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Abstract: The respiratory effects often seen in full time welders include bronchitis, airway irritation, lung
function changes, lung fibrosis, and a possible increase in the incidence of lung cancer. Traditionally, control of
fumes and gases has been by enclosure and local exhaust ventilation, respiratory protective equipment may also
be necessary in certain circumstances, in particular in confined spaces. In this context, an environmentally
cleaner process has been invented at The Welding Institute (TWI), UK, which is popularly known as Friction
Stir Welding (FSW) process. This comparatively recent innovation has permitted friction technology to be used
to produce continuous welded seams for plate fabrication. Compared to many of the fusion welding processes
that are routinely used for joining structural aloys, FSW is an emerging solid state joining process in which the
material that is being welded does not melt and recast. FSW is an environmentally cleaner process, due to the
absence of a need for the various gases that normally accompany fusion welding. FSW process produces no
smoke, fumes, arc glare and it is an eco-friendly welding process. This paper contributes on the various
applications of FSW and related research findings in the field of materials joining.

Key Words. Friction Stir Welding, Aluminium, Magnesium, Stainless Steel, Tensile
Properties, Microstructure

1.0INTRODUCTION

More than 100,00,000 workers worldwide are currently employed full time as welders,
while higher number of workers perform welding intermittently as part of their job. A
number of epidemiologic studies have reported a higher incidence of respiratory illness in
welders. Respiratory effects observed in full-time welders (Refer Table 1) have included
bronchitis, airway irritation, metal fume fever, chemical pneumonitis, lung infection changes,
a possible increase in the incidence of lung cancer, and small opacities on chest radiographs
of asymptomatic welders. It is important to reduce welding fume toxicity and exposure
whenever possible.

Traditionally, control of fumes and gases has been done by enclosure and local exhaust
ventilation, respiratory protective equipment may also be necessary in certain circumstances,
in particular in confined spaces. In accordance with good occupational hygiene practice,
increasing attention has been paid to the investigation and development of consumables with
minimum fume emissions and for the selection of process parameters, which minimizes
emissions. Control at source by process modification has particular advantages in developing
countries, where there are limitations on the health and safety infrastructure and on the
availability of appropriate control technology compared to those in devel oped economies. For
example, newly commercialized pulsed current power supplies alter the fume formed during
welding. Pulse welding reduces the quantity of the welding fume and size of the particles
generated when compared with conventional spray welding. In turn, the potential of the fume
to affect the respiratory health of workers may be altered. Similarly, an environmentally
cleaner process has been invented at The Welding Institute (TWI), UK, which is popularly
known as Friction Stir Welding (FSW) process.



Table 1 Common Health Disorders dueto Welding Emissions

Acute inflammation of the Lungs, Severe disorder of

Manganese nervous sysem, Parkinson disease

Chromium Acute and chronic intoxication, dermatitis and Asthma

Chromium (V1) Occupationally carcinogen

Nickel Potentially Carcinogenic and irritating respiratory track
Cadmium Lung irritation, Pulmonary edema
[ron Oxide Irritation of nasal passages, throat and lungs
Al uminium Severe Pneumoconious
Oxide
Fluorides [rritation to eyes, nose and throat, Pulmonary edema and
bone damage
Reacts with moisture in Lungs to produce HCI and
Phosgene Gas :
destroys lung tissue
Causeirritation to all mucous membranes; Headache, chest
Ozone .
pain, pulmonary edema.
co Pounding of the heart, a dull headache, flashes before eyes,
dizziness, ringing in the ears and nausea.
NOX [rritation to eyes, nose and throat; Shortness of breath,

chest pain and pulmonary edema

The earliest reference to the use of frictional heat for solid phase welding and forming
appeared over a century ago in a US patent. A period of 50 years then passed before any
significant advancement in friction technology took place, namely a British patent in 1941
that introduced what is now known as friction surfacing. Yet another 50 years went by
before friction stir welding (FSW) was invented at The Welding Institute (TWI), UK. This
comparatively recent innovation has permitted friction technology to be used to produce
continuous welded seams for plate fabrication.

Compared to many of the fusion welding processes that are routinely used for joining
structural alloys, FSW is an emerging solid state joining process in which the material that is
being welded does not melt and recast. Due to the absence of parent metal melting, the new
FSW process is observed to offer several advantages over fusion welding. The benefits that
stand out most are welding of difficult to weld alloys, better retention of baseline material
properties, fewer weld defects, low residual stresses, and better dimensional stability of the
welded structure. Above all, FSW is an environmentally cleaner process, due to the absence
of a need for the various gases that normally accompany fusion welding. FSW process
produces no smoke, fumes, arc glare and it is an eco-friendly process. Further, no consumable
filler material or profiled edge preparation is normally necessary.



