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 It is important to join materials for systems that require high-performance and to minimize 
the defects that may occur during this joining. Welding is the most common way for joining 
materials but for lightweight and similar/ dissimilar materials, Friction Stir Welding 
preferable for its high-performance joining properties. Lightweight and durable materials 
such as aluminum alloys are widely used in sectors such as defense industry, aerospace 
industry, automotive industry, and high-speed train manufacturing. Some of these materials 
cannot be welded by conventional methods due to their high thermal conductivity and low 
melting point. In welding processes, material properties are expected to be as close as possible 
to base material. Friction stir welding (FSW) is a joining method that provides welding below 
the melting point of materials that cannot be welded by conventional methods or where the 
welding process causes the mechanical structure of the material to deteriorate. In this study, 
Friction Stir Welding process, advantages and disadvantages and application fields of Friction 
Stir Welding were examined. 
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1. Introduction  
 

The industrial revolution has been an important 
turning point in the history of humanity, where new 
materials have been developed. New materials have 
played a major role in the development of technology 
used in land, air, sea and space studies due to their low 
cost and durability. The 20th century has witnessed the 
growth in engineering works and development of the 
materials [1]. While this expansion in the material range 
allows engineers to design specific parts and equipment, 
it has also created new situations where different 
materials are used in the construction. Combining parts 
made of different materials in terms of chemical, thermal, 
physical and mechanical properties also created 
difficulties. Mechanical joining has been a suitable 
method for many of the different materials. However, the 
need for high-performance construction has paved the 
way for welded joints to replace mechanical joints such 
as rivets and bolts. The use of welding construction has 
gained great importance especially in the realization of 
structures where lightness comes to the fore [2]. 

Welding is the metallurgical joining process of two 
metal parts to produce a single piece. This joining is the 
leading way of obtaining monolithic structures and is 
often accomplished with the use of heat and/or pressure. 
According to the chemical composition of the main 
material, fusion welding or solid-state welding is used in 
welded joining. In fusion welding method, which is based 
on melting the base metal parts to be welded in the 
welded area using heat, filler metal is added to the 
molten area to increase the strength in the joint. Electric 
arc, electric current or gas mixtures are used in the 
melting process in the welding zone of the parts to be 
joined. If the melting process in the welded joint is 
carried out with an electric arc, it is expressed as arc 
welding. The heat released from the resistance of the 
parts held together under pressure against the electric 
current passing through the contact surfaces, and the 
bonding provided by the melting process formed on the 
contact surface constitute the source of resistance [3]. 

If the hot flame required to melt the metal parts to be 
joined and the filling material, if used, is provided by 
combustible gas and oxygen, it is called a gas source. In 
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recent years, electron beam and laser are also used for 
melting in the weld zone in welded joints. If melting in 
the welding zone is carried out using an electron beam, it 
is referred to as electron source, if melting using laser, it 
is expressed as laser source. In welded joining, electron 
welding and laser welding are superior to other fusion 
welding methods by forming a small melt pool and 
narrower heat affected zone (HAZ). Fusion welding 
methods are most widely used in welded joining of 
metallic materials. However, welded joining of metallic 
materials with high thermal and electrical conductivity 
coefficients, such as copper and aluminum, by fusion 
welding methods, is carried out under special conditions. 
In joining, welding methods in which only pressure or 
pressure and heat are applied together without melting 
are called solid state welding. When the two-part 
surfaces are pressed together under high temperature 
below the melting temperature, the parts are combined 
by solid state diffusion. This source in solid state is called 
diffusion welding. The parts are placed on top of each 
other and moderate pressure is applied, and the jointing, 
which uses high frequency sound waves to create 
vibration motion parallel to the part contact surfaces, is 
called ultrasonic welding method. Welded joining of 
parts with the help of heat released from friction 
between two surfaces is expressed as friction welding. 
Solid state welding methods are used successfully in 
welded joining of many metallic materials, especially 
copper and aluminum, which are problematic to be 
joined by fusion welding methods. Numerous scientific 
studies have been conducted using solid-state welding 
methods for welded joining of the same type of materials. 
In recent years, welded joining of different types of 
metallic materials has been carried out with the friction 
stir welding method, which is one of the solid-state 
welding techniques. 

Solid state welding methods include one of the oldest 
welding methods in the world, such as forging [4]. The 
katana swords used by the ancient Japanese Samurai 
were also produced with forging welding (forged steel) 
[5]. Pressure and/or heat are used in solid state welds, 
but the effect of heat does not melt the parts and softens 
them [6]. 

