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ABSTRACT 

Friction stir welding (FSW) has become a popular method for connecting low weight 

metals. Material joining occurs in the solid state in FSW. Inserting a rotating tool travelling 

over the faying surfaces of the material to be bonded is used to complete the procedure. It 

produces practically defect-free welds with little distortion and a fine grain structure. 

However, the welding mechanism and process parametric combination for welds with 

consistent and dependable outcomes are not well understood. The thesis details the 

experimental efforts made to suggest an optimal combination of parameters with simple tool 

geometry for FSW at greater linear speeds. The materials for research were two 

precipitation hardenable aluminium alloys: 6mm thick 2219-T87 and 5083H321. The 

influence of process parameters on weld microstructural changes and defect development 

was also examined. The optimal combination of process parameters for the FSW of 

aluminium alloys was proposed, and the most relevant parameter for weld strength and 

quality was discovered. 

Keywords: FSW, Distortion, microstructural, process parameters, aluminium alloys, 2219-

T87, 5083H321 

INTRODUCTION 

Aluminium is a soft, lightweight metal with scope of appearances based on the surface 

roughness, ranging from grey to silvery. Aluminium and its alloys outperform mild steel in 

terms of strength. To pick the best product, several criteria like as corrosion resistance, 

electrical conductivity, machinability, and aesthetics are considered. These alloys have 

melting temperatures ranging from 482 to 660℃. It is also non-toxic. These alloys 

characteristics are produced by solution heat treatment and quenching, followed by natural or 

artificial ageing. These alloys get extra strength by being cold worked. The 2xxx, 6xxx, and 

7xxx series are heat treatable alloys. The hardening impact of alloying components such as 
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silicon, iron, manganese, and magnesium determines the strength of non-heat treated 

aluminium alloys. Strain hardening may enhance the strength of all non-heat treated alloys. 

The 1xxx, 3xxx, 4xxx, and 5xxx series, depending on their primary alloying constituents, are 

non-heat treatable alloys. Aluminum alloy 2219 (Al-6.5%) is a popular age-hardenable alloy 

used in aerospace applications all over the world. It is mostly due to its outstanding 

weldability properties. The aluminium alloy 2219 includes around 5.8 percent to 6.8 percent 

copper, as well as trace quantities of manganese, titanium, and vanadium. Due to the lack of a 

ductile-to-brittle transition and high cryogen resistance, this alloy is widely employed in 

cryogenic applications. High strength (YS=387 MPa to 471 MPa in various ageing 

circumstances) and strong resistance to stress corrosion cracking are other features of the 

alloy. Although the yield strength of the weld metal is significantly lower in the as welded 

condition, i.e. 120 to 140 MPa, as reported by several sources, the alloy2219 is regarded to 

have high weldability. The difference in strength between the base metal and the weld metal, 

particularly the yield strength values, is substantial, necessitating design engineers to employ 

thicker base metal plates, which increases the structure's total weight. This is an issue in 

aircraft applications since the usage of thicker plate’s results in a reduced payload owing to 

the poor yield strength of the weld metal. This is especially beneficial when post-weld heat 

treatment is either impossible or difficult to do. About 4.5 percent to 5% Mg is included in 

the aluminium alloy 5083, along with minor quantities of other alloying elements. The Al-Mg 

alloys of the 5xxxseries are mostly utilised in the shipbuilding industry, where low weight is 

important. The major alloying ingredient in the 5000series is magnesium. These alloys are 

strain hardenable, relatively high strength alloys with exceptional toughness and corrosion 

resistance, even in seawater. FSW is a solid-state welding technique that produces no 

radiation or harmful gases and prevents solidification cracking and porosity. The method has 

been continuously refined and its field of application increased since its inception. Friction 

