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ABSTRACT 

The demand for light-weight materials is increasing in the automobile industry due to 

the increasing cost of fuel. In particular, there is a huge demand for high-strength and 

wear-resistant materials for engine cylinder applications. Al-Si-Mg series alloys such 

as A357 alloy would be an ideal choice for such applications owing to their low density, 

excellent castability, high strength and wear resistance.  

Enhancing the strength of any material can be achieved by work hardening, heat 

treatment, or reinforcing with a hard phase. The present work focused on development 

of A357 composites wherein the A357 alloy was reinforced with dual-size SiC 

particles. In the current work, two different sizes of SiC particles (coarse (140 ± 10μm)) 

and (fine (30 ± 5 μm)) were used to reinforce A357 alloy. Stir casting was used to 

develop A357 composites, with different weight ratios of the two sizes of SiC powders, 

keeping the total weight fraction at 6%. Three composites were cast in finger moulds; 

DPS1 (coarse: fine;1:1), DPS2 (coarse: fine;2:1), and DPS3 (coarse: fine; 1:2). The cast 

A357 alloy as well as the composites were subjected to heat treatment as per T6 temper 

conditions. The effect of varying solution temperature (500ºC to 540ºC in steps of 20°C 

for 9h and keeping aging temperature constant at 150 ºC for 6 h) and aging temperature 

(160°C to 200°C in steps of 20°C for 6h and keeping solution temperature constant at 

540 ºC for 9h) were studied for both A357 alloy and the developed composites.  Both 

A357 alloy and dual-size SiC reinforced composites were subjected to microstructural 

analysis using optical, scanning, and transmission electron microscopy techniques. 

Hardness and tensile testing were carried on the A357 alloy and its DPS composites 

before and after heat treatment. Tribological properties namely wear rate was assessed 

by conducting dry-sliding wear test using a pin-on-disc machine. In the wear test, the 

effect of varying load on wear rate was studied by keeping sliding velocity and sliding 

distance constant. Worn surface analysis was carried out using SEM to study the wear 

mechanisms operating in both untreated and heat-treated alloy and composites.  

Mechanical testing results showed improved hardness, yield, and tensile strength values 

for DPS composites when compared with that of A357 alloy. The strengthening of 

A357 composites is based on the addition of hard phase like SiC particles to the A357 



 

 

alloy. The strengthening mechanisms that contributed to improvement in properties 

were effective load transfer, precipitation hardening and dislocation strengthening due 

to thermal mismatch. Precipitation hardening occurs for the A357 alloy and its 

composites because of T6 heat treatment. Formation of βʺ phase and Mg2Si precipitates 

were primarily responsible for strengthening after heat treatment. Wear rate of 

composites was found to be less than that of A357 alloy. Prohibition of direct contact 

between the two mating surfaces by presence of dual-size SiC particles was one of the 

primary reasons for low wear rate in composites.  

The key conclusions from this work include: Among the three developed 

composites, hardness, and wear resistance of  DPS2 composite before and after heat 

treatment was found to be significantly higher than the other two composites (DPS1 

and DPS3). Also, the tensile and yield strength values of  DPS3 composite before and 

after heat treatment was found to be significantly higher when compared to the other 

two composites (DPS1 and DPS2). Lastly, the ratio of coarse particles to fine particles 

has an effect on the mechanical and tribological properties. Presence of more fine 

particles was found to be good for strength and ductility whereas more coarse particles 

were found to be good for hardness and wear resistance. 

Keywords: Stir Casting; Dual Particle Size (DPS) composites; Microstructure; 

Mechanical properties; Wear; T6 Heat Treatment; Solutionizing temperature; Aging 

temperature 
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CHAPTER 1 

1. INTRODUCTION 

This chapter provides a brief background on composite materials, their constituents, 

and their classification. Since the present research is focused on metal-matrix 

composites (MMC’s), especially Aluminum-based MMC’s they are discussed in 

detail. Next, the different matrix materials and particulates used in Al-based MMC’s 

are discussed. The processing techniques for Al-based MMC’s are also documented.             

A brief overview of dual particle size composites, heat treatment of Al alloys, and 

temper designations used in heat treatment are also herewith included. Finally, the 

factors influencing the mechanical and wear properties of Al-based MMC’s are 

discussed.  

1.1 Composite materials  

Composite materials are engineering materials made by a mixture of different 

constituents that are distinct from each other and offer several properties which are 

unattainable by its individual constituents (Vencl et al. 2004; Chawla et al. 2006).In 

composite materials, the continuous phase is known as the matrix phase while the 

reinforcing phase is generally discontinuous and can have different forms based upon 

its aspect ratio. Based on the inputs of a design engineer the composite material can 

be tailored to fit the requirements by opting for appropriate materials (Surappa et al. 

2003). 

1.2 Classification of composite materials  

Composite materials can be classified based on the matrix and reinforcement 

materials. Based on the morphology of the reinforcements, the composites can be 

classified as fiber, particulate, whisker, or flake. Based on the type of matrix, 

composite materials are classified metal-matrix composites (MMC’s), ceramic matrix 

composites (CMC’s) and polymer matrix composites (PMC’s) (Hull and Clyne, 1996; 
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Matthews and Ralwlings, 1994; Mohamed et al. 2018; Thostenson et al. 2001). Broad 

classification of composite materials is shown in Figure. 1.1. 

 

 

Figure 1.1: Flowchart showing the  broad classification of composite materials. 

 

1.2.1 Classification of composites based on matrix material  

 

Based on the matrix material used, composite materials are classified as follows: 

 

Metal matrix composites (MMC’s)  

 

Metal matrix composites consist of two main components. The first is metal/alloy 

matrix which is the continuous phase and second is the reinforcement which is 

discontinuous phase and can have different morphology. Commonly used metals and 

alloys are aluminium, nickel, copper, steel, titanium, and magnesium for numerous 

applications spanning from electrical wire to automobile parts. With respect to  
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PMC’s, MMC’s offer, high specific strength, high wear resistance, ability to deform 

plastically, better joining characteristics and enhancement of strength by various 

methods. 

Ceramic matrix composites (CMC’s)  

 

Non-metallic solids having strong ionic bonding are generally known as ceramics and 

are crystalline in nature. Ceramics possess high temperature operating capability, high 

chemical inertness, high compressive strength, and high hardness. However, due to 

their poor fracture toughness they are not suitable for structural applications. In order 

to improve their fracture toughness,  ceramics are reinforced with fibers (Al2O3, ZrO2, 

BN, Si3N4), whiskers (Glass, TiB2, SiC, Si3N4) and particulates (Al2O3, TiC, SiC). 

Ceramic matrix composites are used for making cutting tool inserts, aircraft engines, 

brake disks, turbine blades, exhaust ducts, heat exchanger tubes and bearings. 

 

Polymer matrix composites (PMC’s)  

 

Here an organic polymer  matrix is reinforced by different types of continuous or 

short fibers or sometimes even nanoparticles. Two different categories of polymer 

matrix composites namely reinforced plastics and advanced polymer composites have 

been developed. These two polymer composites are distinguished on the basis of the 

achieved strength and stiffness .Polymers themselves are classified as thermoplastics 

(PEEK, polyetherimide and liquid crystal) and thermosets (polyamides, epoxy, and 

polyester). On the other hand, reinforcements like continuous fibers (Aramid, glass, 

and carbon) and nanoparticles (TiO2, Al2O3 and CaSiO3) are used to reinforce 

polymers. Common examples include non-structural parts such as exterior panels, 

structural parts such as leaf spring for vehicles, moulded propeller assemblies in naval 

industry, lampposts, helicopter rotor blades, golf club shafts and highway culverts for 

construction applications. 

  

1.2.2 Classification of composite materials based on  reinforcement material.  

Reinforcements are the materials used to strengthen the matrix phase by various 

strengthening mechanisms. These are used to reinforce the matrix because of its 
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advantages, such as low density, thermal stability, high stiffness, high hardness, and 

high strength (Miyajima et al. 2003). Generally, reinforcements are classified as 

continuous fibers, whiskers, or particulates based upon their aspect ratio and 

morphology. Based on the application, the reinforcements having similar property 

profile are chosen to make a part/component. Fibers are quite popular owing to their 

high strength, high aspect ratio, and a high degree of flexibility. Various fibers such as 

glass fibers (E/C/S glass), boron fibers, Aramid fibers, carbon fibers, SiC fibers and α-

alumina fibers are used as reinforcements (Chou et al. 1985). Monofilament fibers 

have high elastic modulus while carbide fibers possess both high specific modulus and 

strength. SiO2 and SiC based multifilament fibers possess very high specific strength 

when compared to that of specific modulus. On the other hand, whiskers are 

monocrystalline which means they have no grain boundaries due to which they 

possess very high strength, high stability and are not degradable. However, their main 

drawback is the lack in uniform dimensions. Another major drawback of whiskers is 

poor bonding with the matrix materials; for example, Al2O3 whiskers have difficulties 

in bonding with metal matrix. Among all available whiskers,  silicon carbide and 

silicon nitride whiskers are quite popular for reinforcing metal matrices. However, one 

should note that whiskers are known to be health hazardous causing serious problems. 

Since MMC’s with particulate reinforcements cost much less than MMC’s with 

continuous fiber reinforcements, the particulate composites are more popular. From 

the processing point of view the particulates can be blended more efficiently with the 

metal matrices when compared with that of whiskers or fibers. Ceramic based 

particulate materials are quite popular owing to their low density, high strength, 

thermal stability, and good mechanical compatibility (Kainer et al. 2006;Kaw et al. 

2006). 

 

1.2.2.1 Classification of MMC’s based on reinforcements 

Continuous fiber MMC’s 

 

Here the reinforcing phase is continuous fiber whose aspect ratio is more than 1000 

and whose diameter can vary from 3 to 150 µm. Example of continuous fiber MMC’s 
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are Al-SiC, Al-B, Ti-6Al-4V-SiC, Al-Li-Al2O3, Mg-Al2O3 and Mg-C composites 

(Christensen, 2005). 

