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Abstract—Friction stir welding is a relatively new solid-state 

joining technique which is widely acceptable in various industries 

(aerospace, automotive, railway, and shipbuilding) to join similar 

and dissimilar metallic alloys that are difficult to weld by 

conventional fusion welding process.  In last decade, the friction 

stir welding processes developments have been active areas 

research due to dimensional stability of the welded structure, low 

residual stresses and most important eco-friendly wielding 

process. The welding mechanism is based on the frictional heat 

generation process through the interaction of a non-consumable 

tool to adjoining edges of the plates to be joined. There are a 

number of issues that affect the performance of friction stir 

welding such as heat generation, material flow, tool geometry, 

tool rotation, travel speed, axial force, and tilt angle. Several 

modeling and simulation techniques have been applied for the 

characterization of friction stir wielding process phenomenon 

that are empirical, analytical, numerical  and artificial 

intelligence modeling techniques. The objective of this paper is to 

review the recent works on modeling and simulation techniques 

and to emphasize the future requirements for increased 

understanding of the modeling and simulation efforts in the field 

of friction stir welding. 

 

Keywords— Friction stir welding, Empirical, Analytical, Numerical 

and Artificial Intelligence techniques. 

 

I.  INTRODUCTION  

In the last two decades, friction stir welding (FSW) has 

become a mature joining technology for aerospace, 

shipbuilding and automobile industries [1]. FSW has been 

successfully applied to weld similar and dissimilar metal as 

well as metal matrix composites alloys [2]. The FSW process 

have several advantages over fusion welding such as better 

retention of baseline material properties, fewer weld defects, 

low residual stresses and better dimensional stability of the 

welded structure [3]. With above all, FSW is also an 

environmentally cleaner process because this process does not 

produce smoke, fumes, arc glare. Further, profiled edge 

preparation or consumable filler material is not necessary so it 

is known as eco-friendly welding process [4]. The welding 

mechanism is based on the frictional heat generation process 

through the interaction of a non-consumable tool having 

specially designed shoulder profile and pin profile that rotate 

and plunge to adjoining edges of the plates to be joined 

[5].The direction of the tool rotation is opposite as the welding 

direction in one side half plate that is called the retreating side, 

while the tool rotation is same as the welding direction other 

side of half plate is called advancing side as given in Fig. 1.  

Frictional heat is generated through the interaction of hard 

material welding tool and material of the plate which is 

softening the plate material without reaching the melting 

point. The sound weld joint is produced by appropriate 

amount of heat generation and material flow otherwise the 

weld joints develop defects such as lack of fusion, lack of 

penetration, voids, tunnels, surface grooves, surface galling, 

excessive flash and nugget collapse [3]. Without knowing the 

facts of the influences of process parameters to control the 

heat generation and material flow, it would not be possible to 

produce the defect free weld joints. Hence prediction of heat 

generation and material flow according to the process 

parameter is necessary for the better understanding of the 

FSW welding process.  

 
Fig. 1. Schematic of the friction stir welding (FSW) process [6]. 

 

Therefore, in order to facilitate a more complete understanding 

of heat generation and material flow mechanics of FSW 

welding process, modeling and simulation techniques are 

needed for improvement of the  productivity and wide 

applicability of this technique to  majority of the materials . 

This paper presents comprehensive review of various 

modeling and simulation techniques based on friction stir 

welding process parameters that include empirical modeling 

technique, analytical modeling technique, numerical modeling 

technique and artificial intelligence modeling technique. 

 

II. PROCESS PARAMETER 

The heat generation and material flow is controlled by process 

parameters in FSW as shown in Fig. 2 that are tool geometry, 

tool rotation speed (ω), welding speed (v), tilt angle and axial 

force [7-8]. The basic functions of process parameters and 
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their effect on the friction stir welding process are described in 

following sections. 

 

 
Fig. 2. Schematic drawing of process parameter of  FSW [7]. 

A. Tool geometry 

      Frictional heat is generated by the interaction of a tool that 

is specially designed pin profile and shoulder profile with 

workpiece. Tool rotates and plunges to abutting edges of the 

plates that plastically deform the material and flow the 

material in onion ring form in welding direction. Tool 

geometry characterizes as tool shoulder, tool shoulder 

surfaces, tool shoulder angle, pin geometry with its shape and 

size [9].  

B. Tool rotation speed and translation speed 

      In Friction stir welding process, tool rotation provides 

mixing and stirring of material around the rotating pin. Stirred 

material in the region of rotating pin is moved by the 

translation of tool along the line of joint from the front to the 

rear of the pin to conclude welding process [5].  

C. Tool Tilt Angle 

      For producing a sound weld joint, the proper position of 

spindle (tool tilt angle) with workpiece surface against the 

direction of travel is necessary. Tool tilt angle helps to 

continue the material flow and enables the trailing edge of the 

shoulder tool to generate a compressive forging weld force 

during the welding. The developed hydrostatic and forging 

pressures improve nugget integrity and enhance the material 

stirring [10].  

