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Abstract
Friction Stir Welding is a novel green solid state joining process 
particularly used to join high strength aerospace aluminum alloys 
which are otherwise difficult to weld by conventional fusion 
welding. Unlike other solid state joining technique, in Friction 
stir welding a third body contact by tool will generate the additional 
interface surfaces and finally all the surfaces are coalesced with 
each other by applied pressure and temperature and form solid 
state weld. This review paper addresses the overview of Friction 
stir welding which includes the basic concept of the process, 
microstructure formation, influencing process parameters, typical 
defects in FSW process and some recent applications. The paper 
will also discuss some of the process variants of FSW such as 
Friction Stir Processing, Friction stir Spot Welding. 
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I. Introduction
Friction stir welding is an autogenous process which was invented 
by W.Thomas of The Welding Institute (TWI) in December 
1991 and initially used for joining low melting point alloys like 
Aluminium, copper, magnesium etc., The process uses the non 
consumable specially designed rotating tool which is inserted 
in to the material by giving the axial force and then translated 
along the joint line to make the weld [1]. The basic principle of 
the process is shown in the fig. 1. 

Fig. 1: Principle of Friction Stir Welding

FSW is considered to be the potentially useful solid state welding 
technique in which welding is done below the melting point of the 
work piece material [2-3]. Because of low heat input and absence 
of complete melting, FSW offers several advantages over the 
conventional fusion welding process. The advantages are grouped 
as metallurgical advantages and environmental advantages. 
Metallurgical benefits includes good dimensional stability, 
repeatability, no loss of alloying elements, excellent mechanical 

properties in the joint area due to re crystallized  micro structure 
in the stir zone. The process is a green one because it eliminates 
grinding wastages, no harmful emissions, required minimum 
surface cleaning [9]. Due to the above mentioned advantages the 
process avoids some typical welding defects uncounted such as 
loss of alloying elements, solidification cracking and porosity [4]. 
Recently Apple’s imac used Friction Stir Welding to intermix the 
molecules of the two aluminum surfaces and creating a seamless, 
precise, and super strong joint [45]. In Accord 2013 front sub frame 
Friction Stir Welding is used to join steel with aluminum [46]. 
In general this process is used in various industries like aerospace, 
automotive, naval and replacing the processes like GMAW, MIG, 
rivets, etc., [47].

II. FSW Tool
FSW tool is considered as a heart of the welding process which 
has two primary parts namely shoulder and pin, which heats 
the work piece material by friction. Shoulder part of the tool 
frictionally heats the portion of the work piece and induces the 
axial downward force for welding consolidation. Three types of 
shoulder end surfaces are normally used, flat, convex, concave 
shoulder end. Shoulder end surfaces can also have features like 
scrolls, ridges, knurling, grooves and concentric circles in order 
to increase the weld quality and material mixing [6].
Probe is the part of the tool which is inserted in to the work piece 
by axial force which shears the material in front of the tool and 
moves the same behind the tool [6]. Probe end shape may be made 
as a flat (or) domed surface. Flat surface increases forge force 
during plunging, whereas domed one reduces the forge force. 
Probe outer shape may be made as cylindrical and tapered with 
or without threads, flutes. 

The different shapes of the probe are shown in the fig. 2. 
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Fig. 2: Different Shapes of Probes [6]

FSW tools are of three types namely fixed tool, adjustable tool 
and self reacting tool. Fixed tool is made of single piece and used 
to weld the work piece with constant thickness. To adjust the 
probe length during welding the shoulder and pin is made as two 
independent pieces in adjustable tool. Self reacting tool or bobbin 
type of tool is made up of three pieces namely top shoulder, probe 
and bottom shoulder [6, 8]. 

III. Micro structural Classification of FSW
P.L. Thread gill was made the first attempt in classifying micro 
structure of the weld [21]. For butt joints the generalized profile 
proposed by TWI was an inverted trapezoid with four zones which 
is shown in the fig. 3. 

Fig. 3: Microstructure of the FSW Weldment [21]

In unaffected base metal zone [A], there is no change in neither 
property nor micro structure. This is the area which is far away 
from the weld zone unaffected by the heat or deformation. In heat 
affected zone [B], material is influenced by heat (thermal cycle) 
and leads to micro structural changes.  Heat in this zone does not 

induce any plastic deformation. TMAZ [C] is a transition zone 
which is unique in FSW.  During welding, this region experiences 
both temperature and deformation, which are not sufficient to 
induce the recrystallization in the material. The portion where 
the actual stirring takes place which leads to micro structural 
changes and experienced the high strain is usually referred as 
Dynamically Recrystallized Zone (DXZ) or nugget zone [D]. The 
high temperature and severe plastic deformation during welding in 
the stirred zone results in a new equiaxed fine grain structure.  
During FSW different shapes of nugget zone have been observed 
which is shown in the fig. 4.  The common shapes of the nugget 
zone are basin shaped nugget (a) which is widening near the upper 
surface and elliptical nugget (b). The shape of the nugget will be 
decided by the various factors such as process parameters, tool 
geometry, temperature of the work piece and thermal conductivity 
[5]. In general nugget zone is slightly larger than pin diameter.

