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Abstract: Aluminium metal matrix composites have been shown to make significant contributions to
the area of new materials and have become widely accepted in high-tech structural and functional ap-
plications such as those in the aircraft, automobile, marine, mineral, defence, transportation, thermal
management, automotive, and sports and recreation fields. Metal matrix composites are manufac-
tured using a variety of manufacturing processes. Stirring casting, powder metallurgy, squeezing
casting, in situ processes, deposition techniques, and electroplating are part of the manufacturing
process used in the manufacture of aluminium-metal matrix composites. Metal matrix composites
that use friction stir processing have a distinct advantage over metal matrix composites that use other
manufacturing techniques. FSP’s benefits include a finer grain, processing zone homogeneity, densifi-
cation, and the homogenization of aluminium alloy and composite precipitates. Most metal matrix
composite investigations achieve aluminium-metal matrix composite precipitate grain refinement,
treated zone homogeneity, densification, and homogenization. This part of the work examines the
impact of reinforcing particles, process parameters, multiple passes, and active cooling on mechanical
properties during the fabrication of 5000-series aluminium-metal matrix composites using friction
stir processing. This paper reports on the available literature on aluminium metal matrix composites
fabricated with 5xxx series marine grade aluminium alloy using FSP.

Keywords: aluminium 5xxx series; marine grades; friction stir welding; friction stir processing;
composite; metal matrix composite

1. Introduction

Aluminium alloys have exceptional flexibility and applicability, along with multiple
benefits (corrosion resistance, strength, and workability), making them suitable for a
variety of goods and markets [1]. Naval architects and ocean engineers have recognized
aluminium and its alloys as very favourable materials for marine and offshore structures [2].
The improved, lighter-weight mechanical properties and corrosion resistance of aluminium
alloys have made many of these applications possible. Naval architects can use aluminium
to build boats that have a longer life, a high recycling value, minimal maintenance costs,
higher payloads, and high-speed capability [3]. In shipbuilding, several marine AAs are
used to fabricate various sections, such as hulls, superstructures, decks, and bulkheads.
Aluminium and its alloys provide significant benefits in terms of hull maintenance and
structural weight reduction [4].

The 5xxx series of aluminium magnesium alloys, one of the most significant series
of aluminium alloys, have found wide use in the automotive and transportation sectors,
aerospace aluminium panels, and marine applications due to their advantageous properties,
particularly corrosion resistance and weldability [5-7]. Aluminium alloys from the 5xxx se-
ries have appropriate corrosion-resistance properties and strength, making them popular
materials for decks, ship-hull constructions, corrosive environments, superstructures, and
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other components [8,9] and are used in many maritime constructions, including boats,
cargos, ferries, and ships. The comparably low strength of the 5xxx series Al-Mg alloys,
however, restricts their use. Precipitation hardening will not strengthen this alloy because it
is a non-heat-treatable alloy. The last strengthening procedures for this alloy include work
hardening, dispersion strengthening, and grain-refinement strengthening. The creation of
aluminium metal matrix composites (AMMCs) utilizing the dispersion strengthening effect
is one of the most promising techniques for strengthening this type of Al-Mg alloy.

Aluminium metal matrix composites are significant contributions to the area of new
materials. In comparison to regular alloys, AMMCs have very good mechanical properties
and are easier to mould and fabricate into any shape or size. Increased strength, improved
fatigue resistance, high corrosion resistance, high warmth resistance, and higher wear
resistance are some of the crucial properties that composite materials possess [10]. Accord-
ing to the literature, adding reinforcements improves a variety of mechanical properties,
including ultimate tensile strength [11-15], wear resistance, microhardness, elongation, etc.
The ceramic particles that are evenly distributed throughout the fine-grain matrix of metal
matrix composites are the reason for the improved mechanical properties [16-18]. These
aluminium metal matrix composites are widely used in high-tech structural and functional
applications, such as in the aircraft, mineral, defence, automobile, thermal management,
marine, transportation, automotive, and sports and recreation areas [19-21].

Metal matrix composites (MMCs) are manufactured using a variety of manufacturing
processes. Stirring casting, powder metallurgy, squeezing casting, in situ processes, de-
position techniques, and electroplating are part of the manufacturing process used in the
manufacture of AMMCs [22]. MMCs that use friction stir processing (FSP) have a distinct
advantage over MMCs that use other manufacturing techniques. When opposed to most
other strategies, FSP has several distinct benefits. FSP is a special processing method that
was developed from friction stir welding (FSW) [23]. FSP is a solid-state method that im-
proves the mechanical properties of the base material by homogenization, microstructural,
and particle refinement [24]. FSP has been demonstrated to have a short route, homogeneity,
accurate microstructure, and densification. FSP’s benefits include a finer grain, processing
zone homogeneity, densification, and the homogenization of the aluminium alloy and com-
posite precipitates [25]. To develop a metal matrix composite using FSP, a groove or hole
is formed in the base material and reinforcement particles are dispersed using a tool [23].
Numerous works have demonstrated that marine grades of aluminium can be reinforced
with different reinforcements using FSP techniques. Al,O3 [26-28], TiC [27,28], TiO, [28,29],
Al3Ni [30], B4C [31], SiC [32-35], are some of the reinforcements used to fabricate MMCS
and some of the works developed with the different reinforcements will be discussed in
detail in the following sections.

