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Abstract — Friction stir welding (FSW) is a solid-state 

joining technique widely recognized for producing high-

quality joints with refined microstructures, low residual 

stresses, and minimal distortion, particularly in lightweight 

and high-strength materials. Since its invention by The 

Welding Institute in 1991, FSW has evolved into a broader 

class of friction stir welding-based technologies (FSWBTs), 

including friction stir processing (FSP), friction stir additive 

manufacturing (FSAM), friction stir spot welding, and 

various hybrid and assisted variants. Recent research has 

shifted from feasibility studies toward enhancing 

productivity, expanding material applicability, and enabling 

reliable industrial adoption. This review critically examines 

recent trends in FSW and FSWBTs, emphasizing 

advancements in process fundamentals, tool design 

innovations, and emerging process variants. Progress in 

joining advanced and dissimilar materials—such as steels, 

titanium alloys, metal matrix composites, and multi-material 

systems—is discussed, alongside challenges related to tool 

wear, intermetallic formation, and thermal management. 

Furthermore, developments in thermo-mechanical modeling, 

material-flow simulation, and microstructure–property 

correlation are highlighted, reflecting a transition toward 

science-based optimization. Recent integration of real-time 

process monitoring, sensor-based feedback, and data-driven 

approaches, including machine learning, is also reviewed. 

Finally, key challenges and future research directions toward 

intelligent, scalable solid-state manufacturing are identified. 
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I. INTRODUCTION 

Friction stir welding (FSW) and its derived technologies 

represent a significant advancement in solid-state joining and 

processing technologies, particularly for industries where 

lightweight and high-strength materials are critical, such as 

aerospace, automotive, rail transportation, and energy sectors 

[1,2,3] . Developed by The Welding Institute (TWI) in 1991, 

FSW operates below the melting point of the base materials 

by employing a non-consumable rotating tool that generates 

frictional heat and severe plastic deformation, enabling sound 

metallurgical bonding without solidification-related defects 

[4], [5]. This fundamental characteristic distinguishes FSW 

from conventional fusion welding techniques and results in 

refined microstructures, lower residual stresses, minimal 

distortion, and superior mechanical performance. 

Since its inception, FSW has evolved from a niche 

joining process into a mature and versatile manufacturing 

technology. Over the years, it has expanded into a broader 

family collectively referred to as Friction Stir Welding-Based 

Technologies (FSWBTs), which include friction stir 

processing (FSP), friction stir additive manufacturing 

(FSAM), friction stir spot welding (FSSW), refill FSSW, and 

several hybrid and assisted variants. Among these, FSP has 

gained considerable attention as a surface and bulk 

modification technique, wherein intense plastic deformation 

and dynamic recrystallization are exploited to tailor 

microstructural features and enhance material properties such 

as hardness, wear resistance, fatigue strength, and corrosion 

behavior [6]. Meanwhile, FSAM extends the solid-state 

principles of FSW into the realm of additive manufacturing, 

enabling layer-by-layer deposition while avoiding typical 

fusion-based defects such as porosity, hot cracking, and 

undesirable phase transformations [7, 8]. 

In the last decade, research trends in FSW have 

shifted markedly from feasibility demonstrations toward 

improving productivity, joint reliability, process 

controllability, and industrial scalability. This transition has 

driven substantial innovations in tool design—covering 

shoulder features, pin profiles, stationary and bobbin tools—

as well as in process variants such as high-speed FSW, 

underwater and cryogenic FSW for thermal control, and 

hybrid techniques incorporating ultrasonic, laser, or electric 

assistance to enhance material flow and reduce tool loads. 

Concurrently, the application domain of FSW has expanded 

beyond conventional aluminum alloys to include magnesium 

alloys, copper alloys, steels, titanium alloys, nickel-based 

superalloys, metal matrix composites, and complex dissimilar 

material systems, posing new challenges related to tool wear, 

intermetallic formation, heat management, and joint integrity. 

Another prominent recent trend is the growing 

reliance on science-based and data-driven approaches for 

process understanding and optimization. Advanced thermo-

mechanical and material flow modeling, combined with 

computational fluid dynamics and microstructure–property 

correlations, are increasingly used to predict weld formation, 

defect evolution, residual stresses, and performance 

outcomes. In parallel, the integration of real-time process 

monitoring using force, torque, temperature, vibration, and 

acoustic emission sensors—along with machine learning-

based defect prediction and adaptive control—has aligned 

FSW research with the broader paradigm of Industry 4.0. 

These developments are supported by advanced 

characterization techniques such as electron backscatter 

diffraction (EBSD), nanoindentation mapping, synchrotron 

imaging, and high-resolution fractography, enabling deeper 

insight into the complex interactions between heat 

generation, strain localization, dynamic recrystallization, and 

phase evolution across the stir zone and thermo-mechanically 

affected regions. 