       
Fig. 4 (a) Basin Shape      ( b) Elliptical shaped [22]

R.S.Mishra et.al observed basin shaped nugget zone and elliptical 
shaped nugget zone in low rotational speed and higher rotational 
speed respectively [22]. 

IV. Influencing Factors in FSW 
FSW is a complex process, in which the weld quality is affected 
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by many factors. FSW tool profile, FSW tool dimensions, FSW 
process parameters are predominantly influence the material 
flow behavior and mechanical properties [25]. In Friction Stir 
Welding, process parameters are grouped in to two categories such 
as machine controlled parameters and tool controlled parameters. 
The parameters which are controlled in machine includes spindle 
rotational speed, tool traverse speed, axial force or plunge force. 
The tool parameters which are controlled during tool design 
include tool pin profile, shoulder diameter, pin diameter, pin 
length, and tool tilt angle.  
Ahmed Khalid Hussain et.al defined the spindle speed as the 
rotational frequency of the spindle of the machine measured in 
RPM, and defined the welding speed as the velocity at which the 
tool is advanced against the work piece. He concluded increase 
in rotational speed has resulted in increase on tensile strength. 
[26] 
S. Rajakumar et.al studied the influence of process parameters 
on friction stir welding of Al 7075 – T6 alloy and concluded that 
higher tool rotation speed resulted in higher heat generation which 
caused slower cooling rate and leads to formation of coarse grains 
which in turn produced lower hardness [27]. Recently, different 
researchers studied the effect of tool rotational speed in mechanical 
properties and concluded that increase in tool rotational speed 
increases both strength and elongation to maximum and drops 
down for further increase in speed [7, 28-29].  
Lee Won Bae et.al concluded that, when welding of aluminum 
alloys, increasing the welding speed can reduce the softened 
area and in turn have direct proportional relationship with the 
tensile properties. [30] Ying Chun Chen et.al reported that, critical 
value of welding speed was observed during Friction stir welding. 
Welding performed below the critical speed leads to defect-free 
joints. When the welding speed is faster than the critical value, 
welding defects can be produced in the joints. The defects act 
as a crack initiation site during tensile test [31]. Kazuhiro et.al 
investigated the effect of welding speed on the formation of defects 
in various grades of the magnesium alloys and concluded that 
magnesium alloys with higher aluminum contents are difficult 
to weld without defects and the optimum parameters are limited 
to narrow zone. [33]
In Friction Stir Welding Axial force is the vertical downward force 
applied to plunge the work piece in to the weld line. Sufficient axial 
force is required to form the sound weld because the temperature 
developed during the process will control the amount of plasticized 
material and the temperature is heavily depend on the axial force 
[1]. As far as this axial force concern, for low axial force tunnel 
like defects were formed [34], insufficient stirring was possible. 
With the high axial force the weld produced was sound with full 
penetration. [12]. Razal rose et.al welded the AZ61A magnesium 
alloys to study the Effect of axial force on microstructure and 
tensile properties. Experiments were conducted by varying the 
axial force in five levels such as 3, 4, 5, 6,7KN. Irrespective of 
the axial force chosen the yield strength and tensile strength of 
all the joints are lower than the base material. Of the five forces 
5KN yielded good tensile properties with the maximum joint 
efficiency of 83%. [35]
Different materials were welded by different researchers using 
various tool pin profiles and came to conclusion that the joints 
fabricated using square pin profile had given the good mechanical 
properties [1, 36-37]. Yan-hua Zhao et.al Concluded that taper 
with screw thread pin has given good weld without defects. For 
this screw thread taper pin the tensile strength of the weld joint 
can reach 75% of the base material. [3]

