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N G ok W N e

Abstract: Properties such as superior specific strength, being imponderous, and the ability to repro-
cess are the key features that have drawn attention to magnesium. In the last few years, applications
such as automotive, aerospace, and medical applications have been seeking light-weight equipment,
and light-weight materials are required for making them. These demands were matched by devel-
oping metal matrix composites with magnesium as a base and reinforced with carbon nanotubes
(CNTs), grapheme nanoplatelets (GNPs), or ceramic nanoparticles. CNTs have been adopted for
developing high-strength metal matrix composites (MMCs) because of their delicately superior
thermal conductivity, surface-to-volume ratio, and tensile strength, but lower density. In developing
high-performance light-weight magnesium-based MMCs, a small number of CNTs result in refined
properties. However, making Mg-based MMCs has specific challenges, such as achieving uniform
reinforcement distribution, which directly relates to the processing parameters. The composition
of CNT, CNT sizes, their uniform distribution, Mg-CNT interfacial bonding, and their in-between
alignment are the characteristic deciding factors of Mg-CNT MMCs. The current review article
studies the modern methods to develop Mg-CNT MMCs, specifications of the developed MMCs, and
their vital applications in various fields. This review focuses on sifting and summarizing the most
relevant studies carried out on the methods to develop Mg-CNT metal matrix composites. The article
consists of the approach to subdue the tangled situations in highlighting the Mg-CNT composites as
imminent fabrication material that is applicable in aerospace, medical, and automotive fields.

Keywords: Mg-CNT, magnesium; carbon nanotubes; composite; fabrication process; mechanical
properties; corrosion behavior

1. Introduction

In the current scenario, light in weight and high strength are the prime features of
the materials used in aerospace, medical, and automotive applications. The property of
magnesium that enables it to be used in vital applications is its density of 1.738 g/cm®
which is nearly two-thirds of aluminum, making it the lightest structural material. In
addition, some other properties, such as the ability to reprocess, its appreciable damping
character, treatable machinability, good electromagnetic shielding, and plenteousness, make
Mg an adequate selection among all other materials [1-3]. Due to these properties, the
abovementioned applications have adopted magnesium as a prime material [4-6]. However,
corrosion resistant strength and mechanical strength are the properties in which magnesium
is inferior to aluminum. Mg alloys consists hexagonally closed packed crystal structure
(HCP) and atomic packing in HCP does not allow slipping to occur easily, due to this Mg
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alloys offers restrictions in deformation at normal temperature conditions. The strength of
Mg alloys can be further increased by reinforcing them with metallic particulates, ceramic
particulates, and carbon fiber reinforcing agents [7-9]. Recently, as Mg-based composites
have attracted attention, their mechanical and electric properties are being enhanced to a
higher level by incorporating reinforcing agents, such as carbon nanotubes (CNTs) and
graphene nanoplatelets (GNPs). This has evolved into a wide research area [10-12]. The
exclusive optical, electrical, thermal and mechanical characteristics and the enhanced
surface area and aspect ratio make CNTs a superior candidate for vital application areas [13,
14]. Studies have revealed that CNTs contain diamond and graphite characteristics. It
has been said that due to their possession of high conductivity with regard to thermal
as well as electric behavior, they are as formable as graphite and hard as diamond [15].
Studies have confirmed that the CNT-reinforced composites have significantly improved
characteristics due to their high modulus and strength of CNTs. Photovoltaic cells, fuel
cells [16], energy depository products [17], physical properties detectors and responding
devices, amplification devices, electron escape process guns, energy source inverters [17,
18], medicine distribution systems [19], and biological sensors [20] are the various other
fields of applications of CNTs. Conclusively, a new research area in the field of material
science has been explored by incorporating nanotechnology in developing metal matrix
nanocomposites (MMN(Cs).

Recently, many studies have been carried out on developing metal matrix composites
(MMCs) reinforced with CNTs, especially aluminum and copper particulates [20-22]. In
addition, in depth work has already been carried out on CNTs reinforced with polymer
matric nanocomposites (PMNCs), and various advantageous outcomes have already been
drawn [23-25]. The application of carbon nanoparticles in the metal matrix is still a hot
cake in research due to the challenges in its homogeneous distribution [23,26,27] and
inferior wettability. This poor wettability in CNT arises due to its considerable surface
tension difference from metals. This difference is responsible for the development of weak
interfacial bonding between the metal matrix and the CNT. Studies have shown that in
polymer matrix nanocomposites, the constituents interact at the molecular level and highly
refine the composite’s properties. However, this phenomenon has not yet been studied in
the metal matrix composites composed of CNTs. Several investigations have been carried
out using various fabrication processes to conquer the issue of uniform distribution of
carbon constituents in the metal matrix [28-33].

Hence, the generation of lumps of nano-reinforcement and permeability in the synthe-
sis and fabrication process are the areas that need to be resolved for CNTs to be considered
as a prime choice for developing MMCs. The earlier gravity casting method was found
unsatisfactory due to the low yield point of the developed nanocomposites. This low
yield point is caused by its high permeability. However, these permeability levels can be
reduced by techniques such as squeeze casting. The distribution of reinforcing particles
and reduction in the formation of lumps are factors of the development techniques that are
adopted to develop the metal matrix nanocomposites (MMNCs) [34]. These development
techniques can be categorized generally as liquid state and solid-state techniques. Casting
under the liquid state category and powder metallurgy under solid state are two tech-
niques that are utilized in developing particle-reinforced magnesium-based composites.
Several investigations have been performed to develop magnesium-based composites and
to study their characteristic behavior using the powder metallurgy route [14,30-36]. The
powder metallurgy process is a chain of various processes, creating the uniform mixture of
fine powders of constituents, compacting the uniform constituent’s mixture, and finally
sintering the compacted shape. The steps mentioned above are executed to enhance the
density of the composites by minimizing the porosity level. The properties of the com-
posites, such as poor ability to machine, appreciably low fracture toughness, and inferior
tendency to deform easily, can be overcome easily by reducing the size of the reinforce-
ment from the particle to nano level and as a result, the characteristics are refined. These
appreciable enhancements in mechanical characteristics are due to grain refinement and
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Orowan strengthening. The attention-catching factor of metal matrix nanocomposites
(MMN(Cs) is their creep resistive property even at high temperature conditions, and this
property becomes more anticipatory in the magnesium-based MMNCs. Several studies
have been carried out on strengthening Mg/CNT composites to refine their mechanical
characteristics [33,37,38]. Emerging of various innovative fields of application of nanotech-
nology in recent time, have contributed to a significantly reasonable decrease in the cost
of CNTs [39]. As a result, CNT nano particles are currently available as chief reinforcing
agents for developing Mg-based nanocomposites at reasonable prices. The current review
article is a summary of the studies that have been conducted about the objectives of refining
the mechanical, corrosion, and tribological characteristics. This article also involves the
development-related suggestions/findings of authors in their respective research towards
the development of Mg/CNT composite materials.

2. Carbon Nanotubes (CNTs)

At the beginning of the 1990s, during the study of spherical carbon molecules in
electric arc equipment, Japanese scientist Sumino Iijima unintentionally found the existence
of coaxial nanotubes of carbon molecules [40]. The mentioned carbon atom layer, graphene,
was loped in a cylindrical shape for developing CNTs. These coaxial tubes were called
multi-walled carbon nanotubes (MWCNTs) [41]. Later, lijima and Ichihashi and their
teammates, based on the above findings, further investigated and successfully found
refined single-walled carbon nanotubes (SWCNTs) [42]. The configurations of carbon
atoms in SWCNTs and MWCNTs are depicted in Figure 1. The techniques adopted by
lijima et al. for developing MWCNT5, consisting of diameters up to 100 nm, were further
utilized with minor adjustments to develop the SWCNTs. The SWCNTs were designed by
transforming the single graphene sheet to a cylinder-shaped tube (0.4 to 2.5 nm diameter)
by rolling and they were extensively adopted due to their outstanding electrical, optical,
physical and chemical characteristics. The property of SWCNTs that empowers them to
carry numerous molecules in 77 piling connections is due to their well-defined walls,
possessing extremely high surface areas [43]. Rather than being straight, these nanotubes
curled and coiled towards inside, having the diameter of about 1 nm [43,44]. CNTs has
evolved into the most widely explored nanostructured materials, due to the availability
of their extremely unique characteristics, such as high flexibility, enhanced strength, sp2
hybridized carbons, and the capability to align those atoms in rope-like structures [45-49].
Figure 2 shows the historical evolvement of CNTs, which involves the wide developments
that were achieved during its journey. Since 2010, some extraordinary notable applications
of CNTs have evolved [20].

SWCNT MWCNTT

Figure 1. Structural morphology of CNT [50].
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Figure 2. Evolution of CNTs at various stages and their major developments in several applications
with respect to period of time.

The axial dimensions of CNT are in microns and in radial direction they are in nano
size. As a one-dimensional nanomaterial, their surface area ranges from 50 to 1315 m?/g.
The property that makes CNT a low weight nanomaterial is its lower density of about
1.3 g/cm?>. The aspect ratio of CNT is much more refined compared to conventional fiber
materials, ranging from 100 to 1000. The most stable carbon—carbon covalent bonds can
assume the strength of CNT in their carbon loops, which possess heat conductivity of
nearly 3000 W/mK. This much high thermal conductivity of CNT is analogous to the
thermal conductivity of diamond. CNT holds some unique mechanical, thermal and
electrical characteristics, along with a lower density, which plays a role in the development
of strengthened MMNC. Studies has been executed to find the rigidity, strength and density
of the CNT relative to the values of steel. It has already been stated by some researchers in
their respective investigations that the density of CNT is extremely low. In a relative study
of CNT with steel, the density was approximately one-sixth of that of steel, the strength
was found to be approximately 100 times higher and Young’s modulus was approximately
1 TPa. This Young’s modulus is analogous to diamond and is the maximum value among
all the carbon allotropes [51]. These unique characteristics of CNT have evolved due to
the carbon—carbon (C-C) bond that they possess with a sp2 hybridized nature [15,17,18].
By containing higher stiffness as compared to diamond, CNTs also have appreciable
formability because of their locked and muffled configurations [52]. As a result, the CNTs
can deform their structure to a small angle ring shape when subjected to external stresses
and can regain their previous shape after the removal of stresses. Stone-Wales defects are
a kind of defect studied in CNTs, which has become advantageous for them with regard
to deformation beyond the elastic range. Due to this defect, CNTs have developed the
capability to bear 40% of the applied tensile strain without undergoing brittle failure [53].
Electrolysis, chemical vapor deposition, arc evaporation, laser ablation, and flame synthesis
are the various CNT development techniques. The techniques that are adopted the most for
the production of CNTs are the vacuumed depositing method, metal depositing through
dispersal of arc and photoablation [54]. The above-mentioned unique characteristics of
CNTs make them suitable for use in various fields of applications.
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3. Carbon Nanotube-Reinforced Mg Composites

In recent times, it has been observed that rigorous and vital investigations have been
conducted to decrease the weight of the materials used in various applications without
compromising their strength. These investigations are specially carried out for the materials
used in automobile and aerospace applications [55]. The density of magnesium has been
found to be even lower than aluminum and titanium. The characteristics of magnesium
that restrict its use in industrial applications are its inferior ductility and lower strength.
These inferior characteristics of Mg are due to its hexagonally closely packed (HCP) crystal
structure [54,55]. Because of the mentioned restrictions with magnesium, it is required to
improve the characteristics of magnesium to enhance its use in various applications by
adding reinforcing agents through different process routes. For increasing the strength
and other characteristics of pure magnesium, involvement of nanoscale reinforcing agents,
such as GNPs, Al,O3, S5iC, and CNTs, in Mg matrices have been performed [28,56,57]. The
low density and attractive strength of CNT make them an attractive selection among other
reinforcing agents reinforced in the Mg matrix [5,6]. Highly stiff and strengthened MMCs
may develop through the addition of CNTs in Mg matrices. The characteristics such as
high ultimate strength (approximately 30 GPa) and great Young’s modulus, of developed
MMCs enhances by these CNTs addition [11,14,58-60].

