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Abstract: Due to the low heat input situation, solid state welding (SSW) has demonstrated higher potential for integrating a
variety of equivalent and dissimilar material combinations. The temperature stays below the melting point of the source
materials throughout the solid-state welding process. Compared to fusion welding, solid state welding offers the highest quality.
Aeronautics, nuclear, space, and aviation are just a few of the industrial production sectors that utilize the solid-state welding
technology. Diffusion welding, explosion welding, friction welding, forge welding, cold welding, role welding, hot pressure
welding, and ultrasonic welding are just a few of the SSW techniques covered in the current article. This study looks at a variety
of SSW kinds and solid-state welding applications. This study examines many types of SSW and the applications of solid-state
welding. Current Study includes the pros and cons of other welding techniques over friction stir welding.

I.  INTRODUCTION
The Welding Institute (TWI) in Cambridge, United Kingdom, invented the FRICTION stir welding (FSW) method in 1991. The
FSW technique's energy efficiency, environmental friendliness, and adaptability have made it the most significant advancement in
metal joining in recent years. High- strength aerospace aluminum alloys and other metal alloys that are challenging to fuse using
traditional fusion welding processes can be joined using this method[1].
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Fig.1- Schematic drawing of FSW

Initially, this joining technique was employed to unite aluminum alloys, such as alloys 2xxx or 7xxx, which were challenging to
fuse using conventional fusion welding techniques. Later, it was used to a wide range of materials, such as polymers, titanium
alloys, magnesium, copper, nickel, steel composites, and even nickel, copper, and nickel alloys.

Based on the thermo-mechanical histories they have through, the heat affected zone (HAZ), the thermo-mechanical impacted zone
(TMAZ), and the stir zone (SZ) in a friction stirred joint may all be identified.

The heat-affected zones (HAZ, TMAZ, and SZ) are expected to experience precipitate formation or dissolution (for example, in
aluminum alloys) as well as phase transitions (for instance, in steels or titanium alloys). The phase transition will no longer be
discussed in this study because it occurs in the base materials as a result of heating and has no direct bearing on welding of
dissimilar metals[2].
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Both composite materials were successfully joined using FSW techniques. The microstructures of the AI-AI203 and Al-SiC
composites from various regions[3].

(a) Butt welding (b) Lap welding
C )] y FSW tool < ) FSW tool

o?'ut

Fig.2- Dissimilar friction stir welding for (a)Butt and (b) lap welds. As, advancing side; RS, retreating side.

I1.  FRICTION-STIR FINE-GRAINED STRUCTURE
All that takes place during dynamic recrystallization in the stirred zone (SZ). In this instance, the SZ resulted in recrystallized grains
that were fine, equiaxed, and generally homogeneous in size. Figure 2 depicts the typical microstructure of FSP 7075AIT651. At
400 rpm for the tool and 102 mm/min for the traverse, a fine-grained microstructure of around 7.5 Im was created. Even said, there
is still disagreement on the SZ's technique for refining grains. The SZ's FSP settings, tool geometry, material chemistry, workpiece
temperature, vertical pressure, and active cooling have a major impact on the size of the recrystallized grains[3].
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Fig. 3: ATEM image of FSP Al-4Mg-IZr

Illustrating the grain structure. Standard tool (18mm, shoulder, and 8mm pin), 350 rpm, 203 mm/min; enhanced tool (12mm,
shoulder, and 4mm pin), 600 rpm, 25 mm/min; and upgraded tool (12mm, shoulder, and 4mm pin), 300 rpm, 203 mm/min.

I11.  FRICTION-STIR SURFACE/BULK COMPOSITE
The first result of a SiCp-Al surface composite in the FSW. Before applying the SiC powder to the plates, a little quantity of
methanol was mixed in to provide an equal and thin coating. FSP was applied to aluminum plates that already had a coating of SiC
particles on them. On substrates made of the 5083Al and A356 aluminum alloys, a composite layer of around 100 Im was produced
using the best tool design and processing conditions.Fig.4 shows the surface composite. layers created by FSP in (a) A356 and (b)
5083 Al substrates with SiC particle volume fractions of 15 and 13, respectively.
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Fig.4- Visualization of surface composite.