A. K. M. Patel et.al reported the tool shoulder diameter is having 
directly proportional relation with the heat generation due to friction 
[38]. Rajakumar et.al concluded that, the higher shoulder diameter 
produces inferior tensile strength because of larger contact area 
between the shoulder and work piece which leads to wider TMAZ 
and HAZ. The smaller diameter of the shoulder resulted in lower 
heat generation due to smaller contact area. Pin diameter was 
selected in such a way that it is equal to the work piece thickness 
because, the volume of material stirred depends on the diameter 
of the pin. If the pin diameter is larger, then the volume of the 
material stirred will be higher and vice versa [27].
D. Venkateswarlu et.al studied the effect of tool design on FSW 
of AA 7039. Experiments were conducted to study the effect of 
threaded FSW tools with different shoulder and pin diameters on 
AA 7039 aluminum alloys with respect to weld strength, cross 
sectional area and % of elongation. The results showed that pin 
diameter have a maximum influence among the control factors 
that determines the tensile strength of the weld and weld cross 
section area decreased with increase in pin diameter. [39]
The length of the probe is slightly shorter than the thickness of 
the work piece [40]. At the same time if pin is not long enough, 
then tool will rises out of the plate which leads to the lack of 
penetration. 
Tool tilt angle is the angle between the tool axes and normal 
to the surface of the sheets being welded [41]. The schematic 
representation of tool tilt angle is shown in the Figure.5.  The tool 
tilt angle can have major effects on the welding process. From 
the literature survey it is observed that the general range of tool 
tilt angle is 1° to 4°.

Fig. 5: Tool Tilt Angle [42]

K. Reshad Seighalani et.al carried out an Investigation on the 
Effects of the Tool Material, Geometry, and Tilt Angle on Friction 
Stir Welding of Pure Titanium and concluded that at higher tilt say 
30 angles the plasticized material easily escape from the bottom of 
the tool shoulder which leads to the formation of some voids at the 
surface. By reducing the tool tilt angle to 10, the weld produced 
was good without defects [42]. But as a contrast Z. Barlas et.al 
aimed to investigate the effect of welding parameters including the 
tool tilt angle during butt joint of Al 5754 sheets. They reported 
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low tensile strength values in the weld trails having 00 tilt angle 
due to the cavities and root flaws. The best results were reported 
for tool rotation speed of 1100 RPM with 20 tilt angle [43].

V. Friction Stir Welding Defects
Friction Stir welding is susceptible to the defects which are different 
from the fusion welding defects. Selection of improper welding 
process parameters leads to insufficient heat input, excessive heat 
input, abnormal stirring, and insufficient pressure underneath the 
shoulder which leads to the any one or more of the following 
defects in the friction stir welding. 
Worm hole [a] is the tunnel of inadequately consolidated and 
forged material running in the longitudinal direction which is 
formed due to excessive heat input due to high rotational speed, 
low transverse feed. Defect in which the Series of small voids 
located in the advancing side interleaving the stir zone along the 
weld is known as Scalloping [b]. 

     
Fig. 6(a): Worm Hole     (b). Scalloping [44]

Ribbon flash [c] is the excessive expulsion of the material on 
the top surface leaving a ribbon like effect along the weld line. 
Excessive forge load, plunge depth will lead to ribbon flash. On 
the other hand insufficient forge pressure, plunge depth will induce 
surface lack of fill [d] which is a continuous or intermittent top 
surface void in the weld line. 

 
Fig. 6:(c). Ribbon Flashn,            (d). Surface Lack of Fill [44]

Nugget collapse [e] is an improper formation of dynamically 
recrystallized zone, which is a unique defect in Friction Stir 
Welding. This defect will occur due to too high welding speed, 
excessive material   flow to stir zone and excessive hot weld. 
Sticking of metal to tool pin leads to the surface galling[f] which 
is tearing of the metal on the top surface of the weld just beneath 
the tool pin [44].

  
Fig. 6(e): Nugget Collapse [f] Surface Galling [44]                                                   

VI. Process Variants in FSW
Friction stir processing is a new and unique thermo mechanical 
processing technique that changes the mechanical properties and 
microstructure of the material [48]. The process was developed by 
Mishra et.al which uses the basic concept of friction stir welding. 
In this process the rotating tool with desired pin and shoulder is 
plunged in a single work piece material for property enhancement 
[49-50]. The work piece is plunged until top surface of the shoulder 
makes contact with the plate surface. This action will develop the 
heat, and then the plate is moved relative to the rotating tool which 
leads to grain refinement by means of dynamic re crystallization. 
The Friction stir processing steps are shown in the fig. 8.
One of the potential applications of Friction Stir Processing is 
in Super Plastic Forming (SPF) which is a net shape forming 
technique. The technique can also be used for preparing the surface 
composites and micro structural refinement of cast aluminum 
alloy [52]. Friction Stir processing has been applied to Aluminum, 
copper, and nickel based alloys. By Friction Stir Processing the 
strength of the cast nickel aluminum bronze was doubled, the 
ductility of the Al alloys A356 was increased by five times.FSP 
is also used to increase the fatigue life of the fusion weld surfaces 
[50]. The schematic illustration of FSW in shown in fig. 7. 