Furthermore, CNTs have also emerged as a reinforcing agent to improve the char-
acteristics of Mg alloys, such as AZ81 [61] and AZ31 [59-62], monolithic Mg [11], and
Mg-6AL [63]. However, MMCs developed through reinforcing CNTs do not possess me-
chanical properties that are as refined as when they ae reinforced with nano-platelets
(GNPs). This deficiency in the properties of MMCs developed with CNTs is due to the
inferior reinforcement bonding with the Mg matrix material. This inferior bonding is due
to CNT’s inferior wettability in Mg matrix material. Utilization of Mg and its alloys in
various fields of applications is poor due to the different inferior characteristics that they
possess, such as poor anti-corrosive strength, less formability, and inferior mechanical
characteristics. The poor anti-corrosive characteristic of Mg and its alloys is due to their
lower standard electrode potential (—2.36 V), resulting in interaction with other elements,
enhancing corrosion in Mg [59,60,62,63]. Hence, the frequency of corrosion deposition in
monolithic Mg becomes unexpectedly unstable at the ppm level, due to the amalgamation
of contaminations of Fe, Cu, or Ni [64]. CNTs have been introduced into the matrix of Mg
material to enhance the characteristics of Mg and its alloys. However, the effect of this
amalgamation of CNTs on the inferior anti-corrosive characteristic of Mg has not been thor-
oughly studied [65]. Possibly, attractive changes in the corrosive behavior of Mg material
could emerge by reinforcing CNT particles because of its unique electrical characteristics
relative to all its allotropes. The corrosive behavioral changes in the Mg alloy AZ31, when
subjected to the CNT reinforcing agents, were studied by Fukuda et al. [66].

Furthermore, potential surface investigations, immersion, and polarization examina-
tions of CNT-reinforced AZ31 were performed to obtain accurate results on the corrosion
behavior changes [67,68]. The study mentioned the above-concluded remarkable changes
in corrosion behavior of MMC due to the galvanic corrosion development in-between the
Mg matrix and the CNTs. For further refinement of the characteristics of MMCs reinforced
with CNTs, the uniform distribution of CNTs in the Mg matrix is needed. Numerous
approaches have been implemented to achieve a more uniform distribution of CNTs.

4. Fabrication Routes to Fabricate Mg-CNTs Composites

Magnesium-based MMCs reinforced with CNT material have been developed by
incorporating numerous development routes [31,35,36,53,55]. Among all the development
routes of Mg/CNT MMC, the most acceptable method is powder metallurgy. Figure 3
depicts various development routes that have been incorporated to develop Mg/CNT
MMC:s [11,15]. Even in numerous routes, the uniform distribution of CNT particles in the
Mg matrix is still a tedious job because of the clustering of CNT particles. This clustering
is due to the poor wettability of CNT. The poor wettability of CNT is also responsible
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for inferior bonding between CNTs and Mg matrix material. Inferior bonding alters the
load transfer between CNTs and the Mg matrix [59,66]. Numerous process routes have
been adopted to develop Mg/CNT MMCs to achieve uniform distributions; they can
be categorized as follows: liquid distribution routes (ultrasonic curing and mechanical
stirring, gemini dispersant), apparent physical reformation (ball milling (BM)), friction
stir welding (FSW), applying glazing material (such as Si [69], Ni [70], and MgO [71]) to
CNTs to enhance their wettability, doping of CNTs and hybridization of CNTs with other
materials (such as hybrid Al-CNT reinforcement [72]). The investigations have concluded
that CNTs’ distribution in the Mg matrix with the stir casting process route is extremely
non-homogeneous because of the lower wettability of CNT particles in a molten matrix
of Mg [14,34]. However, outstanding distribution of CNTs has been observed in some
development routes, such as ball milling. However, they harm the apparent physical
structure of reinforced CNTs, resulting in lower strength of MMCs.

(b)

Alloying elements

Ball milling

Disk plancta: v
ball.miil

Ball mint
sampie holder

- Grinding
baila

Crucible lid

Graphite crucible

Pouring nozzle
Argon-filod chamboer |

Molton slurry

Deposited ingot
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Figure 3. Various fabrication methods associated with powder metallurgical route: (a) powder
metallurgy-ball milling [15,50], (b) direct current sintering [50], (c) extrusion based on hot work-
ing [50], (d) rolling based on hot working [50], (e) pulsed electric current sintering (PECS) [50],
(f) stirring based casting (SC) [50], (g) deposition of disintegrated melt (DDM) [11,50], and (h) die
casting featured with high pressure [15,50].
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4.1. Powder Metallurgy (PM)

Many investigations have been carried out to develop Mg/CNTs through the powder
metallurgy route [30,57,71-73]. The general powder metallurgy route involves the follow-
ing steps: obtaining a mixture of Mg and CNT particles by mechanical alloying or grinding,
compression of the developed mixture through sintering. Some other processes for obtain-
ing more refined characteristics are also performed with regard to further sintering, such as
hot and cold pressing and spark plasma sintering. The investigations that have been carried
out so far to develop the Mg/CNT MMCs majorly abide by specific post-processing of
deformation, such as extrusion and rolling. These investigations were focused on obtaining
a uniform distribution of CNT in the Mg matrix by developing good bonding between
CNT and Mg, irrespective of the process route phases. These phases and their respective
characteristic parameters are discussed in the following sections.

4.1.1. Ball Milling (BM)

The process of producing powders of composite materials and blending them to ob-
tain a uniform mixture is known as mechanical alloying [74,75]. For the development of
Mg/CNT MMCs, researchers have performed numerous investigations with the adoption
of significant modifications in their process routes to encounter the issues discussed in the
above section. Zou et al. [74] have investigated the effects on MMC, developed with various
compositions of CNT and varying porosities in the Mg matrix. The process route that
they adopted for developing MMCs was power metallurgy, which comprised processes of
mixing, compressing, and sintering powder material. First, powdered Mg and CNTs were
mixed to obtain a uniform mix; furthermore, this mix was compressed in a true shape die
and lastly, the compressed and compacted shape of the powder mixture was sintered in
a furnace to obtain the final strengthened product. Li et al. [76] also developed Mg/CNT
MMCs with the same powder metallurgy route, but they followed certain specific process
restrictions in the process. Thornby J. et al. [77] fabricated Mg-based composite material
reinforced with 0, 0.25, 0.5, and 0.75 vol.% of CNTs through the PM route. The prime
objective of the study was to analyze the creep-deformational analysis of the fabricated
composites with nano-indentation. The matrix material was blended with reinforcing
agents through a ball milling machine for 2 h at 200 rpm; the produced blend was com-
pacted, followed by sintering in hybrid microwave at 640 °C for 15 min and left for 1 h
for further soaking to 400 °C in a constant temperature-maintained oven. For producing
the fabricated material in billet form, it was extruded at 350 °C with the extrusion ratio
20:25:1. For analyzing the creep deformation, a two-step test was adopted by incorporating
a shielded environment of Ar gas. In the primary stage, any of the three 0.5, 5, or 50 /s
loading rates at any of 298, 373, 473 and 573 K temperature were applied to each of the
sample to a maximum loading of 50 MN. In the secondary stage, the duration for which the
indentation load was consistently applied was 120 s, and then the deformational behavioral
data were documented. Fewer micro-cracks and grain modifications were observed in
the microstructural investigation relative to pure Mg, which promoted the improvement
in material ductileness. It was observed that the dimensions of indentation at elevated
temperature conditions did not deviated by much extent; this is due to the agglomeration
of the large number of developed dislocations. The variation in the modulus of elasticity
for different compositions was observed to be limited at 373 K, although it was found
to be reductive until the vol.% of the CNTs was raised to 0.5 and abruptly increased at
0.75 vol.% of the CNTs. The creep deformation characteristics of the fabricated composites
were observed as the only function of the testing temperature and were unaffected by the
loading rate of the CNTs. Habibi et al. [72] have developed Mg-based MMC by using Al
and CNT nanoparticle hybrid reinforcement. The process route that they adopted was
PM and the Al content in the hybrid reinforcement that they used was approximately
1 wt.%. Their process was initiated with the mixing of Mg powder with hybrid reinforcing
nanoparticles by adopting ball milling. This uniform mix was then compressed in die to
create an initial bond between the discrete powder particles under a pressure of 97 bars.
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These compressed and compacted geometries were heated/sintered in an advanced oven,
which had a two-way sintering feature. For fusing the powders into one another, the
molded shape of the powder was heated to their melting point temperatures, and finally,
the sintered material was extruded. Their study found the satisfactory distribution of
hybrid reinforcing agents up to 1 wt.% of Al and further increasing the composition of Al
showed the agglomeration of the reinforcing agents. Goh et al. [31] also adopted the PM
process route for developing Mg/CNT MMC. Their study found an appreciable adherence
among the reinforcing agent CNT and the matrix material Mg. However, this adherence
between the particles was completely mechanical, and no chemical binding was involved.

4.1.2. Ball Milling (BM) Followed by Direct Current Sintering

Due to time, the powder metallurgy process route has evolved by adopting certain
modifications in its processes, for example, the conventional sintering of PM was replaced
by hot press sintering (HPS) [71,73]. The study followed the mentioned modification
in PM and has shown remarkable improvement in the hardness, bending strength and
compressive strength of the developed Mg/CNT MMC. The process of hot press sintering is
basically the sintering of powder mix along with compression, which endorses the changes
in their microstructure due the development of linkages in CNTs [71,78]. Endu et al. [79]
proposed in their study that the anticorrosive nature of MMNC could be boosted by adding
certain reinforcing agents in the Mg matrix. In their study, they developed composites
by using AZ91 as the matrix material and MWCNTs as the reinforcing agent through
the PM route. Their process of development of MMNCs began with grating the AZ91D
alloy into a fine powder by processing the AZ91D alloy through a ball miller with argon
shielding. Furthermore, this grated powder was mixed with the reinforcing agent MWCNT
in the same ball miller. The uniform mixture of the matrix and reinforcing material then
underwent hot pressure sintering (HPS). The hot sintered part was further extruded, and
certain post processes, such as solution curing and aging, were performed. These post
processes are performed for further enhancement of the anticorrosive nature of the MMNCs.
Ding, Y. et al. [73] developed MMNCs by grating pure Mg by employing a high energy
ball milling (HEBM) setup, which provided argon shielding. During this ball milling, a
controlling agent (stearic acid) was added. These milled, pure Mg granulates were further
mixed with CNTs of 1 vol.% through the previously used HEBM. This uniform mix of
CNTs and Mg further underwent HPS to be sintered. Li, Q. et al. [78] introduced CNTs into
Mg matrix material in an enhanced composition of 2 wt.%. The process of development of
MMNC included the dry powder mixing of Mg and CNT. The mixtures produced were
sintered in a vacuum environment using HPS; a compacting pressure of 50 MPa for 30
min was utilized, along with sintering at 600 °C. For the final touch to the samples, hot
isostatic pressing (HIP) was performed at 600 °C for a duration of 60 min. The researchers
concluded that the above-mentioned processes result in regular distribution of reinforcing
agents in the Mg matrix.