By adjusting the FSP parameters, 5 to 27 vol pct of the SiC particles may be incorporated into the aluminum matrix. The HV of the
surface layer of aluminum substrates was significantly enhanced by the addition of SiC particles, and it increased as the volume
percent of SiC particles increased for the FSP SiCp/5083Al surface composite.

Adding 15 vol pct SiC through FSP to the surface layer of A356 increased the HV from 98 to 171. This is similar to adding 15 vol
pct SiC through FSP to the surface layer of SiCp/5083Al surface composite layers created using FSP: Variation in hardness with
SiC particle volume%[1].

IV. METHODOLOGY EXPERIMENTAL PROCEDURE
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Fig. 5- Aluminum metal matrix composition

The casting procedure was used to create two different kinds of metal-matrix composites for this experiment. The first kind is
created using a 6061-alloy matrix with 20 volume percent Al203 reinforcement particles. The alloy had reached the solutionization
stage. Al0.6Si-0.28Cu-1.0Mg-0.2Cr (wt pct) is the nominal chemical make-up of 6061 alloy. ALCAN International, a company
based in the United States, provided the composite. Slices of the samples, each 0.75 inches (19.76 mm) thick, were accessible. After
that, the parts were divided into 4- mm-thick plates of thinness. Throughout this work, this sample will be referred to as the Al-
Al203 composite.

In order to create the second type of composite, a 20 vol pct silicon carbide (SiC) whisker is dispersed throughout a 2124 alloy
matrix. The buyer received the alloys in excellent shape. The nominal chemical make-up of the 2124 alloy is Al- 4.4Cu0.6Mn-
1.5Mg (wt pct). The large plate was divided into pieces that were each 4 mm thick. In this text, this sample will be referred to as the
Al- SiC composite.

With the use of this technique, the matrix could be thoroughly dispersed, providing a clear view of the SiC whisker orientation. The
OIM was primarily used to assess the orientation of the SiC whisker in the base metal (BM) and the friction stir welded region. The
microstructures of the heat-affected zone and the friction stir-welded area of the Al-SiC composites were examined using the TEM
(HAZ). lon-beam thinning was used to create the TEM samples. PHILIPS* CM-12 transmission electron microscope was used for
the TEM.
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V. RESULT

The two composite materials were effectively connected using FSW techniques. Here, the microstructures of the composites made
of Al- Al203 and AI-SiC are shown. Al203 particles with an angular shape and a 20 m diameter can be seen in the BM
microstructures of the Al-AI203 composites (Figure 6(a)). The macrostructure displayed three unique regions: the directionally
recrystallized area (DXZ) near the centre of the joint, the TMAZ, and the HAZ. There were little differences between the
microstructures from the BM and the HAZ. The presence of smaller particles in the microstructure from the TMAZ provided an
indication of Al203 particle breakage (Figure 6(b)). In addition, it appears that these tiny particles are broken up, which results in
the formation of bands.

There were no discernible variations in the course particulate distributions between the BM and the DXZ zone, save from the
presence of tiny particles (Figure 6(c)). The measured hardness values for the DXZ, TMAZ, HAZ, and BM areas are shown in
Figure 7. The BM and DXZ zones' hardness readings (between 100 and 140 HV) were equivalent. Figure 7 shows how the Al203
particle clustering caused a considerable increase in hardness (200 HV) in the TMAZ areas.

Figure 6 compares the microstructures of the Al-SiC composites from various areas. The BM microstructure contains whiskers in
various orientations, as seen in Figure 6(a). Early processing of these composites was the subject of cursory research, which
revealed that the predominant orientation of the SiC whiskers in the base material was in the x direction. The microstructure from
the DXZ region is similar to that from the BM region in Figure 6(c), with a little propensity for the whiskers to cluster together as
seen by the series of arrows. In the TMAZ/DXZ boundary areas, the principal axes of the SiC whiskers seem to be aligned with the
welding direction (Figure 6(b)). This phenomenon is examined in further depth using SEM.
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Fig. 6- BM microstructures of the Al-Al203 composites
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Figure 6 compares optical micrographs of a friction stir weld created on Al-Al203 composites: the BM area, the TMAZ zone,
which demonstrates the bimodal nature of particles and the segregation of tiny particles along bands, and the AXZ region, which
demonstrates the coexistence of coarse and fine particles. The plane of the micrographs is in the direction x and y, while the welding
direction is in the z direction, which is perpendicular to x and y.
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Fig. 7- Microstructures of the Al-SiC composites

