at the grain boundaries. These precipitates are 

formed and dissolved into the matrix during the heat treatment and the rapid cooling under 

industrial conditions. The peak hardening occurs when the micro-precipitates are dissolved 

into the matrix, which can prevent dislocations in the microstructure during deformations. 

The micro-precipitates can, however, be observed via transmission electron microscopy 

(TEM) technologies. (Hakem & Lebaili & Mathieu & Miroud & Lebaili & Cheniti, 2019, 

pp. 2907-2918.) 
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Figure 12. OM of 6061 alloy BM (Hakem et al., 2019, p. 2910). 

 

After TIG welding, as illustrated in Figure 13, the produced intermetallic phases can be 

observed using SEM technology. Mg2Si precipitates decompose and appear as the darker 

points within the aluminum matrix and the lighter, heavier Fe-rich elements that possess 

higher reflectivity in the SEM are shown as lighter spots, scattered in the matrix due to over-

aging and these chemical compositions have coalesced together. The Mg2Si are the β phases 

dissolved from the matrix and coalesced after welding and the βʺ phase is also present, 

though in nano-size, and could not be observed with the SEM technology. This dissolution 

is the opposite of the heat treatment and cooling process described in subsection 2.1.2.  

 

 

Figure 13. SEM micrographs of HAZ near the melt zone (Hakem et al., 2019, p. 2911). 

 

The Fe-rich or Si-rich intermetallic phases are considered impurities that range from 5 to 20 

µm in size and do not promote the hardening of the alloy. These precipitates appear as the 
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mechanical properties and the hardening effects of Mg2Si in the HAZ are lost. (Hakem et 

al., 2019, pp. 2907-2918.) 

2.2.1  Heat input 

The knowledge of the thermal cycle of a welding process can facilitate the predictability of 

the local microstructure and, thus, the mechanical properties of the metal. A thermal cycle 

is a heating/cooling time-temperature relationship of a specific point of the weldment or the 

BM that is characterized by a curve with one or more maxima in cases of multi-pass welding. 

(Karkhin, 2019, p. xix.) The welding process induces rapid heating and cooling effects which 

result in dissolution or precipitation of the strengthening phases in the alloy due to welding 

cycles and the successive natural aging.  

Cui & Tian & Ma & Yu & Xu (2023, pp. 1-19) conducted a study that encompassed various 

aspects of MIG welding of 6082-T6 including scrutinizing the weld morphology under three 

heat inputs of 2.34, 2.46, 2.57, and 2.75 KJ/mm, the thermal cycles for each, microstructural 

analysis, mechanical testing, fractography, and electrochemical corrosion characteristics 

(Cui et al., 2023, p. 3):  

 

Q = UIη/υ     (1) 

 

The heat input is calculated using Equation 1 where U, I, υ, and η are the welding voltage 

[V], welding current [A], travel speed [mm/s], and thermal efficiency, respectively. It was 

found that the lowermost heat input of 2.37 KJ/mm caused defects and lack of penetration 

since the temperature of the bottom of the molten pool was below the material melting point. 

Heat input of 2.57 KJ/mm created a faultless weld with proper fusion and a smooth weld 

profile whereas too high heat input (2.75 KJ/mm) leads to poor weld quality and high energy 

dissipation. They obtained the thermal curve cycles of the weld by observing 5 points every 

1mm from the weld middle point using a numerically simulated double ellipsoid heat source 

model which simulated the shape of the molten pool, including the weld’s longitudinal heat 

flow. The thermal cycles of each heat input case were provided thereafter which each led to 

different HAZ microstructures. It was inferred that the precipitation of Mg2Si increased with 
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the increase of the heat input, but only to a certain point as the surplus of heat input results 

in an opposite outcome, hindering the precipitation in the HAZ. The hardness test results 

produced a linear hardness map for the various heat inputs, presented in Figure 14. The 

increase in the hardness is evident in the fusion line for all three heat inputs due to the 

refinement of solid solution grains as well as a hindrance in the precipitation of the 

strengthening phases. As observed, lower heat input results in higher hardness values in 

general. A specific area in the HAZ experiences a decline in hardness in all three heat input 

cases, similarly, suggesting that the thermal cycle did not induce a temperature higher than 

500°C being the phase precipitation temperature. However, further from this area where a 

slight strengthening is seen, strengthening phases were amassed and grew. This study also 

confirmed that the mechanical qualities that are in direct correlation with the amount of 

Mg2Si, increase from 2.34 to 2.57 KJ/mm though they diminish as the heat input peaks at 

2.75 KJ/mm. Despite that, the presence of this precipitate is tied to the reduction of corrosion 

resistance. 

 

 

Figure 14. Joint microhardness distribution profile (Cui et al., 2023, p. 12). 
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This study, however, merely modelled the thermal cycle based on the numerical double 

ellipsoid heat source model and did not verify the results by measuring them empirically 

since the nodes were determined to start from the weld zone towards the fusion line. (Cui et 

al., 2023, pp. 1-19.) 

It was established in another study by Kumar & Dilthey & Dwivedi & Sharma & Ghosh 

(2009, pp. 102-117) that most issues faced in the welding of aluminum alloys, such as 

warping, large HAZ, and melt-through through are associated with the heat input of the 

welding process. The estimated range of heat input for DC P-GMAW for the welding of 

6082-T6 aluminum alloy in the butt weld position with a range of 4.7-6.9 m/min wire feed 

speed, 350-600 cm/min welding speed and an average voltage range of 14.6-15.9 V is 16.92-

24.11 J/mm. In addition, it was found that the increase of the heat input corresponds to a 

reduction in hardness values as well as a reversion of Mg2Si in the HAZ. This reduction is 

evident in both butt and overlap joints. Furthermore, the heat input, dilution rate, and 

deposition rate were shown to be in a tight correlation since with an increase in the heat 

input, the dilution rate was reduced by approximately 13% because the deposition rate was 

increased. It was noted that the heat input influences the weld mismatch in HAZ of both 

sides of the joint, as illustrated in Figure 15, with a more extreme mismatch observed with 

more extreme amounts of heat input.  