Friction stir welding is a continuous, hot shear, autogenous process involving non-
consumable rotating tool of harder material than the substrate material. Fig. 1 explains the
working principle of FSW process. Defect free welds with good mechanical properties have
been made in a variety of aluminium alloys, even those previously thought to be not
weldable. Friction stir welds will not encounter problems like porosity, alloy segregation, hot
cracking and welds are produced with good surface finish and thus no post weld cleaning is
required. This paper reports the salient features of FSW process and the resear ch work
carried out at Centre for Materials Joining & Research (CEMAJOR), Department of
Manufacturing Engineering, Annamalai University since 2005.
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Fig. 1 Schematic representation of FSW principle

20DEVELOPMENT OF FSW MACHINES

Even alaboratory scale demo FSW machine itself costing more than Rs. 100 lakhs since
it has to be imported from abroad and also due to the patent regulations governing the
process. In 2004, we have indigenously designed a prototype Friction Stir Welding
machine and developed with the financial support of All India Council for Technical
Education (AICTE), New Delhi in collaboration with R.V.Machine Tools, Coimbatore
(Fig.28). This was the first of its kind in this country. We have successfully welded
aluminium, magnesium and copper aloys upto 6 mm thickness without any technical
deficiencies and the weld quality is much better than fusion welding processes. Since, the
capacity of the machine is low and it is difficult to weld mild steel and stainless steel
materials and further it is restricted to low thickness materials and it is controlled by manual
operation.

To overcome these technical deficiencies of the machine, in 2008, we have designed and
developed a low cost, large scale, computer numerical controlled, friction stir welding
machine with the financial support of Clean Technology Division, Ministry of
Environment & Forests, Government of India. The photograph of the newly built
computer numerical controlled eco-friendly welding machine is displayed in Fig. 2b. Thisis
also the first of its kind in this country. Using the newly developed machine, wrought
aluminium alloys, cast aluminium aloys, magnesium alloys, stainless steels were welded
successfully without any defects and their mechanical and metallurgical properties were
evaluated and they are compared with other welding processes in this paper. Apart from this,
the process can be used to perform friction stir spot welding, friction surfacing of materials
and dissimilar materials joining.
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Fig. 2 Photographs of FSW Machines

3.0 FSW OF WROUGHT ALUMINIUM ALLOY

The rolled plates of the RDE-40 aluminium alloy (Al-Zn-Mg) were cut into the
required size (300 mm x 150 mm) by power hacksaw cutting and milling. A single ‘V’
butt-joint configuration was prepared to fabricate GTAW and GMAW joints. Single-pass
welding was used to fabricate the joints. An AA5356 (Al-5%Mg) grade filler rod and wire
were used for the GTAW and GMAW joints, respectively. High-purity (99.99%) argon gas
was the shielding gas. The square butt-joint configuration was prepared to fabricate the
FSW joints. A nonconsumable, rotating tool made of high-carbon steel was used to
fabricate the FSW joints. The smooth (unnotched) tensile specimens were prepared to
evaluate the yield strength, tensile strength, elongation and reduction in the cross-sectional
area. The notched specimens were prepared to evaluate the Notch Tensile Strength (NTS)
and notch strength ratio of the joints. The transverse tensile properties of the welded joints
are presented in Table 2.

Table 2 Transversetensile properties of FSW joints of RDE-40 aluminium alloy

Yield Utletr|1r£?ée Reduction tl:r?g':lt:a stl;lgrgcrt]h Joint
Joint Type strength Elongation (%) incsa 9 Efficiency
strength strength ratio
(MPa) (%) (%)
(MPa) (MPa) (NSR)
GMAW 151 204 8.2 5.36 208 1.019 53.26
GTAW 165 223 9.9 6.94 231 1.036 5822