D. Axial Force 

     Axial force mainly affects the plunge depth of the tool. The 

frictional heat generation between the surface of the plate and 

rotating tool (tool shoulder and tool pin) depends on co-

efficient of friction that produces the heat input and 

temperature distribution in the weld [11]. The insufficient 

axial force causes the defect formation in the welded joint due 

to not enough interaction between tool shoulder and base 

metal [12].   

III. MODELING AND SIMULATION TECHNIQUE 

       The main issue and challenge of friction stir welding is 

the selection of process parameters to produce the defect free 

welding joints. Various modeling and simulation techniques 

have been applied by many researchers to predict the welded 

joint performance on process parameter that are empirical 

modeling technique, analytical modeling technique, numerical 

modeling technique and artificial intelligence modeling 

technique. 

 

A. Emperical Modeling Technique 

 

     Empirical modeling technique is used to predict the effect 

of input parameter on output parameter through the statistical 

analysis in FSW. In general Statistical analysis of 

experimental results is done through: Analysis of variance 

(ANOVA), Response surface method (RSM) and Taguchi 

method. The recent empirical model development in friction 

stir welding technique is given in Table 1.  

 

TABLE 1 

Developments of empirical modeling techniques in friction stir welding. 

No. Author (year) Objective Remarks 

1 S. Rajakumar and V. 
Balasubramanian (2012) 

[13] 

Developed Empirical relationships to predict the 
weld nugget grain size and tensile strength  

Weld nugget grain size and tensile strength of the joints equation can be 
established by linear regression 

2 M. Longo et al. (2012) 
[14] 

Studied the effect of mechanical properties by 
using two different tool geometries and different 

working parameters 

The feed rate resulted to be the most significant parameter affecting the 
welding forces 

 

3 A. Govind Reddy et al. 
(2013) [15] 

Studied the effects of tool rotation speed and 
welding speed on the tensile strength  

Variation in tool rotation and weld speed effect the tensile strength of 
the weld 

4 M. H. Shojaeefard et al. 

(2013) [16] 

Studied the process parameters for lap joint  The rotational speed plays important role and contributes 40% to the 

overall contribution 
5 Şefika Kasman & Zafer 

Yenier (2013) [17] 

Studied the effect of process parameter in FSW of 

AA5754–h111 and AA7075–t651 

The welding speed is the most important parameter that affects the 

ultimate tensile strength and elongation followed by tool diameter and 

tool rotation speed 
6 Yashar Javadi et al. 

(2014) [18] 

Studied the welding parameters and residual 

stresses  

The feed rate is the important parameter for development residual stress 
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Empirical modeling techniques are not capable to explain the 

process physics that only provide the information about the 

process parameter effect on welding performance through 

statistical analysis of experimental results. 

 

B. Analytical Modeling Technique 

      In friction stir welding, Analytical modeling technique 

explains the tool and workpiece material interactions and heat 

generation process through governing equation based on some 

fundamental assumption. Since there are various uncertainties, 

assumptions and simplifications of mathematical model, it is 

difficult to determine the exact amount of heat generated 

during friction stir welding process [19]. The chronological 

analytical model development in friction stir welding 

technique is given in Table II. Analytical modeling is used to 

describe process physics but there are various uncertainties, 

assumptions and complexity in mathematical model. 

Therefore it is difficult to determine the exact analysis of 

friction stir welding process. 

 

TABLE II 

Developments of analytical modeling techniques in friction stir welding. 

No. Author (year) Objective Remarks 

 

1 B.M. Darras and M.K. 

Khraisheh (2008) [20] 

Developed model for estimates the strain rate 

distribution within the FPS zone in terms of 
process parameters 

The good value of velocity and strain rate is obtained and the 

shape of the deformation field 

2 F. Gratecap et al. (2008) 

[21] 

Developed model to define the geometry of a 

conical tool as well as welding parameters 

A given set of welding process parameters required for a tool 

geometry to produce defect free weld 
3 M. B. Durdanovic et al. 

(2009) [19] 

Heat generation model development Various assumptions and simplifications of mathematical for 

determination of accurate amount of heat generated 

4 P. Ferro and F. Bonollo. 
(2010) [22] 

Developed thermal model The thermal material properties are constant with temperature, 
heat loss are not taken into account are the limits of the proposed 

model 

5 Masoud Jabbari (2013) 
[23] 

Studied the plunge and the preheating stages The increasing the preheating temperature not only improve the 
weld quality, but it also decreases the total process time 

6 Jinwen Qian et al. (2013 

[24]) 

Developed a model for optimized tool rotation 

speed and tool travel speed so that defect-free 
joints can be obtained 

The model based on the principle of exactly balancing the 

material flowing from the region ahead of the pin to the rear of 
the pin 

 

C. Numerical Modeling Technique 

In the process modeling, it is essential to keep the process 

parameter with least number of assumptions and constant of 

the model in view and at the same time it is also important to 

adopt an appropriate level of complexity. The two most 

popular numerical methods are used to model FSW are 

Computational fluid dynamics (CFD) and finite element 

method (FEM) and provide valuable insight into the dynamic  

 

nature of FSW, that is very difficult to achieve using a more 

traditional analytical approach [25]. The sequential numerical 

model development in friction stir welding technique is given 

in Table III. Computer based models can offer a reasonable 

insight into certain verifiable trends or guidance on empirical 

research to assist further understanding of the process physics. 

