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Abstract: Growing concerns like depleting mineral resources, increased materials wastage, and
structural light-weighting requirements due to emission control regulations drive the development
of sustainable metal matrix composites. Al and Mg based alloys with relatively lower melting
temperatures qualify for recycling applications and hence are considered as the matrix material for
developing sustainable composites. The recent trend also explores various industrial by-products
and agricultural wastes as green reinforcements, and this article presents insights on the properties of
Al and Mg based sustainable metal matrix composites with special emphasis on green reinforcements
and processing methods.

Keywords: sustainability; metal matrix composites; green reinforcements; processing methods;
mechanical properties

1. Introduction

Metal matrix composites belong to the class of advanced materials comprising two
main components- a base material, i.e., matrix and one or more reinforcements for a good
combination of properties that are hard to obtain by a single material. The improved
mechanical strength, hardness, wear resistance, damping capacity, stiffness, ductility,
thermal stability, creep resistance and toughness of metal matrix composites (MMCs) make
them suitable for a wide range of applications. In particular, the weight saving potential of
MMCs is highly desirable for use in ground transport and aviation sectors for structural
weight reduction and associated reduction in fuel consumption. Other applications include
cutting tools, marine, consumer electronics and package industries.

Depending on the intended application, a range of metallic alloys based on aluminium,
magnesium, titanium, copper, nickel superalloys and steel can be used as the matrix
material. In particular, the composites based on Al alloys with good strength to weight
ratio and energy absorption capabilities receive enormous attention due to their weight
saving potential (Figure 1). Table 1 lists the properties of few matrix materials. Though Mg
is lighter than Al, its wider adoption is largely restricted due to higher raw material and
processing costs and the relatively poor corrosion resistance compared to Al alloys. Recent
R&D efforts are mostly aimed at addressing these issues.
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Figure 1. Use of matrix materials (From open access publication Adebisi et al. [1]).
Table 1. Properties of common matrix materials.
Density Yield Strength Ductility Modulus
Metal
e (g/em?) (MPa) (%) (GPa)
Aluminum alloys 2.5-29 30-500 1-44 68-82
Magnesium alloys 1.74-1.95 70-400 3.5-18 42-47
Titanium alloys 4448 250-1250 1-40 90-120
Ferrous alloys 7.1-8.0 240-690 18-31 187-215
Nickel alloys 7.75-8.65 300-1900 0.5-60 150245
Copper alloys 8.93-8.94 30-500 3-50 112-148

Reinforcement materials are normally characterised by high strength, low density,
and good thermal and chemical compatibility [2,3]. Common examples include ceramics,
carbon compounds and hard metal refractories in the form of fibres or particles. They
effectively take part in the load bearing process by sharing the load through interfacial
load transfer [4]. The integration of continuous or discontinuous fibres offer strength in
a preferred orientation. Based on the length of fibre, they can be further classified into
long and short fibre reinforcement where the short fibres are known for providing better
strength properties. In some cases, depending upon the nature of reinforcement and
matrix material, coatings are used to either eliminate the undesirable chemical reactions
occurring at the fibre-matrix interface or to improve the interfacial bonding and wetting
characteristics. In particle reinforced MMCs, the addition of various ceramic and hard metal
refractory particles with size ranging from few nanometres to few hundred micrometres,
offer isotropic properties [4,5]. Table 2 highlights the key properties and applications of
some of the commonly used reinforcements.

With the growing environmental concerns, there is also a strong push towards sustain-
able materials development. Processing of metallic materials alone have a huge impact on
resource utilisation, emission, and waste generation. For example, the annual mining and
primary production of steel and aluminium create around 2400 Mt of tailings, 220 Mt of steel
slag, and 160 Mt of bauxite residue [6]. With mineral extraction and by-products together
with the excessive energy utilisation posing a serious threat for materials sustainability,
any little efforts to reduce the environmental footprint of materials and manufacturing
will significantly contribute towards the sustainability. For example, the effective recovery
and utilisation of scrap material alone can account for more than one-third of our raw
material needs.
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Table 2. Properties and applications of commonly used reinforcement materials.

Melting

Thermal

Reinforcement Strength Density Point Conductivity Remarks Applications
(MPa) (g/cm®) (W] (W/m-K)
High hardness, toughness, Pistons, propeller shaft,
SiC 1625 3.21 2730 20.7 wear resistance, connecting rods, brake
fatigue resistance rotors, driveshaft
. . . Automobile sectors- intake,
High melting point, low manifolds, chassis, suspension
B4C 569 2.52 2763 42 specific weight, great ' P ¢ b P d
resistance to chemical agents components, fast breeders,
lightweight armours
. e Brake discs, pistons, cylinder
Al O3 665 3.95 2072 38.5 ngfh P ecific stiffness, heads, connecting rods
atigue strength .
of engine,
Cr 76 226 3600 114 Self-lubricating Prf)pertles, Truss element, })us panel,
reduced friction wave guides
I_?Og:: dtltllcet?\l;iil ahr;d; lticntglceal Thermal barrier coating,
CNT 63,000 13 3130 6000 Y, g € anti-fouling, coating for ships,
strength, low coefficient of . : o
- biomedical applications,
thermal expansion
Turbo charger, rocker arm
. High strength, fracture pads, gas turbines, ceramics
SisNa 76 325 2769 3 toughness at high temperature hybrid bearings,
orthopaedic implants
TiB, 373.6 454 3318 2% High elastic modulus, Ceramic cutting tools,

strength, wear strength armours protection materials

With respect to metal matrix composites, Al and Mg with low energy requirements,
qualify for material recycling benefit and their machined chips and scraps can be directly
recycled as the matrix material. Similarly, there is also an increasing trend in exploring in-
dustrial by-products and agricultural wastes as green reinforcement to produce sustainable
MMCs. Examples of green reinforcements includes basalt fibre from volcanic rocks, indus-
trial fly ash residue, ash from the incineration of crop residue, and powders from natural
shell materials like eggshell, snail shell etc. Several research works have been published
on the use of industrial fly ash as reinforcement in MMC. Lancaster et al. [7] evaluated the
potential of agro-based materials like coconut shell ash, rice husk etc. as reinforcement in
MMCs. In addition to being cost effective, they exhibit comparable density, hardness, and
thermal stability as they are mainly composed of S5iO;, Al;O3, and Fe;Os. Further, they
are naturally renewable at reasonable cost and offer greater potential for recycling unlike
synthetic reinforcements that heavily depend on limited petroleum resources.

With up to ~70% weight saving potential, sustainable metal matrix composites are
also excellent candidates for electric vehicles to offset the additional mass of batteries.
The use of renewable materials in automotive body parts will help to achieve stringent
material recovery and recycling guidelines towards circular economy. Therefore, the
automobile industry is highly appreciative of the R&D efforts on lightweight sustainable
composites. This article summarises the properties of Al and Mg based metal matrix
composites reinforced with various natural and industrial waste materials.

2. Basalt Fibre Reinforced Metal Matrix Composites

Basalt fibres are obtained by melting and drawing of basalt rock which is a natural
igneous rock formed by the rapid cooling of volcanic lava. It has a melting temperature
greater than 1500 °C and density about 2.7 g/cc. Although manufacturing processes
applicable for basalt fibre are based on traditional melt spinning and blowing technologies,
they consume less energy and additives. Therefore, their production cost is significantly
low compared to glass balloons and carbon fibres. As the chemical composition of basalt
fibre is similar to asbestos (Tables 3 and 4), several studies evaluated their health hazards
and concluded that the basalt fibres do not any pose serious risks to human beings due
to the difference in morphology and surface properties [8,9]. With respect to properties,
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basalt fibres have comparable load bearing capabilities and weight saving advantages as
E-Glass. In addition, they also exhibit good compatibility with most matrix materials and
remain resistant to acid exposure and high temperatures [10,11] which makes it ideal for
developing fibre reinforced composites.