FSW 227 310 138 9.41 329 1061  80.93




(c) FSW (d) Base metal

Fig. 3 Optical micrograph of weld region of variousjoints and base metal

Of the three types of welded joints, the joints fabricated by FSW exhibited higher strength
values and the enhancement in strength is approximately 34% compared to the GMAW joints
and 28% compared to the GTAW joints. Hardness is lower in the WM region compared to the
HAZ and BM regions, irrespective of the welding technique. Very low hardness is recorded in
the GMAW joints (60 VHN) and the maximum hardness is recorded in the FSW joints (108
VHN). The formation of fine, equiaxed grains and uniformly distributed, very fine
strengthening precipitates in the weld region (Fig. 3) are the reasons for the superior tensile
properties of the FSW joints compared to the GTAW and GMAW joints. In CEMAJOR,
AA1100, AA6061, AA2024, AA2219, AA7T039, AA7075 grades of wrought aluminium
alloys were welded using FSW process and their mechanical and metallurgical properties
wer e evaluated. Theresultswere published in referred journals.

4.0 FSW OF CAST ALUMINIUM ALLOY

A356 isakind of Aluminium-Silicon cast alloy used in food, chemical, marine, electrical
and automotive industries. Fusion welding of this cast alloy will lead to many problems such
as porosity, micro-fissuring, hot cracking etc. However, friction stir welding (FSW) can be
used to weld this cast alloy without above mentioned defects. An attempt was made to study
the effect of FSW process parameters on tensile strength of cast A356 aluminium alloy.
Joints were made using different combinations of tool rotation speed, welding speed, and
axia force. The quality of weld zone was analysed using macrostructure and microstructure
analysis. Tensile strength of the joints were evaluated (Fig. 4) and correlated with the weld
zone hardness and microstructure (Fig. 5). The joint fabricated using a rotational speed of
1000 rpm, a welding speed of 75 mm/min and an axial force of 5 kN showed higher tensile
strength compared to other joints.
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Fig. 4 Effect of FSW parameter s on tensile strength of A356 cast aluminium alloy
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Fig. 5 Optical M acrograph of friction stir welded A356 cast aluminium alloy

FSW joints of cast aloy contained only three regions (Fig. 5) such as dynamically
recrystallized zone (DRX), thermomechanically affected zone (TMAZ) and unaffected base
metal. There is no heat affected zone (HAZ) as in the case of wrought alloys. Defect free
weld region, higher hardness of weld region and very fine, uniformly distributed eutectic Si
particles in the weld region are found to be the important factors attributed for the higher
tensile strength of the above joints. In CEMAJOR, A319, A413 and A356 grades of cast
aluminium alloys wer e welded using FSW process and their mechanical and metallurgical
properties wer e evaluated. The results were published in referred journals.

5.0 FSW OF MAGNESIUM ALLOY

Magnesium (Mg) aloys have recently received considerable attention due to their
excellent properties such as light weight, high specific strength and stiffness, machinability
and recyclability. These advantages make magnesium alloys very attractive materials in a
wide variety of applications, where weight reduction is extremely important. However,
magnesium alloys are still not as popular as aluminium alloys in structural applications and a
major technical challenge is the development of reliable and inexpensive joining methods to
produce high quality welds. Gas tungsten arc welding (GTAW) of magnesium alloys produce
some defects such as porosity and hot crack, which deteriorate their mechanical properties.
The production of defect free weld requires complete elimination of surface oxide layer and
selection of suitable welding parameters. Friction stir welding (FSW) is capable of joining
magnesium aloys without melting and thus it can eliminate problems related to the
solidification. As FSW does not require any filler material, the metallurgical problems
associated with it can also be reduced and good quality weld can be obtained. In
CEMAJOR, AZ31, AZ60 and AZ80 grades of wrought magnesum alloys were welded
using FSW process and their mechanical and metallurgical properties were evaluated.
The results were published in referred journals. Table 3 presents tensile properties of
welded joints of AZ31B magnesium alloy.



Table 3 Transver se tensile properties of welded joints of AZ31B magnesium alloy

Ultimate Reduction Notch Joint
Yield : Elongation Notch tensile strength -
Joint Type strength tenslesirength inc.sa strength ratio Efficiency
(MPa) (%) (MPa) .
ik %) nsm) )
GTAW 148 183 7.6 5.9 156 0.85 85
171 208 118 8.7 181 0.87 97
FSW
174 212 121 94 187 0.88 99
LBW

Fig. 6 Macrograph of welded joints (10X)

Fig. 6 reveals the macrographs of weld cross section of GTAW, LBW and FSW joints and it
was found that there were no macro level defectsin the welded joint. The joints fabricated by
LBW exhibited higher strength values, and the enhancement in strength was approximately
14% compared to GTAW joints and only 2 % compared to FSW joints. Hardness was found
to be higher in the weld region compared to the HAZ and BM regions, irrespective of
welding processes. Though the LBW joints showed 2% higher strength compared to FSW
joints, the FSW processis highly preferred due to low cost of the process. High powered laser
machines are required to weld light reflecting alloys such as magnesium, which will be very
expensive.