4.1.3. Pulsed Electric Current Sintering (PECS)

Researchers have further modified the PM process that was adopted to develop
CNT-reinforced Mg composites, in which sintering was replaced by pulsed electric current
sintering (PECS) [57,64,77]. The application of sparks in the PECS sintering process involves
pressure, electric field diffusion, and heating. In PECS, the methodology adopted for rapid
heating of the powder mix is carried out by passing the AC supply through the die
containing the powder mixture of the matrix and reinforcing agent [78-81]. Due to this, the
powder contained in the die has a high density and low porosity in the sintered part. The
applicability of PECS was assumed by the fact that even in a short period of PECS sintering,
the chances of agglomeration of CNT particles in Mg matrix were lowered significantly.
Adopting the PECS technique reduces the chances of agglomeration and reduces the need
for post-processing material formation [14].
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4.2. Semi-Powder Metallurgy (SPM)

The research above has proven that grating the powder of Mg and producing a
homogenous mix with CNTs using the ball mill is tedious. The tediousness of the ball
milling process is because the process depends on various processing factors; also, the
processing through cluster balls produces heat that may result in the fusion of Mg powder.
Additionally, the ball milling process also ruptures the geometry and unique structure of
the CNTs, which results in less strengthened composite development. To overcome these
issues, semi powder metallurgy (SPM) came into existence to develop MMNCs. Here, in the
SPM technique, a liquid solvent is utilized rather than planetary clustering in ball milling
for developing the mix of the matrix material and reinforcing agent [28,79,80,82]. A study
and its associated investigations revealed that an appreciable amount of local pressure of
approximately 50 MPa was generated due to ultrasonic cavitation [83,84]. This noticeable
amount of local pressure enhanced the mechanical properties of the developed composite
by achieving refined distribution of CNTs in the Mg matrix. Abazari S. et al. [85] fabricated
Mg-3Zn/CNTs composites through the semi powder metallurgy route. The process was
initiated by developing the Mg-3Zn alloy through the ball milling process in a shielding
environment of Ar gas. Before introducing the reinforcing CNTs to the matrix material, they
were acidic and treated with sulfuric and nitric acids. To observe the effect of CNTs on the
properties of the fabricated composites, samples were created with 0, 0.2, 0.4 and 0.8 wt.%
of CNTs. The Mg-3Zn alloy was magnetically stirred with ethanol for 1 h at 600 rpm;
simultaneously, MWCNTs associated with functional groups were separated in ethanol
by ultrasonication for 1 h. A droplet of definite solution of CNTs was introduced to the
powder suspension in ethanol at 600 rpm for 3 h. Furthermore, this mix was dehydrated in
the vacuumed furnace at 344 K for 24 h. The dry mixture was compacted under a pressure
of 650 MPa, sintered at 874 K for 2 h, and at the last extrusion based on hot working was
performed. The researchers concluded that semi-powder metallurgy and extrusion were
efficient process routes. The microstructures improved due to the presence of functional
groups associated with CNTs, which raised the nucleation sites and enhanced the strengths
of the load transfer mechanisms found to be responsible.

4.2.1. Gemini Dispersant

The objective of loading the Mg matrix material with CNT reinforcing agents faces
hurdles due to the clustering of the CNT particles in the Mg matrix in the process of
developing the mix, which results in the degradation of unique features of CNTs, due
to the generation of weak bonding between CNT and Mg particles [59,66]. The issue
mentioned above can be overcome, and for obtaining the desired uniform distribution,
the method of reform in covalent and non-covalent bonding is utilized and the process
of doing so is termed as chemical reformation [82,83,86,87]. This chemical reformation
method efficiently executes the uniform distribution of CNTs; however, this also alters
the CNTs’ internal structure by inducing a covalent bonding surface through chemical
and physical oxidation [86]. In recent times, researchers have investigated the use of new
dispersants named gemini in respective investigations and the results has shown appealing
characteristics [84,85,88,89]. The gemini dispersant constitutes two identical amphiphiles.
These amphiphiles are integrated with one another through a chemical bond. Aromatic
rings, hydrophilic groups, and hydrophilic chains develop these amphiphiles. The even
distributions of CNTs are possible with the gemini dispersant due to the phenomena of
generation of 7-7 assembling and also as a result of the tendency of gemini to be adsorbed
on the CNTs’ surfaces [64,80,86-89]. The gemini dispersant’s hydrophobic and lipophilic
nature also generates uniform distribution [90]. Hou et al. [91] developed Mg/CNT MM-
NCs by incorporating the gemini dispersant in the mix and the dispersants they utilized
were of ionic characteristics. The researchers concluded in their study that, by using the
mentioned dispersant, they achieved a more refined distribution of CNTs, even with CNT’s
untouched unique structure. From the purity of the developed MMNCs, these dispersants
can be extracted through annealing. To obtain the desired dispersal of the CNT particles
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throughout the matrix of Mg, the investigators dissolved MWCNTs in the die ionized water
and ionic gemini dispersant. The authors observed in their study that the reason behind
the refined distribution of the CNTs in the Mg matrix was due to the formation of negative
charge in the MWCNTs developed by the DSDM route. The generated negative charge
raises the intermediate particle repulsion in MWCNTs in DSDM water solution. Even
more refined distribution and less agglomeration were observed in enhancing the surface
potential of MWCNTs [91]. Furthermore, the powdered forms of Mg and Al were added to
the MWCNT mix with a steady rate, along with moderate ethanol and to obtain a perfect
miXx, stirring was performed for 20 min. Vacuum distillations were performed for drying
the stirred Mg-AI-MWCNT mixture. The removal of dispersant from the MWCNT mix was
performed through the annealing process in an argon shielding environment. The annealed
mix was placed under compression, heat-treatment, and extrusion, resulting in the devel-
opment of MWCNT’s outstanding characteristics [55]. Figure 4 depicts the characteristic
defining steps in the development of Mg/CNT composites through the gemini dispersant.
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Figure 4. Processes included in the gemini dispersant for fabricating Mg-CNT composites [50].

4.2.2. Development of CNT’s Surface Functional Groups

The development of the Mg/CNT composites is vulnerable to the agglomeration of
CNTs and generation of their clusters, which occurs due to CNTs” possession of certain
unique characteristics, such as their enhanced L/D ratio, extraordinary Van der Waals force,
and immense specific surface area. This clustering of CNTs in the Mg matrix is responsible
for the generation of porous composites [92]. For overcoming the disadvantages of CNTs,
function groups such as hydroxyls (-OH) and carboxyl (-COOH) carbonyls (>C=0) can
be generated on their surfaces. The uniform distributions of CNTs were also achieved
by applying sound energy to agitate the CNTs in an anhydrous ethanol solution. The
process of doing so is called sonication of CNT particles, which also leads to eradicating the
contamination from CNT’s surfaces [70], [75]. Rashad et al. [82], in the attempt to develop a
hybrid composite, produced a slurry of powders in an Mg-3Al-1Zn composition in ethanol.
Furthermore, this slurry was added to 1.5 wt.% CNTs, which were layered with nickel.
The additions were executed through mechanical stirring at 1500 rpm for a duration of 2 h.
Finally, vacuum filtration was performed, and the composite powder was compressed in
an SS die. Fatih Aydin et al. [93] developed MWCNT-reinforced Mg composites through a
process route that started with preparing the material powder through SPM, extraction and
sonication using ultrasonic waves in ethanol; for distribution of CNTs, mechanical stirring
was used and lastly, extrusion through dies was performed.
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4.3. Extrusion Based on Hot Working

The deformation of material through cold working processes results in work-hardening
of the materials. The Mg/CNT composites are deformed through hot extrusion to overcome
this issue. However, the hot extrusion process is optimal only when the amount of composite
material fabricated through the PM route is in a large quantity. During the development
of Mg/CNT composites, the generation of carbides has been observed at the interface of
the Mg matrix and CNTs when the working temperature rises above 500 °C; this leads to
lower composite strength [94]. The hot extrusion step in the process route may overcome
the issue mentioned above. Shimizu et al. [95] developed AZ91D alloy-based composites
using MWCNT as a reinforcing agent in different wt.% compositions, ranging from 0.5 to
5 wt.%. The process route that they adopted involved ball milling, vacuum-operated HPS,
and hot extrusion. In their observations, they stated that until the 1 wt.% was reached, they
observed proper CNT distribution. Once it raised above 5 wt.%, they observed clusters of
CNTs in the mix. In addition, they summarized that the strength of the fabricated composite
was enhanced due to the lying of the shorter and in line CNTs on the outermost surface of the
Mg particles, which offered restricted deformation; hence, the strength of the composite was
raised. Harun Mindivana et al. [96] fabricated Mg-6Al/CNT composites and their observation
was based on variations in the composition of CNTs, which were 0.5, 1, 2, and 4 wt.%.
The fabrication process consisted of ball milling, cold compacting, and hot extrusion. The
generated composites after hot extrusion underwent microstructural study. It was concluded
that the CNTs were uniformly distributed over the Mg chips and added that this distribution
of CNTs suffers from the increments in CNTs’ wt.%. In their study, Han et al. [59] summarized
that the CN'Ts in Mg matrix material enhance the development of twinning and also deteriorate
the basal consistency in Mg-based nanocomposites processed through hot extrusion.

4.4. Metal Fusion and Solidifying Technique

Plenteous attempts have been carried out to develop CNT-reinforced metal matrix
composites through the melting and solidification technique. The melting and solidification
route incorporates high-temperature conditions, which may affect the characteristics of
CNTs and involve chemical reactions at CNT-matrix interfaces. It has been advised to
include this process route in low-temperature working conditions. Furthermore, the
uniform distribution of CNTs in the metal matrix through mechanical stirring is a tedious
job; due to surface tension, CNTs are generally agglomerated with each other and develop
in bunches. Mg’s low melting point temperature enables the incorporation of the melting
and solidification route for reinforcing the Mg matrix with CNTs [14,88,93].

