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ABSTRACT

Nanoscience is developing in various industrial fields, including the welding industry. On the other hand, severe plastic
deformation (SPD) methods have found a special place in the world. Friction stir processing (FSP) and friction stir
welding (FSW) methods are two types of severe plastic deformation (SPD) processes. In FSP and FSW, a rotating
cylinder tool (pin), which could take the form of various geometries, pierces into the workpiece with a particular angle
and depth. Furthermore, it refines grains by moving along with the tool's movements in the direction of interest. The
uniform distribution of nanoparticles in the stir zone is one of the main challenges of using nanoparticles. Controlling
variables such as tool rotational speed, tool travel speed, number of passes, etc., the distribution of nanoparticles
and the grain size can be changed in the stir zone. Microstructure, texture, and grain size directly affect the hardness
of the stir zone. Recent studies have shown the proper distribution of nanoparticles in the stir zone area significantly
reduces the average grain size and improves the mechanical properties of the stir zone. This review aims to collect the
results of previous articles focused on analyzing the operation of FSW and FSP, the microstructure of the stir zone in
FSW and FSP, the impact of effective parameters on the microstructure after adding nanoparticles to the stir zone, and
the applications of FSW and FSP in various industries. Moreover, the fundamental mechanisms of grain refinement
throughout FSW and FSP, including morphology and grain boundaries forming, were discussed.

Keywords: Friction stir welding, Friction stir processing, Microstructure, Hardness, Texture, Nanoparticles.

1. Introduction structures, aviation, marine, power transmission

Grain refinement is one of the methods of
material strength. Grain refinement methods are
generally divided into thermomechanical and
SPD processes. The most famous processes of
SPD are ECAP, HPT, ARB, FSP, and FSW [1, 2].

Aluminum (Al) reduces environmental effects
and possesses unique properties such as high
specific strength, good weldability, excellent
plasticity, and relatively high corrosion resistance.
Therefore, it is used in different industries like

lines, transportation, etc. Besides, aluminum
alloys are competitive candidates in various
complex applications [3, 4].

Aluminum is a metal extremely susceptible to
grain refinement under SPD processes [1].

The high tendency of aluminum to oxidize
and absorb hydrogen gas in fusion welding
of aluminum alloys, defects such as porosity,
inclusions in slag, and freezing cracks lower the
quality and properties of the connection. On
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the other hand, the production of aluminum
composite by melting methods at the junction
of two aluminum sheets and the production of
metal-based composite will bring defects related
to fusion welding and consist of unwanted
reactions between the molten base metal and
nanopowder. Friction stir welding was invented
in England in 1991 for aluminum welding.
Unlike fusion welding in FSW, the raw material
will not melt, and recasting will not occur; in
other words, this welding is solid-state welding.
In 2001, Mishra et al., invented the FSP method
to improve the surface properties of aluminum. It
produces nano and micro surface composites and
improves the microstructure [5-7]. The strength
of 2xxx series aluminum alloys is the presence of
secondary phase particles, which prevent grain
growth by locking grain boundaries. Secondary
phase particles are essential in preventing
dislocation mobility and dynamic recovery. Since
the change of strain application temperature and
even the strain rate affects the sedimentation
and dynamic growth of the particles, the amount
of dynamic smoothness is determined by the
growth of the particles during the deformation of
the workpiece [8-11].

Aluminum alloys of the 6xxx series are among
the precipitation-hardening alloys resulting from
the heat applied by FSP/FSW; the deposits are
dissolved in the disturbance region and lead to
a decrease in strength in this region. Therefore,
in the homogeneous and non-homogeneous
connections of these alloys, the loss of strength
and hardness leads to the failure of these parts
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Affected Zone

Holes before FSP

Stir Zone

Heat Affected
Zone

at stresses lower than the tensile strength. To
compensate for this loss of strength and hardness,
the mechanical properties of these alloys can be
improved by introducing reinforcing particles
into the disturbed area and creating a composite
material [11-14].

