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After development of tungsten alloys and polycrystalline cubic boron 

nitride (PCBN) tools, lot of progress is made in FSW of stainless steel. 
Although some issues remain to be solved, satisfactory welds are 

produced and weld properties are found suitable for the intended 

applications.  This paper summarizes the progress of research work on 

Friction stir welding of different types of stainless steels. It covers the 

research made in the selection of suitable tool materials, optimizing 

the process parameters such as tool travel speed, rotational speed, tilt 

angle etc. The influence of Friction stir welding on microstructure and 

mechanical properties of welds has also been reviewed.  
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Introduction:-  
Application of high strength, low weight metal alloys are increasing very rapidly in the area of aerospace, aircraft, 

marine, etc. New technological strategies are required in order to develop welding technology concurrently with the 

development of new materials. [1]. Both fusion and solid state welding techniques play a major role in welding 

advanced materials.  

 

Fusion welding involves use of filler materials, shielding gases, and development of high energy density which 

results wider heat affected zone. The weldments show appreciable modification in the microstructure and properties 

of weld and heat affected zones, which may result solidification defects like distortion, , lack of penetration, poor 

fusion, cracks etc. Use of  plasma arc and laser beam welding techniques can produce sound welds of thicker 

materials with narrow heat affected zone [2], however these techniques are not suitable for certain materials such as 

aluminium, magnesium etc.  
 

The drawbacks in the fusion welding techniques can some extent addressed by solid state welding techniques (e.g. 

resistance welding, friction welding) in which welding takes place at a temperature lower than the melting point of 

base metals and also no filler material and / or shielding gases are required. In resistance welding coalescence occurs 

due to heat generated by contact resistance and applied pressure and hence, it is not suitable for materials having 

high electrical conductivity (e.g. aluminium, copper).  Friction welding employs frictional heat generated when a 

moving workpiece and a fixed component are forced together in order to obtain the required heat and temperature 

for weld. However, the application of friction welding is limited by the geometry of the workpieces to be joined.  

 

The above difficulties can successfully overcome by friction stir welding (FSW), a solid state welding process which 

was developed by the welding institute (TWI) [3] primarily for welding of aluminium and magnesium based alloys. 

The major advantages of FSW over other welding processes are lower distortion, good dimensional stability, 
absence of cracking etc. 
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Stainless steels are normally classified on a metallurgical basis depending on the composition and metallurgical 

structure.  Hence, recognition is primarily made of martensitic, ferritic, austenitic and duplex phase alloys.  These 

steels have been welded for many years, and the principal welding characteristics of each microstructural type have 

been well described elsewhere [4]. 

 

Literature survey has indicated that FSW was applied successfully to low softening temperature materials such as 
aluminum, copper lead, zinc, and magnesium alloys [5]. However, Friction stir welding of Stainless steel has not 

progressed rapidly due to various reasons; the important one is lack of suitable tool materials. Since, Stainless steel 

is the most widely used material in the engineering application; research is now focused in studying various aspects 

of Friction stir welding like tool design, rotational speed, welding speed, tool material etc, and their effect on the 

weld microstructure and properties of stainless steel. 

 

Friction stir welding – principle:- 
In Friction stir welding (FSW) process, coalescence occurs due to thermo-mechanical deformation of workpieces. 

The temperature developed due to frictional heat exceeds the solidus temperature of workpieces to be joined. The 

principle of Friction stir welding technique is shown in Figure 1. It consists of a non-consumable rotating tool with a 

specially designed tool pin and shoulder. Tool pin is plunged into the abutting plates to be joined until the shoulder 

of the tool touches the upper surface of the material and a downward force is applied to maintain the contact. The 

tool rotates in the clockwise direction and translates along the joint. Frictional heat generated between tool and 

workpiece causes the material around the pin to get heated and softened thus forming a solid state joint without 

melting [6] 

 

 
 

Fig. 1:- Principle of friction stir welding (Backer and Bolmsjo, 2014). 

