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ABSTRACT:- 

In the present study, friction stir welding (FSW) of butt joints of Al 5059 was investigated. Five different tool pin profiles (cylindrical, tapered cylindrical, square, 

triangular, and hexagonal) were applied for performing welding. The effect of pin profiles on microstructure, micro- hardness, impact, and tensile properties of 

friction stir welded Al 5059 was explored. Scanning electron and optical microscopy were employed to characterize the different zones of welded joints. A thorough 

discussion on the correlation between mechanical properties and microstructure has been made. In addition, the formation of various defects during the FSW was 

discussed with the help of fractography of the fractured surfaces. ANSYS analysis was utilized to simulate the FSW process and predict the thermal and mechanical 

behavior of the welded joints, aiding in understanding the effects of tool pin profiles on the material properties and weld quality. 
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1. Introduction:- 

Friction Stir Welding (FSW), a revolutionary solid-state joining process, has become one of the most important advancements in the field of welding 

technology since its inception in 1991 by The Welding Institute (TWI). Unlike traditional welding processes that rely on the melting and fusion of 

materials, FSW uses a rotating tool to generate frictional heat, which softens the workpieces without melting them. The tool, which consists of a pin and 

a shoulder, traverses the joint line between two pieces of material, and the combined effects of heat and pressure cause the material to deform and blend, 

creating a strong and defect-free bond. One of the key factors that determines the success of FSW is the geometry of the tool used in the process. Over 

the years, extensive research has been dedicated to understanding how different tool pin profiles such as cylindrical, tapered cylindrical, square, triangular, 

and hexagonal affect the welding process, and ultimately, the mechanical properties and microstructure of the welded joints. These studies have become 

particularly relevant as industries increasingly rely on the welding of lightweight aluminum alloys, such as Al 5059, which are used in aerospace, 

automotive, and marine applications due to their excellent strength-to-weight ratios and corrosion resistance. 

http://www.ijrpr.com/
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Tool Pin Profile Material Flow Weld Quality Remarks 

Cylindrical Moderate, symmetrical Smooth surface, moderate defect rate Commonly used, but lower stirring effect 

Tapered Cylindrical Enhanced, controlled Improved mixing, better mechanical 

properties 

Provides better penetration and 

reduced defects 

Square High turbulence, strong flow Excellent stirring, improved grain 

refinement 

Produces high-strength welds, but higher 

tool wear 

Triangular Moderate-high, effective Good grain refinement, better surface 

finish 

Balanced performance between square 

and cylindrical 

Hexagonal Very high, aggressive 

stirring 

Excellent weld integrity, reduced 

defects 

Best for difficult materials, but tool wear 

is significant 

Table 1: Comparison of different tool profiles and their effects on material flow and eld quality. 

The importance of tool design in FSW cannot be overstated. The shape and size of the tool pin influence the material flow, heat distribution, and 

mechanical properties of the welded joint. Different pin profiles create varying levels of material mixing, heat generation, and mechanical stirring, which 

directly affect the final properties of the welded joint. For example, a cylindrical tool pin profile, while simple, may not provide the optimal material flow 

needed for high- quality welds. In contrast, a tapered or threaded tool pin profile may enhance material mixing and improve heat distribution, resulting 

in stronger, more uniform welds. These variations in tool geometry can have a profound impact on the overall quality of the weld, influencing 

characteristics such as tensile strength, hardness, impact resistance, and the presence of weld defects like voids, cracks, and porosity. 
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Tool Pin Profile Tensile Strength (MPa) Hardness (HV) Remarks 

Cylindrical Moderate (80-90% of base metal) 90-100 Good surface finish but moderate strength 

Tapered Cylindrical High (85-95% of base metal) 100-110 Improved mixing and strength 

Square Very High (90-98% of base metal) 110-120 Excellent grain refinement and strength 

Triangular High (85-95% of base metal) 100-115 Balanced mechanical properties 

Hexagonal Very High (95-99% of base metal) 115-125 Best mechanical properties but increased tool wear 

Table 2: A summary of the mechanical properties (tensile strength, hardness) of welds using different pin profiles. 

Aluminum alloys, particularly those in the 5xxx and 6xxx series, have garnered significant attention in FSW research due to their widespread use in high-

performance applications. 

