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Abstract

The aerospace, automobile, electronics, and biomedical sectors are just a few of the industries that have made
substantial use of magnesium (Mg) alloys because of their outstanding specific strength and stiffness, strong
vibration absorptionf, electromagnetic shielding impact, superior machinability, and recyclability. Surface
metal matrix composites (SMMCs) are a class of contemporary manufactured substances in which the
material's core retains its chemical composition and structure while its surface is altered by the dispersion of
secondary phase in the shape of fibers or particles. Friction Stir Processing (FSP) is a cutting-edge method for
creating composites that achieves significant grain refinement. Numerous studies have noted improvements in
the tribological, microstructure, and mechanical characteristics of magnesium metal matrix composites
(MMMCs) made via the FSP process. Currently, the most common types of magnesium alloys consist of RZ5,
AZ31, AZ61, AZ91, ZM21, ZK60, and pure magnesium. Carbon nanotubes (CNTS), graphene, carbon fiber,
SiC, SiOy, AlyO3, B4C, TiC, and ZrO, particles are some examples of the reinforcing particles. The primary
mechanisms for the joining and grain refinement throughout FSP of Mg alloys are outlined. It is discovered
that the FSP treatments change the attributes including tensile strength, hardness, wear and corrosion
resistance, and that the type of ceramic particle reinforcement greatly affects the extent of the changes. The
principles, technology, microstructure, mechanical characteristics, tribological, and corrosion performance of
magnesium and its alloys employing ceramic particle reinforcements are summarized in this paper.

Keywords: Friction Stir Processing, Magnesium, Microstructure, Mechanical Properties, Ceramic Particles.

1- Introduction facilitate the joining of materials. It was really

It is common knowledge that adding alloying
elements, metal fibers, or powders of different
sizes and compositions to metal parts may
boost their strength. Since the 1980s, this topic
became the subject of much research. In the
last ten years, a lot of focus is being placed on
techniques including FSP, cold spraying, laser
melting, ion implantation, and plasma spraying
that create subsurface gradient structures in
metallic materials [1-3]. "The Welding Institute
(TWI)" created friction stir welding (FSW) in
1991. It is employed in the procedure of
joining alloys or metals that are identical and
distinct. A cylindrical tool with a shoulder and
pin in FSW helps to provide adequate heat to

challenging to fuse the different materials
together prior to FSW. The manufacturing
sectors were able to attach copper to
aluminum, separate aluminum series, etc.
more easily thanks to the assistance of FSW.
As FSW advanced, a number of opportunities
emerged. Among the variations of friction stir
welding are friction stir processing (FSP) and
FSW [4-6]. FSP was created in 1999 by
Mishra et al. utilizing the fundamental idea of
FSW. A rotating and traversing tool is part of
the basic FSP configuration. The tool receives
both a downward push and a spinning
movement. Once the tool shoulder makes
contact with the sample surface, the revolving
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tool pin sinks farther into the material being
worked on. The sample undergoes significant
plastic deformation due to heat generated by
friction among the tool and the sample. The
workpiece material passes from the advancing
part over to the receding part of the sample in
conjunction with the tool's stirring operation.
It was discovered that FSP is appropriate for a
number of applications, including surface
composite production, microstructure
modification in cast alloys, and casting defect
removal. The base metal's super-plasticity and
grain refining are aided by the stirring
operation. The localized flaws in the cast and
forged materials are eliminated using FSP. It
alters the microstructure and eliminates the
imperfections brought on by pores and fissures.
The material's superplasticity is aided by the
creation of equiaxed recrystallized grains. The
recrystallized grains that result from the tool's
swirling movement are aided by FSP.
Numerous investigators examined FSP and
discovered that the surface composite

pOSSesses enhanced tribological,
microstructural, and mechanical characteristics
[7-11].

The material undergoes localized softening
throughout FSP as a result of adiabatic heating
caused by plastic deformation throughout
material flow, as well as heat produced by
friction between the tool and the sample. The
shoulder controlled the heat production
because its region of contact and vertical
pressure were far greater compared to those
between the pin and the sample, and its linear
velocity was greater compared to the pin's
smaller radius [12]. Material is being stirred
and mixed within the revolving pin by the
tool's rotation, and the stirred material is
moved from the pin's front to its back by the
tool's translation. The instrument may be
angled somewhat in the path of the trailing
motion (the spindle angle) for this reason [13].

Because of this, at high temperatures, the
material in the stirred zone (SZ), commonly
referred to as the nugget or dynamically
recrystallized (DRX) zone, experiences
significant plastic deformation, which leads to
the creation of a fine DRX microstructure [14-
17]. More information on the many DRX
mechanisms that have been described in this
regard, including continuous (CDRX),
discontinuous (DDRX), geometric (GDRX),
and twinning (TDRX), can be obtained in
current review studies [14, 18]. A thermo-
mechanically affected zone (TMAZ, a
deformed area affected via heating and
deformation) [19] and a heat-affected zone
(HAZ, resulting from going through a thermal
cycle) will emerge as well from SZ to the base
metal (BM), as illustrated in Fig. 1li(a) [20].
Similar to SZ, the TMAZ deforms, but
because there is not enough strain at this zone,
recrystallization does not happen entirely [18].
With the feasible exception of minor grain
coarsening and the potential dissolving of
strengthening precipitates, the microstructure
of HAZ is nearly comparable to that of base
metal. [13, 21, 22].

2- Friction Stir Processing

As seen graphically in Fig. 1i, FSP is
performed by pressing a rotating friction stir
tool—which consists of a cylindrical shoulder
and a protruding, tightly positioned pin or
probe—into  the  workpiece's  surface,
accompanied by its translational motion.
During the plunge phase, the rotating tool is
first pushed into the material by the pin
penetrating the workpiece and the shoulder
making contact with the surface. Once the
requisite plunge depth was reached, the
instrument is left in place long enough to
attain the necessary temperature, after which
the dwell, or stabilization phase, starts.
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Fig. 1 Schematics of: a) FSP and the resulting microstructural regions [20], the reinforcements filled into b) holes and c)
grooves [23], ii) Two common kinds of stir tools: (a) pin-less and (b) with pin, and iii) Different shapes of pin: (a)
circular; (b) circular with thread; (c) triangular; and (d) square [11]

The material is subsequently processed by the
tool's translational motion throughout the
advancing phase. Additionally, the shoulder
forges downward, preventing the deformed
material from being expelled from the treated
area. In the retraction phase, the instrument is
ultimately withdrawn at the last stage of
processing [2-5, 11].