4.4.1. Stir Casting (SC)

The fabrication of Mg/CNT composites can also be performed through the stir casting
route. However, the process of stir casting possesses certain restrictions, such as the clus-
tering of CNT particles and oxidation of molten Mg. In addition to the issues mentioned
above, the mechanical stirring in stir casting damages the unique crystallographic character-
istics of CNTs, resulting in inferior mechanical characteristics of the Mg/CNT composites.
The issue of clustering of CNTs in the stir casting route may be overcome by modulation
and controlling the various parameters of the stir casting technique [97]. The oxidation of
molten Mg can be prevented by maintaining the vacuum in the stirring container [91,94,98].
In recent times, numerous investigations have been carried out, intending to optimize the
process parameters of the stir casting technique for obtaining the uniform distribution of
CNT particles by overcoming the above-mentioned issues. Gupta M. et al. [99] experi-
mented with fabricating the Mg matrix composite reinforced with different reinforcements,
such as ceramic nanoparticles, metallic and CNTs. The objective of the experiment was to
study the variance in mechanical characteristics of the fabricated composites [93-96,100].
The microstructural porosity in the Mg/CNT composites fabricated through the stir casting
route was comparatively lower; this has been concluded by the study conducted by Tun,
K.S. etal. [101]. Kumar et al. [102] fabricated AZ91D-based composite material by insertion
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of MWCNTs. The process route that they adopted was stir casting. In the outcome of
the study, they concluded that uniform distributions of CNTs in the AZ91D matrix were
observed with well-fabricated microstructures. Selvamani et al. [103] employed the semi-
automatic stir casting route in their AZ91D/MWCNT fabrication process. The amount of
MWCNT reinforcement that they dispersed in the Mg alloy matrix was from 2 to 4 wt.%.
As a result of the study, they found that CNT particles were dispersed in the eutectic matrix
and the developed composite consisted of a dendritic structure of lower porous nature
in comparison to the pure Mg alloy [103]. Abbas et al. [36] conducted an experiment to
decrease the porous nature of the fabricated composites through the stir casting route by
increasing the amount of CNTs dispensed in the Mg matrix. Different wt.%. of MWCNTs
were added in the AZ31 matrix in their composite fabrication process. This increment in
mass density effectively enhanced the mobilization and compaction of metal atoms. The
continuous stirring caused grains to be refined and shearing of the particles in the molten
mix. Consequently, the porous nature of the composites was reduced. Additionally, they
summarized the factors that influence the porous nature of the composites, which were
reinforcement distribution, appreciable wettability, and effective linkages. Hong Yuan
et al. [104] adopted a unique and innovative technique for developing ZM1alloy-based
CNT-reinforced MMCs. A ZM1 matrix material was prepared separately, with 3.50, 5.50,
0.50-1.00, 0.10 and 0.01 wt.% of Zn, Zr, Cu, Ni, Mg and impurities, respectively. Instead
of feeding the reinforcing material in o the matrix, primarily, they were pre-disbursed in
Zn powder through liquid mixing and mechanical alloying. In liquid mixing, 1000 mL of
ethanol was added with 10.0 g CNTs and ultrasonication was performed. Later, simultane-
ous sonication along with stirring were carried out after adding 3.0 g of powdered Zn to
develop CNT-Zn heterogeneous solution. In the secondary stage of mechanical alloying,
for obtaining the CNT-Zn mix, 10.0 g of CNTs, 3.0 g of Zn and 1.0 g of stearic acids were
blended and then ball milled at 100 rpm for 4 h. For obtaining the solid pieces of CNT-Zn,
the mixes obtained in both stages were further compressed through a hydraulic pressing
machine. Finally, these solid CNT-Zn pieces were fed in (1.0 wt.%) as reinforcing agents
in separately prepared 3.0 kg ZM1 Mg alloys through mechanical stirring. Sample testing
revealed appreciable modifications in the dispersion of the reinforcing material, leading to
enhanced mechanical characteristics, in addition to the fact that the fracture modes were
also transformed from brittle to ductile.

4.4.2. Deposition of Disintegrated Melt (DDM)

The DDM route of fabrication of composites has been adopted generally for those
fabricated with reinforcing nano-sized particles. The method involves the heating of Mg
above the superheated temperature of 750 °C, which contains the provision of argon
shielding. A mechanical stirrer is provided to disperse the reinforcing agents uniformly
throughout. The heating pot has a bottom nozzle for pouring out the molten material,
which also has the provision of disintegration with argon jets. Lastly, the poured-out
material is extruded. Chan et al. [11] employed an innovative electromagnetic concept to
stir the Mg/CNT molten mix. The molten pot used in the fabrication had inducting coils at
the outer surface; these coils induced the magnetic field that enabled the molten mix to be
stirred. Furthermore, the molten mix was heated to 700 °C in an environmentally shielded
manner. Lastly, the composite slurry was poured into the die for developing the composites.
Paramsothy et al. [105] conducted their experiment of developing a composite through the
dispersion of CNT particles into the ZK60A matrix. The process of development was carried
out through deposition of the disintegrated melt route, trailed by hot extrusion. The vibrant
accumulation of composite slurry on the substrate through hot extrusion, material shielding
through argon gas, and least gravity-associated segregation, due to proper selection of the
stirring factors, resulted in the uniform distribution of the CNT particles.
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4.5. Friction Stir Processing (FSP)

FSP is a solid phase processing approach that generates an adequate grained mi-
crostructure. Analogous to friction stir welding (FSW), a rotating tool, is adopted in the
process to rotate at the substrate surface. This generates the required plastic deformation
resulting from the fine and uniaxial grains on the friction plastic deformation surface. This
process of development of fine and uniaxial grains is termed as dynamic recrystalliza-
tion. FSP is a productive technique that is generally employed to fabricate the composites.
However, it has been employed for dynamic recrystallization of the substrate surface. The
outcome found by researchers in the process of Mg/CNT composite fabrication through
FSP involves the welding zones of CNT and matrix material [32,101,106]. Sharma et al. [107]
fabricated composites by introducing nano-sized MWCNTs and graphene as the reinforcing
material to the rolled matrix material plates of AZ31B through FSP. The process constraints
were as follows: axial load of 5.4 kN, transitional velocity of tool of 40 mm/min, and 2° tool
inclination. The composites were fabricated with 1000, 1200 and 1400 rpm rotational tool
speeds. The characteristic investigations of the developed samples revealed that tensile
and compressive strength of the fabricated composites increased by enhancing the rein-
forcing material distribution, which was achieved through enhancing the rotational tool
speed. In addition, they observed a drop in the tensile strength in the case of the hybrid
composite. They concluded that the mechanical characteristics of the fabricated composites
were satisfactory at a toll rotational speed of 1400 rpm. Jamshidijam, M. [108] fabricated
AZ31-based composite material reinforced with MWCNTs through FSP. The FSP process
involved adequately grained rigid interfacial bonding between the matrix alloy AZ31 and
reinforcing agents MWCNTS, resulting in hardened surface composites. Morisada et al. [33]
employed the process of FSP to develop Mg/CNT composites. The method of composite
development was initiated by creating an indent in a solid piece of the matrix material Mg
alloy and that indent was filled by the reinforcing agent CNTs. Then, a revolving tool was
projected in the groove for distribution and bonding of the CNTs with the Mg material. The
revolving tools were employed to rotate at 1500 rpm, providing the desired frictional force
to produce intermetallic bonding. They concluded from their findings that the size of grains
was reduced by the process; however, the grains were refined and proper distribution of the
CNTs was observed in the Mg matrix. Additionally, it was concluded that the distribution
of CNTs was found to be more uniform with a lower rotational speed of the tool, but that
resulted in increased process duration. Huang et al. [109] employed the stir casting route
followed by FSP for fabrication of Mg-6Zn-based composites reinforced with CNTs. The
researchers found in their investigations that the mechanical characteristics of the fabricated
composites were enhanced due to the development of appreciable intermetallic bonding
and refined grains.

4.6. Spread Dispersion (SD)/Rolling Process

Spread dispersion/rolling process is an innovative route to fabricate Mg matrix com-
posites by developing a layered micro-nano configuration. Xiang et al. [75] employed the
SD/rolling process route to fabricate Mg/CNT-laminated composites. For obtaining the lay-
ered micro-nano configuration, they were the first to employ the method of electrophoretic
deposition (EPD) for combining the CNTs with 50 pm Mg foils. The tests were oriented
towards characteristic identification and revealed no clustering of the CNTs or proper dis-
persion of the CNT particles. They added that the characteristics of the layered configured
composites can be customized by adopting variable thicknesses of Mg foils. Furthermore,
the deposition time is the most important factor in deciding the thickness of the CNT layer.
The process of fabrication ended with hot rolling of the stacked Mg foils, which resulted
in the reduction in the total thickness by up to 60%. The researchers also investigated
dislocation/slip vector movement in the fabricated composites; their observations and
findings reported the presence of blockages in dislocation movement in the fabricated
composite. The presence of these dislocation blockages resulted in a highly strengthened
composite compared to the composites fabricated through conventional routes. Figure 5.
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illustrates the process route of fabrication of Mg/CNTs through the layered micro-nano
configuration [75].
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Figure 5. Fabrication of layered micro-nano configuration of CNT-reinforced composites [75].

5. Mechanisms Responsible for Strengthening of Nano-Composites

The fabrication of metal matrix nanocomposites (MMNCs) through any of the routes
mentioned above is commonly employed to enhance their mechanical characteristics, such
as strength and stiffness, relative to the pure matrix material. These composite characteris-
tics are accomplished by effectively transferring the working stress from the matrix material
to the reinforcing agents, i.e., CNTs. Interfacial bonding of the CNTs and matrix material,
homogenous dispersion of the CNTs in the matrix material, and aspect ratio are the chief
deciding factors of the characteristics of a fabricated composite [110]. It has been observed
that the observation of a crack at interfacial bonding between the reinforcement and matrix
materials affects the composite’s toughness, and the ductility of the composite will be the
factor of moderation of uttermost stresses near the interface [111]. Additionally, fabricated
composites’ characteristics are highly altered through the process route employed in fab-
rication [11]. Four mechanisms have been suggested for understanding and gauging the
strengthening effect in the fabricated composites, which are discussed further.

5.1. Load Transfer

Nardon and Prewo [112] have stated that the load transfer is the most acceptable mecha-
nism. Following this mechanism, the interfacial bonding created in the fabricated composite
enables the matrix material to transfer the applied stresses from the matrix material to the
reinforcing agent. This will enhance the composite strength to bear the stresses. Although,
for transferring the stresses and strengthening the composite, there should be an appropriate
aspect ratio associated with the nano reinforcing materials [107-109,113-115]. Consequently,
employing a reinforcing agent of greater hardness will be more effective in stress transfer
and may strengthen the composite. The shear model [116] is widely accepted for analyzing
the concept of load transfer mechanism. The perception made in the shear lag model is
that a 3-D fiber will be considered as a 1-D object during the analysis. The shear model is
also employed for analyzing the consequences of the presence of broken fiber in a metal
matrix with various complexities [117]. Li P. et al. [118] conducted a study for developing
AZ91D-based composites by introducing CNT-Mg2Sip as the reinforcing material through
the in-situ process route. At the initial stage, the CNTs were oxidized through magnetic
stirring in a 1:3 acidic mixture of concentrated H2504 and HNO3. The CNTs underwent
acidic treatment with powdered AZ91D and were mechanically stirred in a C2H50H solution
for 2 h. The developed precipitated particles were dehydrated in a vacuum furnace at 60 °C
for 10 h. These dehydrated particles and powdered Sip underwent ball milling in atmospheric
shielding of Ar gas to develop 0.3 vol%CNTs-0.37 vol%Sip/AZ91D composite powders. This
powdered CNT-Sip/Mg form was hot compacted at 200 °C in a vacuum environment. The
compacted bar of the material was reheated in a capillary furnace at 585 °C for 60 min. Finally,
the desired composite was developed by pouring the partial solid into a preheated mold
under the pressure of 224 MPa. The same procedure was followed for the fabrication of
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0.75 vol%CNTs-0.75 vol%Mg2Sip / AZ91D, 1.5 vol%CNTs/AZ91D, 1.5 vol%Mg2Sip/AZ91D
and 3 vol%Mg2Sip/AZ91D. The results concluded that load transfer and thermal incon-
gruity were the prime strengthening mechanisms in the developed composites. The most

feasible mechanical characteristics among all the compositions fabricated were found for
0.3CNTs-1.2Mg2Sip /AZ91D.

5.2. Orowan Mechanism

Composite material undergoes plastic deformation beyond its yield limit. Plastic
deformation of composites is due to crystallographic movement of dislocations; this plastic
deformation consists of the Orowan mechanism [119]. The phenomenon of generation of
residual dislocation loops near to the dispersed CNT particles in Mg matrix, occurs through
the succeeding slip bends and sidestepping of the integrated agent’s incompliance with the
Orowan mechanism. Thus, the generation of the residual loops consecutively strengthened
the work material; hence, the dispersion of reinforcing agents in the metal matrix occurs
in the developed composite [34,36,55,70,73,74,103]. Earlier studies have summarized that
in order to analyze the Orowan mechanism in a fabricated composite, it is required to
have interparticle spaces among the reinforcing agents. Additionally, it was concluded
that appreciably strengthened composites were developed when cylindrically shaped
reinforcing agents were incorporated instead of spherical ones [120]. For the composites
that are fabricated through reinforcing the particles of comparatively smaller and shorter
shapes, the Orowan mechanism plays a major role [121].