While the basalt fibres are used widely in polymer matrix composites, only few studies
explored their applicability for MMCs which was mainly attributed to the processing
difficulties. Using the method of stir casting, aluminium (7075) alloy composites containing
different volume fraction of short basalt fibres (length 1.5-2 mm) were developed for the first
time by Karthigeyan et al. [12] The composites showed improvement in strength properties
due to the homogeneous distribution of basalt fibres and second phase precipitates in Al
matrix (Table 5). The optimum reinforcement content for Al 7075 alloy was identified
to be 6 vol.% short basalt fibre. Copper coating on basalt fibres improved the interfacial
properties of the composites [13].

Table 3. Composition of basalt fiber [12].

Constituent Composition (wt.%)
SiO, 42-56
AlLO3 11-18
Fe203 <12
CaO 7-12
MgO 4-11
N a2O 2-5
TiO, /K0 1-5

Table 4. Properties of E-glass and basalt fiber [14].

Properties E-Glass Basalt
Density (g/ cmd) 2.56 2.8
Elastic modulus (GPa) 76 89
Tensile strength (GPa) 1.4-2.5 2.8
Elongation to fracture (%) 1.8-3.2 3.15
Specific E modulus (GPa per g/cm?) 30 31.78
Specific tensile strength (GPa per g/cm?) 0.5-1 1

Table 5. Properties of Basalt fiber reinforced Al7075 composites [13].

Yield Strength Tensile Strength Ductility
Material (MPa) (MPa) %)
Al17075 107 +£3 127 + 4 1.55
Al17075-2% SBF 112 +£2 130 +£3 1.49
Al17075-4% SBF 128 £ 2 162 £ 5 1.52
Al7075-6% SBF 180 £ 5 212+ 3 1.58

Investigations on the properties of basalt fibre reinforced A413 alloy-based Al matrix
composite were carried out by direct impregnation of basalt fibre bundles with molten
alloy followed by hot pressing of composite layers [15]. Here, the strength properties
were reduced at higher processing temperatures and longer holding time. Despite the
stability of basalt fibres at high processing temperatures, the difference in deformation and
flow behaviour resulted in porosity and void fractions which lead to a higher percentage
of defects and strength loss. Up to 28 vol. % of basalt fibres (diameter 10 um) were
incorporated into A413 alloy by via hand lay-out and hot-pressing technique [16]. The fibre
content had a reverse effect on the density of composites. Short basalt fibres-Al alloy matrix
composites produced by squeeze infiltration method revealed homogeneous dispersion of
reinforcement and decrease in ductility with increase in volume fraction [17].
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3. Red Mud Reinforced Metal Matrix Composites

Red mud, the mining waste from aluminium production is also a potential reinforcing
material to prepare MMCs. It is mainly composed of insoluble metal oxides based on Fe and
Al. Table 6 shows the typical chemical composition of Red mud and the actual composition
depends on the quality and nature of the bauxite ore and the extraction conditions.

Table 6. Composition of red mud from [18].

Elements Fe, O3  Al,O3 SiO, Na, O TiO, CaO V705 Others
Content (%) 53.8 14.3 8.34 43 3.9 2.5 0.38 Bal.

Pure Al based composites with red mud particles were produced using powder
metallurgy route [18]. In this study, the effects of variation in particle size (42 nm, 100 pm,
150 um, 200 um) and weight percentage (2-6%) of red mud particles were studied in terms
of hardness (Table 7) and compression strength. Increasing amounts of red mud particles
resulted in an increase in hardness and compression strength. Further, the nanosized
particles provided superior strengthening effects compared to micron size particles.

Table 7. Effect of red mud weight percentage & particle size on the hardness of Al [18].

Red Mud Reinforcement Particle Size
(wt. %) 100 pm 150 um 200 pm 0.042 pum
2 60.2 58.3 56.7 73.6
4 67.6 62.4 59.3 77.4
6 74.5 69.2 63.5 83.9

Using stir casting method, Harshavardhan et al. [19] developed Al 8011 alloy based
composite reinforced with red mud particles and investigated microstructure, hardness, and
fracture toughness. While the microstructure had fairly uniform distribution of red mud
particles, hardness varied from 60.2 HVN to 74.5 HVN with an increase in reinforcement
content from 2% to 6%. Further, addition of nanosized particles increased the hardness by
~11% compared to particles of size 100 pm. Compact tension and single notched bending
test-based fracture toughness values showed an increased load bearing capacity by 35% for
12 wt.% red mud. A similar trend was observed for the stress intensity factor K1C.

Stir cast AA 6082 alloy based composite reinforced with up to 6 wt.% red mud particles
was produced to investigate the effect of heat treatment on microstructure, hardness and
tensile properties [20]. The uniform distribution of red mud particles increased the Vickers
hardness (an increase from 80.3 to 92.1 HV and 88.4 to 104.3 HV), and tensile strength values
(Table 8) in both the as cast and heat-treated conditions. Under dry sliding tribological test
conditions, wear resistance increased due to red mud particle addition [21]. Delamination
and abrasion were the dominant wear mechanisms. However, under impact loading
conditions, both as cast and heat-treated composites showed loss in impact strength.

Erosive wear behaviour of red mud reinforced Al matrix composites at different
impingement angles from 30° to 90° with different pressures and standoff distances (SOD)
were reported by Acharya et al. [22], wherein (i) 30% red mud particle showed and (ii) 45°
impingement angle resulted in maximum wear rate and brittle behaviour.

In another study, slag from blast furnace slag was used in combination with red mud
particles as a reinforcement in Al alloy AA2024 [23]. The combined addition of 2% blast
furnace slag and 3% red mud improved the Vickers hardness, tensile and compressive
strengths of AA2024 alloy by 4%, 6% and 36% respectively (Table 9), while the shear
strength was improved by 8%. The microstructural observations confirm the uniform
distribution of reinforcement.



Technologies 2022, 10, 32

6 of 27

Table 8. Tensile properties of as cast (AC) and heat-treated (HT) red mud reinforced AA6082
composites [20].

Yield Strength Tensile Strength Elongation
e (MPa) (MPa) (%)
AC HT AC HT AC HT
0 89.14 94.61 141.23 158.25 10.32 8.6
2 94.72 99.36 148.68 162.54 8.81 7.45
4 102.63 111.21 152.5 169.72 6.50 5.2
6 112.05 119.35 169.87 179.50 512 453

Table 9. Tensile strength of basalt fiber and red mud reinforced Al based composites [23].

Composition Tensile Strength (MPa)
Al-4Bf-1RM 389.34
Al-3BF-2RM 403.58
Al-2BF-3RM 497.23

4. Fly Ash Reinforced Metal Matrix Composites

Fly ash is a fine residue captured from the flue gases of coal-fired power plants. It
forms about 40% of all the waste in coal combustion products and is therefore available
in large quantities. Lancaster et al. [7] studied the chemical composition of untreated and
treated fly ash reinforcement using X-ray fluorescent spectroscopy and the results revealed
the present of hard ceramic phases like SiO,, Al;O3, FepO3, CaO, MgO and BaO (Table 10).
According to ASTM standard C618, fly ash can be grouped into three major classes based
on the actual composition as shown in Table 11.