6.0 FSW OF |IF STEEL

The interstitial free (IF) steel grades, if welded by fusion processes, the region in the
vicinity of the weld centre exhibit larger grains because of the prevailing thermal conditions
during weld metal solidification. This often causes inferior weld mechanical properties. On
the other hand, friction stir welding (FSW) would alleviate most of the problems caused by
the fusion welding processes because it does not result in the melting and resolidification of
the material to be welded. A comparison of GTAW and FSW joints are presented in Figs. 7
and 8.

(8) FSW of IF Steel (b) Welded Joints
Fig. 7 FSW of | F steel and welded joints




a) FSW
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Fig. 8 Macrostructure of |F steel joints

Table4 Traversetensileand impact properties of welded joints

vidd UItlmate _ Impact Joint
. tensle  Elongation toughness o
Joint type strength Efficiency
(MPa) strength (%) (J) (%)
(MPa)
Basemetal 228 282 53 31 -
GTAW 173 208 30 17 74
FSW 215 274 46 28 97
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Fig. 9 Optical micrographs of I F stedl joints

The tensile and impact properties of IF steel, FSW and GTAW joints were evaluated and
presented in Table 4. The joints fabricated by FSW process exhibited higher strength values
and the enhancement in strength is approximately 24 % compared to joint fabricated by
GTAW process. The formation of fine, equiaxed grains (Fig. 9) and relatively higher
hardness of weld region and HAZ are the reasons for superior tensile and impact properties of

FSW joints compared to GTAW joints.



7.0FSW OF MILD STEEL

The present preliminary investigation is focused on the microstructure, tensile properties,
impact properties and fracture locations of friction stir welded AlSI 1018 mild steel. The 5
mm thick AISI 1018 mild steel was friction stir welded with tool rotational speed of 1000
rpm and welding speed of 50 mm/min. Tensile properties of base metal and the FSW joint are
presented in Table 5.

Table 5 Traversetensile properties of base metal and welded joint

, Ultimate ,
Yield : , Joint
tensile Elongation  Impact -
strength h 0 h Efficiency
(MPa) strengt (%) toughness (%)
(MPa)
Basemetal 361 421 27 32 --
FSW Joint 424 457 20 21 108
(a) Base metal (b) Stir zone
(c) Swirl Zone (d) TMAZ

Fig. 10 Optical microstructure of stir zone of FSWelded mild steel

Tenslle strength and hardness indicates the overmatching of friction stir welded joints
compared with the base metal. The joint efficiency was found to be 108 %. This is due to the
formation of fine equiaxed structure of ferrite and pearlite in the stir zone (Fig. 10b). The
ductility and toughness of the FSW joints were found to be decreased compared with the base
metal and thisis due to the presence of tool debris at the bottom region of stir zone (Fig. 10c).




8.0FSW OF FERRITIC STAINLESS STEEL

Ferritic Stainless Steels (FSS) are noted for their excellent stress corrosion cracking
(SCC) resistance and good resistance to pitting and crevice corrosion in chloride
environments. While these alloys have useful properties in the wrought condition, welding is
known to reduce toughness, ductility, and corrosion resistance because of grain coarsening
and formation of martensite. For these reasons, the application of this group alloysis limited.
The welding arc heats a zone in the base metal above a critical temperature (955°C) and
causes rapid grain growth of the ferrite. This coarse grain zone lacks ductility and toughness
and a small amount of martensite may be present, which leads to increase in hardness.

Friction stir welding appears to offer several advantages over arc welding of ferritic
stainless steels. The lower apparent energy inputs of FSW are expected to minimize grain
growth in the HAZ and limit distortion and residual stress in steels [9]. Additionally,
problems with hydrogen cracking in steels are eliminated since FSW is a solid-state process.
Taken together, these advantages make FSW attractive for joining of steel in many
applications. Tensile and impact properties of the friction stir welded FSS joints are
compared with continuous current gas tungsten arc welded (CCGTAW) and pulsed current
gas tungsten arc welded (PCGTAW) joints. The results are presented in Table 6.