Despite substantial progress, critical challenges 

remain, including ensuring defect-free welding across 

variable thicknesses, achieving reliable joining of highly 

dissimilar materials, mitigating tool degradation when 

welding hard alloys, and establishing standardized guidelines 
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for quality assurance and industrial qualification. Therefore, 

a comprehensive and critical synthesis of recent advances is 

essential to consolidate current knowledge, benchmark 

emerging solutions, and identify future research directions. 

This review paper aims to systematically analyze 

recent trends in friction stir welding and friction stir welding-

based technologies, with particular emphasis on (i) evolving 

understanding of process fundamentals and material flow 

mechanisms, (ii) advancements in tool materials and 

geometrical innovations, (iii) emerging process variants and 

hybrid/assisted techniques, (iv) joining and processing of 

advanced and dissimilar materials, (v) modeling, sensing, and 

data-driven optimization strategies, and (vi) key challenges 

and prospective research opportunities. By integrating 

experimental findings with computational and industrial 

perspectives, this review seeks to serve as a valuable 

reference for researchers and practicing engineers striving to 

advance the performance, reliability, and industrial adoption 

of FSW technologies. 

In the FSW process a non-consumable rotating tool 

with a specially designed pin and shoulder is inserted into the 

abutting edges of workpieces to be joined and traversed along 

the line of the joint, as shown in Fig. 1 [2].  

 
Fig. 1: Schematic drawing of FSW process 

As the tool travels, heat is created by the contact 

friction between the shoulder and the workpiece, and by the 

plastic deformation of the materials in the stir zone. The high 

strain and heat energies experienced by the base metal during 

stirring causes dynamic recrystallization, which is the 

formation of new grains in the weld zone [6]. Although Fig. 

1 shows a butt joint for illustration, other types of joints, as 

shown in Fig. 2, also can be fabricated by FSW [8] 

 
Fig. 2: Joint configurations for FSW 

Rodes et al 1997 7075 Al plate has been successfully 

joined by friction stir techniques. Unlike fusion welding, this 

is a solid-state process with no evidence of melting. The weld 

is characterized by a recrystallized nugget having a 2-4 pm 

grain size.[4] The dislocation density in the nugget is lowered 

from that in the parent metal; strengthening precipitates 

appear to have been solutionized during the welding proci , 

with the larger ones re-precipitating on cooling. The process, 

thus, provides a method for joining an unweldable aluminum 

alloy without introducing a cast microstructure. 

Steels are widely used in commercial shipbuilding 

due to their weldability and availability, with high-strength 

grades such as AH32 preferred in structurally demanding 

regions. Conventional joining methods include gas and 

submerged arc welding; however, Dursun Murat Sekban et 

al.[9] demonstrated the growing potential of friction stir 

welding (FSW) as an advanced solid-state alternative for ship 

structures. Their study systematically evaluated the post-weld 

formability and mechanical behavior of FSW-joined AH32 

shipbuilding steel using experimental testing, finite element 

analysis, and artificial neural network modeling. The results 

revealed enhanced weld-zone strength without deterioration 

in formability, which is critical under cyclic wave loading 

conditions. Notably, the numerical and ANN predictions 

showed excellent agreement with experimental data, 

confirming the reliability of predictive models for 

shipbuilding applications. 

 
Fig. 2: (a) point bending test analysis model in 3D and (b) 

mesh structure of beam model [9] 

 
Fig. 3:  Variation of the displacement of FSWed AH32 with 

bending force obtained from: (a) experimental—ANN 

methods and (b) experimental—FEM methods [9] 

Enhancing joint strength in advanced aluminum 

alloys remains a key challenge for industrial applications. 

Suleyman Kilic et al.[10] investigated ultrasonic vibration–

assisted friction stir welding (UVaFSW) as an effective 

modification to conventional FSW for third-generation Al–Li 

alloy AA2060-T8-E30. By varying tool traverse speed and 

ultrasonic amplitudes (7.5 µm and 22.5 µm), they evaluated 

mechanical performance and microstructural evolution 

through tensile testing, microhardness measurements, optical 

microscopy, and SEM analysis. UVaFSW significantly 

improved material flow, reduced TMAZ asymmetry, and 

refined grain structure. Consequently, ultimate tensile 

strength increased by 16.6 % and 31.8 %, while elongation 

reached 11 %, nearly three times that of conventional FSW, 

highlighting UVaFSW’s promise for high-performance Al–

Li structures.  
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Fig. 4: BSE images of precipitates in the UVaFSW sample 6 

(4–6–22.5) at various welding zones. (a)-(d) EDS analysis 

of the marked particles. [10] 