Fig. 8: Comparison of optical micrographs taken during friction stir welds on Al-SiC composites in the BM area, TMAZ region, and
DXZ zone. What appears to be a change in the SiC orientation is seen in Fig. 7(b). The cluster of SiC whiskers that appears in Fig.
7(c) is indicated by the row of arrows. In the direction of z, which is in the plane of the micrographs, the welding route is
perpendicular to the x-y plane.
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The DXZ areas are somewhat softer than the BM (Figure 3(b)) regions, according to the measured hardness over the joint region
(Figure 10(a)) (170 to 190 HV). In comparison to the TMAZ and HAZ zones, the DXZ region (133 to 160 HV) was a little softer.
The automated indenter testing instrument (b) also identifies spatial changes in hardness, which are shown in Figure 10. The
findings demonstrate that the distribution of hardness variations over the DXZ is not constant. These geographical heterogeneities
are thought to be the outcome of various metal fluxes occurring in various places.
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Fig.8- Schematic diagram of an FSW process

Fig. 8-(a) shows measured hardness values on Al-SiC composites plotted against distance from the friction stir weld's center. The
spatial hardness distribution shows that there is microstructural diversity even within the DXZ when measured across a larger area
that encompasses the TMAZ and DXZ sections[4].

VI. EXPERIMENTAL STUDY ON FRICTION STIR WELDING OF COPPER METALS
The DXZ areas are somewhat softer than the BM (Figure 3(b)) regions, according to the measured hardness over the joint region
(Figure 10(a)) (170 to 190 HV). In comparison to the TMAZ and HAZ zones, the DXZ region (133 to 160 HV) was a little softer.
The automated indenter testing instrument (b) also identifies spatial changes in hardness, which are shown in Figure 10. The
findings demonstrate that the distribution of hardness variations over the DXZ is not constant. It is hypothesized that the different
metal fluxes occurring in different places are what caused these spatial heterogeneities.
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Fig. 9: Comparison of optical micrographs taken during friction stir welds on Al-SiC composites.

Once the weld is complete and the pin of the welding tool is removed, a hole is left in the workpiece. Frictional heat is created when
the shoulder is pressed on the surface of the workpiece. Thus, the pin contributes to the production of heat and greatly boosts the
workpiece's plastic flow. The four zones that may be utilized to classify the microstructure along the joint line are BM, HAZ,
TMAZ, and Nugget, as shown in Fig. 1.
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Fig.10- Configuration of the workpiece and fixture table.
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Fig.11- Dimensions of the tool and pin

For the welding trials, two different types of welding circumstances (a) = 800 rpm, v = 30 mm/min and (b) = 900 rpm, v = 50
mm/min were used. The pin is initially inserted into the workpiece during the FSW process to a depth of 2.85 mm. The downward
force is at around 4 kN. The expansion of the heated metal causes the downward force to rise to around 7 kN after the temperature
reaches about 400 C. The downward force must be kept under 10 kN due to the FSW machine's capacity restriction. Fig. 5 depicts

how a welded product with condition (b) looks.

Fig.12- Appearance of a welded product for ®=900 rpm and v=50 mm/min.

Photos of the test parts taken after tensile testing under welding circumstances are shown in Fig. 10. The figure demonstrates that
the necking zone for the base metal and the weld at condition typically occurred at the midpoint of the test piece. On the other hand,
the necking zone for the test piece was at the HAZ at condition.
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Fig.13- Appearance of the test piece after tensile tests.

Figs. 14(a), (b), and (c) show the microstructures of the BM, HAZ, and Nugget, respectively. The crystal size (about 10 m) is seen
from Fig. 14(a). The HAZ shown in Fig. 14(b) saw an increase in mean crystal size as a result of annealing effects. Smaller crystals
developed in Fig. 14(c) due to dynamic recovery and stirring effects, which resulted in greater elongation than the BM, as observed
in Fig.11.Scale bars are seen in the figures. Nuggets on AS and RS have microstructures that are around the same size.[5]

(a)BM (b)HAZ (c) Nugget

Fig.15- Microstructure of the welds in different zones.

VIl. DIFFERENT WELDING TECHNIQUES

[ 100 1 Stainless steel
o [ n | /
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Fig.16- configuration and dimensions of the joints[3].