Stir welding combines deformation heating and mechanical action to produce high-quality, 

defect-free connections. It's especially well-suited to connecting aluminium alloys in a 

variety of plate thicknesses, and it outperforms fusion welding when it comes to fusing high-

alloyed aluminium. The pin and shoulder of a non-consumable rotating tool are placed into 

the butting edges of plates to be connected and moved along the joint line. Because of the 

combined impact of the tool rotating speeds and the traverse speed, the joint is formed in a 

solid state, with the material moving from the front to the rear of the pin. For the welding of 

different aluminium alloys, solid-state welding techniques are appropriate. Friction stir 

welding (FSW) is one of the most popular solid-state welding techniques for joining 
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dissimilar aluminium alloys because it can produce welds in a number of joint configurations, 

including butt joints. The aluminium alloys Al-Cu alloy AA2219 and Al-Mg alloy AA5083 

are both widely utilised in the aerospace and marine sectors.  In this research an attempt to 

look at the FSW of AA2219-T87 to AA5083-H321.Any fusion welding technique will not be 

able to combine dissimilar aluminium alloys 2219 (Al-Cu) and 5083 (Al-Mg), owing to the 

presence of 6.5 percent Cu and 4.5 percent Mg, respectively, in these alloys. Friction stir 

welding, being a solid state welding technique, has a lot of potential in this area. The major 

goals of this research are to generate sound welded joints, optimise welding settings, and 

perform metallurgical characterization of various weld zones, in order to investigate a novel 

way of getting sound welded connections between 2219 and 5083 alloys. It is feasible to 

study and comprehend the flow of material during friction stir welding since two distinct 

materials are being connected. Understanding the corrosion behaviour of the welded joint, 

particularly the stir zone where two distinct aluminium alloys are combined, is also of 

importance. The following are the goals of this research project. (a)To use the friction stir 

welding technique to generate defect-free welds between the aluminium alloys AA2219 and 

AA5083,(b)Evaluation of the mechanical characteristics of the joint (tensile and 

hardness),(c)Joint tensile characteristics are used to optimise friction stir welding parameters 

(rotational speed, welding speed, shoulder to pin diameter ratio, and pin profiles),(d)Weld 

metallurgical characterization to determine structure-property relationships,(e) Evaluation of 

weld pitting and corrosion behaviour in general.The basic materials for this investigation 

were aluminium alloys 2219-T87 and 5083-H321. In the early stages of this project, 5 mm 

plates were utilised to improve several parameters. The majority of this was done on plates 

with a thickness of 6 m. Welds were made on two distinct materials, AA2219 and AA5083, 

using friction stir welding. The microstructures of the weld zone and the mechanical 

characteristics of the welds were studied in depth. In this study, microstructural investigations 

using optical microscopy, SEM, and EPMA were deemed necessary. The purpose of the 

optical microstructural investigations was to look at the solidification structure in the weld 

zones. The EPMA research aimed to investigate and compare the amount of Cu and Mg 

segregation in the weld zone. The Cu and Mg in the weld zone were evaluated using the 

SEM-EDX, as well as fractography. The precipitation of the strengthening phases was 

studied using TEM (Transmission Electron Microscopy) to determine the reasons for weld 

zone strengthening. The scope of mechanical property evaluation included tensile testing at 

room temperature. The weld metal hardness was also to be assessed in order to see how the 

weld fusion zones reacted to ageing treatments. It was predicted that when the microstructure 
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and chemical composition of the welds changed in the process of increasing mechanical 

characteristics, the corrosion behaviour would change as well. Dynamic polarization 

experiments were used to assess the pitting corrosion resistance of the weld zones. 

METHODLOGY 

In this research the experiments that were carried out for this study covers the materials, 

welding techniques and settings, as well as the mechanical characteristics and chemical 

compositions of the basic materials. The mechanical testing methodologies and 

characterization techniques used to assess the welds are also discussed in depth. Figures 1 

and 2 illustrate the experimental set up of the friction stir welding machine and the friction 

stir welding procedure. To produce these welds, the majority of this research was done on 

2219-87 and 5083-321 aluminium alloys with a thickness of 6 mm (figure 3). Initially, 5mm 

thick plates were utilised to determine the best welding settings. (Table1) lists the chemical 

compositions of the basic materials utilised in this investigation. The figures in the table 

represent the average of at least three investigations utilising X-Ray spectral analysis. (Table 

2) lists the mechanical characteristics of the aluminium alloys 2219 and 5083. The table 

represent the average of at least three studies. 

