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methods of fabrication of magnesium alloys and their composites are seriously limited
as they lead to defects such as porosity and particle clustering. Friction stir processing
(FSP) is turning out to be a promising fabrication technique to surmount these
challenges. The process being a solid state technique is highly amenable to production
of surface modified composites with very attractive mechanical and tribological
properties. The main factor making FSP attractive is the relative ease of modification of
the surface layers and the incorporation of reinforcement particles. The underlying
plastic deformation in FSP ensures that the reinforcement particles are incorporated
and distributed uniformly throughout the matrix. This paper attempts to review the
current status of FSP as a technique of enabling the surface modification and fabrication
of surface composites of magnesium alloys. The objective is to summarize the progress
made towards the realization of surface-modified magnesium alloys, primarily in two
systems, namely, Mg-AZ system and Mg/rare earth system. The operating conditions
(and process parameters) and their subsequent effect on mechanical and tribological
properties of the fabricated composites are summarized through the consideration of
fabrication of three representative systems, viz, Mg-metal oxide (Mg-MQO), Mg-metal
carbide (Mg-MC), and Mg-carbon nano tube (Mg-CNT) systems.
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Introduction

It is well known [1] that the surface properties are a major factor in determining the func-
tional life of a component. Due to the limitations inherent in the fabrication processes,
many components made out of metals and their alloys usually possess poor mechanical
and tribological properties, such as strength, hardness, corrosion resistance, fatigue, and
wear resistance [2].

To improve and enhance these properties, metal matrix composites (MMCs) have been
developed in which a secondary phase material is introduced in the primary metal or alloy
generally known as matrix in order to enhance the mechanical and tribological properties
[3-7]. Magnesium alloys are widely being used in various industrial sectors where weight
reduction is a major concern, such as aerospace, automotive, and defence industries. In
the context of automotive and aerospace industries, a reduction in weight while preserv-
ing the strength has major implications in terms of the reduction in vehicle weight, which
consequently leads to a substantial reduction in the amount of fuel consumed. This, in
turn, reduces the fuel costs and alleviates the environmental pollution levels. Sustained
efforts of researchers [8—10] in this direction have led to the emergence of magnesium
based MMCs as the most promising candidate materials. The processes used to fabricate
MMCs are usually classified as solid state, liquid state or deposition type methods [11-
17]. Among these, the solid state processing is preferred, as there is no phase transforma-
tion of material (to liquid phase) involved, due to which no surface defects are produced
[18-20].

Since the last two decades, FSP is considered as the most promising solid state pro-
cessing method for surface modification and fabrication of surface composites [21-26].
Mishra et al., developed the concept of FSP while working on friction stir welding (FSW),
and they were remarkably successful in the fabrication of surface composites of 7075 alu-
minum alloy [27]. In FSP, a tool with two distinct parts, namely, the shoulder and the
pin are used. The former is given a rotational motion while the latter is given a simulta-
neous linear motion. The softening of material takes place due to generation of heat by
friction between the tool and work piece. The pin of the tool is inserted completely into
the work piece for the uniform mixing of material in the processed zone. Severe plas-
tic deformation that takes place during stirring of the tool results in grain refinement
and surface modification, essentially caused by the dynamic re-crystallization of grains
[21, 28-33]. In material processing field, FSP is considered a simple and a promis-
ing route to fabrication of materials with improved properties. The advantages of
the FSP method are summarized in Table 1 and applications of FSP in industry are
shown in Fig. 1. For making a surface composite by FSP, the secondary phase material
is introduced in the matrix by employing different strategies. In one of the strate-
gies of surface composite fabrication, a groove is made on the work piece surface
and closed with a pin-less shouldered tool to prevent ejection of secondary material
from the groove during FSP phase particles are than dispersed throughout the pro-
cessed zone by FSP, thus formation of surface MMC. The mechanism of dispersion of
these particles in the matrix during FSP involves the deformation processes such as
forging and extrusion and was first explained by Mishra et al.,, and other researchers
[27, 34].
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Table 1 Advantages of FSP

S.No. Area Advantages Reference

1 Mettalurgical Homogenous microstructure [35, 36]
Fine grains [37,38]
Fabrication of metal foam [39,40]
Supersaturated grains [41,42]
Solid state method [21,43]
Good dimensional stability [44, 45]

Super plasticity

2 Bio-Medical Increased bioactivity of metallic implants [46-48]

Improved degradation behavior of metallic
implants

Fabrication of multi-biofunctional materials

3 Mechanical Improved fatigue life [49, 50]

Better strength and hardness

4 Tribological Improved wear resistance [51,52]
Improved corrosion resistance
Low coefficient of friction

5 Energy Energy efficient (Less energy regirement [53,54]
than other solid state processing such as
diffusion bonding)

Decreased pollution levels in light weight
aerospace and automotive applications.