Table6 Transversetensile and impact properties of base metal and welded joints

Joint Yield Tensile Elongation Notch Notch Impact
Strength Strength (%) Tensile Strength  Toughness
(MPa) (MPa) Strength Ratio J
(MPQ) (NSR)
BM 359 524 12 576 1.10 22
CCGTAW 450 540 4.5 560 1.03 10
PCGTAW 480 560 6.2 592 1.06 15
FSW 520 600 10 650 1.08 19
(a) CCGTAW (b) PCGTAW (c) Fsw

Fig. 11 Optical micrographs of weld region of FSSjoints

Of the three welded joints, the joints fabricated by FSW exhibited higher strength and the
enhancement in strength is approximately 40 % compared to CCGTAW joints, and 35 %
compared to PCGTAW joints. Of the three welded joints, the joints fabricated by FSW
exhibited higher impact toughness values and the enhancement in impact toughness is
approximately 25 % compared to CCGTAW joints, and 50 % compared to PCGTAW joints.
Lower heat input, finer weld zone grain diameter (Fig. 11), higher weld zone hardness may
be the reasons for superior tensile and impact properties of FSW joints compared to
CCGTAW and PCGTAW processes.




9.0 FRICTION STIR SPOT WELDING

Friction stir spot welding (FSSW) is anovel variant of linear friction stir welding process
creates a spot, lap weld without bulk melting. FSSW uses a cylindrical tool with pin tip
centered on one circular face. The tool rotates circumferrentially at room temperature and
plunges into the samples to be joined with a normal force. There is a backening plate or an
anvil on the bottom side of the sample to sustain the norma force. Fig. 12 explains the
principle and various stages of FSSW process. There are numerous applications for FSSW,
especialy in the transportation industry, employing aluminum structures. Any application
that is currently riveted, toggle-locked or spot welded can often have FSSW substituted with
little difficulty.

Challenges with electrical resistance spot welding (ERSW) includes the need to
chemically clean the aluminum aloys within 8 hours of joining, excessive electrode
mushrooming causing poor welds to be made, process variability and shunting problems
which require greater spacing of the welds and its application is limited to 0.25 — 4 mm.
Challenges with the mechanical rivets include high cost for fasteners, potentially higher down
time due to feeding issues and need for other operations for non self-piercing rivets.
Processes such as toggle-lock are simple and cheap but have less strength than ERSW. FSSW
is not saddled with the problems that are cited above due to the unigue nature of the process.
The speed of the process is competitive with ERSW but it is much more consistent because
FSSW is not as sensitive to changing material conditions and surface conditions.

Fig. 12 Schematic representation of FSSW principle and stages

Fig. 13 displays the photographs of FSSW joint and lap shear tensile specimens.
AA2024 aluminum alloy (Al- Cu) is very widely used in aerospace and transportation
industries. Single point joining of this aloy by Electrical Resistance Spot Welding (ERSW) is
cumbersome. In CEMAJOR, AA1100, AA2024, AA6061 and AA7075 grades of wrought
aluminium alloys were welded usng FSSW process and their mechanical and
metallurgical properties were evaluated. The results were published in referred journals.
Though FSSW process is seems to be easy, the joint strength is controlled by many
parameters such as tool rotational speed, dwell time, plunge rate, plunge depth, tool pin
profile. The effects of tool rotational speed on lap shear tensile strength of FSSW AA2024
aloy are presented in Table 7.



(a) FSSW Joint

(b)FSSW Specimens

Fig. 13 Photographs of FSSW joints and specimens

Table 7 Effect of tool rotational speed (Dwell time = 5 sec)

Rotational Failure pattern Lap  shear
ot acrostructure orce
Speed M force &
(RPM) profile  of stir zone Upper  Lower  Hardness of
stir zone
8.62 kN
= 128 Hv
9.31 kN
0 197 Hv
8.52 kN
= 178 Hv
8.46 kN
o 151 Hv
8.88 kN
H 156 Hv

The tool rotational speed and dwell time have significant influence on lap shear strength of
the joints. Thejoint fabricated using atool rotational speed of 1400 rpm and a dwell time of 5
seconds showed the highest |ap shear strength than other joints. The formation of finer grains
in the Stir Zone, higher hardness at the interface and sufficient amount of material flow
between two mating surfaces are the main reasons for superior performance of the above

joint.