 

 

 
TABLE III 

Developments of numerical modeling techniques in friction stir welding 

No. Author (year) Objective Remarks 

1 Gao-qiang Chen et al. 

(2013) [26] 

Developed coupled thermal–mechanical model 

for total amount and the distribution of the heat 

flux   

Total heat generation proportional to rotating rate and heat flux 

distribution axis symmetric about the tool axis 

2 Darko M. VELJI et al 

(2013) [27] 

Studied heat generation under different rotating 

and plunge speeds during the plunge stage 

The material velocity depends to the heat generated and periphery 

of the tool shoulder low velocity of the material  

3 Fadi. Al-Badour et al 
(2013)[28] 

Developed model for two phases of (plunging 
and welding) 

The welding speed had more effect on void shape than on void size  

4 Shude Ji et al. (2013) [29] Studied the relation between temperature and 

material transfer behaviors  

Material flow in the middle of weld affected by variation in the 

rotational velocity and welding speed 
5 Kadir Gok and Mustafa 

Aydin (2013) [30] 

Developed Finite element  model for FSW of 

AZ31 magnesium alloy 

Optimum result is obtained at rotation speed of 1,964 rpm and a 

transverse speed of 20 mm/min. 

6 H. Pashazadeh et al. 
(2013) [31] 

Developed numerical model for hardness 
measurements and microstructure evaluations  

Hardness and microstructure depends on rotational speed and 
translational speed 
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D. Artifical Intelligence Modeling Technique 

Artificial Intelligence is relatively new computational 

modeling techniques originated from the human intelligence  

and based on basic human mind working principle. These are 

artificial neural network, genetic algorithm and fuzzy logics.  

Table IV presents the artificial Intelligence model 

development in friction stir welding technique in recent years. 

Depending on the nonlinearity of the problem and the number 

of parameters, an artificial model may require a high 

computational cost for creating the models. 

 

 

 

TABLE IV 

Developments of artificial intelligence modeling techniques in friction stir welding. 

No. Author (year) Objective                                      Remarks 

    

    

1 Ibrahim N. Tansel et al. 
(2010) [32] 

Developed model for optimal operating condition 
of the process  

Genetically optimized neural network systems (GONNS) was 
found to be a viable option 

2 Enkhsaikhan. Boldsaikhan 

et al. (2011) [33] 

Developed a model for real-time approach to 

detecting wormhole defects in a nondestructive 
manner 

ANN also provides a piece of evidence that the oscillations of the 

feedback forces are related to material flow  

3 Gianluca. Buffa et al. 

(2012) [34] 

Developed a model for predict the micro hardness 

and the final microstructure  

NN shows a strong relation existing between the micro hardness 

and microstructure of the welded joints and their mechanical 
performances 

4 P. Asadi et al. (2012) [35] Studied the relation between the process 
parameters, grain size and hardness  

The networks predict hardness and grain size as functions of 
rotational and traverse speeds and region types 

5 M.H. Shojaeefard et al. 

(2013) [36] 

Studied the micro structural and mechanical 

properties of the joint AA5083-O/AA7075-O 

Yielded higher strength properties of joints at1400 rpm (tool 

rotational speed) and 20 mm/min (traverse speed) 
6 Reza Teimouri and Hamid 

Baseri (2013) [37] 

Developed model for prediction of tensile 

strength, elongation and hardness of joints 

according to variation of tool rotational speed and 
welding 

Fuzzy models associated with artificial bee colony algorithm 

integrated with imperialist competitive algorithm help to selection 

of appropriate inputs which minimize backward modeling error  

 

 

IV. CONCLUSION 

State of art of modeling and simulation techniques has been 

discussed. Based on the literature survey, empirical modeling 

technique is a widely used technique by researchers that 

provide the information about the process parameter effect on 

welding performance through statistical analysis of 

experimental results. Generally, Analytical modeling is used 

to describe process physics. Computer simulation based 

numerical modeling technique has become one of the 

important modeling techniques of many researchers. It can 

overcome some of the limitations of analytical model, if 

correctly done. Artificial Intelligence is relatively new 

computational modeling technique originated from the human 

intelligence. Most of the works have been done by selection of 

some specific process parameter. More attention is required to 

develop unified model of FSW through symmetric application  

of these techniques first analytical is used to define process 

physics that is solved by numerical  techniques and compare 

with artificial intelligence techniques and verify by few 

number of experimental results that will give better 

understanding and reduce the  large number of experimental 

cost.  
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