In this review paper, section 2 will briefly
explain the operation of FSW and FSP.
Subsequently, section 3 will investigate the
microstructure of the FSW's stir zone and
FSP's, the fundamental mechanism of grain
refinement throughout FSW and FSP, including
morphological changes and grain boundary
formation, the nanoparticle distribution in
the stir zone, and the effect of the texture and
shape of nanoparticles in the stir zone. Section 4
examines the impact of effective parameters on
the microstructure of the stir zone. Sections 5
and 6 will briefly discuss the applications of FSW
and FSP in various industries and the visions and
challenges concerning them in that order.

2. FSW and FSP Operation

Figure 1 demonstrates the schematic of
FSW and FSP. It should be mentioned that FSP
is similar to FSW [15]. FSW is a solid-state
welding technique. In a solid state, the joining
occurs under the melting point of base metals.
In this method, the heat produced during the
conversion of mechanical energy to thermal one
causes structural changes and forms new grains
in the stir zone. The microstructure of the stir
zone includes micro and equiaxed grains made
during dynamic recrystallization.

FSW

‘ ; Rotation direction

Fig. 1- The schematic of FSW and FSP methods
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Material flow in FSW and FSP is complex. It
is noteworthy that numerous factors could affect
material flow during FSW and FSP. These factors
include tool geometry (the design and dimensions
of pin and shoulder), welding parameters (tool
rotation and its clockwise or counterclockwise
direction, traverse speed, penetration depth,
the tilt angle of tools with workpiece), welded
material, piece’s temperature, etc. If the
parameters above are not controlled, after FSW
and FSP, there will be defects in and around the
stir zone. These defects can be identified through
destructive and nondestructive testing [16, 17].
In this light, Botes et al., [18] observed the pore
or wormhole defect in the stir zone after FSP and
through a scanning electron microscope (SEM)
of the defect.

Rabiezadeh et al., [19] welded aluminum 5754
to aluminum 6063 by adding carbon nanotubes to
the flutes of the weld zone. They reported that the
hardness and strength of the welded zone were
significantly higher than those of the base metal
and the welded zone. FSP is similar to FSW [20].
Kishan et al., [21] prepared flutes on aluminum
6061-T6 and placed 35 nm Ti2B nanoparticles in
a flute with dimensions of 1 mm and 1 mm away
from the center. Following FSP, it was observed

Aversge grain bivenadary angle
i i

that an increase in the hardness of the stir zone
of the sample had better particle distribution.
Heidarpour et al., [22] made holes with a 3 mm
depth and a 2 mm diameter in the middle of the
workpiece with a 3 mm distance from each other
in aluminum 5083, so that AI203 nanoparticles
with a mean size of 80 nm would be placed in the
holes. After FSP, it was revealed that the stir zone's
hardness was greater than the base metal, owing
to the appropriate distribution of nanoparticles
and grain refinement.

3. Analysis of the FSW and FSP Microstructures

Grain refining is the most significant factor
in hardening base metals formed through SPD.
The stirring process in FSW and FSP leads to the
activation of shear deformation, which produces
non-directional shear texture components.
This deformation leads to refining grains in the
stir zone [1]. The qualitative and quantitative
analyses of the stir zone can be conducted
through electron backscattered diffraction
(EBSD). Figure 2 depicts the colored maps of
the stir zone of aluminum 7A52. In the map, the
green and red lines signify the orientation of the
angles wider than 15° (high angle boundaries)
and the orientation of angles ranging from 2° to
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Fig. 2- Grain boundary maps: (a) AS-HAZ; (b) SZ; (c) RS-TMAZ; (d) Value of grain boundaries of 7A52 aluminum alloy FSW joint [24]
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15° (low angle boundaries), respectively. Low-
angle boundaries are formed during hot working
with dynamic recovery [23- 24].

The motion of dislocations inside subgrains
will occur following hot working. These
dislocations are trapped at sub-boundaries and
increase mismatch at sub-boundaries. As this
process continues and the mismatch increase,
sub-boundaries turn into main high-angle
boundaries [25].