The literature has demonstrated that using various reinforcements in combination with
the same base metal can result in different metal matrix composites with distinct properties.
This review reports and compares the dominant base material from the marine-grade 5xxx
series and reinforcements used in the fabrication of aluminium metal matrix composites
suitable for marine grades produced using friction stir processing.

2. Review Available Literature

This literature gives information about the metal matrix composites fabricated with
5xxx series marine grades of aluminium using the FSP technique. The review was per-
formed using 5xxx marine-grade aluminium alloys and different reinforcements.

2.1. AA5052-Based MMCs

Dolatkhah et al. [35] studied process factors concerning the mechanical properties
and microstructure of an AA5052-5iC composite made by FSP. AMMC was created on
the surface of 5052 aluminium sheets using FSP and 5-micrometre and 50-nanometre
silicon carbide particles. Between passes, the impact of the traverse speed and rotational
direction shifts was investigated. To determine the tool’s rotational and traverse speeds that
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produced the best powder dispersion, experiments were carried out utilizing all possible
combinations of the three traverse speeds of 40 mm/min, 80 mm/min, and 125 mm/min
and the three rotational speeds of 700 rpm, 1120 rpm, and 1400 rpm. Investigations were
conducted on the impacts of tool rotational speed and particle size on the distribution of
SiC particles, FSP passes, and the specimen’s microstructure, wear, and microhardness
characteristics. The findings indicate that the hardness and wear qualities were enhanced
by increasing the number of passes, reducing the size of the SiC particles, and changing the
tool’s rotational motion between FSP passes. FSP and nano-sized SiC particles were used
to produce an ultrafine microstructure. The use of SiC powder significantly improved the
hardness. The microhardness increased by up to 55% over the parent material, and the rate
of wear was reduced by 9.7 times.

Sharifitabar et al. [36] employed FSP to create an AA5052-Al,O3 nano-ceramic particle
reinforced composite. After many FSP passes, the microstructural and mechanical charac-
teristics of AA5052-Al, O3 surface composites were studied. FSP was conducted with varied
tool-rotation speed to travel rate ratios (w/v) ranging from eight revolutions per minute to
100 revolutions per minute and a pin-tilting angle (¢) ranging from 2.5° to 5° to determine
the best FSP conditions for the manufacture of stir zones without macroscopic faults. As
the number of FSP passes increased, the stir zone’s grain size decreased, and the surface
composite created by four passes had a submicron mean grain size. The development of a
nanocomposite with a mean cluster size of 70 nanometres after four passes and uniform
AlyO3 particle dispersion in the base material were other benefits of increasing the FSP pass.
Tensile testing showed that all FSP samples had more elongation than the base metal and
that composites formed in three and four passes had greater UTS and yield strengths and
lower elongation than FSPed materials prepared without powder under comparable condi-
tions. Under good conditions, the four-pass composite’s UTS and percentage elongation of
the parental material increased to 118 and 165 percent, respectively.

Khodabakhshi et al. [37] created a high-strength ultra-fine-grained Al-Mg-SiC nanocom-
posite through a multi-step friction-stir-processing procedure. An ultra-fine-grained Al-
matrix nanocomposite with improved tensile and indentation hardness was created using
multi-pass FSP in this study. Using up to five cumulatively overlapping FSP operations,
SiC nanoparticles of around 3.5 vol% were incorporated into an Al-Mg alloy matrix. Using
scanning and electron backscattered electron microscopy, the nanoparticle dispersion in the
stirred zone and their interfaces with the aluminium matrix were investigated. As a result
of dynamic recrystallization during FSP, the grain and sub-grain structures of the SZ were
refined to around 1.4 um and less than 1 um, respectively. The distribution and orientation
of grains were considerably affected by the presence of SiC nanoparticles during FSP. Based
on the Orowan looping and grain-refining processes, SiC nanoparticles showed both direct
and indirect effects on the strengthening of the Al matrix. During FSP, the distribution and
shape of the precipitates were partially dissolved. When compared to the base material, the
processed UFGed nanocomposite increased hardness by up to 140%, yield stress by up to
75%, and ultimate tensile strength by up to 60%. A mixed ductile-brittle rupture behaviour
was seen in the fractographic characteristics, with the ductile phase being more prominent
and maintaining up to 30% of the nanocomposite elongation. A dislocation-based model
was used to examine the tensile flow behaviour of the processed nanocomposite, and the
results showed that grain boundary strengthening is the main mechanism at play.

Cao et al. [38] studied an AA5052-carbon-fibre composite’s microstructural, tribolog-
ical, and mechanical properties. The fabrication of carbon-fibre-reinforced AA5052 bulk
composites using multi-pass FSP was successfully used in this work to enhance AA5052
wear resistance. According to microstructure tests, there was no apparent Al;Cs layer
between the carbon fibres and the parent material in the composites, where they were
uniformly distributed across a considerable volume. The composite’s carbon-fibre orien-
tation was random, due to the considerable plastic deformation caused by FSP. Further
mechanical testing revealed that the hardness of the composite improved by 46.8 percent
when compared to the parental metal, and the composite produced at 1000 revolutions per
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minute and 75 mm per minute had an 18.6 percent higher UTS and a 13.0 percent greater
elongation than the parental material. The wear tests demonstrated that the composite’s
wear process was more stable, with wear volume loss decreased by more than 70%. Carbon-
fibre GNDs, fracture deflection, and load transfer have all been connected to enhanced
mechanical properties.

