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N G ke W N

Abstract: Magnesium is among the lightest structural metals available, with the capacity to replace
traditional alloys in mass-saving applications while still providing increased stiffness and strength.
The inclusion of reinforcing components into the metallic matrix has a substantial impact on stiffness,
specific strength, wear behaviour, damping behaviour, and creep properties when compared to
typical engineering materials. Due to their outstanding physical and mechanical characteristics
along with low density, magnesium metal matrix composites are viable materials for numerous
applications. This study discusses how to choose an appropriate technique and its process parameters
for synthesising magnesium-based metal matrix composites (MMCs) and gives an overview of
the impacts of various reinforcements in magnesium and its alloys, emphasising their benefits
and drawbacks. The essential applications of various magnesium-based MMCs are also critically
examined in this article. The impact of reinforcement on the microstructure as well as mechanical
characteristics are thoroughly examined.

Keywords: magnesium; magnesium composites; carbon nanotubes (CNTs); graphene; graphene
nanoplatelets; alumina (Al,O3); silicon carbide (SiC); boron carbide (B4C)

1. Introduction

Since inception, heavy metals have been used widely for most engineering and indus-
trial applications but they had limitations. Then, alloys were introduced into the market
so as to provide a wider range of applications. However, now as the price of crude oil is
increasing day by day the parameter of fuel economy is a big reason to worry for most
industries. Due to the ability to reduce fuel consumption, lightweight metal matrix com-
posites (MMCs) are attracting quite a lot of attention from modern manufacturers. Low
emission of CO, for environmental protection and reduction in carbon footprint is a major
concern for most countries [1-5]. Not only environmental protection but sustainable devel-
opment is also the need of the hour. Thus, exceptional efforts are being made continuously
to bring out the best properties of MMCs [6-13].

Metal matrix composites (MMCs) are becoming more and more popular due to their
vast engineering application. The demand for MMCs is most common due to their low
cost of manufacturing, ease of fabrication with high productivity. MMCs have been
well recognized for superior mechanical properties, better thermal properties and wear
resistance in comparison to their unreinforced monolithic counterparts. Various MMCs
have been prepared with unique properties for specific applications [14-21]. Al-based,
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Mg-based, Ni-based, Ti-based, Cu-based, and Fe-based are a few of them. In such MMCs,
Al, Mg, Ni, Ti, Cu and Fe are major matrix materials that cover the maximum percentage
of the volume (usually beyond 90%). Whereas, the main role in enhancing the properties
and use of MMCs is of reinforcing elements. Reinforcing elements are much less present in
MMCs, but influence the properties at a greater level. The reinforcing element could be
of different a form such as whiskers, fibres and particulates. The different kinds of usable
fibres and particulates are summarised in Table 1.

Table 1. Components of MMCs.

. Reinforcement
Metal Matrix
Whiskers Fibres Particulates
Aluminium (Al) Graphite Jute fibre SiC
Magnesium (Mg) Cellulose Kevlar fibre AlL,O3
Nickel (Ni) Carbon fibre Graphene
Titanium (Ti) Carbon nanotubes
Copper (Cu)
Iron (Fe)

Among all biomaterials, Titanium is the most preferred matrix phase of a metal matrix
composite [22]. Titanium is a magnificent non-ferrous metal with high specific strength
and good corrosion resistance. It is widely used in the chemical, medical, and aerospace
industries, where high strength and suitable light weight are critical considerations [23,24].
Titanium and its alloys have also been widely utilised for dental and orthopaedic implants
due to their great strength and fracture toughness, as well as their superior biocompati-
bility [25,26]. Titanium alloy implants frequently fail due to the high friction coefficient of
these materials, which can cause the implant to release wear debris into the bloodstream.
As a result, inflammation of the surrounding tissue occurs, leading to bone resorption
(osteolysis), which eventually causes the implant to loosen, necessitating the replacement of
the implant [27,28]. When aluminium is allowed to build up in the body, it can cause bone
disease, encephalopathy, and other problems, mostly as a result of renal failure. As long
as the amount accumulated in the body is below a threshold level, it does not cause any
adverse effects. Composite materials made out of titanium and aluminium have adverse
effects on biocompatibility and sustainability. Thus, biocompatible and biodegradable
composites are the major concern of implant manufacturers. Magnesium is closer to bone
tissue in density, elastic modulus, and yield strength than other metallic implants [29].

Mg MMCs are lightweight, biodegradable and bioactive, provide a better healing
rate, suitable degradation in the human body and reduce the chances of a second surgery.
The elastic modulus of Mg MMCs also resembles the elastic modulus of the human body
enabling it to be more suitable to replace Ti and Al. Additionally, Mg is not reactive as
compared to Ti and Al and the body supports the absorption of Mg dissolution [30,31].
However, pure magnesium has a low tensile strength (135 MPa), ductility and hardness.
Therefore, reinforcements in Mg are essential to enhance the properties to meet the specific
applications. The reinforcement can be metal, ceramic, composite, and polymer but im-
provement in mechanical properties depends upon the processing technique, types and
amount of reinforcement (mechanism of reinforcement) and optimal parameter of rein-
forcement [32]. The mechanism of reinforcement involves various fabrication techniques,
these are powder metallurgy, additive manufacturing, conventional machining, stir casting,
liquid infiltration and semi-powder metallurgy. The amount of reinforcement is crucial
in regulating the porosity in the composite. The types of reinforcement enable suitable
biocompatibility and provide good wettability in the composite [31]. Hence, the mechanism
of reinforcement plays a key role in enhancing the mechanical properties of composites.

To overcome the limitations and for obtaining desirable performance, many reinforcing
phases have been introduced into the magnesium matrix. By doing so, magnesium metal
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composites can have the best application suitable mechanical properties, improved low
density, better dimensional stability and damping properties.

The recently used reinforcement with Mg alloy entails the high strength of the Mg
MMCs. Graphite-reinforced hybrid composites exhibited a lower wear loss compared to
the unreinforced AZ91D alloy and AZ91D-B4C composites. It was found that with an
increase in the B4C content, the wear resistance increased monotonically with hardness
and ultimate tensile strength decreased [32]. AZ31B Mg alloy reinforced by 1.0 vol.%
silicon carbide nanoparticles was investigated under quasi-static and impact conditions.
The addition of nanoparticles was found to increase the material strength and energy
absorption capability though an increase in ductility can be hardly observed [33]. La
addition to ZK60 alloy resulted in a formation of a Mg-Zn-La ternary phase, generating a
semi-continuous network structure in their as-cast state [34]. The mechanical behaviour of
a lanthanum-doped Mg alloy, AZXE7111, (Mg-7Al-1Zn-1Ca-1La, all in wt.%) extruded at
different temperatures has been investigated by shen et al. [35]. Malik et al. investigated
the higher dynamic mechanical response by adjusting texture through twinning in a ZKé1
Mg alloy [36]. Rashad et al. analysed the pure Mg reinforced with 10%Ti and 10%Ti-1%Al
particulates were synthesized through the semi-powder metallurgy route followed by
hot extrusion [37]. Graphite-reinforced hybrid composites exhibited a lower wear loss
compared to the unreinforced AZ91D alloy and AZ91D-B,C composites analysed by
Aattisuhgan [38]. With increasing the concentration of GNPs, the mechanical properties of
the composites were gradually improved [39-41].

The major components manufactured using Mg matrix composites are orthopaedic
implants, artificial knees, tibial components, bone plates, bone screws, femoral hips, acetab-
ular cups, helicopter transmissions, fan frames of jet engines, control surfaces, structural
items, edge flaps, radars, engine blocks, crank cases, transmission cases, etc. [42]. Mg-based
metal hydrides can be used as solid-state hydrogen storage materials for fuel cell cars, and
as a hydrogen source for fuel cell auxiliary power units [43]. The detailed information about
the components manufactured using Mg MMCs in different sectors is showcased in Table 2.

Table 2. Applications of magnesium matrix composites.

Sr. No. Industry Applications

Helicopter transmission systems
Fan frames of jet engines
Control surfaces
1 Aerospace Structural items
Edge flaps
Spacecrafts
Missiles

Engine blocks
Crankcases
Transmission cases
2 Automotive Radiator supports
Chassis
Interiors
Door inners

Radars
Mobile devices
3 Electronics Smartphones
Computers
TVs
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Table 2. Cont. .