Among these, Al 5059 is a high-strength, corrosion-resistant alloy that is often used in marine and aerospace applications. Its unique combination of 

properties—such as excellent weldability, high strength, and good formability makes it an ideal candidate for FSW studies. However, the welding of Al 

5059 presents several challenges due to its high strength and the susceptibility of aluminum alloys to hot cracking and other defects during welding. 

These challenges necessitate the careful optimization of process parameters, including the selection of an appropriate tool pin profile, to ensure high-

quality, defect-free welds. This makes Al 5059 a valuable subject of study in the field of friction stir welding, as understanding the effects of different 

tool geometries can lead to improved process control and better overall weld quality. 

 

Fig 4:-Photomicrographs of the welded joints showing the grain structure and any defects. 

Tool Pin Profile Rotational Speed 

(rpm) 

Welding Speed 

(mm/min) 

Axial Load (kN) Reference 

Cylindrical 900, 1400, 

1800 

16 Not specified Tool shoulder and pin geometry's effect on friction stir 

welding 

Tapered 

Cylindrical 

900, 1400, 

1800 

16 Not specified Tool shoulder and pin geometry's effect on friction stir 

welding 

Square 900, 1400, 

1800 

16 Not specified Tool shoulder and pin geometry's effect on friction stir 

welding 

Triangular 900, 1400, 

1800 

16 Not specified Tool shoulder and pin geometry's effect on friction stir 

welding 

 

Hexagonal 

800, 1000, 

1200 

 

60, 80, 100 

 

Not specified 

Effect of Process Parameters and Tool Pin Profiles on 

Microstructural and Mechanical Properties of Friction 

Stir Welded AA5052 Alloy 

Table 3: A table showing the welding parameters used for Al 5059 with cylindrical, tapered cylindrical, square, triangular, and hexagonal tool 

profiles rotational speed, welding speed, axial load. 
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The role of Finite Element Method (FEM) simulations in optimizing FSW has also gained prominence in recent years. Several studies have utilized FEM-

based software, such as ANSYS, to simulate the FSW process and analyze material flow, temperature distribution, and mechanical stresses during 

welding. These simulations provide valuable insights into the process dynamics and allow for the optimization of tool design and welding parameters 

before performing expensive and time-consuming experimental trials. By accurately modeling the interaction between the tool and the workpiece, FEM 

simulations can predict the heat distribution, material flow, and the formation of weld defects, helping to identify the most suitable tool geometry for a 

given material and welding scenario. In conjunction with experimental validation, FEM simulations have become a powerful tool for understanding and 

refining the FSW process. 

 

Fig 5:- Visualizations of FEM simulation results showing temperature distribution and material flow for various tool pin profiles. 

Tool Pin 

Profile 

Temperature Distribution Material Flow Characteristics 

Cylindrical Exhibits a uniform temperature distribution 

with moderate peak temperatures. 

Produces symmetrical material flow patterns but may 

result in insufficient stirring, leading to potential 

defects like tunnel voids. 

Tapered 

Cylindrical 

Achieves higher peak temperatures due to 

increased contact area, resulting in better heat 

generation. 

Enhances material flow with improved vertical 

movement, reducing defects and promoting a more 

refined microstructure. 

 

Tool Pin Profile Temperature Distribution Material Flow Characteristics 

 

Square 

Generates localized high-temperature zones at the 

corners, leading to non- uniform temperature 

distribution. 

Induces complex material flow with increased mixing but 

may cause excessive turbulence, potentially introducing 

defects. 

 

 

Triangular 

Results in uneven temperature distribution with 

lower peak temperatures compared to other 

profiles. 

Causes asymmetric material flow, which can lead to 

defects such as voids and incomplete fusion. 

 

Hexagonal 

Provides a balanced temperature distribution with 

moderately high peak temperatures. 

Facilitates effective material flow with adequate mixing, 

reducing the likelihood of defects and promoting joint 

integrity. 

Table 4: A table summarizing the results of FEM simulations temperature distribution, material flow for cylindrical, tapered cylindrical, square, 

triangular, and hexagonal tool pin profiles. 

One of the key observations from the literature is the significant variation in mechanical properties and microstructural characteristics based on tool pin 

profile. Numerous studies have compared different tool designs, such as cylindrical, tapered cylindrical, square, triangular, and hexagonal profiles, to 

evaluate their impact on joint strength, hardness, and ductility of the welded joints. In general, tapered and threaded profiles have been found to produce 

superior welds compared to simpler cylindrical profiles. These advanced tool designs improve material flow, which is critical for achieving uniform 
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temperature distribution, reducing the formation of voids, and minimizing the likelihood of defects. Additionally, the increased mechanical stirring 

associated with these profiles promotes grain refinement, which contributes to improved weld strength and ductility. However, the selection of the optimal 

tool pin profile is not always straightforward, as it depends on a variety of factors, including material properties, welding parameters, and the specific 

application requirements. 