 

Short fiber or whisker MMC’s 

 

Here the reinforcing phase is a short fiber or a whisker whose aspect ratio is usually 

over 10 and whose diameter can be in the range of 0.01 to 1 µm. Examples of short 

fiber/whisker MMC’s are AlSi12CuMgNi/Al2O3 short fibers, AlSi12CuMgNi/SiC 

whisker and Al/SiC whisker composites (Christensen, 2005). 

 

Particulate MMC’s 

 

Here the reinforcing phase is a particle whose aspect ratio lies in the range of 1 to 4 

with size varying from nanometre to micrometre. Common examples of particulate 

MMC’s are Mg/SiC, Pb/Al2O3, AlMgSiCu/Al2O3, Al-4Cu-2Mg/SiC and Al-12Si-

Mg/SiC composites (Hutching, 1987; Husking et al. 1982; Debdas et al. 2005). 

 

Table 1.1: Classification of reinforcements (Christensen, 2005; Kainer 2006) 

 

Reinforcement type Aspect ratio Examples of reinforcements 

Continuous fibers > 1000 Carbon, Glass, Boron, SiC, Kevlar, 

Steel, Wood fibers, Carbon nanotubes, 

Al2O3, Si3N4, NbTi 

Whiskers/flakes > 10 Mica, Graphite, BN, SiC, Al2O3, TiB2, 

Al2O3+SiO2 

Particulates 1 - 4 SiC, WC, TiC, B4C, TiO2, Al2O3, 

Flash   

  

 

1.3 Classification based on various metals/alloys available as matrix materials 

 

There are various types of metals or alloys available which can be used as matrix 

materials for making MMC’s and this depends upon the applications. A brief 
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discussion on different matrix materials used to develop MMC’s is provided below, 

(Kaw et al. 2006; Surappa et al. 2003; Czerwinski et al. 2008). 

Aluminium and its alloys  

 

Aluminium and its alloys are widely used because of their low density (≈2.7 g/cm3) 

and reasonable mechanical properties such as good strength and corrosion resistance. 

The alloys series like Al2xxx, A16xxx and Al7xxx hold special significance when 

subjected to heat treatment. After heat treatment these alloys exhibit good strength 

and toughness which make them probable candidate materials for automotive and 

aircraft industries.   

 

Copper and its alloys 

 

Copper has a density of 8.9 g/cm3. This high density rules out its application in 

automotive or aircraft industries as structural members. But what are more important 

is its physical properties such as electrical and thermal conductivity. Due to its high 

ductility, Cu can be easily cast and worked using secondary processing techniques. In 

its pure state, it is used for thermal management and electrical applications like heat 

sinks, power cables, bus bars and other electrical components. 

 

Magnesium and its alloys  

 

This is one of the lightest metals whose density (1.8 g/cm3) is less than that of 

aluminium. It possesses high specific strength, good damping properties and good 

electrical conductivity. Further, it can be cast or formed easily due to which it is seen 

as an attractive material for large volume applications.  

 

Titanium and its alloys  

 

The density of titanium is 4.5 g/cm3, which is lower than iron. Ti exhibits a high 

melting point than steel. Titanium alloys are preferred for structural applications 

where the temperature ranges from 425 to 595°C (Donachie 2015). This metal is 

passive to almost all mineral acids and chlorides, thereby providing high degree of 
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corrosion resistance. Microstructure and chemical composition are the two important 

factors which decide the properties of titanium alloys. Applications of titanium and its 

alloys range from compressor blades and armor vehicles to hip implants.  

1.4 Particulates used to reinforce the metal matrices  

 

Hard particulate materials such as borides, nitrides, oxides, and carbides are used to 

reinforce the metal matrices. Table 1.2 shows the various reinforcements along with 

their crystal structure, density, melting point, and physical properties. It can be seen 

from Table 1.2 that these reinforcements are having very low density but high melting 

point and elastic modulus. These economically produced ceramic reinforcements are 

currently being used in polishing and grinding industries (Hutching, 1987; Husking         

et al. 1982; Debdas et al. 2005). 

Table 1.2: Properties of particulate reinforcements (Kainer 2003) 

 

Reinforcement Crystal 

structure 

Density 

(g/cm3) 

Melting 

point 

(°C) 

Elastic 

modulus 

(GPa) 

Coefficient 

of thermal 

expansion  

(10-6K-1) 

BN Hexagonal 2.25 3000 90 3.8 

B4C Rhombohedral 2.52 2450 450 5.4 

AlN Hexagonal 3.25 2300 350 6.0 

Al2O3 Hexagonal 3.90 2050 410 8.3 

SiC Hexagonal 3.21 2300 410 4.9 

TiC Cubic 4.93 3140 320 7.4 

 

1.5 Importance of metal matrix composites  

 

Day by day increasing concerns on environment, depletion of fossil fuels and need for 

advanced engineering materials have posed a big challenge to researchers across the 

world. The live examples from nature and continuous efforts have led to development 

of composite materials. The basic components of composite material are the matrix 

phase, which is continuous and the reinforcement, which is discontinuous . Both the 
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phases are chemically distinct and capable of imparting new range of properties which 

otherwise are not achieved by individual constituents of the composite material. Here, 

this new class of material can be distinguished based upon the type of reinforcement 

or matrix material. The MMC’s offer competitive advantages such as improved 

specific strength, specific stiffness, high toughness, high surface durability, improved 

joining characteristics and thermal stability (Mazahery and Ostadshabani, 2011; 

Ibrahim et al. 1991). Initially MMC’s found applications in the aerospace industry 

followed by their expansion into non-military fields such as the transportation 

industry (Davis ,1993) For example, stainless steel fiber reinforced aluminium 

composites were used for making connecting rods for automobiles (Bindumadhavan 

et al. 2001; Pavan Kumar et al. 2014). Some companies went ahead with making of 

tennis racket frame and golf club using silicon carbide reinforced aluminium 

composites. Apart from this, some special applications of MMC’s include 

superconducting magnets made from copper reinforced Nb-Ti filaments and oil 

drilling inserts made up of tungsten carbide reinforced cobalt composites. 

  

It is well known that the matrix material in a MMC’s is either a metal or alloy, while 

the reinforcement could be either ceramic or metal. Most commonly preferred metal 

matrices are based on aluminium, copper, cobalt, magnesium, nickel, silver, titanium, 

and zinc. Here aluminium and magnesium are quite popular in aerospace and 

automotive industries due to their low densities. (Bindumadhavan et al. 2001; Pavan 

Kumar et al. 2014). Due to their high thermal and electrical conductivity, copper and 

silver are used in thermal management applications and superconductors. On the other 

hand, the reinforcement is classified based upon the aspect ratio and morphology such 

as particulates, whiskers, short and continuous fibers (Ghandvar et al. 2015). But it is 

most important to note that the ceramic based reinforcements are quite popular for 

reinforcing MMC’s because of their high service temperature, high strength, and 

elastic modulus. The reinforcements in the form of particulates are most preferred 

compared to continuous fibers as the cost of these high modulus fibers is very high. 

On the other hand, particulates like silicon carbide also have a modulus of about      

410 GPa along with low density of 3.21 g/cm3. In addition to this, particulates are 
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produced by very inexpensive technique like crushing. Based upon the application 

point of view, both matrix and reinforcement are chosen judiciously to meet the 

design engineer requirements for an application. Apart from the selection of 

constituents of a composite material, their fabrication also plays prominent role in 

dictating the properties as well as its affordability in the commercial market. There are 

various techniques available for fabrication right from conventional liquid metallurgy 

and powder metallurgy to newer techniques like thermal spray and accumulative roll 

bonding (Nick Tucker and Kevin Lindsey, 2002). However, economical fabrication of 

composites is very crucial in realizing the advantages offered by them and to compete 

with other engineering materials. As of now, they are restricted to few applications 

such as the automotive industries, where high strength to weight ratio is concerned.  

 

1.5.1 Aluminium metal matrix composites (AMMC’s) 

Al-based MMC’s are one of the promising materials for applications in automotive 

and aerospace  industries as they exhibit low density, high specific strength, and good 

wear resistance. (Kumar et al. 2018; Mirjavadi et al. 2018; Sethuram et al. 2018; 

Mirjavadi et al. 2017). Aluminium alloys such as Al-Si, Al-Mg-Si, Al-Zn-Mg, Al-Cu, 

and Al-Cu-Mg have been used as matrix materials in developing of AMMC’s. The 

addition of reinforcements (Al2O3, TiC, SiC, etc.) to aluminium matrix helps in 

deflecting the crack at the interface and thereby ceases it from propagating, resulting 

in a increase in its toughness. In addition, the reinforcement material may help in 

bridging the cracks, thereby improving the performance of the aluminium matrix. Out 

of all reinforcements, SiC particulate is quite popular because of high-temperature 

stability, high strength, and stiffness (Kassim et al. 1999; Gomes et al. 2005; Zhou et 

al. 1997).  

1.6 Cast aluminium alloys 

Cast aluminium alloys are strengthened by the same alloying elements and by the 

same mechanisms as that of wrought aluminium alloys (Kopeliovich, 2012). Cast 

aluminium alloys are classified into heat treatable and non-heat treatable alloys with 

same temper conditions. In general, aluminium alloys are identified by three or four 
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number designation systems with or without decimal point in between them. Wrought 

and cast alloy system are differentiated by the decimal point. There is a decimal point 

after three numbers in the designation of cast alloys while there is no decimal point in 

the designation of wrought alloy system. The numbering system is based upon the 

alloying constituents and is preceded by letter “A” which represents Aluminium. The 

designation of cast aluminum alloys is shown in Table 1.3.  

Table 1.3: Designation of cast Al alloys (Kopeliovich, 2012). 

 

S/No Designations Alloying elements 

1 1xx.x Unalloyed aluminium 

2 2xx.x Al alloyed with Cu 

3 3xx.x Al alloyed with Si (Traces of Cu, Mg) 

4 4xx.x Binary Al-Si 

5 5xx.x Al alloyed with Mg 

6 7xx.x Al alloyed with Zn (Traces of Mg, Cr and Cu) 

7 8xx.x Al alloyed with Sn 

 

The 6xxx series of aluminium wrought alloys are used extensively, whereas the cast 

alloys of 6xx.x and 9xx.x series are rarely used. Cast alloys contain large weight 

percentage of alloying elements which results in a heterogeneous structure when 

compared to wrought alloys (Hatch, 1984). However, the addition of alloying 

elements to aluminium needs a detailed study as they can result in brittle phase 

formation. The brittle phase has sharp morphology which is capable of creating 

internal notches. These in turn facilitate crack nucleation under loading conditions. 