Sr. No. Industry Applications
Orthopaedic implants
Artificial knees
Tibial components
4 Biomedical Bone plates

Bone screws
Femoral hips
Acetabular cups

5 Hydrogen storage Solid-state hydrogen storage

Even after a wide range of applications, the preparation of magnesium-based com-
posites is very challenging. The prominent challenges that arise in the development of
magnesium matrix composites are explained in the next section.

2. Challenges in Processing

The challenges that influence the fabrication of magnesium matrix composites are
the optimal conditions of processing parameters, complicated fabrication process and
secondary deformations in the prepared composites [14,43]. Inert gas (Argon) should
be used in the processing to avoid the risk of oxidation. Due care has to be taken to
avoid porosities in the composites that decrease the strength of the MMC. The pictorial
representation of changes in MMCs preparation is shown in Figure 1.

Reinforcement ¢ High cost of reinforcement
selection  Dispersion is not uniform

Challenges for

M i Fabricati * High risk of oxidation
P p.roc::ai:: ® |nert gas such as Argon is

Matrix required
Composites

® Porosities in the metal
¢ Decreases the strength of
matrix

Secondary
deformation

Figure 1. Challenges for Mg matrix composites.

Even with so many challenges, the prospects of research in the field of magnesium
matrix composites are very lucrative and researchers have been working for the last few
decades [1,2]. Moreover, their widely diversified properties develop very strong motivation
for further exploration [44,45]. Usually, in MMCs all the challenges are process-based, which
could be overcome by selecting the proper processing route/methods, parameters and
percentage of reinforcing element. The proven processing routes to develop magnesium-
based MMCs are explained in the following section.
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3. Mg MMCs Development Processes

The processes that are used to develop the metal matrix composites are divided into
three broad categories that are solid-state processing, liquid metallurgy processing and
powder metallurgy processing. However, magnesium matrix composites are generally
produced with a limited number of processes, which lie under these categories and are
discussed below.

3.1. Solid-State Processing

MMCs are formed by bonding a metal matrix and a reinforcement phase due to mutual
diffusion in solid states at elevated temperatures under the influence of pressure in the solid-
state manufacturing process [46]. Most commonly used solid-state processing methods
are friction stir processing, diffusion bonding, and additive manufacturing. Friction stir
processing is one of the solid-state processes that is majorly used for the fabrication of
magnesium-based composites. The complete friction stir process is discussed below.

Friction Stir Processing (FSP)

A pin is pushed into the changed material with the rotating tool’s shoulder abutting
the base metals during the FSP process. The revolving action of the pin causes metal
from each part to flow and form the modified area as the tool (Figure 2) transverses the
modified direction under the effect of an applied force. The microstructure that develops
during FSP is defined by a central stir zone surrounded by a thermo-mechanically affected
zone (TMAZ) and a heat impacted zone and is the outcome of the influence of material
flow, plastic deformation, and elevated temperature (HAZ) [45]. Rotational speed, travel
speed, tilt angle, tool penetration depth, alloying material, cooling system, and clamping
system are the most important parameters in the FSP process. Apart from these factors, tool
geometry is also critical. It alters the local microstructure of monolithic specimens to create
particular and desirable qualities that are advantageous to the material’s performance or
requirements [47-53]. The length, diameter, and shape of the pin, as well as the diameter
and shape of the shoulder, have a significant impact on the eventual outcome. Some
common types of tools used for FSP are straight cylindrical, threaded cylindrical, tapered
cylindrical, threaded tapered cylindrical, and square tools [41].

Rotational speed
Tool material

N Workpiece
/
of tensile

<. Axial Force
L

Figure 2. A tool and a schematic representation of the friction stir processing procedure [46].

Lu et al. [54] fabricated Al,O3/CNT-reinforced magnesium matrix (AZ31 alloy) hybrid
composite by the Friction Stir processing and evaluated the microhardness and wear
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performance. The results showed that the specimen of AZ31 reinforced with 0.2 wt.%
Al,O3 and 0.1 wt.% CNT has shown the highest hardness (112 HV) and the one reinforced
with 0.1 wt.% Al,O3 and 0.2 wt.% CNT has shown lowest wear coefficient.

Whereas, the addition of Al,O3 reinforced in a magnesium (AZ91 alloy) matrix with
0.8 vol.% Al,Os3 revealed optimum hardness and wear resistance when the rotational
speed was 800 rpm and 40 mm/min travel speed [55]. Al,O3/SiC-reinforced magnesium
matrix hybrid composite developed through the FSP technique with 5% SiC and 5% Al,O3
revealed optimum tensile strength, hardness (69.7 HV) and wear resistance [34]. Titanium-
reinforced magnesium (AZ31 alloy) matrix composite having 7, 14 and 21 vol.% Ti particles
and AZ31/21 vol.% Ti MMC showed reduced grain size, improved tensile strength and
ductility [56]. Nano-hydroxyapatite-reinforced magnesium matrix (AZ31 alloy) composite
was fabricated using the Friction Stir processing and observed that the sample made was
found to be corrosion resistant and biocompatible for biomedical applications [33].

3.2. Liquid-State Processing

Complex geometries can be created with good interfacial bonding and great dispersion
using liquid-state processing, which is cost-effective. Mechanical qualities are improved
due to the excellent bonding and homogeneous distribution of reinforcement [35]. The most
commonly used liquid metallurgy processes are stir casting, centrifugal casting and squeeze
casting. However, stir casting is the most commonly used technique for the development
of magnesium matrix composites. The detailed process of stir casting is described below.

Stir Casting

Stir casting is a fundamental manufacturing technique for MMCs that takes place in
the liquid state. Stir casting promotes the mechanical mixing of reinforcing particles in
a molten metal matrix [56-59]. Figure 3 depicts a schematic diagram of the stir casting
process. In this process, a crucible is placed inside the resistance heating furnace resting
over a sand mould. The thermocouple and a stopper are also attached inside the crucible.
The stainless-steel impeller is connected at the end of the mechanical stirrer [60]. In the
case of magnesium matrix composites, stir casting is performed in an inert environment.
A blanket of argon gas was blown around the melt throughout the composite fabrication
process to prevent oxidation reactions. Its advantages are its ease of use, versatility, and
capacity to produce huge quantities at a low cost.

Preheating
Dispenser
of fillers
Fillars er% '\ Motor
_D Stirrer
Temperature /
- 0 =
Heating %
Ma device
- ° ./ Bl Vortex
l o °
é ° Stirring and Mixing Solidification
Melting

Figure 3. Stir casting process [53].

Stir casting is more prominently used in MMCs development and sufficient research
work has been carried out on this process [61-68]. In this process, a Mg-based MMC was
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prepared using Graphene nanoplatelets at 1.5% and 3%, to find out the effect of varying
volume percentage of reinforcement on hardness, tensile and compressive strength. At
room temperature, the 3 wt.% GNP specimen showed the highest hardness and UTS while
the 1.5% GNP specimen showed the highest UCS [61]. In another study of multiwalled
carbon nanotubes reinforced magnesium matrix (AZ31 alloy) composite, fabricated using
the stir casting route, 0.1, 0.5 and 1 wt.% of CNTs were added subsequently as reinforcement
and it has been noted that hardness increases in proportion to the increase in the percentage
of CNTs and ageing further improves it [68]. Density increases while porosity decreases
as the percentage of CNTs increases. Stir Casting with ultrasonic treatment was used by
Wanga et al. [66] to make a SiC-reinforced magnesium matrix (AZ91D alloy) composite.
Composites were prepared with varying percentages of SiC as 5, 10, 15, and 20 wt.% in Mg
matrix material. Reported results revealed that the comparatively highest ultimate tensile
strength was achieved with 15% SiC when the time used for ultrasonic treatment was 20 min.
Similarly, Al,Os reinforced magnesium (AZ31 alloy) matrix was prepared by ultrasound-
assisted stir casting with 0.5, 1 and 2 wt.% Al,O3; content. The melt was subjected to
ultrasonic treatment in two ways, one outside the furnace (AC-UST) and the other within
the furnace (Iso-UST). The hardness increased with an increase in the percentage of Al,O3
and the values are on the higher side for Iso-UST specimens. The ultimate tensile strength
of AC-UST specimens increases as the alumina percentage increases [65].

3.3. Powder Metallurgy Processing

Powder metallurgy (PM) is used to synthesise a wide range of materials. It is a brilliant
way to make components with excellent tribological and mechanical properties such as
strength, hardness, wear resistance, and impact resistance [69-74].