 

 

                                            

 

Figure 1: Friction stir Welding Machine              Figure 2 Friction stir welding process        

 

 

Figure 3: Dimensions of the tensile specimen (mm) 
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Table 1: Chemical composition of the base material (weight %) 

 

 

 

 

RESULTS AND DISCUSSION  

The majority of this research was done on 6 mm thick 2219-T87 and 5083H321 aluminium 

alloy plates. (Table 2) shows the tensile characteristics of the aluminium alloys 2219 and 

5083. The figures in the table represent the average of at least three studies. 

Table 2: Mechanical properties of the base materials AA5083 and AA2219 

Base metal 0.2% Proof 

strength (MPa) 

Ultimate tensile 

strength(MPa) 

% Elongation 

AA5083 – H321 225 303 28 

AA2219 – T87 387 471 20 

 

FRICTION STIR WELDING OF 2219 – 2219 

Friction stir welding tests were done using different Friction stir welding settings gathered 

from the literature. Friction stir welding was performed with the following process 

parameters (Rotational speed - 800 rpm, Welding speed - 40 mm/minute, Shoulder diameter 

to pin diameter - 3) to provide defect-free, high-quality welds. These procedure parameters 

were obtained using a trial and error technique. The cross-sectional macrostructures of the 

friction stir welded aluminium alloys 2219 are shown in (Figure 4). In the weld, there were 

three different microstructural zones: Stir Zone or Weld Nugget (Stirred Zone), Thermo 

Mechanically Affected Zone (TMAZ), and Heat-Affected Zone (HAZ). The stir zone is not 

shaped like a basin or an ellipse, which are the two most frequent stir zone forms. 

 

Figure 4: Macrostructures of welded material 

Material Mg Mn Fe Sr Cu Al 

AA5083 4.15 0.73 0.31 0.13 0.025 Remaining 

AA2219 0.01 0.27 0.13 0.01 6.7 Remaining 
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Micro Structure 

It inclides the study of basic materials included grains that were elongated in the rolling 

direction as well as a significant number of eutectic and intermetallic particles. On both sides 

of the Thermo Mechanically Affected Zone, there were severely deformed grains, with 

obvious boundaries between the Stirred Zone/Thermo Mechanically Affected Zone and the 

Thermo Mechanically Affected/HeatAffected Zone. There were no significant changes in 

grain structure in the Heat Affected Zone (HAZ) on either side of the weld nugget compared 

to the corresponding unaffected base materials. The base material of 2219, CuAl2, was 

discovered to be larger in size than those in the nugget, as shown in Figure 5, and the 

microstructure of the HAZ zone is shown in (Figure 6), (Figure 7) shows fragmentation of 

particles in the stirred zone. In the agitated zone, the number of particles per unit area is 

observed to be greater. There is no indication of dissolving of the CuAl2 eutectic particles, 

which may be explained by the fact that peak temperatures in the weld nugget during friction 

stir welding 

 

Figure 5: Microstructures of base materials AA2291 

 

Figure 6: Microstructures of HAZ (2219-2219) 

 

Figure 7: Microstructures of weld Nugget and TMAZ (2219-2219) 

Micro Hardness 

Vickers micro hardness tests were performed throughout the weld (mid-section, 1 mm 

spacing) to determine any microstructure/property changes across the weldment. (Figure 8) 
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depicts the results graphically. As can be observed, the hardness of the 2219 undamaged base 

material dropped significantly near the weld nugget border. The hardness of the weld nuggets 

was much lower than that of the 2219 base material. This might be attributed to the partial or 

complete dissolving of strengthening precipitates, as well as the loss of work hardening 

action as a result of the high temperatures. For the same reasons, HAZ and TMAZ exhibit a 

substantial decrease in hardness. The decrease of strength is due to the dissolving of 

hardening precipitates. Aside from that, region-specific hardness values (Table 3) are 

determined, and the average hardness values are linked to the fracture location with the 

macrostructure of failed tensile specimens (Figure 9). The nugget area, where tensile failures 

occur, has the lowest hardness values among the welded specimens. 

 