There are two types of non-consumable stir
tools employed in the FSP procedures: pin-
less and pin-equipped (Fig. 1 ii). Pin-less tools
are typically employed for embedding
reinforced particles throughout composite

manufacturing, while pin-equipped tools tend
to be employed for changing material surfaces.
The heat generation and material flow
throughout FSP operation are significantly
influenced by the dimensions of the tool and
the pin's shape. The material plastic
deformation is more severe and the friction
heat is focused once a tool with a bigger
shoulder  diameter is employed. As
consequence, the second phase particle
refinement and microstructure stability are
improved. Research regarding the way pin
profiles affect heat production throughout the
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plunge step reveals that a successful
instrument pin area is crucial for both heat
generation and friction deformation; as a
result, using a conical pin throughout the
plunge step results in the lowest temperature.
The common kinds of tools employed in FSP
for magnesium-based alloys are displayed in
Fig. 1 iii. [20, 23].

The wvarious FSP process variables are
displayed in Fig. 2 [24]. Three categories —
machine  factors, tool variables, and
reinforcing material—are used to group the
FSP variables. FSP is a multifaceted technique
that combines metallurgical contact, plastic
deformation, and heating. Therefore, in order
to attain the intended surface increase, it is
essential to determine the impact of every
variable.

The FSP of particle-reinforced materials has
gained popularity over the past ten years.
Using metallic alloys as a base, this
manufacturing technique creates surface
composite coatings with a typical thickness
ranging from 50 to 600 pum. For the surface

composites, the reinforcing additions can be
fibers, platelets, or powder. When necessary,
blind holes are typically drilled on the highest
point of the sample in a straight or zigzag
pattern and filled with reinforce particles. This
technique is known as "hole filling." To
prevent these particles from scattering, a pin-
less FSP tool is used following the loading of
reinforced particles prior to the ultimate
testing fragments. Another popular approach is
groove filling, which involves creating a
region on the sample and loading it with
reinforced particles. To prevent these particles
from dispersing, a pin-less FSP instrument is
used following the loading of reinforced
particles prior to the ultimate testing [23]. The
aerospace, automotive, electronics, and
biomedical areas are just a few of the sectors
that have made substantial use of magnesium
(Mg) alloys because of their outstanding
specific strength and stiffness, strong vibration
absorption, electromagnetic shielding effect
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Fig. 2 Classification of FSP parameters [24].
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,great machinability, and recyclability. The
lightweight ~ magnesium  metal  matrix
composites (MMCs) are strengthened with
fibers or particles. Magnesium alloys with
various additional components provide for
intriguing study subjects for experts [25-27].
Furthermore, because of their superior
corrosion  resistance and  outstanding
mechanical qualities, surface metal matrix
composites, or SMMCs, represent a group of
structural materials with great promise. In
SMMCs, fibers, whiskers, and ceramic
particles make up the reinforcing phase,
whereas a metal matrix material makes up the
matrix. Consequently, SMMCs' surface
qualities—such as their hardness, strength, and
resistance to wear—are greatly enhanced [28].
This paper provides an overview of the
principles, technology, microstructure,
mechanical characteristics, tribological
characteristics, and corrosion characteristics of
magnesium and related alloys when ceramic
particle additives are used. Currently, pure
magnesium, AZ31, AZ6l1, AZ91l, ZM21,
ZK60, and RZ5 are the primary types of
magnesium alloys. The particles that serve as
reinforcements comprise graphene, carbon
nanotubes (CNTS), graphene fiber, SiC, SiO,
Al>03, B4C, TiC, and ZrO2 powder. Table 1
provides a concise overview of the work
undertaken to create Mg composites
supplemented with ceramic additives using the
FSP method.

3- FSP with oxide ceramics reinforcement

Because of its great thermal stability and wear
resistance, aluminum oxide (Al2O3) is a
widely recognized extremely durable ceramic
that is utilized in high-temperature uses
including refractory, cutting instruments, and
aircraft. A particularly stable phase that is
frequently utilized in structural uses is the
hexagonal alpha phase. Because of its superior
strength, refractoriness, and hardness, it is the

preferred material for a variety of purposes. A
number of the key reinforcing elements in
Metal Matrix Composites (MMCs) is ZrOg,
which has minimal density and outstanding
mechanical and surface qualities that are
particularly well suited for anticorrosion and
wear resistance. Furthermore because of its
inexpensive cost and efficient improvement of
the metal matrix's tribological performance
features, silicon dioxide (SiO2) is one among
the most widely used friction materials.
Numerous studies looked into how to enhance
the functionality and surface characteristics of
Mg alloy surfaces by adding micro- and nano-
particles (NPs) of these ceramics. The
materials and experimental protocols for FSP
using ZrO,, SiO2, and Al>O3 additive particles
are displayed in Table 1.

The strategy that follows can be used to admix
hard, fine-grained particles to the substrate
throughout FSP. The metal matrix beneath and
surrounding the tool becomes plasticized due
to the heat produced by the friction between
the pin and the tool shoulder. The plasticized
metal matrix material is entrained by its
translational and rotational movement from
the approaching side to the retreating side. The
compacted particles are mixed in with the
plasticized metal matrix material by the flow
of the matrix material, which also fractures the
grooves (or holes). The degree of stirring and
composite creation are determined by the
tool's rotation rate and traverse speed. The
plasticized metal matrix can be used with any
kind of reinforcing particle to create a
composite, according to an analysis of
evidence from experiments. Dinaharan et al.'s
[71] manufactured copper matrix composite
films augmented with different ceramic
particles amply illustrate this point. Their
outcome demonstrated that the arrangement of
particle distribution in the composite films is
insensitive to the Kkind of ceramic
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Table 1: Brief summary of the work carried out to produce Mg based surface MMCs by FSP as reported in the literature