Figure 4 depicts a schematic diagram of the traditional powder metallurgy routes
for the production of metal matrix composites. It begins with the mixing and blending of
starting powders, which is accomplished through high-energy ball milling (planetary ball
mill) or low-energy ball milling (horizontal shaker), also known as mechanical alloying,
and is followed by the consolidation of mixed powders. Consolidation procedures include
traditional sintering, hot pressing, spark plasma sintering, and deformation-assisted sin-
tering, among others [36]. Secondary processing of the generated metal matrix composite,
such as hot extrusion and hot rolling, is sometimes necessary to attain certain qualities.

Il

Base metal powders, lubricants and
alloying elements

75\ 7\
\( e )
. /( \I/ \ J/
NN\
) ) . ) Metal matrix
Ball Milling- Mechanical Alloying Compacting Sintering composite

Figure 4. Powder metallurgy process.

Bulleted lists look like this: CNT-reinforced Mg powder was prepared by adding
2 wt.% CNTs in the matrix. The Young’s modulus of Mg-2 wt.% CNTs improved by 9%
when compared to unreinforced Mg and that is validated through resonant measurements.
Magnesium matrix and carbon nanotubes were observed to have strong bonding. The
rupture strength, strain after fracture and yield strength are all comparable to unreinforced
Mg [18]. Nai et al. [14] followed the powder metallurgy route to subsequently fabricate
pristine multiwalled carbon nanotubes (0.3%) and Nickel-coated multiwalled carbon-
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nanotubes (0.3%)-reinforced magnesium matrix composite. Microhardness and ultimate
tensile strength were improved by 41% and 39% in Mg/0.3 wt.% Ni-CNT composite
as compared to pure Mg. In a study of multiwalled carbon nanotubes (1%) reinforced
magnesium matrix (AZ31 alloy) for the first time, powder metallurgy was used to create
composite filler rods for gas tungsten arc welding. When compared to the base metal and
unreinforced weld, the CNT-reinforced weld has higher microhardness (67 HV), tensile
strength (272 MPa), and yield strength (186 MPa) [19]. When powder metallurgy was
employed to make a Nickel-coated carbon-nanotubes-reinforced magnesium matrix (AZ31
alloy) composite, 0.5, 1 and 1.5 wt.% of Ni-CNTs were added subsequently as reinforcement.
Yield strength, tensile strength and micro-hardness were improved by 23.48%, 19.35%, and
33.48%, respectively [44].

A detailed comparison among various processes used by researchers for manufactur-
ing Mg composite is shown in Table 3.

Table 3. Comparison of various manufacturing processes used for magnesium matrix composite.

Sr. No.

Components Process Key Findings Reference

AZ91 + 0.8%vol. Al,O3 Friction stir processing

Optimum hardness and wear
resistance were obtained when the
rotational speed was 800 rpm and

40 mm/min travel speed.

2. Mg + 5 wt.% SiC and 5 wt.% Al,O3  Friction stir processing

Optimum tensile strength, hardness

and wear resistance were obtained

when rotational speed was 540 rpm
and 10 mm/min linear speed.

AZ31 + 7,14 and 21 vol.%
Titanium particles

AZ31/21 vol.% Ti MMC showed
Friction stir processing ~ reduced grain size, improved tensile [56]
strength, and ductility.

AZ31 + nHA
(Nano-hydroxyapatite reinforced)

The sample made was found to be
Friction stir processing  corrosion resistant and biocompatible [40]
for biomedical applications.

The grain size is obtained as 6.09 pm
and microhardness is obtained as

AZ31 + 18 vol.% Fly ash Friction stir processing ~ 110.29 VHN. The microstructure had a [75]

uniform distribution of Fly ash
particles along the stir zone.

AZ31 + (0.3% CNT, 0.2% CNT +

0.1% AlyO3, 0.15% CNT + 0.15%

A1203, 0.1% CNT + 0.2% A1203,
0.3% Al,O3)

Highest hardness was obtained to be
HV112 for AZ31 + 0.2% Al,O3 + 0.1%
CNT specimen. When the load was
Friction stir processing 1.95 MPa and higher, the wear and [54]
friction coefficient of AZ31 + 0.1%
A1,03 + 0.2% CNTs specimen was
lowest among all the specimens.

AZ91D +5, 10, 15 and 20 vol.%
Ti, AIC

Yield strength, hardness, compressive
strength, and Young’s modulus
Stir casting increased with increasing fraction of [63]
Tip AIC, while the optimum UTS was
found at 10% Tip AIC fraction.

AZ91 + 12 wt.% TiC Stir casting

Comparison was made between
as-cast and T4 heat-treated specimens.
Fracture toughness, microhardness
and friction coefficient are higher in
the as-cast specimen while wear rate is
high in the heat-treated specimen.
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Table 3. Cont.

Sr. No.

Components Process Key Findings Reference

Optimum time for ultrasonic
treatment was found to be 20 min.
Liquid stir for about 5 min improved [66]
the distribution of SiC particles.
Highest UTS was found at 15%
concentration.

9, AZ91D +5,10,15, 20 vol.% gic  Dirasound-assisted stir
casting

At room temperature, the 3% GNP
specimen showed the highest
10 AZ31 + 1.5, 3.0 wt.% Graphene Stir castin hardness and UTS while the 1.5% [54]
' nanoplatelets (GNPs) & GNP specimen showed highest UCS.
The UTS reduces as the temperature
rises from 25 °C to 300 °C.

Hardness increases with an increase in

% of CNT and ageing further

improves it. Density increases while
porosity decreases as % of CNT

increases. Both mass and volume wear [68]
loss decrease with increase in CNT %
and the coefficient of friction initially

decreases and then remains

almost uniform.

11. AZ31+0.1,0.5,and 1 wt.% CNT Stir casting

The melt was subjected to ultrasonic
treatment in two ways, one outside
the furnace (AC-UST) and the other
within the furnace (Iso-UST). The
hardness increased with increase in % [65]
of Al,O3 and the values are on the
higher side for Iso-UST specimens.
The ultimate tensile strength of
AC-UST specimens increases as the
alumina percentage increases.

12 AZ31 + 0.50/0, 1% and 2% wt.%

Ultrasound-assisted stir
Al,O3

casting

Hardness increases with increase in %
of CNT and is highest for 4% CNT
. . specimen on the other hand the
Stir casting specimen having 3% CNT has the (551
highest ultimate tensile strength and
yield strength.

13. AZ91D + 2,3, 4 wt.% CNTs

The Young’s modulus of Mg—2 wt.%
CNTs improved by 9% when
compared to unreinforced Mg and
that is validated through resonant
measurements. Magnesium matrix
Powder metallurgy and carbon nanotubegs were observed [18]
to have strong bonding. The rupture
strength, strain after fracture and yield
strength are all comparable to
unreinforced Mg.

14. (Mg powder + 2 wt.% CNT)

15 Mg powder + CNT (0.18 wt.%), Al Powder metallur co?nptfer;;lir::ehsi;jr? etsksl xieu(l)zrsr;i:leed [15]
’ particles (0.5, 1 and 1.5 wt.%) 8y P &

for Mg/1.50 Al + 0.18 CNT specimen.
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Table 3. Cont.

Sr. No.

Components

Process

Key Findings

Reference

16.

(Mg powder + 0.3 wt.% pristine
CNT), Mg powder + 0.3 wt.%
Ni-CNT)

Powder metallurgy

The density of the composites did not
change significantly, but the porosity
did. Microhardness, ultimate tensile

strength and ductility were improved
significantly in Mg/0.3 wt.% Ni-CNT

composite but the same was decreased
in Mg/0.3 wt.% CNT composite as
compared to pure Mg.

17.

AZ31 +1wt.% CNTs

Powder metallurgy

When compared to the base metal and
unreinforced weld, the
CNT-reinforced weld had higher
microhardness (67 HV), tensile
strength (272 MPa) and yield strength
(182 MPa).

[19]

18.

AZ31 + Ni-CNT concentrations
(05,1, 1.5 wt.%)

Hot-press sintering

Uniform distribution of Ni-coated
CNTs was observed. Optimum tensile
and microhardness properties were
obtained in AZ31/1% Ni-CNT
composite.

19.