Table 10. Composition of fly ash reinforcement before and after treatment [7].

Condition Al,O3 BaO CaO Fe, O3 MgO SiO,
Before 29.6 0.1 0.72 3.53 0.34 64.6
After 25.6 1.0 0.69 3.14 0.56 69.5

Table 11. Classification of fly ash cenospheres [24].

Class
Composition
N F C
Si02 + A1203 + F8203 70 50 50
CaO Negligible 18 >18
SO;3 4 5 5
Moisture 3 3 3

Because of the serious breathing hazard and damages to environment, fly ash disposal
is expensive and the products that utilize fly ash are broadly regarded as eco-friendly.
In general, fly ash is primarily used in cement making which is non-hazardous and the
other applications include soil stabilization, structural fill, mineral filler for asphalt roads,
flowable fill, geopolymers, bricks and waste treatment. There are two categories of fly
ash particles: (i) solid particles with a density 2.55 g/cc, and (ii) hollow cenospheres with
density ranges between 0.5 and 0.9 g/cc. The low density of (i) and (ii) makes fly ash
an excellent choice as low-cost green reinforcement to develop lightweight MMCs. For
example, the replacement of 20 wt.% Al by hollow fly ash to produce Al composite is
expected to save around 38.86 kWh energy per kg of finished Al casting [25]. The complex
chemical composition of fly ash particles favors a large number of thermodynamically



Technologies 2022, 10, 32

7 of 27

spontaneous reactions as shown in Equations (1)-(7) below. While some of the resulting
intermetallics like MgSiy are beneficial, the formation of undesirable brittle phases like
AlsFeSi and Alys5(Fe,Mn)3Sip combined with the hollow structure of fly ash particles present
multiple challenges during the processing of MMCs. Figure 2 shows a hollow cenosphere
fly ash particle of particle size 10-100 pm.

4AL) + 3810y(5) > 3Si(y) +2A1:05) (AG” = ~5322 K mol ") 1)

2AL ) + FexOs5) 4 2Fe(s) + 24105 (AG™ = ~799.6 K] mol ') 2
3Mgy) + 4A1,05(,) > 2Al ) + 3MgAL Oy (AG° — _2151K] morl) 3
38i0y(s) + 2Mg;) <+ 2MgOyq) + Si) (AG° — _2556K] molfl) @
2510y + 24l + Mgy, > MgALOy () +2Si(s) (AG” = —4264KImol ') (5)
3Mg) +Fe;05) <> 3MgO(,) + 2Fe(,) (AG = —917 KJ mol ') ©

MgALO, ) +3Mg) > 4MgO,) +2Al,) (AG" = ~849 K mol ) )

10 pm

Figure 2. Microstructure of fly ash cenospheres showing (a) general overview and (b) cross section
(from open access publication Choo et al. [26]).

4.1. Fly Ash Reinforced Al Matrix Composites

Fly ash reinforced Al composites using ultrasonic vibration assisted stir casting tech-
nique was produced by Sharma et al. [27] wherein the addition of 8 wt.% fly-ash particles
(<200 um) improved the strength from 52 MPa to 140 MPa and hardness from 34.5 to
48.5 HV, respectively (Table 12). While good wettability existed between Al matrix and
fly ash particles, beyond 8 wt.%, the mechanical properties deteriorated due to the poor
distribution or agglomeration of fly ash particles in Al matrix.

Table 12. Effect of Mg addition on the properties of Al/8% fly ash composites [27].

Density Hardness Ultimate Strength ~ Elongation = Toughness

Material
(g/cm®) (VHN) (MPa) (%) )
Al-8FA 2.532 48.5 140 0.43 6
Al-8FA-2Mg 2.49 55 148 0.48 4.5
Al-8FA-4Mg 2.432 49.5 130 0.37 4

Al-8FA-6Mg 2.402 445 120 0.43 3.5
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AA6061 based composites reinforced with different amounts (up to 12 wt.%) of fly ash
particles (1-2 um) were fabricated by compocasting [28]. There was no chemical reaction
between fly ash particles and Al melt, and the fly ash reinforced composites showed
improved hardness and strength by 120% and 50% (Table 13) respectively.

Table 13. Properties of fly ash reinforced AA6061 composites [28].

Fly Ash Content Hardness Ultimate Strength Elongation
(wt.%) (VHN) (MPa) (%)
0 50 150 13.8
4 80 170 115
8 95 210 7.2
12 118 240 5

Cenosphere particles of broad size distribution from fly ash were used by Luong et al. [29]
to develop A4032 based composites by stir casting. Compressive properties at varying
strain rates showed that deformation of composite at high strain rates resulted in damage to
the cenosphere particles, which contributed to the additional energy absorption capability
and hence strain rate sensitivity for the yield strength. The composite had higher yield
strength and elastic energy absorption capabilities than the unreinforced alloy [30].

High volume fraction of up to 65 vol.% fly ash ZrO, coated cenosphere particles
of different size were reinforced in A356 alloy using pressure infiltration of Al-melt by
nitrogen gas [31]. Compression yield strength (Table 14) decreased with the increase in
cenosphere content due to the poor strength of cenosphere particles. Composites with
bigger particles contributed to higher yield strength and the variation in strength is due to
the void content between the particles that affects the infiltration efficiency.

Table 14. Effect of fly ash particle size on the yield strength and Young’s Modulus of A356 composites [31].

Fly Ash Particle Size 0.2% Yield Strength Young’'s Modulus
(um) (MPa) (MPa)
75-106 9 1274
106-150 17 2562
150-250 34 3111
150-250 25 3119
150-250 30 3548
150-250 49 3768
150-250 64 3826
150-250 73 4125
150-250 75 4355

Juang et al. [32] also studied the properties of the effect of multi-process on Al matrix
composites reinforced with cenosphere particles, wherein stir cast composites were further
friction stir processed. The friction stir process, induced a particle size reduction from a
size range of 53-106 pm to <10 um and facilitated uniform distribution of the particles
in Al-matrix. Increase in % elongation of the resulting composite is a major advantage of
multi-processing (Table 15).

Al2024 alloy-based hybrid composites with combined addition of SiC and fly ash
particles were developed by stir casting [33]. Hybrid reinforcement addition improved
tensile strength and hardness, but reduced elongation due to poor wettability (Table 16).
However, in cast A535 alloy composites reinforced with a mixture of SiC and fly ash
particles, a reduction in tensile and impact strengths occurred when the amount of fly ash
particles (1-100 pm) was increased (Table 17) [34]. The reduced solid solution strengthening
effect by the alloying element Mg, and the reduction in wettability of the reinforcement
due to low Mg content caused the strength reduction [35].
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Table 15. Effect of fly ash cenosphere content and friction stir processing on the properties of Al
composites [32].

Yield Strength Tensile Strength Elongation
ial .
Material Condition (MPa) (MPa) %)
ADC6 2154+4.2 241 £3.2 295 +0.2
ADCS6 + 5% fly ash, as cast 150 + 1.2 143 +5.8 1.19+0.3
ADCS6 + 5% fly ash,
MP-FSP * in perpendicular 171 £ 4.5 226 +1.7 3.12 + 1.3
ADC6 + 5% fly ash, 155 £ 9.2 227 £ 26 7.18 £ 0.9

MP-ESP * in parallel
* MP-FSP: multi-processing friction stir processing.