Proper selection of alloying elements and good processing conditions can prevent 

such defect formation. Since the present work  employs cast aluminium alloys as 

matrix material, detailed information from structure to physical properties is provided 

in the upcoming sections. 
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1.6.1 Cast aluminium alloy A357  

 

In order to make any component or a part for an instrument or heavy machinery, a 

material with good castability or formability is often preferred. In case of cast 

aluminium alloys, the Al-Si-Mg alloys are well known for their excellent castability 

due to which they are quite popular in the automotive industry. It is interesting to note 

that up to 85% of cast aluminum products are made up of Al-Si alloys. Hence these 

alloys are extremely important in casting industries related to aluminium (Wang and 

Davidson, 2001; Polmear, 1995) The Al-Si alloys are generally designated as A3xx.x 

family. Among these, Al-Si hypoeutectic (<11%-Si) alloys such as A356 and A357 

are quite popular. In particular, the structural components of automobiles like frames, 

housings, brackets, and car wheels are made up of cast Al-Si alloys like A357. 

Further, A357 alloy is replacing cast iron-based components like cylinder liners due 

to their high wear resistance and physical characteristics (Davis, 1993). A357 alloy is 

a cast aluminium alloy composed of 6-7.5% of silicon, 0.4 - 0.7% of magnesium, 0.04 

- 0.07% of beryllium, 0.12% of iron and 0.10% of copper. Here the addition of each 

element has its own significance: Si improves the fluidity, Mg is added as 

precipitation hardener, Ni is added to increase tensile strength, copper increases the 

high temperature properties and Mn is added to modify Fe intermetallics. Its 

microstructure consists of α-Al phase, primary Si, Cu rich phases like CuAl2 or Cu-

Al-Si-Mg, and Al-Si eutectic. 

The element Be is added to both alter the morphology of insoluble Al-Mg-Fe-Si phase 

to nodular form and also to modify the chemistry of such insoluble phase to exclude 

magnesium ensuring its availability for precipitation hardening. Since it is a heat 

treatable alloy, the strength, fatigue, and corrosion resistance are enhanced 

significantly after heat treatment using T6 temper. Further, the melt is treated with 

grain refiners like Al-3Ti-B, Al-5Ti-B or Al-Ti-C master alloys (Geoffrey et al. 

2007). Melt modification along with heat treatment changes the morphology of silicon 

from coarse acicular to fibrous one due to which its properties are enhanced.  
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The strength and wear resistance of A357 alloy are increased with the addition of 

ceramic particulates. To this end, efforts have been made to reinforce A357 with 

graphite fibers, TiB2 and Al2O3 particles to modify modulus, electrical and thermal 

properties (Li et al. 1990; Jacquesson et al. 2004). Due to its good mechanical and 

tribological characteristics, A357 alloy is chosen as matrix material to develop dual 

size composites in the present research. 

1.7 Dual particle size (DPS) composites and their advantages 

 

It is well known that the properties such as wear resistance of MMC’s largely depend 

on interfacial bonding, matrix properties, type of reinforcement, particle weight, 

volume fraction and particle size. Few researchers have reported that the MMC’s 

containing smaller size particles have shown higher wear resistance when compared 

to the MMC’s with large size particles. Taking a cue from this several research 

studies have been carried out to study the effect of dual particle size (DPS) on the 

mechanical and tribological behavior of MMC’s. The size difference between these 

particles will be quite large like; for example, the large particle size will be several 

hundred micrometres while smaller particle size will be few micrometres or in some 

case it will be submicron size. The most explored particulates for DPS composites are 

SiC (2/163 µm), TiC (2 µm/100 nm), B4C (3 µm/50 nm), Al3BC (5/300 nm), Al2O3 

(100/150 µm) and ZrSiO4 (20/125 µm). The idea of using two different sizes of 

particles in composites is get the benefit from their size difference. The addition of 

different size particles has significant effect on grain size and orientation and also the 

intensities of texture components changes. For instance, during wear testing, the 

larger particles not only carry the greater amount of load applied on the composites 

but also protect the smaller particles from being removed. On the other hand, small 

size particles not only help in reducing the plastic flow, i.e., by minimizing the plastic 

deformation but also preventing the adhesive transfer of material during wear test. 

These dual size particles have shown that they can bring coordinated improvements in 

mechanical properties such as strength, ductility, and hardness. An important property 

such as creep resistance of composites was also improved by 3 to 6 times for dual 

particle reinforced composites when compared to single reinforcement composites 
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and alloys. Most of the dual size particles were used to reinforce, pure aluminium, Al-

3Cu, Al2124, Al6061, Al6063, LM13 piston alloy, magnesium, and copper.  

 

1.8 Applications of Al-Si alloys 

 

There has been steady growth in utilizing aluminium alloy castings for both aircraft 

and automotive applications after second world war. During this time, the United 

States of America made P-51 aircrafts which had the fuselage entirely made up of 

aluminium for weight reduction. Further, decrease in weight of P-51 engine was 

achieved by employing Duralumin alloy to make cylinder block, pistons, and 

crankcase. In present days, the Al-Si alloys are employed in making complex 

substructure’s using investment casting process for aerospace industry. For example, 

Winglet substructure made of F357 alloy for Embraer Phenom is made up of a single 

block. The rear frame avionics bracket and tail rotor gearbox are made up of D357 

alloy using precision sand casting technique. Further, Al-Si alloys are used for making 

powertrain components in the automotive industry by replacing gray cast iron. In 

making a V8 engine block, if Al-Si alloy are used then the overall weight of block is 

32 kg whereas if gray cast iron is used then it weighs 68 kg. So, there is considerable 

amount of weight reduction by opting for Al-Si alloys in place of gray cast iron. Also, 

lot of efforts have been dedicated by North American automotive industry to replace 

iron engine blocks and cylinder heads with the cast Al-Si alloys. For example, 

Chrysler and Ford uses Al-Si alloy for making cylinder heads (C351) using semi-

permanent casting technique. On the other hand, General Motors uses aluminium 

alloys to produce wheel rim by permanent casting. Chevrolet Corvette uses Al alloys 

for making engine blocks by sand casting process. Many minivans, cross-over 

vehicles, cars, and trucks employ aluminium alloys for making door handles or roof 

brackets (Robles Hernandez et al. 2017; Ye, 2003).  
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1.8.1 Potential application of Al-based MMC’s 

 

Table. 1.4 lists applications of Al-based MMC’s used in different industries 

(Automotive, aerospace, sports, and construction).  Figure. 1.2 shows the applications 

of Al-based MMC’s used in automotive industry. 

Table 1.4: Applications of Al-based MMC’s (Hitesh Bansal, 2011) 
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Figure 1.2: Applications of Al-based MMC’s (Stojanovic and Ivanovi, 2015). 

 

1.9 Fabrication techniques of Al-based MMC’s 

 

Metal matrix composites offer promising mechanical and physical properties for 

various applications, but their applicability has been limited. Processing MMC’s using 

sophisticated fabrication techniques, result in a high cost of the end product and 

therefore, is one of the greatest barriers to expanding the applications of MMC’s. By 

developing good and low-cost fabrication techniques one can improve the commercial 

applicability of MMC’s. Generally processing of MMC’s is divided into three main 

classes, (i) liquid-state, (ii) solid-state and (iii) gaseous-state processing. A brief 

discussion on all the three processing routes and their advantages are documented 

below with some examples (Surappa, 2014; Kaczmar et al. 2000; Miracle, 2005; 

Harrigan, 1998).  

1.9.1 Liquid state fabrication  

In this type of fabrication technique, the reinforcement is added when the metal matrix 

is in liquid state. This technique is capable of producing large scale products at a faster 
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rate and has been proven to be more beneficial for low melting temperature metals 

such as aluminium and magnesium. This technique can be further divided four 

important categories like, stir-casting/dispersion process, squeeze casting/pressure 

infiltration, in-situ process, and spray process. Each of these fabrication techniques 

have their specific applications. No single technique can be considered to be 

universally applicable for all alloys, casting sizes, and final components. The present 

work involves casting of MMC’s using stir casting technique, which is one of most 

widely used techniques for fabricating MMCs. Companies such as Duralcan use this 

technique to produce aluminium composites reinforced with particulates. Hence only 

stir casting technique along the different liquid state fabrication techniques is 

discussed herein. In case of stir casting the casting of MMC’s is done at semisolid 

conditions which means the temperature is between liquidus and solidus. A simple 

schematic depicting the stir casting is shown in Figure. 1.3 where a mechanical stirrer 

is provided in middle of the furnace for creating agitation in semisolid slurry. Here the 

molten metal is agitated vigorously and allowed to cool down in semisolid state. The 

agitation is done by using a mechanical stirrer whose material is entirely different from 

those which are being cast. The advantage of continuous agitation is to prevent rise of 

viscosity of slurry and breaking of solidifying dendrites into spheroidal particles. 

During agitation, the reinforcement such as particulates and short fibers or whiskers 

are added into the semisolid metal.  

The reinforcement which is in agitated condition doesn’t agglomerate or flow on top 

of semisolid slurry, but in turn is trapped by the solid in this slurry and allows it to 

disperse uniformly. Here the stirring or agitation of semisolid slurry is very important 

as it breaks the agglomerates of particulates. Regardless of lack of wettability of 

ceramic particulates with metal matrix, this technique helps in entrapping them in 

semisolid slurry with uniform dispersion. The continuous agitation helps in bonding 

between both the constituents of MMC’s by bringing them in direct contact. The direct 

and intimate contact helps in bonding and improving wettability which improves 

further with the increase in mixing time. Since the agitation causes decrease in 

viscosity, the advantage is that this composite mixture with low viscosity can be 
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directly cast into required shape. The other advantage of this technique is absence of 

shrinkage cavities in final product which is mainly because of processing at semisolid 

conditions where the slurry is nearly in solid state (Flemings, 1981; Levi et al. 1977).  