Mg powder + CNT contents (2.0,
4.0, 6.0, and 8.0 wt.%)

In situ synthesis
followed by powder
metallurgy process

The Mg-coated CNTs have shown
good interfacial bonding with the Mg
matrix. Optimum tensile and
microhardness properties were
obtained in 4.0 wt.% CNT-Mg
composite.

20.

AZ31 + reduced graphene
oxide(r-GO) wt.% (0.2, 0.3, 0.4, 0.5)

Solvent-based powder
metallurgy

As the % of r-GO increases the
porosity increases and density
decreases. At 0.4% r-GO optimum
hardness, wear and corrosion
properties were obtained.

4. Process of PM for Mg MMCs

The processing method has a significant impact on the final characteristics of the
metal matrix composites. Integration of reinforcement in the magnesium matrix is directly
dependent on the process and its parameters. These variables influence the metal matrix
composite’s final properties and, in turn, its microstructure. A similar concept is also
applicable when MMC is prepared through the PM route Figure 5. The development of
magnesium metal matrix composites through the PM process and its mechanical properties
evaluation has been conducted by many researchers in the last few decades [14-18,21].
Hence, there are multiple reasons to consider the powder metallurgy process as a better
technique for processing of MMCs. Among all advantages, one major advantage of the
powder metallurgy process is that it provides the possibility to synthesize a large range of
compositions [44].

Base
powders

+
Additives

Secondary

Blending Compacting » Sintering Operation

(Optional)

Figure 5. Stages of powder metallurgy process.

Finished
Product

The detailed steps or methods used in PM are shown in Figure 5. All the stages of the PM
process along with the process parameters are discussed in detail in the following sections.
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4.1. Blending/Mixing

Traditional powder metallurgy routes for the production of metal matrix composites
begin with the blending /mixing of base powders. First, the base powders and additives
are mixed to get a homogeneous mixture. Various equipment used for blending such as a
Planetary ball mill, V blender, Triaxial ball miller, Horizontal blending machine, Turbula-
mixer, etc. Some of the blending devices are shown in Figure 6. During blending/mixing,
oxidation is a major concern and therefore, due care has to be taken to avoid oxidation or
burning of magnesium by maintaining an inert atmosphere (usually an Argon atmosphere).

Figure 6. Blending devices: (a) Planetary ball mill, (b) V blender, (c¢) Horizontal blending machine,
and (d) Turbula-mixer.

The different blending parameters used for different composites are tabulated and
shown in Table 4. For the described compositions, the blending speed varies from 40 RPM
to 1500 RPM and blending time varies from 1 h to 72 h. When blending time is very high,
sufficient breaks of 5 to 10 min are provided in regular intervals.

Table 4. Blending parameters for different Mg matrix composites.

Matrix . Reinforcement . . .
Sr. No. Material Reinforcement Particle Size Blending Speed  Blending Time  Reference
Multiwalled .
1. Mg powder Carbon nanotubes Diameter = 20 nm 50 RPM 10h [21]
2. AZ31 Multiwalled Diameter = 50 nm 300 RPM 4h [19]
Carbon nanotubes
3. AZ91 Multiwalled Diameter = 30-50 nm 800 RPM 5h [76]
Carbon nanotubes
Multiwalled .
4. Mg powder Carbon nanotubes Diameter =40-70 nm 200 RPM 1h [15]
Aluminium
powder 715 um
5. Mg powder Multiwalled Diameter = 40-70 nm 200 RPM 1h [22]

Carbon nanotubes
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Table 4. Cont.
Matrix . Reinforcement . . .
Sr. No. Material Reinforcement Particle Size Blending Speed  Blending Time  Reference
Alumina powder 50 nm
6. Mg powder Ni-coated Carbon ;. e = 10-20 nm 200 RPM 1h [14]
nanotubes
7. AZ31 Ni-coated Carbon 1. o ter = 10-30 nm 1500 RPM 2h [44]
nanotubes
8. Mg powder Graphene Thickness = 0.33 nm 40 RPM 72h [77]
G5: length =5 um
Graphene : _ ’
9. Mg powder nanoplatelets thickness = 9 nm 300 RPM 11h [78]

G15: length = 15 pum,
thickness = 5 nm

From Table 4, it is clear that mixing speed is indirectly proportional to the mixing time.
In the case of Graphene-reinforced Mg composite mixing speed is kept at 40 RPM while
the mixing time was 72 h [21]. In the case of Ni-coated Carbon-nanotubes-reinforced AZ31
composite mixing speed was kept at 1500 RPM and the mixing time was 2 h [78]. Whereas,
in the case of GNP reinforcing Mg, to prepare the composite, a mixing speed of 300 RPM for
11 h mixing time was employed [79]. In the case of GNP reinforcement, it is clear that the
relation of mixing speed with time is not always indirectly proportional. It has also been
observed that in the case of hybrid composites, the mixing speed was kept at 200 RPM and
the mixing time was kept at 1 h [15,22]. After successful blending, a compaction process
is required.

4.2. Compacting

The second stage of the powder metallurgy process is compacting. In this step, the
mixture is compacted under compressive load. Figure 7 shows a schematic depiction of the
compaction process. Where the setup is arranged in such a way that, the required amount
of mixed powder is admitted inside a die having lower and upper punch. The powder is
confined inside by the die wall. A force is applied on the upper punch so as to compress
the powder and form the compact.

Applied
Force

Upper Punch  segs

Die Wall sepuie

Powder
Compact

Lower Punch e

Figure 7. Schematic diagram of compaction process.
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This process is also known as pressing because of the high pressure applied and the
product obtained is known as green compact. Machines such as UTM are for the purpose.
For various compositions compacting pressure varies from 25.5 MPa to 728 MPa.

The required shape and size of green compacts are maintained by using a mould or
die. The reason for the variation in die dimensions is to get a green compact that is strong
enough to endure additional handling operations.

Compacting parameters are summarised in Table 5. From Table 5, it is evident that in
the case of multiwalled Carbon-nanotubes-reinforced Mg composite, multiwalled Carbon
nanotubes and Aluminium powder reinforced Mg composite, Ni-coated Carbon-nanotubes-
reinforced Mg composite and Ni-coated Carbon-nanotubes-reinforced AZ31 composite the
height and the diameter of the compact is kept 40 mm and 35 mm, respectively [14,15,21,37].
Whereas, in the case of multiwalled Carbon-nanotubes-reinforced AZ91 composite the
height and the diameter of the compact are kept at 120 mm and 6 mm, respectively [77,80].

Table 5. Compaction parameters for different Mg matrix composites.

Sr. No. Matrix Material Reinforcement Compacting Pressure Compact Size Reference
1 Mg powder MultiwallfdbCarbon 120 MPa - [17]
nanotubes :
Height = 40 mm,
728 MPa Diameter = 35 mm (21]
2. AZ31 Multiwalled Carbon 500 MPa Diameter = 20 mm [19]
nanotubes
3 AZ91 Multiwalled Carbon 25.5 MPa H?lght =120 mm, (7]
nanotubes Diameter = 6 mm
Multiwalled Carbon .
4, Mg powder nanotubes and 97 bar (50 tons) nght =40 mm, [15]
.. Diameter = 35 mm
Aluminium powder
Multiwalled Carbon
5. Mg powder nanotubes and 50 tons Diameter = 35 mm [22]
Alumina powder
Ni-coated Carbon Height = 40 mm,
6 Mg powder nanotubes 713 MPa Diameter = 35 mm [14]
Ni-coated Carbon Height = 40 mm,
7. AZ31 nanotubes 300 MPa Diameter = 35 mm [371
Graphene
8. Mg powder nanoplatelets 760 MPa - [79]
Silicon carbide
9. Mg powder particle 400 MPa - [80]
Pa (H i ° - 1
10. Mg powder Boron carbide 50 MPa (Hot pressing at 600 °C) [81]
300 MPa 25 x 5 X 5mm [82]

4.3. Sintering

Sintering is the third stage of the powder metallurgy process and it usually occurs after
compacting. The basic principle of the sintering process is shown in Figure 8. The objective
of the sintering process is to use high temperature, pressure, or both to fuse the particles
together. Sintering at a high temperature helps to promote stronger particle bonding.