Tool Dimensions

Average grain size of

Rotational Traverse Pin or Shoulder Tool Maximum SIS the Base
Reinforced Base Shape/Average Method  Speed ()  Speed (V) probe Tool Diameter/Pin Tilt FSP Alloy (before Ref
Phase Materials Particle Size (tpm) (mmimin) Shape Material Diameter/ Length ~ Angle  number of FSP)/minimum of ’
of Pin © passes Grain Size after FSP
(mm) (Hm)
ZrO, AZ31 Particles/ 50- Hole 1180 235 Cylindrical - 20/4/2 2 4 The corrosion resistance, UTS 10/4.5 [29]
150 nm in and YS: FSP-4Pass>Basese
diameter Metal> FSP-2Passese
AZ91D Particles/ 50 Groove 900 20 Cylindrical HCHCr 16/6/4 - 1 The corrosion rate of the -/- [30]
um in diameter steel developed
surface composite was ~78%
less than that of the
base material.
AZ31 Particles/ 40 Groove 1250 20 Cylindrical H13 14/6/2 - 4 distributed uniformly in the 40/4 [31]
nm in diameter magnesium
matrix without the formation
of clusters/
AZ31 Particles/ 50 Groove 9000 200 Cylindrical - 7/-11.9 3 3 The agglomeration of ZrO2 -/8.23 [32]
nm in diameter particles reduced with the
increase of FSP passes
AZ31 Particles/ 80 Hole 1180 235 Cylindrical - 20/2/4 2 6 Grain refinement 10/3.2 [33]
nm in diameter / increased the hardness, UTS,
YS/ the icorr of FSP-ZrO2
composites decreases and the
radius of capacitive loop
increases,
AZ31B Particless 8nm  Groove  800-1200 100 Cylindrical H13 18/6/4.7 3 1 Grain refinement -/2.49 [34]
in diameter / increased the hardness, UTS,
YS/ the icorr of FSP-ZrO2
composites decreases
AZ31 Particles/ 20- Groove 1500 50 Cylindrical - 16/4/3.8 25 1 fine uniform -/10.29 [35]
50 nmin equiaxed crystal grains/ better
diameter damping capacities
AZ31 Particles/ 30- Hole 1000 56 Threaded AlSI 16/4.3/4 2 4 Grain refinement/ / increased 10.7/2.1 [36]
40 nmin cylindrical 52100 the hardness/ reduced the
diameter pin steel friction coefficient
AZ31B Particles/ 8 um  Groove 800 100 Cylindrical H13 -/-1- - 4 The microstructure, tensile, -13.02 [37]

in diameter

hardness,wear, and corrosion
responses of the composites
were investigated
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Tool Dimensions

Main Results

Average grain size of

Rotational Traverse Pin or Shoulder Tool Maximum the Base
Reinforced Base Shape/Average Method  Speed ()  Speed (V) probe Tool Diameter/Pin Tilt FSP Alloy (before Ref
Phase Materials Particle Size (tpm) (mmimin) Shape Material Diameter/ Length ~ Angle  number of FSP)/minimum of ’
of Pin © passes Grain Size after FSP
(mm) (Hm)
"Al,Os AZ31 Nano Particle/  Groove 1050 334 Cone - 20/(3.5d-5.5D)/5h 0.5 4 More corrosion resistant in - [38]
50 nm wear
AZ91 Nano Particle/  Groove  500-2000 20-80 Cylindrical H21 20/4.5/4.5 3 1 increased the hardness 30%/ 45/ 3.6 [39]
50 nm reduced of friction coefficient/
reduced the mass loss
AZ91 Nano Particle/  Groove 900 63 Square 15/3.5%3.5)/2.5 3 6 more resistant in wear/ matrix 150/7 [40]
30 nm finer grains/ higher hardness,
strength, elongation
AZ31 Nano Particle/  Groove  800-1400 45 Cylindrical H13 18/6/5.6 2 4 wear resistance/ changed the 70/3 [41]
30 nm wear mechanism
AZ31 Nano Particle/  Groove  800-1200 45 Cylindrical H13 18/6/5.7 2 4 higher hardness/ particles 70/2.2 [42]
35nm distribution
AZ91 Nano Particle/  Groove 900 63 Triangular H13 15/5/1.8 3 3 The grain size and cluster size ~ 150/1.7 for Triangular [43]
3000, 300 and Square in the specimen produced by Tool
30 nm the triangular tool is smaller 150/2.5 for Square
than that of square tool. Tool
Pure Mg Nano Particle/  Groove 800 50 Cylindrical H13 13.6/5/3.7 25 4 improved -/1.3 [44]
50 nm hardness and wear resistance/
Wear resistance of two passes
was higher than the four
passes
SiO, AZ31B  Particles/ 20- Groove 1250 50 Taper H13 17/(4.5d-5.5D)/2.5 - 4 Chemical reaction occurred at 335/6.7 [45]
30 nmin Mg/SiO2 interface to
diameter form Mg2Si and Si/
composite samples had a
randomly oriented texture
AZ61A  Particles/ 20 Groove 800 45 - - -/-1- 2 4 high strain superplasticity 75/0.5-2 [46]
nm in diameter over 400%
AZ31 Particles/ 20 Groove 800 45 Cylindrical - 18/6/6 2 4 Improve The hardness and 70/2-4 [47,
nm in diameter tensile properties at room 48]
temperature
AZ91 Particles/ 20 Groove 1250 20-63 Square H13 15/(4.54%4.54)/4 3 3 Increased traverse speed has 140/8.27 [49]

nm in diameter

effect on the mechanical
behavior of the composite/
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Tool Dimensions

Average grain size of

Rotational Traverse Pin or Shoulder Tool Maximum Main Results the Base
Reinforced Base Shape/Average Method  Speed (@)  Speed (V) probe Tool Diameter/Pin Tilt FSP Alloy (before Ref
Phase Materials Particle Size (tpm) (mmimin) Shape Material Diameter/ Length ~ Angle  number of FSP)/minimum of ’
of Pin © passes Grain Size after FSP
(mm) (m)
SiC AZ91 Particles/ 30 Hole 400-750 50 Taper H13 20/(4d-6D)/4 2 1 Grain refinement 110/11 [50]
um in diameter
Pure Mg  Particles/ 100- Hole 600-800 30-50 Cylindrical H13 18/6/5.7 0 1 Taguchi model was used to -I- [51]
150 um in optimize FSP parameters
diameter
Pure Mg  Particles/ Melting 1000- 50 Cylindrical H13 16/5/4.7 - 1 Reduction the grain size/ porosity 705/3 [52]
35um in 1600 elimination/
diameter breakage of reinforcement
clusters/uniform distribution
of SiC particles/increased
microhardness
AZ31 Particles/ 60 Groove 950 475 Cylindrical H13 16/4/5 - 4 Grain refinement /increased -2.5 [53]
nmand 1 pm the tensile strength
in diameter
AZ31B  Particles/ 250 Groove  800-2000 25-200 Cylindrical H13 16/5/4 - 1 very sensitive 13.1/1.46 [54]
pum in diameter to the process parameters (the
rotational and translational
speeds and the groove geometry)/
significant increase in the
microhardness
Pure Mg Particles/ 35 Melting 1300 50 Cylindrical - 16/5/4.7 0 1 reduction the grain size/ 170/3 [55]
um in diameter reduced SiC particles size
RZ5 Particles/ Nano Hole 500-700 30-60 Cylindrical - 19/6/4/- 1 2 enhanced the tensile -I- [56]
strength/ tool traverse rate has
significant effect on tensile
strength and abrasive wear
characteristics
AZ31 Particles/ 30 Groove 1500 25-200 Cylindrical SKD61 12/4/8 3 4 Increased the microhardness/ 79.1/6 [57]
pm in diameter refined the grain/ maintained grain
size maintained at the elevated
temperatures (~400 °C)/
AZ91 Particles/ 50 Groove  700-1250  12.5-45,5  Cylindrical wC 20/6/- - 1 vibration and process 150/7.17 [58]

nm in diameter

parameters has significat on
microstructure
and mechanical characteristics
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Tool Dimensions