Table 16. Properties of SiC and FA reinforced Al-1.5Mg alloy composites [33].

Material Density Hardness  Tensile Strength Yield Strength Elongation
(g/cm®) (BHN) (MPa) (MPa) (%)
Al-1.5Mg 2.6 79.9 236 220 194
Al-1.5Mg-55iC 247 85.3 248 236 19
Al-1.5Mg-10SiC 2.31 87.2 265 257 18.2
Al-1.5Mg-5FA 2.44 80.6 245 233 16.3
Al-1.5Mg-10FA 2.27 83.8 263 252 15.8
Al-1.5Mg-5SiC-5FA 2.2 276 262 14.4
Al-1.5Mg-55iC-10FA 2.13 278 269 13.8
Al-1.5Mg-10SiC-5FA 2.12 285 275 12.8
Al-1.5Mg-10SiC-10FA 2.06 293 287 11.9

Table 17. Properties of SiC and FA reinforced A535 alloy composites in as-cast (AC) and heat treated
(HT) conditions [34].

Tensile .
Hardness Strength Elongation Impact Energy
Material (VHN) (MPa) (%) (1)
AC HT AC HT AC HT AC HT
A535 170 175 240 220 9.8 9.8 13.5 -
A535-5FA-565iC 140 150 130 130 4.0 3.8 4.0 -
A535-10FA 120 130 80 80 3.0 3.0 2.2 -
A535-15FA 105 110 40 70 2.4 2.4 - -

Tribological behavior of (10 um) fly ash particle reinforced Al12.2Si alloy-based com-
posites fabricated by stir casting method showed reduced coefficient of friction and wear
rates due to reinforcement particles [36]. Abrasion and oxidation wear were identified as
major wear mechanisms. Wear by delamination observed for lower reinforcement content
changed to thermal softening and adhesion at higher sliding velocity. Higher fly ash content
(i) reduced delamination and adhesive wear and (ii) reduced corrosion resistance.

The dry sliding wear behavior of stir cast AlSi10Mg alloy-based composites reinforced
with graphite and fly ash particles (53-75 pm) were studied using different loads and
constant sliding speed (2 m/s) and distance (2400 m) [37]. Addition of graphite particles
reduced the coefficient of friction and wear rate, which reduced further with fly ash addition.
Abrasive wear and delamination were dominant wear mechanisms at lower loads, while
adhesive wear was observed at larger loads.

Microstructure and corrosion behavior of fly ash (<250 pm) reinforced AK12 compos-
ites fabricated by gravity and squeeze casting method showed (i) uniform distribution
of fly ash particles, (ii) good interfacial bonding (iii) minimum porosity, (iv) interfacial
reaction products and (v) increased pitting corrosion due to the presence of nobler phases
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in fly ash particles [38]. Similar results were reported by Rao et al. [39] in fly ash reinforced
AA2024 composites. The increased pitting corrosion was due to the discontinuous passive
oxide layer on the surface of composites, over the fly ash particles and intermetallics.

4.2. Fly Ash Reinforced Mg Matrix Composites

Syntactic composite foams based on magnesium matrix and hollow fly ash cenosphere
particles (~50 um) were synthesized using powder metallurgy technique involving hybrid
microwave sintering, with varying cenosphere volume fraction [40]. While a maximum
reduction in density by 18% was reported for the composite with 15% cenosphere, mi-
crostructure showed distribution of fine MgO, Mg,Si intermetallics together with intact and
few broken cenosphere with good interfacial integrity. Specific tensile strength was retained
with a marginal reduction in ductility (Table 18). Cenosphere reinforced Mg composites
fabricated by DMD technique also showed similar characteristics [41].

Table 18. Properties of cenosphere reinforced Mg composites processed by DMD and PM methods [40,41].

Tensile Properties Compressive Properties

. Density  Microhardness Yield Tensile Failure Yield Tensile Failure
Material Strength Strength Strain Strength Strength Strain
(g/cm®) (VHN) (MPa) (MPa) (%) (MPa) (MPa) (%)

Processed by hybrid microwave sintering assisted powder metallurgy (PM) method

Mg 1.74 47 £ 2 115£5 170 £ 8 65+1.1 70 £ 4 180 £9 16 £1
Mg-5Ceno 1.64 98 + 2 180 £7 230 £ 10 51£09 100 £9 3307 22+15
Mg-10Ceno 1.49 110+ 6 150 =8 215+ 9 3.1+1.0 130 =12 350+ 6 225£2
Mg-15Ceno 1.42 112 +7 130 £7 180 £ 8 1.5+09 150 + 4 370 £ 6 23+2
Processed by disintegrated melt deposition (DMD) method

Mg 1.74 49 +4 96 + 8 148 £ 10 59+13 52+ 8 245 + 8 16.8 £0.9
Mg-5Ceno 1.59 61 +3 107 £7 158 £ 11 44+0.6 64 +3 218 + 4 18.8 £ 04
Mg-10Ceno 1.47 66 =1 95+9 148 £13 47 £ 05 61 6 226 =11 212 £12
Mg-15Ceno 1.42 54 +2 88 =12 137 £17 41+02 46 =7 221+7 18.7 £ 04

Corrosion behavior of powder metallurgy processed AZ61 alloy based composites
reinforced with fly ash microspheres (100-250 pm) was tested in 3 wt.% sodium chloride
solution and the results revealed better corrosion resistance in composites (Table 19) due
to minimal galvanic interaction and reduced surface area of the material exposed to the
corrosion medium [42].

Up to 10 wt.% fly ash cenosphere particles (~148 um) were used to produce degradable
AZ91 based Mg alloy composites by stir casting [43]. Grain refinement occurred due to
the presence of 3-Mgi7Alj>, MgySi and MgO phases together with fly ash cenosphere
particles. Compressive strength increased up to 375 MPa due to grain refinement and
presence of MgySi phases. Corrosion behavior in 3 wt.% potassium chloride solution at
80 °C showed the highest corrosion rate value of 5 g/h for 10% cenosphere composite. The
increased corrosion rate of the composites by more than 3 times when compared to the
unreinforced alloy was attributed to the micro-galvanic corrosion effects due to cenosphere
and Mg,Si phases.

Nickel coating on fly ash cenospheres (63-125 um) and the processibility of AZ91/
cenosphere composites produced by negative pressure infiltration showed Al3Nip and
Mg, Ni intermetallic phases at particle matrix interface [44]. The effect of heat treatment of
nickel coated cenospheres powder prior to the infiltration process indicated the formation
of fine NiO layer outside the coated powder surface. This layer remained stable during
processing and prevented the reaction between cenosphere walls and the matrix alloy and
contributed to intact cenospheres (Figure 3).
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Table 19. Density and corrosion properties of AZ61 alloy based composites reinforced with fly ash
microspheres [42].

Density Ecorr icorr Corrosion Rate
Sample
(g/cm?) (mV) (uA/cm?) (mm/year)
AZ61 1.58 +0.03 —1462.04 2.86 0.071
AZ61/20% FA 1.21 £0.01 —1478.82 2.79 0.090
AZ61/30% FA 1.30 £ 0.03 —1412.60 1.83 0.055
AZ61/40% FA 1.26 + 0.04 —1171.76 0.48 0.015
Processing Microstructure Properties
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Figure 3. Overview of (a) processing, (b,c) microstructural configuration (highlighting different
interfacial reaction products) and (d,e) interfacial properties (composition distribution) of Ni coated
cenosphere reinforced AZ91 alloy composites (From open access article [44]).