In this stage, all green compacts are now sintered (heated) at a temperature near, but
not quite at, the melting point of magnesium (650 °C) in the presence of a layer that acts as
an oxidation barrier. For various compositions of Mg, sintering time may vary from 30 min
to 6 h. Various methods have been used for sintering such as hot-press sintering, microwave
sintering and spark plasma sintering, which are shown in Figure 9 and discussed further in
the following sections.
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Figure 9. Types of sintering process.

4.3.1. Hot-Press Sintering

It is one of the most widely utilised processes because of its controllability and large-
scale capabilities. In this process, the sintering is performed under pressure inside a vacuum
hot-press sintering furnace. The temperature of the furnace is maintained at around 600 °C.

This process was used to sinter Nickel-coated multi-walled carbon-nanotubes-reinforced
AZ31 composite at 15 MPa pressure and 590 °C temperature in 4 h [37]. Whereas, Graphene-
reinforced magnesium matrix composites were sintered at a pressure of 25 MPa and tem-
perature of 610 °C in 1.5 h [71]. The process of hot-press sintering is very time-consuming
and it involves energy losses as well. Thus, this process is not suitable for applications
where time and energy are major constrain.

4.3.2. Microwave Sintering

It is a process in which electromagnetic energy is absorbed volumetrically and con-
verted into heat. Heat is generated inside the material and dissipated throughout the entire
volume. The composite materials absorb microwave energy and convert it to heat within
their bodies during microwave sintering [55]. This process takes much less time which is
why it is also known as microwave rapid sintering.

Through this process, multiwalled Carbon nanotubes and Aluminium powder-reinforced
Mg composite was sintered in just 13 min [15]. Whereas, multiwalled Carbon nanotubes
and Alumina powder reinforced Mg composite was sintered in 25 min [22]. Due to the
rapid processing, this process also saves time and money:.
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4.3.3. Sparking Plasma Sintering (SPS)

In the case of spark plasma sintering, the mixture is directly put into a graphite mould,
and the sintering process is carried out in a vacuum environment using a high pulsed
direct current (between 1000 and 3500 A). By causing multiple sparks between particles
and establishing a plasma environment, an electrical current can condense the powder in
the mould. The composites that were produced have the highest hardness.

Multiwalled Carbon-nanotubes-reinforced Mg composite was sintered through spark
plasma sintering under vacuum at 560 °C temperature, 30 MPa pressure and 10 min of
holding time [32]. Whereas, Boron carbide reinforced Mg composite was sintered through
SPS at 420 °C temperature, 50 MPa pressure under vacuum with 5 min of holding time [83].

The time taken in sintering has a significant impact on increasing the cost of the
process and refinement of the microstructure. The time taken in hot-press sintering is in
the range of 1.5 to 4 h. Whereas in the case of microwave sintering the time taken is in the
range of 13 to 25 min and in SPS the required time is in the range of 5 to 10 min (Table 6).
The operation cost of hot-press sintering is high and the setup cost is high in the case of
spark plasma sintering. Whereas, microwave sintering has a moderate setup and operation
cost. Further, when compared to traditional sintering, microwave sintering requires no
holding time. As a result, the duration of time is reduced. Microwave sintering not only
improves productivity but also establishes a refined microstructure [22]. The microstructure
of the spark plasma sintered sample, on the other hand, reveals a pore-free and uniform
distribution of reinforcement particles along the grain boundaries of the Mg matrix.

Table 6. Sintering parameters for different Mg matrix composites.

Sr. No. Matrix Material Reinforcement Sintering Sintering Time Reference
Temperature
Multiwalled Carbon o
1. Mg powder nanotubes 630 °C 2h [21]
2. Mg powder Multiwalled Carbon 55 o o1 4 30 MPa 10 min [32]
nanotubes
3 AZ31 Multiwalled Carbon 400 °C 1h [19]
nanotubes
4 AZ91 Multiwalled Carbon 550 °C 5h (7]
nanotubes
Multiwalled Carbon
5. Mg powder nanotubes and 640 °C 13 min [15]
Aluminium powder
Multiwalled Carbon
6. Mg powder nanotubes and 630 °C 25 min [22]
Alumina powder
Ni-coated Carbon 640 °C and soaked
7 Mg powder nanotubes at 400 °C 1h [14]
5. AZ31 Ni-coated Carbon 550 0 g 15 MPa 4h [37]
nanotubes
9. Mg powder Graphene 610 °C and 25 MPa 15h [78]
Graphene o .
10. Mg powder nanoplatelets 610 °C 120 min [79]
11. Mg powder Silicon carbide Particle 460 °C 30 min [80]
Silicon carbide and o .
12. Mg powder Alumina powder 550 °C 150 min [83]
13. Mg powder Boron carbide 600 °C 1.5h [81]
14. Mg powder Boron carbide 420 °C and 50 MPa 5 min [82]
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4.4. Secondary Operation

It is the fourth and optional stage of the powder metallurgy process. Sometimes in
order to enhance some specific properties of the composite obtained through sintering,
secondary processing is required to be conducted. Mostly it is conducted for grain refine-
ment, improving the strength and obtaining the required shape of the composite. For metal
matrix composites the secondary operations could be hot rolling and hot extrusion. The
schematic diagram of the hot rolling and hot extrusion process is shown in Figure 10.

In the case of magnesium metal matrix composite, hot extrusion is performed after
sintering as secondary processing. The hot extrusion process uses heated feedstock, called
a billet. It is always carried out at temperatures significantly greater than the material’s
recrystallization temperature. The heated billet is placed in a container, and force is applied
to extrude the billet via a die. Table 7 lists the various parameters of hot extrusion. Hot
extrusion is used to make parts with precise tolerances and smooth, fine surfaces. Improved
microstructures can also be obtained, depending on the metal utilised. The method is also
cost-effective because the majority of the metal extruded may be reused.

It is clear from Table 7 that multiwalled Carbon-nanotubes-reinforced AZ31 and AZ91
composite were hot extruded at a temperature of 400 °C and 450 °C, respectively, having
extrusion ratios of 5:1 and 9:1, respectively [19,70]. The multiwalled Carbon-nanotubes-
reinforced Mg composite, on the other hand, was hot extruded at 350 °C with an extrusion
ratio close to 25:1 [14,15,21,22].

Hot Hot
Rolling Extrusion
Container
Rolls |
Metal i |
Elongated Grains -D
— R |
Direction | S Ram
rroauct C
of Feed Rolls ; Metal Billet

Figure 10. Types of secondary processes used in PM.

Table 7. Hot extrusion parameters for different Mg matrix composites.

Sr. No. Matrix Material Reinforcement Extrusion Ratio Extrusion Reference
Temperature
1. Mg powder Multiwalled Carbon nanotubes 25:1 350 °C [21]
Multiwalled Carbon nanotubes o
2. Mg powder and Aluminium powder 26:1 350 °C [15]
3. Mg powder Ni-coated Carbon nanotubes 25:1 350 °C [14]
4. AZ31 Multiwalled Carbon nanotubes 5:1 400 °C [19]
5. AZ91 Multiwalled Carbon nanotubes 9:1 450 °C [77]
6. Mg powder Multiwalled Carbon nanotubes 95:1 350 °C [22]

and Alumina powder

The powder metallurgy technique is chosen and preferred over the liquid metallurgical
route because it is a more direct method of processing that results in a refined microstructure
and characteristics for the intended end product. Moreover, the PM route does not consume
much energy as is used in the liquid metallurgy route to melt the materials [1,19,44,77].
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Powder metallurgy is a realistic and appealing solution since both the matrix material and
the reinforcing particles are available in powder form.

5. Effect of Reinforcing Elements in Magnesium Matrix Composites

It has been observed that the magnesium matrix composites have been developed
using a variety of reinforcing elements successfully to get desired product with suitable
properties with respect to the application point of view. Thus, Mg MMCs have depicted
exceptional properties as compared to the non-reinforced pure Magnesium [84,85]. The
major properties which are most influenced by the reinforcement in Mg are shown in
Figure 11.

High
hardness

High wear
resistance

N

Mg

P,  composites o

[\

Figure 11. Properties of magnesium matrix composite.

Magnesium metal composites are recognised to offer the best mechanical charac-
teristics, enhanced low density, dimensional stability, and damping qualities when the
reinforcement phase is chosen properly. Some of the prominent reinforcing elements are
Carbon nanotubes (CNTs), Graphene, Graphene nanoplatelets (GNPs), Alumina (Al,O3),
Carbide of Silicon (SiC) and Boron (B4C). The detailed information on reinforcing elements
and their effect on the Mg composite are discussed in the following sections.

