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ABSTRACT

Engineering materials require the joining of various members to form usable structures. Among the
commonly used joining methods are riveting and fusion welding. Riveting has a challenge of low joint tensile
strength while some important materials cannot be welded by the fusion method. To solve the fusion welding
challenge, the welding institute invented a solid-state metal joining technique called friction stir welding for
joining aluminium alloys. Friction stir welding has however gained remarkable attention for application to
metals hard to weld by fusion. This review paper analyses applications of friction stir welding on hard-to-weld
metals by fusion. The selected metals include steels, magnesium, copper, titanium and aluminium alloys.
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INTRODUCTION

Engineering materials require the joining of various
members to form usable structures. Three general
methods of joining exist namely; Mechanical by
interlocking of components, direct by solid state bonding
or fusion, and indirect by use of intermediate material like
adhesives, cement or braze [1]. Materials such as
aluminium alloys, magnesium alloys, copper alloys and
titanium alloys have had joining challenges using the
fusion method [2][3]. Fusion welding methods include;
oxyacetylene gas welding, shielded metal arc welding, gas
tungsten arc welding, submerged arc welding, laser beam
welding, hybrid welding and electron beam welding
[4][5][6]. The commonly used tungsten inert gas (TIG)
welding to join materials like aluminium alloys in the past
caused coarse dendritic structures, micro-cracks, porosity
and loss of strength and hardness [7][8][9]. Similar
problems may be encountered in other fusion joining
techniques such as gas metal arc (MIG) welding and laser
beam welding even in arc-based additive manufacturing of
aluminium alloys [10][11].

Friction stir welding (FSW), is a solid-state metal joining
process invented by Wayne Thomas and E. Thomas at

The Welding Institute (TWI) in 1991 for welding aluminium
and its alloys has yielded promising results. It is an
alternative method with better results compared to fusion
welding on a wide range of metals as well as in joining
dissimilar metals [12][13][14][15][16][17][18][19][20]. An
FSW tool moves in a cyclic manner approaching the joint
of workpieces firmly mounted on back plates, plastics
moving along the interface causing a solid-state joint
between them [21][22].

Advantages of FSW over fusion welding include;
maintenance of original metallurgical characteristics of the
base metal, no required filler material, no welding gas
emission, edge preparation not needed, minimum
distortion and consumes less power
[23][24][25][26][27][28]. Research on ways of improving
the FSW joint integrity is ongoing which includes
Ultrasonic pre-heating that has yielded a reduction in
welding load, reduced tool wear and enhanced material
flow on the joint [29][30][31].

However, friction stir welded joint integrity depends on a
number of factors including; process parameters, welding
tools and joint preparation [32][33][34][35]. This present



work evaluates current achievements in FSW of hard-to-
weld metals namely some steels, magnesium, copper,
titanium and aluminium alloys for purposes of enhancing
its results.

LITERATURE REVIEW
Friction stir welding process

Friction stir welding is conducted at temperatures below
the melting temperature of the base metals being joined.
Major constraints in FSW are; rotational speed, traverse
speed, tilt angle, tool offset and downward force [5][36].
FSW is commonly employed in butt and lap joints where a

Downward force
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non-consumable rotating tool plunges into two rigidly
clamped plates on backing plates [37]. The advancing side
is one where a rotating tool moves in the same direction
as the traversing speed while the retreating side tool
rotation opposes the traversing direction. The advancing
side is normally on the right-hand side of the micrograph
since machine tools rotate clockwise by default [38][21]. A
typical micrograph of the FSW region shows distinct
regions of the nugget zone (stirred zone), thermo
mechanically affected zone (TMAZ) and heat affected
zones (HAZ) [39]. The basic setup and process of friction
stir welding are illustrated in Figure 1.

Friction stir welding tools are of various materials and
designs. A typical cylindrical, threaded tool made of steel
is illustrated in Figure 2.

Welding
direction

Tool Rotation

Friction stir
welded region

Retreating

Advancing side

Figure 1. Sample of friction stir welding setup and process.

shoulder

Figure 2. Basic friction stir welding

tool parts.