 

 

Figure 15. Influence of heat input on weld mismatch (Kumar et al., 2009, p. 113). 

 

This phenomenon is due to a larger thermal expansion contrast between the HAZ and the 

BM with higher heat input.  
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2.2.1  Weld thermal cycle and Gleeble simulation 

Knowledge of the thermal cycle of a welding process can facilitate the predictability of the 

local microstructure and, thus, the mechanical properties of the metal. A thermal cycle is a 

heating/cooling time-temperature relationship of a specific point of the weldment, or the BM 

characterized by a curve with one or more maxima in cases of multi-pass welding. (Karkhin, 

2019, p. xix.) The welding process induces rapid heating and cooling effects, which result 

in the dissolution or precipitation of the strengthening phases in the alloy due to welding 

cycles and the successive natural aging (Zhang, K. & Chen & Ma & Zhang, 2018, p. 85).  

The obtained weld thermal cycles can be emulated by Gleeble, a furnace machine capable 

of thermally and mechanically simulating real-world stresses. It can replicate various 

processes such as extrusion, forging, casting, and welding HAZ cycles, utilized in R&D 

applications. This technology was taken advantage of in a variety of studies to induce 

thermal cycling heat treatment. (Gleeble, 2024.) 

This machine, presented in Figure 16, is a thoroughly integrated closed-loop control thermal 

and mechanical simulation system with a heating rate capacity of 10,000°C/s, cooling rate 

capacity of 10,000°-C/s, the ability to maintain steady-state equilibrium temperatures, and 

capable of simulating thermal tests 3-10 times faster than typical furnace machines. Infrared 

pyrometers attached to the specimens supply precise feedback control signals of specimen 

temperatures. In addition to thermal simulation, mechanical simulations such as tension, 

compression, dilatation, and torsion are made possible with an integrated hydraulic servo 

system. The Gleeble thermos-mechanical simulation machine can be handled numerically 

and/or manually, rendering it versatile for creating control modes. The chamber is evacuated 

proceeding the test and filled with an inert gas such as Argon to minimize oxidation. (El-

Shenawy, 2020, p. 999.) As for thermal simulation, the simulated volume of the sample is 

limited to a certain area in the middle, where the simulation has been executed with little to 

no error. Farther from that area in the center is where the HAZ of the simulated thermal 

simulation is formed. 
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Figure 16. Gleeble-3500 machine (El-Shenawy, 2020, p. 1001). 

 

By way of example, a study that benefited from Gleeble technology divided the HAZ of a 

7000 series MIG welded aluminum alloy (7N01P-T4) into two segments; a solid-solution 

zone and an over-aging zone. The peak temperatures were measured with thermocouples 

arranged at various distances from the weld on the HAZ during the welding process, ranging 

from 150-550°C, presented in Figure 17. (Zhang, K. et al., 2018, pp. 85-94.) 

 

 

Figure 17. Peak temperature distribution of 7N01P-T4 MIG welding (Zhang, K. et al., 

2018, p. 87). 
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The strain-stress curves were consequently obtained from the simulated samples as 

highlighted in Figure 18. In this study, the thermal cycles were received and replicated with 

a Gleeble-3500 thermal-mechanical simulator, as presented in Figure 18 (a) and the stress-

strain graphs are compared under different peak temperatures in their thermal cycle shown 

in Figure 18 (b), both included in the current study. 

  

 

Figure 18. Peak temperatures (a) thermal cycles and (b) corresponding stress-strain curves 

of Gleeble-simulated 7N01 alloy (Zhang, K. et al., 2018, p. 87). 

 

The tensile test was conducted immediately after the thermal simulation of the samples for 

each of the peak temperatures. As demonstrated by Figure 18(b), the tensile strength of the 

material at 300 to 500°C has drastically decreased as opposed to the strength of the initial 

material, exhibiting a softening behavior at 500°C specifically with higher elongation at 

break. The elongation at break (%) of the material at 150°C has seen a decline despite the 

tensile strength virtually remaining the same. Notably, 7000 aluminum alloys have 

similarities and differences from the 6000 series. As an example, a TIG-welded grade 7075 

weld joint consists of a fusion zone (FZ) α-Al fine and equiaxed dendritic grains, followed 

by a thin area of a transition zone (TZ) containing α-Al grains with columnar shape, and the 

HAZ afterward. This series, unlike 6000, is post-weld heat-treatable (PWHT) as the 

hardening phases can be recovered thus, as a result of the precipitation of GP zones and ηʹ 

phases. (Zhang, K. et al., 2018, pp. 85-94.) 

Among a range of other evidence for this property reversion, Kang & Zhang & Zhang & 

Wang & Du & Ma (2024, pp. 2593-2599) presented the differences between the tensile 

strength of the material with and without the PWHT, as illustrated in Figure 19.   

a b
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Figure 19. Engineering stress-strain curve of 7000 series with and without PWHT (Kang et 

al., 2024, p. 2597). 

 

Similar to the current study, another group of researchers (Liu & Lu & Yang & Tang & & 

Cui, 2015, pp. 221-228) utilized the Gleeble furnace technology to simulate the HAZ of a 

TIG-welded Inconel 718 by applying five thermal cycles with the corresponding peak 

temperatures, ranging from 1150°C to 1350°C. They consecutively studied the obtained 

samples with an array of methods, including OM, SEM, EDS, and TEM, and the 

microhardness was achieved, virtually similar to the current study. Figure 20 depicts the 

thermal cycles of each HAZ subzone that were subsequently emulated by the Gleeble 

furnace machine. It was inferred that the variation in the tensile behavior of each sample 

corresponded to the subzones’ peak temperature and was associated with different 

microstructural attributes of each sample’s thermal history. 