Average grain size of

Rotational Traverse Pin or Shoulder Tool Maximum SIS the Base
Reinforced Base Shape/Average Method  Speed ()  Speed (V) probe Tool Diameter/Pin Tilt FSP Alloy (before Ref
Phase Materials Particle Size (tpm) (mmimin) Shape Material Diameter/ Length ~ Angle  number of FSP)/minimum of ’
of Pin © passes Grain Size after FSP
(mm) (Hm)
AZ91 Particles/ 30 Groove 710 40 Square 15/(3.5%3.5)/2.5 3 2 The effect of nano-sized SiC 150/5 [59]
nm and 5pm in particles on the grain size and
diameter hardness of the fabricated layer is
found to be more impressive than
micro-sized particles/ Increasing
the rotational speed increases the
grain size as the hardness
decreases
AZ91 Particles/ 30 Groove  700-1250  12.5-455  Cylindrical wcC 20/6/- 2 1 Hardness, strength, and -I- [60]
and 300 nmin ductility of FSV processed
diameter Specimens, were higher than
those of
FS-processed specimen.
TiC Pure Mg  Particles/ 45 Hole 600 15 Cylindrical ~ Stainless 16/3/1.6 - 3 increased the hardness, 84/7 [61]
um in diameter Steel microhardness, wear resitante
AZ31 Particles/ 5 um  Groove 1250 50 Cylindrical H13 14/6/- 25 1 increased the hardness 40/12 [62]
in diameter
AZ31B Particles/ 4 um  Groove 1200 40 Cylindrical HCHCr 18/6/5 - 1 distributed uniformly in the [63]
in diameter steel magnesium
matrix without the formation
of clusters/There was no
interfacial reaction between
the magnesium matrix and the
TiC particle/TiC particles
were properly bonded to the
magnesium
matrix.
AZ61A  Particles/ 80 Hole 800-1200 40 Cylindrical  HCHCr 16/6/4 - 3 Grain refinement 75/4 [64]
nm in diameter steel / increased the hardness,
microhardness, wear resitante
AZ61A  Particles/ 80 Hole 850 25-170 Triangle HCHCr 21/-14 - 3 There were no chemical -/- [65]
nm in diameter steel reaction seen between TiC

particles and
parent metal
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Tool Dimensions

Average grain size of

Rotational Traverse Pin or Shoulder Tool Maximum Main Results the Base
Reinforced Base Shape/Average Method  Speed (@)  Speed (V) probe Tool Diameter/Pin Tilt FSP Alloy (before Ref
Phase Materials Particle Size (tpm) (mmimin) Shape Material Diameter/ Length ~ Angle  number of FSP)/minimum of ’
of Pin @) passes Grain Size after FSP
(mm) (m)
B,C AZ91 Micro Particle/  Groove 1400 25 Square - 15/(4.25D-2d)/3 0 1 improved 166.5/12.5 [66]
10-15 um hardness and wear resistance/
Wear resistance
AZ91 Micro Particle/  Drilled 900 45 Cylindrical Mild 12/414 0 1 improved -I- [67]
50, 20 and Holes Steel hardness and wear resistance/
Submicron pm Microhardness was increased
with the increase in particle
size
Carbon Nano AZ31B CNT/10-30nm  Groove  715-1400 25-210 Cylindrical ~ SKD61 16/4/4 3 2 increased the hardness 70%/ 19/3 [68]
Tube (CNT) in diameter and screw-shap steel
1-25 um in
length
AZ91 CNTinCu Groove 1500 15-50 Cylindrical ~ Tungsten 12/4/1.3 0 1 good interfacial bonding/ -I- [69]
Matrix Carbide enhanced the tensile
strength/ improved the
microhardness
Mg-6Zn CNT/40-60nm  Melting 1000 50 Cylindrical - 15/3/4.5 15 1 Grain refinement/ -/4.4 [70]
in diameter and 2
um in length
AZ91D CNT/10-20 nm Hole 950 30 Cylindrical - 26.8/12/7.8 0 1 no significant influence on -I- [71]
in diameter and grain refinement/ increased
30 pm in length the yield strength and elastic
modulus,
AZ31 CNT/20-50nm  Groove 1000 28 Cylindrical 18/7/4 - 4 increased the yield stress/ -/1.15 [72]
in diameter and decreased the ultimate stress
10-20 pm in and elongation.
length
AZ31B MWCNT/10-30 1000- 40 Cylindrical H13 18/5/5.5 2 3 Increased the tensile strength -/- [73]
nm in diameter 1400 and compressive strength with
and 10- pm in the increase in rotation speed/
length
AZ31 MWCNT/10-30 Hole 1600 40 Cylindrical H13 18/5/5.5 2 4 no interfacial reaction 53/4.2 [74]

nm in diameter
and 10- um in
length

between the Graphene
with AZ31Mg/ Increased the
tensile strength and
compressive strength
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Tool Dimensions

Average grain size of

Rotational Traverse Pin or Shoulder Tool Maximum Main Results the Base
Reinforced Base Shape/Average Method  Speed ()  Speed (V) robe Tool Diameter/Pin Tilt FSP Alloy (before Ref
Phase Materials Particle Size p(ere m)m (rzm/min) gha o Material Diameter/ Length ~ Angle  number of FSP)/minimum of ’
P P of Pin © passes Grain Size after FSP
(mm) (Hm)
Graphen AZ31 Single layer Hole 1000 60 - - 18/5/3.85 - 1 increased the UTS and 76.81/7.73 [75]
plate/ 1 nm elongation (15.7%)
thickness and 2-
10 nmin
diameter
AZ31B  Single layer 1000- 40 Cylindrical H13 18/5/5.5 2 3 Increased the tensile strength -I- [73]
plate/ 3-6 nm 1400 and compressive strength with
thickness and 5- the increase in rotation speed/
10 nmin
diameter
AZ31 Single layer Hole 1600 40 Cylindrical H13 18/5/5.5 2 4 no interfacial reaction 53/4.2 [74]
plate/ 3-6 nm between the Graphene
thickness and 5- with AZ31Mg/ Increased the
10 nmin .
: tensile strength and
diameter X
compressive strength
Carbon Fiber AZ91 Fiber/ 8 pm Groove 1400 100 Threaded 18.5/-/4.7 3 1 3- flat pin decreased the size 450/9 [76]
Diameters pin/ 3-Flat and number of defects and

pin

fatigue strength
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particles used. A non-uniform particle
distribution is not caused by either the density
gradient or the copper matrix's propensity to
make ceramic particles wettable. It is also
observed that because of the temperature
differential throughout the plate's depth, layers
with a large and small content of ceramic
particles occur as a result of a combination of
the material flows induced separately by the
tool shoulder and the pin.