5.3. Thermal Incongruity

The thermal incongruity mechanism emerges when the generation of the enhanced
dense dislocation site emerges around the reinforcing agents. This emergence is due
to the appreciable variation in the coefficient of thermal expansion (CTE) between the
reinforcing agent and matrix material. The presence of variation in CTE between the
reinforcing agent and matrix causes the composite to undergo thermal changes, resulting
in the generation of thermal and internal stresses. Due to the developed thermal variation,
the dislocations are generated around the reinforcing agents to lower the stored energy.
The dislocation density present in a composite is related to the thermal strain present in
composites. These developed dislocations are the measuring parameters for the level of
strengthening produced in the fabricated composites. Strengthening of the composite
is enhanced with the enhancement in the density of dislocations [115,116,122]. Multiple
strengthening mechanisms [60] due to the dispersion of CNTs in the metal matrix may be
characterized according to the following equation:

Oc = Omt + Ao, + AoT + AOOrowan 1)

In the above equation, o and omt are the composite strength and matrix strengths,
respectively, Aor, AoT, AGOrowan are the quantum enhancement in strength due to the
mechanisms related to the transfer of the load, thermal incongruity, and Orowan.

5.4. Grain-Boundary Strengthening

Grain-boundary strengthening is also a member of the group of mechanisms that plays
a chief role in strengthening the fabricated metal-based CNT-reinforced composites. Unlike
all the other mechanisms mentioned above, the grain-boundary strengthening mechanism
deals with the compressive strength of the composite. The mechanism is initiated through
the refining of grains and results in enriched compressive strength of the composite. It
has been experimentally observed that the grain-boundary strengthening befall during the
composite development process routes involves refining the grain sizes [53,66,69,103,117]. It
has also been observed that different process routes adopted to fabricate the CNT-reinforced
composites result in dissimilar grain-boundary strengthening coefficients [123-125]. During
the fabrication process of the composites, the reinforcing mechanism based on particle
size is expected to occur by simple reinforcing principles based on stress transmission,
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such as “rule of mixture”. Compared to conventional reinforcing agents, such as SiC,
the high aspect ratio property of CNTs enables the fabrication of the composite, which
may contain minor voids to lock the dislocation movement, even with lower wt.% of the
CNTs. The deformations through these composites are only possible if either the dislocation
bypasses the hindrance created by the Orowan mechanism or with the shearing of CNTs.
The characteristic feature of CNTs such as the smaller diameter and stress concentration at
the head, contribute to the dislocation growth which results in the yielding.

Furthermore, a significant rise in resistance to creeping in the fabricated composite
may be realized, as a result of the difficulty regarding the dislocation climb [126]. “Crack
divergence”, “CNT’s linking” and “CNT’s bug-out” are the general Mg/CMT composite
strengthening mechanisms. At the moment of failure in CNT-reinforced Mg-based com-
posites, many CNTs pull out from the matrix. The pulling out of the CNTs lowers the
crack propagation speed by overcoming the stresses at the crack tip. In addition, CNTs
pulling out results in generated interfaces that require external work that must be car-
ried out. Thus, crack propagation consumes surplus energy. When these bridged CNT
composites are subjected to external stresses, the stresses generated on the crack surface
are compressive. These compressive stresses develop near the crack surface, restricting
further crack enhancement; consequently, the toughness of the composite rises. Xiang
et al. [75] employed a layered micro-nano configuration to fabricate Mg/CNT composites.
The study aimed to investigate the fractured format in fabricated Mg/CNT composites.
Compared to pure Mg, in which a localized strain was observed, the fractured surface of
the Mg/CNT composites was found to be smooth. The Mg/CNTs underwent advanced
strain hardening and showed a substantial modification in even cleavage to a rough, jagged
fractured surface. This progressive rate of strain hardening results in even more uniform
deformation. CNT’s layers restrict the crack propagation; consequently, the CNT layers
refine the toughness of the composite.

6. Mechanical Properties of Developed Composites Depending on the Production Process

Various studies have been carried out to investigate the mechanical properties con-
cerned with fabricated Mg/CNT composites. The investigated mechanical properties
obtained in Mg/CNT composites fabricated through different process routes are sum-
marized in Table 1. Ding et al. [73] conducted an experiment to evaluate the mechanical
characteristics related to Mg-based, CNT-reinforced composites fabricated through the pow-
der metallurgy route. The fabrication process illustrated that the refinement of Mg powder
could be achieved by ball milling before the dispersion of CNTs, which enabled CNTs to be
uniformly dispersed in the matrix material. Furthermore, the sintering of Mg/CNTs was
executed. The grain sizes of the sintered composite observed through optical microscopy
were found to be approximately 2-25 pm. No considerable refinement in the grain size was
observed in the sintered samples after ball milling (2-18 um). The fabricated composite
was further tested for the evaluation of mechanical properties. The results of these tests
were concluded as follows: malleability of 11% was observed, compression strengths were
found 504 MPa, and yield strengths were 454 MPa, respectively. Li et al. [35] developed
Mg-MWCNT composites by employing a process route that consisted of two basic steps.
The first step was executed for the pre-distribution of MWCNTs on matrix material Mg
chips through a distributing block polymer. In a further step, the Mg chips containing the
MWCNTs finely distributed on their surface were converted into molten form. This heating
process of Mg chips was followed by stirring. Furthermore, this molten Mg alloy/MWCNT
composite mix was solidified after it was poured into the mold. The sample analysis en-
sured that the addition of only 0.1 wt.% MWCNTs resulted in the outstanding rise of 36% in
CYS and UCS. The investigators further concluded that the Mg matrix material’s deforma-
bility was enhanced due to thermal incongruity, load transfer, and Orowan strengthening
mechanisms. In addition, they added that the CNT’s distribution in the base Mg matrix
material effectively offered obstacles in crack propagation. Yuan et al. [71] initiated their
study to evaluate the mechanical characteristics of the AZ91/CNT composites coated with
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MgO. Their experimental outcomes highlighted the enriched mechanical characteristics.
The researchers concluded that the causes of enrichment were the Orowan mechanism,
thermal mismatch, grain size modifications, and stress transfer mechanism. Zeng et al. [127]
employed a manual stirring process route of distribution of MWCNTs in the AZ31 matrix.
The MWCNTs that they utilized as reinforcing agents had 30 nm diameters and lengths of
1-10 um. As an outcome of the experiment, they found extraordinary improvement in hard-
ness, tensile strength, and Young’s modulus when the AZ31 matrices were loaded with 1
wt.% MWCNTs. They concluded that when the loading of MWCNTs rises from 1 wt.%, this
resulted in the alteration of the tensile characteristics due to the development of clusters of
MWCNTs in the AZ31 matrix. Hou et al. [55] developed MWCNT-reinforced Mg-9Al-based
composites. Their experiment revealed the alterations in length from micron to nano size of
the Mgi7A}1, phase. During the study of Mg-9A/MWCNT composites, it was found that
the addition of 0.4 wt.% of MWCNTs resulted in a UTS value of 355 MPa and elongation
of 15%, which is represents 18% and 150% enhancement, respectively, compared to pure
Mg. Proper dispersal of the nano-sized Mg;7A}1, phase and appreciable inter-metallic
bonding between the matrix and reinforcement were the responsible phenomena for the
enhancement in the characteristics, according to the researchers. Goh et al. [31] employed
the powder metallurgy route to develop Mg/MWCNT composites. For the MWCNTs,
they adopted a diameter of 20 nm, and these reinforcing agents were added in different
compositions from 0.06 to 0.3 wt.%. The fabrication proceeded by blending the MWCNTs
and Mg powder, followed by sintering and hot extrusion. Regarding the study outcomes,
they concluded that the addition of maximum wt.% in the adopted range, i.e., 0.3 wt.%,
generated clusters in the matrix material.

Furthermore, they added that by increasing the wt.% of the CNTs, the yield strength
and deformability of the composites rises. However, negligible impact was found on the
composite’s UTS value by enhancing the wt.% of the CNTs. Shimizu et al. [95] carried
out their study by fabricating AZ91D-based MWCNT-reinforced composites through the
PM route. The route included ball mill, HPS, and extrusion processes. Their study was
focused on refining the distribution of reinforcing MWCNT particles. They reported that
the maximum yield strength (YS) and ultimate tensile strength (UTS) were observed with
reinforcing 1 wt.% of the MWCNTs. They found proper distribution of the CNTs over the
Mg matrix particles. Consequently, these generated restrictions in the deformations, and
thus strengthened the composite material. Liu et al. [128] experimented with developing
Mg-based composites reinforced with MWCNTs with a loading of 1.5 wt.%. The MWCNTs
that they employed were 2040 nm in diameter and 1-5 pm in length. The process route
that they followed was mechanical stirring, with the incorporation of the high-intensity
ultrasonic process. They reported that yield strength (YS), ultimate tensile strength (UTS)
and elongation of the Mg matrix material were enriched by the dispersion of 1.5 wt.%
MWCNTs as a reinforcing agent.

Sun, F. et al. [129] employed the CVD method to develop MWCNT-reinforced Mg-
based composites. The CVD technique was performed at 480 °C by incorporating a Co/Mg
catalyst and acetylene gas. The process was initiated with argon-shielded ball milling
of the matrix material dispersed with MWCNTs in the range of 1.8, 2.4, and 3 wt.%, for
400 rpm for 2 h. The ball milled mixture was further sintered at 580 °C for 2 h and lastly
extruded in a heated form. During observations, it was reported that the tensile strength of
the matrix Mg was enhanced to 285 MPa with increments in the reinforcing agent up to
2.4 wt.%. This increment in tensile strength was about 45% of the pure Mg Matrix, which
was 220 MPa. Increasing the composition of MWCNTs further up to 3 wt.% resulted in the
clustering of the reinforcements. The matrix material Mg possesses HCP crystal geometry,
which was the hindrance that Mg provided in tensile deformation. With the dispersion of
MWCNTs and further extrusion, the prismatic and cross-slip dislocations vectors activated
in the Mg matrix enhanced the composite’s deformability. Goh C.S. et al. [88,93] developed
Mg/MWCNT composites by employing deposition of disintegrated melt and extrusion,
incorporating variable wt.% reinforcing MWCNTs. In the study mentioned above, they
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concluded that with MWCNT incorporation of 0.3 and 1.3 wt.%, the tensile elongation,
UTS and YS of the matrix material improved. Upon further increment of the reinforce-
ment to 1.6 and 2 wt.%, the clustering of the MWCNTs was observed in the Mg matrix,
and consequently reduced the tensile strength, deformability, and YS. It has also been
reported that the fabrication of Mg/MWNCTs with MWCNTs consisting of length less than
100 um, diameter of 20 nm and inferior loading lower than 1.3 wt.%, this resulted in the
enhanced tensile deformability of the composites. The instigation of prismatic slipping
and advancement in basal slipping resulted in this enhancement in deformability [97].
Figure 6 illustrates the CNTs that sheared and buckled under compressive loading. The
shearing and buckling of the CNTs generated is due to the inhomogeneity of the tensile
yield strength (TYS) or compressive yield strength CYS [105]. The buckling of CNTs occurs
when these dispersed CNTs within the matrix material undergo fracture after experiencing
compressive deformation.

shear stress concentration plane
(prior to sample fracture)

\

llun,mlhml

shear fractured
compression sample

CNT
4

2
4

T /
CNT fracture

— ¢ OR
/

CNT buckling

T

further CNT buckling

Figure 6. Compressive shearing and buckling of CNTs in ZK60A-based nano-composite (T, T1 are
in-plane stresses of shear nature, where 1, > t7) [105].