 

Various micro-structural regions observed in FSW joints are shown in Figure 2. The parent metal region does not 

undergo any deformation and the microstructure is unaffected by the heat produced in the joint. The heat-affected 
zone is next to parent metal region and is affected by only heat and there is no plastic deformation takes place in this 

region; however, the microstructure and mechanical properties are modified by the thermal heat. The next region is 

thermo-mechanically affected zone which is very close to weld nugget and it experiences lower temperatures and 

less deformation. Next is nugget zone or stir zone in which severe plastic deformation results due to frictional heat 

and the material subjected to recrystallization [7].   

 

Microstructure and properties of friction stir welded stainless steels:- 
Austenitic Stainless Steels:- 

Reynolds et al. (2003) [8] investigated Friction stir welding of 304L stainless steel using a tungsten alloy tool and 

experiments were carried out at two different rotational speeds with a constant feed rate. It is evident that equiaxed 

grains are present in the stir zone with smaller grain size as compare to that of base metal. It is also noticed the 

existence of narrow bands in stir zone for both rotational speeds. The tensile strength of the weld material was found 

to be higher than the base metal and exhibited excellent ductility, with elongation to fracture of more than 50%. 

Longitudinal residual stresses were found to be nearly matched to the base material yield stress. Furthermore, it is 
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concluded that lower energy input due to lower tool rotation would result in lower weld temperature and a fine weld 

nugget grain size. 

 

 

When welding 304L stainless steel using PCBN tools under different weld conditions, variations in microstructures 

were observed by S.H.C. Park et.al. [9].  Under some conditions, rapid formation of sigma phase took place due to 
the transformation of austenite to delta-ferrite in the stir zone which occurred due to dynamic recrystallization and 

high strain during the friction stir welding. They also found a banded structure similar to that identified by Reynolds 

et al. The dark bands were found to be narrow regions of ultrafine grains.  

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Fig. 2:- Microstructural regions of friction stir welding (Mahoney et al., 1998). 

 

A refined grain structure was also identified in the stir zone of welds produced by friction stir welding of 304 

stainless steel welded to low carbon steel. The fine grain structure increased the hardness and tensile strength in the 

stir zone [10]. Microstructure and mechanical properties of 304 stainless steel welds made by friction stir welding 

were evaluated by Meran and Kovan [11].  Higher strength of welding was observed when travel speed is 
63mm/min and rotational speed is 1000 rpm. Friction Stir Welding (FSW) was applied to AISI 304 austenitic 

stainless steels and the effect of different tool rotational speeds, traverse speeds, compressive tool forces, and tool 

angles was investigated by C.Meran et.al [12].  It is found that the maximum tensile strength is observed with 950 

rpm rotational speeds and 60 mm/min traverse speed, 9 kN compressive tool force, and 1.50 tool tilt angle [Fig.3].  

Fine-grained microstructures in the welded area and the dark bands in the weld zone were also detected similar to 

that identified by Reynolds et al. 

 

An increase in hardness of the SZ and TMAZ as compared to base metal was observed in the welds of 2 mm and 6 

mm-thick 304 austenitic stainless steel plates [13]. Maximum hardness was located in TMAZ, which is due to high 

density of dislocations and sub-grains. The microstructure also revealed the presence of ferrite and sigma phase in 

austenite matrix in the stir zone. C.D. Sorensen et.al., [14] investigated sigma formation in friction stir welding of 

various stainless steel alloys and hypothesized that sigma formation was a marker for recrystallization in 304L. They 
also demonstrated that change in welding parameters affected the amount and location of sigma. Brózda and Madej 

[15] and Kim and et al [16] found that presence of sigma phase in austenitic steel welded joints is the main reason of 

cracking with its effect of embrittlement. Formation of sigma phase in 304 L stainless steels was dramatically 

reduced by modifying the tool design [17]. No sigma has been identified in welds with the new tool. 