In the region of the stir, where reinforcing
particles are found within the grains and at the
grain borders, severe plastic deformation and
DRX throughout FSP produce a small
equiaxed grain [61,63,71,76]. No interfacial
reactions were seen when reinforcement
particles were incorporated into the matrix via
FSP; instead, a clear border between the
matrix and the newly added particles was
detected, as demonstrated, for example, in Fig.
3 for AA6063 alloy FSPed with the inclusion
of vanadium particles [63]. The vanadium
particles and the aluminum matrix are clearly
defined by the composite image exhibited in
Fig. 3. In addition to the matrix and particle
reaction levels, none of the other reaction
layers in Fig. 3b would exhibit contrast. The
results of the EDX line scan verify this.

3-1- Microstructure evaluation of Mg-based
containing ZrOy, SiO,, and Al;,O3

Using reinforced particles, the structure and
composition of BM could be altered
throughout FSP. AZ31/ZrO, nanocomposites
(NC) exhibiting excellent homogeneity were
effectively synthesized by FSP, as reported by
Qiao et al. [33]. Grain refining of the
magnesium alloy is achieved through the
incorporation of ZrO- particles and DRX. The
inverted pole Fig. (IPF) of the BM, FSP, and
FSP-ZrO> specimens are displayed in Fig. 4(i)
A-C. Equiaxed grains with an average size of
10 pm are seen in BM. When in comparison
with BM, FSP exhibits a finer grain along with
a more homogeneous microstructure, with an
average grain size of 4.0 mm and a range of
0.1-15 mm Fig. 4(i)B. With an average grain
size of 3.2 mm and a spectrum of 0.1-14 um,
the microstructure of the FSP-ZrO2 specimen
is further refined and uniformed, suggesting
that ZrO, particles help reduce grain size. The
distribution of Zr elements in the FSP-ZrO;
sample is displayed in Fig. 4(i) D. Following
FSP, the ZrO- particles have even distribution
in the composites because the Zr element is
evenly distributed in the Mg matrix without
any visible voids or aggregation. Because

Fig. 3 Microstructure of FSPed AAB063 with 12 vol. % V content at magnification: (a) 500x and (b) 2000x (the insert
shows the EDX line scan along the particle interface) (reproduced from [7]
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there is an enormous variance between the
elastic modulus of the ZrO particles and the
Mg matrix, upon FSP, the stress is localized
close to the ZrO. particles, causing many
dislocations to form surrounding them.
Conversely, the relatively small stacking fault
energy of magnesium alloys reduces the
dynamic recovery and causes both compact
and sparse dislocations.

The nano ZrOz-encapsulated AZ31 alloy
composites were made by Zang et al. [32]
using high rotation speeds, three multi-passes,
and varying volume fractions of the nano-ZrO.
reinforcement in FSP. The AZ31/ZrO;
composites showed a small microstructure and
homogeneous dispersion of ZrO; particles.
Remarkable interfacial bonding between ZrO;
and the magnesium matrix was discovered.
The TEM images of the evenly dispersed ZrO;
particles in the FSPed AZ31/ZrO, composite
(Z3-3P specimen) are displayed in Fig. (4(ii)
a-d), and the region that was chosen
diffraction pattern is displayed in Fig. 4(ii)b.
This further verifies that ZrO, particles are
present in the Z3-3P samples. The Z3-3P
specimen has evenly distributed ZrO;

particles. The high magnification TEM
micrographs are displayed in Fig. 4(ii)c, where
the interface was found to be continuous and
flawless (micro-voids and cracks). The ZrO>
particle's layer-to-layer separation is roughly
0.213 nm. The interfacial area between the
ZrO; particle and the Mg matrix is depicted in
Fig. 4 (ii)d. It was noticed that there was great
interfacial attachment without any reaction
product. The significant plastic deformation
and reduced production of heat throughout
FSP are responsible for the good joining of
AZ31-ZrOs.

In order to achieve synergistic effects, Liu et
al. [34] inserted a combination of rare-earth
CeO2 and ZrO. particles into the structural
AZ31B magnesium alloy using a multiple-tool
pass method and FSP. The results show that
after several tool passes, the tunnel-like flaws
were eliminated and the CeO2+ZrO; particles
in the composite clustered because of the
sequential mechanical stirring-assisted
material flow. Other research on the usage of
Ce02+Zr0; as filler of Mg-based alloys have
comparable properties with encapsulated Mg

d=0.213 nm

i 20, (112) 28
¢ A \
_ =0.147 nm
; Mg (1013)

10 1/nm

Fig. 4 i) The IPF map of (A) BM, (B) FSP and (C) FSP-ZrO,; (D) The EDS map of FSP-ZrO, sample [29]; and ii) TEM
images of FSPed AZ31/ZrO2 composite (Z3-3P specimen): (a) distribution of ZrO2 particles, (b) selected area diffraction
pattern, (c) high-resolution TEM micrograph, and (d) interface between the Mg matrix and ZrO2 particle [32].
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containing ceramic oxide [77-79]. The impact
of rotational speed and probe pattern on the
microstructure and strength of AZ31/Al,0s3
NC produced by FSP is examined by Azizieh
et al. [42]. Following each FSP pass, the
matrix's refinement of grains and NPs
dispersion were enhanced. Greater NPs
dispersion is produced through elevated
rotational speed since it increases the base
alloy's grain size through higher heat input and
rotational shattering action. Other
investigations on the employing of Al.Oz as a
great reinforcement for Mg-based alloys (Fig.
5) [44, 80-82].

By using FSP method, Lee et al. [46] created
the Mg-based nano-composites AZ91/SiOs.
The outcomes indicate a substantial reduction
in partlcle size upon boostlng the traverse
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speed. Additionally, the MgO phase forms in
part throughout the fabrication of the TEM foil
and in part throughout FSP. As seen in Fig. 6,
after a few passes, let's say three or four, some
SiO, particles would combine with the
magnesium matrix to generate Mg»Si. Part of
the nano-sized silica particles are hypothesized
to have first changed into MgO and Si, which
then reacted to produce the Mg.Si compound.
During FSP, both MgO and Mg.Si phases,
with sizes ranging from 5 to 200 nm, would
develop. Similar results exhibited employing
of SiO2 particles act as a great reinforcement
for Mg-based alloys [47, 48].

