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Abstract 

Friction stir welding (FSW) has emerged as a revolutionary solid-state joining technique 

particularly suitable for aluminum-magnesium (Al-Mg) alloys. This review examines the current 

state of FSW technology for Al-Mg alloys, focusing on process parameters, microstructural 

evolution, mechanical properties, and industrial applications. The review synthesizes findings 

from recent research to provide insights into optimal welding conditions, joint quality 

assessment, and future research directions. Key findings indicate that FSW produces superior 

joint quality compared to conventional fusion welding methods, with significant improvements 

in strength retention and corrosion resistance. 

Keywords: Friction stir welding, Aluminum-magnesium alloys, Microstructure, Mechanical 

properties, Process parameters 

1. Introduction 

Aluminum-magnesium alloys represent a critical class of lightweight materials extensively used 

in aerospace, automotive, and marine industries due to their excellent strength-to-weight ratio 

and corrosion resistance (Mishra & Ma, 2005). Traditional fusion welding of these alloys 

presents challenges including porosity, hot cracking, and loss of mechanical properties. Friction 
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stir welding, invented by The Welding Institute in 1991, offers a solid-state alternative that 

addresses these limitations (Thomas et al., 1991). 

The FSW process involves a rotating tool with a pin and shoulder that generates frictional heat 

while traversing along the joint line. This creates a plasticized zone where material flow occurs, 

resulting in a solid-state joint without melting (Nandan et al., 2008). The process parameters, 

including tool rotational speed, welding speed, axial force, and tool geometry, significantly 

influence the joint quality and mechanical properties. 

 

Figure 1. (a) A simple FSW tool, (b) a schematic of the FSW process, and (c) a setup of FSW 

illustrating the specially designed fixture. 

2. Process Parameters and Their Effects 

2.1 Tool Rotational Speed 

Tool rotational speed is a primary parameter affecting heat generation and material flow. Higher 

rotational speeds increase heat input, improving material plasticity but potentially leading to 

excessive grain growth and reduced mechanical properties (Cavaliere et al., 2006). Optimal 

rotational speeds for Al-Mg alloys typically range from 800-1500 rpm, depending on alloy 

composition and thickness. 

2.2 Welding Speed 

Welding speed directly influences the heat input per unit length. Lower welding speeds result in 

higher heat input, promoting better material mixing but potentially causing overheating. The 

optimal welding speed for Al-Mg alloys ranges from 50-300 mm/min, with thicker sections 

requiring slower speeds to ensure adequate heat penetration (Prangnell & Heason, 2005). 

2.3 Tool Geometry 

Tool geometry, including pin profile, shoulder diameter, and pin length, affects material flow 

patterns and heat generation. Threaded pins with conical or cylindrical profiles are commonly 

used for Al-Mg alloys, with shoulder-to-pin diameter ratios typically ranging from 2.5:1 to 4:1 

(Elangovan & Balasubramanian, 2008). 
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3. Microstructural Evolution 

3.1 Weld Zone Characteristics 

FSW of Al-Mg alloys creates distinct microstructural zones: the stir zone (SZ), thermo-

mechanically affected zone (TMAZ), heat-affected zone (HAZ), and unaffected base material 

(BM). The stir zone exhibits fine, equiaxed grains due to dynamic recrystallization, while the 

TMAZ shows deformed and partially recrystallized grains (Sato et al., 2001). 

3.2 Grain Refinement 

The FSW process typically produces significant grain refinement in the stir zone, with grain 

sizes ranging from 5-20 μm compared to 50-100 μm in the base material. This refinement 

contributes to improved mechanical properties through the Hall-Petch relationship (Liu et al., 

2003). 

3.3 Precipitate Evolution 

In precipitation-hardened Al-Mg alloys, FSW affects precipitate distribution and morphology. 

The thermal cycle during welding can dissolve strengthening precipitates in the HAZ, leading to 

softening, while promoting precipitate refinement in the stir zone (Steuwer et al., 2006). 

4. Mechanical Properties 

4.1 Tensile Properties 

FSW joints in Al-Mg alloys typically achieve 80-95% of base material strength, significantly 

higher than fusion welds. The fine-grained microstructure in the stir zone contributes to 

improved strength and ductility (Rajakumar et al., 2011). 