6 Environmental Simple and green [21,55]
Eliminate wastage of material

No harmful gases produced

7 Safety No harmful radiations [56]
No spatter

Methods

The magnesium alloys are fast superseding materials like aluminum, titanium etc., due to
their higher strength-to-weight ratio [57]. For this reason, the number of studies on FSP
have substantially increased in recent years, particularly on development of magnesium
alloys consisting of varying different alloying elements so as to improve their mechan-
ical and tribological properties [58, 59]. The properties of these magnesium alloys can
be further enhanced by the FSP. The main challenge is that FSP involves a considerable
number of process parameters and the effect of these parameters on various proper-
ties is, many a times, contradictory in nature. Furthermore, the properties of magnesium
MMCs depend mainly on the type of reinforcement particles, size of reinforcement parti-
cles, the percentage of reinforcement material added to matrix, bonding between matrix
and reinforcement material and distribution of inter-metallic compounds in the matrix.
In this brief, the state of the art of magnesium alloy modification through FSP is pre-
sented broadly in two systems, viz., Mg-Al-Zn (Mg-AZ) system and the Mg/rare earth
system. The state of the art of magnesium-based surface composite fabrication through
ESP is presented broadly in three systems viz., magnesium-metal oxide (Mg-MO) sys-
tem, magnesium-metal carbide (Mg-MC) system, and magnesium-carbon nano tube
(Mg-CNT) system.
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Friction Stir Processing

Fig. 1 Applications of FSP in Industry

Mg-AZ system

In this system, the surfaces of aluminum and zinc (AZ-series) magnesium alloys such as
AZ31, AZ61 and AZ91 are modified through FSP and same is shown in Table 2. Mg7Al}»
is a general appearing reinforcing phase of Mg-AZ system due to the presence of Al%
and the amount of zinc [60-63]. The heat of formation of this phase is — 4.36 kj/mol
which means that this reinforcing phase is existing stably in the Mg-AZ system [64, 65].
But the coarse eutectic Mg;7Al12 phase at the grain boundaries is susceptible to instigate
cracks under low stress during tensile deformation, thus leads to decrease in mechanical
properties of material [66]. Due to FSP, breaking of Mg17Al1, takes place and is completely
dissolved in the magnesium matrix which results in micro structural modification and
homogenization of grains [66, 67].

As per literature FSP is found to be the most promising method of producing fine-
grained magnesium alloys [68, 69]. Various researchers also worked on processing of Mg-
AZ system by underwater FSP, also known as submerged FSP, and they reported that
the resulting microstructure and thus mechanical properties are significantly affected by
the surrounding temperature and cooling rate [70]. The submerged FSP is carried under
water to provide a better cooling rate as compared to FSP carried in open air. The cool-
ing rate results in decrease of tool wear and time consumed by the processed material
above a certain temperature. This suppress the grain growth and as per Hall-Petch rela-
tion increase in mechanical properties [71-74]. The multi-pass FSP (MFSP) for Mg-AZ
system have also been proven as the most effective FSP technique which results in more
grain refinement of the material as compared to single pass FSP. The is because during



Manroo et al. Journal of Engineering and Applied Science

(2022) 69:25

Table 2 Brief summary of surface modification of Mg-AZ system alloys by FSP available in the

literature
Base Tool Tool Tool shape Process Significant findings Ref
material material geometry parameters
AZ31B-H24  H-13 ShD-0.5inch,  Cylindrical RS-1200-2000 rpm  Increase in hardness at  [75]
PiD-0.25 inch, TS-20-30in./min low rotational speed
PiL-0.12 inch and high translational
speed.
AZ31 Steel ShD-10 mm, Conical pin RS-1500 rpm and 1. Grain refinement [76]
PiD-3 mm, and TS-60 mm/min from 92 umto 11 pum.
PiL-3 mm concave 2. Super plasticity o
shoulder AZ31 with an elonga-
tion of 268% at 723 K.
AZ31 W18Cr4V-  ShD-16 mm, Cylindrical RS-950 r/min Two pass FSP leads [66]
Steel PiD-5 mm, TS-30 mm/min to more grain
PiL-2.5 mm, Number of FSP refinement (1.2 um),
Passes increase in ultimate
tensile strength (82
Mpa) and percentage
elongation (11.9%) as
compared to single
pass (4.2 um, 43MPa
and 4.3%).
AZ31B-O Steel ShD-15 mm, Cylindrical RS-3000 rpm and Submerged FSP leads  [71]
PiD-5 mm, 3200 rpm to more gain
PiL-3 mm TS-650 mm/min refinement in AZ31
and 550 mm/min alloy by controlling the
Submerged FSP thermal boundaries of
the Process.
AZ61 Steel ShD-18 mm Conical RS-1000 mm/min 1. Multiple Pass FSP [77]
PiD-7 mm, TS-60 mm/min resulted in more grain
PiL-5 mm Number of FSP refinement (7.8 um) as
passes compared to single
pass FSP (12.5 um),
2. Increase in tensile
properties, strength
and ductility.
AZ61 Steel ShD-18 mm Cylindrical 1200 r/min 1. Nano size grains [78]
PiD-4 mm, TS-25-30 mm/min  produced by FSP
PiL-6 mm Tool tilt combined with raPD
angle 1.59 heat sink.
2. Three times increase
in hardness as
compared to base
material
AZ61 Steel ShD-18 mm Concave RS-500-700 Fine grain refinement [79]
PiD-16 mm, rev/min was observed at 550-
PiL-8 mm TS-350 mm/min 600 rev/min. Above
this RS the coarser
grains were observed.
AZ91 HCHC- ShD-18and12  Cylindrical RS-537 rpom Optimum tool [80]
steel mm -900 rpm rotational speed and
PiD-5 mm, TS-11.71 mm/min-  optimum tool traverse
PiL-3.5 mm 68.28 mm/min speed for obtaining
maximum hardness,
minimum corrosion
rate and min area
surface.
AZ91 2344-steel  ShD-15mm Cylindrical RS 900 rpm 1. The nugget or stir [81]
PiD-4 mm, shoulder TS-40 mm/min zone lies on the
PiL-2.5 mm and square  Tiltangle 3° advancing side as
pin majority material