 

 

Figure 20. Thermal cycle profile of emulated HAZ subzones (Liu et al., 2015, p. 223). 
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Another salient and similar research (Afkhami & Amraei & Javaheri & Ghafouri & Björk & 

Salminen & Zhao, 2024, pp. 1001-1016) deployed Gleeble thermomechanical simulation to 

emulate the HAZ subzones of two various ultra-high strength steels (UHSS) to fortify the 

precision of analytical and numerical models. Analogous to the approach of this study, the 

tensile test was conducted utilizing the DIC technology. This study designated 7 subzone 

points starting from the fusion line, with 0.5 mm distance from one another, and developed 

numerical models of the peak temperatures numerically using SmartWeld software to 

simulate the thermal cycles of these subzones, including the estimated peak temperatures 

and cooling rates. The real-world thermal cycles of these subzones were obtained in parallel 

using attached thermocouples. 

DIC is a non-contact measurement technique where the in-plane displacement and strain 

deformation are detected visually. With test machines and this technique, stress-strain curves 

could be attained using an advanced camera and a coupon painted with speckle patterns. 

This method has been used for various applications, though recent studies have investigated 

laser-welded joints of metallic materials such as 6061-T6 aluminum alloy, as Sheng & Kong 

& Tong (2024, pp. 1951-1967.) proceeded to obtain local tensile deformations of the joint.  

2.3  Knowledge gap  

The study brings novelty to the scientific society by focusing on an unexplored topic. In 

general, the studies conducted addressing the MIG-welded joint of 6082-T6 aluminum alloy 

are limited, and most merely concentrate on the FZ or general properties of the HAZ. No 

literature has examined the local properties of different parts of the HAZ, discussing their 

microstructure and the corresponding mechanical properties. Gleeble thermo-mechanical 

simulation has been conducted for various applications and materials, though not 6082-T6. 

In addition, the combination of the DIC method for analyzing the tensile strength coupled 

with Gleeble furnace simulation has been explored in limited cases such as ultra-high 

strength steels (Afkhami et al., 2024, pp. 1001-1016). This study lays the ground for 

advancements in welding and production chains involving aluminum alloys.  
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3  Experimental setup 

This chapter outlines the details with which the sample preparation was proceeded, including 

the parameters, dimensions, equipment models and specifications. It provides the data 

employed as input and the technologies utilized to attain the intended information for testing 

and analysis. 

3.1  Materials and specimens 

2 plates of 300 mm×80 mm×4 mm dimensions were employed for the BM of EN AW 6082 

with the chemical composition outlined in Table 4. An ER5356 filler wire with 1.2 mm 

diameter was used in a Y-bevel butt weld joint with 60° and no air gap, as Figure 21 presents. 

Moreover, the certified mechanical properties of the BM of the study are presented in Table 

5.  

 

 

Figure 21. Schematic of the weld groove. 

 

Table 4. Chemical composition of the used 6082-T6 alloy base plate (wt.%). 

Chemical 

Composition 

Si Fe Cu Mn Mg Cr Zn Ti Al 

EN AW 6082-T6 0.98 0.25 0.06 0.55 0.73 0.003 0.02 0.01 Bal 
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Table 5. Mechanical properties of the used 6082-T6 alloy base plate. 

 Brinell 

Hardness 

(HB) 

Tensile 

Strength 

(N/mm2) 

Yield Strength 

(N/mm2) 

Elongation 

% 

EN AW 6082-T6 98 325 275 8.7 

 

It is noteworthy that the 6082-T6 aluminum alloy plates were wrought. 

3.2  Experimental setup and methodology 

A double-pulsed MIG weld with a welding speed of 19 mm/s, wire feed rate of 9.5 m/mm, 

4.2 Hz 35/56% of frequency, 152 A of current, and 18.5 V of voltage was conducted for this 

experiment. The shielding gas present in the process was 100% Argon with a 16 l/min flow 

rate. The welding was executed with partial penetration. Table 6 summarizes the welding 

parameters. 

 

Table 6. Welding parameters of the MIG double-pulsed process. 

Welding parameters Value 

Welding speed  19 mm/s 

Wire feed rate 9.5 m/mm 

Purity of Argon gas 100% 

Flow rate of Argon gas 16 l/min  

Wire diameter 1.2 mm 

Welding current 152 A 

Welding Voltage 18.7 V 

Output frequency 4.2 Hz 35/65% 

Thermocouple type k-type 

Heat input 119.8 J/mm 

 

This automated process was executed by a 6-axis EA1900 Yaskawa robot arm, a 2-axis 

turning table, and an NX100 controller at LUT University, Welding Technology Laboratory, 

Finland, as shown in Figure 22.  
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Figure 22. View of the welding set. 

 

The 6 holes of 1-4 mm diameter were drilled into the base plate for the insertion of the k-

type thermocouples to avoid welding of the thermocouple heads. The 3 pairs of 

thermocouples were attached to either side of the joint at a 70 mm distance from each other, 

40 mm from the weld start and end point, and 80 mm from the edge of the plates. Each hole 

was at least 1 mm with a gradual increase in its distance from its pair across the weld towards 

the endpoint of the weld. Figure 23 illustrates the schematic of the thermocouple placements.  

 

 

Figure 23. Thermocouple placement in the butt weld joint. 
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The thermal history of the weld was obtained by the thermocouples placed in 10mm, 12mm, 

and 14mm distances from the middle of the groove. To achieve the thermal history of the 

subzones of the HAZ, situated much closer to the center of the weld, a simulation on 

Simufact Welding software was executed at LUT University similar to and by another team 

in the Steel Structures Laboratory (Raftar & Ahola & Lipiäinen & Björk, 2023, pp. 1-12). 

This simulation provided a thorough understanding of the heat cycle throughout the HAZ 

and the weld. Three points within the HAZ were selected for this study, and the simulation 

obtained their thermal histories, presented in Figure 24 (a). The simulated peak temperatures 

of Points 1, 2, and 3 were 615°, 450°, and 345°C, respectively (also referred to as P1, P2, 

and P3). Point 1 was the closest to the weld at 1mm from the weld toe towards the center. 