4.2 Fatigue Performance 

The fatigue life of FSW joints is generally superior to fusion welds due to the absence of 

solidification defects and refined microstructure. However, tool marks and root defects can serve 

as fatigue crack initiation sites (Besel et al., 2010). 

4.3 Corrosion Resistance 

FSW joints exhibit improved corrosion resistance compared to fusion welds due to the 

homogeneous microstructure and absence of segregation. The refined grain structure also 

contributes to better corrosion performance (Jariyaboon et al., 2007). 

Table 1: Process Parameters and Their Effects on Joint Quality 
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Author(s) Year Alloy Thicknes

s (mm) 

Rotationa

l Speed 

(rpm) 

Weldin

g Speed 

(mm/mi

n) 

Tool 

Materia

l 

Key Findings Joint 

Efficiency 

(%) 

Mishra & Ma 2005 AA508

3 

6.35 350-1750 90-350 H13 

Steel 

Optimal 

parameters: 

1000 rpm, 150 

mm/min 

85-92 

Cavaliere et 

al. 

2006 AA575

4 

4.0 710-1800 71-355 H13 

Steel 

Higher speeds 

reduce 

strength due 

to excessive 

heat 

78-88 

Elangovan & 

Balasubraman

ian 

2008 AA606

1 

6.0 900-1400 40-100 H13 

Steel 

Threaded 

cylindrical pin 

optimal 

82-90 

Rajakumar et 

al. 

2011 AA707

5-T6 

6.0 400-1200 20-80 H13 

Steel 

Joint strength 

inversely 

related to heat 

input 

75-85 

Sharma et al. 2015 AA703

9 

8.0 600-1000 25-75 WC-Co Tungsten 

carbide tools 

show superior 

performance 

87-94 

Liu et al. 2017 AA505

2 

3.0 800-1600 100-400 H13 

Steel 

Fine grain 

structure at 

moderate 

speeds 

86-93 

Zhang et al. 2019 AA518

2 

2.0 1200-2000 200-600 H13 

Steel 

Thin sheets 

require higher 

speeds 

84-89 
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Kumar & 

Singh 

2020 AA545

4 

5.0 900-1500 50-200 WC-Co Tool wear 

significantly 

affects joint 

quality 

82-91 

Patel et al. 2021 AA508

3-H111 

8.0 500-1200 30-120 H13 

Steel 

Thick sections 

need lower 

speeds for 

penetration 

85-90 

Chen et al. 2022 AA575

4-O 

4.0 1000-1800 80-300 Ceramic

s 

Ceramic tools 

reduce 

contamination 

88-95 

Table 2: Microstructural Characteristics 

Author(s) Yea

r 

Alloy Base 

Meta

l 

Grai

n 

Size 

(μm) 

Stir 

Zone 

Grai

n 

Size 

(μm) 

Recrystallization 

Mechanism 

Precipitate Behavior Texture 

Compone

nts 

Sato et al. 200

1 

AA606

3 

50-

80 

10-

15 

Dynamic 

recrystallization 

Mg₂Si 

dissolution/reprecipitation 

{001}<100

> 

Liu et al. 200

3 

AA606

1-T6 

60-

100 

8-12 Continuous 

dynamic 

recrystallization 

β'' → β' transformation Cube 

texture 

Prangnell 

& Heason 

200

5 

AA508

3 

45-

70 

5-10 Geometric dynamic 

recrystallization 

Mg solid solution {110}<001

> 

Steuwer et 

al. 

200

6 

AA701

0 

80-

120 

12-

18 

Discontinuous 

dynamic 

recrystallization 

MgZn₂ dissolution Random 

texture 
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Besel et al. 201

0 

AA505

9 

55-

85 

8-14 Particle stimulated 

nucleation 

Al₃Mg₂ precipitation {001}<110

> 

Jariyaboon 

et al. 

200

7 

AA202

4-T351 

40-

60 

6-10 Continuous 

recrystallization 

CuAl₂ redistribution Weak 

texture 

Sun et al. 201

4 

AA701

0 

70-

100 

10-

16 

Strain-induced 

recrystallization 

η-MgZn₂ evolution {112}<110

> 

Wang et 

al. 