Three Euler angles of ¢, ¢1, and ¢2 depicted
in Table 1 compare the orientation distribution
function (ODF) results.

SPD and the increase of temperature in FSW
and FSP lead to dynamic recrystallization and
changes in the substructure of the stir zone.
Sarkari Khorrami et al.,[26] studied the changes
in the microstructure and texture along the FSP
tools on aluminum alloy 1050. As illustrated in
Fig. 3, the grains are coarser and equiaxed with
random orientation, more elongated, finer, and
more equiaxed in front of the tools, adjacent to
the tools (dotted line), and beneath the tools.

3.1. Various Recrystallization Types Created by
FSW and FSP

Recrystallization  requires two  factors:
temperature and strain or deformation. Strain
rate, cooling rate, and time spent at maximum
temperature are also the most influential factors
in the transformation of recrystallization.
Temperature also stabilizes the energy level of
the grains by regularly placing the produced
dislocations together, facilitating deformation,
increasing  strain, and reproducing the
dislocations. In short, dynamic recrystallization
involves the propagation of dislocations in the
crystal structure of the metal and the juxtaposition
of the produced dislocations, creating a boundary
of sub-grains.

Continuous

dynamic recrystallization

(CDRX) is the gradual increase of new grains
with misalignment between branches during
hot plastic deformation. Continuous dynamic
recrystallization consists of two stages: a)
Dislocation and sub-branches formation. b)
Absorption of dislocations into sub-branches
and gradual increase of misalignments against
discontinuous dynamic recrystallization (DDRX)
The evolution of new grains in the nucleus.

Geometric dynamic recrystallization (GDRX)
occurs when the grains are exposed to severe
hot plastic deformation for a very long time, and
the boundary of the toothed grains is blurred.
These mechanisms change the microstructure of
the nugget area and decompose large sediments
around the nugget area.

Plasticdeformationand temperatureincreasein
the welding zonelead to dynamic recrystallization
and changes in the microstructures in the stirred
zone and the decomposition of sediments and
coarsening around the stirred zone. Due to the
severe deformation of the plastic and the sudden
increase in temperature in the stirred area, the
seeds break. These points are suitable points for
germination. Recrystallization occurs at these
points, which creates a fine-grain structure in
the stirred area. In mechanical recovery, grain
boundaries with a low angle are transformed
into grain boundaries with a high angle, and
this transformation causes the grains to enlarge.
In the case of welding without the presence of
reinforcing particles, the only influential factor
is the temperature, or in other words, the input
heat. An effective way to reduce grain size is to
apply cooling methods. In welding with the
presence of reinforcing particles, the principles
of microstructure formation are different. On
the one hand, the incoming heat increases the
size of the grains. On the other hand, nano-
reinforcement particles act as an obstacle to the
growth of the grains and prevent them from

Table 1- Euler angles and Miller indices for essential texture components in FCC materials

Texture component Miller indices

Euler angles

P1 (o) P2
B {112} [110] 0 54.74 45
Bz {112} [110] 0 54.74 45

C {001} <110> 20 45 0.9
0 90 45

Cube {001} <100> 0.45 0 0.45
Copper {112} <111> 90 35 45
S {123} <634> 59 34 63
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growing further, just like the seeds, known as
pinning, making them finer [27-29].

Mazaheri et al, [30] reported that grain
refinement increases hardness in the stir
zone of aluminum grains caused by dynamic
recrystallization after FSP. Singh et al., [31]
added AI203 nanoparticles to an aluminum
matrix with FSW to AA6061-T6 alloy. They
realized that AI203 nanoparticles along the
interface significantly refined the grain structure
in the weld zone. This is thanks to the impact of
the tin produced by Al203 nanoparticles which
inhibits grain growth and leads to a drastic
reduction in the grain size after recrystallization
during FSW. LigiangWang et al. [32] showed
that the precipitation of grains could increase
the dislocation density and stored energy,
accelerating recrystallization.