T 4 e G A e

o

Fig. 5 Effect of rotation speed and the number of passes on microstructure of AZ31/Al,03 stir zone FSPed with threaded
probe: (a) 800 rpm-2P; (b) 800 rpm-3P; (c) 800 rpm-4P; (d) 1000 rpm-2P; (e) 1000 rpm-3P; (f) 1000 rpm-4P; (g) 1200

rpm-2P; (h) 1200 rpm-3P; and (i) 1200 rpm-4P [42].
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Fig. 6 a) X-ray diffraction and b) TEM/EDS results showing the presence of Mg2Si in the FSP AZ91/SiO2 composite

specimens [46].

3-2- Mechanical properties evaluation of Mg-
based containing ZrO,, SiO,, and Al,O3

Refinement of the microstructure was
responsible for the apparent improvement in
the mechanical characteristics of the generated
composite. This was made possible by the
hard ZrO> particles' fine distribution and the
pinning action they had on the grain
boundaries. The observed SZ microhardness
values in the produced composite were
contrasted with the output of an existing Hall-
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Petch type equation that was created to
determine hardness in relation to grain size.
Using FSP, Navazani et al. [31] created
surface layer composites of magnesium zinc
oxide. The addition of ZrO; particles increased
the hardness and tensile strength, shown in
Fig. 7 (ab). In actuality, smaller grains
increase the manufactured composite's
strength and hardness by providing a stronger
resistance to dislocation movement.
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Fig. 7 (a) Hardness variations in the stir zone, (b) Stress variations before and after producing composite [23], (c)
Damping-capacity dependence on the strain amplitude of ZrO2/Mg composites with different ZrO2 amounts [35] and (d)

Mass loss of the samples against sliding distance [36].
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The FSP of hybridized AZ31B alloy-based
composites with the addition of CeO. and
ZrO» powders was studied by Liu et al. [34].
Because of flaw removal and particle-aided
strengthening, the tensile strength of the
AZ31B Mg/(ZrO,+CeO2) hybrid composite
surged from 172 to 228 MPa when the tool's
velocity rose. Microhardness rises from 99 to
135 HV as well. Other research showed
Ce02+Zr0O- act as great filler for strengthen
Mg-based alloy [77]. The impact of
incorporating ZrO> NPs on damping capacities
was examined by Chen et al. [35]. A
representative  dislocation  strain/damping
spectrum is displayed in Fig. 7(c), which
displays the damping-capacity dependency on
the strain intensity of the ZrO,/Mg composites
with groove widths of (0.6, 0.8, and 1 mm). At
a minimal strain intensity, the damping values
Qo ! (e = 10%) of the ZrO,/Mg composites
with varying ZrO; concentrations were
0.0111, 0.0117, and 0.0101, in that order. In
overall, it is thought that an alloy has an
elevated damping potential when the value is
more than 0.01. The tribological performance
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of AZ31/ZrO, surface nanocomposites (NC)
produced by FSP was investigated by
Mazaheri et al. [36]. The inclusion of ZrO;
NPs and raising pass number have an impact
on wear resistance; however, the wear rate of
the four-pass FSPed nanocomposite (4-pass
NC) was approximately half of the neat AZ31
(Fig. 7(d)). Additionally, the addition of NPs
and the application of FSP decreased the
average friction coefficient of the AZ31 base
metal. For the 4-pass NC, the average friction
coefficient of the AZ31 base metal decreased
from 0.5 to 0.22.

The impact of three distinct Al,Oz particle
sizes, two distinct tool shapes, and a variety of
passes in the FSP on the as-cast magnesium
alloy AZ91's grain size, cluster size,
microstructure, and micro-hardness were
examined by Faraji et al. [43]. The findings
indicate that a decrease in particle size
corresponds to a boost in hardness. The triangle
tool produces a harder sample compared to the
square tool, and a monotonous hardness curve
results from boosting the overall amount of
passes (Fig. 8(a)).
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Fig. 8 (a) Effect of tool geometry and number of passes on microhardness profile in AZ91/Al203 composite [43], and (b)
Mean friction coefficient of the as-received AZ31 alloy and AZ31/AI1203 NC samples [41].
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The wear characteristics of AZ31/Al>0s3
magnesium matrix surface NC produced via
FSP was examined by Azizieh et al. [41]. The
outcomes demonstrated although while the
dispersion of Al,O3 NPs was better, the
hardness of the surface NC reduced as the
velocity of rotation rose (Fig. 8(b)).
Furthermore, a direct correlation between
resistance to wear and the AlOs NP
dispersion was discovered. Similar findings
were also reported by Lu et al. [38], Asadi et
al. [39], and Mostafa et al. [82]. In their study,
Khayyamin et al. [49] examined the
AZ91/Si02 composite made by FSP. UTS,
elongation, and microhardness of the parent
metal increased when FSP was applied to the
AZ91 base metal. When FSP was applied in
many passes, the reinforcement's dispersion
evolved into more homogeneous and UTS
climbed as a result.

4- FSP with carbide ceramics reinforcement

Ceramics made with carbide have exceptional
resistance to corrosion, abrasion, and high
temperatures. Their primary applications
include mechanical, chemical, and power
engineering, microelectronics, and space
engineering. They possess a high thermal and
changeable electrical conductivity. The
exceptional qualities of carbides can be
combined into a single substance using a
variety of theories and methods. The specific
material is selected and developed based on its
By using FSP, Bagheri et al. [58] examined
the impact of process variables and vibration
on the microstructure as well as mechanical
properties of the AZ91/SiC surface composite.
It is widely recognized that small grains form
and grains are polished throughout FSP as a
result of the development of DRX. A diagram
of the layout is shown in Fig. 9(ii). Because
the dislocations are located at low-angle grain
boundaries, or low angle grain boundaries
(LAGBsS), the material's Gibbs free energy is

reduced. Small grains develop, high angle
grain boundaries (HAGBs) replace LAGBS,
and the misorientation between neighboring
sub-grains grows as deformation continues.
Asadi et al.'s study [59] examined the impact
of SiC particle size and process variables on
the hardness and microstructure of an FSP-
fabricated AZ91/SiC composite film. Through
the elimination of eutectic f-phase precipitated
near grain boundaries, FSP creates a
homogenous microstructure.  Additionally,
homogenous  microstructure  and  grain
refinement composite were generated by FSP
on SiC-magnesium and SiC-magnesium alloys
production technology as well as usage
demands. In the category of carbide ceramics,
silicon carbide is the most significant
component, next to titanium carbide and
boron. The SiC, B4C, and TiC reinforced
magnesium matrix composites were effective
in attaining grain modification, excellent
hardness, and wear performance.