Point 2 was located 2.4 mm away from the weld tow towards the BM and similarly, Point 3 

was situated 6mm from the weld tow. 

The numerically modelled thermal histories attained from the simulation were simplified 

and used as input for the Gleeble furnace. The infinitesimal variation of the thermal histories 

and the input is shown in Figure 24 (b), though this variation is negligible. 

 

 

Figure 24. a) Simulated thermal history of the location closest to the groove (T1) to the 

furthest (T3), and b) a close view of the difference between the Gleeble entry and 

numerically simulated thermal history. 
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Figure 24 continues. a) Simulated thermal history of the location closest to the groove (T1) 

to the furthest (T3), and b) a close view of the difference between the Gleeble entry and 

numerically simulated thermal history. 

 

Each peak temperature of the BM, representing the local subzones, was subsequently 

thermally simulated via a Gleeble 3800 machine on cylindrical samples with 10 mm 

diameter and 80 mm length, as observed in Figure 25. The accurately simulated area is 

situated in the middle of the length and is hypothesized to be approximately 7-10 mm.  

 

 

Figure 25. Gleeble simulation. 
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The mechanically and microstructurally altered specimens were prepared for DIC tensile 

testing, hardness testing, and SEM and EDS microstructural analysis methods.  

The tensile test samples were designed and machined from the Gleeble-simulated samples, 

as shown in Figure 26, and the quasi-static tensile test was conducted at room temperature. 

The sample dimensions were designed to accommodate the Gleeble-simulated samples' 

small sizes. The gauge length and radii of the samples were intended to concentrate the linear 

tensile stress in the middle to derive correct data from the homogenous area of the Gleeble 

samples understood from the hardness maps. Both ends of the samples were threaded for 

higher stability in the tensile test machine.  

 

Figure 26. Tensile test sample geometry. 

 

The quasi-static tensile test was conducted at room temperature (20°C) with the DIC 

technique utilizing the Zeiss Aramis, depicted in Figure 27, optical measuring system or 

DIC, including an adjustable 24M system SP2022 with the sensor adjusted within a 348 mm 

working distance, 0.01 - 0.015 mm/s test speed, 25° camera angle, 115 mm camera distance, 

and 2 Hz frame rate. The analysis was thereafter performed via Zeiss Correlate software.  
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Figure 27. The DIC measurement system setup. 

Another tensile test was conducted on a joint with similar material and welding parameters, 

though with full penetration, as shown in Figure 28. The difference between the second joint 

and the joint from which the Gleeble simulation was conducted was the groove shape and 

the penetration, as the second joint possessed an I-groove with a 2.2 mm air gap and was 

fully penetrated.  

 

 

Figure 28. Weld joint tensile test sample. 

 

The microstructural samples included OM, SEM, and EDS samples, each distinctively 

prepared per ASTM E3-11 standards. The Gleeble-simulated rods were machined into the 
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cross-section of the middle homogenous thermally simulated area and mounted on polymeric 

nonconductive and conductive mounting material for SEM and OM samples, respectively. 

Each was ground with abrasive papers of up to 2500 and subsequently polished up to 0.04 

microns alumina colloid at the final stage. The etchant employed was Weck’s reagent, 

consisting of 4 g of KMnO4, 1g of NaOH, and 100 mL of distilled water, used to etch grain 

boundaries and second phases and to reveal microstructural features. Copper tapes were 

utilized in order to create electricity conduction in the SEM mount samples. 

The microstructural analysis was conducted using an OM, a SU3500 SEM equipment 

equipped with an EDS probe for chemical element analysis.   

Similar samples were adopted for Vicker’s hardness measurements under ASTM E384, 

using an EMCO-TEST machine, with a 200 g load, 10 s dwell time, and 0.3 mm spacing 

between each indentation. 
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4  Results and analysis 

The Result and analysis chapter includes the results and their observation from Vicker’s 

Hardness test, Microstructural metallography, and the quasi-static tensile test utilizing the 

DIC method. Additionally, it provides an analysis of the results based on previous literature. 

4.1  Hardness mapping 

Figures 29 (a-c) depict Gleeble test sample hardness maps of points 1, 2, and 3 with peak 

temperatures of 615° and 1 mm to the weld, 450° with 2.4 mm, and 345° with 6mm, 

respectively. The macrographic hardness map of the whole weld joint is presented in Figure 

29 (d). The hardness maps were processed through MATLAB using the attained data from 

Vicker’s hardness indenter machine.  

 

 

Figure 29. Hardness mapping of a) 615°, b) 450°, c) 345°, and d) the original joint. 
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Figure 29 continues. Hardness mapping of a) 615°, b) 450°, c) 345°, and d) the original 

joint. 
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All Gleeble-simulated subzones were situated in the weld joint's HAZ. The homogenous 

simulated hardness in each sample was virtually located in the center. As observed from 

Figure 29 (a-c), the area width of the homogenous area decreases with the reduction of the 

peak temperature. This is so that all the two first points with 615° and 450°C peak 

temperatures have also formed individual HAZ specific to the Gleeble test samples. 

The approximate averages of the homogenous cores included 81 HV at 615°, 71 HV at 450°, 

and 100 HV at 345°, indicating a decline at the middle point and an increase as the point 

moves towards the BM. As observed from Figures 29 (a-c), the Gleeble simulation can 

induce local HAZ in the samples. Points 1 and 2 are virtually homogenous across the studied 

window; however, at point 3 the internal HAZ is visible within the studied area. The HAZ 

in points 1 and 2 are not apparent due to their large sizes, which resulted in them not being 

captured within the studied window.  

Based on the Gleeble-simulated samples, the homogenous core was harder than its adjacent 

area in the samples corresponding to points 1 and 2. However, a reverse effect was observed 

in the sample of point 3 as a hardening effect was seen within increasing distance from the 

homogenous core. 

