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ABSTRACT 

With the advent in technology, the automotive parts makers are particularly interested in 

the utilization of new manufacturing concepts and modern materials. The phrase "tailor 

welded blank (TWB)" refers to a blank in which two or more sheets of material are welded 

together to form a single blank before the forming process. TWBs have considerable 

benefits in terms of lowering manufacturing costs, reducing vehicle weight, and 

enhancing part performance. 

Experimental and numerical investigations on the formability of longitudinally butt-

welded tailor welded blank of the same thickness prepared by friction stir welding is 

presented in the thesis. The friction stir welding technique involves a solid-state stirring 

mechanism to butt weld the two blanks of aluminium alloy AA5083 and AA6082 both in 

annealed state. This study employs a Taguchi approach to systematically explore and 

optimize critical FSW parameters such as tool rotational speed and traverse speed, while 

keeping axial force as constant. The influence of each parameter on weld quality metrics, 

such as tensile properties (strength and ductility), hardness distribution, and defect 

formation, is assessed using an appropriate orthogonal array (L9) and signal-to-noise 

(S/N) ratio analysis. The Taguchi approach identifies the most significant parameters and 

their optimal levels with fewer experimental trials, boosting joint efficiency, increasing 

material flow in the stir zone, and ensuring a defect-free weld. This optimization 

framework offers a reliable and cost-effective way for creating different FSW joints 

between AA5083 and AA6082 alloys. In order to study the effect of welded region on 

formability, experiments are performed on tailor welded blanks with and without the 

annealing operation. The tensile properties of the parent sheets, welded blanks and welded 

region are determined by performing standard uniaxial tension tests. The formability of 

tailor-welded blanks was investigated by performing limiting dome height (LDH) tests 

8

8
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vii 

 

and measuring major and minor strains along and across the weld line in deformed 

samples. The elastic properties, true stress-true strain and anisotropic data sets are used 

in the material model for the prediction of failure strains to develop forming limit plots. 

The predicted results from finite element analysis are validated with the experimental 

results obtained from limiting dome height test and are found to correlate well with 

experimental data. The annealing is observed to enhance the formability of the FSTWB 

by almost 13% in plane strain and equibiaxial stretch conditions. 

Keywords: Friction Stir Welding, Tailor Welded Blank, Formability, Stretch Forming, 

Limiting Dome Height, Strain Distribution, Finite Element Analysis. 
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CHAPTER 1 

INTRODUCTION 

Automakers are continuously searching for new and innovative ways to reduce vehicle 

weight and manufacturing costs in order to meet increasingly stringent fuel economy 

criteria while remaining economically competitive. The usage of tailor welded blanks 

(TWBs) offers a potential option to address these seemingly contradicting needs. 

Tailor welded blanks are made by welding numerous sheets of material together before 

shaping. In a conventional sheet-metal forming techniques, the blank is normally 

constructed of a single piece with a constant thickness and is cut from a big sheet. 

However, the new trend of using TWBs involves the use of numerous pieces of sheet 

metal of varying forms and thicknesses or of different materials [1]. 

The joining of sheets in TWBs is a critical manufacturing step that enables the 

integration of sheets with different thicknesses, grades, or material properties into a 

single blank prior to forming. This method allows designers to accurately arrange 

material strength and thickness, which improves structural performance, reduces 

weight, and optimizes material utilization. Welding techniques such as friction stir 

welding, laser beam welding, and resistance welding are often used for TWB 

fabrication because they create small weld zones with little distortion and mechanical 

integrity [2]. The weld's quality defined by its strength, ductility, microstructural 

homogeneity, and defect-free nature has a major impact on the overall formability and 

performance of the custom welded blank during subsequent forming operations. A 

well-executed joint enables consistent strain distribution across the weld and base 

materials, whereas poor joining can cause strain localization and premature failure. 

38
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The weld region in a friction stir tailor welded blank (FSTWB) prepared by joining of 

two or more sheets with same or different thickness of same or different materials in a 

single plane prior to forming is the main reason for reduction in its formability. 

However, due to numerous benefits, it is important to enhance the formability of 

TWBs used in sheet metal components for automotive and aerospace industries. Also, 

It has become an essential mass production technology which reduces the weight of 

the finished products by eliminating number of reinforcements and stiffeners [1]. Mass 

optimization for lighter components is achieved by the use of a low density ultra-high 

strength aluminium alloy, which offers good formability and crashworthiness [2]. 

Based on classification, fusion welding and solid-state welding are the two techniques 

commonly employed to prepare a TWB. Although, the fusion welding technique is a 

high speed process providing good joint strength and efficiency in the steel 

components, it is not preferred in welding aluminium alloys due to the formation of an 

oxide layer and other solidification defects [3]. Friction stir welding (FSW) technique 

is a solid state welding process which is a good alternative to the fusion welding in 

addressing the problems encountered in welding aluminium alloys. It incorporates the 

use of friction heat caused due to severe plastic deformation using a non-consumable 

rotating tool moving along the weld line during joining of the two different sheets by 

a mechanical inter-locking mechanism [4]. Apart from low power consumption, FSW 

technique offers good weld strength and integrity with a negligible distortion [5]. In 

the last decades, owing to academic and industrial applications, many researchers have 

studied the deformation behaviour and formability of TWBs prepared by FSW 

technique [6-8]. Silva et al., 2009 [9] carried out experimental studies on the forming 

behaviour of a TWB of aluminium alloy using a single point incremental forming 
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technique and confirmed that FSW produced TWB can be successfully used in the 

manufacturing of components requiring deep depths. Experimental and numerical 

methods were used by Kim et al., 2010 [10] to study the formability of FSTWBs made 

of four different sheets with varying thicknesses, such as 6111-T4, 5083-H18, 5083-

O, and DP590. Yld2000-2d, a non-quadratic orthogonal anisotropic yield function, 

was used without considering anisotropy. It was concluded that accurate numerical 

prediction of forming limit is dependent on the properties of the welded region. 

Nguyen et al., 2015 [11] studied the springback behavior of tailor welded blanks 

(TWBs) made from twinning-induced plasticity (TWIP) and mild steels, noting 

significant differences on either side due to the large disparity in material strength. To 

mitigate springback defects during the U-draw bending process of such TWBs, the 

researchers applied varying blank holding force (BHF) profiles on both sides of the 

blank. They proposed a systematic method to determine optimal BHF-stroke profiles 

that reduced the springback. Hariharan et al., 2014 [12] studied the formability of tailor 

welded blanks with a very high strength ratio, created by joining TWIP and low carbon 

steels, through numerical analysis using a limiting dome height test. They modified 

the drawbead geometry on the weaker side to enhance the dome height. The drawbead 

design was optimized by treating it as a multi-objective problem, with the goals of 

maximizing dome height and minimizing weld line movement. Hovanski et al., 2015 

[13] carried out experimental and numerical characterization of aluminium alloy 

TWBs prepared by high speed FSW technique for mass production. Simulations were 

performed on TWBs and machined dissimilar blanks for different thickness ratios and 

it was concluded that predicted results are in good agreement with the experimental 

data. Kesharwani et al., 2015 [4] experimentally and numerically characterized the 
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formability of tailor friction stir welded blanks of AA5754-H22/AA5052-H32 on the 

basis of limiting draw ratio and also, optimized the welding parameters to achieve 

optimum weld strength and ductility using Taguchi Orthogonal array approach. 

Perente et al., 2016 [14]  investigated the formability of TWB consisting of 

AA5182/AA6061 prepared by FSW and compared the results with the formability of 

parent sheets. Khan et al., 2017[15] studied the mechanical behaviour of a friction stir 

welded blanks and reported an acceptable joint efficiency although with a higher 

hardness due to grain refinement in the stirring zone. Bhukya et al., 2022 [16] 

experimentally investigated the effects of heat treatment on the microstructure and 

mechanical properties of a copper aided friction welding of AA6061 aluminium alloy. 

Copper assisted FSW of the alloy joint was prepared at a constant tool rotational speed 

of 1400 rpm and welding speed at 1 mm/s. FSW specimens were subjected to solid 

solution heat treatment at 540 °C for 1 hour followed by quenching in water at ambient 

temperature and then ageing artificially at 180 °C for 6 hours and 24 hours followed 

by air cooling. It was concluded that a softening effect brought on by the breakdown 

of hardening precipitates is indicated by Vickers micro hardness. The consistent 

distribution of fine hardening precipitates at all aging time levels is most likely 

responsible for hardness recovery. Feyissa et al., 2018 [17] conducted experimental 

studies on the characterization of microstructure, mechanical properties and 

formability of cryorolled and annealed AA5083 alloy sheets and compared the 

properties with cold rolled sheets. The influence of annealing time and temperature on 

hardness was studied, and it was observed that annealing at 275 °C for 15 min after 

cryorolling yielded a good combination of strength and ductility. 

28
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On the basis of the literatures, it is concluded that an excessive plastic deformation 

during FSW produces equiaxed recrystallized grains which are responsible for higher 

strength and lower ductility in the welded region resulting in reduced formability. 

Therefore, in order to enhance the formability of a TWB produced by FSW technique, 

it is imperative to improve the ductility of the welded region by reducing the 

dislocation density and resultant residual stresses through heat treatment route.  

In the present study, experimental and numerical investigations are carried out to 

analyse the effect of annealing operation on formability of TWBs. To prepare a good 

butt weld, FSW parameters are optimised using design of experiments and analysis of 

variance (ANOVA). The tensile properties of the parent sheets, welded blanks and 

welded region are determined by standard uniaxial tension tests. In order to predict the 

failure strains, forming limit curves are drawn using limiting dome height tests and 

simulations. A series of experiments are conducted to decide an optimum annealing 

temperature for TWBs thereby reducing the strength, residual stress and hardness in 

strain free grains in the welded region.  The forming limit curves obtained from 

experiments show that the formability of friction stir welded blank is significantly 

enhanced after the annealing process. 

TWB enables design engineers to integrate and position the optimal qualities of 

materials within the component where they are required. This provides the ideal 

attributes by integrating the necessary features of the blanks, allowing for precise 

engineering of the design. It has evolved into a crucial mass manufacturing technology 

that diminishes the weight of completed items by reducing the quantity of 

reinforcements and stiffeners. The Corporate Average Fuel Economy 2025 (CAFE) 

regulations [18], established by the U.S. Congress in 1975 following the Arab Oil 

8
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Embargo, aim to enhance the average fuel efficiency of cars and light trucks sold in 

the United States. Mass optimization of components and subsystems can be 

accomplished through the utilization of low-density, ultra-high strength alloys, such 

as aluminum alloys, which offer excellent formability and crashworthiness. The most 

significant qualities are low density, high specific energy absorption performance, and 

outstanding specific strength. Aluminum exhibits corrosion resistance and may be 

recycled to its original purity. Welding aluminum blanks using traditional procedures 

to prepare a TWB [19] is rather difficult. Friction stir welding (FSW) emerged as a 

technique for combining aluminum alloys through a solid-state joining process [20]. 

Noor Zaman Khan et al. [21] (2017) examined the mechanical and microstructural 

properties of friction stir welded comparable and dissimilar aluminum alloy blanks, 

demonstrating increased hardness attributed to grain refinement in the stirring zone, 

along with a durable joint efficiency. The FSW process utilizes material locking [22] 

for joining, attributed to its stirring mechanism. FSW, as a solid-state joining 

technique, circumvents numerous flaws associated with porosity, blowholes, and 

inadequate solidification. The pronounced plastic deformation at extreme temperatures 

during Friction Stir Welding results in equiaxed recrystallized grains, which contribute 

to the increased strength and diminished formability of the weld zone [23]. Warm 

forming is a superior method to improve the formability of Tailor Welded Blanks. 

1.1 Sheet metal forming 

Sheet metal forming is crucial in the production of intricate components for the 

automobile industry, domestic appliances, and aircraft parts, as it minimizes material 

waste and energy consumption while allowing designers to leverage the material's 

Page 31 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334

Page 31 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334



 

26 

 

inherent qualities. The process entails transforming flat sheet metal blanks into 

components of specified forms, either in a single stage or via numerous stages, by 

applying external forces that induce significant plastic deformation in the material. 

Plastic deformation occurs due to the application of tensile or compressive loads, or a 

combination of both. Common sheet metal forming operations include stretch forming, 

deep drawing, and bending, as shown in Figure 1.1. During a stretch forming 

operation, the peripheries of a sheet metal blank are secured by exerting a substantial 

blank holding force, while a stiff tool or punch is employed to deform the material to 

get the intended shape. During the stretch forming process, the material experiences 

pure tensile pressures. This method offers superior form control and surface quality 

compared to rolled or drawn components [24]. This technology is mostly utilized in 

the aerospace sector for the fabrication of aircraft skin panels. Deep drawing is a 

significant sheet metal forming technique in which material is shaped into a die of 

appropriate geometry. In this procedure, as opposed to stretching, the material is 

extracted from the outer flange region into the die to achieve the intended form. This 

procedure is mostly employed to manufacture components of significant depth through 

single or several processes. The deep drawing technique entails a mix of tensile and 

compressive stresses. The flange region experiences compressive hoop stress and 

radial tensile stress; elevated compressive hoop stress can lead to wrinkling. This can 

be mitigated by exerting adequate blank holding force. In the cup wall region, the 

material experiences plane strain stretching, resulting in considerable thinning. The 

metal at the center of the blank experiences biaxial tensile stress as a result of contact 

with the bottom punch [25]. 
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Figure 1.1 Sheet metal forming operation [26] 

Bending is a fabrication process wherein sheet metal is exposed to bending force to 

create curved components or sections. Common bending operations include V-

bending and U-bending, among others (Figure 1.1). During bending, the exterior of 

the sheet experiences tensile stress, while the interior undergoes compressive stress. 

The alteration in bend angle resulting from the material's elastic recovery post-bending 

is termed springback, which can be mitigated by incorporating appropriate allowances 
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in the tools. Complex sheet stampings entail a synthesis of the aforementioned 

procedures. The production of the majority of vehicle and aerospace components 

entails both stretching and drawing, along with accompanying processes such as 

bending, unbending, and flanging [27]. 

1.2 Formability 

In sheet metal forming, formability refers to the capacity of a sheet metal to be shaped 

into a specific desired configuration without experiencing failure. The extent of 

deformation attainable in a single stage is constrained by the initiation of tensile 

instability (necking) and/or fracture resulting from excessive thinning of the blank. 

Necking and, at times, excessive thinning are the primary limiting factors in sheet 

metal operations. The formability of sheet metals is typically assessed by laboratory 

simulation experiments. In simulated tests, the material is distorted in a manner that 

closely mimics a certain forming process. This section provides a quick explanation of 

many regularly utilized simulated test methodologies. 

1.2.1 Erichsen and Olsen tests 

Figure 1.2 presents the schematic of the Erichsen and Olsen tests. The initial 

assessment for determining the formability of sheet metals was introduced by Erichsen 

[28]. A circular specimen with a diameter of 27mm is secured between two grips and 

deformed with a hemispherical punch of 20mm diameter until necking or failure 

occurs, at which point the cup height is measured. The greater the cup height, the 

superior the material's formability during stretching. Subsequently, Olsen [29] 

introduced a comparable test utilizing altered tool and blank dimensions. Inadequate 

repeatability and unpredictability in clamping (material draw-in) restrict the 

application of these tests. 

13

Page 34 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334

Page 34 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334



 

29 

 

 

Figure 1.2 Tool for Erichsen and Olsen tests and a tested sample [30] 

1.2.2 Limiting dome height test 

Hecker [31] introduced a formability test wherein the blank is deformed over a 

hemispherical punch with a diameter of 101.6 mm, incorporating a drawbead within 

the die plates. In limit dome height test the material is entirely secured by employing 

a drawbead, which prevents the material from being drawn into the die, resulting in 

pure biaxial stretching during the test. Figure 1.3 displays the schematic of the tooling 

with a tested sample. The formability is assessed by measuring the dome height at the 

initiation of necking or failure. This assessment is usually referred to as the limiting 

dome height (LDH) test. 

13
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Figure 1.3 Limiting dome height test and a tested sample [31] 

1.2.3 OSU test 

A further test was introduced by Wagoner et al. [32], referred to as the Ohio State 

University (OSU) test, to ascertain the limiting dome height under plane strain 

conditions. The failure punch height serves as an indicator of formability. This test is 

expedient as it requires the evaluation of only one specimen width (124 mm) to achieve 

a plane-strain failure. The test configuration employs a flat elliptical punch rather than 

the hemispherical punch utilized in the LDH test as shown in Figure 1.4. Various 

coated and uncoated sheet materials were evaluated using both flat elliptical and 

hemispherical punches, and the results were compared. OSU testing demonstrated 

greater stability and repeatability in comparison to LDH tests. 

 

Figure 1.4 OSU test and a tested blank sample [33] 
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1.2.4 Hydraulic bulge test 

A hydraulic bulging test [34] is another method for assessing the formability of a sheet 

under biaxial stretching. The configuration comprises a pressure chamber and a 

clamping apparatus. Pressure can be generated utilizing fluid or gas as shown in Figure 

1.5. The bulge height at which material failure occurs is utilized to assess formability. 

This test's advantage lies in the absence of friction between the tool and the workpiece, 

facilitating equibiaxial stretching and resulting in increased total strain. 

 

Figure 1.5 Hydraulic bulge test and a tested sample [35] 

1.2.5 Swift cup drawing test 

All the aforementioned tests are employed to assess the formability of a sheet under 

stretching conditions. The Swift flat bottom cup test [36] is a classic method for 

assessing the drawability of a sheet. This test employs a flat-bottom punch with a 

diameter of 50mm to draw circular blanks of varying diameters into the die as shown 

in Figure 1.6. The blank diameter is progressively enlarged to ascertain the limiting 

draw ratio (LDR), defined as the ratio of the largest blank diameter that may be pulled 

without failure to the diameter of the punch. 

13
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Figure 1.6 Swift cup test and a drawn cup [33] 

1.2.6 Fukui conical cup test 

Fukui [33] proposed an alternative testing method to assess formability in a combined 

mode of deformation (stretching and drawing). The test apparatus comprises a 

spherical ball with a diameter of 22 mm and a conical die featuring a 60° included 

angle as shown in Figure 1.7. The punch exerts stress on the ball, causing the 

unsupported circular blank to distort until a failure in the sheet is evident. During 

deformation, the material experiences elongation from the flange area. The hole is far 

larger than the ball, necessitating the development of a conical cup. The formability is 

assessed by the base diameter of the cup. 

 

Figure 1.7 Fukui conical cup test and a tested sample [33] 

1.3 Forming limit diagram 

A forming limit diagram, commonly referred to as the Forming Limit Curve (FLC), is utilized 

to anticipate the forming behaviour of sheet metal. This graph forecasts the material's failure 
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zone. To conduct the Forming Limit Diagram experiment, circular markings are applied to the 

sheets. The sheet is subsequently distorted in a press. before establishing The blank holder 

secures the sheet and facilitates material locking to enable adequate deep drawing. When the 

blank is secured at a specified pressure, the punch advances toward the sheet and deforms it. 

When the sheet is stretched, circles become warped, resulting in an ellipse, as illustrated in 

Figure 1.8.  

 

Figure 1.8 Circles deformed into ellipses in different modes of deformation 

Let the initial diameter of the circle be d1, and the end diameters of the deformed circle, namely 

the ellipse, be d_2minor (minor diameter) and d_2major (major diameter).Principal strains can 

be determined as follows: the major strain, aligned with the major axis of the ellipse, is 

expressed as ln(d₂major/d₁), while the minor strain is represented as ln(d₂minor/d₁). The values 

at failure and necking indicate the failure and necking conditions, while strain levels distant 

from necking signify a safe situation. A graph depicting the amalgamation of major and minor 

strain associated with failure, necking, and the safe zone results in the developing limit 

diagram, commonly referred to as the Keeler-Goodwin diagram.  
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Figure 1.9 A typical forming limit diagram 

Figure 1.9 illustrates the threshold beyond which the forming operation may result in necking 

or fracture. The strain data above the curve indicates the regions of failure. The curve on the 

left side represents limit strains recorded from samples subjected to combined tension and 

compression deformation. The curve on the right illustrates the limiting stresses recorded from 

samples deformed under biaxial tension. The principal strain value, when the secondary strain 

is zero, signifies a condition of plain strain. 

1.3.1 Important material parameters which affect formability 

The mechanical properties which affect the formability of sheet metals are strain hardening 

exponent, anisotropy and thickness of the material. 

1.3.1.1 Strain Hardening exponent 

The strain hardening exponent (n) signifies a material's capacity to uniformly distribute strain 

under tensile stress. It shows a material's ability to undergo work hardening, which occurs 

when the flow stress increases with increasing plastic strain. A larger n number suggests a 

stronger potential for uniform plastic deformation, since the material can transfer strain more 
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effectively and postpone the beginning of localized necking. This improves formability by 

allowing the sheet to withstand larger strains before failing, which is especially useful in 

forming processes like deep drawing and stretch forming. In contrast, materials having a low 

strain hardening exponent tend to localize deformation quickly, resulting in early necking and 

poor formability. As a result, a larger strain hardening exponent is typically related with 

improved resistance to instability, increased forming limits, and overall performance in sheet 

metal forming processes. 

Anisotropy  

The normal anisotropy (R̅) and planar anisotropy (ΔR) influences drawability and earing of 

the sheets during deep drawing [37]. R value (plastic strain ratio) represents the ratio of true 

strain in width to true strain in thickness. The R value, defined as the ratio of true strain in the 

width direction to true strain in the thickness direction, provides a direct assessment of a 

material's resistance to thinning under tensile deformation. Higher average normal anisotropy 

(R̅) suggests superior drawability, since the sheet may undergo greater plastic deformation 

with lower thickness reduction, minimizing the danger of tearing or fracture. Planar anisotropy 

(ΔR) is the fluctuation of R values with orientation relative to the rolling direction, causing 

non-uniform material flow while drawing. Higher ΔR values cause significant earing defects 

along the cup rim, resulting in increased material waste and post-processing requirements. 

Therefore, achieving a high R̅ combined with a low ΔR is essential for enhancing deep 

drawability while suppressing earing tendencies in sheet metal forming operations. 

Thickness 

Increased sheet thickness enhances formability. It has a direct impact on stress distribution, 

strain accommodation, and failure resistance throughout the forming process. Thicker sheets 

have better formability because they can resist higher forming loads and accommodate larger 

plastic strains before experiencing localized necking or fracture. The higher thickness 

13
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increases resilience to thinning, improves through-thickness stress support, and decreases 

ripping during procedures like deep drawing and stretching. Thinner sheets, on the other hand, 

are more susceptible to rapid thickness decrease, strain localization, and early failure, 

especially in complicated stress conditions. Increased sheet thickness results in increased 

forming forces and material consumption, which must be balanced against design and 

production limits. As a result, an appropriate sheet thickness is required to enable increased 

formability while preserving efficiency and structural integrity in forming applications. In the 

necking zone, elevated limiting stresses arise due to the increased thickness of the sheet metal 

[38]. The configuration of the neck is contingent upon the strain rate sensitivity index (m) of 

the material. Necks exhibit a more gradual profile in materials with a greater modulus. 