The FSW method can be applied for the similar or 
dissimilar materials, materials which have different 
melting points and non-ferrous materials [7]. 

Singh et. al. [8] studied microstructure and 
mechanical behavior of friction-stir-welded magnesium 
alloys: as-welded and post weld heat treated conditions. 
The tensile strength, elongation and efficiency improved 
by 8.8%, 32.4%, and 3.8% after post weld heat treatment 
at the stir zone. Hardness of the stir zone reduced by  
12.95% after heat treatment [8]. 1400 r/min tool 
rotation speed and 25 mm/min tool traverse feed rate 
were found suitable for FSW of dissimilar magnesium 
alloys. 

Singh et. al. [9] studied investigation on the 
microstructure and mechanical properties of a dissimilar 
friction stir welded joint of magnesium alloys.  

Cakan et. al. [10] applied FSW method to dissimilar 
pure copper and the aluminum alloy AA7075-T6 plates. 
A maximum tensile strength of 224 MPa obtained at 660 

rpm tool rotation speed and, 32 mm/min traverse speed 
with same tool geometry. 

Singh et. al. [11] studied influence of post welding 
heat treatment on the microstructure and mechanical 
properties of friction stir welding joint of AZ31 Mg alloy. 
Tensile strength and elongation of FSW joint were 
145.4 ± 4.9 MPa and 9.5 ± 0.9%, in their study. Tensile 
strength and elongation of the joint were improved by 
4.74% and 15.78% after PWHT [11]. 

Wang et. al. [12] studied FSW and heat treatment of 
7050 Aluminum Alloy. With T74 heat treatment after 
welding, the tensile strength of weld increased by over 
12% [12]. 

Prasad et. al. [13] investigated mechanical properties 
of AA6061T6 and AA6351T6 plates joined by friction stir 
welding. They used vertical milling machine for FSW and 
5 mm thickness Al plates. FSW process applied with 
different pin geometries, tool rotational speed and 
traverse speeds. 167.95 MPa ultimate tensile strength 
and 92 RHN maximum microhardness value obtained 
[13]. 

Singh et. al. [14] investigated the influence of holding 
time on the characteristics of friction stir welded 
dissimilar magnesium alloy joints during PWHT (post 
welding heat treatment). They applied post weld heat 
treatment after FSW to magnesium alloys AZ31 and AZ91 
to improve characteristics and performance of welded 
joints. For microhardness performance, at 60 min PWHT 
holding time, researchers got smoother microhardness 
profile. PWHT joints had the highest impact energy of 4.2 
J for 30 min [14]. 

Su et. al. [15] applied double sided(DS) FSW 
(compared with single sided (SD)) to 6063-T6 aluminum 
alloy with thickness of 10mm . 92 MPa fatigue strength 
obtained at DS FSW, and 76 MPa fatigue strength 
obtained at SS FSW [15]. 

Singh et. al. [16] studied influence of PWHT on FSW 
joint of AZ61 Mg alloy. After PWHT, the microhardness in 
the stirring zone was reduced approximately 16% and 
the percentage elongation of the weld joint was increased 
by 18.5%. The microstructure of the welded zone 
improved [16]. 

Hunt et. al. [17] studied a generalized Method for In-
Process Defect Detection in Friction Stir Welding. In their 
study, it is mentioned that the welding speed is expected 
to be faster for FSW method, in the industry. The 
challenging part of the faster welding speed at FSW 
method, is to produce defect-free welded zone. In their 
study, when FSW applied to aluminum blanks at 1500 to 
3000 mm/min traverse speed, their methodology 
succeed to detect defects and lower the cost of NDE (non-
destructive evaluation) in the industry [17]. 

In this study, FSW application, advantages and 
disadvantages and usage areas of friction stir welding 
were examined. 

 
2. Principle of FSW 

 
In the FSW process, the temperature is generated by 

the friction between the rotating tool and the material 
surface, as shown in Figure 1. Materials softening along 
the welding line are mixed and combined with each other 
by giving the rotating tool a forward movement along the 
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material surface [19]. During this process, parameters 
such as the rotational speed of the rotating tool, the 
traverse speed, the geometry of the tool, the tilt angle of 
the tool, the force applied by the tool to the material and 
the fixation of the material affect the structure of the 
weld. In addition, the direction of rotation of the rotating 
tool (determines the advancing side and retreating side 
of the weld shown in Figure 1) is an effective parameter 
for the FSW process. Tool shoulder geometries used for 
friction stir welding shown in Figure 2. Examples of tools 
with different pin geometries are shown in Figure 3. 
 