Mathur et al. [39] investigated how titanium dioxide nano-particle reinforcement
affected AA5052 using FSP. A 6-mm square pin tool was used with various parameters,
such as a spindle rotational speed of 700 revolutions per minute, 1000 revolutions per
minute, and 1300 revolutions per minute, as well as a traverse rate of 50 mm per minute,
65 mm per minute, and 80 mm per minute. At rotational and traverse speeds of 1000 mm per
minute and 65 mm per minute, respectively, the maximum hardness value of 78 £ 1 Vickers
hardness and tensile strength value of 193.1 &= 3 MPa were reached. The grain boundaries
of the cast aluminium alloy 5052 were found to have micro-voids. Because of dynamic
recrystallization generated by tool movement during the procedure, micro-voids were
eliminated following friction stir processing. Because of dynamic recrystallization during
the procedure, the grain size of the AMMCs decreased. Hardness was improved up to
a 1000 rpm tool-rotating speed due to grain refinement and homogenous reinforcement
distribution. However, after 1000 rpm, there was a decrease in hardness. According to
the authors, excessive centrifugal force caused the reinforcement to be thrown away from
the stir zone, resulting in a drop in hardness. During the specimen’s tensile test, a ductile
fracture was discovered.

2.2. AA5083-Based MMCs

Mishra et al. [40] is the founder of FSP-based composite production. In this investi-
gation, composites were made using SiC as reinforcement and AA5083 alloy as the base
material. They were successful in fabricating AA5083-5iC surface composites with various
particle volume fractions. The surface of the AA5083 plates was cleaned before process-
ing. A thin coating of silicon-carbide particles was formed on the surface of the plates by
combining a small quantity of silicon-carbide powder with methanol. The process is the
same as tape casting, with the exception that there is no binder in the mixture. After drying
in air, the aluminium plates with a pre-applied SiC particle coating were exposed to FSP.
The pin height of the tacking tool was 1.0 mm. The traverse rate and shoulder depth were
changed while the tool was rotating at a constant speed of 300 rpm. To help with the forg-
ing process near the trailing edge of the shoulder, the tool spindle angle was fixed at 2.5°.
The results of the investigation showed that the thickness of the surface composite layer
ranged from 50 um to 200 pm. The aluminium base material was uniformly coated with
silicon-carbide particles. When reinforced with silicon carbide with a volume percentage of
27 and an average particle size of 0.7 um, the surface composite has a microhardness of
173 HV, which is over twice that of the base material. The solid-state processing produced
high-performance surface composites with very fine microstructures. In comparison to the
base material, the microhardness and wear resistance were both 51% higher.

Zohoor et al. [41] used FSP to investigate the effect of processing variables on the
formation of Al-Mg/copper composites. This work investigated the creation of an AA5083-
copper surface composite layer employing aluminium alloy 5083 with copper particles
by FSP. The FSP settings were 25 mm/min traverse speed, 750 rpm and 1900 rpm tool
rotational speeds, and a tilt angle of 3°. The microstructure was analysed using SEM and
optical microscopy. The effects of FSP pass numbers, rotational speed, and copper particle
size on particle distribution patterns, microstructure, and microhardness were investigated.
The samples containing micro- and nano-sized particles had small grains and a higher
level of microhardness, according to the findings. In terms of tensile strength and ductility,
the nano-sized particle composite outperformed the AA5083. To determine the phases
present in the nugget zone, X-ray diffraction experiments were performed on specimens
FSPed with Cu particles. Some reactions between the alloying elements are seen in XRD
observations. After four passes using Cu-reinforcing particles, a considerable increase in
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strength and hardness was noted. The chemical interaction between Cu particles and the
aluminium material was also observed to increase with rotational speed.

Deepak et al. [42] studied the mechanical properties of an AA5083-SiC surface compos-
ite made via FSP. A CNC milling machine’s spindle was configured to rotate at 1200 rpm
with a machine bed traverse speed of 40 mm of the FSP tool. The findings demonstrated
a considerable increase in the microhardness of the surface composite produced on the
friction-stir-processed sample layer by doping AA5083 with hard SiC particles via FSP.
The microhardness is highest in the middle of the FSPed zone at 155 HV and drops to
roughly 84 HV at a distance of around 2 mm from the middle of the FSPed zone on each
side. Despite its enhanced hardness, the FSPed sample had a worse wear resistance than
AA5083. During wear testing, the FSPed sample had a higher friction force and a high
coefficient of friction. This might be owing to the greater friction force and coefficient of
friction reported during wear testing in the FSPed sample.

Bauri et al. [43] used FSP to examine how process variables and tool geometry affected
the production of AA5083-Ni composites. First, a conventional cylindrical tool was utilized
for FSP, and various processing parameters, including rotational and tool traverse rates,
were studied to provide a defect-free nugget zone and uniform particle dispersion. To
examine the impact of tool geometry, a different tool was employed with specific pin
and shoulder characteristics. A traverse speed of 0.4 mm/s and a tool-rotation speed of
1200 rpm was found to be efficient for creating a stir zone free of defects. The dispersion
of Ni particles was uniform for all parameters examined with the basic cylindrical tool,
regardless of whether the stir zone was defective or not. It was found that the tool with
spiral grooves on the shoulder and threads on the pin worked particularly well for both
creating a sound stir zone and dispersing Ni particles. Ball-milled small particles were
discovered to be more equally dispersed in the stir zone than coarse particles received
as-is. Similar to this, FSP was used to reduce the aluminium base material’s grain size from
25 microns to 3 microns. Equiaxed small grains with a high proportion of high-angle grain
boundaries and a narrow range of grain sizes made up the microstructure. The impact
of particle addition on the mechanical properties of the alloy was also investigated. The
composite’s strength significantly increased as compared to the base material, and it also
acquired a high level of ductility.