 

Figure 1.3: Schematic of stir casting technique (Kainer, 2006). 

 

1.9.2 Solid state fabrication 

  

This is another important fabrication technique in which a high-volume fraction of 

reinforcement can be incorporated into the metal matrix. In solid state fabrication, 

powder metallurgy is the most widely used processing method for fabrication of metal 

matrix composites. The reinforcements are mixed with the metal powders using 

different mixing techniques and consolidated either at room or elevated temperatures. 

If the powders are consolidated at room temperatures than additional processing 

method known as sintering is adopted. In addition to this, secondary processing 

techniques such as extrusion, rolling, equal channel angular extrusion, forging or 

multi-axial forging techniques are also used. However, such techniques are very 

expensive and mass production is not possible thereby restricting them to specific 

applications. Further, the tooling costs required for the powder metallurgical 

processing is very high which also limits its applications. 
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1.9.3. Gaseous state fabrication  

 

This fabrication technique includes deposition of vapor on the substrate material with 

control over the composition of composite. Two different types of fabrication 

techniques are chemical vapor deposition (CVD) and physical vapor deposition         

(PVD) processes. Here control of various factors like gas mixing, oxygen 

contamination and vapor transport are very important for good coating of composite. 

However, in case of gaseous state fabrication techniques, availability of metal and 

compound target is quite difficult and deposition rates are slow. In case of thermal 

spray techniques, the parts with complex shapes are difficult to coat but the main issue 

is related to starting materials which are quite expensive.  

 

Out of all processing techniques, the liquid state fabrication technique is more popular 

due to its inherent advantages over solid and gaseous state fabrication techniques. 

Firstly, the liquid metal is less expensive when compared to powders and secondly the 

handling of liquid metal is lot easier and more flexible when compared to that of 

powders. More importantly wide variety of shapes can be produced using liquid state 

processing technique which is not the case with solid and gaseous state fabrication 

techniques. But there are some concerns such as poor control of fabrication parameters 

and formation of undesirable interfacial products at the interface between matrix and 

reinforcement. The chemical reactions taking place at the interface can lead to 

formation of carbides and oxides which are highly brittle in nature. However, one 

needs to consider the economic viability of the liquid state fabrication technique with 

its potential for near-net casting.  

1.10 Factors influencing the mechanical performance of composite materials  

 

The mechanical performance of composite materials depend on (i) Interfacial 

bonding, (ii) Orientation, (iii) Material, and (iv) Wettability. A brief discussion on all 

these is herewith provided below. 
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1.10.1 Interfacial bonding  

 

There are different types of bonding between reinforcement and metal matrices 

namely: chemical, mechanical and reaction. Generally, a metallic coating such as 

nickel or copper on the surface of fibers or particulates is applied by electroless 

technique. The thin layer formed on the surface of the reinforcement tends to form a 

good adhesion with the metal matrix thereby increasing the bond strength. On the 

other hand, reaction bonding occurs when the atoms of reinforcement diffuse into that 

of matrix and vice-versa. Mechanical bonding between the reinforcement and matrix 

is created by etching the surface of reinforcement in such a way that the increased 

surface roughness causes interlocking. When load is applied parallel to the interface 

then mechanical bonding plays an important role wherein load is efficiently 

transferred from matrix to reinforcements. But one should understand that the 

mechanical bond is alone insufficient for good interfacial bonding between 

reinforcement and matrix. However high surface roughness is fraught with the danger 

of formation of interfacial voids owing to incomplete penetration. Overall, chemical 

bond is known to be strongest bond and mechanical bond is known to be the weakest 

(Schoene and Scala ,1970; Vennett et al. 1970). 

  

1.10.2 Orientation  

 

The orientation of reinforcements plays an important role since the properties along 

the direction of reinforcements (especially for fibers) are significantly improved. 

Similarly, in the materials where the fibers are oriented in different directions, the 

properties such as strength will be high in the direction of fiber orientation. However, 

in case of particulates, the orientation does not play a significant role since the 

properties are same in all directions unlike in case of fiber reinforced composites. 

Strength of unidirectional composites is unmatched when compared to that of woven 

fabric and particulate composites (Campbell, 2010). 
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1.10.3 Material  

 

The strength of MMC’s mainly depends on the material of reinforcement. Though the 

material plays an important role, the application decides the type of reinforcement 

material. In certain industries such as aerospace where cost is not the constraining 

factor then high strength and high elastic modulus fibers based on carbon are used. For 

applications, where both cost as well as properties are important factors then in such 

cases glass and Aramid fibers are utilized. However, for automotive applications 

economical materials like ceramic particulates are utilized. Diamond and 

nanomaterials like graphene which possess higher thermal properties are used for heat 

management applications. 

1.10.4 Wettability  

 

This in one of the important criteria when metal matrix composites are produced by 

casting of pressure infiltration techniques. The degree of wettability is usually 

determined by edge angle adjustment of drop of molten metal on the base of a solid. 

One should study the surface and interface strains for composite systems to understand 

wettability. Based upon the interface energy and edge angle adjustment, the angle limit 

for a wettable system is < π/2 while for a non-wettable system the angle limit is > π/2. 

One should understand that as the angle decreases the wettability of a molten metal 

with its solid base increases. The wetting of molten metal/drop, in this case, depends 

on kinetics, which means it depends on temperature and time. Further, if any alloying 

element is added to the metal the wettability is affected because the surface tension of 

melt droplet changes. For example, in infiltration, if the wettability is good then one 

can observe capillary effect of melt in between the fibers. However, if the wettability 

is not good then such effect is not seen. In case of particulate reinforced MMC’s poor 

wetting of particles can result in segregation of particles (Lloyd et al. 1989; 

Stephenson et al. 1993). 
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1.11 Heat treatment 

The purpose of heat-treatment of Al alloys is to achieve the best possible mechanical 

properties for the desired industrial applications. A sequence of microstructural 

modifications enhances the mechanical properties based on thermal treatment factors, 

i.e., temperature and time (Ceschini et al. 2009; Wang and Davidson, 2001; Tan                

et al.1995) 

 

1.11.1 Temper designations used in heat treatment 

 

The temper designations used for as-cast alloys are F, O and T which stand for: as 

fabricated, annealed, and thermal treatment. Here the temper designation T is further 

subdivided into T4, T5, T6 and T7 (commonly used designations) which indicates 

artificial and natural aging conditions. A schematic of aforesaid temper designations 

is summarized in Figure. 1.4. 

  

 

Figure 1.4: Schematic of commonly used temper designations in heat treatment.  
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1.12 Heat treatment of aluminum alloys (Precipitation hardening) 

 

In addition to heat treatments such as stress annealing for removing residual stresses, 

the Al-Si-Mg alloy castings are subjected to different types of heat treatment 

processes, one of which is  solution heat treatment that is carried out with and without 

quenching. 

Heat treatment which is generally adopted for enhancement of mechanical properties 

starts with homogenization and precipitation hardening. The precipitation hardening 

process involves solutionizing followed by quenching and artificial aging (Shivkumar 

et al. 1989; ASTM handbook, 2002; Heat treating, 1991) 

 

(i) Solutionizing: Solutionizing aims to get a homogeneous solid solution of the 

material. Here the alloy is heated to a pre-set temperature to dissolve all soluble 

alloying elements and is retained at that temperature for a sufficient time.  

(ii) Quenching: The aim of quenching is to keep the alloying elements trapped in the 

solution and to achieve maximum super saturation of alloying elements. 

(iii) Artificial aging: Artificial aging aims to reduce the time for precipitating the 

dissolved impurity or solute phase.  

A schematic of precipitation hardening (Temperature versus Time diagram) is shown 

in Figure. 1.5. 

 

 

Figure 1.5: Schematic of precipitation hardening (Temperature vs Time diagram). 
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For Al-Si-Mg alloys, T6 temper conditions are preferred, which is documented by 

ASTM standards such as B917 and B91. According to these standards and as 

documented by several researchers, the solution treatment suggested varies 

from 450°C to 560°C for 4-12 hours and aging temperature ranges from 150°C to 

250°C for 6-12 hours (ASTM handbook, 2002; Apelian et al. 1990; Colley et al. 2014; 

Colley et al. 2014). Different combinations of eutectic phases like Mg2Si, Al8Fe2Si, 

and eutectic Si are formed with solid solutions. 

 

 

Figure 1.6: Precipitation sequence of Al-Si-Mg alloy. 

 

Further addition of reinforcement like ceramic and carbon particulates changes the 

aging sequence, and also decreases the time required for aging. Overall, the aging 

sequence (Figure. 1.6) after the heat treatment process in Al-Si-Mg alloy is shown 

below (Chakrabarti and Laughlin, 2004; Hasting et al. 2009; Anderson et al. 1998; 

Pashley et al. 1967).     
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1.13 Effect of heat treatment on mechanical behaviour and strengthening 

mechanisms  

 

Addition of reinforcement to the metal matrix can bring a number of changes in the 

microstructure of MMC’s. Mechanical properties such as strength, modulus, fracture 

toughness and creep resistance are increased significantly when ceramic or organic 

reinforcements are added to the metal matrix. For example, when reinforcement is 

added to metal matrix, the difference in CTE can introduce the dislocations especially 

near the interface region. Apart from dislocations, other defects like vacancies are 

found to appear near the reinforcement/matrix region. Introduction of such defects are 

capable of affecting the chemical reactions as well as aging kinetics. Aging kinetics of 

a precipitation hardenable alloy such as A357 is highly influenced due to addition of 

reinforcements but the precipitation sequence remains the same. The aging kinetics is 

accelerated in the presence of reinforcement by virtue of enhancement in dislocation 

density. These dislocations act as heterogeneous nucleation sites for precipitates 

during natural aging treatment. But the hardness and strength enhancement greatly 

depend on the type of precipitates formed and their respective size. However, it is 

necessary to have controlled reactions at the interface to obtain strong bonding 

between matrix and reinforcement. A thick interaction region will have detrimental 

effect on the properties of composites. A strong and continuous interfacial bond will 

ensure transfer of applied load from matrix to the hard and strong reinforcements. 