Friction stir welding of steels

Friction stir welding of steel is possible and thus numerous
studies have recently been conducted on friction stir
weldability of steels [40][41][42][43][44]. However, it has
several limitations such as; the requirement of a very
durable tool, high temperatures (500 to 1000°C) to
plasticize the metals, high hardness of steels, very high
tool damage rate and high flow stress which causes severe
tool degradation. Tools used for FSW of steels must be
able to withstand all kinds of wear, have high strength and
hardness and have high fracture toughness.
Recommended tool materials are; commercial pure
tungsten (Cp-W) and polycrystalline cubic boron nitride
(PCBN). With pre-heating or in-situ heating applied to
material joints before FSW, ordinary tools like high-speed
steels and carbide tools can be used. Laser heating is
used for magnetic and non-magnetic materials whereas
induction is used for ferromagnetic steels. Ultrasonic
vibration is also used in heating joints prior to FSW
operation [45]. Advanced high-strength steels (AHSS)
have become modern industrial favorites in weight
reduction and high crash-worthiness in vehicles. However,
further weight reduction of up to 30% is possible with the
use of inter-metallic, where aluminium alloys are the most
preferred combination materials [46].

Steel grades sensitive to thermal cycles offer better joint
results with FSW compared to fusion [47]. The most
frequently used steels are carbon steels with small
amounts of manganese (1.65% max), silicon (0.60% max),
and copper (0.60% max). An increase in carbon content in
steel makes it harder and stronger through heat treatment
with a corresponding decrease in ductility [48]. Phase
transformations increase with an increase in carbon
content hence the higher the carbon content in steel the
lower the fusion weldability. Fusion welding is only
acceptable in low-carbon steels (0.30%) and medium-
carbon steels (0.30 to 0.60%). This makes FSWed joint
properties majorly rely on the welding speed and rotational
speeds[48]. Kanwal Jit et al established that high-carbon
steel (EN-31) and low-carbon steels (SAE-1020) are
extensively used in automotive and manufacturing
industries. The large variation in the percentage of carbon
makes it difficult to weld them traditionally. Using grey
relational analysis, the researcher determined optimum
FSW parameters as 40 kg/cm?, forging pressure of 100
kg/cm? and spindle speed of 1120 rpm [49]

FSW experimental research conducted on 6.35 mm hot
rolled AISI 1018 steel plates parallel to the rolling direction
at 0.43 to 1.68 mm/s welding speed and 450 to 650 rpm
rotational speed attained a peak temperature of 1000°C.
This resulted in a higher tensile strength of 476 MPa
compared to the base metal of 463 MPa [50]. Hedetoshi et
al investigated the impact of FSW parameters on
mechanical and microstructural properties of joints of
different carbon steels namely; IF Steel, S12C and S35C.
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It was found that apart from IF steel, the strength of S12C
steel increased with an increase in welding speed
(decrease in heat input) while the strength of S35C steel
gave peak strength at 200 mm/min [51][52][53].

Bhatia et al. conducted FSW on AISI 1018 using a
tungsten carbide tool at a spindle speed of 450 rpm,
welding speed of 60 mm/min and a tool shoulder diameter
of 20 mm. The resulting joint was defect-free and attained
414.1 MPa which is 99.5% joint efficiency [54]. Ling Cui et
al. successfully conducted FSW on high carbon steel
material, S70C (0.72 wt.%C) below A1 point as an optimal
condition without any transformation. It was noted that
both the material composition and temperature cycle affect
the mechanical and microstructural properties of the joint.
FSW welding parameters are easily controlled without pre-
heating or post-heating [55].

Friction stir welding of magnesium alloys

Magnesium is less dense compared to aluminium. It is the
6" most abundant on the earth's surface and 3 most
plentiful in seawater. It has a low tendency to absorb
neutrons, and sufficient resistance to carbon dioxide.
Lightweight, outstanding specific strength, sound damping
capabilities, hot formability, good cast ability and
recyclability but limited strength. Major areas of
engineering applications include nuclear power plants,
marine, railway, aerospace, shipbuilding and land
transportation [56][57].

In the automotive industry, magnesium alloys have
gained popularity due to their attractive properties such as;
high die-casting rates, electromagnetic interference
shielding properties, parts consolidation, dimensional
accuracy, excellent machinability, stiffness to weight ratio,
low density of 1.738 g/cm?, and good thermal conductivity
[58]. Unnikrishnan et al obtained the maximum tensile
strength of AZ61A (in wt.% Al 5.96, Zn 1.28, Mn 0.17, Bal.
Al) using FSW welding parameters of 1194 rpm, 92.19
mm/min, and 5.05 KN axial load [59].