Paramsothy, M. et al. [105] fabricated ZK60A matrix-based composites reinforced with
CNTs of 40-70 nm outer diameter and an aspect ratio of about 100. They stated through
their study that the dispersion of 1 vol.% of CNTs in the ZK60A matrix resulted in an
improvement in UCS by about 5% and decrement in CYS of about 14%, compared to
unreinforced ZK60A. With the same dispersion value of CNTs, the compressive strength
(CS) of the developed composites was found to be inferior at any given strain value,
compared with unreinforced ZK60A. Figure 6 illustrates the causes of this decrement
in CS, which could be because of the adverse effects of (i) inferior intermetallic phase
dilution in the fabricated composite or (ii) the phenomena of the generation of buckling in
reinforced CNTs in the ZK60A matrix. The researchers have further stated that fabrication
of the ZK60A /CNT composites was performed by employing CNTs with an aspect ratio of
about 100. When the fabricated composites were subjected to compressive deformation,
buckling of the CNTs was reported and consequently, they fractured within the matrix
material [123,124,130,131]. The above-mentioned buckling in CNTs can also be carried out
even more smoothly by enhancing the width to height ratio of the CNTs being used, which
as a result lowers the limits of the characteristics concerning to reinforcement [100,125].
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Table 1. Summarized investigated mechanical properties obtained in Mg/CNT composites fabricated

through different process routes.

Tensile Proprieties

Compressive Properties

P Young's
Sample(s) Fabrication Method(s) . B : Hardness Ref.
Modulus (GPa) 0.2%TYS UTS (MPa) Elongation CYS (MPa) UCS (MPa) Failure Strain
(MPa) (%) (%)
Mg-1Al SPM + VS + HTE EE‘-:r;Z]ZiOOZ 156 £3 201 +3 6.8 +04 100 +£3 378+7 17+04 49 +3 [29]
ET:17.1 £0.2
Mg-1Al-0.60 GNPs SPM + VS + HTE EC: 75+ 0.6 202+7 263+ 6 41+07 228 +4 405 +4 12+04 62+3 [29]
ET: 155+ 0.2
Mg-1A1-0.60 CNTs SPM + VS + HTE EC: 6.6 + 03 211 +4 286 +3 11+02 236 +£3 422+3 123+03 60+6 [29]
BM + ultrasonic
Mg-6Zn-0.5 CNT treatment + SC 91 193 - - - - - [30]
Mg-1AI-0.60 (1:5) ET:152+03 y " " .
(CNT + GNPs) SPM + VS + HTE EC: 6.8 + 0.3 184 +5 23245 161 +£03 166 £ 5 398 +4 16 £ 0.3 57 +4 291
Mg (98.5% purity) MBM + CP + HTE 126 +4 203 +9 81 - - - 47+1 [31]
Mg-0.06 CNTs MBM + CP + HTE 131+3 201 +3 1B3+1 - - - 45+1 [31]
Mg-0.18 CNTs MBM + CP + HTE 136 £5 204+ 6 13+2 - - - 47 £0 [31]
Mg-0.30 CNTs MBM + CP + HTE 147 £ 4 21245 7+1 - - - 46 £1 [31]
AZ91 SI 48+2 82+4 204+ 6 - - - - 81 321
AZ91-5 MWCNTs SI 12+2 212+ 11 24249 - - - - 151
AZ91-5 (Si-MWCNTs) SI 13+2 251+ 11 29449 - - - - 159
AZ91-0.1 MWCNTs sC - - - - 160 +4.7 414 236
AZ31-0.1 MWCNTs SC + aged - - - - - - - -
AZ31-0.5 MWCNTs SC + aged - - - - - - - - [36]
AZ31-1 MWCNTs SC +aged - - - - - - - - [36]
AZ31-1CNTs BM + extrusion + welding 185 +57 271+73 7+16 65 +3.5 [37]
Mg-9Al SPM + HTE 234 +3 300 +4 5+1 80.2£26 [55]
Mg-9A1-0.2 MWCNTs SPM + HTE 240 £3 34543 15+1 914 +18 [55]
Mg-9A1 0.4 MWCNTs SPM + HTE 247 £ 4 354+ 6 14+3 94.1 +£26 551
Mg-9Al1-0.6 MWCNTs SPM + HTE 23243 32842 12+1 89.3 £4.7 [55]
AZ31 PM + extrusion 196 £ 5.1 284428 144 +14 161 £6.2 361 +34 162+ 1.6 59 £3.1 [571
AZ31-0.3 GNP PM + extrusion 172+ 63 274458 218 £27 160 + 4.6 396 +54 16.1+1.7 70+£23
AZ31-0.3 CNT PM + extrusion 211 +£2.7 311+52 132+31 241+56 458 + 6.1 141+12 79+£27
Mg- 0.08 CNTs PM + PECS + HTE 186 237 16.2
AZ81 DMD + HTE 224 335 7.7 154 + 16 486 £ 13 171+02 118 2 [62]
AZ81-1.5 CNTs DMD + HTE 279 391 127 127 +18 487 £11 162+ 1.6 115+7 [62]
AZ91 SPM + HTE 166 + 5.0 213 £ 6.0 68+0.2 721 +20 [71]
AZ91-1 CNT SPM + HTE 172 £ 4.2 226 £5.2 84+02 79.1+£21 [71]
AZ91-2 CNT SPM + HTE 196 + 4.4 262 + 5.4 8.6+0.1 872+16 [71]
AZ91-3 CNT SPM + HTE 252 + 3.6 300 4 4.4 92+0.2 942 +2.1 [71]
AZ91-4 CNT SPM + HTE 188 £ 3.4 247 +3.8 8.4+0.2 84.1+17 [71]
AZ91-5 CNT SPM + HTE 153 £ 4.6 227 +55 7.6 £0.1 80.1 +1.6 [71]
AZ91-1(MgO-CNT) SPM + HTE 191 £35 261 +4.1 75+02 80.1 +1.6 [71]
AZ91-2(MgO-CNT) SPM + HTE 211 +5.1 293 +6.1 81+0.1 894+ 1.1 [71]
AZ91-3(MgO-CNT) SPM + HTE 283 +£4.5 330+ 5.1 84+0.2 96.3 + 1.1 [71]
AZ91-4(MgO-CNT) SPM + HTE 205 +3.6 271 +£47 81+02 864+ 1.1 [71]
AZ91-5(MgO-CNT) SPM + HTE 174 +56 254 £5.1 73+0.1 834+14 [71]
Mg PM + HTE 104 + 09 238 + 14 197 £ 1.6 2+4 [72]
Mg-0.5A1-0.18 CNT PM + HTE 121 + 08 356 + 13 11.1+14 51+3
Mg-1A1-0.18 CNT PM + HTE 131 + 03 420 + 14 124+12 57 +4
Mg-1.50A1-0.18 CNT PM + HTE 142 £ 06 420 4+ 10 11.1£1.6 61 £3 [72
Pure Mg BM + HPS 137 165 72.2 [73]
Mg-(Ni-CNTs) BM + HPS 0.43 453 502 104 503 [73]
Mg-0.05 CNT wit.h 20% PM 714 +193 1741
overall porosity
Mg-0.05 CNT wit.h 30% PM 47 419 741
overall porosity
Mg-0.05 CNT wit.h 40% M 1949 1741
overall porosity
Mg-1 CNT wilh 20% overall PM 870+ 257 741
porosity
Mg-1 CNT with 30% overall PM 516+ 19.4 1741
porosity : :
Mg-1CNT with.40‘?u overall PM 2444106 74]
porosity
Mg-0.05 CNTs EPD + HPS + HR 114 £4.1 151 +4.6 47+08 751
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Table 1. Cont.
§ Tensile Proprieties Compressive Properties
Sample(s) Fabrication Method(s) Mo:zr:sg(éPa) 0.2%TYS UTS (MPa) Elonugation CYS (MPa) UCS (MPa) Failurf Strain Hardness Ref.
(MPa) (%) (%)

Mg-0.10 CNTs EPD + HPS + HR 142+77 173 £2.7 56+08 751
Mg-2 wt.% CNTs BM + HPS 38.7 £ 0.6 87 141 2 [78]
Mg-6Al1-0.5 CNT MBM + CP + HTE ~161 ~41 [96]

Mg-6Al-1 CNT MBM + CP + HTE ~141 ~37 [96]

Mg-6Al-2 CNT MBM + CP + HTE ~106 ~35 [96]

Mg-6Al-4 CNT MBM + CP + HTE ~77 ~27 [96]

AZ91D sC 203 263 73 [102]

AZ91D-2 CNT sC 215.13 288.22 78.48 [102]

AZ91D-3 CNT sC 227.24 295.46 82.77 [102]

AZ91D-4 CNT sC 221.19 292.36 91.87 [102]

AZ91D-2 CNT sC 2912 81.21 [103]

AZ91D-3 CNT sC 301.457 86.92 [103]

AZ91D-4 CNT 294.67 92.3 [103]

ZK60A DMD 161 +3.2 267 £2 6.7 0.4 126 £ 10 521 £ 10 194 £08 138 +7 [105]
ZK60A-1.0 CNT DMD 179 £5 29447 152406 111+6 544 +2 336+ 64 113+7 [105]
Mg-6Zn As-cast 71 +34 128 £25 82+20 54 +59 [109]
Mg-6Zn FSP 135 +4.7 280 +4.1 188+1.2 68 £3.7 [109]
Mg-6Zn-1.0 CNTs MBM + SC + FSP 170 £ 2.1 331454 151413 82+£71 [109]
Mg (98.5% purity) BM + MS + HTE 125+2 172+ 4 7.7£0.2 37+£2 [110]
Mg-0.3 CNTs BM + MS + HTE 117 +£3 161 +6 55+03 35+2 [110]
Mg-0.3 (Ni-CNTs) BM + MS + HTE 205 +3 236 £2 6.3+0.2 53 +2 [110]
Mg-3Al-1Zn SPM 44.2 148 247 15.22 47.33 £ 3.4 [132]
Mg-3Al-1Zn -0.5 CNTs SPM 50.1 161 268 15.93 57.31 £ 4.4 [132]
Mg-3Al-1Zn -1.0 CNTs SPM 55.3 185 295 21.58 60.35 £ 2.1 [132]
Mg-3Al-1Zn -1.5 CNTs SPM 523 177 261 21.38 60.87 £ 3.2 [132]

Li et al. [68] employed CNTs with diameters of 40-60 nm and lengths of 2 um to fabricate
Mg/CNT composites. It was observed through the testing that the CNTs’ distributions were
dependent on the degree of solidification. Through the observations, they stated that with an
inferior degree of solidification, CNTs were found to be projected out of the solidification front
and clustered besides the gain boundaries. Furthermore, at a higher degree of solidification,
appreciable CNT-matrix interface bonding was observed, resulted in improved UTS and YS
of the fabricated composite. Park et al. [32] fabricated composites using AZ91 matrix material
reinforced through Si-coated MWCNTs with diameters of 5-10 nm and lengths of 0.5-10 um.