Here, the interfacial bonding does depend significantly on wettability of reinforcement 

by the metal matrix. In case of MMC’s produced by casting technique, the normal 

dendritic structure is entirely different when compared to unreinforced metals. The 

morphology of dendritic structure is completely controlled by fiber or particle 

dispersion due to which grain refinement is achieved. On the other hand, the 

secondary phases prefer to appear at the interface region since most of the chemical 

and mechanical interactions occur here. Overall, such high densities of defects will 

alter the various properties of MMC’s which can be tailored based upon reinforcement 

size, morphology, and weight fraction. 
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1.14 Wear behaviour 

 

Tribology is an interdisciplinary field which embraces the study of lubrication, 

friction, and wear of two different surfaces of a component which are in relative 

motion. So, when pure aluminium or its alloy comes in contact or slides with the hard 

surface such as that of steel then the former is expected to undergo progressive loss of 

its surface layers. The loss starts with the process of adherence of aluminium surface 

layer to iron surface followed by creation of interface with shear strength. When the 

relative motion of these two counterpart surfaces increases there will transfer of 

aluminium to steel surface. The wear debris is formed due to ploughing action by hard 

asperities of iron surface which continues with the increase in sliding. In some other 

cases, due to poor lubricating conditions, aluminium alloys are more vulnerable to 

seizure. However, it is very important to note that both friction and wear resistance are 

not intrinsic properties of material but are system dependent properties. Therefore, it is 

necessary to understand the response of materials and to tailor their properties to 

achieve desired resistance to friction and wear. In this regard, the properties should be 

controlled for specific component by changing the composition during processing 

stage itself. 

 

Simple correlation between wear resistance and hardness can be obtained using 

Archard equation for dry sliding wear conditions. However, the obtained empirical 

data cannot be compared with generalized wear behavior due to wide difference in test 

conditions. Several research works have shown that the addition of ceramic 

reinforcements have resulted in considerable increase in wear resistance of MMC’s. 

But in order to obtain better wear resistance the interface between the 

reinforcement/matrix should be strong such that reinforcements do not debond during 

wear test. It is generally well known that SiC particles exhibit better wear resistance 

compared to other particulates. Hence one of the objectives of the present work is to 

evaluate the tribological behavior of dual size SiC reinforced A357 composites.  
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CHAPTER 2 

2. LITERATURE SURVEY 

 

This chapter presents critical review of the published literature relevant to the present 

work. Literature review begins with prior work on Al-based MMC’s. Next, a review 

of prior work on tribological properties of Al-based MMC’s is presented. Finally, a 

review on dual particle reinforced composites is presented. 

2.1 Mechanical properties of Al-based MMC’s 

The mechanical behaviour of materials plays a significant role in the development of 

new materials. There are different techniques to increase the mechanical properties 

which includes addition of reinforcements, heat treatment and secondary processing 

techniques. This section summarizes the research work that has been carried out by 

several researchers on single particle size (SPS) reinforced Al-based MMC’s and also 

the influence of heat treatment on their mechanical properties.  

Zulfia et al. (1999) studied the effect of SiC reinforced A357 composite fabricated by 

stir casting and hot isostatic processing technique. The SiC particulate chosen had an 

average particle size of 30 µm and about 15 vol%  SiC was reinforced to A357 

matrix. This work reported the yield (163 MPa) and nominal strength (367 MPa) of 

A357 alloy in as-cast condition. In contrast, the reported strength values for the 

A357/SiC composite were much lower. Further, the reported strength values of the 

A357/SiC composite obtained from the hot isostatic process (HIP) were also lower at  

96 and 214 MPa compared with the base alloy A357 (121 and 274 MPa). The 

reduction in properties of reinforced composites were attributed to the formation of 

brittle phases and high levels of porosity.  

  

Churyumov et al. (2019) studied the mechanical properties of Al-Si-Mg composite 

reinforced with SiC particles fabricated by stirring and pressure crystallization 

techniques. Different percentage (5, 10 and 15%) of SiC particles of 40 µm size were 
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added to the Al-Si-Mg matrix. The yield strength of Al-Si-Mg alloy and composites 

with different SiC content (5, 10 and 15%) were 295, 310, 325 and 330 MPa, 

respectively. The improvement in strength was attributed to the pressure 

crystallization process as it enables uniform dispersion of SiC particles when 

compared to that of cast composites. In addition to this the pressure crystallization 

process helped in better bonding between SiC particulate and Al-Si-Mg matrix. 

 

Electromagnetic frequency effect on the mechanical behavior of A357 composite 

reinforced with SiC nanoparticles was investigated by Badizi et al. (2018). The 

nanocomposites were produced using electromagnetic stirrer fixed in resistance 

furnace with the entire set up in a chamber of vacuum at 750°C. With the increase in 

the frequency of electromagnetic stirring, grain size of both A357 alloy and the 

nanocomposite was found to decrease. The nanocomposites exhibited higher hardness 

(60 BHN) when compared to that of A357 alloy (55 BHN). The yield and ultimate 

tensile strength of A357 alloy are 79 and 119 MPa. A357/SiC nanocomposite showed 

higher strength of 120 and 188 MPa respectively for 60 Hz electromagnetic stirring. 

The homogenous dispersion of hard ceramic nanoparticles were attributed to be 

primarily responsible for the increase in the hardness and strength of nanocomposites. 

 

Kandemir (2017) employed the ultrasonic cavitation method for processing A357/SiC 

composites and evaluated their microstructure and mechanical properties. The 

A357/SiC composite exhibited higher hardness (73 HV) and tensile strength (198 

MPa) when compared to that of A357 alloy, which exhibited a hardness of 60 HV and 

tensile strength of 138 MPa. They attributed this increase in strength and hardness to 

reduction in grain size of composites, thereby assisting the Orowan mechanism. On 

the other hand, A357/SiC composite had little effect on load-bearing mechanism.  

Tekmen and Cocen et al. (2003) studied the effect of heat treatment on Al-Si-Mg/SiC 

composite developed by compocasting technique followed by extrusion. All 

unreinforced and reinforced materials were solutionized at 530°C for about 2h 

followed by artificial aging at 175°C for about 48 hours. For Al-Si-Mg  alloy and 20 

wt% SiC reinforced composite the hardness obtained after peak aging time varied 
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with cold working plastic strain (4, 10, 25 and 50%). For strain rates of 4 and 10%, 

the peak aging time was 8 and 7 hours and hardness of alloy and composite were 106 

and 120 HV, respectively. Increase in hardness was due to grain refinement and 

transformation of coherent and semi-coherent precipitates.    

 

Li et al. (2018) studied the effect of heat treatment on Al-Si-Cu-Mg/SiC composite 

developed by electromagnetic stirring technique. The composite was solutionized at 

520°C for about 6h and water quenched at room temperature followed by artificial 

aging at 175°C for about 6h .The microhardness and UTS of composite before heat 

treatment were 87 HV and 239 MPa respectively while after T6 heat treatment the 

hardness and strength increased to 102 HV and 274 MPa. Al2Cu based needle like 

precipitates of 100 nm length formed after heat treatment were primary responsible 

for improvement in the mechanical properties.  

 

Cocen et al. (1997) reported the age hardenability of Al-Si-Mg/SiC composite 

fabricated by compocasting technique. Composite samples were solutionized at 

530°C, quenched in water and aged at two different temperatures of 150 and 175°C. 

The composite aged at 150°C showed a peak aging time of 180 minutes and hardness 

of 33 HB. When the same composite was aged at 175°C the peak aging time was 100 

minutes, and the hardness was 16 HB. The decrease in hardness after 150°C aging 

temperature was attributed to low hardening efficiency and depletion of Mg content to 

form Mg2Si precipitates. The work showed that the critical aging temperature was 

highly dependent on both the microstructure of the matrix and also the amount of 

Mg2Si precipitates.   

 

Bloyce and Summers (1991) employed the squeeze casting technique to process 

A357/SiC Al-based MMC’s and carried out heat treatment at two solutionizing 

temperatures (525°C and 540°C), and two aging temperatures (170 and 160° C).  From 

the studies on static and dynamic mechanical properties, they concluded that 

solutionizing at 540°C and aging at 160°C resulted in higher mechanical properties for 

both A357 alloy and the A357/SiC  composites. 
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Liu et al. (2018) studied the precipitation kinetics of in-situ Al-Si-Mg composite 

reinforced with TiB2 particles. A composite with 5 wt% percentage of TiB2 was 

produced using salt reaction technique. This composite was solutionized at 540°C for 

about 8 hours followed by hot water quenching. Artificial aging was conducted at 

170°C for time duration of about 7 hours followed by mechanical testing. Hardness of 

the alloy increased from 62 to 95 HB with T6 heat treatment. Similarly, the hardness 

of the composite increased from 72 to 105 HB with heat treatment. Tensile strength of 

the alloy increased from 98 to 155 MPa with T6 heat treatment. Similarly, the tensile 

strength of the composite increased from 114 to 212 MPa with heat treatment. 

Strengthening of aged composites was attributed to both modification of eutectic Si 

phase and also to better dispersion of TiB2 particles. 

 

Wang et al. (2014) studied the effect of T6 heat treatment and addition of Sr on 

mechanical properties of A356/TiB2 composites. The composites were heat treated 

wherein solutionizing was carried out at 540°C for about 12 hours followed by cold 

water quenching. The final step was artificial aging which was conducted at 155°C for 

about 10 hours. The YS and UTS of A356 alloy before heat treatment were 97.5 and 

151.5 MPa respectively while that of composite were 109 and 164.5 MPa, 

respectively. After heat treatment the YS and UTS of A356 alloy increased to 208.1 

and 263.1 MPa respectively while that of composite increased to 255.5 and 312.5 

MPa, respectively. The formation of fine size Mg2Si precipitates in the Al grains were 

primarily responsible for increase in strength after heat treatment. 

