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Abstract 

Conventional fusion welding of aluminum pipes often leads to defects such as root cracking, thermal 

distortion, and lack of proper fusion. To address these issues, a dedicated friction stirs welding (FSW) setup 

along with a specially designed tool was developed for joining aluminum pipes. In this study, the influence of 

key process parameters, including tool rotational speed, traverse speed, and axial force, on weld quality and 

mechanical performance was investigated. The welded joints were evaluated using tensile testing, micro-

Vickers hardness measurements, and visual inspection techniques. The results show that both tool design and 

process parameters play a significant role in determining weld quality. With properly selected parameters, 

improved mechanical properties and better weld integrity can be achieved.  

Keywords: Friction stir welding; aluminum pipes; tool design; welding Parameters; process parameters; 

mechanical properties. 

 

1. Introduction

Friction stir welding (FSW) is a solid-state joining 

process widely used for aluminum alloys in 

aerospace, marine, and automotive applications. The 

present study investigates FSW of AA6082 

aluminum pipes and examines the effect of process 

parameters on microstructure and mechanical 

properties [1]. FSW offers significant advantages 

over conventional arc welding by reducing distortion 

and eliminating solidification-related defects. This 

work further evaluates the feasibility of FSW for 

joining AA6061-T6 aluminum pipes and studies the 

influence of tool rotational and welding speeds on 

weld quality and mechanical performance [2]. 

Achieving defect-free FSW joints in aluminum pipes 

is challenging due to limited tool–pipe contact. Tool 

geometry, rotational speed, and multiple passes 

strongly affect material flow, microstructure, and 

mechanical behavior of AA6082 pipe welds [3]. 

While FSW of aluminum plates is well established, 

welding pipes remains largely at the laboratory stage. 

Recent investigations on AA6082 pipes have 

proposed novel FSW setups and evaluated flexural 

and crashworthiness performance, providing insights 

into structural integrity and metallurgical 

implications [4]. FSW enables high-quality, 

economical welds without electrodes or shielding 

gases; however, tool design, fixture configuration, 

and process optimization remain critical for 

producing consistent pipe joints [5]. Joint quality is 

highly influenced by heat generation, which depends 

on tool rotational speed, welding speed, and axial 

force. Proper optimization of these parameters is 

essential to achieve defect-free welds with enhanced 

mechanical performance [6]. Studies on AA6082-T6 

welds show that higher welding speeds improve 

tensile strength, while softening in the weld nugget 

and heat-affected zones and tunnel defects must be 

carefully managed [7]. FSW is increasingly applied 

to join dissimilar aluminum alloys, combining cost 

efficiency with enhanced performance in lightweight 

structures. Research indicates that tool geometry, 

welding speed, rotational speed, and material 

positioning significantly impact microstructure, 

microhardness distribution, and tensile strength, 

guiding further optimization of the process [8]. Base 

metal properties such as yield strength, hardness, and 
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ductility influence material flow, while process 

parameters govern final joint performance. 

Optimized conditions established for multiple 

aluminum alloys provide predictive relationships for 

defect-free welds [9]. In FSW of dissimilar AA6061 

and AA7075 alloys, material position and welding 

speed dictate microstructural refinement and tensile 

performance. Placing AA6061 on the advancing side 

and applying higher welding speeds enhances grain 

refinement and overall joint strength [10]. Building 

on these findings, the present study demonstrates that 

by optimizing tool geometry, fixture setup, and 

welding parameters, AA6082 aluminum pipes can be 

welded with minimal defects, improved mechanical 

properties, and controlled microstructure, confirming 

the practical feasibility of high-quality FSW pipe 

joints. 