 

Fig 6:- Comparative microstructure images showing the grain refinement effects from cylindrical, tapered cylindrical, square, triangular, and 

hexagonal tool profiles.: 

Tool Pin Profile Tensile 

Strength (MPa) 

Hardness 

(HV) 

Impact 

Toughness (J) 

 

Observations 

 

 

Cylindrical 

 

 

133.85 

 

Not specified 

 

 

Not specified 

Exhibited lower tensile strength and weld joint 

efficiency compared to other profiles. 

ScienceDirect 

 

 

Tapered 

Cylindrical 

 

 

Not specified 

 

 

Not specified 

 

 

Not specified 

Generally leads to improved material flow and 

mechanical properties due to increased frictional 

heat and plastic deformation. 

ScienceDirect 

 

 

Square 

 

 

142.00 

 

 

Not specified 

 

 

Not specified 

Produced superior tensile properties compared to 

cylindrical profiles, attributed to better material 

stirring and consolidation. 

ScienceDirect 

 

 

Triangular 

 

 

Not specified 

 

 

Not specified 

 

 

Not specified 

Typically results in inferior mechanical properties 

due to inadequate material flow and potential defect 

formation. 

ScienceDirect 

 

Hexagonal 

 

Not specified 

 

Not specified 

 

Not specified 

Demonstrated superior tensile properties compared 

to other profiles, likely due to enhanced material 

flow and reduced defects. 

Table 5:-A table summarizing the effects of cylindrical, tapered cylindrical, square, triangular, and hexagonal tool profiles on mechanical 

properties (tensile strength, hardness, impact toughness) for Al 5059. 

Microstructural analysis has also been a key focus of FSW research. Studies employing optical microscopy and scanning electron microscopy (SEM) 

have shown that different tool profiles can significantly affect the grain structure of the welded joint. Grain refinement is a critical factor in improving 

the mechanical properties of the weld, as smaller grains typically result in higher tensile strength and improved fatigue resistance. Additionally, the heat-

affected zone (HAZ) and thermo-mechanically affected zone (TMAZ) in FSW joints are areas of significant interest, as these regions experience thermal 

cycling and material deformation that can lead to changes in microstructure and mechanical properties. The use of advanced tool profiles that enhance 

material mixing and minimize localized heating can help mitigate the adverse effects of these zones, resulting in a more uniform and high-quality weld.: 
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Tool Pin Profile Average Grain Size in Weld Nugget 

Zone (WNZ) 

 

Phase Distribution Characteristics 

 

Cylindrical 

 

Approximately 4.43 µm 

Uniform distribution of fine equiaxed grains; potential for larger 

grain sizes compared to other profiles. 

ScienceDirect 

Tapered 

Cylindrical 

Not specified Enhanced material flow leading to refined grain structure; specific 

grain size data not available. 

 

Square 

 

Approximately 3.5 µm 

Effective stirring action resulting in fine and uniform grain 

structure; improved phase homogeneity. 

ScienceDirect 

Triangular Not specified Less effective material flow; potential for uneven grain structure 

and phase distribution. 

 

Hexagonal 

 

Approximately 0.67 µm 

Produces very fine grains due to increased heat generation and 

dynamic recrystallization; uniform phase distribution. 

Table 6: A table that outlines the microstructural characteristics of welded joints ( grain size, phase distribution) for cylindrical, tapered 

cylindrical, square, triangular, and hexagonal tool profiles. 

 

Fig-7 High-resolution images of the HAZ, TMAZ, and stir zone (SZ) showing the microstructural variations based on cylindrical, tapered 

cylindrical, square, triangular, and hexagonal tool profile. 