Figure 8: Microhardness profile across the 2219-2219 friction stir welding 

Table 3: Microhardness profile across the 2219-2219 friction stir welding 

    Advancing side 2219 Retreating side 2219 

BASE HAZ TMAZ NUGGET TMAZ HAZ Base 

131.2 109.1 1 13.3 106.7 1 15.9 111.2 130.1 

129.8 1 10.8 1 1 1.5 108.3 112.9 108.1 1 32.4 

128 1 17.8 1 1 1.9 94.1 106.3 104.4 126.4 

1 18.6 1 19.3 1 13.2 107 1 12.9 1 17.8 126.9 

128.1 1 17.4 105.8 1 08.7 1 18.2 109.6 127.8 

122.8 1 1 1.6 1 14.9 107.8 117.2 1 13.3 120.4 

122.1 108.4 107.8 93.8 1 12.3 1 11.2 121 .2 

1 19.9 121.2 1 13.3 102.6 109.6 1 17.8 126.4 

124.4 1 16.8 1 15.9 106.1 104.9 1 19.3 121 .9 

122_3 120.2 120.1 98.2 112.3 120.5 122.6 

127.4 1 15.4 1 1 1.4 102.4 109.6 1 08.3 128.4 

126.8 1 13.6 109.2 105.2 114.2 1 17.6 127.6 

Average Hardness Value 

125.12 113.13 112.36 103.41 1 12.19 113.26 126.01 

 

Tensile Test 

The friction stir welded coupons in welded condition were used to make transverse tensile 

specimens with a gauge length of 25 mm and a width of 6 mm (total length: 100 mm). On a 

universal tensile testing equipment, room temperature tensile tests were performed on sets of 
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three samples per welding condition in accordance with ASTM E8. (Table 4) shows the 

results of weld transverse tensile testing. The nugget region of the welded specimens failed in 

all three weld instances. (Figure 9) depicts the macrostructure of the failed tensile test 

specimen. In comparison to the base material, the friction stir welds had reduced strength and 

percent elongation. Joint efficiency was determined to be 54.5 percent in relation to proof 

stress and 52.6 percent in relation to UTS. The joint efficiency obtained in 2219 friction stir 

welds is lower than that obtained in several other heat treatable alloys 

Table 4: Results of FSW tensile testing specimens of AA2219 

Results of FSW tensile testing specimens of AA2219 

Material/ 

condition 

0.2%Proof 

strength 

(MPa) 

Ultimate Tensile 

strength (MPa) 

Elongation 

(%) 

Failure 

location 

AA2219 T87 

(Base metal) 387 471 20  

2219-2219 

(weld joint) 211 248 11 weld nugget 

 

 

Figure 9: Macrostructures of 2219-2219 FSW failed sample 

 

Figure 10: Macrostructures of welded materials 

Pitting Corrosion of FSW Aluminium Alloys 2219 – 2219 

(Table 5) shows the pitting potential values of the friction stir welds AA2219-AA2219.The 

pitting potential values of the 2219 -T87 base metal (advancing side Epit = -720.57, 

retreating side Epit = -709) and the friction stir weld nugget (Epit = -684) are noticeably 

different, and this is the cause for the weld nugget's lack of precipitates and phase. The 

eutectic particles present in the weld metal appear to be less hazardous than the particles due 

to the eutectic particles considerably lower copper concentration. The weld nugget's pitting 
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corrosion resistance has improved noticeably, as seen by lower negative Epit values. Pitting 

potential values represent the potential at which pitting begins, with smaller negative values 

indicating greater pitting corrosion resistance. 

Table 5: Pitting potential values of FSW aluminum alloys 2219-2219 

Material Pitting Potential Epit (mV) 

2219- T87 base metal -640mV 

2219 – 2219 weld nugget -684mV 

TMAZ/HAZ advancing side -720mV 

TMAZ/HAZ retreating side -709mV 

 

 FRICTION STIR WELDING OF 5083 – 5083 

On 5083 plates, many friction stir welding trials were carried out using the trial-and-

error approach, with the welds being evaluated for soundness and tensile characteristics. The 

following process settings were found to produce welds with satisfactory mechanical 

characteristics (Rotational speed 550 rpm, Welding speed-30 mm/minute, Ratio of shoulder 

diameter to pin diameter - 3). 

Macro Structure 

The cross-sectional macrostructures of the friction stir welded sound joints in aluminium 

alloys 5083 were created without voids, fractures, or distortion, as shown in Figure 10. The 

stir zone was formed like a basin and seemed more like a rectangular box, with no 

macroscopic defects or weakly bonded areas visible in the weld region, which spanned the 

whole thickness of the plates.  