The microstructural study depicted the formation of a uniform structure and conse-
quently, the mechanical characteristics of the fabricated AZ91-based composite reinforced
with MWCNTs were improved. Nai et al. [110] employed Ni coating on reinforced CNTs
with the diametric specification of 10-20 nm for fabricating composites in Mg matrices.
The generation of Mg, Ni intermetallic phases in the fabricated composite was observed
as the consequence of employing Ni coating on CNTs, which resulted in the improved
distribution of CNTs (Ni coated) and strengthening of the linkages was observed between
the CNTs and matrix. Conclusively, they stated that the mechanical characteristics, such as
micro-hardness, universal tensile strength, and yield strength, of the fabricated composite
were improved by 41%, 39%, and 64%, respectively, compared to the unreinforced Mg ma-
terial. Corrosion resistivity in composite material is also a major issue, which has attracted
the focus of various researchers to investigate that area of study. The studies discussed
above did not focus on the resistance offered by the fabricated composites to corrosion. In
a further section of this article, the consequences of the dispersion of CNTs on the corrosion
behavior of Mg matrix material are discussed.

7. Corrosion Properties

Magnesium is a prime material used in automotive, aerospace, and medical lightweight
applications. Nevertheless, the low corrosion resistivity of magnesium material provides
hurdles regarding its adaptability in various other applications, and this also degrades the
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life cycle of the servicing period. Several studies have been conducted so far regarding
the enhancement of the mechanical characteristics of developed composites [88,91,93].
However, no such in-depth studies have been conducted yet for observing the corrosion
characteristics. The tendency of Mg to become easily corrosive in various environments is
due to the development of a substandard magnesium oxide or magnesium hydroxide layer
of low ordinary electrode voltage (—2.36 V) [130-132]. The MMCs fabricated by incorpo-
rating the particulate reinforcements of ceramics or carbon fibers are found to have low
anti-corrosive properties, when subjected to environments containing chloride ions. These
chloride ions affect the matrix and the reinforcing material interfaces, leading to fissure and
pitting corrosion [133]. It has been also observed that the rate of corrosion on Mg-based
MMCs was found to be enhanced due to the presence of Cu [134], Al,O3 [135], Mo [130]
and SiC [131] reinforcing materials. Corrosion behavior of MMCs composed of CNTs as
reinforcing agents lies in their matrix material, along with the process route adopted for
their fabrication. In the case of Mg as a matrix material, it has been observed that the
presence of CNTs as reinforcing material enhances the corrosion behavior [63,130,131]. This
enhancement in corrosion behavior is due to the formation of galvanic couples between
the reinforcing material CNTs and the matrix material Mg, resulting from their large in-
between variation in standard electrode potentials. Additionally, it has been observed that
the presence of intermetallic phases, such as 3-Mgj7Al, AlI-Mn and Al-Mn-Fe in Mg
alloys, behaves as cathode terminals to promote micro-galvanic corrosion at the anodic Mg-
based matrix [88,132-139]. As CNTs possesses high electrode potential, their reinforcement
in Mg to develop composites, also enhances the galvanic corrosion in developed MMCs.c8

The electrical characteristics of CNTs are diverse in comparison to other carbon al-
lotropes. Because of this, the behavior of Mg matrix material could be divergent when
reinforced with CNTs [11]. Endo et al. [79] proposed that the rate of corrosion could be
reduced by separating the oxide layers from the Mg matrix by MWCNTs, which leads to
decelerating the corrosive layer formation. The researchers examined a pure AZ91D Mg
alloy, fabricated AZ91D/CNT composites in salt water, and observed the development
of rigid oxide layers at the Mg-alloy matrix material grain boundaries. They concluded
that surface protective layers were found to be reinforced through CNTs and possess wa-
ter shielding characteristics. The researchers in their investigation did not report on the
relevance of galvanic corrosion between Mg and CNTs; additionally, it was not clearly
explained if development of the oxide layers could boost the overall anti-corrosive nature
of the Mg matrix. The rate of corrosion of MMCs could be degraded by developing passive
layers on the fabricated composite surfaces [11]. Furthermore, the study performed to
fabricate Mg/CNT composites did not revealed the development of such passive behavior
in inhibiting further corrosion [140-145]. The microstructural study of fabricated Mg/CNT
composites revealed that a major percentage of CNTs were stacked near to primary particle
boundary, the fabricated composite’s surface was locally damaged and severe galvanic
corrosion occurred in the CNT’s vicinity [136,137]. Fukuda et al. [66] fabricated an AZ31B
Mg alloy-based MMC, by incorporating the MWCNTs as the reinforcing agents through
the PECS route. To study the corrosion characteristics of the fabricated composites, the re-
searchers performed an immersion and polarization test by subjecting it to NACL. Because
of the appreciable amount of the potential difference between the matrix and reinforcing
material in the NACL solution, similar conditions to the galvanic cell were developed.
Furthermore, the anticorrosive characteristics of AZ31B degraded due to the large number
of corrosive byproducts stacked in the CNTs’ vicinity. The pH value of the solution in which
the fabricated composites were dipped was enhanced comparatively to the AZ31B pure
alloy. Monolithic Mg underwent progressive chemical reactions with aqueous solutions
and these are as follows [138-140,146,147]:

2H,0 +2e~ — H, + 20H @)

Mg —Mg?* + 2e~ (3)



Metals 2022, 12, 1392

22 of 33

Mg?* + 20H~ — Mg(OH)? (4)

Mg(OH), was not developed adequately enough to restrict the further corrosion of
the fabricated composites in a corrosive environment. According to the above-mentioned
reactions, the magnesium fusion enhances the solution’s pH value. Furthermore, the
Mg(OH); layer could be converted into MgCl, salt due to the presence of C1™ ions, resulting
in an increment in Mg dissolution according to the following chemical reaction:

Mg + 2C1~ — MgCl, )

Aung et al. [65] developed Mg-based CNT-reinforced composites and subjected them
to NACL solution in order to observe the corrosive characteristics through the mass loss
due to the immersion test, hydrogen evolution measurement, and polarization curves. It
was reported that the corrosive characteristics of the fabricated composites were enhanced,
as compared to unreinforced Mg. The reason for this enhancement is the development
of intermediate corrosion, sandwiched between Mg and CNTs of galvanic nature. Saikr-
ishna N. et al. [148] conducted experimental work to develop Mg/MWCNT composites
through FSP. Unadulterated 10 mm thick Mg sheets of size 100 x 80 x 10 mm?> were
prepared for the process. Before execution of the FSP process, dual zig-zag blind holes
in multiple rows were developed on the Mg plates to fill with the MWCNTs. To prevent
the reinforcing particles from ejecting out from the holes, a pin-less FSP tool with a re-
volving speed of 1400 rpm and a travel speed of 25 mm/min was adopted to execute
the process. Sample investigations concluded that the presence of CNTs improved the
micro-hardness of the fabricated composite relative to unadulterated Mg. However, the
fabricated composites’ corrosion behavior was sacrificed, leading to enhanced galvanic
corrosion. Turhan et al. [137], Aung et al. [65], and Li et al. [138] also concluded in their
studies that reinforcing the Mg matrix with CNTs results in lower anticorrosive strength
of the fabricated composites, due to the generation of galvanic couples. Table 2 depicts
the corrosion characteristics of the fabricated Mg/CNT composites. Funatsu et al. [149]
attempted to examine the corrosion behavior of developed AZ61B-based CNT-reinforced
composites through the PM route. In the experimentation, they employed thermal treat-
ment of 823 K for the duration of 10 h while introducing Al atoms into the fabricated
composites, resulting in an accumulation of Al atoms adjacent to the CNTs’ surface. The
presence of Al atoms in CNTs’ vicinity was reported to lower the potential difference be-
tween the matrix and reinforced material. The researchers further performed an immersion
test on the fabricated composite to examine the effect on the corrosion rate by immersion in
NACL solution and reported that the rate was lowered down to 30% of the composite in
which Al atoms were not introduced. Say Y. et al. [150] fabricated AZ61 and AZ91 matrix
material-based composites by introducing CVD’s prepared CNTs as the reinforcing agent
through the PM process route. For producing the CNTs through CVD, the substrate used
was p-type Si wafer. Before preparing the substrate, the furnace capillary was washed
5 times in a vacuum of 10-3 Torr and further heated along with Ar gas. The developed
CNTsin 0.1, 0.2 and 0.5 wt.% were added with a predefined exact ratio of powdered matrix
material and ethanol solution. This mix was further ball milled at 200 rpm for a duration
of 90 min. The prepared ball milled mixture was compacted in die of 12 mm diameter
at 500 MPa and sintered at 500 °C for 2 h. Characteristic identification concluded that
the increments of wt.% of the CNTs sacrificed the strength of the fabricated composite in
both matrix materials. The corrosion resistive capability of the fabricated composites with
higher wt.% CNTs was also found to be degraded, as compared to 0.1 and 0.2 wt.%. For
both matrix alloys, the highest corrosive currents were reported for the samples containing
0.5 wt.% of CNT. Aydin et al. [93] fabricated Mg/MWCNT composites through the PM
route and performed plasma electrolytic oxidation (PEO) to develop the coating on the
fabricated composites. Furthermore, they examined the fabricated composites through
potential-dynamic corrosion tests. They reported that the corrosion rate of the coated
material decreased by 1.6 times that of the uncoated composite. Davaari M. et al. [151]
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studied the corrosion behavior of the fabricated AZ31B-H24 Mg alloy-based composite
reinforced with PEO/PCL-coated MWCNTs. Initially, the specimens of the base material of
15 mm X 15 mm X 2.5 mm were prepared and microstructural study was performed after
polishing and etching. A jacketed electrochemical cell with continuous electrolyte stirring
adoption was adopted for the PEO coating for 10 min with enforced voltage amplitudes
of + 405/ —25 V for 60 s and output current density restricted to 100 mA/cm?. Similarly,
the PEO process was also performed for 5 g/L of MWCNTs containing electrolytes. The
counter electrode employed for the process was a cylindrical mesh of SS 316. The coated
specimens were cleaned with water and isopropanol and dehydrated in lukewarm airflow.
For detecting the uncoated, PEO coated and PEO-MWCNTs, the employed acronyms were
BM, PEO and PCT, respectively. PEO and PCT were sealed using either a thinner or dual
PCL layer. Investigations concluded that thrusting pitting corrosion in the PEO samples
was due to successively generated stress, agglomeration of the corrosive byproducts and
undercoating corrosion. The PCT coating developed on the samples delayed the undercoat-
ing corrosion by 48 h. Sealing of the PCL layer resulted in appreciable enhancement of the
corrosive resistive strength by 15%, in comparison to PCT.

Table 2. Examined corrosion characteristics of fabricated CNT-reinforced magnesium nanocomposites.