Diffusion welding is a technology where the materials are fused to join by heating them to their melting temperature. Two clean and
flat surfaces are brought into contact and then joined. Diffusion welding enlarges the bonding procedures domain because of the
multiple combinations. 2- types of Diffusion welding process-solid state and liquid state. Solid state welding process-the material is
joined by a plastic deformation process where Diffusion starts in the solid phase. The bonding takes place when a welding
temperature is lower than the melting temperature of both materials. The welding temperature must be 50%-80% of the melting
temperature of the metals. Liquid phase Diffusion welding-this technique is applicable only to dissimilar materials or where
dissimilar metals insert is used. The bonding temperature is selected as the temperature at which this phase melts. This technique is
used particularly for metals like aluminum alloys where EUTECTICS points are formed[11].
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VIIl. EXPERIMENTAL MATERIALS AND PROCESS

A. Martensitic Stainless Steels +Ductile Cast Iron

Martensitic stainless steels mainly consist of 10.5% of cr and other austenite stability elements, like carbon nitrogen nickel and
manganese. Here in stainless steel the stabilizing elements used to expand the austerity phase and the composition of these elements
should be in a balanced way to prevent DELTA-FERRITE formation at the automatizing temperature. DUCTILE CAST IRON -
mainly consists of 3.4% c, some amount of Si and mn. Here manganese is sometimes avoided because it can reduce the impact
resistance during welding. When we weld or fuse these materials or specimens and tested and then did some analysis in the cast iron
side it is formed or printed with 2% natal and in stainless steel is printed with vilella's reagent[12]. After the oxides on their surfaces
had been removed using abrasive paper, the surfaces of aluminum alloy sheet and stainless-steel sheet were washed with acetone to
remove oil and residue prior to welding. Following welding, the joint was removed from the welded zone perpendicular to the
welding contact, and the resultant specimen was ground and polished. Before cutting, the joint was covered with resin to safeguard
it from damage during the machining process[13].

B. Ultrasonic Welding And Effects

Heat is produced during ultrasonic welding when plastic is repeatedly stretched. The loss modulus and cyclic strain amplitude of the
polymer will affect the power dissipated. As a result, high strain amplitude areas heat up more quickly.

Because of two factors, static pressure is used in ultrasonic welding or applied to the workpieces in this process:

> Toimprove energy transfer by ensuring good contact between the horn and the components.

> Totrigger the energy to flow, leading to the fusing of the component parts[15].

C. Effect Of Weld Time On Strength

ABS and PS -STRENGTH increases when the weld time is 2.4s. if it is greater than 2.4s strength will decreases. BECAUSE The
length of the samples is close to quarter wavelength and the vibration amplitude at the joint is small[15]. For ABS and PS increasing
in welding time up to 0.8s strength also increases but after 0.8s the effect cannot be tested for these metals. BECAUSE the geometry
of the sample and the fixture. And it is expected that strength will be constant with increasing weld time[17]. Welding efficiency
increases with weld time because due to the more ultrasonic energy dissipation at the interphase of the welding[16].

D. Effect of Collapse

Increased weld time also results in more collapse. Due to the flow of polymer meta[15]. As additional polymer melts and flows,
lengthening the weld duration also lengthens the collapse. Because it also considers the fixtures, unfavorable molecular orientation,
and compressibility of the pieces, the collapse is bigger than the height of the energy director as depicted. During welding, a
correlation between collapse and strength and energy and strength was seen, showing that these characteristics may tell you a lot
about the connection. According to the fig. above, widespread flow occurs for longer weld times because the collapse sharply rises
with weld time. This user interfaces.

& COLLAPSE (mm)
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WELD TIME (seconds)

Fig.17- Effect of weld time on collaps
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E. Effect Of Pressure

Due to the parallel alignment of the molecular chains, welding pressure increases but welding efficiency falls[16]. Increases in
pressure lead to more collapse because low pressure might lead to poor horn to part contact and inefficient energy transfer. cause the
molten energy director to flow inefficiently as well[17]. Parent material strength divided by welding strength equals welding
efficiency[16]. As weld pressure increases, welding efficiency drops. The chain molecular parallel alignment stated earlier grows as
weld pressure rises. Because the hold pressure has a very small impact on the effectiveness of welding[16].