2. Literature Review 

Friction stir welding (FSW) has been extensively 

investigated for joining aluminum alloys due to its 

solid-state nature, which reduces distortion and 

eliminates common fusion welding defects [1]. Initial 

studies on AA6082 aluminum pipes examined the 

influence of process parameters, such as tool 

rotational speed and traverse speed, on mechanical 

and microstructural properties, demonstrating that 

optimized parameters can significantly enhance 

tensile strength and hardness [2][3]. However, 

achieving defect-free welds in pipes remains 

challenging due to limited contact between the 

rotating tool and the curved surfaces, necessitating 

careful design of tool geometry and welding setup 

[3][5]. While FSW of flat aluminum plates is well 

established, studies on tubular geometries are still 

limited. Recent research on AA6082 pipes explored 

novel FSW setups and evaluated flexural and 

crashworthiness performance, revealing the impact of 

tool design, fixture configuration, and multiple 

welding passes on weld quality and metallurgical 

behavior [4]. Investigations on AA6082-T6 alloys 

further confirmed that higher welding speeds 

improve joint strength, while careful control of heat 

input is necessary to avoid softening in the weld 

nugget and heat-affected zones and to minimize 

tunnel defects [6][7]. The application of FSW to 

dissimilar aluminum alloys, such as AA6061 and 

AA7075, has shown that material positioning and 

process parameters strongly influence 

microstructural refinement, microhardness 

distribution, and tensile performance. Placing the 

softer alloy on the advancing side and employing 

higher rotational and traverse speeds can enhance 

material mixing and grain refinement, resulting in 

higher joint strength [8] [10]. Moreover, base metal 

properties, including yield strength, hardness, and 

ductility, interact with process parameters to 

determine material flow and final weld performance, 

prompting the development of empirical models for 

predicting optimized welding conditions [9]. Despite 

these advances, significant gaps remain in achieving 

consistent, high-quality FSW pipe welds. Critical 

issues include tool design for curved geometries, 

fixture rigidity, and parameter optimization for 

dissimilar and thick-walled pipes. These challenges 

highlight the need for an integrated approach 

combining tool geometry design, fixture 

development, and process optimization, which forms 

the basis of the present study. The current work 

addresses these gaps by demonstrating defect-free 

FSW of AA6082 aluminum pipes with controlled 

microstructure and enhanced mechanical properties, 

validating the practical feasibility of the optimized 

process. 

3. Methodology of The FSW Process 

 

 
Figure 1 Methodology flowchart 
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3.1. Materials 

Al 6063 aluminum pipes with an outer diameter of 20 

mm and wall thickness of 3 mm were used as the base 

material for all experiments. The choice of Al 6063 

was based on its widespread use in aerospace, 

automotive, and marine applications due to its high 

strength-to-weight ratio and excellent corrosion 

resistance shown in Table 1 and Figure 1. 
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Table 1 Al 6063 Material Composition 

 

3.2. Tool design and geometry 

A hardened steel (D2Steel) tool with a square pin 

profile was designed to ensure adequate material tool 

wear resistance. The tool shoulder diameter, pin 

height, and pin length were optimized based on prior 

studies to achieve defect-free welds in circular pipe 

geometries shown in Figure 2. 

 

 
         Figure 2 FSW Tool 

 

3.3. Welding Setup and Fixture 

FSW was carried out using a conventional milling 

machine adapted with a custom pipe-holding fixture. 

The fixture ensured rigid clamping and precise 

alignment of the pipes during welding, reducing 

vibrations and maintaining consistent tool–pipe 

contact. Both single-pass and double-pass welding 

strategies were implemented to study the effect on 

microstructural refinement and tunnel defect 

mitigation [3] shown in Figure 3. 

 

 
         Figure 3 Welding Setup 

 

3.4. Process parameters 

The welding parameters were systematically varied: 

tool rotational speeds of 600–2700 rpm, welding 

(traverse) speeds of 0.5–4 mm/s, and consistent axial 

force applied to maintain proper tool penetration. For 

aluminum alloys, the material positioning (advancing 

vs. retreating side) was varied to study its influence 

on material flow, joint strength, and microstructural 

evolution [8] [10]. 

3.5. Characterization techniques 

Mechanical properties of the welded joints were 

evaluated using: 

 Tensile testing to measure ultimate tensile 

strength and yield strength [7]. 

 Microhardness measurements across the weld 

nugget, thermo-mechanically affected zone 

(TMAZ), and heat-affected zone (HAZ) [7] 

[10]. 

 Optical microscopy for microstructural 

analysis and identification of defects such as 

tunnel voids and grain refinement patterns 

[3][9]. 

For dissimilar welding, temperature profiles near the 

HAZ and TMAZ were measured using 

thermocouples and compared with numerical 

simulations to understand heat generation and its 

effect on microstructure [6] [10]. 
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4. Mathematical Modelling 

Mathematical modelling is employed to quantify heat 

generation and thermo-mechanical behavior during 

circumferential friction stir welding of the aluminum 

pipe. Since FSW is a solid-state process, achieving 

adequate temperature without melting is critical for 

joint integrity [11]. The analytical model correlates 

rotational speed, axial force, and tool geometry with 

heat input, thermal strain, and induced stress to 

validate the numerical simulation. 

4.1. Angular Velocity 

The rotational speed of 1400 RPM gives the angular 

velocity: 

 
4.2. Heat Generation at Tool Shoulder 

The heat generation rate due to shoulder friction is 

calculated as: 

 
Thus, the total heat input is approximately 683 W. 