The hardness profiling of the whole joint illustrated in Figure 29 (d) was similar in ways and 

different in others compared to the Gleeble-simulated samples. The values in points 1 and 2 

match that of the joint at approximately 79 HV and 75 HV. However, the hardness of point 

3 varies from the value obtained from Gleeble-simulated samples. The deviation of the 

Gleeble-simulated sample hardness values from the original joint hardness values appeared 

to increase as the peak temperature was decreased, indicating a decline in accuracy. Table 7 

summarizes the approximate Vicker’s Hardness values of each point. 

 

Table 7. Approximate Vicker's hardness comparison between the original joint and the 

Gleeble-simulated values. 

Sample/Hardness  Gleeble-simulated Original joint 

Point 1 (615°) 81 HV 79 HV 

Point 2 (450°) 70 HV  75 HV 

Point 3 (345°) 73 HV 100 HV 
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However, it must be noted that at the lowest peak temperature, the hardness of the local HAZ 

of the Gleeble sample matched that of the joint at around 100 HV. 

4.2  Microstructural analysis 

The polished and etched samples of the joint and the Gleeble-simulated specimens were 

prepared and captured via an optical micrography (OM) shown in Figure 30. Figures 30 (a-

c) illustrate the 500x magnified microstructure of the original joint from Point 1 with 615°, 

Point 2 with 450°, and Point 3 with 345°C peak temperatures, and Figures 30 (d-f) depict 

the Gleeble-simulated specimens from Points 1-3, respectively. Due to reaching 

temperatures just below the melting point at 615°C, the grain boundaries of the area at Point 

1 close to the fusion line melted and solidified rapidly, resulting in the distinct appearance 

of a partially melted zone (PMZ), observed in both the joint micrograph in Figure 30 (a) and 

the Gleeble-simulated sample in Figure 30 (d). The micrographs in these two cases also 

exhibit differences, as the Gleeble-simulated specimen at this peak temperature seems to 

indicate signs of segregation near the grain boundaries. Moreover, the OM image from the 

original joint includes eutectoids at this region, the possibility of which has been established 

in phases of Al-Mg2Si in previous literature (Fröck & Milkereit & Wiechmann & Springer 

& Sander & Kessler & Reich, 2018, p. 9). 

In Points 2 and 3, the deviations between the joint and Gleeble-sample microstructure 

become more evident due to the difference in the manufacturing processes of each material. 

The joint sample was a wrought plate, explaining its larger and grown grains, whereas the 

Gleeble samples’ material was manufactured with the extrusion method, thus creating 

smaller and elongated grains. Despite that, in both the original joint and the Gleeble samples, 

the grain growth is slightly more dominant at Point 2 with a 450° peak temperature than at 

Point 3.  

The specimen microstructure from the Gleeble-simulated sample of Point 2 shown in Figure 

30 (e) contains grains of different sizes and shapes, including equiaxed grains, grains that 

have subsequently grown, and unchanged grains in an elongated form. Point 3 (Figure 30 

(f)), however, majorly includes finer equiaxed and a limited number of elongated grains. The 

recrystallization of grains appears to have occurred more in Point 2 than in Point 3, and 

therefore, the average size of the grains is larger in Point 2 due to grain growth.  
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Regarding the intermetallic phases, differences could be observed in the Gleeble-simulated 

samples; however, they are mostly situated at the grain boundaries, unlike the intermetallic 

phases seen in the joint micrographs. In the Gleeble-simulated sample of Point 1, as Figure 

30 (d) illustrates, the intermetallic phases appear in small sizes and various shapes spread 

across the sample. Unlike in the joint material, the intermetallic phases are not uniformly 

dispersed. The chemical composition of these intermetallic phases is discussed in this 

section. 

 

 

Figure 30. OM images with 500x magnification of the original joint a) Point 1, b) Point 2, 

c) Point 3, and Gleeble-simulated samples from d) Point 1, e) Point 2, c) Point 3. 
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The comparison between the OM images captured from the original joint and the Gleeble 

samples confirms the importance of the manufacturing method and delivery condition of the 

employed sample material. 

Heavier elements possessing higher average atomic numbers appear brighter in SEM 

micrographs captured via a backscatter electron detector (BSE) while lighter elements 

appear darker, as presented in Figure 31. The α-Al grains can be observed in grey with 

various shadings in each grain due to the variety in the crystallographic orientation. As 

established in the literature (Yu & Hashimoto & Li & Wanderka & Zhang & Cai & Zhong 

& Qin & Dong & Nagaumi & Wang, 2022, p. 120), the fine bright intermetallic phases inside 

of the grains are Fe-rich phases while Mg2Si strengthening phases appear in darker grey 

tones because of phase contrast, usually not visible in the current SEM image scale due to 

their nanometer sizes.  

Figures 31 (a-d) indicate the difference in intermetallic phase distribution inside the α-Al 

grains in different subzones of the weld joint. In addition to the grain sizes, the fine 

intermetallic Fe-rich phases inside the grains have grown larger at Point 1 compared to the 

fine intermetallic phases seen at other points.  

In these micrographs, both subzone samples of Points 2 and 3 appear to have undergone 

recrystallization of α-Al crystals into equiaxed grains along with subsequent grain growth, 

albeit less dominant than Point 1, a phenomenon not observed in the BM. The grain growth 

in Point 2, however, tends to be slightly more significant. The coarse intermetallic phases 

are mostly situated between the grains and on the grain boundaries. 

The microstructure of the BM and Point 3 were observed to be virtually analogous on a 

larger scale. This approximate resemblance can potentially be due to the short duration of 

heat exposure. The heating times were less than 1 second as shown in Figure 24, though as 

shown by Lin (2021, p. 2), this alloy was sustained at 350°C for 5 minutes for 

recrystallization. 
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Figure 31. SEM micrographs attained with BSE detector at 1.5k magnification of a) Point 

1, b) Point 2, c) Point 3, and d) BM of the 6082-T6 weld joint. 