Strength (MPa)
10

0 L . L
100 150 200 250 300 350 400 450 500 550 600
Pressure (KPa)

Fig.18- Effect of pressure on weld strength

F. Explosion Welding

Along with explosive welding, waves form on the weld border. Explosion welding entails identifying the elements that ensure wave
creation at the weld boundary. The physical mechanisms that result in wave formation and weld growth, however, are separate from
one another, according to some literary research. Due to similar metals, as the difference between ultimate strength and yield
strength widens, so does the period of wave less welding. For dissimilar metals, the region of existence for the wavelength border of
weld also develops as the strength property difference does[20]. The sample's average ultimate tensile strength in the welded
condition was 110 mpa, and heat treatments were found to lower this value to 90 mpa.[21].
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Fig. 19 Microhardness profiles for the as-welded straight and wavy Al-steel interfaces

There exist pressures in the collision zone above which metals act as viscous and in viscous liquids. Wave periodicity is caused by
gradient in pressure zones. The joints become wary as a result of the frequent changes in angles and speed. The material from the
plastic zone periodically leaks out as a result of the angle change[22].

Waves do not occur at the weld boundary when fusing steel and aluminum because the gap's reverse flow causes the tougher
material's surface layers to deform[20]. In every test that resulted in breaking, it was observed that the joints with the wave less
contact were made of aluminum[21]. The asymmetrical shape of the waves created at the contact is caused by the different densities
of the two materials. With explosive welding, the wavelength and amplitude increase[23].
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Fig.20- Wavy Al-steel explosively welded interface; the interface and the Fe-Al intermetallic are encapsulated at the vortex (a),
(b), and (c) and on the aluminum plate (d) of the vortex.

Explosive-Welding Waves from the Self- Oscillation Standpoint. As the general theory of self- oscillations any self-oscillatory
system must contain an oscillator with a certain frequency co and damping constant r 0. Moreover, there must be an energy
pumping mechanism, which in actual systems is usually related to the presence of a nonlinear "negative" frictional resistance[24]. It
is noted that the tensile strength of copper and stainless steel were obtained as 360 and 870 MPa, respectively[25].

-~

Shipbuilding
mild steel plates

—F

FSW direction

FSWed joint

Fig.22-Figure depicts mild steel plates used in shipbuilding (Figure 1a), traditional fusion welding in shipbuilding (Figure 1b), the
FSW process of mild steel plates (Figure 1c), and a top view of an FSWed butt joint (Figure 1d) (Figure 1d)

G. Applications Of Friction Stir Welding

TWI first patented the FSW technology in the majority of industrialized countries and licensed it to over 183 clients. Friction stir
welding and its variants, friction stir spot welding and friction stir processing, are used in the shipbuilding and offshore sectors,
aerospace, automotive, railway rolling stock, general fabrication, robotics, and computers[26]. The Welding Institute (Cambridge)
first enhanced friction stir welding (FSW), which allows metals to be joined without the need of filler or fusion material, in
1991[27].

Hybrid Medhods

Machine Learning

Fig. 21 FSW technology
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H. Shipbuilding and offshore

Gas metal arc welding (GMAW) and shielded metal arc welding (SMAW) are the two welding techniques that are most often used
in the shipbuilding industry. Friction stir welding (FSW) appears to be a superior option to conventional welding processes given its
advantages. Steel materials have a high melting point, leading to the development of FSW tool designs and materials. The 1.6 mm
butt-joint properties of ultra-low carbon (IF) steel and four different plain carbon sheets of steel (S12C, S20C, S35C, and S50C)
were examined by Cui et al. using a tungsten carbide (WC) tool at FSW welding speeds ranging from 25 to 400 mm/min at a
constant rotational speed of 400 rpm[28].

The technique proved very effective when used to aluminum alloys, which spurred curiosity in determining if it might also be used
on other materials, such steel. Ghosh et al. published results for ordinary carbon steel (0.44% carbon content) when rotating and
welding rates were changed. By utilizing single-sided one-pass butt welding, Matsushita et al. employed FSW on 12-mm thick
structural steel grade plates with a tensile strength of 400 N mmz2. For this experiment, the shipbuilding steel grade GL E36 was
provided with uniform heat treatment conditions. 1200 mmL, 200 mmW, and 6 mmT plates were worked on in the rolling direction.
using a butt joint design.