Aluminium alloys with lower m exhibit significantly sharper necks. The presence of a sharper 

neck likely diminishes the significance of the thickness effect [39]. 

Ductility 

Sheet ductility is a fundamental material attribute that substantially influences formability 

since it determines the amount of plastic deformation that a sheet can withstand before fracture. 

Materials with high ductility can withstand bigger strains through consistent plastic flow, 

allowing complicated shapes to be formed without breaking or tearing during forming 

processes such as deep drawing, bending, and stretching. Enhanced ductility improves strain 

redistribution under multiaxial stress states, slows the development of localized necking, and 

enhances the sheet's forming limit. Sheets with low ductility, on the other hand, have restricted 

plastic deformation capability, resulting in premature fracture and reduced formability, 

especially in places subjected to high tensile stresses. Higher sheet ductility is directly related 

to improved formability, forming reliability, and design flexibility. 

 

. 
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1.4 Aluminium alloys 

The unique combinations of properties provided by aluminium and its alloys make aluminium 

one of the most versatile, economical, and attractive metallic materials for a broad range of 

uses from soft, highly ductile wrapping foil to the most demanding engineering applications. 

Aluminium alloys are second only to steels in use as structural metals. Aluminium has a 

density of only 2.7 g/cm3, approximately one-third as much as steel (7.83 g/cm3). One cubic 

foot of steel weighs about 490 lb; a cubic foot of aluminium, only about 170 lb. Such light 

weight, coupled with the high strength of some aluminium alloys (exceeding that of structural 

steel), permits design and construction of strong, light weight structures that are particularly 

advantageous for anything that moves space vehicles and aircraft as well as all types of land- 

and water-borne vehicles. Aluminium resists the kind of progressive oxidization that causes 

steel to rust away. The exposed surface of aluminium combines with oxygen to form an inert 

aluminium oxide film only a few ten-millionths of an inch thick, which blocks further 

oxidation. And, unlike iron rust, the aluminium oxide film does not flake off to expose a fresh 

surface to further oxidation. If the protective layer of aluminium is scratched, it will instantly 

reseal itself. The thin oxide layer itself clings tightly to the metal and is colourless and 

transparent invisible to the naked eye. The discoloration and flaking of iron and steel rust do 

not occur on aluminium. Appropriately alloyed and treated, aluminium can resist corrosion by 

water, salt, and other environmental factors, and by a wide range of other chemical and 

physical agents. The corrosion characteristics of aluminium alloys are examined in the section 

“Effects of Alloying on Corrosion Behaviour” in this article. 

Aluminium surfaces can be highly reflective. Radiant energy, visible light, radiant heat, and 

electromagnetic waves are efficiently reflected, while anodized and dark anodized surfaces 

can be reflective or absorbent. The reflectance of polished aluminium, over a broad range of 

wave lengths, leads to its selection for a variety of decorative and functional uses. Aluminium 

typically displays excellent electrical and thermal conductivity, but specific alloys have been 
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developed with high degrees of electrical resistivity. These alloys are useful, for example, in 

high-torque electric motors. Aluminium is often selected for its electrical conductivity, which 

is nearly twice that of copper on an equivalent weight basis. The requirements of high 

conductivity and mechanical strength can be met by use of long-line, high-voltage, aluminium 

steel-cored reinforced transmission cable. The thermal conductivity of aluminium alloys, 

about 50 to 60% that of copper, is advantageous in heat exchangers, evaporators, electrically 

heated appliances and utensils, and automotive cylinder heads and radiators. Aluminium is 

nonferromagnetic, a property of importance in the electrical and electronics industries. It is 

nonpyrophoric, which is important in applications involving inflammable or explosive-

materials handling or exposure. Aluminium is also non-toxic and is routinely used in 

containers for food and beverages. It has an attractive appearance in its natural finish, which 

can be soft and lustrous or bright and shiny. It can be virtually any colour or texture. The ease 

with which aluminium may be fabricated into any form is one of its most important assets. 

Often it can compete successfully with cheaper materials having a lower degree of workability. 

The metal can be cast by any method known to foundrymen. It can be rolled to any desired 

thickness down to foil thinner than paper. Aluminium sheet can be stamped, drawn, spun, or 

roll formed. The metal also may be hammered or forged. Aluminium wire, drawn from rolled 

rod, may be stranded into cable of any desired size and type. There is almost no limit to the 

different profiles (shapes) in which the metal can be extruded. Different types of Aluminium 

alloys are described below: 

1xxx Series. Aluminium of 99.00% or higher purity has many applications, especially in the 

electrical and chemical fields. These grades of aluminium are characterized by excellent 

corrosion resistance, high thermal and electrical conductivities, low mechanical properties, 

and excellent workability. Moderate increases in strength may be obtained by strain hardening. 

Iron and silicon are the major impurities. 

21
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2xxx Series. Copper is the principal alloying element in 2xxx series alloys, often with 

magnesium as a secondary addition. These alloys require solution heat treatment to obtain 

optimum properties; in the solution heat-treated condition, mechanical properties are similar 

to, and sometimes exceed, those of low-carbon steel. In some instances, precipitation heat 

treatment (aging) is employed to further increase mechanical properties. This treatment 

increases yield strength, with attendant loss in elongation; its effect on tensile strength is not 

as great. The alloys in the 2xxx series do not have as good corrosion resistance as most other 

aluminium alloys, and under certain conditions they may be subject to intergranular corrosion. 

Therefore, these alloys in the form of sheet usually are clad with a high-purity aluminium, a 

magnesium-silicon alloy of the 6xxx series, or an alloy containing 1% Zn. The coating, usually 

from 2 to 5% of the total thickness on each side, provides galvanic protection of the core 

material and thus greatly increases resistance to corrosion. Alloys in the 2xxxseries are 

particularly well suited for parts and structures requiring high strength-to-weight ratios and are 

commonly used to make truck and aircraft wheels, truck suspension parts, aircraft fuselage 

and wing skins, structural parts, and those parts requiring good strength at temperatures up to 

150 °C (300 °F). 

3xxx Series. Manganese is the major alloying element of 3xxx series alloys. These alloys 

generally are non-heat-treatable but have about 20% more strength than 1xxx series alloys. 

Because only a limited percentage of manganese (up to about 1.5%) can be effectively added 

to aluminium, manganese is used as a major element in only a few alloys. However, one of 

these, the popular 3003 alloy, is widely used as a general-purpose alloy for moderate-strength 

applications requiring good workability.  

4xxx Series. The major alloying element in 4xxx series alloys is silicon, which can be added 

in sufficient quantities (up to 12%) to cause substantial lowering of the melting range without 

producing brittleness. For this reason, aluminium-silicon alloys are used in welding wire and 

1
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as brazing alloys for joining aluminium, where a lower melting range than that of the base 

metal is required. Most alloys in this series are non-heat treatable, but when used in welding 

heat-treatable alloys, they pick up some of the alloying constituents of the latter and so respond 

to heat treatment to a limited extent. The alloys containing appreciable amounts of silicon 

become dark grey to charcoal when anodic oxide finishes are applied and hence are in demand 

for architectural applications. Alloy 4032 has a low coefficient of thermal expansion and high 

wear resistance; thus, it is well suited to production of forged engine pistons. 

5xxx Series. The major alloying element in 5xxx series alloys is magnesium. When it is used 

as a major alloying element or with manganese, the result is a moderate-to-high-strength work 

hardenable alloy. Magnesium is considerably more effective than manganese as a hardener, 

about 0.8% Mg being equal to 1.25% Mn, and it can be added in considerably higher 

quantities. Alloys in this series possess good welding characteristics and good resistance to 

corrosion in marine atmospheres. However, certain limitations should be placed on the amount 

of cold work and the safe operating temperatures permissible for the higher-magnesium alloys 

(over ~3.5% for operating temperatures above ~65 °C, or 150 °F) to avoid susceptibility to 

stress-corrosion cracking. 

6xxx Series. Alloys in the 6xxx series contain silicon and magnesium approximately in the 

proportions required for formation of magnesium silicide (Mg2Si), thus making them heat 

treatable. Although not as strong as most 2xxx and 7xxx alloys, 6xxx series alloys have good 

formability, weldability, machinability, and corrosion resistance, with medium strength. 

Alloys in this heat-treatable group may be formed in the T4 temper (solution heat treated but 

not precipitation heat treated) and strengthened after forming to full T6 properties by 

precipitation heat treatment. 

7xxx Series. Zinc, in amounts of 1 to 8%,is the major alloying element in 7xxxseries alloys, 

and when coupled with a smaller percentage of magnesium results in heat-treatable alloys of 
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moderate to very high strength. Usually other elements, such as copper and chromium, are 

added in small quantities. Dilute additions of scandium also improve properties. 7xxx series 

alloys are used in airframe structures, mobile equipment, and other highly stressed parts. 

Higher strength 7xxx alloys exhibit reduced resistance to stress corrosion cracking and are 

often utilized in a slightly overaged temper to provide better combinations of strength, 

corrosion resistance, and fracture toughness. 

8xxx series alloys constitute a wide range of chemical compositions. For example, improved 

elevated-temperature performance is achieved through the use of dispersion-strengthened Al-

Fe-Ce alloys (e.g.,8019) or Al-Fe-V-Si alloys (e.g., 8009) made by powder metallurgy 

processing. Lower density and higher stiffness can be achieved in lithium-containing alloys 

(e.g.,8090). The latter alloy, which is precipitation hardenable, has replaced medium-to-high 

strength 2xxx and 7xxx alloys in some aircraft/aerospace applications (e.g., helicopter 

components). 

1.4.1 Importance of lightweight sheet materials 

The reduction of automotive weight while preserving functional requirements is a primary 

objective of engineering design and manufacture, aimed at conserving materials, energy, and 

prices, as well as minimizing environmental impact. A reduction of only 10% in vehicle weight 

is projected to yield a 6 - 8% enhancement in fuel efficiency, accompanied by a corresponding 

decrease in exhaust emissions [39 - 40]. Aluminum (Al) alloys present significant 

opportunities for weight reduction in the automotive sector by substituting prevalent materials 

[41 – 42], such as various grades of steel, due to their superior strength-to-weight ratio, thermal 

characteristics, exceptional corrosion resistance, 90% recyclability, and ease of machinability. 

The utilization of aluminum alloys enhances both fuel efficiency and safety. Aluminum alloys 

of equivalent weight to steel absorb twice the energy after a collision, hence enhancing 

passenger safety. In 2015, the average aluminum content in vehicles was 350 lbs (160 kg) and 
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is projected to reach 547 lbs (250 kg) by 2025, representing a 37% increase (Figure 1.10). 

Significant growth is noted in automotive body and closures. The predominant shipments of 

aluminum goods consist of sheets and plates. The enhancement of mechanical characteristics 

in aluminum alloys through alloying and heat treatment has expanded their applications in the 

automotive and aerospace sectors [43]. Figure 1.11 illustrates many applications of aluminum 

alloys in the automotive industry. Despite the significant potential of aluminum alloys for 

automotive and other applications aimed at weight reduction and fuel efficiency, the 

substitution of steel with aluminum alloys in the production of complex sheet metal 

components remains challenging with current conventional manufacturing processes due to 

the inadequate formability of aluminum alloys at ambient temperature. Consequently, 

sophisticated forming techniques are required to enhance their formability. Improvements are 

anticipated with the application of specialized forming processes, such sheet hydroforming, 

superplastic forming, and high energy rate forming, which will be briefly described next. 

 

Figure 1.10 Aluminum growth in automotive industry [44] 
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Figure 1.11 Applications of aluminum alloys in automobiles [45] 
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1.4.2 Aluminium alloys application in automobile body parts 

Global environmental requirements for autos have become rigorous and difficult to comply 

with. They save natural resources, diminish energy consumption, alleviate environmental 

pollution, improve vehicle safety, and ensure comfortable driving conditions. The pressing 

concern is the minimal energy consumption for conservation purposes and the reduction of 

CO2 emissions to address global warming. Improving engine and drivetrain efficiency, 

reducing running resistance, and decreasing vehicle weight are fundamental ways to lower 

fuel consumption. In terms of weight reduction, strategies encompass reducing the size of the 

autobody, modifying the structural design, and replacing traditional materials with lighter 

substitutes. 

 

Figure 1.12 Growth of Aluminium in car body application 

Reducing the size of automobiles is the most effective method for weight reduction; yet, 

dimensions tend to increase to accommodate safety requirements and consumer demand. 

Moreover, the installation of air-conditioning units and additional accessories increases the 

weight of a vehicle. The transition from a frame-type to a frameless monocoque body structure 

in passenger cars led to a reduction in weight. Japanese automotive manufacturers began to 

implement high-strength steel sheets (HS) in the exterior panels of vehicle bodies, marking a 
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pivotal shift during the two oil crises. Subsequently, several types of high-strength materials 

with excellent formability were created, resulting in a progressively increasing use rate of 

high-strength materials. To attain weight reduction in response to stringent fuel consumption 

regulations, it is essential to substitute conventional materials with advanced lightweight 

alternatives. This study presents the current status of the development and application of sheet 

materials for reducing autobody weight and discusses the challenges associated with these 

materials in sheet formation. Enhancing engine and drivetrain efficiency, minimizing running 

resistance, and reducing autobody weight are primary strategies to decrease fuel consumption. 

1.4.3 Sheet materials for weight reduction of autobody 

The practical employment of aluminum alloys in automobiles is anticipated due to their 

lightweight properties. The utilization of aluminum alloys in engine cylinders and wheels is 

sophisticated, with the typical weight proportion of aluminum components being 5 to 7% of 

the total weight of mass-produced passenger vehicles in Japan. The utilization of aluminum 

alloy sheets for autobody components has risen since the initial implementation of A1-Mg-Zn 

alloy in 1985. Certain separable components, including the hood (both outer and inner), front 

fender, and sunroof panels of many passenger vehicles, are constructed from aluminum alloy 

sheets. Due to the higher cost of aluminium alloy sheets compared to steel sheets, aluminium 

alloys are utilized exclusively in specific types of passenger vehicles. A automobile with a 

white exterior entirely constructed from aluminum alloys has been available on the market. 

The development of extruded aluminium alloy forms for structural components is ongoing. 

Each of these materials possesses distinct advantages and downsides. 1) Material and 

processing costs, 2) quality and stability, 3) reliable supply, 4) functional attributes such as 

luminosity and strength, 5) productivity in operations such as forming and welding, and 6) 

disposal and recycling post-use. From the perspective of sheet material formability, numerous 

indices of material attributes exist for selection. In the press forming of big, complex 

components like automotive skin panels, it is essential to investigate numerous adverse events 
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throughout the forming process and to assess the overall impact of material attributes and 

forming processes on performance. Yoshida proposed distinguishing fitting behavior, shape 

fixing, and fracture behavior to enhance the knowledge of the deformation behavior of metal 

sheets, based on an analysis of forming flaws and their countermeasures in the press shop [46]. 

The formability of sheet metal should be assessed based on three properties: fitability, shape 

fixability, and fracture resistance, which collectively define total formability. 

Fracture resistance refers specifically to formability. Formability, as determined by fracture 

resistance, is categorized as deep drawability, stretchability, stretch flangeability, and 

bendability [46]. Flttability refers to the extent of deviation of a manufactured component from 

its intended shape, specifically the degree of geometric imperfections such as wrinkles and 

surface deflections. Fixability refers to the degree of retention of shape and dimension of a 

produced part post-stamping. During stamping, springback and minor surface deflection occur 

due to elastic recovery from the release of residual stresses, with material parameters 

significantly impacting the primary adverse events observed in the forming process [47]. The 

sheet metals must be chosen based on their overall formability. 

1.4.4 Aluminium alloys application in TWBs 

Aluminium has long been entrenched in the automotive sector. The prevailing trend in the 

automotive and aerospace industries is to create designs that minimize vehicle weight, hence 

reducing energy consumption and environmental impact in future vehicles. It is utilized for 

structural components, closures, and external attachments, including cross beams, doors, and 

hoods. Pure aluminum structures have been created and utilized. They are mostly utilized in 

premium automobiles like the Audi A8 and certain niche vehicles, such as the BMW Z8, due 

to their relatively elevated material and production expenses. Nonetheless, aluminium presents 

numerous advantages and novel opportunities, and will assume a more significant position in 

the automotive sector in the future. The utilization of TWBs for automotive components is 
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influenced by a broad spectrum of demands, contingent upon particular specifications. This 

encompasses economic efficiency, safety, recyclability, and lightweight performance. Figure 

1.13 illustrates the application of a TWB constructed from aluminium alloys with two distinct 

thicknesses.  

 

Figure 1.13 Application of a TWB in inner door panel for an automobile [47] 

1.4.5 Characteristics of aluminium alloy sheets 

Aluminium alloys utilized in autobody applications primarily consist of three types of alloying 

element compositions. Heat-treatable 2000 series A1-Cu alloys, 6000 series AI-Mg-Si alloys, 

and non-heat-treatable 5000 series A1-Mg alloys have been utilized in automotive body 

construction. In the USA, 2000 series AI-Cu alloys are utilized alongside 5000 series Al-Mg 

alloys; however, in Japan, 2000 series alloys have not been employed due to inadequate anti-

corrosion resistance. The mechanical qualities of aluminium alloys utilized for stamping are 

often characterized as follows: The strength level (YP, TS) is inferior to that of steels. The 

elastic constant (Young's modulus), E, is approximately one-third that of steel. The elongation, 

especially local elongation, is minimal. Discontinuous deformation phenomena, including 

yield-point elongation and jerky flow resulting from the P-L effect, are present. The plastic 

anisotropy, denoted as the r value, is low, measuring (below 1.0) 6) Comparatively pliable and 

susceptible to surface damage Consequently, it may be concluded that aluminium alloy sheets 

are more challenging to form in press operations compared to steel sheets. Aluminium firms 
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are developing new alloy sheets with high strength and high elongation for autobody 

applications, particularly A1-Mg 5000 series alloys. The overall elongation for 5000 series AI-

Mg alloys reaches up to 36%, while the tensile strength attains up to 300 MPa. The overall 

elongation for the 6000 series A1-Mg-Si reaches up to 32%, and the tensile strength (TS) can 

attain up of 290 MPa. 

1.5 Fundamental principles of friction stir welding 

The two phenomena involved in the Friction Stir Welding (FSW) process are the thermal 

generation from tool friction on the material and the material flow resulting from the tool's 

stirring action. Experiments and numerical models are extensively employed to enhance the 

comprehension of these phenomena. Nevertheless, the numerical technique provides insight 

into processes that are challenging to quantify through experimentation. Predictive simulations 

must consider the following aspects: linked friction and heat generation, plastic flow and slip 

surface formation, and, ultimately, heat and material flow. [48]. 

1.5.1 Heat generation 

Despite the fact that the energy input of FSW is comparable to or less than that of arc welding 

[49], the heat is disseminated over a broader area by the shoulder, in contrast to a concentrated 

arc. Furthermore, the close contact between the sample and the backing plate functions as a 

heat sink, effectively dissipating heat. Consequently, FSW is regarded as a cold-welding 

method, resulting in minimal residual stress and distortion. Heat is primarily produced by the 

friction between the tool shoulder and the workpiece surface, then augmented by the extensive 

plastic deformation and pin friction. In literature, the pin contribution to the heating process is 

reported to range from 2% to 51% [50]. Nonetheless, a prevailing tendency indicates a 

contribution of less than 5%. Dong et al. explicitly delineate the impact of each process 

component (shoulder friction, pin friction, and plastic work) on heating during AA6061 T6 

welding [51]. In the scenario of friction exclusively, the temperature beneath the shoulder 
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(about 350°C) is comparable to that beneath the pin (300°C). Nevertheless, this warmth is 

disseminated over a broader surface area, resulting in an increased energy intake. Furthermore, 

the heat produced by the pin is in proximity to the surface backing, where heat extraction is 

optimal. These two facts validate the predominant role of shoulder friction in heat generation 

during the FSW process. In the context of plastic deformation alone, the global temperature 

remains comparatively low (about 100°C beneath the tool) in contrast to frictional heating 

(250°C), except beneath the pin where the strain is elevated. This simulation validates the 

primary influence of friction on heating. Ultimately, when the two phenomena are integrated 

The global temperature beneath the tool is around 250°C, with localized hotter regions beneath 

the shoulder and the pin exceeding 350°C. 

The thermal energy generated by shoulder friction can be quantified [52]. This equation 

demonstrates that power input escalates with an increase in the friction coefficient, forging 

force (i.e., the normal load exerted by the tool), rotating speed, and shoulder diameter. 

 

Where, q0: net power (W), µ: friction coefficient between the piece and the tool, P: pressure 

distribution (MPa), N: rotational speed (rpm), R: surface radius (mm). 

The friction at the tool's forefront creates a plasticized zone, which is then displaced around 

the tool and deposited on the receding side. This procedure is seen as continuous throughout 

the workpiece. However, if melting transpires in front of the tool due to excessive heating, 

reduced friction is produced due to the slippage between the tool and the molten metal. As the 

temperature diminishes, the material reverts to a solid form and vice versa. This phenomenon 

may restrict the utilization of elevated tool revolutions and consequently the application of 

high welding speeds.  
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1.5.2 Material flow 

The intricate flow surrounding the FSW tool can be divided into three more straightforward 

flow components. (i) The initial component can be regarded as a cylinder of the welded 

material undergoing rigid body rotation, delineated from the remainder of the weld by a 

cylindrical shearing surface, which represents a velocity discontinuity (refer to Figure 1.14 

(a)). The revolving cylinder is designed to be affixed to the FSW tool, with its rotational speed 

matching that of the tool spindle. The borders extend toward the tool shoulder to accommodate 

the shoulder's contour. Furthermore, its thickness marginally rises on the retreating side to 

facilitate the metal transfer to the back of the pin as the pin advances. For thinner materials, 

this cylinder may be characterized as a conical region to accommodate the reduced pin length. 

The shearing surface is consequently situated between the shoulder corner and the pin base. 

(ii) The second flow component is a homogenous and isotropic flow field that is identical in 

magnitude and opposite in direction to the welding speed (refer to Figure 1.14 (b)). This 

uniform translation is commonly referred to as "extrusion movement," drawing an analogy to 

the corresponding manufacturing process. (iii) The third component is a ring vortex flow that 

encircles the tool, transporting metal outside, inward at the shoulder, downward internally, and 

outward in the lower regions of the pin (see to Figure 1.14 (c)). The flow is governed by the 

threads and/or flutes on the pin and can be inverted if the orientation of the threads or the tool 

rotation is altered. The vertical motion is vividly highlighted by tracer tests [53], where four 

threads are positioned along the pin length, allowing a marker to undergo approximately 18 

cycles around the pin. This typically results in the disruption and dispersion of the marking. 