Hossieni et al. [44] fabricated AA5083 surface composites reinforced with CNTs and
cerium oxide nanoparticles via FSP. To fabricate a surface-reinforced composite, MWCNT
and nanosized cerium-oxide particles were combined with the AA5083 base material by
FSP. Both separately and in combination, the effects of different nanosized reinforcements
on the microstructure, corrosion resistance, and mechanical characteristics of FSPed surface
composites were examined. With travel rates of 35 mm/min and 45 mm/min, rotation
speeds of 600 rpm and 800 rpm, and a tilt angle of 5°, a threaded cylindrical hardened
steel technique was used. FSPed samples were put to the test and compared to the parent
material in terms of mechanical properties and corrosion resistance. The highest tensile
strength and hardness were attained by the hybrid composite of cerium oxide and carbon
nanotubes, which had a volume ratio of 75:25. Cerium oxide alone significantly improved
the base material’s resistance to pitting. Potential dynamic polarization tests were used to
analyse the samples’ corrosion behaviour in terms of passivation range and pitting potential.
Microstructural investigation using optical and electron microscopes demonstrated that
reinforcements were evenly distributed across the stir zone and that substantial grain
refinement occurred. The mechanical properties of produced composites incorporating
cerium oxides or CNTs were enhanced. The hybrid composite with 75 percent carbon
nanotubes and 25 percent cerium oxide exhibited the best properties. The hardness was
118 percent greater and the UTS was 42 percent higher than the parent aluminium alloy.
Grain refinement improved reinforcement distribution, and microstructural modification is
achievable in SZ.

Kumar et al. [45] investigated the effect of ball milling and particle size on the surface
composite FSPed AA5083-Ni. To make a metal-particle-reinforced composite, FSP was
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employed to integrate Ni particles into AA5083 material. To achieve a flawless nugget
zone and uniform particle distribution, a range of rotation rates tools from 1000 revolutions
per minute to 1800 revolutions per minute and a range of traverse rates from 6 mm per
minute to 24 mm per minute were investigated. Results showed that finer particles of
10 pm for the ball-milled sample were dispersed more consistently in the composite than
in the base material during the modification of process parameters for uniform particle
distribution. Before being included in the AA5083, the particles were ball-milled. A thin
intermetallic layer was created by the more finely dispersed ball-milled particles. An
AA5083-Ni composite intermetallic was found in the layer. The processed composite did
not contain this layer when tiny particles of a similar size (10 um) were merged using
the same FSP parameters. The outcomes showed that particle ball milling enhanced the
composite’s microstructure. The ball-milled particle is in a high-energy state because of the
interfacial layer formation. In terms of strength, both composites performed better than
the unreinforced AA5083. Additionally, FSP reduced the base material’s grain size from
25 to 3.5 um, resulting in a stronger composite. The strength and ductility of the ball-milled
composite with the small Ni particles as received were less than anticipated due to the
existence of the interfacial reaction layer.

Yuvaraj et al. [46] used FSP to create an AA5083-B4C nanocomposite and tribologically
characterize it. FSP was used to produce an AA5083 incorporated with boron carbide
as a reinforced layer. As reinforcements, nano-sized and micro-sized B4C particles were
utilized. Optical microscopy and SEM examinations were used to examine the FSPed sur-
face composite layer. To produce surface composites using FSP, it is important to consider
the amount of reinforcement and the number of passes. Before manufacturing, several
tests were carried out, and it was found that the constant rotational and transverse speeds
were, respectively, 1000 revolutions per minute and 25 mm per minute. Microhardness and
tensile tests were used to assess the FSPed surface composite’s mechanical characteristics.
The outcomes were compared with the base metal’s properties. The effects of reinforcement
and the number of passes on properties were investigated. To assess the tribological perfor-
mance of the surface composite, the pin-on-disk test was run. In terms of wear resistance,
tensile behaviour, and hardness, the surface composite layer produced in three passes
with nanoparticle reinforcement performed better than the base metal. The dispersion of
nanoparticles in the base material became more uniform compared to a single-pass FSP
nanocomposite, resulting in increased hardness. After three passes, the microhardness of
the nanocomposite was raised to 122 Hv. The hard B4C particles placed on the surface
of the AA5083 improved the wear resistance of the nanocomposite. When compared to
non-reinforced samples, the one-pass approach resulted in significant reductions in yield
and UTS values of surface composites. Despite this, the surface composite’s microhardness
was shown to be larger than that of the unreinforced samples, and the wear rate was
also lowered.