Micro Structure 

As illustrated in (Figure 11), the base material utilised in this investigation contains a number 

of undissolved second-phase intermetallic particles, which were identified as iron/manganese 

aluminide particles. There were no noticeable changes in the microstructure on either side of 

the weld nugget in the HAZ when compared to the respective unaffected base material, and 

while the nugget region appeared darker due to etching, there was little difference in the 

microstructures of the nugget and the base metal (Figure 12). This is due to the fact that the 

grain boundaries of these alloys could not be properly etched. At greater magnifications, 

however, close examination reveals that the nugget area contains finer recrystallized grains. 
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Figure 11: Microstructures of base materials AA5083 

 

Figure 12: Microstructures of weld nugget (5083 – 5083) 

Micro Hardness 

Microhardness tests were conducted across the weld (midsection, 1 mm spacing) to ascertain 

the possible microstructure/property variations across the various regions of the weldment. 

The results are pictorially shown in (Figure13). The weld nugget showed a higher hardness 

values compared to the base material as the HAZ and TMAZ. Apart from this, region wise 

hardness values are found out (Table 6) and the average hardness values are correlated to the 

fracture location with the macrostructure of the failed tensile specimens (Figure 14). Lowest 

hardness values of the welded specimens are in HAZ of retreating side where the tensile 

failures take place. 

 

Figure 13: Microhardness   profile across the weld 

Apart from this, region wise hardness values are found out (Table 6) and the average 

hardness values are correlated to the fracture location with the macrostructure of the failed 

tensile specimens (Figure14). Lowest hardness values of the welded specimens are in HAZ of 

retreating side where the tensile failures take place 
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Table 6: Microhardness of the 5083 – 5083 friction stir weld 

Advancing side 5083  Retreating side 5083 

BASE HAZ TMAZ NUGGET TMAZ HAZ BASE 

71.6 76.7 79.7 82.1 87.1 66.6 78.8 

75.7 68.2 80.5 92.4 83.6 72.2 77.9 

78.2 76.5 76.6 90.5 76.1 69.3 80.5 

81.5 67 74.8 88.8 73.1 71.7 75.8 

80.1 74.3 75.5 89.9 74.5 70.5 77.3 

79.2 65.9 78 89.1 78.9 68.4 75.1 

75.8 68.6 79.4 84.6 76.2 67.9 74.3 

78.9 67.6 77.2 84.6 73.8 65.3 78.4 

82.2 73.7 79.3 96.6 75.3 68.3 78.8 

77.4 70.6 73.6 99.9 80.5 69.5 84.3 

81.2 67.1 74.6 81.8 73.2 66.1 75.7 

78.7 65.5 75.5 80.9 72.6 65.7 79.7 

Average Hardness Value 

78.38 70.14 77.06 88.43 77.16 68.46 78.05 

 

Tensile Test 

Weldcoupons in as-welded state were used to make transverse tensile specimens with a gauge 

length of 25 mm and a breadth of 6 mm (total length: 100 mm). Three samples were tensile 

tested at room temperature using an ASTM E8 universal tensile testing equipment. (Table 7) 

shows the results of weld transverse tensile testing. The heat affected zone of the retreating 

side failed all three welded specimens, and the macrostructure of the failed tensile test 

specimen is illustrated in (Figure14). In comparison to the base material specimens, the weld 

specimens had somewhat reduced strength. When it comes to proof strength, the joint 

efficiency is 100 percent, and when it comes to UTS, it's about 90%. The excellent ductility 

of the 5083-5083 friction stir welds is another noteworthy result. This is due to the fact that 

the hardness variations across the three weld areas, nugget, TMAZ, and HAZ, are negligible 

under stress. In contrast, as mentioned in the previous section, the 2219 friction stir welds 

have significantly lower ductility (11 percent). The huge difference in hardness between 

nugget and TMAZ/HAZ was the major reason for this. As a result, distortion in the nugget 

region is localised, resulting in low percent elongation of the joint in the instance of 2219. 

Table 7: Results of FSW tensile testing specimens of AA5083 

Material 

/Condition 

0.2% Proof 

strength (MPa) 

Ultimate Tensile 

strength (MPa) 

Elongation 

(%) 

Failure 

location 

Journal of University of Shanghai for Science and Technology ISSN: 1007-6735

Volume 23, Issue 12, December - 2021 Page-501



AA5083 – H321 

(Base metal) 

255 303 28          - 

5083 - 5083 

(Weld joint) 

255 286 22 Weld nugget 

 

 

Figure 14: Macrostructures of 5083-5083 FSW failed sample 

 

Pitting Corrosion of FSW Aluminium Alloys 5083 – 5083 

(Table 8) shows the pitting potentials of friction stir welds AA5083AA5083. The pitting 

potential values of the friction stir weld nugget and the AA5083 base metal differ 

significantly. Pitting corrosion resistance is reduced in the nugget. This might be because 

there are more Al-Fe-Mn intermetallic particles present. (Figure11) shows that while there 

were fewer second phase particles in the base metal, their size was larger. However, as seen 

in (Figure12), the nugget has a greater number of tiny particles of smaller size. During the 

stirring process, these particles fragment, resulting in a nugget with a greater number of 

smaller particles and hence lower pitting potentials. The TMAZ on both sides of the nugget 

has a severely distorted and strained grain structure, which reduces pitting corrosion 

resistance even further. 