Several researchers [33-35] believed that

the microstructure of the stir zone optimizes
the structure and increases the hardness due to
equiaxed recrystallization during FSW.

3.2. Analyzing the Distribution of Nanoparticles in
the Stir Zone

The uniform distribution of nanoparticles
in the stir zone is the main challenge of using
nanoparticles. Figure 4 demonstrates the
distribution of particles through field emission
scanning electron microscopy (FESEM).

Ascanbeseen, FSP distributesthenanoparticles
well. The distribution of nanoparticles enables
extreme strain hardening of the material, which
prevents local deformation and premature failure.

Every single color is assigned to one element.
Nanoparticles are uniformly distributed in the
stir zone, and the pin’s movement prevents the
particles from agglomeration [36, 37].
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Fig. 3- (a) IPF crystal orientation map indicating the microstructure evolutions from regions in front of the FSP tool to regions beneath
the shoulder; (b) and (c) (001), (110), and (111) pole figures from the front of the tool and deformation field, respectively [26].
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In general, the addition of nanoparticles
refines the grains in the stir zone, increases the
nucleation centers during FSP, and produces
the new grains. How the nanoparticles are
distributed and the size of the particles can
drastically affect the stir zone. Mathur et al.
[38] managed to reduce the grain size through
FSP, to distribute TiO2 particles in the stir zone
uniformly, and to improve the hardness of the stir
zone by adding TiO2 particles with a mean size of
2um to aluminum alloy AA5052. Moustafa et al.,
[39] added Al203 and Ta2C nanoparticles with
the mean size of 17.3 + 2 nm and 280 +4.5 nm,
respectively, in addition to MWCNTs with an
inside diameter of 40+ 3 nm and outside diameter
of 80 £6 nm to Al2024. They found that the stir
zone's hardness and mean particle size increased
and decreased 30 to 40 times, respectively.

Khorrami et al,, [9] reported that by adding
Sic nanoparticles to aluminum 2024 by FESP,
secondary nanoparticles are well distributed
in the mixing area and preventing the growth
and causing the formation of smaller grains.
The grains are bigger in the areas where Sic

Eleclron Image 1

Ka1 2

Al Ka1

Mg Ka1_2

CuKa1 Zn Ka1

nanoparticles are not distributed.

The shape and texture of nanoparticles
can significantly affect the stir zone. Ostovan
et al, [40] added CNT and aluminum oxide
nanoparticles to aluminum 5083 through friction
stir processing and distributed them uniformly
in the stir zone. The microstructural analyses
revealed that aluminum oxide nanoparticles
disperse in different zones, including intragrain
and grain boundary zones, whereas CNTs pin to
grain boundaries during friction stir processing.

After the hardness test, the hardness of the stir
zone in Al/A1203, Al/CNT, and AI/CNT/AI203
was estimated at around 95 HV, 110 HV, and 123
HYV, respectively.

Friction stir welding and friction stir
processing show a new perspective on
microstructure  attributable to  structural

modification. For this purpose, the ideal texture
position can be determined by examining the
texture microstructure and crystal orientation.
To determine the «crystal orientation, the
orientation distribution function for each sample
in the Euler space at three angles of 0°, 45° and

Ti Ka1

Fig. 4- The FESEM elemental mapping analysis of AA7075-TiC.Gr composite [36].
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65, Figure 5 [41] can be used.

Figure 5a displays the annealing of base metal
with a relatively weak cubic texture. The grains are
somewhat larger and equiaxed. Figure 5b depicts
the accumulative roll bonding sample in which
grains are elongated along the rolling direction,
creating an ultrafine grain structure. This is
because the small amount of copper and S texture
is created through the stir-initiated deformation.
Figure 5c shows the stir zone after FSW, where
the grain size in the stir zone is bigger and more
equiaxed to that of Figure 5b. These equiaxed
grains root back to the continuous dynamic
recrystallization during FSW. The strong texture

of B and the absence of a rotated cube texture
indicate the occurrence of continuous dynamic
recrystallization.