5. Rice Husk Ash Reinforced Metal Matrix Composites

Rice husk ash is an agricultural waste by-product which contains about 90-98 silica
after combustion. Singh and Singh [45] reported the chemical composition of rice husk ash
before and after treatment as shown in Table 20. Hard ceramic phases like Al,O3, CaO,
Fe; O3, K;0O, MgO and NayO were present in addition to SiO; in both treated and untreated
conditions. Therefore, the potential of rice husk ash as eco-friendly reinforcement was
explored by different researchers.

Table 20. Chemical composition of rice husk ash [45].

Compounds Al,O3 CaO Fe, O3 K,O MgO Na,O SiO,
Before treatment 4.1 0.34 0.64 2.15 0.64 0.15 91.6
After treatment 3.06 0.56 0.15 2.67 0.73 0.36 91.6

AlSi10Mg based composites reinforced with rice husk ash particles (50-150 um) were
produced by melt processing method [46]. The composites showed higher strength due to
uniform distribution of reinforcement. Stir cast AlSi10Mg alloy-based composites reinforced
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with rice husk particles were subjected to artificial aging at different temperatures between
135 and 225 °C and tested for hardness and wear [47]. At peak aging condition (175 °C), the
formation of coherent precipitates improved the hardness of alloy and composite by 26.71%
and 53.12% respectively (Figure 4). Although the wear rates of both alloy and composite
increased with increasing load in both as cast and heat-treated conditions, the composites
exhibited less material loss compared to the alloy due to the load bearing capabilities of
rice husk ash particle reinforcement (Figure 4). Similarly, the material loss in heat treated
condition was significantly less when compared to the as-cast state due to the fragmentation
of plate shaped eutectic Si in as-cast condition to spherical particles upon heat treatment
(Figure 4).
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Figure 4. Properties of rice husk ash reinforced Al composites (From Mishra et al. [47] © Elsevier,
Rights obtained).
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Studies on the corrosion and tribological properties of rice husk ash and Al,Oj rein-
forced Al-Mg-Si alloy matrix composite produced by stir casting showed a drop in corrosion
resistance upon the addition of irregular shaped rice husk ash particles [48]. The increase
in corrosion rate was proportional to the amount of rice husk ash addition was due to
increase in matrix/reinforcement interfacial area resulting in aggravated galvanic corrosion
increase. Wear rate increased with increasing amounts of rice husk ash reinforcement,
wherein wear mechanism changed from abrasion wear to a combination of both adhesive
and abrasive wear.

Compo-cast AA6061 alloy based composites reinforced with rice husk ash particles
showed that due to (i) uniform distribution (ii) good interfacial bonding and (iii) absence
of interfacial reaction products, the addition of up to 8% rice husk ash particles (2-3 pm)
improved the strength and hardness [49]. In another study, the use of Mg (1%) as a wetting
agent ensured good interfacial bonding between the rice husk ash particle (105-420 pm) re-
inforcement and Al-matrix, along with uniform distribution, resulting in increased hardness
and strength of the composite (Table 21) [50].

Table 21. Properties of rice husk ash (RHA) reinforced pure Al and AA6061 alloy based
composites [50].

Density Hardness Yield Strength Ultimate Strength
Material
(g/cm) (BHN) (MPa) (MPa)

Al 2.66 22.54 47.5 91
Al-3RHA 2.52 24.68 52 96
Al-6RHA 2.50 29.77 58 113
Al-9RHA 2.47 33.6 61 115

The properties of stir cast AI-Mg-Si matrix composites reinforced with (2 to 6 wt.%)
rice husk ash particles and 10 wt. % Al;,O3 (28 pm) hybrid reinforcement showed a slight
decrease in hardness and strength compared to the composite reinforced with only Al,O3
particles due to the relatively lower hardness of silica present in the rice husk ash [51]. The
strength properties of stir cast Al composites reinforced with rice husk ash (25 um) and SiC
(35 um) particles showed an increase in strength properties, with a reduction in ductility
(Table 22) [52]. Deshmukh and Pathak [53] explored the utilization of amorphous SiO;
particles (size 32-56 nm) extracted from rice husk ash as a reinforcement in AI-MMC. The
composites containing up to 10% nano-SiO; from rice husk ask (varying particle size) were
produced by stir casting method and the amount of wetting agent (Mg) was varied from
0.5-5%. The addition of 2.5 wt% Mg improved the wettability of SiO; and increased the
hardness value due to the formation of hard spinal phases and solid solution. Compared to
metallurgical grade, the nano length scale SiO, derived from rice husk had more surface
area and reactivity which resulted in increased porosity. The composite with 2.5% Mg
showed the lowest wear rate.

Table 22. Properties of RHA and SiC reinforced A356 alloy composites [52].

Sample Hardness Yield Strength ~ Ultimate Strength Elongation
(BHN) (MPa) (MPa) (%)
A356.2 alloy 68 168 263 7.35
A356.2/2%RHA /2%SiC 74 182 296 6.25
A356.2/4%RHA /4%SiC 83 196 310 5.6
A356.2/6%RHA /6%SiC 96 230 333 5.15

A356.2/8%RHA /8%SiC 104 258 356 49
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6. Coconut Shell/Bamboo Leaf/Sugarcane Ash Reinforced Metal Matrix Composites

Chemical composition of coconut shell ash is predominantly composed of silicon
oxide (5i0;) followed by Al,O3, MgO and Fe;O3 as shown in Table 23. The presence of
hard phases combined with its low-density of 2.05 g/cc and excellent thermal stability up
to 1500 °C makes coconut shell ash an excellent choice for reinforcement in MMC [54].

Table 23. Chemical composition of coconut shell ash [54].

Element Al,O; CaO Fe, O3 K,O0 MgO Na,O SiO, MnO ZnO
% 15.6 0.57 124 0.52 16.2 0.45 45.05 0.22 0.3

Stir cast Al based hybrid composites reinforced with varying amounts of coconut
shell ash (50-60 pm) and SiC (40-60 pm) particles showed density reduction with 10 wt.%
coconut shell ash and 5 wt.% SiC reinforcements and increase in hardness and tensile
strength [55]. However, the impact energy and toughness reduced. Al 1000 alloy-based
composite reinforced with coconut shell ash (60 um) particles produced by compo-casting
showed that 15 wt.% coconut shell ash reinforcement reduced the average density and
improved the hardness and strength (Table 24), due to the presence of hard SiO, and MgO
phases [56].

Table 24. Properties of Al based hybrid composites reinforced with coconut shell ash (CSA) and SiC
particles [55].

Density Hardness Ultimate Strength Impact Energy
Material
ateria (g/em®) (VHN) (MPa) i)

Al 2.8 37 60 13
Al-3CSA-55iC 24 40 120 11.5
Al-5CSA-55iC 2.2 43 122 9.5
Al-10CSA-55iC 1.8 45 125 8

Ash produced during the incineration of bamboo leaf was also used as a reinforcing
phase in Al based metal matrix composites. Alaneme et al. [57-59] reported the composition
of bamboo leaf ash as SiO; (76.4 wt%), Al,O3 (5.04 wt%), MgO (2.05 wt%), K,O (5.76 wt%),
CaO (6.68 wt%) and Fe,Os. In these studies, bamboo leaf ash (<50 um) particles was used
together with either Al;O3 (28 um) or SiC (30 um) particles to prepare hybrid composites
by two-step stir casting. While superior fracture toughness was obtained for all the hybrid
composite formulations, the increasing bamboo leaf ash content caused an insignificant
drop in hardness and tensile strength [57,58]. Under tribological test conditions, the hybrid
composites showed wear rates comparable to those reinforced with only SiC or Al,O3
particles. Corrosion performance of bamboo leaf ash reinforced hybrid composites in 3.5%
NaCl showed better corrosion resistance, while the composite reinforced with only SiC
particles had superior corrosion resistance in 0.3 M H,SO4. Localized corrosion due to
Mg, Si precipitates was also observed in hybrid composites [59].