5.1. Carbon Nanotubes (CNTs)

These are one of the allotropes of carbon in the form of tubes having a diameter dimen-
sion of nanometers or less [86]. Usually, CNTs are single wall and multiwall. Multiwalled
Carbon nanotubes (CNTs) have been used extensively as reinforcement in the magnesium
matrix composite [87-89]. It keeps the density low and improves the overall mechanical
properties. Goh et al. [21] used powder metallurgy to manufacture multiwalled carbon-
nanotubes-(0.06, 0.18, and 0.3 wt.%)-reinforced magnesium matrix composites. The density
of the composites decreased little, but the porosity increased as the CNT content rose.
The results of the coefficient of thermal expansion show that Mg—CNT nanocomposites
are more thermally stable than monolithic pure Mg. There was no noticeable change in
composite hardness and just a minor rise in UTS. The FESEM image in Figure 12 indicates
high adhesion between Mg and CNTs, despite the fact that the bonding between Mg and
CNTs is believed to be purely mechanical.
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Figure 12. FESEM image showing good adherence between Mg and CNT [21].

When CNTs with large aspect ratios are utilised as reinforcement, homogeneous
dispersion of CNTs in Mg is a problem, especially at high CNT weight percentages. As
the CNTs are so long (up to tens of microns), entanglement between them will eventually
result in clustering. Even before tensile testing, these clusters will hinder effective bonding
between the Mg particles and CNTs, resulting in minute fissures in the matrix. These
fissures invariably operate as nucleation sites for plastic instability, resulting in poorer
ductility material failure, clustering of CNTs might result in an increase in porosity in the
Mg matrix. The results of the work of fracture (WOF) demonstrate that monolithic pure
Mg has a poorer fracture resistance than nanocomposites containing up to 0.18 wt.% CNTs.
This is owing to the nanocomposites’ increased yield strength and ductility. SEM images of
worn surfaces of AZ31-CNTs composites with different weight fraction of CNT is depicted
in Figure 13 [22]. The WOF drops as the number of CNTs is increased; this could be due
to an increase in clustering effect when the amount of CNTs is increased, which would
inevitably lead to porosity.

In a separate investigation, multiwalled short carbon nanotubes reinforced magnesium
matrix (AZ91D alloy) composites were used to develop MMCs. As reinforcement, 0.5, 1, 3,
and 5 wt.% CNTs were applied. Tensile strength increased initially and then decreased with
increase in CNT content. Highest tensile strength was observed for AZ91D/CNT 1% sample.
Figure 14 depicts stress—strain curves for pure and nanotube-filled magnesium composites.
From Figure 14, it is clear that magnesium alloy containing 1% carbon nanotubes has a
tensile strength of 388 MPa, which is comparable to that of commonly used mild steel in
automobiles. The uniform distribution of short carbon nanotubes at magnesium grain
boundaries could explain why tensile characteristics were considerably improved by adding
a small number of carbon nanotubes because, during a triaxial mixing operation, small
carbon nanotubes with an average length of 5 nm were thought to impinge relatively
uniformly on the near-surface of magnesium alloy powders [70].
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Figure 13. Scanning electron microscope (SEM) images of worn surfaces of AZ31-CNTs compos-
ites including (a) 1.0 wt.%, (b) 0.5 wt.%, (c) 0.1 wt.%, and (d) 0 wt.% of CNTs, under dry sliding
conditions [22].
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Figure 14. Stress—strain curves for AZ91D magnesium alloy composites with and without
carbon nanotubes.

The cross-sectional texture of the rods was examined using an electron probe micro-
analysis (EPMA) to validate the abovementioned interpretation. The majority of carbon nan-
otubes were found in the area of magnesium grain boundaries, as shown in Figure 15a—c.
They were also distributed in a single fibre, as demonstrated in Figure 15d by SEM ex-
amination of the etched surface using 0.04 percent hydrochloric acid solutions for 40 s.
As a result, when a sufficient amount of carbon nanotubes is introduced, the reinforced
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near-surface of the magnesium domains is extremely resistant to deformation, contributing
to the increase of tensile characteristics.

Figure 15. Microstructures of the forged alloy and extruded alloy. (a,b) optical microscope (OM) and
SEM image of the forged alloy, (c,d) OM microstructure of the transverse section and SEM image of
the extruded alloy [70].

5.2. Graphene

Graphene is a thin sheet of graphite, that has a thickness on a nanometre scale [90-97].
The use of Graphene as reinforcement enables the magnesium matrix to retain lightweight
and increases the overall strength of the composite. Du et al. [71] followed the powder
metallurgy route to produce Graphene reinforced magnesium matrix composite. Graphene
was added from 0.25 to 1.25 wt.% as reinforcement to create samples. The density of
the composites did not vary significantly, but the hardness of the composites rose as
the Graphene percentage increased. When compared to pure Mg, the microhardness of
the Mg/1.25 wt.% Graphene composite improved by 51%. Figure 16 depicts the effect
of graphene weight percent on sample hardness. The effect of two possible important
strengthening mechanisms is attributed to the effect of graphene embedded and dispersed
inside the Mg grains: (1) the graphene embedded and dispersed inside the Mg grains
can block the movement of dislocations within the grains passing through the matrix,
making it difficult to reach the grain boundaries at low stress levels; (2) Grain boundary
pinning caused by nano-structured graphene dispersed at grain boundary might restrict
grain growth in magnesium matrix, resulting in finer magnesium grains. Higher hardness
ratings are associated with finer grains.
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Figure 16. The influence of graphene content on microhardness.

Figure 17 shows the SEM analysis of the 1.25 weight percent graphene reinforced Mg
matrix composites. The peaks for magnesium, oxygen, and carbon are clearly obtained,
as shown in Figure 17b. The presence of graphene in the composites is confirmed by
EDS analysis. As a result, these SEM and XRD analyses show that graphene has been
successfully incorporated into Mg matrix composites.
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{200}

Degres (28)

Figure 17. Composites’ characterization. (a) SEM pictures of a composite surface containing 1.25 wt.%
graphene; (b) XRD image of the composite [71].

5.3. Graphene Nanoplatelets (GNPs)

GNPs are also being used as reinforcement for the fabrication of composites that
are suitable for biomedical applications [88-91]. Powder metallurgy was used to create
a graphene nanoplatelet reinforced magnesium metal matrix composite and 0.1, 0.2, and
0.3 wt.% GNPs were added as reinforcement subsequently. The fabricated composite has
come out to be nontoxic and biodegradable. The corrosion resistance and compressive
strength increased with an increase in GNPs percentage. Compressive strength was im-
proved significantly in Mg/0.3 wt.% GNP composite [72]. The compressive stress—strain
curves of pure Mg and Mg-GNPs composites comprising 0.1-0.3 wt.% G15 and G5 GNPs
are shown in Figure 18. When compared to pure Mg, the inclusion of G15 GNPs improved
the mechanical characteristics of the Mg matrices significantly. The addition of G15 GNPs,
which have fewer layers and fewer flaws in their graphitic structure, enhanced the ductility
and compressive strength of the Mg matrices at the same time, as shown in Figure 18a.
However, as compared to G15 GNPs, the same G5 GNPs content in Mg resulted in a
moderate improvement in mechanical characteristics, as illustrated in Figure 19b.
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Figure 18. Compressive stress—strain curves of pure Mg and its composites containing (a) G15 GNPs
and (b) G5 GNPs [79].

Mg- G15 composites Mg- G5 composites

Figure 19. Optical microscopy (OM) images of fabricated Mg-GNP composites: (a) pure Mg; Mg com-
posites containing (b) 0.1 wt.% G15; (c) 0.2 wt.% G15; (d) 0.3 wt.% G15; (e) 0.1 wt.% G5; (f) 0.2 wt.%
G5; (g) 0.3 wt.% G5 [79].