flow occurs on the
advancing side.
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Table 2 Brief summary of surface modification of Mg-AZ system alloys by FSP available in the
literature (Continued)

Base Tool Tool Tool Process Significant findings Ref
material material geometry shape parameters

2. The width of the stir
zone is related to material
deformation and micro
structure evolution.

AZ91 Steel ShD-18 and Cylindrical ~ RS800 rpm Two pass FSP leads to [82]
12 mm TS-60 mm/min more refinement of
PiD-4 mm, Two pass FSP grains, increase in
PiL-5 mm tensile strength and
and 3 mm percentage elongation
(312 MPa and 29.4%) as
compared to one pass
FSP (294 Mpa and 25.2%).
[83]

ShD shoulder diameter of tool, PiD pin diameter of tool, PiL pin length of tool, RS rotational speed of tool, TS traverse speed of
tool, HCHC high carbon high chromium'’

MESP, Mgi17Al12 phase is significantly dissolved in magnesium matrix and due to effect
of dynamic re-crystallization the micro structure is further refined as shown in Fig. 2a—c
[77, 82, 84]. However, attaining optimum pass number is critical as each pass is associated

with energy consumption.

Mg/rare-earth system

After Mg-AZ system alloys, Mg/rare earth system alloys are most widely used for several
automobile and aerospace applications [85]. The most common alloys of this series are
WE43, WE54, and ZE41 and they possess various desirable properties depending upon

Fig. 2 a SEM image of base material b EBSD image of single pass FSP and ¢ EBSD image of multi-pass FSP [77]
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the type of alloying elements added such as Y, Ce, Nd, Gd. The FSP results in fine grain
refinement and improved mechanical properties in Mg-Gd-Y-Zr alloy due to complete
dissolution of coarse Mg5(Gd, Y) phase [86, 87]. Palanivel et al. [88] used a modified FSP
technique also known as friction stir additive manufacturing to fabricate high strength
with considerable ductility WE43 alloys. Their results show fine, uniform, closely pop-
ulated and well organized precipitates with sizes 2-7nm. Strength of 400 Mpa and 17%
ductility of the alloy was also achieved. Venkataiah et al. [45] studied the effect of FSP on
the mechanical properties, machining behavior and corrosion rate of ZE41 magnesium
alloy. Increase in hardness and decrease in grain size from 110um to 3um was achieved
after FSP due to the complete dissolution of Mg;Zn3RE inter-metallic phase in the matrix.
However, they had not observed any change in the corrosion behavior of the alloy after
ESP.

Studies on the precipitation behavior of Mg-Y-Nd alloy during FSP were conducted
experimentally by Cao et al. [89]. Afterwards, FSPed alloy was aged to modify the
microstructure and to investigate the mechanical properties. They achieved grain refine-
ment upto 2.7um, along with enhanced tensile strength (303 MPa), yield strength
(290 Mpa) and elongation (11%) as compared to cast Mg-Y-Nd alloy. Genghua and Zhang
Datong [90], processed Mg-Y-Nd alloy by FSP and a tremendous improvement in grain
refinement was achieved. The intermetallic phase was observed as Mg;oNd which was
completely broken into discontinuous particles by FSP resulting in microstructural mod-
ification and hence increase in mechanical properties. Kondaiah et al. [91] studied the
effect of FSP process parameters (rotational speed and traverse speed of tool) on micro
structural modification and hardness of ZE41 Mg alloy. They reported the formation
of super saturated grains, increase in hardness with tool rotational speed and increase
in material flow rate during FSP with tool traverse speed. Vasu et al. [92] successfully
added calcium (Ca) to ZE41 Mg alloy by FSP targeted for biodegradable implant appli-
cations. They achieved a grain refinement up to 7um due to which the hardness was
also increased. They also noticed that with the increase in immersion time, ZE41-Ca
composite degrades at a very less rate as compared to unprocessed ZE41 Mg alloy.