10.0 FSW OF DISSIMILAR MATERIALS

Friction stir welding has a great potential for joining dissimilar materials such as
different grades of aluminium (Al) alloys, Al aloys to steels and auminium alloys to
magnesium (Mg) alloys. However, fusion welding of Al and Mg alloys always produces
coarse grains and large brittle intermetallic compounds in the weld metal region.
Conventional welding processes such as GTAW, LBW and EBW can be applied to join
dissimilar Al and Mg aloys. However, because of high reflectively of Al and Mg alloys, the
energy efficiency of LBW is low. Low melting elements such as Mg and Zn causes
evaporation during EBW. High heat exchange ratio cause wider weld bead and coarser
grains in GTA welding. FSW can avoid many problems associated with fusion welding
processes, thereby defect free welds having excellent properties can be produced even in
some materials with poor fusion weldability. To explore the potentia advantages in joining
dissmilar Al-Mg alloys by FSW, an investigation was carried out to study the microstructure
and mechanical characterization of friction stir welded AZ31B Mg alloy and AA6061 Al
aloy joints. Fig. 14 displays the optical micrographs of various regions of Al-Mg dissimilar
joint fabricated using atool rotational speed of 400 rpm and awelding speed of 20 mm/min.

Fig. 14 Micrographs of various region of dissimilar joint of AZ31B Mg - AA6061 Al

Of the five tool rotational speeds used (varying from 300 rpm to 600 rpm), the joint
fabricated using a rotational speed of 400 rpm yielded a maximum tensile strength of 192
MPa and joint efficiency of 89 % compared with the weaker base metal. Complex
intercalated microstructures in the weld zone, with swirls and vortices indicative of the flow
pattern of the dissimilar metals (Fig. 14). Complex intercalated microstructures in the FSW
zone contribute to elevated hardness readings in the weld zone and the EDS analysis shows
the mixing of the materials in the weld zone. In CEMAJOR, the first time research in this
country is taken up to study the effect of tool rotational speed, welding speed, tool
shoulder diameter, tool pin profile on mechanical and metallurgical properties of Al-Mg
dissmilar joints with the financial assistance of Department of Science & Technology
(DST), New Delhi.



11.0 CONCLUSIONS

In CEMAJOR, Annamalai University, the Friction Stir Welding (FSW) process was
used to weld different materials such as wrought aluminium aloy, cast aluminium alloy,
magnesium alloy, IF steel, mild steel and stainless steel and the important conclusions are:

1) The wrought aluminium alloy joints fabricated by FSW exhibited higher strength
values and the enhancement in strength is approximately 34% compared to the GMAW
joints and 28% compared to the GTAW joints.

2) Defect free weld region, higher hardness of weld region and very fine, uniformly
distributed eutectic S particles in the weld region are found to be the important
factors attributed for the higher tensile strength of the cast auminium alloy joints
fabricated by FSW process.

3) The magnesium alloy joints fabricated by LBW exhibited higher strength values, and
the enhancement in strength was approximately 14% compared to GTAW joints and 2
% compared to FSW joints. FSW process is cheaper compared to LBW process.

4) The IF steel joints fabricated by FSW process exhibited higher strength values and the
enhancement in strength is approximately 24 % compared to joint fabricated by
GTAW process.

5) Tensle strength and hardness in mild steel joints indicated the overmatching of
friction stir welded joints compared with the base metal. The joint efficiency was
found to be 108 %. Thisis due the fine equiaxed structure of ferrite and pearlite of the
stir zone.

6) The stainless steel joints fabricated by FSW exhibited higher strength and the
enhancement in strength is approximately 40 % compared to CCGTAW joints, and 35
% compared to PCGTAW joints.

7) The tool rotational speed and dwell time have significant influence on lap shear
strength of the friction stir spot welded joints. The joint fabricated using a tool
rotational speed of 1400 rpm and a dwell time of 5 seconds showed the highest 1ap
shear strength than other spot welded joints.

8) All the dissimilar welds of Al and Mg exhibited dynamic recrystallisation of the base
materials. Dynamic recrystallisation was enabled by the frictional heat from the tool
shoulder and tool nib, heat generated by mechanical string of the materials by the nib,
mostly adiabatic heat contributing to DRX through deformation.

9) From various investigations, it is found that the friction stir welding (FSW) process
didn’t produce gaseous emission, particulate emission and radiation during welding of
above materials and hence it could be very much called as Eco-Friendly Welding
process. Moreover, the joints fabricated by FSW process exhibited superior
mechanical and metallurgical properties compared to other conventional welding
Processes.
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