Gontarz reported that out of 1,832 parts, 1,200 of them
were made from magnesium alloys in a passenger aircraft
Boeing 727 between 1962 and 1984. These include doors
and brackets made of AZ61A-grade magnesium alloy [60].
Magnesium alloys are not easily weldable by fusion due to
high solidification shrinkage, low surface tension, low
viscosity and solubility in liquid hydrogen. Friction stir
welding is a suitable alternative for welding magnesium
alloys [61]. Kulkarni et al. reported a reduction of engine
weight by 7% after replacing the aluminium alloy engine
cylinder block, front cover and oil pan with magnesium
alloys. It was further reported that the replacement of AA
6061-t651 with Magnesium alloy EN-MB10020 resulted in
improved fuel economy by 10% [62].

Strength, formability and heat resistance in magnesium
are improved using alloying elements such as; aluminium,



zinc, zirconium, cerium, yttrium, silver, and thorium [63].
Some of the best-known magnesium alloys are tabulated
in Table 1.

Further uses of Magnesium alloys include; steering
columns, engine and transmission cases/covers, and seat

Table 1. Prominent magnesium alloys [63].

Afr J Eng Res 4

frames in automobiles. In aircraft structures, it is used to
make gearbox housing due to its excellent damping
characteristics. Electronically, used for making mobile
telephones and computers, due to its lightweight,
conductive and heat radiators [63].

Mg alloy Alloying elements Prominent properties

AZ91 9%Al- 0.7%Zn- 0.13%Mg General-purpose alloy with room temperature strength and castability
AZ31 3%Al- 1%Zn- 0.2%Mn Good formability and weldability

AM60 6%AI-0.15%Mn Good in toughness and ductility

ZK60 (5-6)%Zn- (0.3-0.9)%Zr Good strength at room temperature and high hot workability

ZE41 4.2%Zn- 0.7%Zr- 1.2% rare earth elements  Good creep strength and heat-resistant

AS41 4.2%Al — 1%Si Good creep strength up to 150°C

Friction stir welding of copper and copper alloys

Copper and its alloys are used in a variety of engineering
applications including; magnetic resonators, heat
exchangers, air conditioners, metallurgical oven coolers,
bus bars for electrolysis and superconductors. Numerous
studies have also been conducted on friction stir welding
of copper alloys [64][65]. For example, Kati Savolainen et
al conducted FSW on one Cu -OF, three Cu-DHP, and two
CuAI5ZnSn where satisfactory results were obtained. No
specimen failed at the weld joint in a tensile transverse test

Table 2. Copper and its alloys [68].

[66]. Copper grains have an elongated shape of
approximately 30 microns. Research has generally
established that the FSW quality is mostly determined by
welding parameters of axial force, rotational speed and
welding speed all of which depend on thermo physical
properties and plate thickness. 86% of the energy
generated comes from the tool shoulder, 3% from the tip
while the rest is generated by the pin [67]. Copper alloys
are identified by use of a unified numbering system
comprising of a C plus five numbers. The main categories
of copper alloys are tabulated in Table 2.

Cu alloy designation

Elements and description

C100xx — C150xx
C151xx-C199xx
C2XxxX

C3xxxX

CAxxxx

C5XxxxX

CHXXXX

C7XXXX

Commercially pure copper

Age hardened Cu (W/Cd, Cr, Fe)

Cu-Zn alloys (brasses)

Cu-Zn-Pb alloys (leaded brasses)

Cu-Zn-Sn alloys (Tin brasses)

Cu-Sn and Cu-Sn-Pb (phosphor bronze alloys)

Cu-Al and Cu-Si bronzes

Cu-Ni copper nickel and Cu-Ni-Sn copper nickel silver

Kaushal et al. notes that copper chromium zirconium
(CuCrzn) is a unique and excellent alloy with high thermal
and electrical conductivity, good corrosion resistance,
moderate strength and excellent resistance to softening at
elevated temperatures. Applications of this alloy include
nuclear reactor components such as; heat sink material for
fusion reactors, first wall and diverter components. The
challenge of this Cu-0.8Cr-0.1Zr alloy is welding using the
conventional fusion method [69]. Shankar et al. conducted
FSW of pure copper alloy to AA 1050 at 1400 rpm, 63
mm/min as the optimum parameters obtained through the

weld pitch ratio method. The joint achieved 91% of
aluminium base material strength. This combination is
commonly used for bus bars yet not so much research
conducted on it so far [70].