Figure 1.14 (d) illustrates that the amalgamation of these three flows produces straight-through 

and vortex currents contingent upon the location. The material near the advancing side 

traverses a longer arc within the spinning cylinder and is subjected to the axial flow of the ring 

vortex for an extended duration. Thus, the vortex current transports the metal to the base of 

the weld. Consequently, vortex current residues are emitted to the advancing side to preserve 
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the substance. Conversely, the direct current occupies the receding side, as the metal in this 

area is briefly subjected to the ring vortex. The proportion of straight-through and vortex 

currents appears to vary, possibly due to a change in shear versus friction slip on the shoulder 

surface [39 - 40]. 

 

 

Figure 1.14 Three incompressible flow fields: a) rigid body rotation, b) uniform translation, 

c) ring vortex, d) combination of the three flow fields. 

1.5.3 Tool parameters 

As seen in the last chapter, the welding settings have a major impact on the quality of FSW 

joints. To achieve a solid and consistent weld, the shoulder-pin assembly's rotational speed, 

the welding speed, the downward forging force, and lastly the tool design must all be optimized 

[60]. This chapter aims to provide an overview of the many designs and tool factors, such as 

shoulder diameter, pin size, and shape, that might change the properties of an FSW joint (see 

Figure 1.15). 

12
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Shoulder diameter and shape 

The main source of energy input is shoulder size. The achievement of a sound weld is highly 

dependent on the tool size since the heat input is a function of the shoulder radius to the third 

power and only relies linearly on the applied forge force and the rotational speed [61 - 62]. 

Furthermore, shoulder radius also affects Z-axis forge force [63].  

 

Figure 1.15 Scheme of tool parameters 

Pin size and shape  

The pin diameter is equal to the sheet thickness for thicknesses ranging from 1 to 8.3 mm. 

Furthermore, the minimum pin diameter is approximately 3 mm. Once again, the spectrum of 

the pin diameters may be extensive. For instance, in the welding of 8-mm thick plates, pin 

diameters ranging from 8 to 13 mm result in defect-free welds. Reynolds et al. investigated 

the effect of pin diameters ranging from 8 to 12 mm on the X-axis force (i.e., along the welding 

direction) and the specific weld energy. For this spectrum of tool geometries, the pin diameter 

did not seem to affect the necessary x-axis force or the specific weld energy.  

The clearance is essential to ensure sufficient plastic deformation at the root of the weld. A 

pin clearance ranging from 0 to 0.5 mm for thicknesses between 1 and 8.3 mm has been 

documented in the literature, with all these values resulting in fully penetrated welding. If the 

clearance is insufficiently small, it results in an unbonded region at the root, which may lead 
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to premature fracture during tensile or bending deformation [64]. It should be noted that a null 

value for pin clearance is typically avoided, as it may lead to pin damage resulting from the 

tool penetration during welding. An essential parameter in the design of FSW tools is the ratio 

of dynamic volume (the volume covered by the pin during rotation) to static volume (the 

volume of the pin itself). Enhancing this ratio leads to a decrease in void formation within the 

welds and facilitates more efficient disruption and dispersion of surface oxide within the 

microstructure [65]. In traditional FSW, the dynamic to static ratio can be enhanced through 

the incorporation of re-entrant features, flutes, threads, and/or flats machined into the pin [66]. 

The facets on the pin function as the cutting edge of a cutter. Subsequently, the material 

becomes confined within the flats and is discharged behind the tool, facilitating comprehensive 

blending. The most advanced application of this principle is the friction skew swirl method. 

The footprint technique may be employed to emphasize the exploitation of the dynamic/static 

ratio. The polar plot of the force footprint illustrates the force vector encountered by the 

instrument during each rotation. 

Optimum tool rotational speed 

Rotational speed influences optimal heat input, leading to the formation of finer granules with 

enhanced plastic flow and sufficient bonding. A higher tool rotational speed results in an 

increased heat input and a slower cooling rate. It induces metallurgical transformations such 

as solubilization, reprecipitation, and coarsening of the precipitates. Reduced tool rotational 

speed leads to decreased frictional heat generation, an increased cooling rate, diminished 

plastic flow, and insufficient bonding, which ultimately results in coarser particle formation. 

Low welding speed 

results in high power density responsible for developing coarse grain in stirring zone. 

Increased welding speed ensures perfect tool work interaction, sufficient plastic flow and 

formation of fine grains. Lack of bonding takes place if welding speed exceeds the optimum 

27
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value. Optimum axial load results in confinement of material within the cavity offers least heat 

dissipation rate.   

Optimum direct axial load 

Plasticized material extending from the leading edge to the trailing edge and remaining 

contained within the weld cavity. Heat loss occurs within the cavity. An increase in axial load 

leads to greater frictional heat generation, causing material loss due to excessive contact 

between the tool shoulder and the base plate, which results in a reduction of the cross-sectional 

area. Increased heat loss occurs as a result of material removal from the base plate, which 

reduces the available heat for weld formation. 

1.6 Work hardening of aluminium alloys 

Work hardening, also referred to as strain hardening or deformation hardening, is a 

phenomenon in which a material's strength enhances during plastic deformation. This section 

begins with an overview of the effects of work hardening on the material's response. Work 

hardening is closely associated with the interactions among individual dislocations as well as 

between dislocations and barriers within the material.  

1.6.1 Work hardening 

The work hardening behavior of a material is most commonly illustrated by its stress-strain 

curve, from which the different phases of work hardening can be discerned. Let us initially 

examine a single crystal subjected to a strain in a direction that activates only one slip system, 

crystal D in Figure 1.16. Initially, deformation takes place through the phenomenon known as 

effortless glide, which is depicted as stage I in the stress-strain curve. Since dislocations glide 

exclusively along a single slip system, the only impediments to their movement are the internal 

friction between atomic planes and any existing obstacles. Following initial deformation, slip 

will initiate on additional slip systems (multi-slip), and as dislocations on intersecting slip 

planes begin to interact, their mobility will be restricted, resulting in an increase in the 
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material's strength. This second stage of work hardening we are now entering is linear and is 

characterized by a rapid rate of approximately G/200. The progression from stage I to stage II, 

as well as the gradient of stage II, is highly influenced by the crystal orientation. If the crystal 

is oriented such that multiple slip systems are active from the outset, stage I may not manifest 

at all, as exemplified by crystals A, B, and C in Figure 1.16. During stage II of deformation, 

the dislocation density will escalate swiftly. However, as the separation between the 

dislocations diminishes to a sufficiently small distance, they will commence to annihilate each 

other or recover. The dynamic recovery phenomenon will diminish the dislocation storage 

rate, resulting in a decrease in the hardening rate.  

 

Figure 1.16 Stress-strain curves for single crystals of various orientations. Crystal D, 

having one active slip system, shows work hardening stages I, II and III. In the multi 

slip orientations A-C, the material goes directly into stage II. [66] 

 

This is illustrated by the nonlinear region of the stress-strain curve, Stage III, in Figure 1.16. 

Beyond stage III, there is a progression to a linear stage IV characterized by a low hardening 

rate. In certain instances, such as ultra-pure aluminium at room temperature and commercially 
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pure aluminium above approximately 100°C, a stress saturation point (hardening rate = 0) is 

attained. The work hardening behavior is occasionally represented by the work hardening rate 

(θ) as a function of stress. Figure 1.16 presents a diagram for copper polycrystals subjected to 

torsion testing across different temperatures. It is well established that the hardening rate of 

FCC metals and alloys increases as the temperature decreases, and it scales with the transition 

stress between stages III and IV, where the scaling parameter an is typically approximately 0.1 

for FCC metals. 

1.6.2 Precipitation strengthening  

Precipitation hardening is the primary mechanism responsible for the fortification of AlMgSi 

alloys. The fine particulates are dispersed within the comparatively ductile matrix, thereby 

enhancing the overall mechanical properties. Precipitation hardening, also known as age 

hardening, is achieved through solution treatment and quenching, during which the second 

phase remains in solid solution at elevated temperatures. The secondary phase particles 

precipitate during quenching and aging at a reduced temperature. This phase must be soluble 

at elevated temperatures and demonstrate decreasing solubility with decreasing temperature to 

facilitate precipitation hardening. In the case of AlMgSi alloys, the secondary phases are 

composed of the primary alloying elements magnesium and silicon. A phase diagram 

illustrating the solubility of Mg and Si as a function of temperature, represented by the Mg2Si 

phase, is depicted in Figure 1.17. 
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Figure 1.17 Phase diagram showing the solubility of Mg and Si as a function of 

temperature represented by the phase Mg2Si. [66] 

 

The precipitation hardening procedure is conducted through multiple stages. Initially, the alloy 

is heated to a temperature exceeding the solvus temperature. This is intended to generate a 

homogeneous solid solution α. The dissolution of alloying elements facilitates the elimination 

of the second phase and removes segregations such as dislocations and granules within the 

alloy. After the alloy is cooled from the solubilization temperature, quenching by air or water 

restricts atomic diffusion toward potential nucleation sites, resulting in the formation of an 

unstable supersaturated solid solution αss due to reduced solubility at lower temperatures. The 

supersaturated alloy may then undergo artificial aging. During this phase, the alloy is subjected 

to heating below the solvus line, typically within the temperature range of 160 to 200°C.  

1
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Figure 1.18   Modified sketch of strength evolution during artificial ageing of an 

AlMgSi-alloy 

 

This allows atoms to diffuse at short distances. Due to the unstable αss phase, the second phase 

atoms diffuse at several nucleation sites that lead to controlled dispersion of particles. Typical 

precipitation sequence for AlMgSi-alloys is given in Equation 4 while the composition and 

the shape of the precipitates. The strengthening effect of the precipitates depends on the 

particles resistant to dislocation movement. The hardest phase for the aluminium 6xxx series 

is the β’’ and Figure 1.18 shows the strength evolution with ageing time of 6xxx-alloys [68]. 

1.6.3 Annealing 

When any metal undergoes cold working, its crystals are elongated and deformed, resulting in 

an increased dislocation density and the introduction of imperfections, which enhance the 

material's strength but reduce its ductility. A decrease in ductility is unfavorable in metal 

forming processes. To attain a more malleable material, cold-worked metal is subjected to 

heating within a furnace. If the material is subjected to prolonged heating, the cold-worked 

metal undergoes several transformations, including (1) recovery, (2) recrystallization, and (3) 

grain growth. 
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Figure 1.19 Effect of annealing on the structure and mechanical property changes of 

a cold-worked metal 

 

Figure 1.19 illustrates the influence of temperature on the mechanical properties of the 

materials. This reheating process, known as annealing, is employed to relax the material. When 

a material undergoes cold working, strain energy is dissipated within the material as a result 

of plastic deformation, resulting in an increase in the internal energy of the material. For this 

reason, the intrinsic energy of a strain-hardened material is always greater than that of an 

unstrained one. 

When a cold-worked material is reheated below its recrystallization temperature, specifically 

within the recovery temperature range, internal stresses and residual stresses are alleviated. 

During the recovery process, dislocations reconfigure into a lower energy state facilitated by 

the provided thermal energy. Due to material recovery, sub-grain boundaries are formed, 
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characterized as low-angle grain boundaries known as polygonization, which occurs prior to 

recrystallization. Internal energy decreases as dislocations are annihilated and reorganize into 

a lower energy state, leading to a minor reduction in strength but a substantial increase in 

ductility. 

During recrystallization, the deformed structure resulting from cold working is entirely 

substituted by new, recrystallized granules. Primary recrystallization transpires through two 

principal mechanisms (1) An isolated nucleus may grow in conjunction with a deformed grain. 

(2) An initial high-angle grain boundary can migrate into a more heavily deformed region of 

the metal. The annealing procedure comprises three stages: (1) heating to specified 

temperatures, (2) maintaining the temperature during soaking, and (3) cooling to ambient room 

temperature. Time is a critical parameter in this process. During the heating and chilling 

processes, a temperature gradient exists between the interior and exterior of the furnace, which 

is influenced by the size and geometry of the workpiece.  
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CHAPTER 2 

LITERATURE REVIEW 

He et al. [67] examined that friction stir welding (FSW) is an energy-efficient and eco-

friendly solid-state joining technique, wherein materials are united through severe 

plastic deformation instead of melting, thus obviating the necessity for shielding gases 

and reducing harmful emissions. Due to these benefits, FSW has achieved extensive 

industry adoption in industries including aerospace, shipbuilding, trains, and 

electronics. The authors highlighted that Friction Stir Welding (FSW) is essential for 

combining traditionally un-weldable aluminum alloys, specifically the 2xxx (Al - Cu) 

and 7xxx (Al - Zn) series, where conventional fusion welding frequently results in 

significant softening and deterioration of mechanical properties. They emphasized that 

the integration of disparate materials continues to pose difficulties owing to variations 

in physical, thermal, and metallurgical characteristics. The integration of interlayers, 

including zinc, copper, brass, nickel, and tin, proved beneficial in addressing these 

difficulties. An interlayer improves tensile strength and joint efficiency while 

mitigating the excessive production of hard and brittle intermetallic compounds by 

facilitating their fine and uniform distribution. Furthermore, interlayers contribute to 

the mitigation of residual stresses and enhance metallurgical adhesion at the contact. 

He also examined the substantial impact of FSW process factors, such as tool rotational 

speed, traverse speed, and tool material, on material flow, thermal generation, and 

microstructural development. Their conclusion emphasized that meticulous 

adjustment of these parameters, together with suitable interlayer selection, is crucial 
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for attaining defect-free joints with enhanced mechanical performance in both 

analogous and heterogeneous material combinations.  

Maciolek et al. [68] demonstrated that zinc-containing 7xxx series aluminum alloys 

exhibit remarkable potential for lightweight structural applications due to their high 

strength and low density; however, their use is constrained by inadequate weldability 

with conventional fusion welding methods, primarily because of hot cracking. The 

authors illustrated that friction stir welding (FSW) addresses these restrictions and 

facilitates the creation of robust connections with enhanced mechanical characteristics. 

To improve joint performance, they examined the impact of post-weld heat treatment 

(PWHT) intended to reinstate precipitation hardening following welding. Two post-

weld heat treatment (PWHT) methods were utilized, comprising solution treatment at 

480 °C with soaking durations of 10 seconds and 300 seconds, succeeded by water 

quenching and artificial aging at 120 °C for 24 hours. The findings indicated that 

reduced soaking duration resulted in superior quasi-static strength relative to both 

extended soaking time and the as-welded FSW condition, suggesting enhanced 

precipitation kinetics. The fatigue behaviour was analysed under low-cycle and high-

cycle situations, demonstrating a decrease in fatigue strength for both post-weld heat 

treatment scenarios. The deterioration was ascribed to grain growth at the surface 

caused by the heat treatment. The study demonstrated that the elimination of the 

compromised surface layer markedly enhanced fatigue performance, underscoring the 

pivotal influence of surface microstructure on the fatigue behavior of PWHT-FSW 

joints in 7xxx series aluminum alloys. 
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Gemme et al. [69] investigated the impact of the welding pitch, defined as the ratio of 

the tool's advancing to rotational speed, and the heat input during friction stir welding 

(FSW) of 2.3 mm thick AA7075 T6 sheets on high cycle fatigue (HCF) parameters. 

Two principal failure modes were identified. Initially, fatigue cracks originated at the 

base of circular grooves situated in the contact area between the sheets and the tool 

shoulder. As the welding pitch increased, the adverse effect intensified. Secondly, 

material softening in the heat-affected zone and sub-surface flaws caused by excessive 

material agitation were key to failure in instances with low welding pitches. The 

minimal fatigue strengths were observed in the initial case. At an intermediate welding 

pitch, the emergence of lateral lips at the peripheries of the weld surface was 

documented, which considerably diminished the fatigue strength. 

Sajadifar et al. [70] investigated the quenching medium employed for post-weld heat 

treatment following friction stir welding. In the FSW process, the solution heat treated 

(SHT) AA7075 alloy, subjected to a temperature of 480 °C for 30 minutes, followed 

by water quenching and artificial aging for 20 hours at 120 °C, exhibited abnormal 

grain growth (AGG) in the thermo-mechanically affected zone (TMAZ). Air chilling, 

as opposed to water quenching following solution heat treatment (SHT), effectively 

lowers grain growth; yet, it concurrently facilitates the formation of precipitate-free 

zones (PFZ) along grain boundaries, ultimately leading to a substantial reduction in 

tensile strength and ductility. 

Datta et al. [71] examined the formability characteristics of tailor-welded blanks 

(TWB) fabricated using friction stir welding (FSW) of dissimilar materials, namely 

with the advancing side being AA6061 and the retreating side AA5754, both of 
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uniform thickness of 1.5 mm, to assess their formability behavior. The influence of 

various FSW process parameters, including rotational speeds (950 rpm, 1100 rpm, 

1250 rpm, and 1400 rpm) and traverse speeds (50 mm/min, 75 mm/min, and 

100 mm/min), determined through visual inspection and macrostructural analysis of 

the welds, was examined concerning the formability and mechanical properties of 

welded AA6061 and AA5754 sheets. Tensile tests were conducted on base materials 

and specimens welded under varying process conditions in accordance with ASTM E8 

standard to assess the mechanical qualities. Micro-hardness assessments were 

conducted at multiple sites over the cross-section in the transverse direction relative to 

the weld on both sides. The evaluation of formability was conducted by deforming the 

as-received and welded specimens along uniaxial, plane, and biaxial strain directions 

utilizing Limit Dome Height (LDH) tests. The tensile test assessment of parameter 

combinations 1250 rpm–50 mm/min, 1250 rpm–75 mm/min, 1400 rpm–50 mm/min, 

and 1400 rpm–75 mm/min revealed cracks located away from the weld center towards 

the advancing side (AA6061 side) of the specimens, signifying high weld quality, 

consistent with the macrostructures of the stir zone. The micro-hardness distribution 

graphs indicated a reduction in hardness within the TMAZ of the advancing side, 

designating it as the most vulnerable area of the weld. The LDH test indicates that the 

formability of all FSWed specimens is midway between that of AA5754 (better 

formability) and AA6061 (poor formability), regardless of the strain routes associated 

with their respective strain hardening exponents. In uniaxial and plane strain 

conditions of the welded specimens, failure occurred on the advancing side, consistent 

with the tensile qualities; however, in biaxial stretching, failure transpired in the weld 

center due to the associated microstructural characteristics. An anomalous behavior 

5
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was seen in the equibiaxial stretching; specifically, the minor strain achieved for all 

welded specimens was markedly lower. Extensive analyses of microstructure and 

microtexture were conducted on both un-deformed and deformed specimens to 

examine their distinctive behavior, revealing that initial local misorientations 

significantly influence the grain orientation spread (GOS) after deformation. The 

average GOS values were found to be similar across all deformed welded samples 

within their respective strain trajectories. The inclusion of the Cube texture component 

in the biaxial strain path substantially reduced the influence of the Goss texture, 

leading to a distinctive phenomenon: a large reduction in the minor strain observed in 

the deformed welded materials under the biaxial strain path. 

Sen et al. [72] investigated the influence of several process factors, specifically three 

distinct levels of tool rotating speed, traverse speeds, and tool pin offset distances, on 

the dissimilar friction stir welding of AA5086 and AA6061 with a thickness of 6 mm. 

The ANNOVA analysis of the L9 Taguchi orthogonal array indicated that a 

combination of 1000 rpm rotational speed, 160 mm/min traverse speed, and 0.4 mm 

tool pin offset resulted in maximum tensile strength. 

Schmidt et al. [73] and Singh et al. [74] demonstrated that friction stir welding (FSW) 

may produce high-quality welds without melting the base materials, thereby 

circumventing prevalent issues associated with fusion welding, including porosity, 

cracking, and distortion. Zhang et al. [75] demonstrated that the joints exhibit 

anisotropic mechanical behavior attributable to the resultant microstructure; however, 

these distinct local deformation properties can be modified through the meticulous 

selection of process parameters investigated by Su et al. [76] and Patel et al. [77] 
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Moreover, Gibson et al. [78] and Patel et al. [77] examined that Friction Stir Welding 

(FSW) is intrinsically linked to sustainable practices due to its energy efficiency, 

minimal environmental impact with reduced emissions, material efficiency, and cost-

effectiveness, as it eliminates the need for filler materials or shielding gas. 

Patsalias et al. [79] investigated the friction stir welding of thin aluminum sheets made 

from alloys AA1050 and AA5754, aiming to determine ideal process parameters for 

producing robust junctions with superior mechanical strength. The Taguchi 

optimization method was utilized to systematically assess the impact of critical FSW 

parameters, specifically tool rotating speed and welding (traverse) speed, on tensile 

strength and weld quality. The tensile test findings indicated that a rotational speed of 

1000 rpm paired with a welding speed of 250 mm/min produced the maximum joint 

strength and optimal weld integrity. The study demonstrated that rotating speed 

significantly influenced weld performance, with excessive speeds resulting in weld 

degradation due to excessive thermal input. In contrast, reduced welding speeds 

enhanced weld stability, highlighting the essential need of parameter optimization in 

achieving defect-free, high-strength FSW joints. 

Li et al. [80] examined the mechanical characteristics and degree of softening of 

friction stir welded (FSW) 6061-T6 aluminum alloy butt joints by experimental 

investigations and theoretical calculations. A total of 138 monotonic tensile coupon 

tests and 46 Vickers hardness tests were systematically conducted on welded plates of 

thicknesses 5, 8, 12, and 16 mm, utilizing varied welding speeds, tool rotation speeds, 

and tool combinations. The surface morphology post-welding, failure mechanisms, 

stress-strain curves, and hardness distribution patterns were assessed. An evaluation 
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of the relevance of current constitutive models and the suggested model for friction 

stir welded aluminium alloys was conducted, with predictive equations for the 

essential input parameters being generated. The findings indicate that the reduction in 

strength and degree of softening caused by Friction Stir Welding (FSW) under optimal 

parameters surpassed those of 6061-T6 aluminium alloy plates joined via fusion 

welding, as per Chinese and European standards, demonstrating the efficacy and 

suitability of FSW technology in aluminium alloy component fabrication and 

structural connections. The stress-strain curves of FSW butt joints demonstrated an 

enhanced strain hardening effect coupled with reduced ductility. The advanced three-

stage Ramberg-Osgood model, utilizing seven established critical input parameters, 

demonstrated exceptional accuracy and consistency in predicting full-range stress-

strain curves compared to previous constitutive models. Furthermore, the proposed 

constitutive model, utilizing merely three commonly accessible parameters, can yet 

attain an excellent equilibrium between precision and practicality.  

Li et al. [81] demonstrated that friction stir welding (FSW) can effectively be utilized 

to fabricate super-large H-shaped aluminum alloy structural members by 

longitudinally welding pairs of T-shaped sections, thus surmounting the challenges 

related to the complex extrusion of large cross-section aluminum components. This 

process markedly contrasts with traditional fabrication techniques, wherein distinct 

web and flange plates are soldered at their intersections. The authors examined H-

shaped sections constructed from 6061-T6 and 6013-T6 aluminum alloys. Six 

specimens with differing width-to-thickness ratios and plate thicknesses were 

examined using the sectioning method, yielding almost 4000 residual stress readings. 