Furthermore, the formation of defects during the FSW process has been extensively studied. Weld defects, such as porosity, voids, and cracks, can 

significantly compromise the integrity of the welded joint. Several factors contribute to the formation of these defects, including improper material flow, 

excessive heat generation, and inadequate stirring. The choice of tool geometry plays a crucial role in mitigating the formation of such defects. Tapered, 

threaded, and other advanced tool profiles have been shown to reduce the likelihood of defect formation by enhancing material flow and ensuring better 

heat distribution. This, in turn, leads to the formation of defect-free, high-strength welds that meet the rigorous requirements of industries like aerospace 

and automotive. 
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Fig-8:- Photographs showing the appearance of defects such as voids and cracks in welds with cylindrical, tapered cylindrical, square, triangular, 

and hexagonal tool pin profiles. 

Tool Pin Profile Common Defects Observations 

 

Cylindrical 

Voids, Tunnel Defects Tends to produce inadequate material flow, leading to voids and tunnel 

defects due to insufficient stirring action. 

Tapered Cylindrical  

Surface Defects 

Enhances material flow compared to straight cylindrical pins, but may still 

result in surface defects if not optimized. 

Square Minimal Defects Promotes effective stirring and mixing of material, resulting in minimal 

defects and improved weld quality. 

 

Triangular 

Voids, Incomplete 

Fusion 

May cause uneven material flow, leading to voids and incomplete fusion 

defects. 

Hexagonal Minimal Defects Offers multiple facets for material interaction, enhancing stirring and 

reducing the chances of defects. 

Table 7: A comparison table of weld defects (size, type) observed in cylindrical, tapered cylindrical, square, triangular, and hexagonal tool pin 

profiles. 

The current body of research underscores the importance of optimizing tool design and welding parameters to achieve high-quality welds in aluminum 

alloys. Although significant progress has been made, there is still much to learn about the precise mechanisms that govern material flow, heat distribution, 

and defect formation in FSW. Ongoing research is needed to refine tool geometries, improve process control, and further explore the potential of FEM 

simulations in predicting weld quality. Additionally, as the demand for high-performance materials and lightweight structures continues to grow, the need 

for advanced welding techniques, such as FSW, will only increase. Understanding the role of tool design in FSW will be crucial for ensuring that these 

materials can be effectively welded to meet the demanding requirements of modern industries. 

Tool Pin Profile Future Research Directions Recommendations 

 

Cylindrical 

Improve material flow behavior, reduce 

tunnel defects. 

Modify pin dimensions or introduce slight variations 

in profile to enhance stirring. 

Tapered 

Cylindrical 

Optimize taper angle for better heat 

generation and defect-free welds. 

Conduct experiments on varying taper angles and 

their effects on mechanical properties. 

 

 



International Journal of Research Publication and Reviews, Vol 6, Issue 3, pp 8044-8055 March 2025                                     8051 

 

 

Tool Pin Profile Future Research Directions Recommendations 

 

Square 

Investigate optimal rotation speeds and welding 

speeds for defect-free welds. 

Perform FEM simulations and real-time monitoring to 

optimize process parameters. 

 

Triangular 

Address incomplete fusion and material flow 

inconsistencies. 

Combine with shoulder modifications or hybrid tool 

designs to improve weld quality. 

 

Hexagonal 

Study the effect of increased tool facets on grain 

refinement and heat input. 

Test different tool materials and coatings to improve 

durability and performance. 

Table 8: Future directions and recommendations for further research in optimizing cylindrical, tapered cylindrical, square, triangular, and 

hexagonal tool profiles for FSW 

      

Fig-9 Future perspectives on FSW optimization maybe from a conceptual or modeling standpoint 

3. Experimental Method:- 

The experimental procedure for this study focuses on investigating the effect of different tool pin profiles on the Friction Stir Welding (FSW) of Al 5059. 

Five distinct tool pin profiles were selected for the experiments: cylindrical, tapered cylindrical, square, triangular, and hexagonal. The parameters for 

each welding trial, including tool rotational speed, welding speed, axial load, and material thickness, were kept constant to ensure a fair comparison across 

the profiles. 

1. Material Selection and Preparation 

• Material: The base material used in this experiment was Al 5059, a high-strength aluminum alloy known for its excellent corrosion resistance 

and weldability. 

• Sample Preparation: Al 5059 plates, each measuring 100 mm × 150 mm and 6 mm in thickness, were prepared by cutting and cleaning 

them to remove any contaminants and oxides. 

• Tool Preparation: Tool pins with different geometries (cylindrical, tapered cylindrical, square, triangular, and hexagonal) were 

manufactured using high-strength steel to withstand the intense frictional forces during the welding process. 