 
Figure 1. Schematic representation of the Friction Stir 

Welding process [18] 
 

 
Figure 2. Tool shoulder geometries, viewed from 

underneath the shoulder (Copyright© 2001, TWI Ltd) 
(after Thomas et al. [20]) 

 

 
Figure 3. Examples of tools with different pin 

geometries [21] 
 

2.1. Parameters of friction stir welding 
 

The parameters that are effective in the FSW process 
are divided into three groups as indicated in Figure 4, 
these are: 

a) Tool geometry: Shoulder profile, pin profile, shoulder 
and pin diameter, shoulder and pin material. 
b) Welding parameters: traverse speed, rotational speed, 
tilt angle, etc. 
c) Other parameters: Workpiece properties, tool size, 
workpiece size, tool material [22] 
 

 
Figure 4. Parameters in the friction stir welding process 

[22] 
 

2.2. Tool geometry 
 

Tool geometry is one of the important factors to 
consider when joining using the FSW method. As seen in 
Figure 5, the tool with different geometries performs 
many functions such as generating heat, mixing, cutting 
the joint line, breaking the oxide layers, creating forging 
pressure and adding material to the joint. At the same 
time, the geometry of the tool must be able to meet the 
force and torque values that occur during the joining 
process and must be compatible with the plunge depth 
[23]. 

 

 
Figure 5. Tools used in the FSW method [24] 
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Whereas older tool designs consisted of straight, 
featureless shoulders and cylindrical or threaded pins, 
some of the earliest design innovations today were 
developed by Thomas et al. [20]. These innovations were 
the Flared-Triflute™ and Skew-Stir™ sets, indicated in 
Figure 5, designs aimed at increasing the degradation of 
the interfacial oxide layer and increasing the ITAB width 
especially in thrust welds [20, 23]. The Welding Institute 
(TWI) designed the Trivex™ tool shown in Figure 6, 
which can reduce process forces and are relatively easy 
to manufacture [23]. Studies on tool design and 
development focused on welded joining of many 
materials, especially in the welding of aluminum alloys, 
continues increasingly [23]. 
 

 
Figure 6. Trivex tool, designed by TWI [25] 

 
Zhao et al. [26] investigated the effects of pin 

geometry on material flow in AA2014 butt welding. 
Elangovan and Balasubramanian [27] investigated the 
effects of AA2219 butt welds of straight cylindrical, 
conical cylindrical, toothed cylindrical, square and 
triangular profile pins on microstructure, tensile 
strength and microhardness. Scialpi et al. [28] 
investigated the effect of shoulder geometry on 
microstructure, strength and microhardness in butt 
welds of AA6082 material. The shoulder part of the tool 
usually includes geometries consisting of a cavity and a 
corner. Liu et al. [29] investigated the effects of varying 
shoulder and pin sizes on the microstructure and 
mechanical properties of 6061-T651 butt welds. It was 
stated that cracks formed in the low hardness region of 
the weld, an increase in the tensile strength of the weld 
area was observed with the increase in the feed rate, and 
the changes in the tool dimensions did not affect the 
welding performance. 

Sorensen and Nielsen [30] designed a convex hollow 
shoulder assembly with spiral pins, which offers lower 
process forces and the ability to work with zero degree 
tilt angle. Longhurst [31] used a straight screw shoulder 
design shown in Figure 7. He stated that the shoulder 
design, which allows 0° axis angle, minimizes burr 
formation. He emphasized that the choice of pin 
geometry is also extremely important, along with the 
shoulder design, to strengthen the mix of the workpiece. 

Muthu and Jayabalan [32],  studied the effects of 
helical, flat conical and flat conical screw pin profiles on 

plates joined by FSW method. They reported that they 
obtained better mechanical properties with the use of flat 
conical pin profile in the study using AA1100 series 
aluminum and pure copper.  

Hassanifard et. al. [33] employed various Friction Stir 
Welding (FSW) tools to investigate mechanical 
properties of Al 6061-T6 joints.  Tensile properties of 
aluminum joint samples were improved as cone angle 
increased from 0° to 20° through different welding tools 
[33]. 

In the FSW process, the rotation speed, the traverse 
speed, the tool plunge force on the workpiece and the tilt 
angle between the tool and the workpiece constitute the 
welding parameters. With the rotation of the tool, the 
mixed material moves from the front to the back of the 
pin. It is extremely important for the welded joint to 
rotate the tool at the appropriate speed, to advance the 
rotating tool along the welding line at the appropriate 
speed, to contact the shoulder of the rotating tool to the 
welded parts to generate heat. 
 