The findings indicated that elevated tensile residual stresses were predominantly 
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localized in the web weld region, transitioning sharply to compressive stresses adjacent 

to the weld zone, with a slow, nearly linear decline toward zero at the flange–web 

junction. Conversely, the distributions of residual stress within the flanges exhibited 

greater variability and reduced uniformity. The intensity of both tensile and 

compressive residual stresses demonstrated a minor dependency on geometric 

parameters, including the width-to-thickness ratio and plate thickness. A simpler 

multi-linear residual stress distribution model, capable of representing both constant 

and linearly variable stress regions, is created based on experimental observations. The 

anticipated outcomes exhibited strong concordance with experimental data, validating 

the model's trustworthiness for evaluating residual stresses in FSW aluminum alloy H-

shaped structural sections. 

Salloomi et al. [82] conducted experimental and numerical investigations on the 

residual stresses of dissimilar friction stir welded 6061-T6 and 2024-T3 aluminum 

alloy joints. The study revealed that longitudinal residual stress was predominant, 

exhibiting greater values in 6061-T6 compared to 2024-T3. In summary, existing 

research on residual stress in FSW aluminum alloys primarily focuses on welded 

plates, while the longitudinal residual stress and distribution model of FSW H-shaped 

sections has been inadequately documented. 

Guo et al. [83] investigated the stability of the dissimilar welded structure and its 

residual stress distribution. This work presents the welding of dissimilar aluminum 

plates, Al 2024 and Al 7075, using Friction Stir Welding (FSW), with the residual 

stress profiles of the welded specimens evaluated via neutron diffraction. A three-

dimensional finite element model was employed to compute and compare the residual 

2
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stress distributions resulting from various welding conditions. The microstructural 

features in various friction stir welded zones were analyzed using the electron 

backscattered diffraction (EBSD) technique. The longitudinal residual stress on the 

7075 side exceeds that on the 2024 side, and the maximum residual stress diminishes 

from the top scan line to the bottom scan line. The transverse and normal residual 

stresses are tensile on the 7075 side, whereas those on the 2024 side are compressive. 

The results of the numerical simulation are consistent with the neutron diffraction data. 

The KAM map of the thermo-mechanically affected zone indicates greater local plastic 

deformation compared to the stirred zone, resulting in a longitudinal residual stress 

with a "double peak" configuration. 

Zapata et al. [84] investigated the residual stress in a dissimilar welded structure of 

2024 and 6061 alloys, discovering that the maximum residual stress on the advancing 

side (2024) was less than that on the retreating side (6061). Aval et al. discovered that 

the peak tensile residual stress of the 6061/7075 friction stir welded joints is situated 

on the retreating side (7075). 

Lombard et al. [86] examine the influence of different welding parameters on the 

residual stress profiles in friction stir welds of aluminium alloy AA5083-H321, 

produced on a fully equipped friction welding equipment. Residual stresses were 

assessed non-destructively by synchrotron X-ray diffraction. The width and maximum 

of the residual stress profile exhibit a distinct association with heat input, particularly 

the feed rate, identified as the predominant parameter. 

Abdulstaar et al. [87] investigated the influence of microstructural variation on the 

mechanical properties of friction stir welded joints of 6061-T6 aluminum alloy, which 
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were later subjected to shot peening (SP). Subsequent to FSW, fatigue specimens were 

extracted orthogonally to the welding direction. Surface skimming to 0.5 mm from the 

crown and root sides of the joint was performed, followed by the application of shot 

peening on both sides utilizing ceramic shots with two distinct Almen intensities of 

0.18 mmA and 0.24 mmA. Microstructural analysis via electron backscattered 

diffraction (EBSD) revealed a disparity in grain refinement inside the weld zone, with 

the largest grains (5 μm) at the crown side and the smallest grains (2 μm) at the root 

side. The weld zone exhibited a microhardness reduction of 60 HV in samples 

subjected to FSW conditions. The use of shot peening resulted in considerable strain 

hardening on the crown side, with Almen intensities of 0.24 mmA yielding the highest 

microhardness increase to 120 HV. Conversely, a maximum microhardness of just 75 

HV was achieved at the root side. The disparity in strain hardening capacity between 

the two surfaces was significantly influenced by grain size. The two Almen intensities 

generated comparable distributions of compressive residual stresses in the subsurface 

regions, which improved the fatigue strength to that of the base metal for N ≥ 10^5 

cycles. The augmentation of fatigue strength became more evident with the escalation 

of Almen intensity to 0.24 mmA, indicating more improvement through strain 

hardening. 

Mishra et al. [88] examined the development of Friction Stir Welding (FSW) and 

Friction Stir Processing (FSP). Significant attention has been directed towards: (a) the 

mechanisms behind weld production and microstructural refinement, and (b) the 

influence of FSW/FSP parameters on the resulting microstructure and ultimate 

mechanical characteristics. Although the majority of the information pertains to 

aluminum alloys, significant findings are now accessible for other metals and alloys. 

2
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Currently, the proliferation of technology has markedly surpassed the fundamental 

comprehension of microstructural evolution and the links between microstructure and 

properties.  

Stewart et al. [89] introduced two models for the Friction Stir Welding (FSW) process: 

the mixed zone model and the single slip surface model. The mixed zone concept 

posits that the metal within the plastic zone circulates in a vortex system at the angular 

velocity of the tool at the tool-metal contact, with the angular velocity diminishing to 

zero near the periphery of the plastic zone. In the single slip surface concept, the 

primary rotational slip occurs at a contracted slip surface external to the tool–

workpiece interface. The use of a restricted slip region yielded predictions of the 

thermal field, force, and weld region morphology that aligned with experimental 

measurements. 

Arbegast et al. [90] posited that the microstructure and material flow in friction stir 

welding closely parallel those found in traditional hot-working methods, including 

extrusion and forging. The FSW process was characterized as a metalworking 

operation comprising five separate zones: preheating, initial deformation, extrusion, 

forging, and post-heating/cooling. In the preheat zone, temperature increases owing to 

frictional and adiabatic heating, influenced by material characteristics and tool traverse 

velocity. Upon reaching a crucial temperature and flow stress, the material enters the 

initial deformation zone, initiating plastic flow and directing the material into the 

shoulder and extrusion zones. In the extrusion zone, material circulates around the pin 

from the advancing front to the rear within a thermally and mechanically delineated 

width. Subsequently, the forging zone is where the material is solidified under 

7
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hydrostatic pressure, aided by the tool shoulder. The material subsequently cools in 

the post-weld region. Arbegast also formulated a mass-balance-based model for the 

extrusion zone, showing strong concordance between anticipated temperature, strain 

rate, extrusion pressure, and experimental data. 

Sato et al. [91] examined the transverse tensile characteristics of the friction stir weld 

of 6063-T5 aluminum. To elucidate the impact of postweld treatment on weld 

characteristics, postweld aging (175 °C for 12 hours) and postweld solution heat 

treatment and aging (SHTA, 530 °C for 1 hour followed by 175 °C for 12 hours) were 

performed on the welds.The experiment demonstrates that the tensile strength and 

elongation are minimal in the as-welded joint. The aged weld exhibits somewhat 

superior strength compared to the base material, along with enhanced ductility. The 

SHTA enhances the weld's strength above that of the base material while nearly fully 

restoring ductility. 

Rhodes et al. [92] conducted an experiment on the microstructural evolution of 

7075Al-T651 during friction stir welding, revealing the dissolution of larger 

precipitates and subsequent reprecipitation at the weld center. Consequently, they 

determined that the maximum processing temperatures range from approximately 400 

to 480 °C in FSW 7075Al-T651. Murr et al. noted that certain precipitates remained 

undissolved during welding and proposed that the temperature increases to around 400 

°C in friction stir welding of 6061 aluminum. 

Xu et al. [93] created two finite element models, the sliding interface model and the 

frictional contact model, to simulate the friction stir welding process. The simulation 

predictions of the material flow pattern derived from these finite element models 

7
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qualitatively align with the empirically measured pattern obtained through the marker 

insert approach. 

Mishra et al. [94] simulated the metal flow surrounding profiled Friction Stir Welding 

(FSW) tools with a two-dimensional Computational Fluid Dynamics (CFD) software, 

Fluent. A 'slip' model was created, in which the interface conditions were determined 

by the local shear stresses. The two-dimensional modeling yielded the following 

significant discoveries. The flow behavior derived from the slip model markedly 

differs from that predicted by the conventional assumption of material adhesion. The 

slip model demonstrated notable variations in flow with diverse tool geometries, which 

are not apparent with the traditional stick model. The deformation region for the slip 

model is significantly smaller on the advancing side compared to the retreating side. 

The material in the pin's trajectory is displaced around the receding side of the tool. 

Kumar and Sharma [95] studied the influence of FSW process parameters on the 

Friction stir welded (FSW) regions such as weld nugget zone (WNZ), 

thermomechanical affected zone (TMAZ), and heat-affected zone (HAZ). They found 

that R of 1600 rpm, T of 30 mm /min, S of 14 mm, and P of 4 mm exhibits maximum 

tensile strength, yield strength, microhardness as compared to other samples due to 

plastic flow and generation of optimal frictional heat of material at stir zone. At R of 

2240 rpm, T of 20 mm/min, S of 16 mm, and P of 5 mm exhibit a maximum elongation 

and dome height FSW blank.  

Praneetha et al. [96] studied mechanical properties of the welded joint made by FSW 

of AA6082 and AA 2014. To get a good weld it is found that softer alloy AA2014 

should be placed on the advancing side. The advancing side is the direction in which 

7
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the tool rotates and material goes into the plastic state at this region first and then it 

will be settled on the retreating side. Researchers found that the weld joint formed 

using the 900 r.p.m. 40 feed rate, 10 angles of the tool have a good surface finish 

compared with the other welded joint operating parameters.  

Kamalvand et al. [97] studied the effect of friction stir welding parameters on the deep 

drawing of tailor-welded blanks (TWBs). The results revealed that the joint made with 

circular pin obtain gives the best results in deep drawing in terms of thickness 

distribution and weld line movement.  

Parente et al. [98] carried out a series of experiments to investigate the formability 

performance of TWBs produced by FSW with dissimilar aluminum alloy thin sheets, 

and the results showed that TWB formability depended on weld line orientation.  

Steuwer et al. [99] studied the residual stress distribution in dissimilar friction stir 

welds using neutron and synchrotron X-ray diffraction as a function of tool rotation 

and traverse speed. In all of the welds measured the region around the weld line was 

characterized by significant tensile residual stress fields which were balanced by 

compressive stresses in the parent material. The largest stresses occurred in the 

longitudinal direction being typically two to three times the stresses in the transverse 

direction. In most cases, the peak tensile residual stresses were found at the edge of 

the tool shoulder approaching the local room temperature yield stress.   

Yoshida et al. [100] demonstrated that for a given aluminium alloy, high strength 

friction stir welds are obtained when the welding speed falls within a processing 

window. When the welding speed is too high, surface and sub-surface defects form, 
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lowering the notch tensile strength in the weld zone. At low welding speed, the notch 

tensile strength is negatively affected by the formation of a softened zone.  

Mahoney et al. [101] studied the mechanical properties of FSW aluminium alloys and 

compared with the mechanical properties of the parent material, which helps in finding 

the way of changing the behaviour of the parent material after friction stir welding.  

Vilaca and Thomas [102] studied the application of FSW technologies for ship 

building, design and construction and indicated that it is capable of reducing 

construction costs and welding distortion and improving durability in comparison with 

fusion welding.  

Peel et al. [103] investigated the mechanical properties and residual stresses of a FSW 

aluminium 5083 test specimen, and concluded that these properties are governed by 

the thermal input rather than by the mechanical deformation caused by the FSW tool.  

Steuwer et al. [104] studied the effect of tool traverse and rotation speeds on the 

residual stresses are quantified for welds between non-age-hardening AA5083 and 

age- hardening AA6082 and compared to single alloy joints made from each of the 

two constituents. The residual stresses have been characterized non-destructively by 

neutron diffraction and synchrotron X-ray diffraction. The region around the weld line 

was characterized by significant tensile residual stress fields which are balanced by 

compressive stresses in the parent material. The rotation speed of the tool has been 

found to have a substantially greater influence than the transverse speed on the 

properties and residual stresses in the welds, particularly on the AA5083 side where 

the location of the peak stress moves from the stir zone to beyond the edge of the tool 

shoulder.  

3
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Cavaliere et al. [105] studied the effect of processing parameters on mechanical and 

microstructural properties of AA6082 joints produced by friction stir welding. 

Different welded specimens were produced by employing a fixed rotating speed of 

1600rpm and by varying welding speeds from 40 to 460mm/min. The joints 

mechanical properties were evaluated by means of tensile tests at room temperature. 

In addition, fatigue tests were performed by using a resonant electro-mechanical 

testing machine under constant amplitude control up to 250Hz sinusoidal loading.  

Miles et al. [106] investigated Friction stir welding (FSW) as a method for joining 

dissimilar-aluminium alloys 5182-O, 5754-O, and 6022-T4. These alloys are used in 

automotive applications in which parts consisting of dissimilar welded combinations 

of these alloys may be of interest. This study focuses on the formability of friction-

stir-welded, dissimilar-alloy pairs of essentially the same gage, in order to investigate 

the mechanical properties that can be obtained using this approach.  

Feng et al. [107] studied neutron diffraction study of residual stresses in 6061-T6 

aluminium friction stir welds.  The specimens were 6 mm thick plates friction stir 

welded in the butt joint configuration at two welding speeds, 279 and 787 mm/min, 

respectively.  The experimentally determined residual stresses show a symmetric 

double-peak profile across the weld center line, with the peaks located in the middle 

of the heat-affected zone.  The maximum tensile stress, which is in the longitudinal 

direction, is 130 and 200 MPa, respectively.  It is shown that the difference in the 

residual stress is due to a change in the microstructure and stress relaxation that 

occurred as a result of the longer heating time associated with the low welding speed.  

2
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Han et al. [108] studied the mechanical characteristics for friction stir welding (FSW) 

of 5083-O Al alloy were evaluated. The results show that in FSW at 800 r/min and 124 

mm/min, a weld defect is observed at the start point. However, the button shape at the 

end point is good and the stir zone has a soft appearance. At 267 mm/min, a void occurs 

at the button. A slight weld defect and rough stir zone are seen both at the start and 

end points at 342 mm/min. Moreover, at the bottom, a tunnel-type void is observed 

from an early stage to the end point, and at 1 800 r/min, a weld defect can be found 

from an early stage to the end point.  

Simoncini et al. [109] studied the effect of FSW parameters, tool configuration and 

sheet positioning on the mechanical properties, microstructure and post-welding 

formability to evaluate the advantages offered by the new welding methodology, the 

experimental results obtained using the double-side friction stir welding were 

compared with those given by the conventional process. The conventional FSW joints 

show ultimate tensile strength and elongation higher than those exhibited by the DS-

FSW joints.  

Kumar and Reddy [110] studied the formability of AA6082 alloy to manufacture 

parabola cups using single point incremental forming (SPIF) process. The finite 

element analysis has been carried out to model the single point incremental forming 

process using ABAQUS software code. 

Liu et al. [111] studied an advanced forming technology, solution Heat treatment, 

Forming and in-die Quenching (HFQ), has been employed to form AA6082 tailor 

welded blanks (TWBs). In comparison with conventional stamping of TWBs, the 

mechanical properties and formability of AA6082 laser TWBs could be improved 
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under the HFQ forming condition. The TWB was divided into three physical zones, 

i.e. base metal, heat affected zone (HAZ) and weld zone, based on the hardness 

distribution. It was found that the degraded hardness of the weldment can be restored 

after HFQ forming. TWBs of AA6082 with different thickness ratios of 2 (2–1 mm), 

1.3 (2–1.5 mm) and 1 (1.5–1.5 mm) were used to study the TWB thickness ratio effects 

on the forming behaviour. Hemispherical punch dome tests on the TWBs with varying 

thickness ratios demonstrated different foamabilities, and indicated increased 

displacement of the weld line with increasing thickness ratio. Finite element (FE) 

modelling was adopted to analyze the weld line movement and strain distributions 

during HFQ.  

Dwivedi [112] studied A356/C355Aluminum Alloy found that the parameters which 

affect the tensile strength in descending order are as follows: tool rotational speed, 

axial force and welding speed. Shaikh et al. [113] studied the effect of Rotational speed 

and welding speed on weld quality and found that the tensile strength of the welded 

specimens was about 45MPa which is almost 80 % that of the base plate, the FSW 

process can be employed to weld HDPE plates with 4% filler minerals. Increasing the 

work linear speed from 14 to 56 mm/min had a decreasing effect on tensile strength.  

Raju et al. [114] concluded that weldment made by FSW at the tool rotation speed of 

900rpm and weld speed 40mm/min exhibited better mech properties. This is due to 

sufficient heat generation and proper mixing of material in the weld zone.   

Prasad et al. [115] studied effect of Axial force, tool speed, Welding speed and found 

that As the Tool Rotational Speed increases, effectively Hardness also increases, and 
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in the same manner Axial Force also effects, if Welding Speed increases, effectively 

Hardness will be increases up to 60mm/min and slightly decreases at 72 mm/min.  

Meshram et al. [116] found that A defect free weld with parameters of 1100rpm and 

traverse speed 8mm/min showed tensile strength of base material with 37% elongation 

by taking Welding speed, Rotational speed and Tilt angle as the variables. Ahmadi et 

al. [117] concluded that the welding speed was the most significant welding process 

parameter whereas the tilt angle was the least significant one affecting the tensile-shear 

strength.  

Elatharasan and Kumar [118] found that Ultimate tensile strength of FSW joints 

increases with increase in tool rotational speed and welding speed up to a max value 

and then decreases. The materials used by the authors are AA6061-T6 and AA7056-

T6 and the variables are Welding speed, Rotational speed, and Axial force.  

Ko et. al. [119] found the new forming method is hot forming quenching (HFQ) for 

improved the aluminium alloys formability of friction stir welded tailor welded blank 

(TWBs). In this process at elevated temperature solid solution heat treated aluminium 

sheets formed. Joining of two different sheets thickness as TWBs by FSW tool shape 

and plate inclined angle is 3.44 degree. For the solid solution heat treatment conditions, 

the TWBs specimens was heated up to 950°C for 2 hours and transfer for rapidly 

quenched at 100°C and 200°C respectively.  

Hui et al. [120] studied the formability of aluminium alloy AA7075 was investigated 

at elevated temperature through limiting drawing ratio (LDR), tensile test and limiting 

dome height (LDH) test. In uniaxial tensile test the properties of AA7075 does not get 

effected at the temperature of 140 ℃ and above this temperature ultimate and yield 
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tensile strength decrease and elongation not always up to 260 ℃, it begins to decrease 

after that temperature. The strain rate sensitivity index factor increased above the 140 

℃. At 140 ℃ deep drawing and stretch formability are poor. The best deep drawing 

formability at 180 ℃ and stretch formability at 220 ℃. 

Steuwer et al. (2006) [121] investigated the residual stress distribution in dissimilar 

friction stir welds employing neutron and synchrotron X-ray diffraction techniques, 

examining the effects of tool rotation and transverse speed. In all measured welds, the 

area surrounding the weld line was characterized by substantial tensile residual stress 

fields, which were counterbalanced by compressive stresses within the source 

material. The maximum stresses were observed in the longitudinal direction, generally 

two to three times greater than those in the transverse plane. In the majority of 

instances, the maximum tensile residual stresses were observed at the margin of the 

tool shoulder, nearing the local room temperature yield stress. The exception occurs at 

a modest rotation speed (280 rpm) on the AA5083 side of the weld, where the stress 

reaches its maximum at the weld line. For the age-hardenable alloy AA6082, a direct 

correlation was observed between the position and magnitude of the maximal tensile 

stress and the welding parameters. It should be noted that the comparatively small 

dimensions of the welded plates allowed for an analysis of the residual stress state 

without the need to dissect the welds. Consequently, tension alleviation will not have 

been achieved. This may partly account for the comparatively high stresses measured 

in the present case compared to studies on sectioned samples [8], and aligns more 

closely with data obtained from larger weld sections [32]. 

6
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Z. Feng et al. (2000) [33] investigated residual stresses in aluminum friction stir welds. 

The specimens consisted of 6 mm thick plates joined by friction stir welding in a butt 

joint configuration at two welding velocities, 279 and 787 mm/min, respectively. The 

residual stresses determined through experimental methods exhibit a symmetric 

double-peak distribution across the weld centerline, with the peaks situated within the 

central region of the heat-affected zone. The maximal tensile stresses in the 

longitudinal direction are 130 MPa and 200 MPa, respectively. It is demonstrated that 

the variation in residual stress results from alterations in the microstructure and stress 

relaxation, which occur due to the extended heating duration associated with lower 

welding speeds. 

Hashimoto et al. [124] established that, for a specific aluminum alloy, high-strength 

friction stir welds are achieved when the welding speed is maintained within an 

optimal processing window. Excessively high welding speeds induce surface and 

subsurface defects, thereby reducing the notch tensile strength within the weld zone. 

At reduced welding speeds, the notch tensile strength is adversely impacted by the 

development of a softened zone. 

Svensson et al. (1999) [125] investigated that for Al-6082 friction stir welds, which 

exhibit a hardness profile similar to that of Al-6061-T6, fracture takes place in the 

weakest region outside the weld zone. Conversely, for 5083 aluminium alloys, whose 

hardness shows minimal variation throughout the weld, fractures were predominantly 

observed within the weld zone. 
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North et al. (1999) [126] determined that the notch tensile strength indeed correlates 

with the width of the softened zone, and when a minimal softened zone is created, the 

notch tensile strength of the joint approaches that of the base metal. 

Fatigue experiments conducted by Bussu and Irving [126] demonstrated that the area 

of lowest hardness corresponds to the region where the majority of fatigue cracks 

originated. Therefore, from a microstructural perspective, increased welding speed 

yields friction stir welds with enhanced mechanical properties, provided that no defects 

are introduced. 

Paik et al. (2008) [127] investigated the application of high-strength aluminium alloys 

within the shipbuilding industry. They discovered that the advantages of utilizing 

aluminum instead of steel include its reduced weight, which enhances cargo capacity 

and decreases energy consumption, as well as its excellent corrosion resistance and 

low maintenance requirements. 

Mahoney et al. (1998) [128] investigated the mechanical properties of FSW aluminium 

alloys and contrasted them with those of the parent material, thereby aiding in 

understanding how the behavior of the parent material is altered following friction stir 

welding. 

Peel et al. (2003) [129] examined the mechanical properties and residual stresses of an 

FSW aluminium 5083 test specimen, concluding that these properties are primarily 

influenced by the thermal input rather than the mechanical deformation induced by the 

FSW tool. 
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This study by P. Cavaliere et al. (2007) analyzed the influence of processing 

parameters on the mechanical and microstructural properties of AA6082 joints 

fabricated through friction stir welding. [130] Different welded specimens were 

fabricated by maintaining a constant rotational speed of 1600 rpm while varying the 

welding velocities from 40 to 460 mm/min. The mechanical properties of the joints 

were assessed through tensile experiments conducted at ambient temperature. 