Fig. 7: Schematic Illustration of the Friction Stir Processing 
[50]

A.H. Feng et.al chosen three Friction stir processing procedures 
namely single pass, single pass with a pre – solution treatment and 
two pass, to study the microstructure and mechanical properties 
of Mg – Al – Zn casting, concluded that the single pass sample 
exhibited higher strength and lower ductility as compared to the 
as cast AZ80 sample. Among the three procedures the aged two 
pass friction stir processing sample exhibited the highest ultimate 
tensile strength [51].
The researchers made an attempt to understand the effect of number 
of passes while fabricating surface metal matrix composites. They 
concluded that increasing the number of passes increases the 
processing zone and homogeneous distribution of reinforcement 
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particles were possible. Due to this processing micro hardness 
will also increase when compared to the matrix alloy [52-54].  
Additive manufacturing techniques like Laser Enhanced Net 
Shaping (LENS), Ultrasonic Additive Manufacturing (UAM), 
Selective Laser Sintering (SLS) while providing many advantages 
with respect to near net shape manufacturing are often susceptible 
to high defect rates including porosity, lack of fusion, etc., The 
use of Friction Stir Processing in conjunction with additive 
manufacturing processes offers the possibility of reducing the 
defect density and providing grain refinement [55].
Friction Stir Spot Welding is another variant of the Friction Stir 
Welding which has been developed and improved in automotive 
industry. The technique has become a good replacement for 
resistance spot welding [56]. The first application of FSSW was 
reported in Mazda on its 2003 RX -8, a mass production car, to 
weld its entire aluminum rear door [57]. 
The process can be completed in three steps namely plunging, 
stirring, and retracting. During plunging the rotating tool is forced 
in to the work piece until the shoulder portion of the tool plunges 
in to the top work piece which expels the material. In the second 
step, without plunging the tool stirs the work piece material, which 
develops the frictional heat and thus the material near to the tool 
is softened. During this step the softened material of the upper 
and lower work piece mixes and shoulder of the tool creates a 
compressional stress.  During stirring phase solid state joint is 
formed.
the last step the process stops and the tool is withdrawn from the 
work piece. [58] The process parameters in FSSW are grouped in 
to two categories namely welding parameters and tool parameters. 
The list of welding parameters are   tool rotational speed, dwell 
time, delay time, plunge depth, plunge rate and tool parameters 
includes pin diameter, pin length, pin angle, pin profile, shoulder 
diameter, and shoulder concavity angle.  
The effect of tool shoulder diameter on the mechanical properties 
of 1200 Al friction stir spot welding was made by Ajad et al. The 
results of his experiments revealed that the joints fabricated with 
larger diameter showed better mechanical properties [59]. 
Memduh kurtulmus studied the effect of welding parameters 
such as rotational speed, plunge depth, plunge rate, dwell time, 
tool retract time on joint formation and welding strength of 
polypropylene sheets. The results revealed that, Plunge rate of 
the tool has a negligible effect in formation of FSSW joint.  The 
weld strength increases with increase in tool rotational speed. 
The frictional heats increases with increase in dwell time and in 
turn increase the size of the joint.  The welding joints showed 
lowest strength when it did not have a tool retracts delay and the 
welding strength increases with the tool delay [60]. M.I Khan et 
al compared the resistance welding and Friction Stir spot welding 
of DP 600 in terms of micro structure and mechanical properties. 
The results showed a good correlation among the micro structure, 
failure loads, energy requirements and bonded area for both RW 
and FSSW [61].

VII. Conclusion
In the past two decades friction stir welding has been evolved as 
a successful welding technique for joining all hard materials and 
metal matrix composites in addition to aluminum. This is possible 
because, joining is established by means grain refinement which 
will also lead to increase in mechanical properties. During joining, 
the number of parameters required to control is limited and which 
can be easily controlled to produce the sound weld. Machine 
controllable parameters are having direct proportional relation 

with mechanical properties except welding speed. FSP and FSSW 
are the two variants in friction stir welding. Former can become 
a successful method to produce surface composites, super plastic 
forming, later can be a good alternate method to resistance spot 
welding. Friction stir welding joints are prone to different types of 
defects which we can eliminate by choosing the proper tool design 
and process parameters. This process is less tried to weld hard 
materials due to the Lack of tool material and tool design. Tool 
wear will be the major problem while welding the metal matrix 
composites due to the presence of hard ceramic particles. More 
work has to be done in online monitoring of the process, online 
defect detection, controlling the temperature during the process.  
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