  

Satish Kumar et al. (2016) investigated age hardening effects of Al-Si-Mg hybrid 

composites reinforced with ZrSiO4 and Al2O3 particulates. The composite fabricated 

using casting technique was solutionized at 540°C for about 3h hours followed by 

cold water quenching. Then aging was done at 170°C for different time durations 

ranging from 0 to 480 minutes. Compared to zircon reinforced composites, the one 

reinforced with alumina showed high hardness of 118 HV for an aging duration of 

360 minutes. The hardness increased with increase in aging time up to 360 minutes 
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thereafter it started to decrease. Formation of Mg2Si precipitates in the matrix material 

was responsible for increase in hardness.  

  

Deepak Kumar et al. (2015) studied the age hardening behavior of A356/TiB2 

composites fabricated by thixoforming. Solution treatment was conducted at 540°C 

for a time duration of 8 hours and quenching was done in cold water. Soon after 

quenching the samples were aged at 160°C for a time duration varying from 0 to 24 

hours. The samples were air-cooled to room temperature after artificial aging and 

subjected to microstructure analysis. A356 alloy showed a coarse dendritic structure, 

while after the addition of TiB2 and heat treatment, the structure was transformed into 

fine equi-axed structure. This study reported that the time taken for peak aging in case 

of A356 alloy was 12 hours while that in case of composites it was 8 hours. The peak 

aged samples were subjected to transmission electron microscopy studies which 

revealed the formation of Guinier–Preston (GP) II zones and Mg2Si precipitates. The 

size of these precipitates were in the range of 10 to 20 nm with most of them located 

at the grain boundaries.  

 

Samuel et al. (1993) studied the effects of heat treatment on SiC reinforced Al-Si-Mg 

composites. Solution treatment was carried out at 538°C for about 8 hours while the 

quenching was in warm water at 60°C. The artificial aging was at 155°C for 5 hours 

followed by air-cooling to room temperature. Microstructure showed formation of 

Al4C3, Al2O3 and MgAl2O4 spinels at the SiC and Al interface. Formation of Mg2Si 

precipitates were also seen in the microstructure after T6 heat treatment.  

  

Abdulwahab et al. (2017) in their work, studied the effect of heat treatment on                

Al-Si-Mg/melon ash composite developed by stir casting technique. Here, the heat 

treatment was carried out with solution treatment conducted at 540°C for about 1 hour 

followed by warm water quenching at 65°C. Aging was conducted at 180°C for about 

2 hours and later air cooled to room temperature. The heat treatment process resulted 

in the formation of Mg2Si precipitates along with Al2Mg3 intermetallic compound.   

On the other hand, plates corresponding to Al-Si-Mg were also seen in the aluminium 

matrix. 
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Menargues et al. (2015) reported heat treatment of semisolid processed Al-Si alloy. In 

this study, the alloy was  subjected to T6 heat treatment with solution treatment less 

than 30 minutes as mentioned in standard procedures. Solution treatment of alloy was 

carried out at three different temperatures 520, 530 and 540°C with varying times 

ranging from 5 minutes to 5 hours. After solution treatment, the alloy was quenched 

in liquid media such as water which was kept at room temperature. Then artificial 

aging was conducted at 160, 170 and 180°C with the time duration ranging between 1 

to 5 hours. Here aging was necessary to decompose the supersaturated solid solution 

and then in turn form fine precipitates. Microstructural analysis showed formation of              

π-AlFeSiMg, needle shaped β-AlFeSi intermediate phase and dark coloured Mg2Si 

phases.  

   

Shabestari et al. (2016) studied the effect of heat treatment on impact toughness of  

aluminium alloy A356. The alloy samples were solution treated for 540°C for about 6 

hours followed by quenching in water. The artificial aging process was conducted at 

155°C for a time duration of 4 hours and then air cooled. The time gap between 

solution treatment and artificial aging was less than 30 seconds which also involved 

quenching in water. The morphology of eutectic silicon was changed from plate to rod 

and then to spherical shape after heat treatment. The coarse α-Al dendrites were 

transformed to fine equi-axed grains with fine fibrous silicon particles after heat 

treatment.  

2.2 Tribological properties of Al-based MMC’s 

 

Interaction of two sliding bodies changes when reinforcement is added to the one of 

them. The influence of these interactions can be seen on coefficient of friction and 

wear rate. This is because, when two different pure metals or alloys are subjected to 

sliding motion the coefficient of friction and wear rate would be very high and 

sometimes can lead to seizure of the surfaces. On the other hand, significant changes 

in microstructure of metal or alloy due to addition of reinforcement can result in 

different friction coefficient and wear behaviour. Numerous studies have been 

devoted to reduce the coefficient of friction and wear rate by adding alloying 
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elements, reinforcements, and microstructure modification in the surface region. This 

sub-section reviews the research carried out on understanding tribological behavior of 

single-particle size (SPS) reinforced Al composites. The review also includes effect of 

heat treatment of Al-based MMC’s on its tribological properties. 

 

Leonard et al. (1997) reported dry sliding wear of SiC reinforced A357 composite that 

was developed by casting technique. The 30 vol% SiC reinforced A357 composite 

was subjected to tri-pin -on-disc testing machine with grey cast iron having 180 HV10 

as the counterface. At a load of 6 N, the alloy exhibited high wear rate of 169.6×10-6 

mm3/Nm while composite exhibited low wear rate of 3.1×10-6 mm3/Nm. At a load of 

74 N, the composite exhibited high wear rate of 176.8×10-6 mm3/Nm while the A357 

alloy exhibited lower wear rate of 89×10-6 mm3/Nm. At lower loads, the dominant 

wear mechanism was oxidation with some contribution from three body abrasion. At 

higher loads, adhesive wear was more predominant with detachment of large metallic 

sheets due to subsurface cracking which is why the composite exhibited higher wear 

rate. 

 

Zulfia et al. (2017) reported the wear testing of Al-Si-Mg/SiC composite fabricated 

using stir casting technique. The test was conducted as per Ogoshi method with an 

applied load of 12.6 kg, sliding speed of 1.97 m/s and sliding distance of 400 m. The 

wear rate of composites was found to decrease with increase in SiC content from 2 to 

15% volume percentage. Al-Si-Mg alloy showed 0.022 mm3/m wear rate while the 

composite with 15% SiC showed 0.004 mm3/m wear rate. Microstructure showed 

formation of MgO.SiO2 and MgAl2O4 spinels at the SiC and Al interface which 

offered wear resistance to the composite. The spinels formed also ensured minimal 

SiC particle pull out during wear test, thereby avoiding severe wear.   

 

Natarajan et al. (2006) studied the wear behavior of A356 reinforced SiC composites 

with sliding against grey cast iron. The composite with 25% weight percentage of SiC 

was produced by stir casting and later heat treated following T6 temper conditions. At 

40 and 60 N loads the volume loss of cast iron was higher than that of A356/SiC 

composite for all cases of sliding velocities. Similarly, at sliding velocities of 2.5 and 
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3.7 m/s, the volume loss of cast iron was significantly higher than that of composite 

for all cases of load. On the other hand, the friction coefficient of A356/SiC 

composite at 2.5 and 3.73 m/s sliding velocities at varying load was found to be 

significantly higher (0.57-0.64) than that of cast iron (0.29-0.39). Based upon high 

coefficient of friction the authors recommended the composite for brake rotor 

applications.  

  

Rahimipour et al. (2014) reported wear studies on A356/Al2O3 composite produced 

by compocasting. The cast composite was heat treated with solutionizing being 

carried out at 545°C for about 4 hours followed by aging at 155°C for about 6 hours. 

The weight loss of composite was found to increase with the increase in applied load 

from 5 to 30 N. For a load of 5 N the weight loss was 1.8 mg while at a load of 30 N 

the weight loss was 5.8 mg. Similarly, with the increase in sliding distance and at 

constant load of 10 N, the weight loss was found to increase. The worn surface 

observed for 10 N load tests was composed of deep continuous grooves and extensive 

plastic deformation. In case of higher specific load, the debris morphology was plate 

shaped and had sharp edges which imply that adhesive wear was predominant.  

  

Cam et al. (2016) reported the wear properties of A356 in-situ composite reinforced 

with TiAl3 fabricated using mechanical alloying and powder metallurgy techniques. 

Here, wear test was conducted at room temperature and under dry sliding conditions 

at load of 30 N and sliding speed of 1 m/s. The weight loss of composite increased 

with an increase in sliding distance from 400 to 2000 m. The wear-rate of composite 

reinforced with 8 wt% Ti was less than that of composite reinforced with 4 wt% Ti. 

This decrease in coefficient of friction was attributed to the higher amount of 

intermetallic phases which play a big role in increase in hardness. For different Ti 

contents the coefficient of friction was evaluated, and it was found that the coefficient 

of friction decreased with increase in Ti content from 4 to 8 wt.%. The composite 

with 4 wt.% Ti exhibited highest weight loss and also showed extensive plastic 

deformation when examined under electron microscope.  
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Sam et al. (2020) reported tribo-mechanical studies on LM25 composite reinforced 

with TiB2, WC, and ZrO2 produced by squeeze casting. The cast composite was 

solutionized at 520°C for about 8 hours, followed by aging at 165°C for 4,6, and 8 

hours. The wear tests were conducted as per Response Surface Methodology (RSM) 

model with applied load, sliding speed and distance ranging from 10–50N, 1–4 m/s 

and 500–2500 m respectively. Optimal results were obtained by solutionizing at 

520°C for 8 h followed by quenching and aging at 165°C for 8 h. The worn surface 

observed for 50 N test load had deep grooves and extensive plastic deformation.  

    

Radhika et al. (2020) studied the tribo-mechanical behavior of A359 composite 

reinforced with TiB2, TiO2, and TiC produced by modified stir casting. The cast 

composite was solutionized at 540°C for about 10 hours, followed by aging at 155°C 

for 10 hours. Linear reciprocating wear test was carried out with applied load and 

sliding distance ranging from 15–55 N and 500–2500 m, respectively. A359/TiB2 

composite exhibited the least weight loss when compared to A359/TiO2  and  A359/ 

TiC composites. The worn surfaces of T6 treated A359 composites displayed mild 

plastic deformation compared to severe plastic deformation of untreated composites. 