Furthermore, fatigue tests were conducted utilizing a resonant electro-mechanical 

testing apparatus under constant amplitude control, with sinusoidal loading up to 

250Hz. The fatigue experiments were performed in axial control mode across all 

welding and rotation speeds employed in the current study. The microstructural 

evolution of the material was examined in relation to the welding parameters through 

optical analysis of the joint cross-sections. Additionally, SEM observations of the 

fractured surfaces were conducted to characterize the weld performance. 

 

M.P. Miles et al. (2005) [131] examined Friction Stir Welding (FSW) as a technique 

for joining dissimilar aluminum alloys 5182-O, 5754-O, and 6022-T4. These alloys 

are employed in automotive applications where components composed of dissimilar 

welded combinations of these alloys may be of relevance. This research examines the 

formability of friction-stir-welded, dissimilar alloy pairings of approximately equal 

thickness to evaluate the mechanical properties achievable through this method. 

Testing demonstrated that the properties of welded 5182/5754 alloy pairs maintained 

relatively excellent formability in comparison to the performance of the base material. 

However, the alloy pairs 5182/6022 and 5754/6022 exhibited markedly diminished 
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formability relative to the properties of the base material, with defects observed in the 

heat-affected zone (HAZ) of the 6022 or within the weld nugget itself. However, this 

degree of formability was comparable to that of monolithic 6022 welded by friction 

stir welding. 

X.L. Wang et al. (2000) [132] conducted a neutron diffraction analysis of residual 

stresses in 6061-T6 aluminum friction stir welds. The specimens consisted of 6 mm 

thick plates joined by friction stir welding in a butt joint configuration at two welding 

velocities, 279 and 787 mm/min, respectively. The residual stresses determined 

through experimental methods exhibit a symmetric double-peak profile across the 

weld center line, with the peaks positioned within the middle of the heat-affected zone. 

The maximal tensile stresses in the longitudinal direction are 130 MPa and 200 MPa, 

respectively. It is demonstrated that the variation in residual stress results from 

alterations in the microstructure and stress relaxation, which occur due to the extended 

heating duration associated with lower welding speeds. 

Min-Su Han et al. (2009) [133] investigated the mechanical properties of friction stir 

welding (FSW) applied to 5083-O aluminum alloy. The results indicate that, in FSW 

conducted at 800 r/min and 124 mm/min, a weld defect is identified at the initiation 

site. However, the contour of the button at the endpoint is appropriate, and the stir zone 

exhibits a smooth appearance. At a rate of 267 mm/min, a void forms at the button. A 

minor weld defect and an uneven stir zone are observed at both the initial and terminal 

locations at a speed of 342 mm/min. Furthermore, a tunnel-like void is observed from 

an early stage to the endpoint at the bottom, and at 1,800 r/min, a weld defect can be 

detected throughout the entire length from the initial to the final stage. These defects 
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are characterized by uneven surfaces and imperfect joints resulting from excessive 

rotational speed and high applied force. Weld fractures in relation to rotational and 

travel velocities are observed within the stir zone. The optimal FSW parameters are a 

welding speed of 124 mm/min and a rotational speed of 800 rpm. 

Jun Liu et al. (2009) [136] conducted investigations and comparisons during high-

temperature tensile experiments to examine their formability. The outcomes of tensile 

tests and microstructural analyses were presented, demonstrating the deformation 

characteristics under various conditions. Both alloys demonstrated comparatively 

limited strain hardening effects, particularly at reduced strain rates. Furthermore, the 

maximum strain rate sensitivity index (m value) was identified, and the peak percent 

elongation-to-failure also aligned with the ranges of highest m value. The flow stress, 

in conjunction with dynamic particle growth, was correlated with temperature and 

strain rate. The granules appeared to be coarser in the deformed specimens. 

P.F. Bariani et al. (2013) [135] examine the viability of manufacturing sheet 

components through stamping AA5083 sheets at elevated temperature and strain rate. 

Laboratory tensile and Nakajima-type tests were conducted to assess the material's 

flow stress, ductility, and fracture limits, as well as their sensitivity to temperature and 

strain rate. This was aimed at identifying the optimal combination of process 

parameters to ensure both maximum formability and effective post-deformation 

mechanical properties. Industrial testing was carried out on an automotive component 

to verify the laboratory findings. 

J. Liu et al. (2010) [136] investigated the non-superplastic grade of 5083 aluminum 

alloy (AA5083) sheets with a thickness of 3 mm, which were utilized in a superplastic-

Page 91 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334

Page 91 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334



 

86 

 

like forming process that integrates drawing (mechanical pre-forming) and 

superplastic forming (blast forming). Experimental trials were carried out to assess the 

potential for enhancing the forming rate and reducing the process temperature. The 

void was initially pre-formed during the mechanical pre-forming stage. Consequently, 

a portion of the material near the flange region was pre-emptively introduced into the 

deformation cavity prior to the blast forming process. Secondly, argon gas was 

introduced to the sheet, causing it to deform and contact the interior die surface at the 

conclusion of the pressure cycle. The blow forming phase lasted merely 8 minutes, 

and the procedure resulted in an almost fully formed component at 400°C. The 

minimal thickness was observed at the inward corners, while the maximum reduction 

in thickness of the formed component was 54%. Microstructural observations revealed 

the occurrence of grain growth and cavitation. 

 

D.E. Cipoletti et al. (2008) [137] examined the effect of heterogeneity in grain 

boundary sliding resistance on the constitutive behavior of AA5083 during high-

temperature deformation, employing simulations that assumed a uniform resistance to 

sliding across all grain boundaries. Molecular dynamics simulations demonstrate that 

sliding resistance is highly dependent on the nature of the boundary: high-angle 

boundaries exhibit resistance levels up to an order of magnitude lower than those of 

low-angle boundaries. To examine the impact of this heterogeneity, finite element 

simulations are employed to assess how the proportion of freely sliding boundaries 

within a polycrystal affects its creep behavior and the underlying deformation 

mechanisms. Our calculations indicate that (i) the critical strain rate at which the 
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deformation mechanism shifts from GBS to DC ranges from 2×10⁻⁵ s⁻¹ to 10⁻³ s⁻¹ as 

the volume fraction f increases from 20% to 100%. (ii) The stress exponent in the GBS 

regime diminishes from approximately 3.25 to 1.5 as the parameter f increases from 

0% to 100%. The stress exponent within the DC regime exhibits reduced sensitivity. 

(iii) The flow stress at a strain rate of 10⁻⁴ s⁻¹ (GBS regime) rises from 6 MPa to 14 

MPa as f decreases from 100% to 0%; conversely, the flow stress at a strain rate of 

0.01 s⁻¹ increases from 33 MPa to 42 MPa (DC regime). (iv) A rapid escalation in GBS 

and an associated decline in flow stress are observed as f increases from 67% to 77%, 

indicating the existence of a percolation threshold. (v) A secondary (albeit lesser) 

increase in grain boundary sliding takes place when f is elevated from 39% to 46%. 

Microstructures with f=39% seem to include at least one particle entirely enclosed by 

sliding-resistant boundaries; in contrast, microstructures with f=46% do not exhibit 

this feature. We hypothesize that the obstructed granules could function as reinforcing 

agents. (vi) The flow stress and deformation mechanism are governed by the 

proportion of freely sliding grains and are not influenced by the specific spatial 

distribution of sliding resistance within the polycrystal. 

 

L. Leotoing et al. (2008) [138] investigated the effect of strain rate on the formability 

of AA5083 by characterizing the material behavior of aluminum alloy 5083 at elevated 

temperatures. To characterize its visco-plastic behavior, Swift’s hardening law is 

employed, and the corresponding parameter values are determined. Subsequently, two 

distinct methodologies are presented for constructing the forming limit diagrams 

(FLDs) of this alloy sheet and for assessing the influence of the rate sensitivity index 
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on its formability. The initial approach is theoretical (the M-K model), and an 

algorithm has been devised to determine the limiting strains according to this model. 

In the second approach, the Marciniak test is modeled using the commercially 

available finite-element software ABAQUS. Based on FEM results, various failure 

criteria are examined, and a suitable one is selected to identify the initiation of 

localized necking. With the material behavior data for AA5083 at 150 °C, parametric 

analyses are conducted to assess the influence of the strain rate sensitivity index. The 

comparison of results from these two approaches reveals a consistent trend: an 

enhancement of formability correlating with increased strain rate sensitivity. Finally, 

by examining the compensating effects of the strain hardening and rate sensitivity 

indices, the forming limit diagrams of this sheet at 150, 240, and 300 °C are established 

and compared. Results indicate that the formability of AA5083 does not appear to 

progress beyond a certain temperature (between 240 and 300 °C); however, above this 

temperature, the formability is significantly enhanced. 

.M. Simoncini et al. (2014) [139] investigated the influence of FSW parameters, tool 

configuration, and sheet positioning on the mechanical properties, microstructure, and 

post-weld formability to assess the benefits provided by the new welding technique. 

The experimental results obtained through double-sided friction stir welding were 

compared with those from the conventional process. The conventional FSW joints 

demonstrate ultimate tensile strength and elongation superior to those observed in the 

DS-FSW joints. 
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K. S. S. Kumar et al. (2016) [140] investigated the formability of AA6082 alloy for 

the fabrication of parabola cups through the single point incremental forming (SPIF) 

procedure. The finite element analysis has been conducted to model the single-point 

incremental forming process utilizing ABAQUS software. 

Xi Luan et al. (2016) [142] Formulation of forming limit diagrams (FLDs) for AA6082 

under warm and heated stamping conditions. The experiments were conducted across 

a range of temperatures from 300°C to 450°C and forming speeds varying from 75 

mm/s to 400 mm/s. The strain was analyzed and quantified utilizing ARGUS software 

supplied by GOM. The results clearly indicate that the formability of AA6082-T6 

sheet metal, as measured by the limit major strain, increased by 38.9% when the 

forming temperature was raised from 300°C to 450°C at a speed of 250 mm/s. 

Additionally, the formability improved by 42.4% when the forming speed was reduced 

from 400 mm/s to 75 mm/s at a temperature of 400°C. It has been confirmed that heat 

stamping is a promising technology for the production of complex-shaped 

components. In this study, a novel test apparatus was designed and fabricated, and the 

formability limits of the high-strength aluminum alloy AA6082 in the T6 condition 

were experimentally established through formability testing. The influence of forming 

temperature and forming speed on formability was comprehensively examined, 

representing warm/hot stamping operations. The FLDs were acquired under various 

conditions. 

 

J. Liu et al. (2015) [143] investigated an advanced forming technique, Solution Heat 

Treatment, Forming, and In-die Quenching (HFQ®), which has been utilized to shape 

25
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AA6082 tailor-welded blanks (TWBs). Compared to traditional stamping of TWBs, 

the mechanical properties and formability of AA6082 laser TWBs can be enhanced 

under HFQ forming conditions. The TWB was segmented into three distinct physical 

regions—namely, the base metal, the heat-affected zone (HAZ), and the weld zone—

based on the distribution of hardness. It has been determined that the reduced hardness 

of the weldment can be reestablished following HFQ forming. TWBs of AA6082 with 

varying thickness ratios of 2 (2–1 mm), 1.3 (2–1.5 mm), and 1 (1.5–1.5 mm) were 

employed to investigate the influence of TWB thickness ratios on forming behavior. 

Hemispherical punch dome experiments on the TWBs with varying thickness ratios 

revealed differing formabilities and showed increased displacement of the weld line as 

the thickness ratio increased. Finite element (FE) modeling was utilized to examine 

the displacement of the weld line and the distribution of strains during HFQ. 

S. Mohamed et al. (2012) [144] investigated a series of coupled viscoplastic 

constitutive equations pertaining to deformation and damage during hot stamping and 

cold die quenching of AA6082 panel components. The set of equations can be 

employed to forecast viscoplastic flow and damage caused by plastic deformation of 

AA6082 during heated forming processes. Deformation and damage are governed by 

a coupled set of evolving internal state variables, such as dislocation density, which 

are influenced by thermally activated and deformation-dependent processes including 

recrystallization and recovery. A phenomenological characterization of damage is 

formulated based on the anticipated physical scaling with respect to temperature, 

strain, and strain rate. The resulting equations were incorporated into the commercial 

software ABAQUS. A strong correlation has been established between the process 

simulation and the experimental results. This verifies that the physical dependencies 

46
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within the constitutive equations are accurately formulated, and that the equations and 

finite element model are suitable for calibration and application in the hot stamping of 

AA6082 panel components. Furthermore, process optimization was conducted 

utilizing the model to determine the optimal forming parameters for a basic panel 

component featuring a central circular opening. The study concludes with an analysis 

of the potential influence of the constitutive model, experimental characterization, and 

modeling outcomes on the manufacturing of AA6082 panel components. 

Akramifard et al. examined the mechanical characteristics of cold roll bonded 

AA1050/AISI304 clad sheet. To assess the mechanical properties of the Al/ stainless 

steel clad sheet, tension experiments were conducted at room temperature. The results 

indicated a considerable decrease in flow stress following the peak point of the stress–

strain curves (UTS), which corresponds to the debonding of the interface. The UTS 

values were considerably lower than the tensile strength of the base material, 304L 

stainless steel (722 MPa), but were found to be substantially higher than those of the 

annealed aluminum (72 MPa). The decline following the peak of the stress–strain 

curves indicated the influence of bond strength on tensile behavior and suggested the 

failure of localized bonds [50]. The tensile properties can also be ascertained through 

the application of the rule of mixtures. The flow stress of the (SS304/Al/SS304) 

sandwich sheet is observed to be intermediate between the stress values of the 

individual layers, consistent with the rule of mixtures [147]. 

Masoumi and Emadoddin conducted research on the formability and bond strength of 

two- and three-layer Al/SiCP sheets produced via the roll bonding process, examining 

various thickness reductions and layer configurations through Erichsen cupping tests 

and lap-shear tests [147].  
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Yoshida and Hino et al. [148] examined the formability of two- and three-ply steel-

aluminium clad sheets. It was noted that, in both the analytical predictions and the 

experimental observations, the FLDs of the laminates fall within the range defined by 

their constituent sheet metals. The influence of pre-strain induced during the roll-

bonding process on formability was also examined [54].  

Lee and Kim examined the utilization of the rule of mixtures to forecast the flow stress 

in stainless steel-aluminium-stainless steel sandwich sheets. The rule of mixtures, 

which averages component qualities according to volume fractions, may be applied to 

the tensile strengths and strength coefficients of the sandwich specimens. The yield 

strengths of the sandwich sheets exhibited a positive divergence from the rule of 

mixtures owing to significant disparities in the elastic moduli of the components. The 

rule was determined to be applicable to uniform elongations, strain hardening 

exponents, and strain rate sensitivities of the sandwich sheets [52]. 

Basril et al. [149] examined the influence of heating temperature on the formability of 

various metal sheets, including mild steel, stainless steel, and aluminum, during the 

deep drawing process of a square cup. The thickness distribution in the deep-drawn 

square cup was analyzed at three distinct temperatures and various tooling positions 

through both numerical and experimental methodologies. It was observed that the 

uniform thickness distribution in the square cup was attained through the application 

of die heating, which maintained a temperature of 150°C.  

Additionally, the impact of heating temperature on the drawability of Aluminum and 

Mild Steel round cups was examined through both numerical and experimental 

methods. The most notable elongation of 11.64 mm was observed for the aluminum 

round cup at a limiting drawing ratio (LDR) of 1.69 and a temperature of 100°C, while 

4
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a substantial elongation of 12.44 mm was recorded for mild steel at an LDR of 1.56 

and the same temperature. The improved formability, achieved through the elimination 

of defects such as wrinkling and fracture, was attainable at an elevated temperature for 

both types of metal sheets.  

Jayahari et al. [150] examined the formability of Austenitic stainless steel and assessed 

the friction behavior during tepid deep drawing of aluminum alloy through numerical 

and experimental methods. The elevated LDR of 2.5 was observed at a temperature of 

150°C and persisted up to a temperature of 300°C. In the case of IS 737 grade 

aluminum alloy, the formability was observed to improve at a temperature of 350°C. 

Elevated friction levels were observed at higher temperatures for Aluminum, which 

were mitigated through the application of high-temperature lubricant Molycote [59]. 

.  

Ghosh et al. [151] conducted tepid deep drawing experiments to examine the forming 

behavior of two Al-Mg-Si alloys. Among the chosen parameters, temperature was 

identified as having a considerable impact on the force-displacement curve, while 

anisotropy was found to substantially influence the earing profile. The count of ears 

observed remains unchanged, although the amplitude diminished with an increase in 

temperature. The anisotropy was found to remain constant despite variations in 

temperature. The thickness was observed to increase from the bottom towards the 

flange region and was found to be lower at the mid-height of the wall [60].  

Alinia et al. [152] examined the optimization of process parameters for the tepid deep 

drawing of ASS304 steel, utilizing a temperature gradient. The influence of process 

parameters on the LDR, forming force, and thickness was examined at a temperature 

of 300°C. The optimal punch corner radius, matrix cavity corner radius, Blank Holder 

4

4
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Force (BHF), and temperature were determined to be 7.5 mm, 5 mm, 2200 N, and 

160°C, respectively. The temperature and matrix cavity radius were identified as 

having the most substantial influence on LDR. 

Goud et al. [153] examined the formability of EDD Steel under elevated temperature 

conditions. The stretch forming process was performed utilizing heated forming 

tooling equipped with Ni-based superalloy dies to generate the Forming Limit 

Diagram (FLD) at both room temperature and elevated temperature. It was observed 

that the formability improved with rising temperature owing to the reduction in mean 

flow stresses, except at a temperature of 450°C. The limited formability was observed 

at a temperature of 450°C, attributable to the dynamic strain regime [62]. 

Basak et al. [154] performed experimental and numerical studies to forecast the 

formability and fracture behavior of as-received and pre-strained sheet materials 

during the deep drawing process. Various types and magnitudes of pre-strain, 

including 5% and 10% equi-biaxial pre-strains (5% EBP and 10% EBP), 10% plane 

strain pre-strain (10% PSP), and 10% uniaxial pre-strain (10% UP), were applied to 

the 1.2 mm thick sheets of extra deep drawing (EDD) steel and aluminum alloy 

(AA5052). Additionally, all pre-strained sheet samples were subjected to deformation 

utilizing a cylindrical deep drawing apparatus. The forming limit diagrams (FLDs) of 

the as-received sheets were predicted using the Marciniak–Kuczynski (MK) model, 

which incorporated various anisotropic yield functions, including the Hill48 model 

[63].  

Singh et al. [155] examined the formability of 1.0 mm thick commercially pure 

titanium (CPTi) sheet metal employing a laboratory-scale deep drawing test setup, and 

determined the limiting drawing ratio (LDR) to be 2.143. Four ears were observed in 

4

4
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the LDR cup with the maximal cup height along the diagonal direction (DD) and 

troughs along both the rolling direction (RD) and transverse direction (TD), and the 

earing height was approximately 13.7% of the total cup height. Tensile and stacking 

compression tests were conducted along various orientations to assess the anisotropic 

properties and the tension-compression strength differential, and these data were 

utilized to construct the CPB06 constitutive yield model.  

Lin et al. [156] examined the influence of plastic anisotropy in ZK60 magnesium alloy 

sheets on their formation behavior during the deep drawing process. The deformation 

behavior of the sheet during deep drawing was investigated through both experimental 

methods and finite element analysis. The ZK60 alloy sheet demonstrates a higher 

plastic strain ratio (r) at 45° compared to 0° and 90° to the rolling direction, and the r 

value diminishes as the temperature increases across various loading orientations. A 

negative planar anisotropy (Δr) value leads to earing at a 45° angle relative to the 

rolling direction. As the drawing ratio (DR) increases, the average earing ratio initially 

rises to a zenith before subsequently decreasing, forming a bell-shaped curve. The 

average earning ratio of the cylindrical drawn cup increases as the deep drawing 

process advances. At the shoulder region of the drawn cups, the greatest reduction in 

thickness strain occurs at 45° to the rolling direction of the sheet. In the necking region, 

the minimal thickness strain at 0° is lower than that observed at 45° and 90° 

orientations.  

Atrian et al. [157] examined the effects of various factors, including the layering 

sequence of the layers, lubrication, blank-holder force, and the diameter of the 

composite blank, on the load–displacement curve and the ultimate shape of the 

manufactured components. This study focuses on the experimental and finite element 
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analysis of the deep drawing process involving steel and brass laminated sheets. The 

reasonable accord between the experimental and finite element results demonstrated 

that FEM can be effectively employed in parameter studies of various industrial 

processes. In the aforementioned study, the drawing force necessary was overstated by 

approximately 10% in the finite element simulations.  

Aghchai et al. examined the formability of a two-layer laminated sheet composed of 

Al1100 and St12. Theoretical and experimental methods have been employed to 

determine the forming limit diagram of the two-layer Al1100-St12 sheet, and the 

results obtained are subsequently compared. Additionally, the forming limit diagram 

of the two-layer sheet is contrasted with the formability of its metallic constituents. 

Results demonstrated a strong concordance between theoretical and experimental 

findings. It is also demonstrated that the formability of the two-layer metallic sheet 

exceeds that of its individual, lower-formability component [81].  

Bagherzadeh et al. formulated an analytical model to examine the stress distribution 

and instability conditions in hydro-mechanical deep drawing (HMDD) of cylindrical 

aluminum and carbon steel containers. Based on these models, several parametric 

studies were conducted to investigate the effects of layer thickness, layer 

configuration, drawing ratio, and frictional conditions on the main parameter of critical 

fluid pressure in the process. The experimental procedures were conducted on two-

layer sheets composed of Aluminum (1050-H0) and Carbon Steel (St13) to validate 

the analytical outcomes and to forecast the actual operational pressure range. It was 

demonstrated that the fluid pressure window for successful part forming could be 

efficiently predicted with reasonable accuracy using the analytical model, in 

comparison to extensive and costly FEA or experimental methods. [82]. 
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Atrain et al. [158] examined the wrinkling behavior during the deep drawing process 

of Al3105/polypropylene/SS304. The components composed of three layers: 

aluminum 3105, polypropylene, and 304 steel, are manufactured by the deep drawing 

method. A finite element (FE) simulation of this process was conducted using 

ABAQUS software, and the findings of numerical and experimental investigations into 

the influence of blank holder force on flange wrinkling and punch force were 

compared. The findings demonstrate a decrease in wrinkling of the deep drawn cups 

with an increase in BHF [67]. 

Pazand et al. [159] investigated the alloy of AA3004/SUS304/Cu1011. The analysis 

revealed a significant influence of layer configuration in relation to the punch on the 

Forming Limit Diagram (FLD). Significantly, when the innermost layer of AA3105 

contacted the punch during the forming operation, with the Cu1011 sandwich layer in 

the middle and SUS304 as the outside layer, a substantial enhancement in the 

formability of the clad sheet was noted. The conclusion was that the highest FLD was 

attained when the layer in contact with the punch was composed of the material with 

the lowest strength.  