 
Figure 7. Tool with hollow spherical shoulder and 

cylindrical threaded pin [23] 
 

The tool, which rotates faster than expected, 
generates more heat than necessary in the weld area, 
causing turbulent flow in the weld seam area. This 
creates micro-scale voids in the mixing zone, resulting in 
a decrease in strength. The low rotational speed causes 
not enough heat to be produced to ensure the bond, 
which produces a weak bond and low strength value [34–
36]. Suresha et al. [37] stated that tool rotation speed is 
the most effective parameter on the mechanical 
properties of the weld when joining AA7075 aluminum 
alloy plates using the FSW method [22]. 
 
3. Advantages and disadvantages of friction stir 

welding 
 
Advantages of friction stir welding: 
 

➢ Good material mixing and seamless bonding 
around the interfaces [38]. 

➢ A non-consumable tool is used in the joining 
process performed with the FSW method [20]. 

➢ FSW can be applied as fully automatic welding 
process [39]. 

➢ Shielding gas and filler wire are not using at FSW 
method [40]. 

➢ Welding of alloys such as light and durable 
Aluminum 7075-T6 series, which are known as 
non-weldable, can be welded with FSW [41]. 

➢ Dissimilar materials can be welded [42]. 

https://www.sciencedirect.com/topics/materials-science/tensile-property


Turkish Journal of Engineering – 2023, 7(4), 286-295 

 

  290  

 

➢ Performing the welding process at low 
temperature prevents welding defects such as 
porosity, wormholes and crack formation [43]. 

➢ FSW is a solid-state welding process [44]. 
➢ FSW is environmentally friendly [45]. 
➢ Lightweight materials such as titanium, 

magnesium and composite materials can be 
welded [46–48]. 

➢ FSW can be applied as a portable joining process 
[49]. 

 

The disadvantages of FSW are: 
 

➢ High cost robotic systems are needed in complex 
geometry joints [39]. 

➢ Initial investment cost is higher than some of 
conventional methods [50]. 

➢ Additional apparatus is required for fixing 
process [51]. 

➢ Since the joining of materials with the FSW 
method is a solid state welding process, 
abrasions may occur on the rotating tool and pin 
during the joining of the material [52]. 
 

According to Table 1, for Al 6082 T6 alloy, mechanical 
properties of MIG, TIG and FS welded materials shows 
close values. For pure copper plates, FS welded materials 
shows better mechanical properties then TIG welding 
and mechanical properties closer to BM values. 
 
 

Table 1. Comparison of material properties of FS welded, TIG and MIG Welded Materials (BM: Base Material, TS: 
Tensile Strength, UTS: Ultimate Tensile Strength) 

Material Yield Strength (MPa) UTS/ TS (MPa) Elongation (%) References 
Al 6082 T6 (BM) 291 317 (TS) 11.3 [53] 
Al 6082 T6 MIG-pulse 147 221 (TS) 5.2 [53] 
Al 6082 T6 TIG 145 219 (TS) 5.4 [53] 
Al 6082 T6 FSW (low traverse speed) 150 245 (TS) 5.7 [53] 
Pure Copper (BM) 68 212 (UTS) 28.1 [54] 
Pure Copper TIG 53 168 (UTS) 12.3 [54] 
Pure Copper FSW 70 194 (UTS) 22.8 [54] 

 
4. Friction stir welding applications 
 
4.1. Defense industry 
 

The FSW method is used in the defense industry, in 
the manufacture of armored boxes, turrets and structural 
parts. FSW method is used for joining materials like Al 
7075-T651 rolled sheet metal for structural applications 
in defensive areas like military [55].  
 
Defense industry applications using the FSW method: 
 

➢ FSW method can be used in light military tanks 
manufactured using high strength aluminum 
alloys. 

➢ Military bridges and amphibious personnel 
carriers. 

➢ Titanium light field howitzers [56]. 
 

There is wide interest in the defense industry in using 
aluminum alloys for survivability related applications. 
Aluminum alloys have a low density compared to existing 
solutions and Al alloys are relatively cost-effective 
compared to other light armor materials such as 
titanium. FSW method is preferred for welding defense 
industry lightweight materials, as it has nearly similar 
properties to the base material and provides higher 
strength. tank body prototype manufactured by the FSW 
method are shown in Figure 9. 
 
4.2. Aerospace industry 
 

In 1995, NASA had to use light and durable 
aluminum-lithium alloy material in the external fuel tank 
of the spacecraft. However, since these materials are 
difficult to weld, the fuel tanks are combined with the 

FSW method [58]. The NASA SLS launch rocket produced 
by the FSW method is shown in Figure 10. 
 