Omar S. Salih et al.[11] developed a novel three-

dimensional fully coupled thermo-mechanical finite element 

model based on the Coupled Eulerian–Lagrangian (CEL) 

approach to investigate friction stir welding (FSW) of 

AA6082-T6 aluminum alloy. The model successfully 

simulated plunge, dwell, and welding stages, capturing 

temperature evolution, plastic deformation, material flow, 

and residual stress development. Numerical predictions were 

validated through experimental thermal history, 

macrostructural observations, and neutron diffraction–based 

residual stress measurements. Results showed that increasing 

tool rotational speed raised peak temperature from 740 to 850 

K (800–1100 rpm), enhanced plastic deformation, reduced 

tunnel defects, and improved weld quality. Residual stresses 

exhibited a characteristic M-shaped distribution, providing 

valuable insight for FSW process optimization with reduced 

experimental effort. 

 
Fig. 5: Temperature field contours at the transverse cross-

section of Weld II - FSW joint at different welding steps 

showing the increasing temperature by increasing tool 

plunge depth. [11] 

Gao-qiang Chen et al.[12] developed a fully coupled 

thermo-mechanical computational fluid dynamics (CFD) 

model to quantitatively investigate heat generation and 

material flow during friction stir welding (FSW). The model 

simultaneously simulated heat generation, temperature 

distribution, and plastic material flow, showing strong 

agreement with experimental temperature measurements. 

Their analysis revealed that total heat generation scales with 

the tool rotational speed raised to the 0.75 power. The spatial 

heat flux distribution around the tool was found to be nearly 

axisymmetric, with a radial distribution function introduced 

to characterize heat flux variation at different rotation rates. 

Notably, the heat flux in the shoulder region followed a 

parabolic radial distribution, providing critical insight for 

process optimization. 

 
Fig. 6: The simulated temperature with different welding 

parameters. (a) Temperature distribution of the entire 

workpiece, (b) Temperature distribution on the traverse 

section [12] 

Ulyssse [13] presented a three-dimensional visco-

plastic numerical model to simulate the friction stir welding 

process of thick aluminum plates in butt-joint configurations. 

Parametric studies examined the influence of welding and 

rotational speeds on temperature distribution, with model 

predictions validated against experimental measurements. 

The analysis also quantified forces acting on the welding tool, 

revealing that pin forces increase with higher welding speeds 

but decrease with increasing rotational speed. The study 

highlighted the utility of visco-plastic numerical modeling for 

tool design, enabling controlled thermal gradients and 

reducing the risk of tool failure during FSW operations. 

 
Fig. 7: Temperature contours (in °C) on the tool and 

workpiece surfaces [13] 

Guerra et al. [14]employed faying-surface tracer 

techniques to investigate material flow and pin (“nib”) 

interaction in friction stir welding. Their observations 

revealed two dominant mechanisms: (i) wiping of material 

from the advancing side of the pin and (ii) entrainment of 

material from the retreating side, which fills the gaps between 

fragments displaced from the advancing side. 

Song and Kovacevic [15] developed a three-

dimensional heat transfer model for friction stir welding by 

introducing a moving coordinate system to simplify tool 

motion. The model accounted for heat generation from both 

the tool pin and shoulder. Numerical predictions showed 

good agreement with experimental data and demonstrated 
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that workpiece preheating is beneficial for improving FSW 

thermal conditions. 

 
Fig. 8: Detailed results near the tool, t = 30 s, weld period 

[15] 

Deng and Xu [16] conducted a two-dimensional 

numerical simulation to investigate material flow and spatial 

velocity fields around a rotating tool during friction stir 

welding. Their analysis showed that material particles ahead 

of the pin preferentially move to the rear via the retreating 

side. A detailed comparison of velocity fields obtained using 

two different tool–workpiece interface models was also 

presented.    

 
Fig. 9: Tangential Velocity Variation Along Circular Paths 

Around Pin-Plate Interface (Frictional Contact Interface 

Model) [16] 

Heurtier et al. [17] proposed a three-dimensional 

thermo-mechanical model for friction stir welding based on 

fluid-mechanics-inspired velocity fields, incorporating heat 

input from the tool shoulder and plastic deformation of the 

bulk material. The semi-analytical approach enabled 

prediction of strain, strain rate, temperature, and 

microhardness across weld zones, showing good agreement 

with experimental results for AA2024-T351 FSW joints.  

 

 
Fig. 10: Local heat generation along intersection between 

tool and centerline [17] 

Zhang et al. [18] presented two-dimensional 

numerical results on material flow behavior and residual 

stress development in friction stir welding. Using tracer 

particles, they demonstrated distinct flow characteristics on 

the advancing and retreating sides, with material rotating 

around the pin and predominantly sloughing off on the 

advancing side. Their analysis also showed a characteristic 

double-peak longitudinal residual stress profile, with peak 

residual stresses increasing as translational welding speed 

increased. 