Magnesium metal oxide (Mg-MO) system
A summary of suitable metal oxides used with magnesium alloys for producing magne-
sium MMCs by FSP are given in Table 3.

Mg-Al,03 MMCs
Magnesium on combining with aluminum oxide (Al;Os3) results in the formation of Mg,
MgO, y — Al 03, and Mg17Al15 phases and is shown in Fig. 3 [93].

As per Mg- Al phase diagram, the dissolution of coarse eutectic Mgy7Al, precipitate in
magensium matrix requires a heating temperature of 427 °C [94]. Due to slow diffusion
rate of aluminum in magnesium matrix, a time duration of approximately 40 h is required
for complete dissolution of eutectic Mg17Al12 phase in magnesium matrix [95]. But rigor-
ous plastic deformation by FSP and a strain rate up to 0.4% facilitates complete dissolution
of aluminum oxide in the magnesium matrix within a short time as during FSP the max-
imum time that the temperature stays above 200 °C is 25 s [96, 97]. Farji and Asadi [94]
produced AZ91-Al,O3 MMC by FSP using square and circular tools and the produced
composite showed improved hardness and wear resistance. The role of tool rotational
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Table 3 Brief summary of Mg-MO surface MMCs by FSP as available in the literature

Base Tool Tool Tool Process Significant findings Ref
material material geometry shape parameters
AZ91- H-13 ShD-15mm,  circular RS-900 and 1200 rpm  1.Higher R/T ratio and [94]
AhLOs PiD-5 mm, and TS-40-80 mm/min increase in the number of
Pil-3 mm square Ratio of RS to TS(R/T)  passes results in fine and
reduced grains.
2.Increase in hardness and
wear resistance occurs by
the addition of aluminum
oxide (AhO3).
AZ91D- H-21 ShD-20 mm,  Cylindrical RS-500, 800, 1. Addition of nano Al O3 [98]
Al O3 PiD-4.5 mm, 1600, and 2000 rpm to magnesium matrix
Pil-4.5 mm TS-20, 40, and & 80 increases the hardness by
mm/min more than 30% as
compared to cast magne
sium alloy.
2. Additon of ALO3 to
AZ91D increases the wear
resistance.
AZ31- H-13 ShD-18 mm,  Cylindrical  RS-800, 1000, Using of threaded pin [99]
AhOs PiD-6 mm, and 1200 rpm profile and increase in
Pil-5.7 mm TS-45 mm/min rotational speed and
number of FSP passes
leads to better distribution
of AbO3 in AZ31 matrix.
AZ61- Steel ShD-18mm, Cylindrical  RS-800 rpm 1. Four Pass FSP resulted [100]
SiOy PiD-6 mm, TS-45 mm/min in satisfactory distribution
Pil-6 mm Number of passes of SiO; particles in AZ61
matrix.
2. Refinement of grains up
to 0.8 um is achieved due
to the addition of SiO, to
AZ61 Mg- alloy
AZ91- H-13 PiD-6 mm, Cylindrical  RS-1200 rpm Increase in traverse speed  [101]
SiOy Pil-4 mm, TS- 20, 40, results increase in
& 63 mm/min hardness and tensile
strength and decrease of
grain size in nugget zone.
AZ31- H-13 ShD-14 mm,  Cylindrical RS-1250 rpm 1. Less agglomeration of (102]
VA(O)) PiD-6 mm, TS-20 mm/min Zr0; particles in the matrix
Pil-2 mm Number of FSP was seen by increasing
passes number of passses.
2.Increase in shear strain
rate from 695~ 'to 885!
after addition of ZrO; to
magnesium matrix.
AZ31- Steel ShD-16 mm,  Cylindrical RS- 1500 rpm Improved micro-hardness,  [103]
2r0y PiD-4 mm, TS-50 mm/min damping capacity and
Pil-3.8 mm mechanical properties

after addition of ZrO,
particles to AZ31
Mg- matrix.

ShD shoulder diameter of tool, PiD pin diameter of tool, Pil pin length of tool, RS rotational speed of tool, TS traverse speed of tool”

speed and tool traverse speed was an important observation in their study. It was eas-

ily understood from their microstructural studies that the lower traverse speed results in

better Al, O3 particle distribution and less agglomeration as compared to higher traverse

speed. This was because the higher traverse speed decreases the rotational speed/traverse

speed ratio which leads to poor stirring and mixing of A/» O3 in the matrix. The homoge-

nous microstructure was produced with square tool at 900 rpm tool roational speed and
40 mm/min tool traverse speed. Ahmadkhaniha et al. [98] produced AZ91D-Al, O3 MMC
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Fig. 3 XRD showing various phases formed after reaction betwen pure Mg and A, O3 [93]

by FSP and demonstrated the effect of the ratio of tool rotational speed and tool traverse
speed on the better distribution of Al;O3 in the magnesium matrix by FSP. They demon-
strated clearly that increase in the tool rotational speed /traverse speed ratio increases the
heat and strain of material which resulted in better dispensation and less agglomeration
of Al, O3 in the magnesium alloy (see Fig. 4). The micro hardness of FSPed AZ91D-Al; 03
composite increases to 95 HV as compared to FSPed AZ91 (78HV) without Al;Os. This
was explained because of the pinning effect of Al, O3 particles in the matrix due to which
the grain size was significantly reduced and as per Hall-Petch equation, increase in hard-
ness of the material. They also noticed that improved hardness of FSPed specimen with
the addition of Al, O3 particles limits the deformation and resist the penetration and thus
increases the wear resistance.