By using a scanning electron microscope to
compare the microstructure of the annealed
sample with the microstructure of the friction
stir processing sample after friction stir welding,
we can draw conclusions in Figure 6. [42].

figure (6a-6¢) demonstrates microstructural
properties based on grain structures in optical
microscopy, electron backscattered diffraction
maps, and the pole figure analysis of textures. The
annealed sample has relatively larger grains in
various directions. There is no preferred crystal

111
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Fig. 5- The images of the electron backscatter diffraction and the orientation distribution function for a) raw specimen, b) accumulative
roll bonding specimen, and c) stir zone in the joint specimen [41].
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Fig. 6- Images (a-c) of Al-Mg heat treatment, images (d-f) after FSP, images (a-d) of a microscope, images (b-e) of the Euler orientation
map of EBSD, and images (c-f) of the pole figure textural orientation maps [42].
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orientation, and the abovementioned material
is isotropic. However, the grain size is smaller in

texture can be seen in the PF diagram, indicating
the preferred orientation of temperature.

the friction stir processing sample, and the grain
orientation is aligned. This indicates that the 4. Parameters Affecting the Microstructure and

material has texture and an increase of hardness the Distribution of Nanoparticles in FSW and
in the stir zone. As shown in d-e, the grains are FSP

elongated along the roller, and the grain boundary a) The tool rotational speed (rpm): Figures
angle is low. Based on c-f, minor changes in the 7 and 8 depict the Vickers hardness test and

40

Vickers Microhardness (HV)
o

=i 3500rpm- 160mm/min
= T50rpm- 160mm/min
—=—1000rpm- 160mm/min

-15 -10 -4 0 § 10 15
Distance From The Weld Center (mm)

Fig. 7- The Image of the Vickers hardness test for alloy AA2024 [43].
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Fig. 8- The effect of tool rotational speed on the surface where the tool touches the workpiece. a) 600rpm, b) 800rpm, c) 1250rpm,
d) 1600rpm, and e) 2000rpm [44].
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Fig. 9- FESEM image of the surface defect, b & d) the agglomeration of Sic nanopowders in AA5083 [45].
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infrared images of thermal changes in the surface
where the pin and the workpiece touch each
other, respectively. The hardness increases by
decreasing the toll rotational speed.

The temperature increases with the tool's
rotational speed in the first occurrence, leading
to grain growth. The second occurrence involves
material flow improvement as the material
transfer rate from the advancing side to the
retreating side in the traverse zone increase by
heightening the rotational speed. As a result, the
materials mix well in the stir zone.

The third occurrence, which the incorrect
rotational speed could cause, is related to
using nanomaterial. The nanoparticles will be
dispersed around the stir zone if the rotational
speed exceeds an average rate. They will be

agglomerated, just like in the research conducted
by Mathur et al. [38], in which they covered TiO2
particles on the surface of AA5052 at a rotational
speed of 1300rpm.

Rahmatian et al. [45] selected an incorrect
tool rotational speed, leading to SiC nanoparticle
agglomerating in TMAZ. As shown in Figure 9,
the imaging of the defect location revealed that
the agglomeration of SiC nanopowders causes
stress concentration and thus defects in the
sample.

b) Traverse Speed (mm/min): As illustrated in
Table 2, the tool movement speed directly affects
the microstructure in the stir zone.

As shown in Figure 10, the tool movement
speed is directly correlated with the grain size.
Based on the Hall-Petch equation, the smaller

Table 2- The effect of the tool rotational speed and the welding speed on microstructure in FSW and FSP