Table 1. The chemical make-up of the supplier[29]

Grade
GL C Mn Si p Cu Ni Cr Mo Al N Nb
E36
0.170 1.400 0.390 0.013 0.030 0.020 0.06 0.006 0.02 | 0.007 | 0.025
0 7

Figures (a) through (d) in Figure 23 depict the oxidation and swelling behavior of WC material schematically. The oxidation
behavior of the tungsten carbide tool may be explained using the equations below. 3 WC 5 202W03 CO2 W C 202 W O
202W03 CO4 WC In WC alloys, the oxidation processes are depicted in 4 Figures (a-d). When tungsten combines with oxygen
near to the surface, it forms a porous tungsten oxide phase (WO3) and CO2 gas. The formation of a porous oxide layer speeds up
the oxidation of the next layer. The outcome is that CO2 is contained inside the WC grains. Due to high pressures of CO2 gas and
porous tungsten oxide (WO3), the ductile cobalt binder separates[30].
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(¢) (d)
Figure 23a—d explains the oxidation phenomenon in WC alloys.
Because of its intrinsic features such as superior weldability, high strength-to-weight ratio, resistance to stress corrosion cracking,

and outstanding mechanical properties across a wide temperature range. Generally, AA2219 propellant tanks are manufactured
using tungsten inert gas welding (T1G) with ER 2319 filler wire and utilized as-welded[31].
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. Aerospace

a8 Unaffected material
B Heat affected zone (HAZ)

¢ Thermomechanically
affected zone (TMAZ)
d Weld nugget (Part of
thermomechanically aff
zone)

Fig. 25 Microstructures of the AA2219- T87 parent and FSW joint

Fig 25(a) FSW joint cross section, Fig 25(b), Fig 25(e) TMAZ-WNZ interface, Fig 25(c) and (d) WNZ displaying onion rings, and
Fig 25(j) WNZ center showing fine recrystallized grains, Fig25(f) and (g) parent material, and Fig25(h) and | HAZ. In the diagram,
AS represents the advancing side and RS represents the retreating side. The high-speed rotating tool softens the material in the
welding zone plastically. As indicated in the picture, the highly flexible material behind the tool creates a tight weld connection
under the forging force of the shoulder, with a portion of the material extruded above the workpiece during the first plunging stage.
The tool enters the dwelling phase after a given amount of plunge, and a little amount of flash is readily created during welding
owing to the extrusion of the shoulder[33].

J.  Automotive

Steel and aluminum alloys have been joined using conventional welding techniques such arc welding, laser welding, and resistance
spot welding, however with considerable limitations and drawbacks[34]. A solid-state joining technique called friction stir welding
(FSW) has the ability to eliminate or significantly reduce the issues that are related to fusion welding procedures. Industrial hot-dip
galvanized low carbon steel sheets (grade DCO5) and sheets made of the aluminum alloy AA6016 were used in this investigation.
For DCO5 and AAG016, the sheets had a thickness of 0.8 and 1.0 mm, respectively. The chemical composition of these metals is
shown in Table 2, while their mechanical properties are shown in Table 3[35].

Table 2. The chemical composition of the metals

C Mn Si P S Mg Al Fe
DC05 0.06 035 - 0.025 0.025 - - Bal.
AA6O16 - 020 120 - - 040 Bal.
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Table 3. Mechanical properties of the metal

Yield stress (YS) Ultimate tensile strength (UTS) Elongation at fracture, ¢ Hardness Vickers
/MPa /MPa /% /HV1

DCO5 155 300 43 105

AABO16 135 240 30 95

Achieving sound welding between them can contribute to a reduction in overall automobile weight, fuel consumption, and, as a
result, CO2 emissions. The 950 RPM specimen had a groove- like flaw and shattered during cutting, thus it was not inspected
further. The rectangular bilayer structure is 80 mm long and 27 mm broad, with an aspect ratio of around 3:1. Using CLT as a
specific example of generalized plane strain, the following simplification may be made[36].
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The CLT-based analysis simply approximates it as a single value in this case. When compared to the elastic limit of Al-Mg-Si alloys
at T4 conditions, which is 2.1 103, this figure for AFSD cladding on thin substrates is quite small. This discrepancy provides
support to the idea that the solid-state nature of AFSD might result in lower thermal stresses[37],
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Fig 28 is, Plot of the out-of-plane displacement of the substrate centerline as a function of the cooling time. W.D. Hartley et al.