For a pipe circumference of: 

 
One revolution takes 6 s: 

 

Heat input per unit length. Thermal strain at peak 

temperature (395°C):  

Maximum theoretical thermal stress: 

 

 
5. Simulation Results 

The simulation predicted a maximum temperature of 

395 °C beneath the tool shoulder, corresponding to 

approximately 0.6 Tm of aluminum, confirming 

solid-state welding without melting. A thermal 

gradient of 112 °C/mm was observed, indicating 

localized heat input. The maximum von Mises stress 

reached 130 MPa, remaining below the yield strength 

and confirming stable plastic deformation. 

Mechanical analysis showed that tensile strength 

increased from 185 MPa at 1000 RPM to a maximum 

of 200 MPa at 1200 RPM, with peak elongation of 

10.2%, indicating optimal heat input. At 1400 shown 

in Figure 4. 

 

 
Figure 4 Simulation Results performed in Fusion 

360 

 

RPM, tensile strength slightly decreased to 195 MPa, 

suggesting minor thermal softening. The overall joint 

efficiency was approximately 85–90%, weld quality. 
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5.1. Static Structural Analysis of the Tool 

A static structural analysis was performed to evaluate 

the integrity of the FSW tool at 1400 RPM using D2 

tool steel shown in Figure 5. 

 

 
Figure 5 Simulation Result Performed in Fusion 

360 

 

The results showed that the maximum von Mises 

stress was significantly below the material yield 

strength (≈1500–1900 MPa), with a minimum safety 

factor of 15. Stress concentration was observed near 

the shoulder–pin transition region but remained 

within safe limits. Tool deformation was negligible, 

confirming adequate rigidity and structural stability 

during welding [13]. 

6. Mechanical Properties of The Welded 

Aluminum Pipe 

 

Table 2 Mechanical Properties of The 

Welded Aluminum Pipe 

Rotational 

Speed 

(RPM) 

Tensile 

Strength 

(MPa) 

Yield 

Strength 

(MPa) 

Elongation 

(%) 

1000 185 150 8.5 

1100 192 158 9.3 

1200 200 165 10.2 

1250 198 163 9.9 

1300 198 160 9.7 

1400 195 160 9.4 

 

The mechanical properties of the material improve 

with increasing rotational speed up to 1200 RPM, 

where tensile strength, yield strength, and elongation 

reach their peak values [12]. Beyond this point, the 

properties stabilize or decline slightly, indicating that 

1200 RPM represents the optimum condition for 

balancing strength and ductility. At higher speeds, 

performance diminishes, likely due to 

microstructural or thermal effects shown in Figure 6-

13 and Table 2-4. 

 

 
Figure 6 Tensile Test of welded Aluminum pipe 

(Before Optimization) 

 

Table 3 Tensile Test of welded Aluminum pipe 

(Before Optimization) 

Test Parameter 
Observed 

Values 
Ultimate Tensile Strength 

(N/mm2 or Mpa) 
32 

Yield Strength (N/mm² or 

Mpa) 
29 

Ultimate tensile load (kN) 1.490 

Elongation (%) 0.5 

Fracture Loaction WELD 

 

Table 4 Hardness Test of welded Aluminum pipe 

(Before Optimization) 

Sample ID 
Observed Valve in 

HV 

Base 55, 58, 54 

HAZ 59, 60, 62 

Weld 79, 61, 63 
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Figure 7 Tensile Test of welded Aluminum pipe 

(After Optimization) 

 

 
Figure 8 Base 100 X – Microstructure 

 

 
Figure 9 Base 500 X – Microstructure 

 
Figure 10 HAZ 100 X- Micro structure 

 

 
                    Figure 11 HAZ 500 X- Micro 

structure 

 

 
                        Figure 12 WELD 100 X- Micro 

structure 
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                     Figure 13 WELD 500 X- Micro 

structure 

 

Conclusion 

In this study, friction stir welding (FSW) was 

successfully applied to join aluminum pipes, 

overcoming the limitations associated with 

conventional fusion welding processes [14] [15]. 

Experimental investigations demonstrated that 

process parameters such as tool rotational speed, 

traverse speed, and axial force play a crucial role in 

determining weld quality and mechanical 

performance. The optimized welding condition 

resulted in a maximum tensile strength of 132 MPa 

and an elongation of 8%, indicating a significant 

improvement compared to non-optimized conditions. 

Micro-Vickers hardness analysis revealed higher 

hardness in the weld zone due to grain refinement and 

dynamic recrystallization. Furthermore, simulation 

results confirmed adequate heat generation and 

uniform temperature distribution, supporting 

effective material flow and defect-free weld 

formation. Overall, the study highlights that proper 

parameter selection and tool design are essential for 

achieving strong, reliable, and high- quality welded 

joints in aluminums pipes shown in Figure 14. 

 

 
Figure 14 Welded pipe 
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