Corrosion Rate (mm/year)

< . Processing Reinforcement Corrosion Icorr. (E\so‘:: Non-Polarized Polarized Rp 2 Ref.
P Route Particle Size Medium (uA-em—2) " (Q-em?)
seB Immersion HE or WL PDP
Time (h)
CNT (0.3 wt.%) Average diameter: 20 nm 3.5 wt.% 57 156
Mg _— DMD and length: less than NaCl 163]
CNT (1.3 wt.%) 100 um 571 -1.51
MWCNTs > 24.60
Mg (0.5 wt9%) SPM - 5782 A -1.541 mm/year
MWCNTs 14.76
Mg (05 wt%) SPM + PEO - 129.6 pA -1.399 mm/year
35wt% [93]
SPM + PEO NaCl
(coating
Mg-0.5 > . oy 14.47
MWCNT GNF with 100.9 A 1.421 mm/year
graphene
addition)
- o MBM + CP + Average diameter: 9.5 nm; . ~ .
Mg-6Al CNT (4 wt.%) HTE avorage longth: 15 pum 3.5% NaCl 4 1.53 [96]
MWCNTs
vt.%)-Dispers: '
(0.1 wt.%) DLsp.er.sed 97 _1.616 44 367
during melt stirring mm/year
process (0 h)
Mg Ms 3.5% NaCl [137]
MWCNTs
(((]1.1 ‘,Vt' %)- Dlsp.:er.sed 279 1519 126 331
uring melt stirring mm/year
process (6 h)
MWCNTs 4-8
(1 wt.%) gm72 day71
AZ91 _— Ms 3.5% NaCl [138]
MWCNTs 18-23
(5 wt.%) gm~2 day~1
9371 1543 1 2177
mm/year
AZ31 1421 1440 23 1.018
mm/year
21244 1401 337 il
DMD SBF mm/year [152]
87. 63 1501 1 2012
mm/year
AZ31 CNT (1 wt.%) 1641 1407 23 0399
mm/year
8.31 -1.372 334 0211
mm/year
Diameter: 5 and 8 nm; 35wt% 324.901 411
GNPs (0.5 wt.% -1.447
s (05 wt%) surface area: 750 mz/g NaCl HA mm/year
Diameter: 8 nm; surface
AZ91 MWCNT (0.5 wt.%) SPM area: 387;230 1490 m;‘/g 1ear [153]
C60 (0.5 wt.%) 250 m2 /g ¥ Y
Average thickness: 1-2 nm 211136 -1.507 269
nA mm/year

8. Wear and Friction Properties

Mg-based composites have been recognized as one of the prime selections among the
lightweight materials, with applications in aerospace, automotive, and biomedical fields.
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The superior properties of Mg, such as the ability to reprocess, appreciable damp character,
treatable machinability, good electromagnetic shielding, and plenteousness, makes Mg an
adequate selection among all the other materials. However, the specific properties of Mg
that make it an inferior choice for tribological applications include remarkably low hardness
and wear resistance. The hardness and wear resistivity of the Mg-based composites can
be altered according to the fabrication route that is adopted for their fabrication, even
though the coefficient of friction and wear resistivity of the fabricated composites may be
enhanced by introducing ceramic as the reinforcing agent in the Mg matrix [11]. It has been
reported that composites composed of Mg matrix and CNTs as reinforcing agents have
commendable self-lubricating and mechanical characteristics, low coefficient of friction, and
high wear resistance [11,143-145,154,155]. Recently, CNTs have emerged as an attractive
reinforcing material that can be used for reinforcing Mg. Numerous investigations have
been performed to examine the effect of CNTs on composites regarding their mechanical
and corrosion properties. Additionally, some studies have been conducted to evaluate the
wear characteristics of Mg-CNT nanocomposites.

Jamshidijam et al. [108] developed metal matrix composites by adding the MWCNT
reinforcement into AZ31 Mg matrix material through the FSP route. They conducted a
relative study between reinforced and unreinforced MMCs on their respective wear resis-
tive capabilities. As a result, they reported an outstanding improvement in mechanical
characteristics in MMCs due to the presence of MWCNTs as a reinforcing agent. They
argued that this improvement occurred due to the grain’s structural improvement, appre-
ciable interfacial bonding between AZ31 and MWCNTs, and uniform dispersion of the
reinforcing particles in the matrix material. Selvamani et al. [103] employed a stir casting
fabrication route to fabricate AZ91D-based composites reinforced with CNTs. The MMCs
were reinforced by loading 2, 3, and 4 wt.% of CNTs in order to examine the changes in
the mechanical properties of the developed composites. They reported that the MMC
samples that contained 3 wt.% showed extraordinary wear resistive nature, compared to
unreinforced AZ91D. In addition to the mentioned phenomena, they experienced enhance-
ment in the tensile strength of the same 3 wt.% sample, which was verified by their ductile
mode facture. They reported extraordinary hardness values with further enhancement
of the wt.% of the CNTs up to 4. Mindivan et al. [96] argued that uneven fragments and
dragged out CNTs from fabricated Mg6Al-CNTs at the matrix-reinforcement interface
could enhance the lubricating behavior. They also concluded that even high wt.% CNT
loading may result in inferior wear resistive characteristics, if unsatisfactory interfacial
linking is present among the chip layers.

Abbas et al. [36] fabricated AZ31-based composites reinforced with MWCNTs through
the stir casting route, which was further processed through precipitation hardening for
the duration of 10 h. The study was focused on examining the wear characteristics of the
fabricated composites. The results of the respective study were graphically depicted in the
form of bars, designated for the loss of mass and coefficient of friction, in contradiction
to the increasing values of wt.% of the CNTs, as shown in Figure 7. Conclusively, the
researchers argued that increments in the CNT wt.% decreased the wear-out weight loss
of the composites. The researchers also stated that two factors were responsible for this
decrement in weight loss. First, the increment in wt.% in CNTs enhanced the strength and
hardness. Second, the self-lubricating characteristic of CNTs, which lowered the coefficient
of friction, led to material loss. Abbas A. et al. [36] performed a study to reveal the wear
characteristics of fabricated AZ31-CNT composites. In order to reveal the effects of CNTs
on the fabricated composites and their wear behavior, CNTs were introduced in different
wt.% in the AZ31 matrix. The manufactured composite part’s worn-out surfaces were
studied through scanning electron microscopy (SEM) to obtain knowledge related to their
erosion, oxidation, abrasion and permanent deformation patterns. Figure 8. depicts the
worn-out surfaces of the SEM micrographs in non-wet sliding conditions.
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Figure 7. Plots pertaining to the variation in (a) mass loss due to wear, and (b) coefficient of friction
in contradiction to CNTs” concentration in AZ31-based CNT-reinforced composites in dry friction

situations [36].
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Figure 8. Pictorial observations of external worn-out structure of AZ31-based CNT-reinforced
composites through SEM composed with CNTs wt.% of (a) 1.0, (b) 0.5, (c) 0.1, and (d) 0, in dry
circumstances [36].

Figure 8a depicts the SEM micrograph of the fabricated composites comprising 1 wt.%
of CNTs. The micrograph clearly highlights the plenteous worn-out depression as well as
the marks; most of them are tending towards the sliding direction. This abrasive nature
of these wt.% CNTs raised due to clustering of the CNTs, which performed as plowing
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agent in the fabricated composites for promoting abrasion. As a result, the clustered zone
of CNTs promoted to occur the phenomenon of 3-body abrasion. According to the 3-body
abrasion phenomenon, a hard element stuck between two surfaces could lead to abrasion of
one or both surfaces [108]. The 3-body abrasion could happen along with the wear-out and
abrasion phenomenon [156]. Figure 8b depicts the micrograph of the fabricated composites
comprising CNTs of 0.5 wt.%. The wear-out characteristics pertaining to oxidation could
be read using the micrograph. The wear-out characteristics of the composites are highly
affected by the thickness of the oxidation layer that developed. It has been reported that
the wear rate of the composites was lowered due to the presence of a thicker oxidation
layer, which prevents the surfaces from sliding, and hence consecutively generated an
inferior wear environment [157]. Figure 8c depicts the SEM micrograph of the fabricated
composite containing 0.5 wt.% of CNTs. Generated networks of major voids that developed
on the wear-out surface can be easily observed from the micrograph. These major voids
are the leftovers of shearing of the surface through the propagation of cracks, generated
by the application of dynamic forces. The wear characteristics were also revealed by the
heating of the surfaces that they are in contact with. This heating could lead the asperities
to become soft, restricting them from adhering to the counterpart surface. The repeated
continuous sliding motion enabled the asperities to gather at the contact surface, which
led to nucleation, resulting in the erosion of the contact surfaces in a layered form. This
type of wear mechanism, which is initiated without the generation of wear cracks damages,
the surfaces more severely and is known as plastic wear. Figure 8d. depicts the SEM
micrograph of the unreinforced AZ31 matrix material. The significance of the plastic wear
can be observed through the micrograph. At elevated loading conditions, these layered
wear characteristics become responsible for permanent deformation of the surfaces [158].
The tendency of the wear-out mechanism is to support permanent deformation, enhanced in
the conditions of high surface roughness [159]. This permanent deformation phenomenon
was forced to occur through the heat generation between the counter steel plate and
fabricated composite sample and consequently, the permanent distortion of the surface
is enabled towards the direction of sliding [160]. It has been observed that large uneven
irregularities separated from part were deformed severely and extruded towards the
sliding direction [36]. The anti-wear characteristics and the coefficient of friction of the
fabricated composites was drastically enhanced through the presence of CNTs in their
vicinity. Most of the studies performed so far that concern the wear characteristics of
the fabricated composites have revealed the behavioral effect on the composites through
different compositions of CNTs, but one must obtain more knowledge in order to establish
the association of wear behavior of fabricated composites to their respective CNT loading.

9. Conclusions

The current article highlights the reputations of the factors that influence the conven-
tional routes for fabricating Mg-based composites reinforced with CNTs, their potential,
challenges, and scope for future developments. Their exclusive optical, electrical, thermal,
and mechanical characteristics, as well as their enhanced surface area and aspect ratio,
make CNTs a superior candidate for reinforcing metal matrices as a way of enriching their
properties, such as self-lubrication characteristics, overall lightweight nature, and superior
strength. These enriched properties in the fabricated composites could be achieved if
the fabrication process could allocate the reinforcing agent uniformly. Throughout the
article, knowledge has been gathered on the significance of several factors that play a role
in various Mg/CNTs fabrication routes, along with various strengthening mechanisms,
corrosion behavior, and wear properties and the following conclusions are suggested:

1. Due to various obstacles in the fabrication route of CNT-reinforced metal matrix
composites (MMCs), inadequate studies have been accomplished in the mentioned
domain. Only the fabrication routes pertaining to PM and stirring casting have been
comprehensively studied.
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2. The mechanical characteristics of fabricated Mg/CNT-reinforced composites that have
been debated and observed demonstrate that they are broadly altered through the
process route adopted to fabricate the composites. Additionally, uniform allocation
of CNTs, specifications concerned with CNTs, wt.% of CNTs in matrix material,
CNTs’ orientation with matrix material and their in-between interfacial bonding
could be the responsible factors for enhancing the mechanical characteristics by an
appreciable amount.

3. With regard to enhancing the strength of the composites to bear stresses, the load
transfer mechanism is expected to happen at the interfaces of the Mg matrix and
CNTs in fabricated composites. As a result, the composite will enable the transfer
of the stresses to reinforce CNTs more adequately. The interfacial bonding is crucial
due to poor wettability between CNTs and the Mg matrix, which arises due to their
considerable surface tension difference. This difference in the surface tension prevents
the Mg matrix material from being coated with CNTs. This interfacial bonding could
be strengthened by enhancing the wettability by incorporating Cu, Ni, or Cr as the
coating material for CNTs.

4. The mechanism through which the composites were reinforced with CNTs in the
Mg matrix that undergoes corrosion is the micro-scale galvanic phenomenon in
sodium chloride solution. The CNTs present in the Mg matrix behaved appreciably as
cathodes; as a result, increasing the wt.% of CNTs in the Mg matrix could decrease
the corrosion resistivity of the fabricated composite.

5. The coefficient of friction and wear resistivity of the fabricated composites could be
altered according to the fabrication route adopted for fabricating them. Incorporating
increased wt.% of CNTs in the Mg matrix could lead to enhanced self-lubrication
characteristics, refined mechanical characteristics, low coefficient of friction, and high
wear resistance.
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