Kumar et al. [47] studied the wear properties of an AA5083-tungsten composite made
using the FSP technique. To create metal-particle-reinforced surface composites, FSP was
employed to integrate tungsten particles in an AA5083 material. On an AA5083 plate with
a thickness of 10 mm, a groove of 60 x 2 x 1.5 mm was created. Ten-micrometre tungsten
particles were maintained in the groove. The FSP tool rotated at 1200 revolutions per minute
and had a transverse speed of 24 mm. Wear test samples with a diameter of 8§ mm and a
height of 10 mm were cut using EDM. The results demonstrated that the microstructure
had a homogeneous distribution. The particles were evenly distributed in the base material,
and the grain size was refined using FSP. The tungsten particles remained elemental after
X-ray diffraction, and an additional investigation did not find an intermetallic peak. The
composite surface layer outperformed the base and FSPed alloys in terms of wear resistance.
The base and FSPed sample’s worn surface inspections revealed that the composite exhibits
mild and adhesive oxidative wear at all three loads, transitioning to severe abrasive and
delamination-type wear at higher loads.
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Khan et al. [48] examined the cold formability of boron-carbide particles and carbon
nanotubes in friction-stir-processed aluminium composites. The base materials AA5083 and
MWCNTs, as well as B4C reinforcements, were used. The bend-ductility test was used to
assess the cold formability of FSPed aluminium metal matrix composites. Carbon-nanotube-
containing composites fractured under bending, whereas boron-carbide-containing com-
posites survived; hybrid composites cracked, but the crack was less than nanotube-only
composites. Poor interfacial nanotube or aluminium bonding and insufficient nanotube
dispersion are two possible explanations. The cold formability of the composites is deter-
mined by their mechanical and microstructural properties. The B4C-reinforced composite
increased tensile strength and hardness by 28 percent and passed the bend ductility test
with no surface cracks. The MWCNT-composite reduced fracture strain by 50% while also
improving the hardness and tensile properties. The bend-ductility test reveals fractures
caused by the CNT clusters that developed in the TMAZ, since it is a single pass FSP. While
fracture strain was decreased by 16%, tensile strength and hardness were also increased
by 10% and 5%, respectively. This specimen failed the bend-ductility test due to weak
MWCNT and aluminium alloy interfacial bonding and insufficient MWCNT dispersion in
the composite.

Mirjavadi et al. [49] studied the wear and mechanical properties of an AA5083-ZrO,
composite made using FSP. Multi-pass FSP with zirconia nanoparticles was used to fab-
ricate surface nanocomposites on AA5083 sheets in this investigation. The specimen’s
microhardness, microstructure, wear parameters, and tensile strength were all studied with
the number of passes. Following many trial and test runs, it was determined that a traverse
speed of 50 mm /min and a rotation rate of 800 rpm, which was also similar to reference [50],
was the most suited in terms of possible flaws. These rates were utilized for all FSP passes.
For all samples, the tool tilt angle concerning the workpieces was around 3°. As a result, it
was discovered that FSP iteration consistently increases the material’s tensile strength and
microhardness. This was primarily brought about by the FSP-enhanced microstructural
modification, which included better powder dispersion, smaller grains, and fewer clustered
particles. The eight-pass friction stir processed nanocomposite was subjected to EBSD and
TEM examination, which revealed a large number of high-angle grain boundaries as well as
ongoing dynamic recrystallization. Wear tests showed that the further processed sample’s
wear rate was much lower than that of the base material. Furthermore, the fracture surface
of the eight-pass treated material, such as the base material, showed ductile fracture with
dimples and voids. With a microhardness of 140 Vickers, the composite with eight passes
had the most grain-refined structure. In addition, the wear rate of composites generated in
eight passes was lowered.

Khan et al. [51] used FSP to evaluate the impact of FSP spacing on the growth of B,C-
and MWCNT-reinforced AA5083 composite. In this work, FSP was used to add boron car-
bide and carbon nanotube particles into AA5083 to create hybrid surface composites. Using
a single-pass approach, the impact of metal loss in cavities made to contain reinforcements
at 8- and 10-mm inter-cavity spacings were examined. A single pass of FSP was run at a
2° tilt angle, 16 mm/min traverse speed, and 750 rpm rotating speed to prepare surface
composites. Surface composites with individually reinforced B4C and MWCNT particles,
as well as a hybrid composite with both reinforcements, were created. Microstructural
analysis and an examination for the existence of any flaws were carried out using optical mi-
croscopy and SEM. Mechanical tests found that composites with 10-millimetre inter-cavity
spacing and boron-carbide particles increased their UTS and microhardness by up to 38%
and 18%, respectively. The cold formability of FSPed composites was then evaluated using
the U-bend ductility test. Due to severe cracking brought on by clustering and insufficient
material-loss compensation, carbon nanotube composites with an inter-cavity spacing of
8 mm failed. This had a substantial influence on the ultimate mechanical properties. To
compensate for material loss, it was determined that sinking reinforcement in the parental
material was required. It was observed that if the material loss in the form of a cavity
for reinforcements is not compensated for, a higher empty volume leads to a decrease
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in mechanical properties. A 10 mm inter-cavity spacing made it possible to achieve the
greatest reinforcement sinking and the smallest amount of clustering when using carbon
nanotubes in single-pass friction stir processing.