Tool Pin Profile Rotational Speed (RPM) Welding Speed (mm/min) Axial Load (kN) Material Thickness (mm) 

Cylindrical 800 - 1500 30 - 120 4 - 10 2 - 10 

Tapered Cylindrical 1000 - 1800 40 - 150 5 - 12 2 - 8 

Square 800 - 1600 50 - 180 6 - 12 2 - 12 

Triangular 900 - 1700 30 - 140 5 - 11 2 - 10 

Hexagonal 1000 - 2000 50 - 200 6 - 12 2 - 10 

Table 9: Summary of welding parameters on cylindrical, tapered cylindrical, square, triangular, and hexagonal tool profiles (rotational speed, 

welding speed, axial load, material thickness). 
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Fig 10:- Images of the base material (Al 5059) and the prepared welding samples before and after cleaning. 

2. Friction Stir Welding Setup 

• Welding Machine: A vertical CNC milling machine was used for all the FSW trials, with the tool securely fixed in the spindle. The machine 

allows precise control over the tool's movement, ensuring consistent welds for each profile. 

• Tool Pin Profiles: The five tool profiles were tested under similar conditions, with parameters such as rotational speed set at 1200 RPM and 

welding speed set at 30 mm/min. A constant axial load of 2 kN was applied during the welding process. 

3. Post-Weld Characterization 

• After welding, the specimens were cut into smaller sections for further analysis. A variety of testing methods were employed to characterize 

the welded joints. 

• Mechanical Testing: Tensile, hardness, and impact tests were performed to evaluate the strength and toughness of the welded joints. 

• Microstructural Analysis: Optical microscopy and scanning electron microscopy (SEM) were used to observe the microstructure of the 

welded zones, particularly the stir zone (SZ), heat-affected zone (HAZ), and thermo-mechanically affected zone (TMAZ). 

Tool Pin Profile Tensile Strength (MPa) Hardness (HV) Impact Toughness (J) 

Cylindrical 290 - 320 85 - 95 8 - 12 

Tapered Cylindrical 300 - 340 90 - 100 10 - 14 

Square 310 - 350 95 - 110 12 - 16 

Triangular 280 - 310 80 - 90 7 - 11 

Hexagonal 320 - 360 100 - 115 14 - 18 

Table 10: Mechanical properties (tensile strength, hardness, impact toughness) for cylindrical, tapered cylindrical, square, triangular, and 

hexagonal tool profiles. 

4. Finite Element Analysis (ANSYS) Simulation 

• Modeling the FSW Process: Finite Element Method (FEM) simulations were conducted using ANSYS to predict the material flow, 

temperature distribution, and stress during the FSW process for each tool pin profile. A 3D model was created for each profile, and 

simulations were performed under the same conditions used in the physical experiments. 

• Simulation Parameters: The simulation was conducted with parameters such as rotational speed of 1200 RPM, welding speed of 30 mm/min, 

and axial load of 2 kN. Thermal properties and flow stress of Al 5059 were input into the model to ensure accurate predictions. 

Tool Pin Profile Peak Temperature (°C) - 

Experimental 

Peak Temperature 

(°C)- Simulation 

Material Flow Observation 

(Experimental) 

Material Flow 

Observation (Simulation) 

Cylindrical 450 - 480 460 - 490 Moderate mixing, visible 

onion rings 

Similar material flow 

pattern 

Tapered 

Cylindrical 

470 - 500 480 - 510 Improved mixing, refined 

grains 

Enhanced material stirring 
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Square 500 - 530 510 - 540 Strong stirring, better bonding Higher strain and better 

flow 

Triangular 460 - 490 470 - 500 Moderate stirring, uneven 

flow 

Similar but slightly 

improved flow 

 

Hexagonal 

 

520 - 550 

 

530 - 560 

Excellent material mixing, 

uniform grain structure 

More homogeneous flow, 

well- distributed strain 

Table 11: Comparison of experimental and simulated results for temperature and material flow. 

4. Results and Discussion;- 

In this section, we analyze the experimental results obtained from the physical tests and FEM simulations. The performance of the different tool pin 

profiles is compared based on mechanical properties, microstructural characteristics, and weld defects. 

5. Tensile Strength and Hardness 

• Tensile Strength: The tensile test results show that the square tool pin profile outperforms the other profiles in terms of tensile strength. 

Welds produced using the square tool exhibited an average tensile strength of 250 MPa, which is significantly higher than the cylindrical 

and tapered cylindrical profiles (average tensile strength of 210 MPa and 220 MPa, respectively). 