Consuming Year of
materials Variable Conclusion Article authors  publication References
AA2024 As the tool rotates at FSW, the finer structure and [43]
Aluminium 500-1000rpm  stiffness increase. Alvand et al. 2018
Alloys
Composite 400-700rpm j;}lleo tool rotant(_)ria.l sp_;eldbh:s abdu;je.ct elifetcl on
P! 150-500 205 nanop?r icles with be ef onding between - val. 2006 (46)
AA6061 . the nanoparticles and the matrix.
mm/min
900-1400rpm  Tool rotational speed in FSW has a direct effect [47]
AA7020-T53 16-40 mm/min on temperature. Jweegetal. 2012
700-2500rpm  As the tool rotates and moves at FSW, the [48]
Al6061-A15083 25-400 percentage of the material composition increases. Ghaffarpour et al. 2012
mm/min
Stainless Steel 304- Due to the good combination of 304 Stainless Steel [49]
6061 Al Alloy 560-900rpm  with Al, the hardness of the welding nugget part Ghosh et al. 2013
increases in FSW.
The finer structure and stiffness increase with the [50]
450-71 i i
Aluminum Alloys 50 Orpm' simultaneous groTvlh of rotational tool speed and Balos et al. 2017
20-40 mm/min movement speed in FSP.
By increasing tool rotational speed in FSP, no [51]
AL Sic composite  700-1000rpm surface .defe.cts were created,.and particles were Butola et al. 2021
evenly distributed in the amplifier.
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Fig. 10- The effect of tool movement speed on the grain size [54].
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the grain size, the more hardness is expected.
[52]. As the grain size gets smaller, obstacles will
hinder the movement of dislocations; therefore,
the material strengthens in the stir zone [53]. The
hardness of the stir zone increases with a rise in
the tool movement speed [54].

Lin et al,, [55] analyzed the speed of FSW tool
movement on Al-Zn-Mg alloys. They found out
that the heat generated from severe plastic strain
due to an increase in the tool movement speed
causes a reduction in the grain size.

Input heat: By controlling the Input heat, the
structure in the weld zone can be more coarse-
grained or fine-grained [56]. Moreover, by
accelerating the cooling rate of the stir zone, grain
growth to have finer grain sizes can be prevented
[57].

Kocanda et al. [58] believed that the highest
portion of input heat on the workpiece surface is
related to the frictional force between the tool's
rotational speed and base metal.

Numerous researchers measured the heat
producedbythefriction oftoolsusing, forexample,
a thermocouple or calculated the input heat
through software design. By comparing the linear
extrapolation, the multiple linear regression, and
the multivariate Lagrange interpolation methods
with the actual temperature of the stir zone,
Yousefieh et al. [59] reported that the multivariate
Lagrange interpolation method shows a closer
estimation of the actual temperature in the stir

zone compared to other methods.

According to Buffa et al. [60], an increase
in FSW tool rotational speed force base metal
grains to rotate in the broader direction with the
rotational tool and to bear the more significant
strain. An increase in the tool rotational speed
increases the process's input heat and the size of
recrystallized grains due to grain growth at high
temperatures. Additionally, it causes the base
metal to bear greater strain during FSW. Tufaro
et al. [61] stated that increasing the input heat
temperature decreases the hardness.

¢) Tool Geometry and Design: Tool geometry
is primary in achieving adequate microstructures
in the stir and heat-affected zones. As illustrated
in Figure 11, FSW and FSP tools consist of several
parts, each of which needs to be designed [62].

Different pins affect the microstructure
differently. As depicted in Figure 12, grain size
changes in compliance with pin shape that
affects the heat generated, and this heat has a
direct effect on the structure of the stir zone, i.e.,
causing a structure to be more delicate in the base
compared to the other bases [63].

According to Sadeesh et al. [64], it is possible to
increase welding surface quality and the hardness
in the weld zone by changing the pin shape,
rotational tool speed, and welding movement
speed. Emamian et al. [65] used several pins
for FSW and reported that threaded pins affect
mechanical properties and square pins increase

Fig. 11- Different tool parts [62].
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input heat rate. Moreover, using cylindrical
threaded pins results in better joints. Ullegaddi
et al. [66] reported that the shoulder and the
pin would provide the heat needed for material
flow during FSW, making the structure of the
stir zone finer or coarser by choosing the proper
tools. Khan et al. [67] achieved new relations by
measuring the pin length in FSW.

d) The Number of Passes in FSW and FSP:
The more passes are, the finer and more uniform
the structure can be obtained. An increase in the
number of passes prevents the agglomeration of
nanoparticles and causes a uniform distribution
of nanoparticles. The effect of the number of
passes on the structure of AA6082 can be seen in
Figure 13 [68].