2.3 Dual particle size (DPS) composites  

Some recent studies were carried out on reinforcing metal matrices with dual size 

(bimodal sized) particulates. The composites reinforced with dual size particles have 

shown better strengthening and wear resistant properties compared to single 

reinforcement composites. Out of two different sized particles, the larger size particles 

contribute towards improvement in hardness and wear resistance while the small size 

particles contribute towards improvement in strength. This section summarizes the 

research carried out on dual-particle size (DPS) reinforced Al-based composites.        

A review on mechanical and tribological properties of dual particle size Al-based 

MMC’s is also herewith provided. 

  

Kheirifard et al. (2018) in their work, used Ni-P coated Al2O3 and SiC particles of two 

different sizes namely 170 and 15 µm respectively to reinforce A356 alloy. The Al2O3 
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and SiC particles used were of 99.7% and 99.4% purity with irregular and angular 

morphology. The Ni-P coated particle reinforced composites were fabricated using 

stir casting technique and hot rolling. This work reported that compared to single 

reinforcement, the dual particle size reinforced composite exhibited high strength and 

hardness. 

Sadeghi et al. (2018) studied the mechanical behavior of spark plasma sintered 

Al/Al2O3 bimodal composites. The Al2O3 particles chosen had average particle size of 

20 nm (smaller particle size) and 10 µm (larger particle size) and different weight 

ratio combination (2:8, 4:6, 6:4) were used to reinforce Al. The hardness of 

composites increased with increase in ratio of nm to µm size particles when compared 

to that of unreinforced Al. Here, the addition of nanoparticles helped in inducing 

recrystallization which helps in grain refinement and increasing the hardness of 

composites. In addition to this, the particles especially the nanosize ones help in 

formation of new grains by particle size nucleation mechanism and also inhibit grain 

growth.  

     

Wang et al. (2013) used pressure less infiltration process to prepare dual-particle size 

A356-SiC composites with different SiC sizes (14, 28, 50 and 85 µm). The size 

dispersal ratios were 50:14 and 85:28. They did not observe any particle damage due 

to the infiltration process. Further, good bonding was confirmed by the absence of 

pores. The bending strength of composites was found to increase with decrease in 

particle size. The thermal conductivity of composite decreased because of interfacial 

heat barrier and presence of Fe impurities.  

 

Davila et al. (2007) reported the hardness of bimodal SiC reinforced Al composites 

developed by pressure infiltration process. SiC particles of average sizes 10 µm and 

68 µm were used to reinforce Al in different ratios of 1:1, 3:1 and 1:3. The bimodal 

composites showed hardness of 34 HRC while unimodal composite showed a value of 

40 HRC. Similarly, the microhardness of unimodal and bimodal composites were 

2339 and 3360 kg/mm2, respectively. The bimodal composites required higher 

stresses for plastic deformation, and this was considered as the primary reason for 
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their high hardness. This study concluded that work hardening in case of bimodal 

composites was quite higher than that of unimodal composites.  

      

Dhandapani et al. (2016) studied the effect of dual particle size reinforcements 

(carbon nanotubes and B4C particles) on density and microhardness of Al composites. 

The size of carbon nanotubes and B4C particles were 50 - 80 nm and 150 µm 

respectively with both having purity close to ~99.5%. The composites were fabricated 

using powder metallurgy technique with sintering carried in the temperature range of 

420 - 450°C. The hardness of single reinforcement composite (Al/B4C) was 70 VHN 

while that of dual particle size composites was 78 VHN. However, with the increase 

in CNTs content from 1% to 2% the hardness decreased to 74 VHN. Even though the 

hardness decreased with increase in CNT content, it was still higher than that of single 

reinforcement composite (Al/B4C). 

   

Khosroshahi et al. (2015) studied the effect of dual particle size on mechanical 

properties of A356 composites. The dual size reinforcements Al2O3 (~170 µm) and 

SiC (~15 µm) were used to reinforce A356 alloy using semi-solid stir casting and 

rolling techniques. Dual particle size composites showed fine grain size of 49 µm 

compared to that of single reinforcement composite (SiC) and A356 alloy which 

exhibited a grain size of 59 µm each. The effect of grain size was seen on ultimate 

tensile strength and yield strength of all materials. For example, yield strength of 

A356 alloy, single and dual particle size composites was 148, 191 and 237 MPa, 

respectively. Similarly, ultimate tensile strength of A356 alloy, single and dual 

particle size composites was 215, 266 and 302 MPa, respectively. It can be seen that 

dual size particle composites had very good mechanical properties when compared to 

both the A356 alloy and single reinforcement composites due to grain growth 

restriction caused by dual size particles. 

 

Dual sized particles are not only used to enhance the mechanical properties of many 

metal matrices, but they are used to tailor the thermal properties. Arpon et al. (2003) 

studied the thermal response of aluminium composites reinforced with dual size SiC 

particles. The composites were produced using infiltration technique with average 
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size of SiC particles being 16 and 170 µm respectively with 98.5% purity. The 

coefficient of thermal expansion of the composite decreased linearly with increase in 

the particle content. However, no simple relationship between bimodal particles and 

hysteresis was obtained for the composites.  

 

Chu et al. (2009) studied the thermal conductivity of dual particle size SiC reinforced 

Al-12Si alloy developed by infiltration technique. Very high SiC particle content  (56-

65 vol%) were used to produce Al/SiC composites by employing powder injection 

molding followed by infiltration. SiC particles of average sizes 14 µm, 28 µm, 40 µm, 

and 70 µm with 99.5% purity were used to reinforce Al in different unimodal 

(28,40,70) and bimodal (70:28 µm and 40:14 µm) combination ratios which were 

subjected to laser flash method. The dual particle size reinforced composite showed 

better conduction properties when compared to single particle reinforced composites.  

 

Apart from mechanical and thermal properties, the tribological properties of dual- 

particle size reinforced Al-based MMC’s have also been studied. Bindumadhavan et 

al. (2001) studied the effect of dual-size SiC (47 and 120 µm) on impact energy and 

wear rate of Al-Si-Mg composites which were then compared with single-particle 

reinforced composites. The impact energy of dual particle size SiC composite (12.2 J) 

was found to be nearly double than that of single-particle reinforced composite       

(6.7 J). Further, the wear resistance of dual particle size composite was nearly 60% 

higher than that of the single-particle reinforced composite. The authors concluded 

that dual-sizing the composites improves both the wear resistance and also the impact 

energy significantly. 

  

Sharma et al. (2018) showed through their experiments conducted on dual-size Al-Si- 

sillimanite (1-20 µm and 75-106 µm) composites that a ratio of 3:1 (between the 

smaller size particles and bigger particles), resulted in maximum nano-hardness and 

minimum wear rates. 

  

Prabhu (2016) processed Fe based composites wherein Fe matrix was reinforced with 

the bimodal size dissimilar nature (SiC and SiO2) particles through powder 
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metallurgy. The author showed that the addition of bimodal size particles improves 

the wear resistance of the composites significantly by comparing with single size 

particle reinforced composites. Further the author concluded that, the formation of a 

mechanically mixed layer as the main reason for the reduced wear rate in Fe matrix 

composites reinforced with SiC and SiO2.  

 

Maleque and Karim (2008) reported wear behavior of dual particle size SiC 

reinforced Al6061 composites developed through liquid metallurgy route. The 

particles of SiC had an average size of 20 and 80 µm and the combination of weight 

percentage of dual particle size SiC are 7:13 and 13:7. The tribology test was 

conducted using pin on disc tribotester with a counterface made of steel having a 

hardness value of 60 HRC. The composite with higher content of fine SiC particle 

size showed lowest cumulative wear of 22 mg while the one with highest coarse SiC 

content showed highest wear loss of 24 mg. However, the coefficient of friction for 

higher weight fraction of fine sized SiC particles was higher (0.57) than that of higher 

weight fraction of coarse sized SiC particles (0.56). The composite with highest 

content of fine SiC particle size showed grooving wear mechanism while the one with 

highest coarse SiC content exhibited ploughing wear mechanism. 

 

Arora et al. (2015) studied the influence of dual particle size rutile on wear properties 

of LM13 aluminium alloy composites. The rutile particles with coarse size (in the 

range of 106-125 µm) and fine size (in the range of 50-75 µm) were reinforced to 

LM13 alloy using stir casting process. Sliding wear tests were conducted using pin on 

disc testing machine with EN32 (of 65 HRC) as counterface disc. Composites with 

fine size rutile particles exhibited lower wear rate (4.7×10-3 mm3/m) when compared 

to that of coarse rutile particle reinforced composites (8.4×10-3 mm3/m). Fine size 

particles help in increasing the hardness and refinement in morphology of eutectic 

silicon. The extent of hardness enhancement and silicon refinement by fine size 

particles was higher than that of coarse size particles. In both the cases, oxidative 

wear was the more predominant mechanism followed by plastic deformation. 
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Arora et al. (2015) also reported the wear behavior of stir cast processed LM13 alloy 

composite reinforced with rutile particles at high temperatures. The LM13 alloy was 

reinforced with rutile particles of different sizes, 50-75 µm and 106-125 µm and 

different weight percentages 10 and 15%. Dry sliding wear tests were conducted on 

pin on disc machine using sliding distance of 3000 m, sliding speed of 1.6 m/s and 

two different loads. The wear rate was found to increase slightly with temperature up 

to 150°C.  But at higher temperatures above 200°C there was abrupt increase in wear 

rate. However, at the higher load of 5 Kg the wear rate was found to decrease above 

temperatures of 200°C. Formation of mechanically mixed layer was attributed to be 

the main reason as to why the wear rate decreased at this temperature. Further, the 

fine size particle reinforced composites showed minimal wear loss when compared to 

that of coarse particle size reinforced composite. 