Studies on stir cast Al-4.5Cu alloy based MMCs with 2-6% bamboo leaf ash (<75 um)
particles showed an increase in tensile strength and hardness up to 4% reinforcement addi-
tion (Table 25), while the density decreased consistently with the amount of bamboo leaf
ash content [60]. The improved mechanical properties were attributed to the homogeneous
intragranular distribution of reinforcement with a well bonded clear interface.
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Table 25. Properties of bamboo leaf ash (BLA) reinforced Al-4.5Cu alloy based composites [60].

Density Yield Strength ~ Ultimate Strength Elongation
Material
atena (g/em®) (MPa) (MPa) (%)
Al-4.5Cu 2.75 119 151 3.46
Al-4.5Cu-2BLA 271 127 162 3.06
Al-4.5Cu-4BLA 2.66 133 177 2.8
Al-4.5Cu-6BLA 2.62 131 170 2.6

The wear behavior of bagasse ash reinforced Al-Cu-Mg composites produced by stir
casting were studied [61]. Bagasse refers to the fibrous residue of sugarcane after the
crushing and extraction of its juice. It is mainly composed of cellulose, hemicellulose, lignin,
ash, and wax which makes it an exceptional raw material for composite fabrications. Tests
conducted at loads from 5 to 20 N and sliding speeds 1.26 to 5.02 m/s showed an increase
in wear rate with increasing load and sliding speed. At all conditions, the bagasse ash
reinforced composite exhibited better wear resistance compared to the unreinforced alloy.
Al-Cu-Mg alloy reinforced with 1-4 wt.% bean pod ash nanoparticles with size ~55 nm,
synthesized by double layer feeding and stir casting showed that the nanocomposites
had high hardness and tensile strength due to effective interfacial bonding between the
nanoparticles and matrix [62].

7. MMCs Reinforced with Other Agricultural Wastes

Atuanya et al. [63] investigated the properties of seed hull ash obtained from breadfruit
which is an agricultural waste produced in abundance. In this study, the density of
breadfruit seed hull ash (~500 nm) was reported as 1.98 g/cc i.e., which is markedly low
compared to most synthetic ceramic reinforcement. The results of XRF analysis revealed
MgO, 5i0;, Al,O3, Cr,O3 and Fe,O3 as the dominant constituents of breadfruit seed hull
ash which is similar to other green reinforcements like fly ash and rice husk (Table 26).
It was also found to be thermally stable up to 900 °C. Based on these findings, varying
amounts as a low-cost reinforcement to fabricate Al-Si-Fe based composites were fabricated
by stir casting. With increasing amount of reinforcement, the composites showed grain
refinement and strength enhancement.

Table 26. XRF analysis of breadfruit hull ash (from Atuanya et al. [63]).

Element A1203 Fe203 SiOZ Cl‘203 MgO Kzo NaZO MnO ZnO
% 35.80 30.34 15.45 5.06 1.20 0.52 0.45 0.22 0.05

Studies on tribological properties of spark plasma sintered cow horn particle reinforced
A356 alloy-based composite showed increased sliding wear resistance with the increasing
amount of cow horn particles (150 um) [64]. The reinforcement content was a major
contributing factor (69.56%), affecting the wear resistance of composite, followed by sliding
distance (13.62%), speed (10.15%) and applied load (6.48%. The optimum values were:
20 wt.% (reinforcement content), 10 N (applied load), 3 m/s (sliding velocity) and 2000 m
(sliding distance).

Al-Mg-5i based hybrid composites reinforced with different amounts of SiC (~28 pm)
and groundnut shell ash (<50 um) particles by stir casting technique tested for mechanical
properties and corrosion showed increased tensile and specific strength with the amount
of groundnut shell ash content, and the ductility was largely unaffected [65]. The higher
strength was due to the increasing amount of oxide ceramic phases in the groundnut shell
ash. The composites containing 6-10 % groundnut shell ash and SiC in varying amounts
were corrosion resistant in 3.5% NaCl solution but were susceptible to corrosion in 0.3 M
H,S0, solution.
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Dried aloe vera powder with a wide range of particle size (0.1-100 pm) was also used
as a reinforcement in Al alloy composites produced by stir casting [66]. The properties
were also compared to that of composites reinforced with fly ash particles. While the
tensile strength of fly ash reinforced composite was increased by 30% compared to pure
Al, the composite reinforced with aloe vera powder exhibited an increment by 55.62%.
Similarly, the Brinell hardness number of composite reinforced with aloe vera powder
was significantly high (33.8) compared to pure Al (19.0) and fly ash reinforced composite
(28.2) (Table 27). The improvement in mechanical properties were attributed to the good
dispersibility of aloe vera powder in Al matrix. In a similar study, Omole et al. [67]
evaluated the reinforcement capabilities of kernel powder (~150 pm) which was prepared
by the drying and ball-milling of African walnut kernels, wherein the addition of 3-7 wt.%
walnut powder improved the hardness and tensile properties of Al 6063 alloy.

Table 27. Properties of fly ash and aloe vera particle reinforced Al composites [66].

. Yield Ultimate Impact
Density Hardness St th St th St th
Material reng reng reng
(g/cm®) (BHN) (MPa) (MPa) (J/mm?)
Pure Al 2.7 19 10 77 >0.1
Al-FA 2.6 28.2 53.36 104.21 1.78
Al-AV 221 33.8 63 119 1.8

8. Eggshell Reinforced Metal Matrix Composites

Chicken eggshells are waste products that contain more than 95% CaCQOg. Its hard
ceramic content combined with lightweight (density—2.8 g/cc) and wider availability
makes it an economical and eco-friendly bio-filler reinforcement for making metal matrix
composites. The general recovery procedure involves cleaning and drying of outer covering
layer followed by ball-milling and carbonization [68].

Dwivedi et al. [69] compared the reinforcement effects of waste eggshells and synthetic
CaCOs particles (~25 um) in AA2014 matrix composites produced by electromagnetic stir
casting technique. Results clearly highlights that synthetic CaCOj3; cannot be used as a
reinforcement in Al alloy matrix due to the lack of wettability. Carbonized eggshells are
prospective green reinforcement. The eggshell reinforced composites showed improved
hardness and strength while toughness, ductility and corrosion resistance were reduced
although they were found to improve upon heat treatment. The composites showed a
significant reduction in density and a cost reduction by 3.92% and 12.5%, respectively due
to the addition of 12.5 wt.% carbonized eggshells.

Composites based on Al-Cu-Mg alloy containing 2-12 wt.% irregular shaped eggshell
particles of varying particle size were produced by stir casting method [70]. Here, the
retention and uniform distribution of eggshell particles reduced the density by 8% and
improved the tensile strength and hardness by 14% and 25% respectively. However, the
impact energy was decreased by ~25%. The effects of eggshell reinforcement on the
properties of AA2024 based composite developed through in-situ melting route showed
that addition of 7% eggshell powder (~50 um) had the most desirable property benefits in
terms of hardness, tensile and compressive strength which were improved by 90%, 10%
and 76% respectively when compared to unreinforced AA2024 alloy [71].