Karajibani et al. [160] conducted a numerical and experimental analysis of the deep 

drawability of a two-layered (AA/Steel) clad sheet to assess the impact of parameters 

including individual layer thickness, die and punch corner radius, friction coefficients 

at the punch-blank and die-blank interfaces, and material lay-up on the limiting draw 

ratio (LDR) [31]. Leu created an analytical model to forecast the punch force during 

the deep drawing of monolithic sheets, adding normal anisotropy based on Hill's yield 

criterion. This analytical model forecasted the outcomes of drawing loads for ferrous 

alloy sheets with an approximate inaccuracy of 5% compared to the experimental 

20
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results. The predicted punch force for copper and aluminum alloys ranged from 15% 

to 28% of the experimental results [69].  

Azodi et al. [160] established an analytical model that predicted the punch force for 

monolithic sheets with the Barlat-89 anisotropic yield criterion, employing a constant 

material parameter value of a = 2 across all materials. The forecasts derived by Barlat-

89 and Hill’s anisotropic yield criterion were observed to be analogous, owing to the 

identical value of the material parameter utilized in both models [33]. The material 

parameter values of 6 and 8 were proposed for BCC and FCC metals, respectively, in 

the Barlat-89 yield criterion [79].  

Afshin et al. [161] performed a comprehensive experimental investigation on the deep-

drawing process at elevated temperatures of a two-ply AA1050/SS304 laminated sheet 

at three distinct temperatures. To obtain varied grain sizes, the aluminium sheet was 

subjected to annealing at three distinct temperatures for one hour. A larger grain size 

correlated with an increased coefficient of friction, which negatively affected the 

material's formability. The formability was notably affected by the increase in blank 

holder force; however, heated deep-drawing could be performed at higher 

temperatures with reduced load requirements. 

Research gaps and Research Objectives 

2.1 Research gaps 

After an extensive literature survey, the following issues needs to be addressed: 

1. Limited comparative analysis of anisotropy in welded and parent sheets: 

Although tensile properties of parent aluminium sheets are widely reported, there are 

few systematic investigations comparing the evolution of tensile behavior and 

anisotropy parameters (R̅ and ΔR) between parent and friction stir welded (FSW) 

20
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sheets. The weld zone and thermomechanical impacted zone, in particular, have not 

been adequately defined in terms of directional characteristics. 

2. Inadequate optimization of FSW parameters related to weld zone strength:  

Several researches have examined the effects of various FSW parameters on joint 

quality; nevertheless, extensive optimization utilizing statistical techniques that 

directly connect process factors with weld bead strength is lacking. The interactions 

between rotational speed, traverse speed, and axial force on mechanical performance 

have not been adequately investigated, particularly for dissimilar or custom welded 

setups. The effect of external energy supply on the weld strength, weld integrity and 

formability of the Friction Stir welded blank is needed to be studied. A few literatures 

are available on optimization of reduction of tool shoulder diameter to achieve a fine 

& sound weld joint but effect of reduction of the weld width on formability has not 

been studied. 

3. There is a scarcity of tensile property data for FSW-based custom welded 

blanks: Although TWBs are extensively examined, most research focuses on laser-

welded blanks. Detailed tensile characterisation of TWBs made specifically using 

friction stir welding, including strength mismatch and strain localization across the 

weld, is virtually unknown. The formability of Friction Stir welded blanks is still to be 

addressed due to reduced workability at room temperature due to the presence of a 

weld zone of significant width. 

4. Limited integration of experimental data and FE-based formability prediction:  

Finite element analysis (FEA) has been used to predict formability; nevertheless, 

models frequently rely on assumed or uniform material qualities. There is a significant 

gap in combining empirically acquired, location-specific tensile and anisotropy 
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properties of FSW joints into FE simulations to improve formability prediction of 

welded sheets. 

5. Limited experimental confirmation of FLD predictions for FSW blanks: 

The forming limit diagrams (FLDs) are frequently anticipated analytically, 

experimental confirmation via stretch forming tests on friction stir welded blanks is 

limited. The impact of weld line orientation, material mismatch, and weld zone 

heterogeneity on FLD evolution is not properly addressed in recent research. 

 

In summary, the existing literature reveals several critical gaps in the comprehensive 

understanding of friction stir welded tailor welded blanks. Tensile characteristics and 

anisotropy in parent and welded sheets are not systematically characterized, especially 

when it comes to how different weld zones affect directional mechanical behavior. 

Robust statistical methods that directly link input parameters to weld bead strength are 

rarely used while optimizing friction stir welding parameters. Furthermore, as the 

majority of previous research has been on alternative welding methods, comprehensive 

tensile and formability tests on tailor welded blanks made especially using friction stir 

welding are still rare. Additionally, there is little incorporation of location-specific, 

empirically observed material properties into finite element models for formability 

prediction, which could result in errors. Lastly, stretch forming experiments on friction 

stir welded blanks are insufficient for experimental validation of anticipated forming 

limit diagrams. 
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2.2 Research objectives 

1. To characterize tensile properties and anisotropy of the parent sheets and 

welded sheets 

2. To optimize the friction stir input parameters based on the strength of weld 

bead 

3. To characterize the tensile properties of TWBs prepared by friction stir 

welding process 

4. To predict the formability of the welded sheet by Finite Element Analysis 

5. To investigate the forming limit diagram (FLD) of the friction stir welded 

blanks by stretch forming experiments to validate the predicted results 
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CHAPTER 3 

METHODOLOGY 

Various experimental techniques and methods employed in the present work are 

described in detail in this chapter. Selection of the materials and experimental 

determination of tensile properties in the ambient working temperature range is 

presented in this chapter.  

Design and development of experimental setup and control systems for conducting 

formability tests at ambient temperatures is presented detail followed by the actual 

experimental procedure. Numerical simulation procedure of stretch forming and 

experimental validation are also explained in this chapter. 

3.1 Material selection 

Two aluminium alloy sheets AA5083 and AA6082, each of 2 mm thickness are 

selected in an annealed condition for the study. AA5083 is a non-hardening alloy, 

extensively used in the sheet metal forming operations [162] in shipbuilding, rail-cars, 

vehicle bodies etc. due to its good formability. Whereas, AA6082 is an age hardening 

alloy containing nearly 1% of Si, Mg and Mn and finds its applications in structures, 

trusses, bridges, cranes, transport etc [163].  

The combination of these alloys can be beneficial in construction application, marine, 

aerospace and automotive industries where high strength and corrosion resistance are 

required. The chemical composition of both the materials obtained by spark test is 

shown in Table 3.1. 

Table 3.1 Chemical composition of aluminium alloys (in wt.%) 

34
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Alloy Mg Si Mn Sn Cr Ni Fe Al 

AA5083 4.17 0.17 0.52 0.01 0.09 0.06 0.30 Rest  

AA6082 0.99 1.11 0.59 0.07 0.25 0.07 0.23 Rest  

 

3.2 Tensile Properties 

The tensile specimens of AA5083 and AA6082 were prepared through laser cutting in 

accordance with the ASTM E8M sub sized standard and subjected to tensile testing to 

determine their mechanical properties. The tests were conducted using the H50KS 

Bench-top Uniaxial Testing Machine, which has a maximum load capacity of 50 kN 

and operates with a crosshead speed of 2.5 mm/min, as shown in Figure 3.1.  

 

Figure 3.1 Tensile testing in progress 
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The universal testing machine (UTM) provides a precise force measurement within 

±0.5% of the indicated load across the entire range, from 2% to 100% of the load cell's 

capacity.  

The anisotropy of the parent sheets was determined by performing additional tensile 

testing as per ASTM E517-06 standard. According to this standard, the uniaxial 

tension tests of specimens oriented at 0°, 45°, and 90° with respect to the rolling 

direction were conducted by deforming the specimens to 10% elongation (below the 

strain at which necking occurs) and stopping the cross head in an automatic mode 

using the settings in the UTM. The true longitudinal and true width strains were 

measured in the deformed specimens followed by calculation of plastic strain ratio i.e. 

R0, R45, and R90. In the case of FSTWBs, the anisotropy was estimated based on the 

weighted average method of the contribution of anisotropy of both of parent regions 

i.e. AA5083 and AA6082. 

3.3 Determination of annealing temperature of TWBs  

Pilot experiments were conducted in a muffle furnace at four distinct temperatures, 

namely 150˚C, 300˚C, 350˚C, and 400˚C, in order to determine the annealing 

temperature of the weld zone in the blanks. The aforementioned temperature range for 

annealing FSTWBs was selected based on research conducted by Lee et al. [164], 

wherein the mechanical and microstructural behaviour of cryorolled AA 5083 were 

experimentally studied, and the annealing temperature was systematically studied in 

the range of 150°C to 300°C. Similarly, the influence of annealing temperatures 

between 200°C and 325°C on the mechanical characteristics of cryorolled 5083 and 

200°C and 350°C on cryorolled 6061 was investigated by Changela et al. [165]. 

14
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During annealing, dehydrated sand was used cover the samples in order to prevent the 

oxidation. FSTWB samples were placed inside the chamber and heated continuously 

until the furnace reaches the desired temperature. The chamber was then allowed to 

cool and soak the samples for two hours. After annealing, the samples were tested to 

determine the mechanical properties. 

3.4 Design of experiment 

The longitudinal butt joining of AA6082 and AA5083 sheets was accomplished by 

friction stir welding. To determine the necessary input welding parameters for the 

intended mechanical properties of the welded joint, pilot experiments were conducted. 

Tool rotational speed (700, 800 and 900 rpm), tool travel speed (20, 25, and 30 

mm/min), and tool pin to shoulder diameter ratio (5.0) were the input parameters for 

the welding.  

3.5 Analysis of the input data for FSW and tensile properties of welded 

region 

In friction stir welding with a good weld quality, input parameters are crucial. For the 

FSTWBs to have the appropriate strength and formability, a sound weld is required. 

Nine combinations of tool rotational and travel speeds make up the pilot experiment, 

and each combination has its own set of welded sheets.  The tensile specimens taken 

from the TWBs were prepared by wire-cut electric discharge machining keeping the 

welded region longitudinal and transverse to the loading direction in order to determine 

the weld properties and integrity, respectively as shown in Figure 3.2. The true stress-

true strain data obtained for the welded region was further used to model the weld zone 

property for the simulations. 
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Figure 3.2 Tensile test specimen of weld zone prepared from FSTWB 

With the aid of and one-way ANOVA techniques, the optimal weld was selected based 

on the required strength and percentage elongation. The implementation of an 

orthogonal array of L9 yielded the optimal process parameters for the intended 

response [166]. 

3.6 Taguchi method 

Two distinct sets of independent variables, each with three levels, were utilized in pilot 

experiments to ensure the friction stir welding process is executed correctly. The 

independent variables chosen for the welding were tool rotational speed (TRS) and 

tool travel speed (TTS). The dependent parameters include final tensile strength, 

percentage elongation (for specimens with weld along the longitudinal direction, 

measuring weld strength), and percentage elongation (for specimens with weld along 

the transverse direction, measuring weld integrity). An orthogonal array (L9) was 

employed, and the signal-to-noise ratio was calculated using the "larger is better" 

criterion to identify the optimal process parameters.  

Singh et al., 2022 [167] studied the fabrication of AA7075-T6-based hybrid metal 

matrix composites reinforced with silicon carbide (1.5–3.5 wt.%), graphite (2–4 

wt.%), and S-glass fiber (3–5 wt.%) using a vacuum-sealed stir casting technique. 
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Employing the Taguchi L9 orthogonal array and ANOVA, they analyzed the effects 

of these reinforcements on micro-hardness and impact strength. The results showed an 

enhancement of 31.40% in micro-hardness and 33.33% in impact strength compared 

to the base alloy. 

3.6.1 Design of Experiments 

A series of tensile experiments were carried out to predict the optimum result in the 

terms of UTS, % elongation for determination of weld strength (ES) and % elongation 

for determination of weld integrity (EI). In order to determine the weld strength the 

tensile specimens were taken along the weld direction i.e. the longitudinal direction 

containing the weld region only. In order to determine the weld integrity, the tensile 

specimens were taken from the FSTWBs so that the weld region was transverse to the 

length of the specimen. 

Output Parameters: UTS, % elongation for weld strength (ES), % elongation for 

weld integrity (EI) 

Input Parameters: Tool travel speed, tool rotational speed 

Objective Function: Larger is better 

S/N Ratio for the function: {−10Log10 (
sum(Y2 )

n
)}, where, “n” is the “Sample Size” 

and “Y” is the “output parameters in that run”. 

The process parameters and their levels are shown in Table 3.2, and the experimental 

matrix was created using the most likely combination of the input parameters shown 

in Table 3.3. The signal-to-noise ratio was determined through a total of nine 

experiments. 

Page 113 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334

Page 113 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334



 

108 

 

Table 3.2 Process parameters and corresponding levels 

Parameters Notation Levels of factors 

Tool rotational speed 

(rpm) 

TRS 700 800 900 

Tool traverse speed 

(m/s) 

TTS 20 25 30 

 

Table 3.3 Experimentation control log using orthogonal array L9 

Experimental run Tool traverse speed (m/s) Tool rotational speed (rpm) 

1 20 700 

2 20 800 

3 20 900 

4 25 700 

5 25 800 

6 25 900 

7 30 700 

8 30 800 

9 30 900 

 

Experimentally measured values of UTS, ES, and EI were used as responses, and the 

signal-to-noise ratio was calculated using the larger is better control function. The 

average signal-to-noise ratio for UTS, ES, and EI was also computed. The orthogonal 
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array experimental data employs ANOVA to compute the response data for each 

parameter. 

3.7 Friction Stir Welding  

3.7.1 Experimental setup and process parameters 

The friction stir welding by using a special machine tool (Model No. FSW 4T-HYD) 

was used to fabricate the TWBs as shown in Figure 3.3. The rated power of the 

machine is 11kW at 3000 rpm and can apply a forging load of 25kN. This machine 

carries a hydraulically actuated bed movement in the "X" and "Z" directions, as well 

as a manual movement in "Y" direction.  

 

Figure 3.3 Friction stir welding experimental set up 

 

A control panel directs the movement of the machine bed and head (mounted with a 

tool). A valve regulator controls the feed of the table as well as the vertical movement 
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of the spindle head. After the pilot experiments, the process parameters for friction stir 

welding were determined while keeping the tool geometry as constant. The process 

parameters such as the tool rotational speed and the tool travel speed were varied and 

the tool penetration was kept constant throughout the experiments. 

Since, FSW deforms the sheets plastically and stirs to mix-up the materials from the 

parent sheets while translating and rotating through the sheets placed side by side in 

close contact to prepare a butt joint. A cylindrical tool made of H13 steel was selected 

possessing a hardness value of 59HRC. The specification of the FSW tool is shown in 

Figure 3.4. 

 

Figure 3.4 Two projection views of the FSW tool (all dimensions are in mm) 

3.7.2 Residual stress measurements 

As with any X-ray diffraction-based technique, it is essential to interpret the results by 

considering the factors such as grain size, preferred orientations, diffracting volume, 

and geometric alignment. The Debye ring mapping, as illustrated in Figure 3.5 -3.7, is 

a non-destructive method employed to evaluate residual stresses in a crystalline 

material via X-ray diffraction [168]. When an X-ray interacts with the crystal lattice, 

it produces constructive and destructive interference patterns, resulting in diffraction 
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rings visible on a detector screen. By rotating the sample while exposing it to X-rays, 

a diffraction data is collected at various angles, enabling a comprehensive mapping of 

the Debye ring, which captures the material's diffraction pattern. 

To assess the residual stresses, the Cosα technique was utilized. This approach 

involves measuring the angular positions (2θ angles) of the diffraction lines relative to 

a reference direction, typically aligned with the material’s loading axis or a designated 

orientation. By correlating the stress-induced strain with the angular displacement of 

the diffraction lines, the Cosα technique allows for the determination of the residual 

stresses. The magnitude of the residual stress in a specific direction is directly 

proportional to the cosine (Cos) of the angle (α) between the diffraction line and the 

reference direction [169].  

 

Figure 3.5 Portable X-ray residual stress measurement setup 

The residual stresses are the internal, self-equilibrating stresses retained within a 

material after external forces are removed, which can result in uneven material 
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deformation. The residual stress measurement setup (PULSTEC µ-X360n) is based on 

the cos α method of the X-ray diffraction technique to study the influence on the 

residual stresses in the sheets after welding, as shown in Figure 3.5. A Debye ring 

mapping to evaluate residual stresses in FSTWBs is shown in Figure 3.6 

 

Figure 3.6 Debye ring mapping to evaluate residual stresses in FSTWBs 

 

X-ray diffraction techniques are used for non-destructive testing of the residual 

stresses in the material. Taira et al. introduced the cosα method through X-ray 

diffraction, which could measure all plane stress components from one diffraction ring 

obtained by a single incident X-ray beam [168-169]. The cosα methodology leverages 

two-dimensional detectors to capture an entire Debye ring in one measurement, 

accelerating the assessment of residual stresses. Unlike traditional methods that require 

multiple sample tilts to gather similar data, cosα measurements are expedited and 

simplify the overall process. In the cosα technique utilizes the Debye-Scherrer (D-S) 

ring collected with a single measurement using a 2D detector. This method 

9

9
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incorporates Bragg’s law to measure the variation in interplanar distance (𝑑𝜓𝜑) caused 

by the residual stress. The strain measurement uses the D-S ring, detected on the 2D 

detector with a tilt angle 𝜓0 from the Z axis, and rotation angle 𝜑0 from the X axis as 

shown in Figure 3.7.  

 

Fig. 3.7 Coordinate system of Cos𝛼 technique using a 2D detector 

The strain 𝜀𝜓𝜑, at azimuthal angle 𝛼 from −𝜂 as illustrated in Figure 3.6, is expressed 

as follows: 

𝜀𝜓𝜑 = 𝜀𝛼 =
𝑑𝜓𝜑−𝑑0

𝑑0
= 𝑛1

2𝜀𝑥 + 𝑛2
2𝜀𝑦 + 𝑛3

2𝜀𝑧 + 𝑛1𝑛2𝛾𝑥𝑦 + 𝑛2𝑛3𝛾𝑦𝑧 + 𝑛1𝑛3𝛾𝑥𝑧     (3.1) 

 where  𝑛𝑖(𝑖 = 1,2,3) is the direction component of the diffraction vector 𝑛 with 

respect to the sample coordinate system. The diffraction vector 𝑛 is expressed as [169]:  

9
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𝑛 = (

𝑛1

𝑛2

𝑛3

)== (
cos𝜂 sin𝜑0cos𝜓0  −  sin𝜂 cos𝜑0cos𝜓0cos𝛼 −  sin𝜂sin𝜑0sin𝛼
cos𝜂 sin𝜑0sin𝜓0  −  sin𝜂 cos𝜑0sin𝜓0cos𝛼 +  sin𝜂cos𝜑0sin𝛼

cos𝜂 cos𝜑0 +  sin𝜂sin𝜑0cos𝛼
)            

(3.2)  

Now, the strain translation matrix represented by the equation, 𝜀𝛼 = 𝑛𝑖𝑛𝑗𝜀𝑖𝑗  (𝑖, 𝑗 = 1 

to 3). When combined with Hooke’s law, the resulting expression is as follows: 

 𝜀𝛼 = 
1+𝜈

𝐸
𝑛𝑖𝑛𝑗𝜀𝑖𝑗 −

𝜈

𝐸
𝜎𝑘𝑘                                                                                                (3.3) 

where, 𝜈 is poisson's ratio, E is Young’s modulus, 𝜎𝑘𝑘 (k =1-3) is a stress component. 

The mean value of the difference of strains at each azimuthal angle ( 𝜶, −𝜶, −𝜶 + 𝝅 

and 𝜶 + 𝝅) is used to determine the following two parameters (𝜀𝛼1
and 𝜀𝛼2

), which is 

expressed as follows:  

𝜀𝛼1
=

1

2
[(𝜀𝛼 − 𝜀𝛼+𝝅) + (𝜀−𝛼 −  𝜀−𝛼+𝝅)]                                                                           (3.4) 

𝜀𝛼2
=

1

2
[(𝜀𝛼 − 𝜀𝛼+𝝅) − (𝜀−𝛼 −  𝜀−𝛼+𝝅)]                                                                           (3.5) 

The slope of the linear relationship between the above two equations and cos 𝜶, 

determines the residual stress 𝜎𝑥, which can be expressed as [169]: 

𝜎𝑥 = − (
𝐸

1+𝑣
) (

1

𝑠ⅈ𝑛2𝜂𝑠ⅈ𝑛𝜓0
) (

𝜕𝜀𝛼1

𝜕 𝑐𝑜𝑠 𝛼
)                                                                                      (3.6) 

where, (
𝜕𝜀𝛼1

𝜕 𝑐𝑜𝑠 𝛼
) is the slope between the parameter 𝜀𝛼1

 and 𝑐𝑜𝑠 𝛼. 

The information about residual stresses improves the design engineer's understanding 

and provides valuable insight into the deformation behavior during forming 

operations. The distribution of these stresses can influence the service performance of 

9
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welded components, particularly in terms of fatigue resistance and corrosion 

properties, which may lead to a potential failure. 

3.7.3 Microstructural characterization 

The specimens from the weld region and parent sheets were prepared using standard 

metallographic techniques to achieve reliable microstructural investigation. The 

sample was cold mounted using a resin containing a hardener accelerator, which 

provided enough gripping, stability, and placement for the next preparation stages. 

Polishing was done in two steps, first with dry polishing to remove surface 

imperfections and achieve initial planarization, then with wet polishing to provide a 

smooth and scratch-free finish. The final wet polishing was done with alumina powder 

on a velvet cloth, which produced a mirror-like quality suited for microstructural 

investigation. To show the microstructural characteristics of the weld region, the 

polished specimen was etched with a picral solution, which efficiently emphasized 

grain boundaries and phase distributions for comprehensive metallographic analysis. 

3.7.4 Microhardness of welded region  

Microhardness of the weld region was tested on the samples taken from FSTWBs 

through a line mapping across its cross-section. The Vickers method with a 

microhardness scale of HV0.05 was applied with a dwell time of 10 seconds. A 500 

gf load was applied using a STRUER make DURAMIN 40 model employing a 

diamond pyramid indenter. The microhardness values were measured by first loading 

the specimen and then letting the material settle for a while after indentation, followed 

by measuring both the indentation diagonals. 
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3.8 Formability study of TWB using limiting dome height tests 

FSTWBs were laser marked on one side of the sheet with a circular grid pattern of 

5mm diameter circles. The speed of laser marking operation was set at 500 mm/s with 

a frequency of 20kHz. The laser marking circular grid pattern on a FSTWB is shown 

in the Figure 3.8. 

 

Figure 3.8 (a) Computerized laser marking setup and (b) a laser marked grid pattern 

on the backside of a TWB 

Samples required to perform the formability test in different modes were prepared with 

the help of a 1 kW hydraulic operated optical fibre laser cutting machine (HSG LASER 

make) as shown in Figure 3.9 (a). The widths of the samples in the central region were 

taken as 20mm, 30mm, 40mm, 50mm, 60mm, 70mm, 80mm and 100mm. The weld 

line was kept along the length of the specimens in order to evaluate the weld zone 

effect on different modes of deformation during the limiting dome height experiments. 
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Figure 3.9 (a) Laser cut samples for LDH test and (b) experimental setup 

 

All the forming limit experiments were carried out on a 100 Ton double action 

hydraulic press as shown in Figure 3.9(b). For accurate stroke measurement and 

control, a dedicated encoder is offered in the machine for data acquisition. The encoder 

uses an analog card and programmable logistic controller (PLC) to sense the data, and 

it displays the data on a touch screen with a minimum count of 0.1 mm. To capture the 

load and displacement data, a load cell is fitted in the main cylinder. Initially, the blank 

holder was lowered manually on the die to lock down the sheet in place. Then, 

depending on the sample width, the punch was moved downward to deform the locked 

blank in various modes of deformation till necking appears in the deformation zone. 