OM images of Mg—GNP composites containing 0.1-0.3 wt.% G15 and G5 GNPs are
shown in Figure 20. Microstructural alterations in the Mg metal matrices were caused by the
addition of GNPs. Mg (0.1-0.3 wt.%t) G15 composites have smaller granules as compared
to pure Mg. Figure 19a—d shows the grain sizes of pure Mg and Mg-GNP composites. The
average grain sizes of the Mg matrices shrank as the GNP content increased. The dispersed
GNPs were predominantly found near the Mg matrices” grain boundaries, leading to the
grain refinement of the matrices. OM of the Mg-G5 composites exhibited higher grain sizes
when compared to Mg-GNP composites supplemented with G15 GNPs, as illustrated in
Figure 19e-g. The inclusion of GNPs (G5) with a higher number of layers, on the other
hand, resulted in agglomeration and an increase in their weight content (0.2-0.3 wt.%) in
the Mg matrices.
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Figure 20. After compression testing, SEM photos of the fracture surfaces of pure Mg and Mg-GNP
composites: (a) pure Mg; (b) Mg—GNP composites containing 0.1 wt. percent G15; (¢) Mg-GNP
composites containing 0.2 wt. percent G15; (d) Mg-GNP composites containing 0.3 wt. percent G15
GNPs; (e) Mg-GNP composites containing 0.1 wt. percent G5; (f) Mg-GNP composites containing
0.2, and (g) agglomeration of GNP in Mg matrix [79]. The circled area is shown in inset with higher
magnification to reveal respective information.

Figure 20 shows the fractured surfaces of pure Mg and Mg-GNP composites compris-
ing 0.1-0.3 wt.% G15 and G5 GNPs. The fracture surface of pure Mg, as shown in Figure 20a,
shows the presence of flat surfaces and cleavage characteristics, indicating brittle fractures.
The inclusion of GNPs, on the other hand, caused heterogeneous forms of failure in the Mg
matrices. Figure 20b—d shows the fracture surfaces of Mg—GNP composites with 0.1, 0.2,
and 0.3 wt.% G15 GNPs added, respectively. When compressive stress was applied to Mg
matrices containing G15 GNPs, dimple features and uneven lines provided indications of
their ductile behaviour. The fracture surface of Mg-0.3 wt.% G15 composites showed uni-
form dimple structures, suggesting that this batch of composites had predominantly ductile
cracks. The fracture surfaces of Mg—GNPs composites containing 0.1-0.3 wt.% G5 GNPs are
shown in Figure 10e—g. The fracture surfaces of the Mg—GNPs composites showed cleavage
and dimple characteristics, suggesting heterogeneous modes of failure in the Mg matrices
reinforced with 0.1 weight percent G5 GNPs, as illustrated in Figure 20e. Agglomerated
GNPs, on the other hand, were discovered on the fracture surfaces of composites containing
0.2-0.3 wt. percent G5 GNPs.

5.4. Alumina (Al,O3)

AlyOg3 is used in hybrid composites of magnesium where more than one reinforcement
phase is used [98-100]. Thakur et al. [22] used a powder metallurgy process to fabricate Alu-
mina (Al;O3) and multiwalled Carbon-nanotube-reinforced magnesium matrix composites.
Combinations of Mg-1% CNT, Mg-0.7% CNT + 0.3% Al,O3, Mg-0.5% CNT + 0.5% Al,O3,
Mg-0.3% CNT + 0.7% Al,Os were made subsequently. Macrohardness, microhardness
and tensile strength were increased as the Al,O3 content increased in the reinforcement.
Optimum values of macrohardness, microhardness and tensile strength were observed
for Mg-0.3%CNT + 0.7% Al,O3 sample. The failure was found to be fundamentally brittle
after fracture analysis of the composites. The existence of cleavage-like characteristics was
discovered when the fracture surfaces were examined at high magnification. The matrix
contained several macroscopic and tiny microscopic fractures. SEM studies confirmed the
presence of several deep macroscopic cracks in the Mg-1 wt.% CNT composite. The inferior
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mechanical strength of Mg-1 wt.% CNT during tensile loading could be explained by its
enhanced brittleness [101-113].

Whereas, in Alumina (Al;O3) and SiC reinforced magnesium matrix hybrid com-
posite, combinations of Mg-5% SiC + 5% Al,O3, Mg-10% SiC + 10% Al,O3, Mg-15%
SiC + 15% Al,O3; were made subsequently through the powder metallurgy route. Den-
sity was raised when reinforcement content was increased. The hardness of reinforced
Mg was higher than the non-reinforced Mg and the highest hardness was observed for
Mg-10% SiC + 10 wt.% Al,O3 sample and the sample of Mg-5% SiC + 5 wt.% Al,Os dis-
played the highest wear resistance. Figure 21 depicts the graph plotting Vicker’s hardness
number on the percentage of specimen reinforcements. The graph shows that the hardness
of magnesium metal matrix composites increases as the weight proportion of alumina
and silicon carbide (up to 10%) increases relative to the base metal. The addition of 5%
and 10 wt.% SiC and Al,O3 to pure magnesium increased the hardness of the material,
as seen in the graph. It is possible that the tougher silicon carbide and alumina particles
are to contribute. The presence of these particles increases the hardness of composites by
providing additional resistance to plastic deformation. However, the hardness of SiC and
Al O3 reinforced composites with a 15 wt.% SiC and Al,O3 content was reduced due to
insufficient interface bonding between matrix and reinforcement particles [83].

Vickers Hardness (HV)

1 2 3 4

Composition

Vickers Hardness
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] ] (=) [—) (]
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Figure 21. Vickers hardness number for pure Mg, Mg-5% SiC + 5% Al,O3, Mg-10% SiC + 10% Al,O3
and Mg-15% SiC + 15% Al Os.

For Mg matrix material with 0%, 5%, and 10 wt.% SiC and Al,Oj3 reinforcement, the
microstructure of sintered specimens has been investigated. The presence of SiC and Al,O3
reinforcements in the magnesium matrix composites can be seen in the SEM micrograph.
The samples had a homogenous particle distribution, and pore flaws were generated in
select sections of the microstructure. As indicated in Figure 22, greater bonding between
reinforced particles and matrix was achieved.
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Figure 22. Mg composites strengthened with SiC and Al,O3, optical micrographs (a) 5%, and
(b) 10% [76].

5.5. Silicon Carbide (SiC)

The use of Silicon carbide (SiC) as reinforcement in metal matrix composites has
evolved over the years significantly. Different particle sizes of SiC are used to reinforce
magnesium matrix composite [114,115]. Following that, 10%, 20%, and 30 wt.% SiC particles
were added as reinforcement in Mg MMCs. Although the density of the composites did not
change significantly, the porosity did. Hardness, tensile strength and compressive strength
were improved significantly in Mg/30 wt.% SiC particulate composite in Figure 23 [80].

AR
T2t
|

@ PureMg ¢ © (b) Mg-10 wt.% SiCp "~
: R N T

Figure 23. Micrographs (a) Pure Mg (b) Mg-10 wt.% SiCp; (c) Mg-20 wt.% SiCp; and (d) Mg-30 wt.%
SiCp composites [80].
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Scanning electron microscopy was used to analyze the microstructures of powder
metal Mg-SiCp composites containing 10 to 30 percent SiCp. SEM micrographs of Mg-SiCp
composites containing 10, 20, and 30% SiC particles are shown in Figure 14. The SiC
particles are evenly dispersed in the magnesium matrix, as evidenced by the micrographs.
The micrograph showed SiC particles. After sintering, the bonding between magnesium
and SiC particles is more strong.

5.6. Boron Carbide (B4C)

B4C has low density, hardness, abrasion resistance and high thermal stability [104-106].
It has been used widely as a reinforcement phase in magnesium matrix composites. In a
study of B4C reinforced magnesium matrix composite, 10, 20 and 30 wt.% B4C was added
subsequently as reinforcement and the powder metallurgy process was applied. The density
of the composite did not vary significantly, but its porosity did. The hardness of reinforced
Mg was higher than the non-reinforced Mg and the highest hardness was observed for Mg
+ 30% B4C sample. UCS decreased in reinforced composites as compared to pure Mg. The
wear resistance increased with an increase in reinforcement content [74]. SEM pictures of
pure Mg and MMCs are shown in Figure 24. In pure Mg, grain boundaries can be seen
clearly. All composites have a homogeneous dispersion of particles, as evidenced in SEM
pictures of MMCs. In Mg-10 wt. percent B4C and Mg-20 wt. percent B4C, no agglomeration
of B4C particles was detected. However, partial agglomeration may be seen in Mg-30 wt.
percent B4C. Due to the low porosity content, micro and macro porosities do not show up
in the microstructure. Pure Mg has an average particle size of 124 um, while grain sizes of
10, 20, and 30 wt. percent B4C composites are 99, 84, and 92 um, respectively. As a result,
B4C particles found near grain borders can be considered to restrict grain coarsening.