4-1- Microstructure evaluation of Mg-based
containing SiC, B4C, and TiC

FSP was utilized by Peng et al. [53] to create
the AZ31/SiC magnesium composite. Using
multipass FSP, SiC particles with an average
size of 60 nm and 1 pm were added to the
AZ31 Mg alloy. Because of the extreme
plastic deformation throughout FSP, the grains
underwent substantial refinement following
the process. The specimen with SiC particles
added had a somewhat lower grain size
compared the specimen without them. SiC
particles produced lower grain sizes and
enhanced the DRX throughout FSP. The
microstructure in the SZ and TMAZ was
investigated using an optical microscope with
the aim to provide light on the microstructure
progression throughout FSP, as seen in 9 (i).
by Iwaszko et al. [50], Deepan et al. [56], and
Ram et al. [55]. By using FSP, Singh et al.
[61] created a Mg/TiC composite.
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(a) Dislocations (b) Rearrangement
of dislocations grain boundaries

(c) Developement of

Fig. 9 i) Microstructure of the samples a, d without SiC particles and with b, e 60 nm and ¢, f 1 um SiC particles in the
SZ and TMAZ [53], ii) lllustration of steps for grain refinement during FSP [58], iii) SEM micrograph of (a) TiC powder
and (b) Surface fabricated surface composite [61], and iv) SEM image and corresponding EDS analysis of

AZ91/B4Csurface composite [66].

The SEM micrograph of the manufactured
surface composite is displayed in Fig. 9(b),
and the SEM image of the TiC powder
employed in the investigation is represented in
Fig. 9(iii). Additionally, the image depicts the
refining of pure magnesium substrate metal
grains. Comparable results have been
documented by Sagar et al. [64, 65, 89].

The sliding wear performance of AZ91/B4C
surface composites generated via FSP was
examined by Patle et al. [66]. The SEM image
from the stir zone of the FSPed AZ91/B4C
sample is displayed in Fig. 9(iv). It is evident
how the B4C particles are dispersed across the
stir zone. The elemental makeup of the matrix
and the scattered B4C particles are displayed
in the accompanying EDS analysis. The stir
zone's BAC particles were evenly distributed,
according to SEM examination. The orderly
arrangement of particles is a key factor in
improving  the  manufactured  surface
composite's hardness and wear performance.
Phase transition in magnesium alloy is a
recognized occurrence because of the high

heat generated during FSP. Following FSP in
the AZ91Mg alloy, dissolution of intermetallic
phases (B phase, Mgi7Al1z) in the solid
solution grains (o phase) was noted. The
mechanical characteristics of the composites is
influenced by the inclusion of secondary phase
particles and the reduction of intermetallic
phases alongside grain refinement. [67, 90].

4-2- Mechanical properties evaluation of Mg-
based containing SiC, B4C, and TiC

According to the investigations, Mg-SiC
composites produced using FSP have
improved  wear  performance, fatigue
resistance, tensile strength, hardness, ductility,
and defect elimination. The finely
recrystallized microstructure, finely sized
reinforcement,  porosity-free  area, and
homogeneous distribution of SiC particles
inside the matrix can all be credited with a
boost of the mechanical characteristics. SiC
NPs strengthened the matrix in two different
ways. In the first process, stresses were
transferred from the matrix to the NPs. The
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second process involved the induction of treated composite is additionally improved by
dislocations surrounding the NPs by the the grain refinement provided by the TiC-
differential in cooling between the matrix and particles in the FSP manufactured surface
the NPs, but the NPs themselves inhibited composite.

dislocation. Furthermore, according to the The impact of tool rotation velocity on the
Hall-Petch connection, microhardness rises tribological properties of the magnesium-
and grain size diminishes in tandem. based AZ61A/ TiC composite  was
Therefore, the primary cause of the treated investigated by Sagar et al. [64] using FSP.
samples' better mechanical characteristics over When opposed to base metal, they revealed a
the as-received samples is their smaller grain reduced wear rate, which might be explained
size and the existence of second-phase by higher hardness levels. The wear
particles. The volume proportion of grain characteristics of B4C strengthened AZ91
borders increases with decreasing grain size. matrix composite, which was manufactured
Dislocations are impeded and strength is via FSP, was examined by Singh et al. [67].
increased by grain boundaries and second- They found that the average hardness and
phase particles [51, 52, 54, 57, 59, 60, 83, 84, wear resistance rose in a direct relationship to
85, 86]. a boost in particle size, meaning that their
The microstructural modification provided by values rise with increasing particle size.

the intense plastic deformation that happened

throughout FSP and the inclusion of TiC 5- FSP with carbon base reinforcements

Metal matrix composites' mechanical qualities
are enhanced with the introduction of carbon
reinforcements. The hardness, tensile strength,
elastic modulus, and other mechanical
characteristics of metal matrices are greatly
enhanced by the addition of these kinds of

particles is what Singh et al. [61] found to be
responsible for a boost in the ultimate strength
and yield strength of pure magnesium.
Therefore, by raising the tensile strength and
lessening the elasticity of the base material
magnesium, the inclusion of hard particles of
TiC serves to adjust the material's mechanical
characteristics (Fig. 10)). The modulus of the
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Fig. 10 a) Stress (o) versus strain (€) plot obtained from the tensile testing of pure Mg and Mg+TiC composite fabricated
by FSP [61], and b) Hardness Variation of AZ31 alloy and AZ31/TiC composite [62].
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fillers. Studies have been conducted on
graphene-magnesium composites, carbon fiber
(CF), and carbon nanotubes (CNTSs) using FSP.

5-1- Microstructure evaluation of Mg-based
containing CNTs, CF, and Gr

The mechanisms of CNT/Mg-6Zn composites'
toughening  and  strengthening  were
investigated by Huang et al. [70] using FSP.
As shown in Fig. 11(i), the entire
manufacturing procedure consists of the pre-
dispersion of CNTs, stirring casting, and FSP
thereafter. They showed that the singly
distributed CNTs created a compact bonding
with the matrix, which improved the Mg-6Zn
matrix's mechanical characteristics and refined
its grain. The Orowan looping mechanisms,
load transfer, and grain refining provide the
basis for the strengthening effects.