 

To achieve a deeper insight into what has occurred in Point 1 and to evaluate the possibility 

of segregation, the EDS elemental map was obtained from this Gleeble-simulated subzone, 

as shown in Figure 32. The presented maps indicate the difference in element concentration. 

It can be inferred that in the place where the coarse intermetallic phase at the bottom is 

situated, Al is almost fully depleted, and instead, the concentration of Fe, Mn, Si, and Mg 

has increased, respectively, showing the elemental composition of these phases. The richness 

of the Gleeble-simulated subzone with Mg is evident, though these maps cannot confirm the 

segregation phenomenon.  

 

Figure 32. EDS elemental map of Gleeble-simulates sample of Point 1. 
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Figure 33 (a) depicts the EDS linear analysis (line scan) of the Gleeble sample with a peak 

temperature of 615°C. The areas between the pairs of dashed lines indicate the intersections 

of the solidified intergranular boundaries and the changes in each element. A slight 

segregation can be inferred from the subtle rise in the Mg, Si, and to some extent, Fe elements 

along these areas. As evident in Figure 33 (b), the Al content shown with the yellow line 

declines considerably across the coarse intermetallic. 

 

 

 

Figure 33. Linear EDS map of Gleeble-simulates sample of Point 1 a) without and b) with 

Al element. 

 

This EDS analysis is, however, not necessary for the other simulated points of the joint 

(Points 2 and 3) since the segregation zones are absent in the microstructure of the other 

subzone points. 

Another EDS analysis is provided in Figure 34 and Table 8 to gain a better understanding of 

the intermetallic phases’ composition, where five different intermetallic phases in Point 3 of 

the Gleeble-simulated sample were selected and probed. This image was magnified by 
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1000x, with 18 kV voltage and 0.12 µm image resolution. Points 1 to 5 in Table 8 represent 

the determined points in Figure 34. 

 

Figure 34. Gleeble sample of Point 3 and the EDS chemical analysis locations. 

 

Table 8. Chemical Analysis results of indicated points in Figure 34. 

wt% Point 1 Point 2 Point 3 Point 4 Point 5 

Fe 14.94 17.63 5.91 6.85 - 

Mn 7.9 9.09 4.45 3.53 0.38 

Si 3.91 5.4 1.35 1.78 - 

Mg 0.17 1.03 0.45 0.5 0.68 

Al eq. eq. eq. eq. eq. 

 

It is apparent from Table 8 that the intermetallic phases are Fe-rich and the other elements 

of Mn, Si, and Mg are accumulated in various weight percents, though with a significantly 

lower concentration. 

4.3  Tensile test 

The tensile test samples' gauge lengths were designed based on the hardness map findings 

of the thermo-mechanically simulated samples. To ensure the stress concentration in the 

homogenous core of the samples, the minimum homogenous area width that occurred at the 

sample with the lowest peak temperature (345°) was devised. 
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Figure 35 illustrates the quasi-static tensile test results of the BM and the Gleeble-simulated 

subzones of the HAZ of the 6082-T6 weld joint. Each curve indicates the specimens' stress 

and % strain values up to their breaking point.  

The tensile test results indicate how the variety in thermal history influences the yield 

strength (YS), ultimate tensile strength (UTS), and % elongation of the alloy. As presented 

in Figure 35, the original BM without having sustained heating/cooling cycles possesses the 

highest YS and UTS compared to the rest of the conditions, showing deterioration of the 

mechanical properties in the HAZ of 6082-T6 aluminum alloy, regardless of the distance 

from the fusion line.  

Points 1 and 3 with peak temperatures of 615° and 345°, respectively, behave virtually 

analogous in YS with an approximate 43% reduction as opposed to the BM. However, the 

lowest peak temperature at Point 3 has caused lower UTS and a larger % elongation. 

 

 

Figure 35. Engineering stress-strain curve of the Gleeble-simulated samples. 

 

Figure 36 includes images of the Gleeble-simulated samples captured by the Aramis camera 

right before fracture, matching the stress-strain curves plotted in Figure 35. DIC was the 

methodology utilized to attain the tensile strength data and visualize the elongation at break. 
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The extension meter was placed in the middle of the samples, and the color-code indicates 

the degree to which each sample was elongated. 

 

 

Figure 36. DIC of the % elongation at each Gleeble-simulated point right before the break. 

 

The deformation capacity in Points 2 and 3 is higher than the BM. The tensile test results 

perfectly correspond to those of the Vicker’s hardness tests. Table 9 summarizes the 

mechanical properties of the Gleeble-simulated specimens, and the BM based on the 

engineering stress-strain curves. 

As presented in Table 9, the Elastic Modulus varies along the HAZ. Point 2 indicates the 

highest E value of 77.8 GPa, unusually high among this aluminum alloy grade. 

 

Table 9. Mechanical properties of 6082-T6 Gleeble-simulated samples. 

 Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

E (GPa) % Elongation Hardness 

(HV) 

Point 1 186.7 311.2 63.0 38.9 81 

Point 2 157.9 278.8 77.8 53.9 70 

Point 3 194.6 249.7 61.1 50.6 73 

BM 326.4 349.4 72.0 40.4 115 

 

Figure 37 represents the true stress-true strain curve of the specimens’ tensile test, which 

more accurately demonstrates the material’s behavior during necking, also known as the 
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flow behavior. As can be seen, the BM and Point 3 exhibit a virtually uniform trend, 

indicative of their fully plastic behavior during necking and little to no strain-hardening 

properties. However, the true stress-true strain curves of Points 2 and 1 indicate strain 

hardening due to their incremental trend.   

 

 

Figure 37. True stress-true strain curve of Gleeble-simulated samples. 

 

Figure 38 shows the regression analysis explaining the correlation between Vicker’s 

hardness and stress in a direct relationship.  

 

 

Figure 38. Hardness-stress correlation. 
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It could also be inferred that the material’s YS decreases more drastically with the decrease 

of Vicker’s hardness than the UTS. 