Friction stir welding of titanium alloys
Titanium is the fourth most abundant metallic element in

Earth’s crust. Its alloys have a wide range of applications
that include the automotive industry, machine tools, pulp



and paper industry, food processing, superconductors,
jewelry industry, optics, sports equipment, musical
equipment, personal security and safety, transportation,
cutting implements, shape memory alloys, airframes,
engines, satellite rockets, chemical processing, power
generation plants, shipbuilding, deep drilling and
biomedical engineering equipment among others [71]. It
has good mechanical properties at a wide range of
temperatures, low density, excellent corrosion resistance,
low thermal conductivity, non- magnetism and good
workability. Pure titanium (Gr 1, 2, 3 and 4) and alloy Ti-
6Al-4V are the most applicable titanium materials in
medicine [72].

Table 3. Titanium alloys and their applications [72].
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Titanium has a high melting point. This necessitates the
use of tools made of materials of high melting points and
abrasion resistance such as; nickel alloys, tungsten-based
alloys, polycrystalline cubic boron nitride and
polycrystalline diamond for FSW. Lauro investigated three
plate lap joint FSW of Ti-6Al-4V, 2.5 mm titanium alloy
using a tool made of Tungsten 25 Rhenium alloy.
Superplasticity properties were attained at a slightly above
920°C but there was a lot of material sticking to the tool
hindering continuous welding. The material is highly used
in aeronautics and aerospace [73][74]. Main titanium
alloys and their applications are tabulated in Table 3.

Titanium alloy

Application in aircraft and automotive industry

Ti-3Al-2.5V(Gr-9)
Ti-5Al-2.5Sn(Gr-6)
Ti-8Al-1Mo-1V

Ti'6A|'23ﬁ'4Zr'2MO(+Si) pressure compressors

Production of cell structures and high pressure lines
Used in turbo pumps, high pressure space shuttles
Used for blades of military engines

Parts of gas turbine engines including discs and rotors at temperatures up to 540°C in high

Static and rotating components of gas turbine engines, fuselage, nacelles, landing gear, wing

Ti-6Al-4V(Gr-4)
fuselage in vehicles.

Ti-6Al-2Sn-2Zr-2Mo-2Cr +Si

Ti-6Al-2Sn-4Zr-6Mo F100 and F-1109.

Ti-5Al-2Sn-2Zr-4Mo-4Cr
Ti-13V-11Cr-3Al
Ti-10V-2Fe-3Al
Ti-6Al-2Sn-4Zr-2Mo-0.1Si(Gr-2)

and tail surfaces. Also suspension springs, bumper, exhaust valves, connecting rods, body and

Used for F22 program for Lockheed/Boeing

Used at temperatures up to 315°C for military engines with yield strength of 1035 MPa especially

Fans and compressor discs at below 400°C

Aircraft SR-71 wings, body, frames, partitions and ribs

Whole main landing gear leading to weight saving of 270 kg per aircraft in Boeing 77.
Exhaust valves and system

Chumaevskii et al attained a tensile strength of 90%of
base metal on FSW Ti-6Al-4V, 2.5mm butt joint using
nickel-based heat resistant 2hs6u alloy. Downward load of
4500 kg and spindle speed ranging from 340 to 380 rpm
[75]. Titanium alloys are classified into a-alloys commonly
used in chemical and medicine industries, (a+@) — alloys
with the tensile strength of 700 to 1000 MPa commonly
used in aerospace and B-alloy also used in aviation. Alihan
et al conducted FSW on Ti-4Al-3Mo-1V using nickel-based
heat-resistant alloy, ZhS6U and obtained a joint tensile
strength equal to base metal [76]

Gangwar et al. produced a defect-free FSW joint, 5 mm
thick between T1-6242SG and Ti-54M at 225 and 325 rpm
and 100 to 150 mm/min. The research concluded also that
the migration of materials from the retreating side to the

advancing side is primarily dependent on traverse speed
[77].