K. Railways

FSW is a solid-state welding technology that was designed to combine difficult-to-weld materials. Without the need of a filler, a
solid-state welding technique uses plastic deformation to produce metallurgical bonds. Materia, Figure is a schematic depiction of a
secondary vortex as illustrated by Chowdhury et al (a). Arbogast proposed that the FSW technique creates five distinct
metalworking zones: | warmup zone (heated material upstream of the pin), (ii) commencing deformation zone (stress above the
critical flow stress of the Fig. FSW process flowchart. Elsevier Inc. Eslami et al. (a) A secondary vortex forms around the pin during
FSW. Elsevier's copyright (a) FSW metalworking zones[38].
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Fig 30 represents Material flow and different zones in FSW: (a) secondary vortex around pin during FSW b) metalworking zones in
FSW

Although aluminum alloys have considerable corrosion resistance, even minor corrosion losses can contribute to a significant
decline in the mechanical characteristics of the structure. Welding of dissimilar junctions was done at 100 mm/min constant tool
traverse speed and 20 constant tool tilt angle. The rotational rates of the tools employed were 800, 1000, and 1200 RPM[39].
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Fig. 31. FSW machine.

L. Fabrication

The bulk (92 weight percent) of the matrix materials employed in the creation of hybrid MMCs are AA6061, ZrO2 primary
reinforcement materials, and C secondary reinforcement materials. Stir casting liquid metallurgy processes are used to create the
hybrid MMCs. Table 1 lists the specs for the stir casting machine[40 -45].
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Stir Casting Process Parameter

Melting temperature 10,000C
Max stir speed 500 rpm
Linear movement of stir 2/3 of melt height

Preheating temperature and time 6000 C and 2h

ZrO2 primary reinforcement materials make up 6% of the AA6061 used in the fabrication of hybrid MMCs, while C secondary
reinforcement materials make up the remaining 2%. Metal matrix composites (MMCs) can be produced using a variety of methods,
but the Stir Casting Process offers the best chances of achieving commercial goals.

N.

Advantages Of Friction Stir Welding [46-55]

One advantage of friction stir welding (FSW) is that it uses less energy than arc welding techniques[6].

Metallurgical benefits

Solid-phase process.

Low distortion.

No loss of alloying elements.

Fine recrystallized microstructure.
Absence solidification of cracking.
Replaces multiple parts fasteners joined

Environmental Benefits

Minimal surface cleaning required.
Eliminates grinding wastes.
Consumable material saving.

No harmful emissions.

Energy Benefits

Improved material use (e.g. joining different thickness) allows reduction in weight.

Only 2.5% of the energy needed for a laser weld

Decreased fuel consumption in lightweight aircraft, automotive, and Ship applications[7].

The use of friction stir welding in the manufacture of rocket fuel tanks significantly reduced welding costs63 and raised the calibre
of welded joints[8].

4)

In Design and Manufacturing

Weight reductions - by doing away with sheet-overlap arrangements and rivets and other fasteners.

Environmental requirements- less waste and less energy use[9].

Due to the length of the weld, the needed travel speeds to make this process cost- competitive, and the accompanying process
forces, this FSW application requires a customized linear machine. These machines have a high capital expenditure[10].
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IX. CONCLUSION

Friction stir welding (FSW) represents a revolutionary advancement in joining dissimilar metals, offering a myriad of benefits over
conventional welding techniques. Unlike traditional fusion methods, FSW operates at lower temperatures, minimizing thermal
distortion and preserving the integrity of the base materials' microstructure. This results in joints with superior mechanical
properties, including enhanced strength and toughness, as defects like porosity and cracks are significantly reduced. Moreover,
FSW's versatility enables it to accommodate a wide range of dissimilar metal combinations, from aluminum to steel to titanium,
expanding its applicability across diverse industries such as automotive, aerospace, and marine. Its environmentally friendly
operation, characterized by minimal emissions and energy consumption, contributes to a cleaner and safer working environment.
Although initial setup costs may be higher, FSW offers long-term cost savings through improved efficiency and reduced rework. Its
ability to weld complex shapes and thin-walled structures further underscores its suitability for various applications, making FSW a
preferred choice for joining dissimilar metals in modern manufacturing processes.
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