A joint of 6082-T6 with similar welding process parameters to this study was created, though 

with a different penetration level (full penetration). The fracture occurred at the HAZ, in a 

subzone corresponding to the subzone in which Point 2 was situated, as presented in Figure 

39. 

 

 

Figure 39. The OM image of the fully penetrated joint sample a) cross-section and 

hardness profile, and b) cross-section of the fractured tensile. 

 

Figure 39 (a) presents the cross section of a full penetration joint sample after a tensile test 

and its fracture location. Figure 39 (b) illustrates the hardness profile of the untested joint. 

As observed in this set of macrographs, considering the displacement during the test, the 

fracture placement corresponds to that of the softened area in the HAZ.  The breakage likely 

occurred in the subzone in which Point 2 was situated, where the peak temperature reached 

450°C.  
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5  Discussion 

The reason behind the variation in hardness with different distances from the fusion line is 

suggested by Zhu & Yang & Bai & Fan (2021, p. 4), and previously another research (Gallais 

& Denquin & Bréchet & Lapasset, 2008, pp. 77-89), due to the dissolution and 

reprecipitation phenomena in the 6082-T6 aluminum alloy. It is stated that, as a general 

principle,  

• β dissolution occurs around 550℃ 

• β′′ precipitation occurs around 450℃ 

• β′ precipitation occurs in the range of 250 to 320℃ 

• β′ precipitation occurs in the approximate range of 240-250℃ 

• GP zone dissolution occurs in the range of 30–150℃. 

Analogous to this study, at Point 1, with the highest peak temperature at 615°C, higher than 

the stated 550℃, the strengthening phase dissolves due to high temperature, and 

subsequently with time, β′, the most prominent strengthening phase in 6000 series aluminum 

alloys reprecipitates.  The reprecipitation of β′ recovers the hardness to some extent, hence 

higher hardness values at Point 1 than at Point 2. This zone is known as the Quenched Zone. 

This also explains the YS of this zone being one of the highest and with the highest UTS 

among the thermally affected subzones, as Figure 35 recorded the direct relationship 

between these parameters and the HV.  

As mentioned above, shifting away from the quenched subzone, at the second subzone with 

450℃ as the peak temperature, the dissolution of the β′ phase occurs only partially, and the 

reprecipitation of this phase takes place incompletely, leading to the formation of the stable 

and softening β phase. In both Gleeble-simulated samples with 450℃ and 345℃, the stable 

β phase is precipitated to different extents. This similarity is evident in Figures 29 (b) and 

(c), which are virtually similar homogenous areas. With the reduction of peak temperature 

in the thermal cycles to less than 250℃, merely the MgSi and GP zones undergo dissolution, 

and both β′ and β phases persist. This leads to the gradual increase in hardness in P3 of Figure 

29 (d) and towards the BM. The dissolution and precipitation of the precipitates are in 
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nanometer scales, seen in images taken by technologies such as Transmission Electron 

Microscopy (TEM), hence, the presented SEM micrographs were unable to represent the 

precipitate transformations. 

As established in previous literature (Zhao & Ma & Sun & Hu & Yan & Chen & & Hua, 

2022, pp. 12-13), the Hall-Petch equation applies to aluminum alloys, namely 6000 series 

alloys, apart from steels.  

 

σy =  σmat +  σss + σp + σdis + σgb    (2) 

 

They stated that the final mechanical strength of the alloy is the cumulative result of various 

strengthening mechanisms shown in Equation 2 with the aluminum matrix strengthening as 

σmat, the solid solution strengthening effect as σss, the precipitation strengthening mechanism 

as σp, the dislocation strengthening of the material as σdis, and the grain boundary 

strengthening mechanism as σgb, all in MPa. This equation indicates that the yield strength 

of the alloy is partly determined by the average material grain size (Zhao et al., 2022, pp. 

12-13); 

 

σgb= k . d-1/2
     (3) 

 

The grain boundary strengthening effect is calculated using the Hall-Petch equation 

characterized by the inverse relationship between σgb the tensile strength and d the average 

grain diameter of the metal [m or µm], multiplied by the Hall-Petch coefficient k 

[MPa.µm1/2] as stated in Equation 3, describing that with an increase in the average grain 

diameter, the grain boundary strength is reduced. 

As previously noted in Figure 30 (d), the peak temperature of 450°C from the thermal cycle 

in Point 2 resulted in grain growth. This grain growth appears to be related to the lowest 

yield strength measured in the Gleeble-simulated sample from Point 2. 
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Figure 40 illustrates the schematic of a dissimilar TIG-welded joint of 5083-O and 6061-T6 

aluminum alloys. Similar to the current study, it suggests that the fracture in this 6000 series 

alloy occurred in the softened subzone of the HAZ where coherent strengthening phases 

were transformed into non-coherent equilibrium phases due to the peak temperature reaching 

below the solidus temperature. This subzone in the HAZ of 6061-T6 alloy seems to 

correspond to the second subzone in the current study on 6082-T6 alloy, suggesting that the 

breakage most likely occurred at the subzone where Point 2 is situated. Therefore, this is 

another proof that the place of breakage in the fully penetrated joint sample took place in the 

second subzone. (Cheng & Song & Zhang & Khan & Liu, Z. & Liu, L., 2023, p. 13.)  

 

 

Figure 40. Schematic of the fracture and microhardness in a dissimilar joint of 6061-T6 

and 5083-O (Cheng et al., 2022, p. 13). 

 

This also correlates with the tensile test findings regarding the joint fracture placement as 

well as the lowest recorded YS in this subzone from the Gleeble-simulated sample. 

5.1  Limitations of result attainment 

There were factors limiting the attainment process of the result to be considered, and error 

possibilities must be noted. The plates in the weld joint were wrought 6082-T6 aluminum 

alloy, though the bars used for the Gleeble simulation were manufactured via the extrusion 

method. This discrepancy in the manufacturing methods led to a significant difference in the 

grain sizes between the two sets of samples, leading to microstructural and grain size 

incomparability between the samples in Figure 30.  
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Another limitation was the difference between the original joint according to which the 

Gleeble samples were simulated and the joint in Figure 39 that was subjected to tensile 

testing. Since the original joint was not fully penetrated, the fracture placement would most 

likely be the weldment, intercepting the correct result attainment regarding the place of the 

breakage in the joint. Instead, the fully penetrated joint was used foe tensile testing which, 

through the study of its hardness profile, the subzones were discerned without an issue, 

offering accurate results all the same.  