The dome heights of stretch formed samples were measured with the help of a digital 

vernier height gauge.  

The major and minor diameters of the deformed circle i.e. ellipse were measured with 

the help of a trinocular stereo zoom microscope as shown in Figure 3.10. The major 

and minor strains were calculated at the necked and failure regions and plotted to get 

the forming limit diagram for annealed and non-annealed FSTWBs. 

11
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Figure 3.10 Measurement of major and minor diameters on a tested sample  

3.9 Simulations for LDH 

Simulations were conducted to predict the formability of FSTWBs for both annealed 

and non-annealed materials using ABAQUS/CAE 6.14-2 software. The blank was 

modeled as a 3D deformable shell, while the punch, die, and blank holder were 

rendered as 3D discrete rigid bodies. The sketcher tool was employed to design the 

FSTWB, which was divided into three distinct segments: AA5083, AA6082, and the 

welded region at the center. Material properties were assigned to each partitioned 

region, and the blank was meshed with the S4R elements (a 4-node doubly curved thin 

shell, with reduced integration, hourglass control, and finite membrane strain 

capabilities). The complete tooling assembly with the FSTWB in position, is illustrated 

in Figure 3.11. 

39

47
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Figure 3.11 Assembly of the parts to perform simulations 

The interacting surfaces of toolings and blank were given interaction attributes. To 

execute the simulation, the boundary conditions were provided. The tools were 

designated as the master surface, while the blank was designated as slave surface. A 

one-way surface-to-surface contact was used to specify the surface between the blank 

and each tool. All of the tools were aligned with the working direction (y-axis). To 

avoid initial tool penetration, a space equal to the blank thickness was provided 

between the blank and the tools. The punch was given a displacement equal to the 

displacement given in experiments till necking occurs in the specimens. 

To allow material in contact with punch to flow into the die, a blank holding force of 

2kN  to 3kN was applied on the blank. A Coloumb’s friction model was considered to 

define a friction value of 0.05 between the blank and the punch surfaces and a value 

of 0.10 between blank and the die surfaces.   

The plastic data obtained from tensile experiments were used to define the material 

model. Anisotropy of sheets was also incorporated into material model using Hill's 

Holder 

Punch 

Die 

Sheet 
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plasticity model, also referred to as Hill's 1948 yield potential [170]. It is expressed in 

terms of rectangular Cartesian stress components as follows: 

 

f(σ) =

√F(σ22 − σ33)2 +  G(σ33 − σ11)2 + H(σ11 − σ22)2 + 2Lσ23
2 + 2Mσ31

2 + 2Nσ12
2     

           (1)  

where, F, G, and H are constants obtained by uniaxial tension tests and  L, M and N are 

determined by shear tests on the material in different orientations.  

The user defined reference yield stress is denoted by σ0; anisotropic yield stress ratios 

are represented by    R11,  R22,  R33,  R12,  R13 and  R23; and each σ̅ⅈj is the measured 

yield stress value when σ̅ⅈj is applied as the only non-zero stress component. The ratios,   

σ̅11

σ0
,

σ̅22

σ0
,

σ̅33

σ0
,

σ̅12

τ0
,

σ̅13

τ0
 and 

σ̅23

τ0
 are the yield stress ratios for the material, 

where σ̅11,  σ̅22, σ̅33, and σ̅13 are the yield stresses along the rolling, transverse and 

diagonal directions, respectively. Therefore, the following expressions are used to 

calculate the yield stress ratios, 

 R11 = R12 = R23 = 1       (2)  

R22  =  √
R90(R0+ 1)

(R0+R90)
       (3) 

R33  =  √
R90(R0 + 1)

R0(R90 + 1)
       (4) 

R13  =  √
3(R0 + 1)R90

(R90 + R0)(2R45 + 1)
      (5) 

where R0,  R45 and R90 are the experimentally obtained plastic strain ratios for the 

specimens orientated with respect to the RD at 0°, 45°, and 90°. Table 3.4, provides 

14

14
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the different yield stress ratios that were employed in the simulations to account for 

anisotropy in the cases of AA5083 and 6082 alloys. It is assumed that the weld zone 

is composed of an isotropic material, its yield stress ratio values were defined as unity 

in the simulations. 

Table 3.4 Yield stress ratios used in FEA to incorporate anisotropy of EDD steels 

Al alloys R11 R22 R33 R12 R13 R23 

5083 1 0.929 1.023 1 0.976 1 

6082 1 0.939 1.058 1 1.078 1 

Weld zone 1.0 1.0 1.0 1.0 1.0 1.0 

 

The individual material properties were assigned for the three different regions i.e. two 

different parent materials on either side of the weld zone, in the simulations of 

FSTWBs during deformation. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Tensile properties 

The tensile properties of AA5083 and AA6082 are presented in Table 4.1. It is 

observed that the yield and tensile strengths on an average basis for AA5083 are 

observed to be 204MPa and 261MPa, respectively. A value of 14% elongation and 

strain hardening exponent of 0.21 indicates moderate formability for this alloy. 

AA6082 possesses a yield strength of 86MPa and a tensile strength of 138MPa on an 

average basis indicating it as a softer material than AA5083. A higher value of ductility 

and strain hardening exponent renders this material to possess a higher formability 

when compared to AA5083.  

Table 4.1 Tensile properties of parent sheets 

Al Alloys Yield  

stress  

(MPa) 

UTS 

(MPa) 

% 

Elongation 

Strain 

hardening 

exponent (n) 

Strength 

coefficient 

(MPa) (K) 

Normal 

anisotrop

y  

(R̅) 

AA5083-O 204±2.05 261±2.49 13.9±0.33 0.21 329 0.779 

AA6082-O 88±1.63 138±1.24 20.5±1.28 0.27 288 
0.652 

 

The mechanical properties for the welded region of FSTWB obtained at different 

annealing temperatures are given in Table 4.2. The plots of engineering stress-

engineering strain obtained at different annealing temperatures are shown in Figure 

4.1. A slight reduction in strength and increase in ductility and strain hardening 

exponent is observed in the specimens annealed at 150ºC. As the annealing 

11
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temperature increases to 300 ºC, the effect becomes more pronounced on tensile 

properties. It is interesting to observe that at 350 ºC, the material shows lower in 

strength but higher in ductility and the value of strain hardening exponent is also higher 

at 0.28. At 400 ºC, the properties like tensile strength and strain hardening exponent 

are further reduced indicating a reduction in stretching with uniform elongation. 

Therefore, an annealing temperature of 350 ºC offers the best combination of tensile 

properties required for higher formability and hence this temperature has been chosen 

for characterizing the formability. 

Table 4.2 Mechanical properties of welded region 

Annealing 

temperatur

e (°C) 

Yield 

strength 

(MPa) 

UTS 

 (MPa) 

%  

Elongation 

Strain 

hardening 

exponent (n) 

Strength 

coefficie

nt (MPa) 

(K) 

150 221±2.86 292±3.29 15.5±0.16 0.19 495 

300 90±2.45 136±3.09 21.2±0.33 0.25 286 

350 75±1.24 120±1.24 25.1±0.20 0.28 239 

400 69±1.63 114±1.24 24.1±0.24 0.19 188 
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Figure 4.1 Engineering stress vs. engineering strain plots of the welded region 

annealed at different temperatures 

 

Figure 4.2 Variation of Vickers hardness at different annealing temperatures 

The variation of microhardness with the annealing temperatures are shown in Figure 

4.2. The microhardness of different regions in a welded sheet specimen varies 

significantly with the annealing temperatures. The value of hardness remains almost 
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constant till 150°C and drops significantly at 300°C owing to the softening of the 

material. The drop in the hardness values becomes more significant at higher 

temperatures of 350°C and then stabilizes at 400°C. The variation in the hardness of 

AA6082, AA 5083 and weld bead regions at different temperatures are observed to be 

similar due to diffusion and dissolution of hardening precipitates in the stir zone. The 

final annealing temperature of 350°C is selected on the basis of the tensile properties 

and hardness values. 

4.2 Residual stress in the welded blanks before and after annealing 

The characterization of residual stress set up in the blank, either tensile or compressive 

in nature, plays an important role to understand the behaviour of material during plastic 

deformation. The distribution of residual stress is mapped across the weld zone on the 

tool side (top side_T) and table side (bottom side_B) before and after the annealing 

and the results are plotted in Figure 4.3 (a) and (b).  

During residual stress measurement for the blank without annealing, the position of 

the X-ray beam was taken 3mm apart between two consecutive points of 

measurements from the centre line of the welded region and on both the sides (left- 

and right-hand side) of the FSTWB up to 15 mm which includes the welded region 

and parent materials. The residual stresses were measured on a (311) lattice plane of 

the blank. It is observed that the residual stress is compressive in nature in both the 

cases of top and bottom sides of the FSTWB, although the distribution pattern is seen 

to follow an increasing and decreasing trend of stress across the weld zone. It is 

interesting to observe that the distribution of RS is more or less uniform on the parent 

side of AA5083 but lesser in magnitude and increases slightly at the interface of 
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welded region and parent material. The variation of RS remains uniform from the 

centre of the weld towards AA6082 (till 5mm from the centre) but it becomes abruptly 

highest at a distance of 10mm and then reduces to a lowest value at the interface of 

weld and parent AA6082 (at a distance of 15mm across the weld on right hand side) 

and then increases rapidly in the parent sheet. This reduction in the magnitude of RS 

can be attributed to the rotation of the tool away from the AA6082 so that the softer 

material is pulled in tension and accumulated at the centre of the weld to mix with 

AA5082 which is comparatively stronger. The broad serrated marks on the top surface 

of the welded region are clearly seen near interface of AA6082 whereas the top surface 

is more uniform on the welded region towards the interface of AA5083. A smooth 

burnishing mark of width equal to the shoulder of the tool is observed to appear on the 

bottom surface of the FSTWB which could be attributed to the forging pressure applied 

during welding. 

It is observed that after annealing, the residual stress is reduced significantly and the 

results are displayed in Figure 4.3 (a). It is also observed that the variation of RS is 

more or less uniform in both welded region and parent sheets after the annealing. The 

residual stress is also measured on the bottom surface of the FSTWB and the results 

are plotted in Figure 4.3 (b). The bottom surface appears much smoother as the tool 

did not dig till the bottom surface which may be attributed to the design of the tool tip. 

It is observed that the RS across the weld region from parent material AA5083, is 

compressive in nature and increases gradually towards the weld centre. The RS falls 

rapidly till 5mm away from the weld centre and becomes minimum (value) owing to 

the fact that no plastic deformation has taken place at the bottom surface. The 

magnitude of RS increases abruptly to (value) and then decreases again in the parent 
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AA6082. The variation of RS in the bottom surface of the blank can be attributed to 

the forging pressure applied during the welding of the sheets. It is also observed that 

after annealing, the residual stress has been reduced significantly in the welded region 

but some RS is still seen in the parent material (AA6082) and the results are displayed 

in Figure 4.3 (b). 

 

Figure 4.3 Residual stress distribution across the weld zone on (a) the top weld side 

surface and (b) bottom surface of FSTWB 

 a 

b 
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4.3 Taguchi analysis 

Experimentally measured values of UTS, % Elongation (ES) and % Elongation (EI) 

are shown in the Table 4.3. The Table serves as a foundation dataset for conducting 

Taguchi analysis to optimize the welding process parameters. It includes key 

experimental outcomes such as the tensile strength of the weld and the percentage 

elongation in both longitudinal and transverse directions. These metrics are critical in 

assessing the mechanical performance of welds under varying experimental 

conditions, providing insights on process parameters which influence strength and 

ductility. 

Table 4.3 Experimental Results of Welded specimens 

Experimental 

run 

UTS for weld 

(MPa) 

% Elongation (ES) 

(Longitudinal) 

% Elongation 

(EI)(Transverse) 

1 220 22.6 18.0 

2 235 24.5 20.4 

3 230 20.1 17.5 

4 222 20.0 18.9 

5 232 26.5 24.2 

6 231 17.6 18.0 

7 235 24.7 18.2 

8 239 26.0 23.0 

9 231 18.0 17.5 
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As per objective function (UTS, %Elongation (ES) and %Elongation (EI)) larger is 

Better control function was used to get the signal-to-noise ratio which is shown in 

Table 4.4. 

Table 4.4 S/N ratio for different experimental run 

Experimental 

run 

S/N ratio (dB) for 

UTS 

S/N ratio (dB) for 

% Elongation 

(ES) 

S/N ratio (dB) for 

% Elongation 

(EI) 

1 46.84 27.08 25.11 

2 47.42 27.78 26.19 

3 47.23 26.06 24.86 

4 46.93 26.02 25.53 

5 47.31 28.46 27.68 

6 47.27 24.91 25.10 

7 47.42 27.85 25.20 

8 47.57 28.29 27.23 

9 47.27 25.10 24.86 

 

The average of the signal to noise ratios for UTS is shown in Figure 4.4 and the values 

are given in Table 4.5. 

 Table 4.5 The average of the signal to noise ratios for UTS 

Level Tool Travel Speed Tool Rotational Speed 

Sum Avg. S/N ratio Sum Avg. S/N ratio 
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1 141.49 47.16 141.20 47.06 

2 141.51 47.17 142.30 47.43 

3 142.26 47.42 141.78 47.26 

 

 

Figure 4.4 Graphical plot of mean of S/N ratios -TTS and TRS for UTS 

The average of the signal to noise ratios for % Elongation (ES) is shown in Figure 4.5 

and the respective values are given in Table 4.6. 

Table 4.6 Average of the signal to noise ratios for % Elongation (ES) 

Level Tool Travel Speed Tool Rotational Speed 

Sum Avg. S/N ratio Sum Avg. S/N ratio 

1 80.94 26.98 80.97 26.99 

2 79.41 26.47 84.54 28.18 

3 81.27 27.09 76.08 25.36 
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Figure 4.5 Graphical plot of mean of S/N ratios -TTS and TRS for % Elongation (ES) 

The average of the signal to noise ratios for % Elongation (EI) is shown in Figure 4.6 

and the values are given in Table 4.7. 

 

Table 4.7 The average of the signal to noise ratios for % Elongation (EI) 

Level Tool Travel Speed Tool Rotational Speed 

Sum Avg. S/N ratio Sum Avg. S/N ratio 

1 76.17 25.39 75.84 25.28 

2 78.30 26.10 81.09 27.03 

3 77.31 25.77 74.82 24.94 
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Figure 4.6 Graphical plot of mean of S/N ratios -TTS and TRS for % Elongation (I) 

 

The Table 4.7 presents the average signal-to-noise ratios for percentage elongation 

based on two process parameters: TTS and TRS, each evaluated at three different 

levels. For TTS, the total S/N ratios at Levels 1, 2, and 3 are 76.17, 78.30, and 77.31, 

respectively, resulting in average S/N ratios of 25.39, 26.10, and 25.77. Similarly, for 

TRS, the total S/N ratios at Levels 1, 2, and 3 are 75.84, 81.09, and 74.82, with 

corresponding average S/N ratios of 25.28, 27.03, and 24.94. These results highlight 

that Level 2 is optimal for both parameters, producing the highest average S/N ratios 

(26.10 for TTS and 27.03 for TRS), which indicates improved and consistent % 

Elongation. In contrast, Level 1 for TTS and Level 3 for TRS show relatively lower 

average S/N ratios, reflecting suboptimal performance for elongation. Thus, Level 2 

of both TTS and TRS provides the most favourable conditions for maximizing the % 

Elongation. In view of the above analysis, it is also observed, that the optimum values 

for tool travel and tool rotation are 30mm/min and 800rpm, respectively.  
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4.4 ANOVA RESULTS 

Analysis of variance is used to calculate response data of each parameter in the selected 

orthogonal array experiments. The Table 4.8 presents the results of the ANOVA for 

evaluating the influence of TTS and TRS on the response variable, such as % 

Elongation, in a friction stir welding process. The analysis includes degrees of freedom 

(DF), adjusted sums of squares (Adj SS), adjusted mean squares (Adj MS), F-values, 

and P-values. For TTS, the DF is 2, the Adj SS is 4.516, the Adj MS is 2.2578, and the 

F-value is 2.48, with a P-value of 0.199, indicating that TTS does not have a 

statistically significant effect on the response at the 0.05 significance level. On the 

other hand, TRS shows a higher Adj SS of 41.536, an Adj MS of 20.7678, an F-value 

of 22.79, and a P-value of 0.007, highlighting its statistically significant impact on the 

response. The error term has a DF of 4, an Adj SS of 3.644, and an Adj MS of 0.9111, 

contributing to the total Adj SS of 49.696. These findings suggest that TRS has a 

dominant and significant influence on the response, while the effect of TTS is 

comparatively smaller and not statistically significant under the given experimental 

conditions. 

Table 4.8 Analysis of variance for TTS and TRS 

Source DF Adj SS Adj MS F-value P-value 

TTS 2 4.516 2.2578 2.48 0.199 

TRS 2 41.536 20.7678 22.79 0.007 

Error 4 3.644 0.9111   

Total 8 49.696    

40
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The maximum value of SN ratio is selected to get the optimum mechanical properties 

and FSW was done at 800 rotational speed and 30 mm/min for all the specimens for 

further study. 

4.5 Microstructural examination 

The microstructures of parent sheets AA 5083-O and AA6082-O are presented in 

Figure 4.7 (a) and 4.7 (b), respectively. A fine precipitate of Mg-Si particles is 

observed to be scattered in the matrix of aluminium as shown in Figure 4.7 (a). A dark 

speck of Al-Mn-Si precipitate are seen to be uniformly distributed in the matrix of 

aluminium in AA5083 as shown in Figure 4.7 (b). The graphs of friction stir weld 

region before and after annealing is presented in Figure 4.7 (c)-(d), respectively. 

Multiple broad streaks of material flow of AA6082 due to friction are observed in the 

micrograph of weld region before annealing. After annealing, these streaks of material 

flow are observed to completely merge in the matrix of both the materials leaving a 

sign of a mixing boundary as also shown in Figure 4.7 (c) Annealing results in the 

consolidation of the materials in a uniform manner and plays a major role in removal 

of the dislocations so that stress concentration is reduced in the welded region.     

  

Figure 4.7 Micrographs of (a) AA5083-O, (b) Microstructure of AA6082-O 
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Figure 4.7 Micrographs of (a) AA5083-O, (b) AA6082-O Microstructure of (c) weld 

zone before annealing and (d) weld zone after annealing 

4.6 Microhardness  

The results of Microhardness obtained across weld region over a line mapping is 

plotted and shown in Figure 4.8 (a) and (b) for annealed and non-annealed specimens. 

The line mapping was done on the cross-section of the FSTWB of a total length of 25 

mm which comprises of 5mm of AA5083 (parent sheet) towards the weld region, 15 

mm of weld region and 5mm of AA6082 (parent sheet) away from the weld region. 

Form the plot, it can be concluded that the hardness of AA5083-O has a higher value 

of hardness as compare to AA6082-O. The microhardness value on an average basis 

for AA5083-O measured up to 5 mm is 91 HV0.05 followed by a gradual rise and fall 

in hardness at the interface of weld while entering into the weld region with an average 

value of 95 HV0.05. There is slight rise in the hardness of the weld zone towards the 

mixing zone of AA5083 but the rise is significant in the weld zone towards AA6082.  
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Figure 4.8 Variation of hardness across the welded region of a (a) annealed and (b) 

non-annealed FSTWB 

 

Since the material has interlocked with severe strain hardening and plastic 

deformation, the centre region of the weld bead has the highest average hardness, 

measuring 105 HV. The average hardness value declines as it gets closer to AA6082-

O, ending with an average value of 70 HV for the entire sample. The hardness data 

points for annealed FSTWB are also displayed in Figure 4.8. It is found that after 

annealing, the welded sheet's hardness has decreased significantly. Similar results are 

observed in the hardness profile of the annealed sheets. Annealing has slightly reduced 

the hardness in the weld zone which could be attributed to the grain refinement due to 

severe plastic deformation. The average hardness value of an annealed welded blank 

is 72 HV when it is measured from the AA5083-O side, approximately 74 HV inside 

the weld region moving towards the centre, 83 HV in the centre region, and 54 HV in 

the parent sheet of AA6082-O as depicted in Figure 4.8. 
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4.7 Fractography, EDX analysis and XRD 

The fractured surfaces of the parent materials and the weld zone of FSTWB are studied 

using scanning electron microscopy technique. The fracture surfaces of AA5083, weld 

region and AA6062 samples tested in uniaxial tension are shown in Figure 4.9 (a)-(c), 

respectively. The fracture micrographs are compared on the basis of the formation of 

micro-voids and cleavage crack surfaces.   

 

Figure 4.9 Fractographs for (a) AA5083, (b) weld region of FSTWB and (c) AA6082 

 

The micro-voids appeared in the AA5083 are comparatively smaller in size which 

indicates lower ductility and higher strength. A majority of the micro-voids are 

observed to have closed surfaces. In the case of the fracture surface of the weld zone, 

a mix of very fine and coarse micro-voids are observed indicating a reduction in 

strength but a slight improvement in ductility after annealing. It is also observed in the 

fracture surfaces of parent AA6062, the depth and size of dimples appear to have 

increased which indicates larger deformation prior to failure (higher limit strains). The 

fracture surface shows a combination of elongated and bigger micro-voids when 

compared to other micrographs. In almost all the cases the failure seems to have 

occurred due to nucleation and growth of micro-voids at or near inclusions/second 
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phase particles which are found at many locations near the cavities in the fractured 

areas. The spectrum obtained by the EDX microanalysis in Figure 4.10 shows evidence 

of the presence of elements like Fe, Mg, C, Si and O in the parent materials and in the 

welded region. The microanalysis confirms the presence of elements in the weld region 

contributed by the parent materials. The figure shows the presence of Al, Si, Mg, Mn, 

Fe in the AA6082. The welded region confirms the presence of Al, Mg, Mn, Fe which 

confirms the mixing of the parent material in the welded region. 

 

Figure 4.10 EDX microanalysis of (a) AA5083 (b) welded region of FSTWB (c) 

AA6082 
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The presence of metallic compounds has been confirmed by the spectrum obtained by 

XRD analysis. The analysis shows the presence of Al12Mg17, Al, Al
3
Mg

2, Mg
2
Si, 

Al6Mn, AlFe, and AlNi in the non-annealed welded region of the FSTWB as shown in 

Figure 4.11 (a) and (b), respectively.   