Investigations on the effects of carbonised eggshells on the microstructure, density,
and corrosion resistance of AA 1050 alloy produced by stir casting method showed that the
addition of 2-8 wt.% eggshell particles (5-44 pm) resulted up to 11% increase in tensile and
compressive strength due to the uniform distribution of reinforcement [72]. The composites
showed lower density with increasing amount of low-density eggshell reinforcement
(Table 28). Further, corrosion resistance improved in composites with 8 wt.% eggshell
reinforcement addition.
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Table 28. Properties of egg shell (ES) particles reinforced Al1050 alloy composites [72].

Egg. Shell  Density Hardness S"lt"ensﬂe Elongation Compressive  Corrosion

Content rength Strength Rate
(Wt%) (g/em®  (VHN) (MPa) (%) (MPa) (x1076 g/h)

0 2.85 25.5 75 19 118 2.86

2 2.56 25.6 84 8.5 121 6.86

4 2.63 26.0 83 9.6 121 6.05

6 2.44 27.6 76 8 80 9.00

8 2.44 28.8 75 7.5 120 2.59

Parande et al. [73] used eggshell particles (250-400 um) in varying amounts (3, 5 and
7 wt %) to develop Mg-2.5Zn based composites using disintegrated melt deposition method.
In this study, the addition of eggshell reinforcement refined the grain size and improved
the strength and damping properties of Mg-2.58Zn alloy without significantly affecting the
density (Table 29). The corrosion performance of Mg-2.25Zn-5ES was benchmarked against
commercial metallic implants and biomedical alloys/composites as its corrosion resistance
is significantly improved due to the formation of bioactive apatite layer. However, the
Mg-2.57Zn-7ES showed susceptibility to micro-galvanic corrosion. When the composites
were processed using blend-press-sinter based hybrid microwave sintering assisted powder
metallurgy technique, the addition of eggshell reinforcement significantly improved the
overall compressive response, damping capacity and the ignition temperature (>750 °C) of
the Mg-2.57Zn alloy.

Table 29. Mechanical properties of egg shell particles reinforced Mg-2.5Zn alloy composite [73].

Density Grain Size Modulus Comp- Yield Comp-

Material Strength Strength
(g/cm®) (um) (GPa) (MPa) (MPa)

Mg-2.5Zn 1.858 £0.003 167 +1.7 46.12 £ 0.5 109 £ 2 465 £+ 10

Mg-2.57n-3ES  1.881 £0.002 102 +2.1 46.89 £ 0.8 113 £ 1.5 440 + 20

Mg-2.57n-5ES  1.895 £ 0.006 79+15 47.65+0.1 116 £ 2.5 494 +17
Mg-2.5Zn-7ES ~ 1.910 + 0.01 69+15 481+12 117 £ 1.6 525 +7

9. Snail Shell Reinforced Metal Matrix Composites

Discarded bio-shell waste also includes snail shell for which applications are rarely
reported. Kolawole et al. [74] explored the feasibility of using calcinated snail shells
as low-cost reinforcement in metal matrix composites. Snail shell is composed of hard
oxide ceramics like CaO, Fe;O3, Al,O3, CrpyO3, Si0,, MnO, and NiO. The significantly
low-density value of snail shell (1.63 g/cc) combined with high thermal stability (up to
670 °C) ensures weight saving potential of snail shell as bio-shell reinforcement to produce
thermally resistant MMCs. By stir casting method, Al-Si alloy-based composites with
different amounts of calcinated snail shell particles (100 um) were prepared [74]. Uniform
distribution of snail shell particles with good wettability and interfacial bonding enhanced
tensile strength and hardness of Al by 50% (Table 30). Fabrication of Al based composite
reinforced with 16-48 wt.% snail shell particles (200-600 um) by stir casting resulted in a
tensile strength of 236 MPa and hardness of 48.3 HRF [75].
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Table 30. Effect of snail shell particle addition on the properties of Al-Si alloy [74].

Snail Shell Hardness Tensile Compressive Strain Impact
Particles Density HV) Strength Strength (%) Strength

(wt.%) (MPa) (MPa) ()]

0 2.76 98 155 460 20 73

15 2.72 102 205 460 33 85

3 2.71 108 206 490 32 85

4.5 2.61 112 210 520 32 87

6 2.61 118 205 545 31 89

7.5 2.60 110 200 540 30 90

10. Processing of Sustainable Metal Matrix Composites

Processing methods applicable for green composites can be grouped into either liquid
or solid-state methods. Stir casting or compo-casting is a liquid state processing method
which is highly effective to incorporate green reinforcement into metallic matrices [5].
Figure 5 shows the schematic of stir casting process in which the reinforcing phases are
mixed into molten matrix metal by means of mechanical or ultrasonic stirring. The com-
posite slurry can be then cast to required shape by conventional casting methods like die
casting. As the distribution of reinforcement can be affected by process parameters like
stirrer geometry, stirring speed and duration, size of the crucible and melt temperature,
the optimisation of the process variables is essential. The use of surface coatings on green
reinforcements to minimize the damage to reinforcement and to promote wettability for
effective interfacial bonding has also been explored.

() Ultrasonic Stirrer

Particle Feeder

T
Stirrer \/

i Thermocouple

Crucible

T e~

Ar

gas Ar

gas
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Figure 5. Schematic of (a) mechanical stir casting and (b) ultrasonic stir casting (from Reference [76]
© Elsevier, Rights obtained).

Melt infiltration is another common method used to incorporate green reinforcement
in metal matrix, wherein a liquid metal alloy is either spontaneously (pressure-less infil-
tration) or force infiltrated into the porous preform of fibers/whiskers reinforcement [76].
Reinforcement volume fraction can be varied up to 70% depending on the porosity require-
ments [5]. Pressure-less infiltration is highly suitable for materials like Al-Si, AI-Mg and
Al-Zn alloys with better flowability. However, the poor wetting of reinforcements delay the
fabrication process and results in undesirable reaction products at the interface. In forced
infiltration, an external pressure or mechanical force is used to promote the infiltration of
molten metal into the porous reinforcement which helps to overcome issues related to poor
wetting and adhesion characteristics. The forced infiltration can be classified as follows:
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Mechanical Infiltration

Gas Pressure Infiltration
Ultrasonic Infiltration
Vacuum Infiltration and
Squeeze Casting Infiltration

In mechanical infiltration, the molten metal is forced into the preform by means of
plunger movement. The major advantages of this method is its low cost and its capability
to produce high precision complex shapes [77]. Gas pressure infiltration on the other
hand involves the application of pressurized inert gas either on the melt surface or by
first pressing the molten bath into the preform and then infiltrating the bath®. Generally,
gas pressure is applied in combination with vacuum at the other end of preform to avoid
air entrapment.

While the ultrasonic infiltration involves acoustic cavitation effects due to ultrasonic
vibrations to infiltrate the molten metal vacuum infiltration makes use of the suction
pressure to infiltrate the molten metal through an evacuated preform.