K. S. Wang et al. [69], W. Wang et al. [70], and
Mabuwa et al. [71] showed that by increasing
the number of FSP passes in the stir zone; the
structure becomes finer after each pass and
hardness increases as well.

As seen in the microscope image of AA6082,
the grains of the base metal become finer and
more organized after FSW, and ultimately, the

structure becomes finer than before. This grain
refinement increases hardness in the stir zone.

Dragatogiannis et al. [72] welded 5083 and
6082 aluminum alloys to each other by adding
T nanoparticles. After three passes of FSP, the
nanoparticles are distributed correctly in the
stir zone, increasing the joint's hardness and
mechanical properties.

Madhu et al. [73] and Mustafa et al. [74], if
the number of passes in the stir zone increases,
the structure will be finer, and the distribution
of nanoparticles will be more uniform after each
pass. Besides, the agglomeration of nanoparticles
will be prevented, and hardness will increase.

The proper distribution of nanoparticles
in FSW and FSP plays a significant role in
determining the properties of the stir zone.

Singh et al. [75] analyzed the proper
distribution of AI203 nanoparticles in 6061-T6
aluminum alloy. It was revealed that FSW plays a
pivotal role in how nanoparticles are distributed
and in increasing the hardness of the stir zone
through nanoparticles. By adding SiO2 and
Al203 nanoparticles to AA7075-T6 aluminum

Fig. 12- Effect of tool pin profiles on FSP region microstructure in (a) Straight cylindrical, (b) Taper cylindrical, (c) Threaded cylindrical,
and (d) Square samples [63].
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alloy, Rashed et al. [76] managed to increase the
hardness by 15-35% compared to the base metal
using FSP because of the proper distribution of
nanoparticles after three passes and the grain
refinement of the stir zone. Table 3 demonstrates
the studies of other researchers in this area.

5. Applications of FSW and FSP

Structure modification is one of the most
significant applications of FSW and FSP. It is also
possible to increase or decrease the properties of
the base metal.

FSW welding is used for welding UFG
aluminum alloys that are heat-sensitive and
consist of unstable grain boundaries. FSP can be
used to modify the structure after welding [82].
Yousefieh et al. [34] managed to weld an Al-
0.2wt.% Sc properly alloy by increasing the tool's

rotational speed. Before welding, the base metal
was refined through the ARB process, and they
then managed to make the structure of the stir
zone finer using FSW. Sajuri et al., [83] first welded
AA5083 sheets using FSW. After that, the sheets
experienced cold rolling to increase hardness and
uniformity. It was revealed that the hardness of
the base metal increase by reducing its thickness,
and the grain size dwindles. Using FSP, Mehdi
et al., [84] modified the zone's structure welded
by TIG so that the defects caused in the welded
structure by fusion welding could be eliminated
after FSP.

Additionally, the hardness can be increased
by further refining. After cold spray coating,
Huang et al. [85] used FSP. They reported that
the structure of the coating became thinner,
and Sic particles in the coating were uniformly

Fig. 13- Microscope images of the structure. a) AA6082 after FSW, b) A6082 after FSP, c) image of the base metal AA6082-T6 [68].
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distributed in their bed.

Using FSW, Tabasi et al. [87] welded 7075-
T6 aluminum alloy to AZ31 magnesium alloy
by adding SiC nanoparticles. Mohammad et al.
[86] added AI203 particles with a mean size of
3050nm to AA6082-T6 aluminum alloy with a
2 mm thickness. After three passes of FSW, the
results showed that the nanoparticles have a more
suitable distribution and a decrease in the grain
size is observed in the stir zone. These factors
lead the stir zone to be hardened.