 

Sensitization and stress-corrosion cracking (SCC) in 304L stainless steel welds produced by friction stir welding 

were studied by T.D. Clark [18]. The study reveals that welds analyzed qualified as non-sensitized during an oxalic 

acid etch test. Increase in corrosion susceptibility away from the surface of the specimen was witnessed in double-

loop electrochemical potentiokinetic reactivation testing. The specimen did not show any increase in SCC 

susceptibility as compared with the base metal when subjected to U-bend test.  
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Fig.3:- The influence of the rotational speed, traverse speed and compressive force on the tensile strength of AISI 

304 stainless steel produced by FSW. (C.Meran, O.E. Canyurt, 2010) 

 

Welding parameters were optimized in friction stir welding of AISI 316 austenitic stainless steel plates of 4mm thick 

[19]. Defect free welds were produced with rotational speed of 1100 rpm and traverse speed of 8 mm/min and welds 

showed similar tensile strength that of the base material with comparable elongation. Zhou et al. [20] tried to address 

the keyhole gap problem during friction stir welding of 316L stainless steel using consumable tool bar of similar 

material. Fine grain microstructure is obtained in stir zone, however void defects are observed at the bottom surface 

of keyhole.  

 

Ferritic Stainless Steel:- 

Friction stir welding of 409 ferritic stainless steel welded by Polycrystalline Cubic Boron Nitride (PCBN) tool was 

studied by Cho et al.[21] and found that fine grain microstructure was resulted by dynamic  recrystallization. The 

microstructure and mechanical properties of friction stir welded 409L stainless steel were investigated by Ahn and et 

al [22] and found that the mechanical properties in the weld were similar to that of the base material (BM). 

Microstructure and mechanical properties of friction stir welded 409M ferritic stainless steel joints were evaluated 

by Lakshminarayanan and Balasubramanian [23] and found that properties such as tensile strength, ductility and 

impact toughness were observed in acceptable limit at a welding speed of 50 mm/min and rotation speed of 1000 

rpm. Investigations on the microstructure of friction stir welded ferritic stainless steel revealed the presence of 

bainitic structure in nugget zone and hence increase in hardness of the this zone [24]. Fine grains in nugget zone and 

TMAZ were observed by Han et al. [25] owing to mechanical stirring and heating.  

 
The influence of tool rotational and traverse speed on friction stir weldability of AISI 430 ferritic stainless steels is 

studied by Bilgin and Meran [1]. They reported that no sigma phase is found in stir zone and HAZ. A study C.Meran 

et.al [26] has been taken up to compare the microstructures of AISI 430 ferritic stainless steels resulted by friction 

stir welding and fusion welding (MIG and TIG) methods.  It is found the formation of σ-phase has not been reported 

in friction stir welding processes when compared to traditional fusion welding processes. This may be due to lower 

heat input in friction stir welding. It is also observed that excessive grain growth problem in fusion welding of 

stainless steels can also be avoided by friction stir welding. 
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Duplex Stainless Steel:- 

Mechanical properties of friction stir welded 2507 super duplex stainless steel were evaluated by Sato et al. [27] 

using CBN tool. The microstructure revealed the refinement of grains of ferrite and austenite and hence resulted an 

increase in strength and hardness. Tensile fracture occurred between HAZ and TMAZ. The influence of welding 

speed on microstructure and mechanical properties of friction stir welded duplex stainless steel were studied by 

Saeid et al [28] and found that microstructure of stir zone consists of equiaxed grains of ferrite and austenite. It is 
further observed that the grain size decreases with increasing welding speed and the hardness and tensile strength 

increases when feed rate is increased.  

 

Conclusion:-  
 Friction stir welding has been found to be technically feasible for a wide range of stainless steel alloys.  

 Properties of friction stir welds of stainless steels appear to be excellent. In some cases, they exceed the 

properties of the base metal. They also exceed the properties of welds made from alternative fusion welding 
processes (TIG and MIG).  

 Initial problems with tool material contamination of the weld appear to have been greatly reduced by the 

development of tool materials like WC and PCBN.    

 The process parameters FSW (tool rotation speed, traverse speed, spindle tilt angle and tool geometry) influence 

the mechanical and metallurgical behavior of welds and hence, they are crucial in  producing the sound and 

defect-free joints. 

 A detailed study is required to explore the effect of preheating and filler metal inclusion on mechanical and 

metallurgical behavior of FSW joints. 

 Though some work is in progress on the weldability of austenitic stainless steel by FSW, yet progress is to be 

made in FSW of other types like Martensitic and duplex stainless steels. 
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