Table 8: Pitting potential values of FSW aluminum alloys 5083-5083 

Material Pitting Potential Epit (mV) 

5083- H321 base metal -523 mV 

5083 – 5083 weld nugget -558 mV 

TMAZ/HAZ advancing side -573 mV 

TMAZ/HAZ retreating side -563 mV 
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FRICTION STIR WELDING OF 2219–5083 

Friction stir welding in a butt arrangement was performed with a commercially available 

friction stir welder and various welding process settings. These process parameters were 

chosen using the optimization tool (MINITAB 15). For friction stir welding, AA2219 plate 

was put on the advancing side and AA5083 plate on the retreating side. The pin was put in 

the middle of the joint line. 

 Parameters for Welding Optimization 

The Taguchi L16 orthogonal design of trials was used to optimise the process parameters. 

The factors studied for this research include rotating speed, transverse speed, tool pin 

geometry, and the ratio between the tool shoulder diameter and pin diameter (D/d).The 

tensile strength of the friction stir welded joint is used to identify the best procedure 

parameters. The projected optimal tensile strength value is validated by running a 

confirmation run using the best parameters. This research indicates that a wide variety of 

process parameters may be used to generate defect-free, high-efficiency welded joints, and it 

suggests the settings that provide the best joint tensile characteristics. 

Table 9: Process parameters values and their four levels 

Level Tool pin geometry    (A) Rotational 

speed 

(rpm) (B) 

Transverse speed 

(mm/min) (C) 

D/d ratio 

(D) 

Level 1 Straight cylinder 400 15 1.5 

Level 2 Tapered cylinder 550 30 2 

Level 3 Cylinder straight threaded 700 45 2.5 

Level 4 Tapered cylinder threaded 800 60 3 

Taguchi Method 

 The major goal of parameter design was to optimise the settings of process parameter values 

in order to improve performance characteristics and to determine the product parameter 

values .Furthermore, the optimal process parameter values derived from the parameter design 

are intended to be immune to changes in environmental conditions and other noise sources. 

As a result, the Taguchi method's parameter design was a crucial step in achieving high 

quality without raising costs. The Taguchi technique, on the other hand, employs a unique 

design of orthogonal arrays to examine all of the parameters with the fewest possible 

experiments. Taguchi devised a loss function to determine the differences between the 
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experimental and intended values. To assess performance characteristics that deviate from the 

target value, he suggests using the loss function. The loss function's value was then converted 

into a signal to noise (S/N) ratio. There were three kinds of performance characteristics for 

the S/N ratio analysis: the lowest the best, the highest the best, and the nominal the best. 

CONCLUSIONS 

 

1. Aluminium is a soft, lightweight metal with surface roughness varying from grey to 

silvery. Aluminum is nonmagnetic and does not spark. It is also soluble in alcohol, 

but in certain forms it is also soluble in water.  

2. Aluminium is about one-third the density and rigidity of steel. It's a pliable metal that 

can be drawn on, stamped on, and extruded. It is also resistant to corrosion because of 

a thin coating of aluminium oxide that develops on the metal’s surface when exposed 

to air, preventing further oxidation.  

3. Because of galvanic interactions with alloyed copper, the strongest aluminium alloys 

are less corrosion resistant. The bulk of this investigation was conducted on 6 mm 

thick 2219-T87 and 5083H321 aluminium alloy plates. 

4. Friction stir welding experiments were conducted using different friction stir welding 

settings obtained from the literature.  

5. To produce defect-free, high-quality welds, friction stir welding was conducted with 

the following process parameters (Rotational speed - 800 rpm,Welding speed - 40 

mm/minute, Shoulder diameter to pin diameter - 3). These process parameters were 

determined via trial and error. 
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