Fig. 4 SEM images of friction stirred AZ91D/Al, O3 processed at a RS= 800 rpm, TS =40 mm/min, b RS = 800
rom, TS = 80 mm/min [98]

Page 9 of 23
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Azizieh et al. [99] produced AZ31- Al,O3 nano composites by FSP using tools with
three different pin profiles namely circular pin with no threads, with threads and with
threads and three flutes. They studied the effect of rotational speed of tool with constant
traverse speed, pin profile and FSP pass number on the distribution of A/;O3 in the Mg-
matrix. The formation of onion ring type patterns were observed in the micro structures
of the composites processed with threaded pin profile at a tool rotational speed of 1000
rpm and 1200 rpm as shown in Fig. 5. The reason behind the formation of onion patterns
was explained as improvement in material flow with threaded pin profile due to down-
ward movement of material. They also noticed that the two pass FSP leads to more gain
refinement (2.9um) as compared to single pass FSP (4.4um). Due to the pinning effect
with the addition of A/, O3 in the matrix, a grain size of 3.4um was also achieved.

Abbasi et al. [104] fabricated surface composites on AZ91 magnesium alloy using Al; O3
and SiC as reinforcement particles. Their results showed increase in both mechanical and
tribological properties of AZ91 magnesium alloy by the incorporation of the reinforce-
ment particles.Their results also showed that samples processed using SiC particles had
better mechanical characteristics and corrosion resistance than samples processed using
Al O3 particles, although particle type did not have significant effect on wear rate.

Mg-SiO; MMCs
Mg-SiO; reaction produces Mg, Si and MgO and is shown by the following reaction [105]

4Mg + SiOy = Mg,Si + 2MgO

The reaction is exothermic and the heat produced in the reaction is responsible to form
Mg, Si and MgO by a self-propagating high temperature synthesis [106]. The formation of
intermetallic coarsened Mg, Si results in degrading the strength and elongation of magne-
sium alloy. With multi pass FSP, more number of passes will only result in the formation
of nano sized phases of Mgy Si and MgO which are still in fine scale [107]. Khayyamin et
al. [101] employed nano SiO with 8% volume fraction in AZ91 magnesium alloy by FSP.
The effect of traverse speed and number of FSP passes in the composite fabrication was
a key finding in their study. Their micro structural studies revealed the uniform distri-
bution of SiO; in the AZ91 matrix with multi pass FSP as compared to single pass FSP.
Further, they also observed that increase in traverse speed decreases the grain size and
increases the hardness. This is because when the traverse speed is increased, the material

Fig. 5 The onion ring patterns formed with threaded pin profile at 1200 rpm [99]
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gets affected by the process heat for a less time which restricts the grain growth during
dynamic recrystalization. The maximum hardness of composite was achieved as 124 HV
in three pass FSP at a traverse speed of 63 mm/min.

Lee et al. [100] incorporated 5 — 10% nano SiO; in AZ61 magnesium alloy matrix using
ESP. TEM analysis of their study clearly indicates the formation of Mg,Si and MgO phases
in the matrix as shown in Fig. 6. The authors explained the formation of these phases as
a result of reaction between SiOy and Mg during FSP. They further concluded that four
passes resulted in the uniform distribution of SiO; in the matrix and the incorporation
of nano SiO, paticles in the magnesium matrix increases the hardness to two times as
compared to base material.

Mg-ZrO; MMCs

On combining ZrO, with magnesium there is no new phase formed except for a weak
ZrO, reinforcement phase. This indicates the stability of ZrO; in the magnesium matrix
as no intermetallic compound is formed between Mg-ZrO during FSP as shown in the
SEM and EDS result of Fig. 7 [107]. Due to plastic deformation during FSP, ZrO, particles
are distributed uniformly ahead the grain boundaries which restricts the movement of
dislocations and results increase in hardness of the processed material [103]. Navazani
and Dehghani [102] incorporated ZrO, to Mg-matrix by FSP. The mechanical properties
were enhanced and fine refinement in grains was observed due to addition of ZrO; to Mg
- matrix. They observed the enhancement in mechanical properties due to the pinning
effect of ZrO, particles on the grain boundaries. Further they also observe that multi-pass
FSP also improves the pinning effect of particles which results in less agglomeration and
fine refinement of particles which is shown in Fig. 8.