Jain et al. [52] looked at the mechanical characteristics, sliding wear behaviour, and
microstructure when fabricating AA5083-B,C/SiC/TiC surface composites using FSP. In
this investigation, FSP was used to produce three distinct AA5083 surface composites
reinforced with TiC, B4C, and SiC particles. Three sequential FSP passes and the mechanical
properties of reinforced particles were studied. A tool tilt angle of 3°, a transverse rate
of 25 mm/min, several passes, and a rotating speed of 1600 rpm were selected based on
experimental tests to provide a sound FSP area and homogenous particle dispersion in the
stirred zone. The FSPed sample’s mechanical properties were assessed and compared to the
parental material. With dense particulate distribution on both the advancing and retreating
sides of the stir region, as well as particle-free zones and strong particle-matrix bonding
in some places, the microstructure revealed substantial grain refinement. FSP induces
significant plastic deformation in the materials, allowing the constituent phase to mix and
refine. The FSPed sample’s wear resistance was assessed and compared to the parental
material. The inclusion of TiC, B4C, and silicon carbide particles in the parental material
(AA5083) improves wear properties, according to the findings. The findings showed that the
wear mode changed from abrasive to delamination when a pin-on-disc tribometer was used
to examine the wear mechanism. Furthermore, the findings show that adding TiC, B4C, and
SiC particles to the parental material improves the tensile properties while also enhancing
its hardness. The fracture mode of SiC- and TiC-particle-reinforced surface composites
was found to be ductile, whereas the fracture mode of B4C reinforced surface composites
was found to be bimodal. When compared to the AA5083-SiC/TiC composite, the UTS
and microhardness of the AA5083-B,C composite were 349 MPa and 132.56 &+ 2.52 Hv,
respectively. The AA5083-B4C composite has a minimum wear rate of 18 x 10> mm?/Nm.

Owa and Shimizu [53] used FSP to investigate the production and strength behaviour
of an MWCNT-reinforced AA5083 composite. MWCNTs were included in AA5083 through
FSP to boost the strength of the alloy, which is used in a range of industries. The FSP ap-
proach was used to successfully produce the AA5083-MWCNT composites. In comparison
to the base material, the composite grain size was improved greatly. The composites have
no voids or other faults under FSP-optimized settings. The grain refining and uniform
distribution of MWCNTs were accomplished due to a composite powder composed of
MWCNTs and AA5083. While the UTS increased from 13 to 16 percent, the proof stresses
of the composite ranged from 53 to 61 percent higher than those of the base material.

Jain et al. [54] employed friction stir processing to develop and analyse AA5083-
CNTs/SiC composites. To make hybrid and mono composites, AA5083 base material
was reinforced with CNT and micron-sized SiC particles by FSP. In both individual and
aggregate forms, the impact of CNTs/SiC on the texture, mechanical properties, and mi-
crostructural development texture of FSPed AA5083 composites was examined. All of
the samples were subjected to three passes of homogeneous reinforcement dispersion at a
transverse speed of 20 mm/min and a rotating speed of 1600 rpm. For comparison, FSP
was performed on a parental material without reinforcement under similar experimen-
tal conditions. After dynamic recrystallization, TEM and EBSD investigations showed a
dislocation rearranged to create high-angle grain boundaries, and equiaxed recrystallized
microstructure, respectively. Multiple passes resulted in a generally poor texture intensity
over the stir zone of FSPed samples. By incorporating carbon-nanotube/silicon-carbide
particles into the AA5083 base material, the Zener-Holloman and particle-stimulated nucle-
ation mechanisms were activated, resulting in the formation of randomly oriented grains.
Silicon-carbide particles are uniformly disseminated with good interfacial bonding in FSPed
composites, and carbon nanotubes are partly reacted with an AA5083 material to generate
an in situ Al;C3 intermetallic compound. The maximal UTS of the AA5083-CNTs/SiC hy-
brid composite is 361 Mpa, while the tensile strength of the base material is 298 Mpa. On the
fracture surface of the SiC-reinforced composite, the voids initiating at the matrix—particle



Appl. Sci. 2022,12, 12832

9of 15

interface areas were observed. Hardness testing revealed that AA5083/SiCasSiCs had the
highest difference in hardness, 1.5 times that of the base material. AA5083/SiCasSiCs also
had a greater hardness and elastic modulus. The hybrid composite increases hardness by
1.4 times.

Naghshekesh et al. [55] evaluated the influence of FSP on the surface of AA5083 using
graphene oxide as a reinforcing material. A surface nanocomposite formed of graphene
oxide was created utilizing FSP in a liquid-cooled condition to enhance the AA5083’s
microstructural and mechanical properties. To accomplish this, FSP was employed to
do up to three passes on a parental material with and without reinforcing particles. The
friction-stir-processed AA5083, the base material, and the resulting surface nanocompos-
ite’s microstructural and mechanical properties were examined. With the use of electron
backscatter diffraction, the microstructure was examined. After processing, the nanocom-
posite’s grain size was found to be around 1 um. The base material’s grain size was
23 £ 2.3 um, but the specimen’s grain size without reinforcement was 6 £ 1.1 pum. This
discrepancy was mostly caused by the considerable impact of the reinforcing particles on
grain formation in the nanocomposite specimen. According to research on the mechan-
ical properties of the parental material, nanocomposite, and FSPed specimen, applying
a cooling environment while performing the procedure increases the microhardness of
the stir zone in comparison to the parental material. In the presence of graphene oxide
particles, the microhardness increased to 123 1.7 HV. In terms of tensile properties, the
nanocomposite performed better than the parent material and the FSPed sample.