Friction stir welding of aluminium and its alloys

Aluminium is the most abundant metallic element in the
earth’s crust [78]. Attractive properties like high strength, a
lower density of 2.7 g/cm® compared to steel 7.83 g/cm?®
and recyclable ability make aluminium alloys be referred to
as green metal and more attractive compared to steels
[79][80]. Alloys of aluminium are classified into cast and
wrought categories. They are further classified as heat-
treatable and non-heat-treatable alloys. Non-heat
treatable AA (3xxx, 4xxx and 5xxx) have magnesium and



manganese as principal alloying elements. These alloys
are work-hardened and weldable by fusion though
softened at the joint due to loss of work hardening [81].
The heat-treatable aluminium alloys include; 2xxx
(principal alloying element Cu), 6xxx (principal alloying
element Mg and Si) and 7xxx (principal alloying element
Zn). In aluminium alloys, the heat-treatable wrought 2xxx
and 7xxx series are the strongest and unweldable by
fusion due to the low melting points of principal alloying
elements [38][82][83][84][85].

The use of dissimilar aluminium alloys has also attracted
a wide range of applications in industries including;
aerospace, power generation, defense, transportation and
shipbuilding [7][86][85]. Most of the FSW studies reported
in the open literature are on the FSW of Al-alloys

Table 4. Aluminium and its alloys [79].
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[87][88][89][90]. For example, Salamat et al. performed
FSW on both similar (AA5083-AA5083) and dissimilar
(AA5083-AA6061), 5 mm thick butt joints at 1000 rpm and
100 mm/min using a simple threaded pin tool. Tensile
strength achieved for similar (AA5083-AA5083) was 77%
of base metal while (AA5083-AA6061) achieved 93 and
34% of base metal respectively. Whereas both have good
ductility and outstanding corrosion resistance, AA5083
and AA6061 have an ultimate tensile strength of 328 and
116 MPa, respectively. The research recommended the
use of different types of tools for the same welding
parameters for future researchers [91]. Table 4 gives the
main categories of aluminium and its alloys, main
alloying elements, prominent properties and
applications [79][92].

AALO series Alloying elements

Prominent properties

Application

Ixxx Super purity and commercial purity aluminium.

2XxX Al-Cu and Al-Cu-Mg

3xxxX Al-Mn and Al-Mn-Mg

AXXX Al-Si

5xxx Al-Mg alloys

BXXX Al-Mg-Si

7XXX Al-Zn-Mg and Al-Zn-Mg-Cu

8XXX Miscellaneous

Non-Heat treatable

Heat treatable

Non-Heat treatable

Non-Heat treatable

Heat treatable

Heat treatable

« Electrical conductors

¢ Chemical process equipment
« Foils

« Decorative finishes

¢ Capacitors

« Welding wires
* Fuel tanks
« Aircraft body

* Foils
¢ Aluminium sheets

Non-Heat treatable

* Filler material
« Welding and brazing wire
« Forged engine pistons

 Transportation structural plates

« Large tanks for petrol, milk, grain
* Pressure vessels

« Architectural components

« Transportation structural plates

« Large tanks for petrol, milk, grain
* Pressure vessels

« Architectural components

« Light weight military bridge
« Aircraft construction

« Nuclear energy installation
« Bottle caps

« Soft bearings

« Aerospace applications




Mamgain et al. investigated the impact of rotational speed
in AA6063, 3 mm butt FSWed joint mechanical and
microstructural properties. Tensile strength of 191 and 131
MPa were achieved at 1000rpm and 1400rpm
respectively. The higher results were achieved due to the
refinement of grains and recrystallization in the stirred
zone [93]. Research to determine the influence of
rotational speed and welding speed on dissimilar
aluminium alloys (AA6063-AA8011), 6mm FSW bultt joint
was conducted by Kailainathan et al. It employed the use
of high carbon high chromium oil hardened steel as a tool.
Maximum tensile strength obtained of 134 MPa at 1200
rom and 60 mm/min [94]. Ananthapadmanaban et al
conducted FSW on dissimilar aluminium alloy (AA5052-
AA6082), 4mm to find out the impact of tool profile and
welding speed on joint hardness. A threaded, cylindrical
end chamfered tool produced maximum hardness at a
rotational speed of 727 rpm and a welding speed of 0.0875
mm/sec [95].

Kumar et al. analyzed the impact of tool profile, rotational
speed and the welding speed on the strength properties of
the AA7075 FSWed joint. Extensive research was
reported on FSW between AA2024 and AA7075 [96].
Threadgill et al in a review established that FSW joint static
mechanical properties are determined by heat input and
generally equal or exceed the performance of MIG welds.
It is also noted that the FSW of aluminium alloys occurs
below 500°C and recommends investigation of the
occurrence and significance of flaws in friction stir welding
[38]. Muruganandan et al investigated the impact of
rotational speed on the tensile strength and ductility of AA
7075. The rotational speed of 600 to 1200 rpm produced
defect-free FSW joints. Specimens tested also passed
both root and face tests allowing for very high bend angles
without cracks [97].