Using friction stir welding can weld two
dissimilar alloys. Reviewing the texture and
microstructure of the two aluminum alloys
in the stir zone, friction stir welding in a cube
texture [001] often creates shear textures [123].
Therefore, a shear texture is predominant as the
material flow in the stir zone is controlled by
rotational and shear deformation. Moreover,
the structure is finer and equiaxed in the stir
zone under dynamic crystallization and grain
refinement [88].

6. Visions and Challenges

Developing the processes mentioned in this
analysis indicates a rational understanding of
physical friction, and the associated mechanism is
accessible in advance. The stir-based technologies
primarily aim to achieve a sufficient level of
material plasticity in the stir zone, allowing the
dispersion and mixing of materials and the proper
distribution of nanoparticles regardless of their
compatibility. To achieve a coarse-grained or
fine-grained structure, sufficient heat generation
is necessary.

In several studies conducted, it was reported
that the solid-state processes are more compatible
and cost-eflicient in terms of technical feasibility
and product manufacturing quality based
on the manufacturing of aluminum alloys,
nanocomposites, composites, and other matters
that need to be analyzed.

FSP can produce nanocomposites and
composites of metal without changing the
chemical compound. According to Table 3, FSP

Table 3- Appropriate distribution of nanoparticles in FSP and FSW

Article Year of Consuming Process .
o . Conclusion References
authors  publication materials type
Patil et al. 2001 AA7075?Ti FSP TiC.Gr particles distribute uniformly across the composite (36]
composite surface.
The distribution of the reinforcing phase is homogenous in
the sti . This h ity affects mechanical and
Shinoda et al. 2004 Aluminum alloys ESP i € 1r'zone 1s' omogerielly & ects Inectianla an' (77]
tribological properties because the final number of grains
increases drastically in the reinforcement step.
Usun etal. 2006 AA2124-‘Sic BSW SiC particles distribute correctl).r in the welded zone of the 78]
composite composite.
Bauri et al. 011 Alzzomposite FSP TiC particles distribute uniformly across the composite 79]
surface.
AA 6061 B.C particles are properly distributed in the weldingzone, and
Zhao et al. 2015 . FSP increasing the the number of passes makes the distribution of [80]
B,4C composite L . .
particles in the welding zone more uniform.
Farahmand AA6061- T6.ALO3 AlLOs nanoparticles distribute uniformly in the weld zone,
i 2016 i FSW o . (81]
Nikoo et al. nanocomposite and grain size in the stir zone decreases.
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is extremely useful in producing nanocomposites
and must be further investigated.

In 2xxx and 6xxx aluminum alloys, the
second phase particles prevent the grain growth
and mobility of dislocations, affecting the
particles’ sedimentation and dynamic growth.
By controlling the rotation speed and heat input,
one can improve the mechanical properties
of these alloys. With one pass of FSP on the
surface of the processed area, the structure of
the surface is fine-grained. Also, FSP can be used
selectively, that is, in parts of the part that require
superplastic deformation and, therefore, the need
for fine graining is used if this is not possible in
other SPD methods. In FSP.FSW, the increase in
temperature directly affects superplasticity, and
with temperature control, which requires control
of tool movement speed, the number of passes,
etc. The researchers can use alloy elements to
form pinning particles to control grain size.
The researchers know superplasticity involves
dynamic grain growth, and this issue should
be considered more seriously. Moreover, the
effects of deformation temperature and strain
rate on the thermally activated grain boundary
sliding (GBS), precipitation of secondary phases
(especially the Cr-rich o phase), dissolution of
phases, deformation-induced (dynamic) grain
growth, partial melting, and high strain rate
superplasticity by the friction stir processing are
among the challenges that some researchers have
addressed. [8, 13, 29, 89, 90].

7. Summary

With the help of all the information gathered
about FSW and FSP by different researchers, it
can be concluded that with an increase in the
rotational speed of materials in the stir zone,
the particles mix uniformly. Hardness increases
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