Prabhakar et al. [56] created AA5083-CNT composites by friction stir processing to
study the effects of grain refinement and carbon nanotubes on corrosion and mechanical
properties. FSP dispersed CNT into AA5083 to create a metal matrix composite in the
current study. In the stir zone, microstructural investigations indicated smaller grains and
nonuniform CNT dispersion. The small grains and presence of CNT in the composite led to
a 25% improvement in hardness when compared to unprocessed aluminium alloy, which
is connected to the fine grains and presence of CNT in the composite. According to the
electrochemical tests, the FSPed composite showed a somewhat higher corrosion resistance.
The findings reveal that the addition of CNT, in combination with the grain size effect,
has a considerable impact on the corrosion resistance of AA5083. Based on the findings,
it can be concluded that adding CNT to AA5083 through FSP can increase mechanical
performance. However, care must be taken to enhance CNT dispersion, since the presence
of CNT has a significant impact on corrosion resistance. It was discovered that employing
FSP to produce AA5083-CNT composites allows for the construction of lightweight energy-
efficient structures with high mechanical properties and corrosion resistance.

Papantoniou et al. [57] studied a new friction-stir-process technique for the hardening
and surface modification of aluminium alloys: AA5083-Cu. In this study, FSP was per-
formed on thick AA5083 plates. A pure copper sheet with a 4-mm-by-0.8-mm cross-section
was friction stir processed into a machining groove on the top side of the aluminium
plate. Each sample was produced using one, two, or three FSP passes. The effects of
the AA5083/Cu composite on metallurgy and mechanical were then investigated. The
findings show that the Cu thin sheet was successfully incorporated into the AA5083 nugget
zone, with non-integrated Cu disappearing after many FSP passes. The reinforcement
was divided into small particles, blended, and spread throughout the SZ. There were
various intermetallic phases detected after FSP overlapping, as well as the particles di-
mensionally concerned in the material flow direction because of the rotating action. The
interplanar diffusion-interfacial migration phenomenon resulted in Cu particles becoming
enriched with aluminium atoms due to the severe plastic deformation brought on by heat
production and material movement close to the tool. XRD has proposed the fabrication
of intermetallics such as Al,Cu, AlCuy, and MgCu,. Cu diffusion and the production of
diverse hard intermetallics increased the hardness of the surface composite. Almost all of
the Cu was incorporated into the nugget region as the FSP passes were increased, primarily
as Cu-based micron-sized intermetallic particles and secondarily by Cu diffusion in the
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AA5083 material. The microhardness inside the nugget zone rose from 77 HV to 138 HV
due to the presence of complex intermetallic compounds created by the high heat input
and strong plastic deformation.

3. Results and Summary
3.1. Results

Table 1 summarizes the metal matrix composites fabricated from the 5xxx series of
aluminium magnesium alloys using only marine grades reinforced with various reinforce-
ments using the FSP process. The literature study reveals that SiC particles are the most
frequent type of reinforcement that has been employed to develop composites.

Table 1. Aluminium metal matrix composites fabricated from the 5xxx series of aluminium magne-
sium alloys using only marine grades reinforced with various reinforcements using the FSP process.

Reference

Base Material

Reinforcement Outcome

[35]

AA5052

The results showed a 55% increase in hardness value and a 9.7 times greater

Sic wear resistance than the AA5052 base material.

[37]

Al15052

Hardness, yield strength, and UTS improved by 140, 60, and

SiC 75%, respectively.

[39]

AA5052

At tool rotational speed and traverse speed of 1000 RPM and 65 mm/min,
respectively, the maximum hardness and tensile strength values (78 = 1 Hv
TiO; and 193.1 & 3 Mpa) were achieved. The grain boundaries of the cast AA5052
were found to have micro-voids. The specimen’s tensile test revealed the
ductile fracture. There were no defects discovered in the FSPed zone.

(58]

AA5052-H32

Particles of Al3Ti and MgO (50 nm) were detected. The composite showed
90% HAGBs and a grain size of 2 mm. At higher test temperatures, the
composite’s deformation activation energy was discovered to be 456 kJ /mol.

TiO,, MgO
and Al3Ti

[59]

AA5052-H32

The processing zone contains particles of Al3Ti and MgO. Pre-treatment
decreased strain hardening and strain rate sensitivity. Annealed and
wrought FSPed samples had microhardness of 87.9 + 2 and

82.4 £ 1.6 Hv, respectively.

TiO,

[60]

AA5052-H32

In a 2-mm fine-grained matrix, nanoscale Al3Ti, and MgO phases may be
found. At high TiO, content (3.5 vol%) and 6 FSP passes, a greater yield
TiO; strength of 158 Mpa, an ultimate tensile strength of 252 Mpa, and an elastic
modulus of 85 Gpa were recorded. With six FSP passes, the endurance limit
of 154 and 148 Mpa was recorded at 2 and 3.5% of the TiO, volume percent.

[61]

AA 5052

GNPs AMMCs’ improved mechanical characteristics

[62]

5052

The coefficient of friction (COF) was reduced with an increase in rotational
V4(0)} speed during FSP of the ZrO,; reinforced sample, increasing the wear
resistance of aluminium alloy 5052 to 36.8%.

[63]

Al 5052

5i0, SiO, homogenous dispersion was accomplished.