Squeeze casting infiltration process is also a melt processing method that is capable of
producing net shape MMCs with green reinforcements [77,78]. Here, the molten metal is
first gently forced into the preform and a pressure is applied for densification. The schematic
is shown in Figure 6. This method offers greater control over shapes, chemistry, volume
fraction and distribution of reinforcement. Since prefabricated fiber or particle preforms can
be melt infiltrated and solidified under pressure, this method can be universally applied to
both fiber and particle reinforcements. As the solidification occurs under high pressure, the
squeeze cast composites are normally free from the common casting defects like porosity
and shrinkage cavities. Because of the shorter infiltration time, this method is also suitable
for chemically reactive matrix and reinforcement materials. Based on the mode of pressure
application, the squeeze casting can be classified into direct and indirect squeeze casting.
While direct squeeze casting involves the direct application of pressure onto melt, the melt
is pressed into the preform through a gate system in indirect squeeze casting. Therefore, the
tooling is relatively simple for direct squeeze casting and it requires accurate determination
of the melt volume. On the other hand, the gating system in indirect squeeze casting
restricts the movement of oxide residue.

lower fixed
half mold

ejector pin

Figure 6. Squeeze Casting (from Reference [76] © Elsevier, Rights obtained).

Spray and disintegrated melt deposition methods are also being used to produce
sustainable metal matrix composites reinforced with green reinforcement [79,80]. Figure 7
shows an example of the spray deposition process in which a spray gun is used to atomize
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the molten matrix metal into which the reinforcement particles are injected. The resulting
metal matrix composite (about 97% dense) is then subjected to scalping, consolidation,
and secondary finishing processes to produce wrought composites [77,81]. Here, optimum
particle size and shape are required to ensure the efficient transfer of particle reinforcement.
In case of fiber reinforcements, the molten matrix metal is sprayed onto the fibers with
preferred orientation during which the fiber alignment can be easily controlled and a
relatively faster solidification rates can be achieved.

-\ spray cone

Figure 7. Spray Deposition (from Reference [76] © Elsevier, Rights obtained).

Disintegrated melt deposition (DMD) combines the advantages of stir casting and
spray processing methods (Figure 8). Here, the vortex mixing of reinforcements combined
with the disintegration of molten slurry by inert gas delivers (i) reduced segregation of
reinforcements and (ii) fine grain structure [79].

Solid state powder metallurgy method based on blend-press-sintering was also used
to produce metal matrix composites reinforced with green reinforcement [83]. This method
involves the preparation of a composite powder blend by mixing the matrix alloy powder
with the required amount of green reinforcement as shown in Figure 9. The temperature
for sintering is selected closer to the solidus temperature of the matrix alloy which allows
atomic diffusion and inter-particle bonding. In most cases, the sintering of green pow-
der compact also facilitates microstructural recrystallization for strengthening alongside
densification and removal of residual lubricant. Recent literatures also used domestic
and industrial microwave furnaces for the sintering of metal matrix composites although
microwave processing has been largely limited to ceramic processing in the past. Unlike
conventional heating where the heat is transferred from the surface to the interior by con-
duction, convection, and radiation, microwave heating happens rapidly from the core to the
surface by means of dielectric and magnetic losses resulting from the interaction between
the electric and magnetic fields (Figure 10). Therefore, heating by microwaves exhibit an
inverse temperature distribution and reduces the processing time substantially by more
than 80%. Although powder metallurgy methods are relatively simple for incorporating
up to 50 vol% reinforcement, there are limitations adopting them for complex geometries
requiring high dimensional accuracy [84].
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Figure 9. Powder consolidation (from Reference [76] © Elsevier, Rights obtained).
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Figure 10. Schematic of hybrid microwave sintering set up and the heat transfer principle compared
to conventional heating (from Open access article Penchal et al. [85]).

11. Outlook

Similar to synthetic reinforcements, the mineral and industrial wastes such as red
mud and fly ash are composed of hard ceramic phases. Several studies have demonstrated
their high-value use as sustainable green reinforcement in MMCs, either directly or after
refinement and pre-processing [23,25]. To this list of green reinforcement based on the
recovered waste products, it is also possible to include agricultural and food wastes like
the ash from incineration of crop residue, and the powders of natural shell materials like
the eggshell and snail shell etc that are rich in calcium compounds.

In general, the utilisation of industrial and mineral /bio-waste helps to address the
growing concerns on material sustainability and its impact on environment. As the chem-
ical composition and physical properties of the green reinforcements are comparable to
conventional ceramic reinforcement, their addition will invoke multiple strengthening
mechanisms to improve the mechanical properties of the matrix material. In general,
their addition has improved the mechanical properties of matrix materials. Figure 11
compares the improvement in yield strength of Al based materials due to the addition of
sustainable reinforcements.

While the strengthening capabilities of the green reinforcements can be generally
attributed to the hard ceramic phases, the influence of impurities in red mud and fly ash
on dispersion strengthening was also highlighted [29,66,86-88]. However, there are no
detailed studies carried out so far exploring the contribution of different strengthening
mechanisms in sustainable MMCs reinforced with green reinforcements as the strength
prediction becomes cumbersome due to their complex chemical composition. In contrast,
some recent studies also highlighted the importance of reducing/eliminating the impurities
that are clearly harmful for applications requiring creep and corrosion resistance [88-90].
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Figure 11. Comparison of strength enhancement in Al—based materials due to different types

of reinforcements).

The benefits not only include mechanical property improvement but also helps to-
wards achieving a circular economy with the controlled release of organic and inorganic
chemicals due to the decay and combustion of the waste materials. However, the wider
adoption of sustainable reinforcement requires further detailed and systematic studies
exploring the structure-property relationships, economic assessment, and life cycle analysis.
The cost benefit analysis must also include aspects such as the widespread availability,
sustainable supply, and process scalability.

In addition, the energy, and cost involved in the preparation of green reinforcements
and their properties must also be compared with the traditional and other advanced
reinforcements. For example, the conversion of fly ash particles into cenosphere and hollow
micro-balloons require several steps such as pulverisation, drying, vacuum separation, and
sieving. Similarly, red mud recovery also involves several energy consuming processes for
separation, chemical refinement, and screening. Therefore, in life cycle analysis inclusion
of each of these steps to understand the actual benefits to environment is essential.

For wider applications, the functional aspects of sustainable MMCs accompanied with
a multi-disciplinary approach with design engineers, material scientists, chemists, and
innovators need to be explored. For example, the lightweight laptop frame made of bamboo
is functionally competent and become so popular as an eco-friendly choice [91]. Similar
applications are also possible using sustainable MMCs containing green reinforcements.

12. Summary

Green reinforcements based on industrial and agricultural waste materials are being
used to develop sustainable metal matrix composites. In general, the choice of green rein-
forcements is based on: (i) naturally available mineral ore like volcanic rocks, (ii) renewable
wastes and by-products from mining and processing industries such as fly ash, red mud,
etc., (iii) ash from burning of agricultural waste products like rice husk, sugarcane bagasse,
etc., and (iv) the discarded shell materials like eggshells, snail shells etc. Majority of these
green reinforcements are composed of significant amounts of ceramic phases like Al,O3,
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SiOy, and FepO3, and therefore exhibit density lesser or closer to synthetic reinforcements,
which are derived from petroleum resources. Currently, these different industrial, agri-
cultural and biowastes materials on their own have not been properly utilized as there
exists no real-time applications, except for the utilisation of fly ash in construction and
land filling. Further, their proper use requires extensive knowledge generation on these
materials. This review article clearly highlights that these materials as green reinforcements
present exciting futuristic research opportunities for the development of sustainable metal
matrix composites for specific industrial applications.
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