Figure 24. SEM of (a) pure Mg, (b) Mg-10 wt.% B4C, (c) Mg-20 wt.% B4C, (d) Mg-30 wt.% B4C [81].

Ghasali et al. [82] followed powder metallurgy using spark plasma and microwave
sintering, respectively, to fabricate B4C (10 wt.%) reinforced magnesium metal matrix com-
posite. Density was decreased when the microwave sintering process was used. However,
bending strength and hardness were improved when spark plasma sintering was used.
The microstructure of SPS and microwave sintered samples in Figure 25 shows a uniform
dispersion of B4C particles. However, certain gaps in the microstructure of microwave
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sintered sample with a diameter of 200 um have formed as a result of pulling out magne-
sium particles during grinding due to inadequate Mg-Mg bonding in the sample sintered
in the microwave. Another probable explanation is that due to the huge particle size of
magnesium turnings, there is a considerable percentage of porosity in the pressed sample
(almost 30%). The microstructure of the SPS sintered sample, on the other hand, reveals
a pore-free and uniform distribution of B4C particles along the grain boundaries of the

Mg matrix.

Figure 25. Microwave (a,b) and spark plasma (c,d) sintered samples backscattered micrographs [82].

The mechanical properties obtained by using various reinforcement phases in the Mg

matrix are showcased in Table 8.

Table 8. Mechanical properties of different Mg matrix composites.

Mechanical Properties

Sr. No. Components Ratio Tensile Compressive  Bending Reference
Hardness
Strength Strength Strength
Mg powder, Graphene wt.% ; ) )
1. Graphene (0.25-1.25) 899 HV [78]
Reduced graphene
2. AZ31,reduced i Wt 9% (02,03, 64.6 HV - - - [76]
graphene oxide 0.4, 0.5)
Mg powder,
Graphene GNPs 0.1, 0.2, and
> nanoplatelets 0.3 wt.% ) ) 246 MPa ) [79]
(GNPs)
Mg powder,
4, Graphene GNPs 0.3 wt.% 68.5 HV 238 MPa - - [107]
nanoplatelets

(GNPs)




Crystals 2022, 12, 945 28 of 35

Table 8. Cont.

Mechanical Properties

Sr. No. Components Ratio Tensile Compressive  Bending Reference
Hardness
Strength Strength Strength
Magnesium
powder,
Aluminium Mg-0.5 Al + 0.18 GNPs
5. powder Mg-1.0 Al + 0.18 GNPs 60 HV 268 MPa - - [108]
Graphene Mg-1.5 Al + 0.18 GNPs
nanoplatelets
(GNPs)
Magnesium
POWdejvgorpper Mg-1 Cu + 0.18 GNPs
6. Ci‘; heene Mg-1Cu+036 GNPs  56.7 HV 260 MPa 420 MPa - 6]
P Mg-1 Cu + 0.54 GNPs
nanoplatelets
(GNPs)
7. Mg powder, SiC SiCp 10,20 and 90HRB  87.38MPa 12271 MPa [80]
particulate 30 wt.%
Mg-5% SiC +
5% Al,O3,
Mg powder, SiC, Mg-10% SiC +
8. ALOS T0%ALOs, 4539 HV - - - [83]
Mg-15% SiC +
15% Al,O,
9. Mg powder, B4C 10, 20 and 30 wt.% B4C 70 HV - 204.73 MPa - [81]
10. Mg powder, B4C 10 wt.% B4C 92 HV - - 191 MPa [82]
. Mg-1%CNT,
Magnesium Mg-0.7% CNT +
powder of 98.5% o
re. Alumin 0.3%Al,03,
11. plre, Aiammina Mg-0.5% CNT + 42HV 196 MPa - - [22]
(Alr05) 50 nm 0.5% Al,O3
orbonnanotbe  MEQI% CNT +
0.7% AL O3
Multiwalled
CNT and
. CNT concentrations
12. Magnesium 0.06,0.18 and 0.3 wt.% 44 HR15T 210 MPa - - [21]
powder
98.5% pure
AZ91D,
13. Multiwalled CI\JTO C;’;‘;e;‘tos V(\?éz} )1'0' ; 388 MPa ; ; [77]
short CNTs " ' e
Multiwalled
CNT and
14. Magnesium Mg + 2 wt.% CNT - 140 MPa - - [18]
powder
99.8% pure
Multiwalled
Magrll\(el;l;,um CNT concentrations
15. powder ((E)\./(ﬁeiilrlldolr(‘;\:i.ti/;)s ?gg - 87.5 MPa - [17]
99.9% pure and P ¢

carbamide 99%
pure

30, and 40 %)
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Table 8. Cont.
Mechanical Properties
Sr. No. Components Ratio Hardness Tensile Compressive  Bending Reference
Strength Strength Strength
Magnesium Mg-0.18% CNT +
powder o
98.5% pure 0.5% Al,
16. Carbon Mg_(i'loé /0 ACINT * 60 HV - 421 MPa - [15]
nanotubes, Mg-0.18% CNT +
i 1.5% Al
powder
Magnesium
powder 98.5%
pure, pristine
muclixgsjlled Mg + 0.3 wt.% pristine
17. nanotubes CNT, 55 HV 237 MPa - - [14]
Nickel-coated Mg + 0.3 wt.% Ni-CNT
multiwalled
carbon
nanotubes
AZ31,
18. Multiwalled 1 wt.% CNTs 67 HV 272 MPa - - [19]
CNTs
Nicli lz—icl);\ ted CNT contents (0.5, 1.0
19. . and 61.88 HV 296 MPa - - [44]
multiwalled car- o
1.5 wt. /0)
bonnanotubes
Magnesium Mg + 2% CNT,
powder 99.5% Mg + 4% CNT, . )
20. pure, Carbon Mg + 6% CNT, 70.3 HV 265.5 MPa [1]
nanotubes Mg + 8% CNT
Magnesium
21. powder 99.9% Mg + 0.8% CNT - 238 MPa - - [32]
pure, Carbon
nanotubes

It is observed from Table 8 that multi-walled short CNT-reinforced AZ91D composite
has the highest tensile strength of 388 MPa [116-121]. Whereas, Carbon nanotubes and Alu-
minium powder reinforced Mg composite and Copper powder and Graphene nanoplatelets
reinforced Mg composite has the highest compressive strength of 421 MPa and 420 MPa,
respectively [106-110]. Although, the highest microhardness is obtained at 92 HV in the
case of the B4C-reinforced Mg composite [82].

Fabrication of Mg matrix composites within design constraints remains a significant
problem for academics and manufacturers [122-125]. With this goal in mind, the current
study examined the performance of previously synthesised Mg matrix composites.

6. Conclusions

In order to enhance the engineering use of Mg MMCs, a number of challenges must be
overcome, including manufacturing methods, the influence of reinforcement on mechanical
and microstructure characteristics, and applications. The key findings drawn from previous
research are summarised as follows:

e  When compared to alternative production processes such as stir casting, friction stir
processing, and so on, a thorough literature review revealed that the powder metal-
lurgy approach is the most straightforward way to synthesize metal matrix composites
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with hard and soft reinforcements. When composites are produced via the powder
metallurgy technique, proper bonding between the matrix material and reinforcements
occurs. The study found that composites made with powder metallurgy had better
mechanical and tribological characteristics than those made with other methods.

e  The addition of carbon nanotubes to the magnesium and magnesium alloy matrix
enhanced the composites” wettability and bonding strength. Al,O3-reinforced magne-
sium matrix composites outperform CNT-reinforced magnesium matrix composites
in terms of wear resistance. When compared to Al,O3-reinforced magnesium MMCs,
SiC-particle-reinforced magnesium MMCs exhibit better wear and creep resistance.
Boron Carbide (B4C) has been shown to improve the interfacial bonding strength and
flexural strength of hybrid composites when added to the magnesium matrix. The
tensile strength of a magnesium matrix composite is enhanced by adding fibres, but
the ductility is decreased.

e  Magnesium MMCs’ creep behaviour is governed by the matrix’s creep, which is
primarily responsible for regulating dislocation viscous slip and, to a lesser extent,
grain boundary slippage.

e  Scholars and scientists working in the domain of magnesium metal matrix composites
using the powder metallurgy technique will benefit from this article.
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