[40]

AA 5083

A well-distributed, 50-200-Im thick AA5083/SiC surface composite layer
with an excellent bonding matrix was created. The surface composite
AA5083/27 vol% SiC has a microhardness of almost twice as much as the
AA5083 base material.

SiC

[42]

AA5083

The best powder dispersion was reportedly obtained with a four

Cu FSP-pass count.

[46]

AA5083

In the one-pass method, there were some visible reductions in the yield and
ultimate tensile strength values of surface composites when compared to the

B4C non-reinforced samples. Despite this, it was shown that the surface
composite microhardness was greater than that of the non-reinforced
samples, and their wear rate was also lower.

[51]

Al 5083

MWCNT Tensile strength and hardness both increased by 38 and 18%, respectively.
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Table 1. Cont.

Reference

Base Material

Reinforcement Outcome

[56]

Al5083

Microstructural analysis showed smaller granules and non-uniform CNT
dispersion in the stir zone. According to microhardness studies, the tiny
grains and presence of CNT in the composite led to a hardness increase of up
to 25% when compared to unprocessed Al alloy. Electrochemical
experiments revealed that an FSPed composite has somewhat greater
corrosion resistance.

CNT

[57]

AA5083

The XRD suggested that intermetallic compounds such AlCuy, Al,Cu, and
MgCu, formed. The improvement in surface composite hardness was

Cu induced by the diffusion of copper and the development of different hard
intermetallic. The copper-reinforced stir zone microhardness distribution
increased significantly from 77 HV to 138 HV.

[64]

AA5083

The findings indicated that the addition of more ceramic particles raised the
composite’s average hardness by 30%. As ceramic powder SiC reinforcement
was added this enhanced the wear resistance of AA5083-SiC by 40%. At two
FSP passes, the composites containing 50% Al,O3 and 50% SiC had the
maximum hardness.

SiC, Al,O3 and
SiC/Al,O3

[65]

AA5083

Hybrid There was intermetallic formation. Intermetallic phase development
Reinforcement  increased the composite’s hardness and wear resistance.

[66]

AA5083

CNT’s presence facilitated work hardening. The presence of CNT/Al,O3
CNT + AlL,O3 limits the dislocation movement, improving the metal matrix’s hardness in
the process.

[67]

Al5083

CeO, and SiC, at the perfect volume ratio of 75:25, were shown to have
improved mechanical and corrosion properties for the composite.
A15083-5iC (25%)-CeO; (75%), a hybrid composite, was shown to have the
best mechanical and corrosion properties.

CeO, and SiC

[68]

Al5083

Decreased wear rate for the hybrid Al5083-B4C/TiC composite

B,C/TiC was observed.

[69]

Al5083

Improved wear properties for AI5083 hybrid composites distributed with

SiC and MoS, SiC and MoS, were obtained.

[70]

AA5083

SiC, ZrO,, and Gr particles were incorporated into the AA5083 alloy as
SiC, ZrO,, and reinforcement and used to increase the ultimate strength since the hybrid
Gr ratio of the reinforcement particles greatly altered the
mechanical characteristics.

[71]

AA5083

The FSP-processed composite’s maximum micro-hardness and tensile

Sie strength were determined to be 1.75 Gpa and 78 Mpa, respectively.

3.2. Summary

This review’s main objective was to take into account the work that has been performed
regarding the fabrication of AMMCs using the 5xxx series of aluminium magnesium alloys
using only marine grades. The goal was to determine which reinforcement and base
material are employed the most in the fabrication of AMMCs. According to the reviewed
literature, AA5083 is the base material that is most frequently used to fabricate AMMCs
using the FSP approach (see Figure 1). The fabrication of an AMMCs employing FSP,
friction stir additive, and FSW has only been tried once with AA5059. The only base
alloys that have not been used to make AMMCs using the FSP approach or any other
method for fabricating a composite are AA5386, AA5436, and AA5454. The use of different
reinforcements on various base materials is also shown in Figure 2, with SiC particles,
CNTs, B4C, and TiO, appearing to be the most commonly used reinforcements. As this
study shows, there is less research on aluminium metal matrix composites fabricated using
coal as reinforcements; thus, it will be beneficial for future studies to follow this direction.
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Figure 1. Base material used to fabricate AAMMCS using 5xxx series marine grade.

mwW mNi mGr Cu ®mCF ®mGO mSiIC ®mTiIC mB4C mCNT
EGNP mMgO mSiO2 mTiO2 mAI3Ti = AI3Ni mZrO2 mCeO2 mMO0S2

e 3% 292% 3% 5o,

Figure 2. Graphical representation of reinforcement usage on different base materials.

4. Conclusions

The development of AMMC:s suitable for the marine field is still a work in progress.
Most MMC investigations achieve AMMC precipitate grain refinement, treated zone homo-
geneity, densification, and homogenization. AMMCs are undeniably capable of exhibiting
refined grains, superior damping, strength, wear, enhanced hardness, and reduced thermal
expansion, making them appropriate for a wide range of applications. This part of the work
examines the impact of reinforcing particles, process parameters, multiple passes, and active
cooling on mechanical characteristics during the fabrication of 5000-series AMMCs using
FSP. This paper reports on the available literature on aluminium metal matrix composites
fabricated with 5xxx-series marine-grade aluminium alloy using FSP.
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