CNTs/Mg composites were made by Liang et
al. [71] through the use of FSP with ultrasonic
aided extrusion. Fig. 11 shows a TEM image

(b)

Vo

atc
Stirring casting |
7

(d)

ii)

at the interface where the Mg matrix and
CNTs existed. Fig. 11(a) indicates that a
needle-like phase is clearly distinct from the
magnesium matrix, as indicated by a white
arrow. The diffraction pattern of the chosen
region around Fig. 11 ii(b) as presented in Fig.
11ii(c) indicates the existence of Al2MgC:
within the region. These sources’ Al:MgC>
shapes are comparable to the one created in
this study. It is consequently possible to
identify the unidentified needle-like phase as
Al:MgC,. Compared to AlsCs, the crystal
structure of Al2MgC: is substantially more
similar to that of Mg. From the perspective of
crystal structure, Al,MgC. forms more readily
compared to AlsCs. An inverse FFT image of
the magnesium matrix is displayed in Fig.
11(c), in which the parallel layers readily
apparent the crystalline characteristics.
Additionally, this image has a number of
flaws, including edge dislocations. The

\l

Edge dislocation

Fig. 11 i) Schematics for the fabrication procedures of the CNTs/Mg-6Zn composites: (a) the as-received materials, (b)
the deposited CNTs with Mg chips by pre-treatments, (c) stirring casting, (d) microstructure morphology and CNTs
distribution for the as-cast [70], and (e) the FSPed composites, ii) (a) High resolution TEM micrograph of Mg NC, (b) A
digital SAEDP using a fast Fourier transform (FFT) of the area inside the white box in (a). (c) Inverse FFT image of the
area inside the yellow box in (a) [71], The yellow T indicates the position and orientation of dislocation and iii) e EBSD
IPF maps of different samples: (a) BM; (b) FSP sample; (c) AZ31/GNP composites; (d) FSP +50% rolling; () FSP p40%

rolling + GNP; (f) FSP +50% rolling + GNP [75].
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presence of edge dislocations at the interface
between carbon nanotubes and magnesium is
evident in the inset with enhanced resolution,
and this is the primary cause of the improved
mechanical characteristics.

Through the use of FSP and rolling, Zhang et
al. [75] manufactured magnesium composites
containing AZ31 and graphene
nanoparticulates (GNP). The outcomes
demonstrated that the extreme plastic
deformation properties of FSP are responsible
for the second phase's homogeneity and grain
refinement, which in turn accounts for the
increased performance. Strength IS
additionally derived by the reinforcing of GNP
and the multiplication of dislocations
originating from rolling deformation. The
outcomes confirm that adding strengthening
particles by using FSP as a step prior rolling is
potentially a successful strategy. However, the
enhanced microstructure brought about by the
extreme plastic deformation of FSP is
advantageous for additional rolling. Samples'
grain size distribution maps are displayed in
Fig. 11(iii).

5-2- Mechanical properties evaluation of Mg-
based containing CNTs, CF, and Gr

The microstructure  and mechanical
characteristics of AZ31/SiC and AZ31/CNT
composites made by FSP were examined by
Alavi Nia et al. [72]. Grain generated by FSP
was more homogeneous and smaller. As the
number of passes rose, the homogeneity
improved and the grain size dropped. The
mechanical characteristics were enhanced by
the reduction in grain size. The addition of
CNTs stabilized the grain size and improved
the homogeneity of the structure. Fig. 12(a)
displays the stress-strain curves for the base
material with one, four, and eight passes of
FSP without reinforcing particles as well as
with four, eight, and sixteen percent (v/v) SiC

NPs and CNTs. Similar outcomes were also
reported by Kim et al. [68].

Additionally, the hybrid application of CNT-
Graphene fillers improved the magnesium
matrix composites' mechanical characteristics
[68, 69]. Through the use of FSP, Afrinaldi et
al. [76] created a carbon fiber strengthened
AZ91 magnesium alloy composite and
examined its fatigue characteristics. The S-N
curves of the MMC manufactured with the 3-
fat pin tool, the as-cast material, and the
FSPed ones without CFs6) are displayed in
Fig. 12(b). The as-cast samples' fatigue
strengths show significant scatter, but they
also tend to show a distinct knee at about 105
cycles, which results in a fatigue strength of
40 MPa at 107 cycles (referred to as the
fatigue limit). However, when compared to the
as-cast samples, the fatigue strengths of the
FSPed samples without CFs are significantly
higher (fatigue limit 80 MPa). Nonetheless,
the MMC samples' fatigue strengths are
inferior to those of the FSPed samples without
CFs and comparable to those of the as-cast
samples, particularly at stress levels below 80
MPa. Fatigue cracks that started at the CF
aggregation. It suggests that the agglomeration
of CFs reduced the barrier to fatigue
crackformation, which is why the fatigue
strengths of the FSPed samples with CFs were
lower compared to those without CFs.
According to Zhang et al. [75], the primary
processes of strengthening consist of
precipitation strengthening, dislocation
strengthening, grain refinement strengthening
(according to the Hall-Petch equation), and
consolidating phase strengthening. Particles
of GNP is responsible for the enhanced
strength of MMCs are as follows: (a) Orowan
looping; (b) reinforcement phase load transfer;
and (c) coefficient of thermal expansions
(CTE) mismatch mechanism. All of the
samples' engineering stress-strain curves were
shown in Fig. 12(c, d). Other investigations
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Fig. 12 a) Stress—strain curves of the raw material with one pass FSP process, four passes FSP process without
reinforcing particles and with 4, 8 and 16 percentages of CNT [72], b) S-N diagram of carbon fiber reinforced AZ91
magnesium alloy composite [76], c) Room temperature tensile engineering stress-strain curves of BM, sample F and

F/GNP and (b) sample FR5, FR4/GNP and FR5/GNP [75].

regarding the incorporation of GNP as filler
for magnesium alloys exhibited similar
findings [91, 92].

6- Conclusion

This review paper covers the fundamentals of
microstructure conversion and how adding
ceramic reinforcement particles during the
FSP of Mg alloys can improve mechanical
properties by adding SiC, SiO2, Al>O3, B4C,
TiC, and ZrOz. Uniform dispersion, minimal
dislocation densities, and the absence of

casting- related or porosity-related flaws are
the  characteristics of  the FSPed
microstructure.  This  well-characterized
microstructure enhances the mechanical,
corrosion, and tribological characteristics of
magnesium alloys. By performing additional
processing passes, the agglomeration and
homogeneous  dispersion of reinforcing
particles can be further enhanced. Reinforcing
particles boost the tensile strength, wear
resistance, and surface hardness of Mg alloys.
The two primary mechanisms responsible for
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the mechanical characteristics enhancement of
Mg-based SMMCs are dispersion
strengthening and fine-grained strengthening.
When reinforcing particles are added to the
metal matrix, particle-stimulated nucleation
favors the formation of grains during
recrystallization. The evenly distributed small
particles may hinder grain formation
throughout the DRX procedure, based on the
grain refinement strengthening. This happens
as a consequence of the microstructure being
significantly refined by the pinning effect on
the grain boundaries. It is important to bear in
mind that adding more reinforcing particles
could cause the agglomeration phenomena to
become more noticeable, which would have an
impact on the functionality of composite
materials. There aren't many studies that
discuss solutions for this issue. Therefore,
future studies should focus on ways to remove
porosity and agglomeration while uniformly
redistributing multi-reinforced particles.
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