Magnesium-metal carbide (Mg-MC) system
In this approach, various metal carbides such as silicon carbide (SiC) and titanium
carbides (TiC) are added to magnesium matrix by FSP which is summarized in Table 4.

Fig. 6 TEM evidence showing the presence of Mg25Si in the fabricated composite sample [100]
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Fig. 7 SEM and EDS images showing dispersion and phases of ZrO; in Mg-matrix [102]

Mg-SiC MMCs

Morisada et al. [108] incorporated SiC particles in magnesium AZ31 matrix by FSP and
observed the effect of addition of SiC particles on microstructure and hardness of the
matrix. They found that addition of SiC to Mg-AZ31 matrix resulted in significant refine-
ment of grains due to severe plastic deformation by tool rotation and pinning effect by SiC
particles. Further the change in grain size at the elevated temperatures was also observed.
It was seen at above 300 °C temperature, the abnormal grains were formed in FSPed sam-
ple without the addition of SiC particles. This resulted in lower hardness values of the
processed material due to high temperature generated in the processed region. However
the authors found normal and stable grains even at 400 °C by the addition of SiC to AZ31-
Mg matrix as shown in Fig. 9.

Erfan and Kashani [109] fabricated the AZ31-SiC composites by incorporating nano SiC
particles to AZ31-Mg matrix. They studied the effect of tool tilt angle on performance
of composites. It was found that a tool tilt angle of 0° exhibits tunnelling defect in the
track during FSP and a tool tilt angle of 3° eliminated tunnelling defect. They also con-
firmed the better distribution and less agglomeration of SiC particles in the AZ31-Mg
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Fig. 8 Effect ofZrO, particles and multi pass FSP on microstructure of Mg-matrix [102]

Table 4 Brief summary of Mg-MC surface MMCs by FSP as available in the literature

Base Tool Tool Tool Process Significant Ref
material material geometry shape parameters findings
AZ31-SiC  SKD61 ShD-12mm,  Cylindrical ~ RS-1500 rpm 1. Addition of SiC to AZ31-Mg  [108]
PiD-4mm, TS-25-200 mm/min  matrix leads to
Pil-1.8mm refinement of microstructure
and increase in hardness to
about 80Hv.
2. At elevated temperatures
fine grain microstructure
produced by FSP of AZ31
Mg-Sic is maintained as
compared to fine grain micro
structure of AZ31 Mg-matrix
produced by FSP without SiC
addition.
AZ31-SiC H-13 ShD-18mm,  Cylindrical  RS-900, 1400, and 1. Increasing the rotational [109]
PiD-3.4mm, TS-200, 250, and speed /traverse speed ratio
Pil-3mm 1800 rpm and FSP pass number leads to
300 mm/min uniform distribution of SiC in
Tilt angles 0° magnesium matrix.
and 3°
AZ91-SiC  Steel ShD-15mm,  Cylindrical ~ RS-710-1400 rpm 1. The grain size is increased [110]
PiD-3.54mm, TS-12.5-63 and hardness is decreased
Pil-2.5mm mm/min with the increase in tool

rotational speed.

2.The grain size decreases
and hardness increases by
increasing the traverse speed.
3. Multi pass FSP distributes
SiC particles uniformly in
AZ91-Mg matrix.

Page 13 of 23
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Table 4 Brief summary of Mg-MC surface MMCs by FSP as available in the literature (Continued)

Base Tool Tool Tool Process Significant Ref

material material geometry shape parameters findings

AZ31-SiC ~ HSS SOD-24mm, Concave RS-400 rpm 1. Direct FSP (DFSP) resultsin =~ [111]
SID-8mm TS-30 mm/min homogeneous and distributes

SiC particles uniformly in one
pass only as compared to
conventional multi pass FSP.
2. The optimal parameters
calculated for uniform
distribution of SiC in
AZ31-Mg matrix are tool
rotational speed = 400 rpm,
Tool traverse speed v =30
mm/min, tool tilt angle=0.5°,
and plunge depth d=0.3 mm.

AZ31-TiC  HCHCr ShD-18 mm, RS- 1200 rpm Homogenous distribution of ~ [112]
steel PiD-6 mm TS-40 mm/min TiC particles in the
Pil-5 mm Axial Force- T0KN  magnesium matrix without

any inter-facial reaction and
formation of clusters.

ShD shoulder diameter of tool, PiD pin diameter of tool, PiL pin length of tool, RS rotational speed of tool, TS traverse speed of
tool, HCHC high carbon high chromium?

matrix with the increase in tool rotational speed to tool traverse speed ratio. Asadi et al.
[110] added the SiC particles to AZ91-Mg matrix and studied the effect of its addition on
micro-structure and hardness of AZ91-Mg alloy.They investigated the effect of tool rota-
tional speed, tool traverse speed and the number of FSP passes on the quality of fabricated
composite. The authors concluded that the increase in tool rotational speed decreases
the hardness of the composite due to increase in grain size and decrease in tool traverse

Fig. 9 Micro-structural images of the stir zone after the heat treatment [108]
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speed decreases the grain size and increase the hardness of the composite as per hall-
Petch equation. Further more they also observed uniform distribution of SiC particles in
AZ91 Mg-matrix by multi pass FSP.