201

8 

AA545

6 

50-

75 

7-12 Dynamic 

recrystallization 

Mg₂Al₃ formation {001}<100

> 

Li et al. 201

9 

AA508

3-H321 

65-

90 

9-15 Geometric 

recrystallization 

Mg supersaturation Cube 

texture 

Ahmed et 

al. 

202

0 

AA575

4-H111 

48-

72 

8-13 Particle-assisted 

recrystallization 

Mn-rich dispersoids {110}<112

> 

Table 3: Mechanical Properties Analysis 

Author(s) Yea

r 

Alloy Base 

Metal 

UTS 

(MPa) 

FSW 

Joint 

UTS 

(MPa) 

Base 

Metal 

YS 

(MPa) 

FSW 

Joint 

YS 

(MPa) 

Elongation 

(%) 

Hardness 

(HV) 

Fracture 

Location 

Peel et al. 200

3 

AA5083 317 295 228 185 12.8 95-105 HAZ 

Nandan et 

al. 

200

8 

AA6061

-T6 

310 285 276 165 15.2 85-95 HAZ 

Rajakumar 

et al. 

201

1 

AA7075

-T6 

572 485 503 315 8.5 140-160 TMAZ 



Journal of Computational Analysis and Applications                                                                          VOL. 33, NO. 7, 2024 
 

                                                                                                10.48047/jocaaa.2024.33.07.41 

                                                                           2343                                Abhishek kumar et al 2337-2348 

 

Dilip et al. 201

3 

AA2024

-T3 

483 420 345 285 10.2 120-135 HAZ 

Sharma et 

al. 

201

5 

AA7039 385 362 285 245 14.5 110-125 HAZ 

Kumar et 

al. 

201

7 

AA5052

-H32 

228 215 193 165 18.5 65-75 HAZ 

Zhang et 

al. 

201

9 

AA5182

-O 

285 268 125 115 22.8 70-80 HAZ 

Patel et al. 202

1 

AA5083

-H111 

320 298 220 188 15.8 92-108 HAZ 

Chen et al. 202

2 

AA5754

-O 

245 235 95 88 25.2 68-78 HAZ 

Singh et al. 202

3 

AA5456

-H321 

358 325 255 210 16.5 105-118 TMAZ 

Table 4: Fatigue and Fracture Properties 

Author(s) Year Alloy Fatigue 

Life 

(cycles) 

Fatigue 

Strength 

(MPa) 

Crack Initiation 

Site 

Crack 

Propagation 

Rate 

(mm/cycle) 

Fracture 

Toughne

ss 

(MPa√m) 

Besel et al. 2010 AA5059 2.5×10⁵ 145 Tool marks 2.8×10⁻⁴ 28.5 

Moreira et 

al. 

2009 AA6061

-T6 

1.8×10⁵ 125 Root defect 3.2×10⁻⁴ 25.2 
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Threadgill 

et al. 

2009 AA2024

-T3 

1.2×10⁵ 165 Kissing bond 4.1×10⁻⁴ 32.8 

Hatamleh 

et al. 

2009 AA2195 3.2×10⁵ 185 Surface roughness 2.1×10⁻⁴ 35.6 

Lillemäe et 

al. 

2012 AA5083

-H111 

2.8×10⁵ 138 Weld root 2.9×10⁻⁴ 30.2 

Pouget & 

Reynolds 

2008 AA2219

-T87 

1.9×10⁵ 172 Microstructural 

inhomogeneity 

3.5×10⁻⁴ 28.9 

Fratini et 

al. 

2010 AA6082

-T6 

2.1×10⁵ 155 Tunnel defect 3.8×10⁻⁴ 26.8 

Bussu & 

Irving 

2003 AA7075

-T7351 

1.5×10⁵ 195 Lack of penetration 4.2×10⁻⁴ 22.5 

Cui et al. 2010 AA5456

-H116 

2.6×10⁵ 142 Weld toe 2.7×10⁻⁴ 31.4 

Lomolino 

et al. 

2005 AA6056

-T4 

1.7×10⁵ 168 Onion ring 

structure 

3.6×10⁻⁴ 27.3 

Table 5: Corrosion Behavior 

Author(s) Yea

r 

Alloy Corrosion 

Rate 

(mm/year) 

Pitting 

Potential 

(V) 

Corrosion 

Mechanism 

Environmen

t 

Protective 

Measures 

Jariyaboon et 

al. 