 

Figure 4.11 XRD pattern of a non-annealed and annealed FSTWB 
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4.8 Formability of FSTWB 

Both major and minor strains data obtained from the experiments are assessed in the 

safe, necked, and failure regions, and the forming limit diagram (FLD) is constructed 

such that strains at necking or fracture are positioned at or above the line and are shown 

in Figure 4.12. The recorded limit stresses are probably the maximum safe strains for 

these materials, and the dome height at failure may be marginally less than the true 

limiting dome height. The punch stroke at which necking or a fracture in the sheet 

initiates is referred to as the stretch height.  

 

Figure 4.12 Combined forming limit diagram of FSTWB non-annealed and annealed 

sheet 

The Table 4.9 gives the experimental and predicted values of dome heights of 

specimens with different widths resulting from punch stretching for both annealed and 

non-annealed FSTWBs. The percentage error between the experimental and FEA data 

11
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is determined and is also presented in the Table. The annealed specimen, measuring 

60 mm in width, demonstrates a minimal dome height of 18.30 mm, conforming to the 

FLD0 under plane strain conditions, with major and minor strains of 0.17 and 0.02, 

respectively.  

Table 4.9 Comparison of  dome heights obtained by experiments and simulations 

Width 

(mm) 

Dome heights in FSW Annealed  Dome heights in FSW Non-Annealed  

Experiment 

(mm) 

FEA (mm) % Error Experiment 

(mm) 

FEA (mm) % Error 

20 21.90±0.44 22.19 1.32 21.16±0.17 21.03 0.61 

30 21.74±0.08 21.76 0.10 20.57±0.35 20.17 1.94 

40 21.43±0.15 20.33 5.13 20.44±0.22 18.13 11.30 

50 20.68±0.32 18.30 11.50 18.00±0.17 16.32 9.33 

60 18.28±0.45 15.80 13.56 15.88±0.32 14.35 9.63 

70 19.32±0.09 17.50 9.42 17.45±0.28 14.98 14.15 

80 18.00±0.30 17.74 1.44 15.50±0.10 15.53 0.19 

100 20.04±0.17 19.72 1.59 17.57±0.03 17.50 0.39 

 

For the non-annealed samples, a width of 60mm demonstrates a dome height of 

15.88mm, with associated major and minor strains of 0.12 and 0.018, respectively. 

Consequently, in both instances, FLD0 is observed to be positioned to the right of the 

11

11

Page 147 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334

Page 147 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334



 

142 

 

plane strain condition. The deformed sample displays positive major and minor 

stresses, signifying a biaxial stretching (tension-tension) condition that may have led 

to reduced dome heights in both experiment and the prediction. The predicted results 

for dome heights demonstrate an agreement with the experimental findings except a 

few case. The formability of the annealed samples is superior to that of non-annealed 

samples, which may be attributed to greater ductility, strain hardening exponent and 

decreased hardness in the former. Overall, the FEA findings match well with 

experimental observations, especially at lower and greater widths, where the 

percentage error is negligible. For FSW annealed samples, relatively modest errors are 

detected at widths of 20, 30, 80, and 100 mm, whereas significant deviations occur at 

intermediate widths, indicating that formability is more sensitive to width and material 

condition.  

 

Figure 4.13 FSTWB samples after forming operation 
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The results for the experimental dome heights are shown in Figure 4.13. It 

demonstrates that the annealed samples of FSTWB has a higher dome height than a 

non-annealed sample. Due to the annealing, atomic mobility within the matrix of the 

alloy increases, allowing the rearrangement of dislocations and reduction of locked-in 

stresses. This further reduces the residual stresses by promoting stress relaxation 

through recovery, recrystallization, and grain growth. Furthermore, the annealing 

homogenizes the variation in residual stresses across the weld zone and parent 

materials, reducing stress concentration and ensuring more uniform mechanical 

behaviour. Annealing is also observed to enhance ductility by recrystallizing the weld 

zone and parent materials, replacing strained grains with equiaxed ones. The resulted 

grain refinement improves the uniform distribution of stress during forming preventing 

the localized thinning or fracture during forming. Also, annealing ensures the weld 

zone and parent materials deform cohesively during forming, reducing the risk of 

cracking or necking enhancing the formability. 

The variation in stress distribution for both non-annealed and annealed samples across 

the width along a specified nodal path (20mm width) obtained from the simulations 

are illustrated in Figure 4.14 (a)-(b) and 4.15 (a)-(b), respectively. In the case of a non-

annealed sheet exhibiting predominantly tensile deformation during LDH simulation, 

the von-Mises stress in the parent sheet reaches 300 MPa (in AA5083) and 

subsequently drops sharply to 200 MPa in the contiguous welded region, maintaining 

a near-constant value throughout the welded area until it transitions to the other parent 

material (AA6082), where it is observed to decrease slightly to 160 MPa. In the case 

of an annealed specimen, the stress value decreases to 251 MPa in the parent sheet 

(AA5083) and further drops sharply to 149 MPa in the welded zone, remaining contant 
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throughout the weld zone. Post-annealing, the stress values of the welded region and 

AA6082 are nearly identical, indicating that the FSTWB can accommodate greater 

deformation at reduced loads.   

 

Figure 4.14 (a) Variation of von-Mises stress at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 20mm (non-annealed) 

  

 

a 

b 
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Figure 4.15 (a) Variation of von-Mises stress at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 20mm (annealed) 

The stress distribution for 60mm width of the specimen which experiences minimum 

dome height in both the cases for non-annealed and annealed (near to a plane strain 

deformation) is minimum 150MPa and steadily rises to a maximum of 250MPa in 

AA5083 portion of TWB as shown in Figure 4.16 (a)-(b) and 4.17 (a)-(b), respectively. 

The stress abruptly drops to 200MPa for non-annealed and 151MPa for annealed as 

the welded zone is reached and remains constant throughout the remaining width 

across AA6082. 

a 

b 
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Figure 4.16 (a) Variation of von-Mises stress at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 60mm (non-annealed) 

a 

b 
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Figure 4.17 (a) Variation of von-Mises stress at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 60mm (annealed) 

The variation in stress distribution for both non-annealed and annealed sheets across 

the width along a designated nodal path for (100mm of width) obtained by simulations 

are shown in Figure 4.18 (a)-(b) and 4.19 (a)-(b), respectively. In both the cases of 

simulations the mode of deformation is of drawing i.e. a combination of tesile and 

compressive stresses. In the case of a non-annealed sheet during LDH simulation, the 

von Mises stress value in the parent sheet steadily rises to approximately 300MPa (in 

AA5083) and the value drops sharply to 200MPa as the welded region starts and 

a 

b 
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remains almost constant across the welded region till the other parent material 

(AA6082) and then drops slightly to 160MPa. Whereas, in the case of an annealed, the 

stress value is observed to drop to 251MPa in the parent sheet (AA5083) and the value 

drops to 149MPa in the welded region and remains almost constant across the weld 

region.  

 

Figure 4.18 (a) Variation of von-Mises stress at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 100mm (non-annealed) 

a 

b 
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Figure 4.19 (a) Variation of von-Mises stress at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 100mm (annealed) 

The following figure shows the Max. In-Plane Strain distribution for both non-

annealed and annealed sheets across the width along a designated nodal path for 

(20mm of width) obtained by simulations are shown in Figure 4.20 (a)-(b) and 4.21 

(a)-(b), respectively. In both the cases of simulations the mode of deformation is of 

drawing i.e. a combination of tesile and compressive stresses. In the case of a non-

annealed sheet during LDH simulation, the Max. In-Plane Strain value in the parent 

sheet steadily rises to approximately 0.15 (in AA5083) and the value rises sharply to 

0.24 as the welded region starts and shows a curve across the welded region till the 

a 

b 
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other parent material (AA6082) and then drops slightly to 0.21 and remians almost 

stable in the parent sheet (AA 6082). Whereas, in the case of an annealed, the strain 

value is observed to 0.17 in the parent sheet (AA5083) and and the value rises sharply 

to 0.25 as the welded region starts and shows a curve across the welded region till the 

other parent material (AA6082) and then drops slightly to 0.24 and re,ails almost stable 

in the parent sheet (AA6082). 

 

Figure 4.20 (a) Variation of Max. In-Plane Strain at different points across the width, 

(b) Contours of formed sheet for a punch profile radius of 20mm (non-annealed) 

 

a 

b 

Page 156 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334

Page 156 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334



 

151 

 

 

 

Figure 4.21 (a) Variation of Max. In-Plane Strain at different points across the width, 

(b) Contours of formed sheet for a punch profile radius of 20mm (annealed) 

 

The following figure shows the Max. In-Plane Strain distribution for both non-

annealed and annealed sheets across the width along a designated nodal path for 

(60mm of width) obtained by simulations are shown in Figure 4.22 (a)-(b) and 4.23 

(a)-(b), respectively. In both the cases of simulations the mode of deformation is of 

drawing i.e. a combination of tesile and compressive stresses. In the case of a non-

annealed sheet during LDH simulation, the Max. In-Plane Strain value in the parent 

sheet steadily rises to approximately 0.09 (in AA5083) and the value rises sharply to 

0.19 as the welded region starts and shows a drops to 0.14 and again increases to 0.15 

a 

b 
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across the welded region till the other parent material (AA6082) and then increases to 

0.13 and again it increases to 0.17 in the AA66082 region. Whereas, in the case of an 

annealed, the strain value is observed to 0.14 in the parent sheet (AA5083) and and the 

value rises sharply to 0.26 as the welded region starts and shows a curve across the 

welded region  and drops to 0.22 and increases again to 0.23 till the other parent 

material (AA6082) and then increases to 0.25 in the AA6082 region. 

 

Figure 4.22 (a) Variation of Max. In-Plane Strain at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 60mm (non-annealed) 

a 

b 

Page 158 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334

Page 158 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334



 

153 

 

 

 

Figure 4.23 (a) Variation of Max. In-Plane Strain at different points across the width, 

(b) Contours of formed sheet for a punch profile radius of 60mm (annealed) 

 

The following figure shows the Max. In-Plane Strain distribution for both non-

annealed and annealed sheets across the width along a designated nodal path for 

(60mm of width) obtained by simulations are shown in 4.24 (a)-(b) and 4.25 (a)-(b), 

respectively. In both the cases of simulations the mode of deformation is of drawing 

i.e. a combination of tesile and compressive stresses. In the case of a non-annealed 

sheet during LDH simulation, the Max. In-Plane Strain value in the parent sheet 

steadily rises to approximately 0.08 (in AA5083) and the value rises sharply to 0.2 as 

the welded region starts and shows a curve across the welded region and drops to 0.15 

a 

b 
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and increases again 0.16 till the other parent material (AA6082) and then increases to 

0.19 in the AA66082 region. Whereas, in the case of an annealed, the strain value is 

observed to 0.11 in the parent sheet (AA5083) and and the value rises sharply to 0.22 

as the welded region starts and shows a curve across the welded region and drops to 

0.2 and again increases to 0.22 till the other parent material (AA6082) and again rises 

to 0.27 in the AA6082 region. 

 

Figure 4.24 (a) Variation of Max. In-Plane Strain at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 100mm (non-annealed) 

 

a 
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Figure 4.25 (a) Variation of Max. In-Plane Strain at different points across the width, 

(b) Contours of formed sheet for a punch profile radius of 100mm (annealed) 

 

The following figure shows the Min. In-Plane Strain distribution for both non-

annealed and annealed sheets across the width along a designated nodal path for 

(20mm of width) obtained by simulations are shown in 4.26 (a)-(b) and 4.27 (a)-(b), 

respectively. In both the cases of simulations the mode of deformation is of drawing 

i.e. a combination of tesile and compressive stresses. In the case of a non-annealed 

sheet during LDH simulation, the Min. In-Plane Strain value in the parent sheet steadily 

rises to approximately -0.07 (in AA5083) and the value rises sharply to 0.04 as the 

a 

b 
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welded region starts and shows a curve across the welded region and drops to -0.07 

and increases again -0.06 till the other parent material (AA6082) and then remains 

constant in the AA66082 region. Whereas, in the case of an annealed, the strain value 

is observed to -0.08 in the parent sheet (AA5083) and and the value rises sharply to 

0.02 as the welded region starts and shows a curve across the welded region and drops 

to -0.07 and again increases to -0.06 till the other parent material (AA6082) and 

remains constant in the AA6082 region. 

 

Figure 4.26 (a) Variation of Min. In-Plane Strain at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 100mm (non-annealed) 

a 

b 
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Figure 4.27 (a) Variation of Min. In-Plane Strain at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 100mm (annealed) 

The following figure shows the Min. In-Plane Strain distribution for both non-annealed and 

annealed sheets across the width along a designated nodal path for (60mm of width) 

obtained by simulations are shown in 4.28 (a)-(b) and 4.29 (a)-(b), respectively. In 

both the cases of simulations the mode of deformation is of drawing i.e. a combination 

of tesile and compressive stresses. In the case of a non-annealed sheet during LDH 

simulation, the Min. In-Plane Strain value in the parent sheet steadily rises to 

approximately -0.02 (in AA5083) and the value rises sharply to 0.1 as the welded 

region starts and drops to -0.02 till the other parent material (AA6082) and then shows 

a 

b 

Page 163 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334

Page 163 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334



 

158 

 

a peak at 0.06 and again a drop to -0.06 then remains gradually increasing in the 

AA66082 region. Whereas, in the case of an annealed, the strain value is observed to 

-0.01 in the parent sheet (AA5083) and and the value rises sharply to 0.13 as the 

welded region starts and shows a curve across the welded region and drops to -0.03 

and again increases to 0.06 till the other parent material (AA6082) and remains 

constant in the AA6082 region. 

 

Figure 4.28 (a) Variation of Min. In-Plane Strain at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 100mm (non-annealed) 

a 

b 
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Figure 4.29 (a) Variation of Min. In-Plane Strain at different points across the width, (b) 

Contours of formed sheet for a punch profile radius of 100mm (annealed) 

The following figure shows the Min. In-Plane Strain distribution for both non-annealed and 

annealed sheets across the width along a designated nodal path for (60mm of width) 

obtained by simulations are shown in 4.30 (a)-(b) and 4.31 (a)-(b), respectively. In 

both the cases of simulations the mode of deformation is of drawing i.e. a combination 

of tesile and compressive stresses. In the case of a non-annealed sheet during LDH 

simulation, the Min. In-Plane Strain value in the parent sheet steadily rises to 

approximately 0.03 (in AA5083) and the value rises sharply falls  to 0.01 and again 

a 

b 

Page 165 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334

Page 165 of 202 - Integrity Submission Submission ID trn:oid:::27535:125278334



 

160 

 

rises to 0.16 as the welded region starts and drops to 0.002 and rises to 0.03 till the 

other parent material (AA6082) and then shows a peak at 0.06 and again a drop to –

0.003 then remains gradually increasing in the AA66082 region. Whereas, in the case 

of an annealed, the strain value is observed to 0.07 in the parent sheet (AA5083) then 

takes a drop at 0.03 and the value rises sharply to 0.18 as the welded region starts and 

shows a curve across the welded region and drops to 0.02 and again increases to 0.1 

till the other parent material (AA6082) and drops to -0.05 and slightly increases in the 

AA6082 region. 

 

 

Figure 4.30 (a) Variation of Min. In-Plane Strain at different points across the width, 

(b) Contours of formed sheet for a punch profile radius of 100mm (non-annealed) 

a 

b 
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Figure 4.31 (a) Variation of Min. In-Plane Strain at different points across the width, 

(b) Contours of formed sheet for a punch profile radius of 100mm (annealed) 

 

FEA representation shows that failure initiates from the right-hand side of the sheet (Side in 

the positive “X” axis direction.). As right-hand side of the sheet contains AA6082, a softer 

material, prediction of failure initiation worked properly. Max. In-Plane Principal Strain-

Distance across sheet shows that maximum strain occurs at the centre position of the sheet 

below the punch.  

The comparison in variation of thickness across the width of the specimens for 20mm, 

60mm and 100mm in both the cases of annealed and non-annealed, obtained by LDH 

simulation are shown in Figure 4.32. In the case of 20mm width, it is observed that the 

a 

b 
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minimum thickness reduces to 1.76mm from 1.84mm after annealing which indicates 

the softening of the material and resulting in a higher dome height in this mode of 

deformation. The necking occurs in the middle of welded region as the mode of 

deformation is majorly tensile.   

The thickness variation in the cases of 60mm width specimens in the plane strain 

condition obtained by LDH simulation is shown in Figure 4.33, and it is observed that 

the minimum thickness at which necking occurs is 1.82mm which reduces to 1.76mm 

after annealing. In both the cases of annealed and non-annealed, the necking occurs at 

the interface of welded region and parent sheet of AA6082. In both the cases, the dome 

height is the minimum when compared to LDH deformation of other widths of the 

specimens. 

The variation of thickness across a width of 100mm, obtained by simulations for 

annealed and non-annealed specimens is shown in Figure 4.34. The minimum 

thickness at which necking occurs is 1.76mm which further reduces to 1.66mm after 

annealing. In both the cases, the necking occurs at the interface of welded region and 

AA6082 and also the thinning pattern remains the same.  
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Figure 4.32 Variation of thickness across the width of 20mm in cases of annealed 

and non- annealed 

 

Figure 4.33 Variation of thickness across the width of 60mm in cases of annealed 

and non- annealed 
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Figure 4.34 Variation of thickness across the width of 100mm in cases of annealed 

and non- annealed 
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CHAPTER 5 

CONCLUSIONS 

The present study is based on the experimental and numerical investigations on the 

formability of TWBs prepared by friction stir welding process. It is also attempted to 

enhance the formability of the prepared blanks by annealing operation. The 

conclusions which can be drawn from the study are as below: 

1. It is observed that the yield and tensile strengths on an average basis for 

AA5083 are observed to be 204MPa and 261MPa, respectively. A value of 

14% elongation and strain hardening exponent of 0.21 indicates moderate 

formability for this alloy.  

2. In annealed state, AA6082-O possesses a yield strength of 86MPa and a tensile 

strength of 138MPa on an average basis indicating it as a softer material than 

AA5083. A higher value of ductility and strain hardening exponent renders this 

material to possess a higher formability when compared to AA5083.  

3. In order to get the optimum mechanical properties obtained by Taguchi and 

ANOVA techniques, the welding was done at 800 rotational speed and 

traversing speed of 30 mm/min for all the TWB specimens. The results were 

verified by conducting weld integrity tests in uniaxial tensile experiments. 

4. Annealing of the welded sheets at 150ºC results in decreased strength, 

increased ductility, and a strain hardening exponent. Increasing the annealing 

temperature to 300 ºC enhances tensile characteristics. At 350 ºC, the material 

exhibits reduced strength but increased ductility. Additionally, the strain 

hardening exponent is higher at 0.28. At 400 ºC, characteristics like as tensile 
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strength and strain hardening exponent decrease, indicating less stretching and 

consistent elongation. An annealing temperature of 350 ºC provides optimal 

tensile characteristics for higher formability, making it the preferred 

temperature for characterizing formability. 

5. The value of hardness remains almost constant till 150°C and drops 

significantly at 300°C owing to the softening of the material. The drop in the 

hardness values becomes more significant at higher temperatures of 350°C and 

then stabilizes at 400°C. The variation in the hardness of AA6082, AA 5083 

and weld bead regions at different temperatures are observed to be similar due 

to diffusion and dissolution of hardening precipitates in the stir zone. 

6. It is observed that the residual stress is compressive in nature in both the cases 

of top and bottom sides of the FSTWB specimens, although the distribution 

pattern is seen to follow an increasing and decreasing trend of stress across the 

weld zone. The residual stress has been reduced significantly by annealing and 

also the resultant variation of residual stress is more or less uniform in both 

welded region and parent sheets after the annealing. Before annealing, a 

highest value of average hardness is observed in the AA5083 parent sheet 

followed by the hardness in the weld region and lowest in AA6082 parent 

sheet. The hardness values are also reduced after annealing. An annealing 

temperature of 350ºC gives the best combination of properties required for 

higher formability. 

7. The bottom surface of FSTWB appears much smoother as the tool did not dig 

till the bottom surface which may be attributed to the design of the tool tip. It 
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is observed that the RS across the weld region from parent material AA5083, 

is compressive in nature and increases gradually towards the weld centre.  

8. The micro-voids appeared in the AA5083 are comparatively smaller in size 

which indicates lower ductility and higher strength. A majority of the micro-

voids are observed to have closed surfaces. In the case of the fracture surface 

of the weld zone, a mix of very fine and coarse micro-voids are observed 

indicating a reduction in strength but a slight improvement in ductility after 

annealing.  

9. It is o observed in the fracture surfaces of parent AA6062 specimens, the depth 

and size of dimples appear to have increased which indicates larger 

deformation prior to failure. The fracture surface shows a combination of 

elongated and bigger micro-voids when compared to other micrographs. In 

almost all the cases the failure seems to have occurred due to nucleation and 

growth of micro-voids at or near inclusions/second phase particles which are 

found at many locations near the cavities in the fractured areas. 

10. In the case of FSTWB specimens, XRD confirms the presence of Al12Mg17, Al, 

Mg
2
Si, Al6Mn, AlFe, and AlNi are evident in the welded region indicating a 

thorough mixture of elements in both alloys by friction stir procedure. The 

fracture surface shows a combination of elongated and bigger micro-voids. In 

almost all the cases the failure seems to have occurred due to nucleation and 

growth of micro-voids at or near inclusions/second phase particles which are 

found at many locations near the cavities in the fractured areas.  

11. The annealed sample with a width of 60 mm exhibits a minimal dome height 

of 18.28 mm, or the FLD0 in plane strain condition, with corresponding major 

11
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and minor strains of 0.17 and 0.02, respectively. In the case of non-annealed 

samples, for the same width it exhibits a dome height of 15.88mm with 

corresponding major and minor strains of 0.12 and 0.018 indicating an 

enhanced formability after annealing. The results obtained by simulations 

agrees well with the experimental results. The annealing is observed to enhance 

the formability of the FSTWB by 13% in plane strain condition and equibiaxial 

stretch. 

12. Overall, the FEA findings match well with experimental observations, 

especially at lower and greater widths, where the %age error is negligible. For 

FSW annealed samples, relatively modest errors are detected at widths of 20, 

30, 80, and 100 mm, whereas significant deviations occur at intermediate 

widths, indicating that formability is more sensitive to width and material 

condition. 

13. In the case of FSW non-annealed TWBs, predicted dome heights roughly 

match experimental results at smaller widths, but greater differences arise at 

mid-range widths due to lower ductility and strain localization. These results 

show that the FEA model can reasonably anticipate formability trends, as well 

as the effect of annealing on dome height and overall forming behaviour. 

14. In the case of plane strain condition, the stress distribution for 60mm width of 

the specimen which experiences minimum dome height in both the cases for 

non-annealed and annealed is minimum 150MPa and steadily rises to a 

maximum of 250MPa in AA5083 portion of TWB. But the von-Mises stress 

drops to 200MPa for non-annealed and 151MPa for annealed as the welded 
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zone is reached and remains constant throughout the remaining width across 

AA6082. 

15. In all the cases of limiting dome height results obtained by experiments and 

simulations, the necking occurs at the interface of welded region and AA6082 

and also the thinning pattern remains the same. 
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