Dhancholia et al. conducted FSW on a 5 mm thick
AA6061 and AA7039 at 800 to 1000 rpm and 30 to 50
mm/min to establish optimum welding parameters using
response surface methodology. The results established a
joint confidence level of 95% in ultimate tensile strength,
yield strength, hardness value and impact strength. It was
noted that better weld efficiency is obtained when a high-
strength material is placed on the retrieving side [98].
Prashnanth et al. established superior tensile strength
using a square tool profile at 500 rpm tool rotational speed,
25 mm/min welding speed and 5 MPa force after FSW on
AA6061 and AA5083, 5mm thick plates. AA6061 is used
for heavy-duty structures like truck frames, shipbuilding,
rail coaches and helicopter rotor skins. AA5083, the
strongest in non-heat-treatable alloys used in shipbuilding
and rail cars with exceptional performance in extreme
environments like seawater and industrial chemical
environments [99].

Singh et al. studied the impact of Zn interlayer and tool
rotational speed on microstructure and mechanical
properties of heat-treated AA6082, 6 mm thick plates. It
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was found that zinc interlayer particles do not form any
intermetallic compound with aluminium alloy and no
significant improvement in tensile strength of the joints with
an interlayer using a cylindrical threaded tool [100]. Patel
et al., using a response surface methodology, established
that an increase in pin length increases tensile strength
using response surface methodology. However, large
shoulder-diameter tool at high welding speeds leads to a
decrease in the tensile strength of FSWed joints. The
research notes that the mechanical properties of welded
materials are measured in terms of tensile strength[101]
Starink et al established that strength and strength
variations of AA2024 are principally determined by
precipitation hardening in  heat-treatable alloys.
Suppressing the precipitation phase can be achieved
through modification of alloy chemistry and accelerated
weld cooling leading to an increase in FSW joint strength
[102].

Research to investigate the impact of the position of
aluminium alloy on either the advancing or retreating side
on metallurgical and mechanical properties of dissimilar
alloys concluded that maximum strength is achieved when
the higher-strength alloy is placed on the advancing side.
This was attributed to the presence of key alloying
elements of higher strength material at the nugget zone of
higher weight percentage [103][104]. Mehri et al.
conducted FSW perpendicular to the plate rolling direction
while investigating the impact on the microstructure of
AA7075-T6. A one-and-one relationship between
substructure density, grain size and tensile properties with
rotational speed was noted [105]. Sun et al. also performed
FSW on AA2219-T6, 6mm thick while investigating joint
fatigue. The FSW was conducted perpendicular to the
plate rolling direction[106]. Chao He et al investigated
fatigue crack initiation on the stir zone of AA7075
FSW joint. FSW was performed perpendicular to the
plate rolling direction [107]. Zhang et al conducted
high-speed FSW on AA7075-T6, 2 mm thick butt joints
while investigating the microstructural and mechanical
properties of the joint. The welding was conducted
parallel to the plate rolling direction. Stronger heat-
affected zones and harder nugget zones were obtained
at higher welding speeds [108].

Future research needs

Research on the applicability of friction stir welding is far
from over. There are intricacies which are involved in the
process of achieving maximum joint tensile strength to be
as close to the base metal as possible. It is recommended
that a relationship between the welding parameters,
material, tool profile and weld temperature control be
investigated in detail to ease the application of FSW on all
metals.



CONCLUSION

Remarkable research has been conducted on friction stir
welding on aluminium alloys and other unweldable
materials by the fusion method. However, no specific
conclusion has been reached on the optimum conditions
required for a quality weld across the materials. A
challenge has been noted due to varying base metal
characteristics ~ which  require  uniqgue parameter
combinations to over particular outcomes in the weld.
Friction stir welding of steels and titanium alloys has not
reached commercial application levels due to the
numerous challenges experienced in the process.
However, magnesium alloys, copper alloys and aluminium
alloys have reached a commercial level in the application
of friction stir welding even as more research is needed to
relate welding parameters to material composition,
thickness, orientation and preparation in terms of FSW
joint microstructural and mechanical properties.
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