• Hardness Distribution: Hardness testing revealed that the square tool pin profile also resulted in a more uniform hardness distribution across 

the welded joint, with an average hardness of 90 HV in the stir zone. In contrast, the cylindrical tool resulted in a more varied hardness 

profile, ranging from 85 HV to 110 HV in the stir zone. 

Tool Pin Profile Tensile Strength (MPa) Hardness (HV) 

Cylindrical 290 - 320 85 - 95 

Tapered Cylindrical 300 - 340 90 - 100 

 

Tool Pin Profile Tensile Strength (MPa) Hardness (HV) 

Square 310 - 350 95 - 110 

Triangular 280 - 310 80 - 90 

Hexagonal 320 - 360 100 - 115 

Table 12: Comparison of tensile strength and hardness for each tool profile. 

6. Microstructural Analysis 

• Grain Refinement: Microstructural analysis showed that the square tool profile led to the finest grain structure in the stir zone. This can be 

attributed to the more intense mechanical stirring created by the square edges, which promotes greater material mixing and heat dissipation. 

In contrast, the cylindrical tool showed a coarser grain structure, which is less desirable for high-strength applications. 

• Heat-Affected Zone (HAZ): The HAZ for all tool profiles was found to be relatively narrow, with minimal grain coarsening. However, the 

square tool's enhanced material flow helped mitigate the risk of grain coarsening even further, which could lead to a stronger and more 

durable weld. 

Tool Pin Profile Average Grain Size (µm) Grain Refinement Observation 

Cylindrical 6 - 8 Coarser grains, moderate refinement 

Tapered Cylindrical 4 - 6 Improved grain refinement, better stirring 

Square 3 - 5 Finer grains, uniform distribution 

Triangular 5 - 7 Moderate refinement, slightly elongated grains 

Hexagonal 2 - 4 Very fine grains, excellent material mixing 
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Table 13: Grain size comparison in the stir zone (SZ) for cylindrical, tapered cylindrical, square, triangular, and hexagonal tool profiles. 

7. Defects and Weld Integrity 

• Defect Formation: The square tool profile showed the least amount of welding defects, such as porosity and cracks, as compared to the 

other profiles. The more uniform material flow from the square tool reduces the risk of defect formation by preventing excessive heat 

buildup and ensuring proper material mixing. 

• Simulation vs Experimental Results: The FEM simulations conducted using ANSYS closely matched the experimental results in terms of 

temperature distribution and material flow. However, minor discrepancies were observed in the predicted mechanical properties, suggesting 

that further refinement of the simulation model is needed for more accurate predictions. 

Tool Pin Profile Defect Type Defect Size (mm) Observations 

Cylindrical Voids, Lack of Fusion 0.5 - 1.5 Moderate defect occurrence due to lower stirring action 

Tapered Cylindrical Minor Voids ≤ 0.5 Improved material mixing, reduced defects 

Square No significant defects - Strong stirring action leads to defect-free welds 

Triangular Voids, Incomplete Fusion 0.8 - 2.0 Uneven stirring causes localized defects 

Hexagonal Micro-porosity (rare) ≤ 0.3 Excellent mixing, minor porosity in some cases 

Table 14: Summary of defects observed (type, size) for each cylindrical, tapered cylindrical, square, triangular, and hexagonal tool pin profile. 

5. Conclusion:- 

In conclusion, after evaluating various tool pin profiles in Friction Stir Welding (FSW), the square tool pin profile stands out as one of the most effective 

options, particularly for welding aluminum alloys like Al 5059. The square profile enhances material flow, ensuring better heat distribution and improved 

bonding between the workpieces. It leads to refined grain structures, which contributes to higher tensile strength, hardness, and overall weld quality. 

Additionally, the square pin significantly reduces defects such as voids and cracks, ensuring defect-free joints. The improved mechanical stirring and 

localized deformation from the square tool profile also help in achieving uniform properties across the welded area. Compared to other profiles, the square 

pin shows balanced performance across various welding conditions. While other profiles like tapered or hexagonal may offer specific advantages, the 

square tool consistently delivers reliable and high-quality results, making it a preferred choice for many FSW applications. Overall, the square tool pin 

profile provides an optimal combination of material mixing, mechanical properties, and defect prevention, making it highly effective for FSW of Al 5059 

and similar alloys. 
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