Mg-TiC MMCs

TiC is considered as a glamorous reinforcement because of its high elastic modulus,
very high hardness and high thermal stability as compared to other ceramic particles
[113, 114]. From the work of Balakrishnan et al. [112] it was found that addition of TiC
to magnesium matrix by FSP resulted in uniform distribution of TiC particles without
undergoing any chemical reaction and the formation of any secondary phase. However
their experimental results revealed a complete change in the micro-structure by differ-
ent volume fractions of TiC used in the Mg- matrix (see Fig. 10). The formula used for
calculating the volume fraction is given below

Vol. fraction = (Groove area/Tool pin area) * 100 (1)
Groove area = Groove width x Groove depth 2)
Tool pin area = Dia. of pin * Length of pin (3)

With the increase in volume fration of TiC particles, the spacing between the particles
was seen reduced and viceversa.

JJ S

10kV X1,000 10pm 14 60 SEI 10kV X1,000 10pm

10kV X1,000 10pm 14 60 SEI

Fig. 10 SEM images of AZ31/TiC composite containing a 0 vol.% TiC, b 6 vol.% TiC, ¢ 12 vol.% TiC,and d 18
vol.% TiC [112]
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Magnesium carbon nano tubes (Mg-CNTs) system

Carbon nano tubes are considered as an excellent reinforcing material because of their
low density, high elastic modulus (1000 GPa) and high tensile strength (50 GPa) [115,
116]. Single walled carbon nano tubes and multi- walled carbon nano tubes (MWCNTs)
are generally used depending upon the desired applications [117]. The composites with
carbon nano tubes as a reinforcement material formed by the conventional techniques
such as casting ( [118] and powder metallurgy [119]) resulted in agglomeration and weak
bonding at the interface due to which the uniform distribution of these tubes in the matrix
becomes difficult. FSP, being a solid state processing technique, can distribute MWCNT’s
in the matrix uniformly which in turn resulted in improved mechanical, metallurgical and
tribological properties and the same is summarized in Table 5 [120].

The uniform distribution along with the morphology of CNTs in Mg-6Zn alloy by FSP
was recently reported by Haung et al. [121]. From the TEM results, they observed the
singly dispersement of CNTs after FSP without formation of any clusters (see Fig. 11).
Their TEM results also confirmed the fecilitation of the sites for nueleation of dynamic
recrystilization by incorporation of CNTs. The yeild strength of fabricated composite
(Mg-6Zn-CNT) seen was increased to 171Mpa (70 Mpa Mg-6Zn in (cast) ), the ulti-
mate tensile strength to 300 Mpa (129 Mpa Mg-6Zn(cast) ) and the elongation 15% (8.1%
Mg-6Zn in (cast))

Morisada et al. [122] dispersed multiwalled carbon nano tubes (MWCNT’s) in AZ31-
Mg matrix by FSP and successfully develop a fine-grained composite with hardness twice
(78Hv) as compared to that of base metal (41HV). The role of travel speed in the dis-
persion of MWCNT’s in AZ31-Mg matrix was alo a key finding in their study and they
concluded that travel speed of 25mm/min resulted in fine and uniform grains by keeping
a constant 1500 rpm rotational speed.

The wear behavior of AZ31-Mg alloy with the incorporation of MWCNT’s by FSP was
studied by Jamshidijam et al. [123]. The addition of MWCNT’s to AZ31-Mg increases

Table 5 Brief summary of Mg-MWCNTSs surface MMCs by FSP as available in the literature

Base Tool Tool Tool Process Significant findings Ref
material material geometry shape parameters
AZ31- SKD61 ShD-12 mm, Cylindrical RS-1500 rpm 1. Hardness of AZ31-Mg [122]
MWCNTSs PiD-4 mm TS-25-100 matrix increases with almost

Pil-1.8 mm mm/min two times due to addition

of MWCNTs as compared to
base material

2. Fine grains with less than
500 nm can be achieved.

AZ31- H-13 ShD-20 mm Cylindrical RS-1500 rpm 1. Increase in wear [123]
MWCNTs PiD-4 mm TS-80 mm/min  resistance and hardness
Pil-3 mm with almost double than the
base metal with the addition
of MWCNTs.
2. Fine grain microstructure.
AZ31- Steel ShD-20 mm Cylindrical RS-1250 rpm 1. Stepped tools produce [124]
MWCNTs PiD-2,4,6,8(PSSC) TS-25 mm/min  fine grains as compared to
0.5,2,3.5,5(PSSS) conventional tools.
5 mm(SQ) 2. Uniform and fine grain

microstructure
micro-structure with higher
amount of CNT, low speed
ratio and multi-pass FSP.