 
Fig. 11: Fitted temperature history values at various 

distances from the weld line. [18] 

Lämmlein et al. [19] investigated advanced friction 

stir welding strategies using tapered tool retraction and 

ramped rotational speed to enable closed-contour welding, 

variable-thickness joining, and open-loop process control. 

Effective tool geometries and process parameters were 

established experimentally and analyzed using a 

computational fluid dynamics (CFD) model. Thermal 

histories, tensile properties, macrostructural features, and 

process forces were evaluated, demonstrating that the 

proposed tooling produced sound welds in butted aluminum 

plates and is transferable to more complex FSW applications. 
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Fig. 12: A shoulder-less, conical tool (90 inclusive angle) 

used in the experiment. [19] 

 
 

 
Fig. 13: Temperature gradients in the vicinity of the weld 

interface [19] 

Ji et al. [20] performed a finite volume–based 

numerical analysis using ANSYS Fluent to investigate the 

influence of tool shoulder and pin geometry on material 

plastic flow during friction stir welding. Their results showed 

that reducing the pin cone angle or the screw groove width 

increased material flow velocity within the weld zone. 

Among the shoulder designs, the concentric-circles-flute 

shoulder produced superior material flow compared with 

inner-concave-flute and plain shoulders. The study 

emphasized that appropriate tool geometry selection is 

critical for enhancing material flow and preventing root 

defects in FSW joints. 

. 

 
Fig. 14: Solid model of rotational tool with big groove of 

screws and Material flow velocity of different sections 

under the condition of small screw groove [20] 

Wang and Colegrove 2013 presents a novel for 

characterizing the contact conditions that occur during FSW 

method by explaining the outcomes of mechanical and 

thermal during stick and slip condition. The proposed model 

yields more realistic heat generation estimate, as validated by 

the experimental thermal measurements. 

II. CONCLUSION 

This comprehensive review of friction stir welding (FSW) 

and its derived and hybrid variants provides deeper insight 

into the fundamental thermo-mechanical mechanisms 

governing weld formation, material flow, residual stress 

development, and microstructural evolution. Collectively, 

experimental, numerical, and analytical studies confirm that 

tool geometry—particularly the rotating tool pin and 

shoulder—plays the most decisive role in controlling the 

FSW process. The tool design directly influences heat 

generation, plastic flow behavior, strain distribution, and the 

integrity of the weld nugget, making it a critical parameter for 

process optimization. 

Material flow analyses consistently demonstrate that 

the maximum flow velocity occurs near the shoulder edge, 

where frictional heating and severe plastic deformation are 

most intense. This region dominates material transport from 

the advancing side to the retreating side, ensuring adequate 

mixing and consolidation behind the tool. Among various 

tool designs, conical pin geometries offer distinct advantages, 

as they can passively accommodate local variations in 

workpiece thickness and system eccentricities, particularly in 
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linear and rotary welds. Furthermore, conical tools enable in-

process adjustment of penetration depth, providing enhanced 

flexibility, process stability, and reduced susceptibility to root 

defects. 

The review also highlights the strong coupling 

between process parameters and residual stress evolution. 

Increases in tool rotational speed and transverse (welding) 

speed lead to higher heat input and steeper thermal gradients, 

which in turn cause a concurrent rise in residual stresses. Such 

stresses, if not properly controlled, can adversely affect 

fatigue life and structural integrity. Therefore, careful 

selection and optimization of welding parameters are 

essential, especially for high-performance and safety-critical 

applications. 

Microstructural evolution during FSW is found to be 

highly sensitive to temperature distribution within the weld 

zone. The asymmetric thermal and mechanical conditions on 

the advancing and retreating sides result in distinctly different 

grain structures, precipitate distributions, and mechanical 

responses. Grain refinement is primarily driven by dynamic 

recrystallization, which is strongly influenced by local 

temperature and strain rate. The pronounced differences in 

temperature history between the advancing and retreating 

sides explain the observed asymmetry in grain size and 

morphology across the weld. 

Overall, this review establishes that FSW is a highly 

coupled thermo-mechanical process, where material flow, 

heat transfer, and microstructure evolution are intrinsically 

linked. A synergistic optimization of tool geometry, 

rotational and translational speeds, and thermal management 

strategies is essential for achieving defect-free joints with 

superior mechanical performance. These insights not only 

enhance fundamental understanding of FSW but also provide 

practical guidelines for tool design, process control, and 

scale-up for industrial applications across aerospace, marine, 

automotive, and energy sectors 
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