It is also essential to acknowledge the potential errors in the simulation of the thermal field 

as well since no simulation is fully free of inaccuracies. The mismatch between the Gleeble-

simulated sample hardness map with 345° peak temperature and Point 3 in the original joint 

presented in Figures 29 (c) and (d) may thus be explained. A contributing factor to the 

simulation inaccuracies may be the verification thermocouple placement being too far from 

the simulated points. However, the thermocouples see damage if placed too close to the weld, 

making the designed distances reasonable, hence the determined placements. Additionally, 

the error in the EDS apparatus must be noted, especially in the case where points situated 

too close are analyzed. 
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6  Conclusions 

In this thesis, two plates of 6082-T6 aluminum alloys with Y grooves were MIG welded, 

and the thermal history of various points was obtained via the installed thermocouples. Three 

points in three different subzones of the HAZ were determined and numerically simulated 

for study; Point 1 with 615°C peak temperature nearest to the fusion line and 1 mm toward 

the center from the weld toe, Point 2 farther in the distance with 450°C, 2.4 mm from the 

weld toe, and lastly Point 3 with 345°C, 6mm from the weld toe. Each point was thermo-

mechanically simulated on a sample via a Gleeble furnace, containing a homogenous area 

in the middle. Lastly, a tensile test was executed for a similar fully penetrated joint to 

determine the placement of the fracture and its correspondence to the studied subzones. 

(1) The first research question regarding the mechanical properties of the simulated 

subzones was addressed. The Vicker’s hardness test results of the Gleeble-simulated 

samples included 81 HV at 615° (Point 1), 71 HV at 450° (Point 2), and 100 HV at 

345° (Point 3) of peak temperatures. The hardness of the simulated first two points 

matched that of the original joint, though there was a discrepancy in Point 3 of the 

joint and the sample. The slight hardening of Point 1 was due to reprecipitation of 

the β′ phase, creating the Quenched Zone at this point, whereas in the second- and 

third-point samples, the strengthening phases seem to have dissolved, resulting in the 

decrease of hardness values. 

The tensile test results showed mechanical property deterioration in all Gleeble-

simulated points compared to the BM. The highest YS was 194 MPa, observed in the 

Point 3 sample, and the lowest was 157 MPa, approximately half the YS of the BM, 

detected at Point 2. Point 3 indicated the lowest UTS, and Point 1 possessed the 

lowest deformation capacity (lowest % elongation at break).  

(2) The second research question was tackled as it was found that on a microstructural 

level, the grain boundaries of the first point Gleeble-simulated sample closest to the 

weld and highest in peak temperature were melted and solidified, resulting in a PMZ 

view, and the EDS results suggested slight segregation in this region. Equiaxed 

grains were observed in both Points 2 and 3 samples, though the grain growth was 

more prominent in Point 2 than Point 3, and similarly Point 3 than the BM. In 
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addition, elongated (unchanged) grains were observed in both Points 2 and 3. The 

intermetallic phases in these samples were Si-, Fe-, and Mn-rich with slight 

variations in the amounts.  

The microstructural correlation between the original joint and the Gleeble-simulated 

subzone points could not be studied due to the differences in manufacturing methods 

between the two, resulting in a difference in mean grain sizes. However, the 

mechanical properties of the joint and the Gleeble-simulated samples matched. 

(3) Upon addressing the third research question, it was established that the correlation 

between the tensile strength of Points 2 and 3 Gleeble-simulated samples and the 

average grain boundary size seen in the micrographs can be explained by the Hall-

Petch equation. The slight increase in the hardness and tensile strength of the Point 

1 sample is due to its distinctive microstructural characteristics as the Quenched Zone 

and the recovery of strengthening β′ phases.  

(4) The accuracy and alignment of the Gleeble-simulated samples and a real-world joint 

mentioned by the fourth and final research question were explored. The breakage of 

the fully penetrated similar joint occurred in the softened area, seemingly 

corresponding to Point 2 with the lowest YS in the Gleeble-simulated samples and 

the most grain growth, disregarding the PMZ at Point 1 with its individual properties. 

This serves as proof of the mechanical correlation between the real-world joint and 

the Gleeble-simulated subzones. 

Even though similar experimentations were executed for different materials, such as steel 

and titanium alloys, and other joining methods, such as friction stir welding, this study was 

a novel approach to understanding the HAZ of the MIG-welded 6082-T6. Understanding the 

weaknesses in the HAZ can help make better decisions in the design and development of 

6082-T6 structures. Future work can explore dynamic testing, bending tests, different groove 

preparation, and other microstructural characterization techniques (e.g., TEM for precipitate 

observation). 
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Appendix 1. OM Image of Point 1 (615° peak temperature) in the original joint, 200x 

magnification. 

 

  



 

Appendix 2. OM Image of Point 1 (615° peak temperature) in the Gleeble-simulated sample, 

200x magnification. 

 

  



 

Appendix 3. OM Image of the BM in the Gleeble-simulated sample, 200x magnification. 

 

  



 

Appendix 4. SEM Image of Point 1 (615° peak temperature) in the Gleeble-simulated 

sample, 1000x magnification. 

 

  



 

Appendix 5. SEM Image of Point 2 (450° peak temperature) in the Gleeble-simulated 

sample, 1000x magnification. 

 

  



 

Appendix 6. SEM Image of Point 3 (345° peak temperature) in the Gleeble-simulated 

sample, 1000x magnification. 

 

  



 

Appendix 7. EDS analysis graphs of five points in the Gleeble-simulated Point 1 sample. 

 

 

 

  

 