 
Figure 9. A prototype of a tank body manufactured with 

the FSW method [57] 
 

 
Figure 10. NASA SLS launch rocket produced by the 

FSW method [61] 
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Aluminum alloys are frequently used in the aero 
plane industry as well as in the aerospace industry. 

Parts of the fuselage structure of the Eclipse 500 
private plane welded by the FSW method is shown in 
Figure 11 [59]. In the outer panel design of aircraft 
fuselages, beams riveted to the outer panel surface are 
used. This leads to sealing problems. FSW technology is 
applied to the outer panel designs of airframes, 
increasing the production speed and optimizing the 
stress, fatigue and corrosion values of the structure [60]. 
 

 
Figure 11. Demonstration of joined parts of the fuselage 

structure of Eclipse 500 private plane using FSW 
method [62] 

 
4.3. Marine industry 
 

Aluminum panels formed by aluminum extrusion are 
used in the shipbuilding industry in the shipbuilding 
industry, honeycomb panels, decks, helipads and some 
ship partitions are manufactured with FSW technology. 
With FSW method, modular manufacturing of ships is 
possible, the assembly process is accelerated, weight 
savings are achieved and maintenance needs are reduced 
[63]. FBFSW (Floating Bobbin Friction Stir Welding ) 
technology developed for shipbuilding can be combined 
with a portable apparatus developed for FSW process 
[64]. Portable friction stir welding devices for marine 
applications are shown in Figure 12 and Figure 13. 
Portable friction stir welding (PFSW) devices can be used 
for repairing ships and manufacturing parts in field. 
 

 
Figure 12. Portable friction stir welding device named 

Mobi-weld system [64] 

 
Figure 13. Portable Friction Stir Welding Device design 

[65] 
 

4.4. Automotive industry 
 

FSW and FSSW (Friction Stir Spot Welding) 
technology are used by manufacturers and suppliers in 
the automotive industry. Lightweight structures is using 
in Automobile components for fuel economy and meeting 
reduction in emissions regulation [66]. Automobile 
components joined with FSW are shown in Figure 14. 
Nowadays, aluminum is used in the cooling components 
of electric vehicles due to its being light weight and its 
thermal performance, and with the FSW method, which 
is the most ideal joining method for aluminum parts, is 
used in these parts. 

 

 
Figure 14. Friction stir spot welded dissimilar 

aluminum and steel sub-frame Honda Accord 2003 [67] 
 
4.5. Railway industry 
 

In railway industry lightweight materials can be 
joined with FSW method. FSW robot system for high-
speed trains is shown in Figure 15. 
 

5. Conclusion  
 

In recent years, space travel has been on the agenda, 
high-speed trains have become widespread, electric 
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vehicles have begun to replace internal combustion 
engines, and developments in the field of maritime have 
increased the demand for light, high-strength and fast-
manufacturable parts. The main materials for these fields 
are Aluminum 2xxx, 5xxx, 6xxx and 7xxx series materials, 
which are difficult or impossible to combine with 
conventional methods. The FSW method was a method 
for joining aluminum materials, but can now be used for 
steel, titanium and titanium alloys that need to be joined 
at higher temperatures. 
 

 
Figure 15. FSW robot system for high speed trains [68] 
 

Friction Stir Welding method has a cost advantage 
besides its features such as preventing welding defects 
and enabling the possibility of welding, eliminating the 
need for filler material and being able to be applied 
faster. With increasing production amount, the FSW 
method is less costly than a conventional welding 
method such as MIG [69].  

One of the advantages of friction stir welding over 
laser welding, which can be considered as an alternative, 
is that its parameters (rotational speed, welding traverse 
speed, tilt angle, axial force, probe and shoulder profile 
[70] are easy to apply, the laser source needs cooling and 
it is difficult to provide a stable energy flow. FSW 
technology is becoming widespread with the spread of 
robotic systems (for welding complex geometries), 
decreasing in initial investment costs, the widespread 
use of portable systems in repair and manufacturing, 
minimizing welding defects and the increasing need for 
lightly different materials. Additionally, FSW method is 
the most suitable method for combining the cooling 

systems and battery systems of electric vehicles and 
hybrid cars. Welding dissimilar materials, plastics, 
ceramics, composite materials as well as steel with the 
FSW method is possible with the studies carried out 
today. The FSW method stands out as a strategic 
technology that is becoming widespread nowadays. 
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