ShD shoulder diameter of tool, PiD pin diameter of tool, Pil pin length of tool, RS rotational speed of tool, TS traverse speed of tool*
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Fig. 11 TEM images of FSPed Mg-CNT MMC: (a—c) Dispersion of CNTs, (d, @) CNTs morphology in MMC, (f)
nano sub grains next to CNT [121]

the wear resistance with almost two times. The grain size was also reduced to 5um and
hardness was increased twice with MWCNT’s.

In the work of [124], the effect of different pin profiles of tools along with the speed
ratio, number of passes and CN'T amount on the quality of developed surface composites
were investigated. They noticed a uniform and fine grained micro structure with stepped
pin profile, low speed ratio, multi pass FSP, and higher amount of CNT.

Modified friction stir processing techniques
In recent years, several modified methods of FSP have been used to fabricate the surface
MMCs and are discussed as follows:

Direct friction stir processing (DFSP)
A modified technique in producing a better surface MMCs without using a pin in the FSP
tool also known as direct FSP (DFSP) was firstly reported by Huang et al. [111].

This technique was observed to produce better surface composites in single pass as
compared to conventional multi-pass FSP. They used a hollow pin less tool with the outer
diameter or shoulder diameter 24 mm and inner diameter 8mm as shown in Fig. 12. Like
in conventional FSP, the secondary phase material by DESP was not preplaced on the base
metal but in the hollow portion of the DFSP tool. When the rotating tool traversed in the
longitudinal direction of the base metal surface, the secondary phase particles flowed into
the encaged space between the base metal plate and the moving shoulder through the hol-
low space in the tool. Thus, without using a pin, these particles were stirred and pressed
into the base metal dispersedly. Therefore, uniform distribution of particle throughout
the processed region was successfully obtained with only single pass FSP.

Friction stir vibration (FSVP)

ESP with vibration (FSVP), a novel technique for making surface MMCs was recently
introduced by Behrouz Bagheri and Mahmoud Abbasi [125]. The only difference between
the two is that in FSVP along with the tool rotational and traverse motions like in FSP
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Clamping end

Fig. 12 Images of DFSP tool: a front view, b shoulder view, and ¢ the clamping end [111]

the workpiece is vibrated normal to the processing direction. Their results confirmed the
more refinement of grains in FSPV as compared to simple FSP. This was because of the
induced vibrations in workpiece during FSP due to which the material deformation was
increased which results in breaking of agglomerated reinforcement particles by enhanced
dynamic recrystallization.

In another work of Bagheri et al. [126], FSVP was used to fabricate AZ91/SiC sur-
face MMCs. Their microstructural results revealed a better homogenous distribution
of SiC particles in AZ91 matrix. Their results also showed more refinement of grains
and increase in ultimate tensile strength by FSVP ((26.43 £2.00)um and 361.82 MPa) as
compared to conventional FSP ((39.43 +2.00)um and 324.97 MPa).

Ultrasonic assisted friction stir processing (UaFSP)

Baradarani et al. [127] used the novel UaFSP to enhace the mechanical properties and cor-
rosion resistance of Mg-AZ91 alloy. A remarkable refinement of grains (1.6 y#m) with low
current density (2.09 uA/cm?) was observed with UaFSP as compared to simple FSP. This
is due to the fact that due to UaFSP the intermetallic 5-Mg;7A/;12 phase was distributed
more homogenously in the AZ91 matrix as compared to simple FSP.

Conclusions

In this review paper the basic understanding of enhancement of mechanical and tribo-
logical properties with or without the addition of reinforcement particles during FSP of
magnesium alloys have been addressed. From this review paper it is concluded that:

1. The mechanical and tribological properties such as tensile strength, hardness,

corrosion resistance and wear resistance of magnesium alloys can be improved by
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making a surface composite layer of reinforcement particles on magnesium alloys by
ESP.

2. The FSP process parameters epecially the tool geometry, i.e., shoulder diameter, pin
diameter and pin shape plays an important role in the performance of composite.

3. Selection of optimum tool rotational speed and tool traverse speed in FSP plays a
crucial role in producing sound composites of magnesium alloy. Higher tool rotational
speed results in better distribution of reinforcement particles across the work piece
surface because of more heat generation and more shattering effect of rotation while
as low traverse speed results in formation of coarse grains due to increase in material
processing time which increases the heat input and results in grain growth. So,
obtaining the optimum values of rotational and traverse speed are recommended.

4. Multiple pass FSP results in more grain refinement and uniform distribution of
reinforcement particles by accumulating higher degree of strain and dynamic
recrystallization.

5. A lot of work has been done on AZ system magnesium alloys as compared to RE
system magnesium alloys. It is expected that more number of composites of RE
system magnesium alloys will be developed in future by FSP for aerospace,
automotive and biodegradable applications.

6. Majority of magnesium metal matrix surface composites are produced using
reinforcements of metal oxide system as compared to metal carbide and CNT's
system. Its anticipated to produce more number of magnesium surface composites in
future by using CNT's system because of its excellent properties as compared to other
systems.
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