2007 AA2024

-T351 

0.125 -0.685 Pitting 

corrosion 

3.5% NaCl Anodizing 
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Squillace et 

al. 

2004 AA2024

-T3 

0.098 -0.720 Intergranular 

corrosion 

Marine 

environment 

Protective 

coating 

Paglia & 

Buchheit 

2008 AA5083

-H131 

0.045 -0.580 Galvanic 

corrosion 

Salt spray Cathodic 

protection 

Corral et al. 2011 AA5083

-H111 

0.052 -0.595 Crevice 

corrosion 

Seawater Inhibitor 

addition 

Proton et al. 2013 AA6056

-T6 

0.078 -0.645 Stress corrosion 

cracking 

Humid air Surface 

treatment 

Karthikeyan 

et al. 

2011 AA7075

-T651 

0.112 -0.755 Exfoliation 

corrosion 

Acidic 

solution 

Alclad 

coating 

Wadeson et 

al. 

2006 AA5383

-H321 

0.038 -0.525 Uniform 

corrosion 

Industrial 

atmosphere 

Sacrificial 

anode 

Srinivasan et 

al. 

2005 AA6061

-T6 

0.065 -0.620 Filiform 

corrosion 

Humid 

conditions 

Organic 

coating 

Zhu & 

Rudolphi 

2005 AA5754

-O 

0.042 -0.535 Selective 

corrosion 

Chloride 

environment 

Chromate 

treatment 

Fahimpour et 

al. 

2012 AA5456

-H116 

0.048 -0.565 Erosion-

corrosion 

Flowing 

seawater 

Impressed 

current 

5. Industrial Applications and Case Studies 

5.1 Aerospace Industry 

The aerospace industry has widely adopted FSW for Al-Mg alloy components due to weight 

reduction requirements and improved joint quality. Applications include fuselage panels, wing 

structures, and fuel tanks (Dilip et al., 2013). 
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5.2 Automotive Industry 

In the automotive sector, FSW is used for joining Al-Mg alloy sheets in body panels, chassis 

components, and heat exchangers. The process eliminates distortion and provides consistent joint 

quality (Sun et al., 2014). 

6 Marine Applications 

Marine applications of FSW include ship hulls, deck structures, and offshore platforms where 

corrosion resistance is critical. The superior corrosion performance of FSW joints makes them 

ideal for these environments (Peel et al., 2003). 

Table 7 presents a comparison of mechanical properties between FSW and conventional welding 

methods for Al-Mg alloys. 

Property Base Material FSW Joint TIG Weld MIG Weld 

Tensile Strength (MPa) 320 295 245 260 

Yield Strength (MPa) 220 185 140 155 

Elongation (%) 18 15 8 10 

Joint Efficiency (%) 100 92 77 81 

Fatigue Life (cycles) 10⁶ 8×10⁵ 3×10⁵ 4×10⁵ 

Table 7: Mechanical property comparison for AA5083-H111 joints 

7. Challenges and Future Directions 

7.1 Current Challenges 

Despite its advantages, FSW faces challenges including tool wear, keyhole defects, and limited 

joint configurations. Tool wear is particularly problematic for high-strength alloys, requiring 

advanced tool materials and designs (Prado et al., 2003). 

7.2 Future Research Directions 

Future research should focus on developing advanced tool materials, optimizing process 

parameters through artificial intelligence, and extending FSW to dissimilar Al-Mg alloy joining. 

Hybrid FSW processes combining with other techniques show promise for enhanced joint 

properties (Sharma et al., 2015). 
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8. Conclusion 

This review demonstrates that friction stir welding represents a superior joining technique for Al-

Mg alloys, offering improved mechanical properties, microstructural refinement, and corrosion 

resistance compared to conventional fusion welding methods. The process parameters must be 

carefully optimized for each alloy system to achieve maximum joint efficiency. Future research 

should address current limitations while exploring new applications and hybrid processes. 

The industrial adoption of FSW for Al-Mg alloys continues to grow, driven by the demand for 

lightweight, high-performance structures in aerospace, automotive, and marine applications. 

Continued research and development will further enhance the capabilities and applications of this 

innovative joining technology. 
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