    

In another work Singh et al. (2015) studied the wear behavior of Al reinforced with 

SiC and Al2O3. The wear test was conducted using pin on disc machine at constant 

load of 29.41 N, sliding speed of 239 rpm and sliding diameter of 80 mm. Design of 

experiments were conducted using Taguchi L9 array to study the significant 

parameters responsible for the wear of the composites. The authors found that particle 

size played a prominent role on the wear rate of composites. The other significant 

parameters were hybrid solute proportion and vacuum pressure. Further, it was found 

that when compared to triple particle reinforced composite the dual particle reinforced 

composite displayed better wear resistance. 

  

Sharma et al. (2015) in their work studied the influence of dual size garnet on wear 

properties of Al-Si alloy fabricated using stir casting route. The particle sizes of 

garnet used were 50-75 µm and 106-125 µm respectively and about 10-15 weight 

percentage of garnet were reinforced to Al-Si matrix. The study on the effect of 

reinforcement revealed that the highest content of fine particle size reinforced 

composite showed lower wear rates than that of composite with higher weight fraction 

of coarse particle size. For two different weight percentages of 10 and 15% the wear 

rate of maximum fine particle size composites showed about 7 and 5% better wear 
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resistance compared to that of coarse particle size composites. Further at higher loads, 

deep and continuous ploughing groves were found indicating abrasion of composites. 

 

Kumar et al. (2012) reported the effect of dual size zircon sand on wear properties of 

LM13 aluminium alloy composites developed using stir casting technique. The  

average particle size of zircon sand chosen was 20-32 µm (fine) and 106-125 µm 

(coarse). Further, different weight percentage combinations of these particles utilized 

were 3:12 and 12:3. At a load of 5 kg, the wear rate of composite with higher fine size 

particle content showed lower wear rate of 7.1×10-3 mm3/m while the composite with 

higher coarse size particle showed higher wear rate of 9.6×10-3 mm3/m. Wear rate of 

both dual size composites was found to be considerably lower than that of single 

particle composite whose wear rate was 12.7×10-3 mm3/m. Both the dual particle size 

composites showed crack propagation and wear loss of material by delamination at          

5 kg load.  

 

In another work Kumar et al. (2013) reported the high temperature wear behavior of 

LM13 reinforced with zircon sand and the composite was fabricated using stir casting 

technique. Two different sizes of zircon sand used were 20-32 µm and 106-125 µm in 

different weight percent combinations of 3:12 and 12:3. The composite with higher 

weight fraction of fine particle size showed highest wear rate at 1 kg load and up to a 

temperature of 475 K followed by composites with higher weight fraction of coarse 

particle size. But at a load of 5 Kg, the composite with higher weight fraction of 

coarse particles showed minimal wear rate when compared to that of composite with 

higher weight fraction of fine particles. Both the composites showed delamination and 

abrasive wear mechanisms at temperatures below 100°C while oxidative wear was 

predominant wear mechanism for temperatures above 150°C.  

 

Kumar et al. (2013) also reported  the effect of dual reinforcement zircon and SiC on 

tribological behavior of LM13 aluminium alloy. Dry sliding wear test was conducted 

at different temperatures ranging from 50 to 300°C using pin on disc test machine. 

The counterface used was hardened disc made up of EN32 steel with the hardness of 

65 HRC. For a temperature range of 50 to 200°C the wear rate of dual and single 
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reinforcement composites was found to decrease. This was attributed to the fact that at 

these temperatures the matrix material expands due to which the particles are held 

very tightly. With good interface bonding by mechanical interlocking, the wear 

resistance was minimal at these temperatures. Here dual particle reinforced composite 

showed better wear resistance compared to that of single particle reinforced 

composite because SiC refines silicon while zircon act as nucleation site for silicon 

particles.  

  

Table 2.1 gives various combinations of dual particle size reinforcements used in 

literature for making MMC’s to achieve better properties. In many cases, the 

reinforcement is the same, but the average particle size will be different while in some 

different types of reinforcements with different particle sizes were chosen to reinforce 

MMC’s. 

Table 2.1:Dual  particle size combinations used in different studies 

 

Reference First particle type Second particle type 

Material Size Material Size 

Kheirifard et al. (2018) Al2O3 170 µm SiC 15 µm 

Sadeghi et al. (2018) α- Al2O3 20 nm α -Al2O3 10 µm 

Montoya et al. (2007) SiC 10 µm SiC 68 µm 

Dhandapani et al. (2016) CNTs 50-80 nm B4C 150 µm 

Khosroshahi et al. (2015) Al2O3 170 µm SiC 15 µm 

Arpon et al et al. (2003) SiC 16 µm SiC 170 µm 

Bindumadhavan et al. (2001) SiC 47 µm SiC 120 µm 

Sandeep et al. (2018) Al2SiO5 1-20 µm  Al2SiO5 75-106 µm  

Maleque et al. (2008) SiC 20 µm SiC 80 µm 

Rama Arora et al. (2015) Rutile 50-75 µm Rutile 106-125 µm 

Anju Sharma et al. (2015) Garnet 50-75 µm Garnet 106-125 µm 

Suresh Kumar et al. (2012) ZrSiO4 50-75 µm Zircon 106-125 µm 

Suresh Kumar et al. (2013) ZrSiO4 3.75 µm SiC 11.25 µm 

Prabhu et al. (2017) Nano clay 15-20 nm CaSiO3 75-150 µm 

Mizuuchi et al. (2014) Diamond  34.8 µm Diamond 310 µm 

Wang et al. (2016) SiC 0.2 µm SiC 10 µm 

Zhang et al. (2015) SiC 40 nm SiC          15 µm 
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2.4 Summary of literature review 

 

A comprehensive literature survey on the development and processing of Al-based 

metal matrix composites was conducted. From this review, it can be seen that the 

emphasis has been to replace cast iron, which is a traditional material used for 

aerospace and automobile applications by MMC’s. Further, it is reasonable to draw 

conclusions that the dual-particle reinforced composites exhibit better properties than 

the single particle reinforced composites. However, a question arises as to what is the 

optimal ratio between the two sizes of particulates that should be used to obtain 

optimum combination of mechanical and wear properties.  

  

From the literature review, it is found that there are certain areas which have not yet 

been addressed and they are: 

 

➢ The effect of the addition of dual particle size SiC on mechanical and 

tribological properties of A357 alloy. 

 

➢ The effect of heat treatment on the mechanical and tribological properties of 

dual particle sized SiC reinforced A357 alloy. 
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2.5 Objectives of present research  

 

A systematic review of literature revealed no studies reported on the effect of dual 

particle size SiC reinforcements on the mechanical and tribological properties of 

A357 alloy. Further, no work was also reported on heat treatment of dual particle size 

reinforced A357 alloy. These gaps in literature are the motivation for taking up 

research on A357-SiC dual-size composites. The objectives of the study were 

formulated as follows: 

    

1. Processing of dual particle size (DPS) SiC reinforced A357 composites using 

permanent mould casting technique.  

  

2. Microstructural characterization of A357 alloy and its dual particle size composites 

 

3. Evaluation of the physical, mechanical and tribological properties of the developed 

DPS composites. 

 

4. Heat treatment of developed composites at varying solutionizing and aging 

temperatures. 

 

5. Study the effects of heat treatment on the physical , mechanical and  tribological 

properties of the developed  DPS composites.  

  

6. Correlation of the microstructure of the heat-treated composites with their 

mechanical and tribological properties. 
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2.6 Organization of the thesis 

 

A brief skeletal structure of the thesis along with summary of the different chapters 

are as follows: 

 

Chapter 1 begins with a brief introduction on the background of composite materials, 

and the available matrix and reinforcement materials. Further, the classification of 

composites based on matrix and reinforcement materials is presented. Since the 

present research is focused on MMC’s, their classification is elaborated in detail. The 

particulates used in MMC’s are also discussed in detail. In addition, brief background 

is provided on cast aluminium alloys, and in particular on A357 alloy. Different 

techniques for fabrication of Aluminium-based MMC’s are discussed. Finally, the 

heat treatment procedures for MMC’s are also discussed in detail.  

  

Chapter 2 presents a critical review of the published literature relevant to the present 

study. The literature review begins with prior work on aluminum-based MMC’s. 

Next, a review of prior work on tribological properties of Al-based MMC’s is 

presented. Finally, a review on dual particle reinforced composites is presented.  

 

Chapter 3 provides details on the equipment used for processing and characterization 

of A357 alloy and the developed DPS composites. Initially, the equipment and 

materials used for developing the DPS composites using the stir casting route are 

discussed. Next, the details of the heat treatment study carried out in this work is 

documented. Finally, the various techniques and equipment used for microstructural 

characterization, evaluation of mechanical and wear properties of both A357 alloy, 

and the developed DPS composites are discussed in detail. 

 

Chapter 4 presents the results of various characterization studies and tests carried out 

on the A357 alloy and the developed DPS composites. Influence of different weight 

fractions (3% coarse + 3% fine, 4% coarse + 2% fine, and 2% coarse + 4% fine) of 
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reinforcements on the mechanical and wear properties of A357 composites is 

discussed in detail herein.  

 

Chapter 5 documents the effect of solutionizing temperature on the microstructure, 

mechanical and wear properties of A357 alloy and the developed DPS composites. 

Results also include wear debris and worn surface analysis. 

 

Chapter 6 presents the effect of aging temperature on the microstructure, mechanical 

and wear properties of A357 alloy and the developed DPS composites. Results also 

include wear debris and worn surface analysis. 

 

Chapter 7 presents the overall conclusions drawn from the results of various 

characterization studies and tests conducted on A357 alloy and the developed DPS 

composites. This chapter also lists the various directions identified for future research.  
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CHAPTER 3 

 

3. EXPERIMENTAL DETAILS AND METHODOLOGY 

This chapter provides details on the equipment used for processing and 

characterization of A357 alloy and the developed DPS composites. Initially, the 

equipment and materials used for developing the DPS composites using the stir 

casting route are discussed. Next, the details of the heat treatment study carried out in 

this work is documented. Finally, the various techniques and equipment used for 

microstructural characterization, evaluation of mechanical and wear properties of both 

A357 alloy and the developed DPS composites are discussed in detail. The overall 

work carried out in this thesis is depicted as a flow chart in Figure. 3.1. 
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Figure 3.1: Flowchart of the work (Processing, characterization, and testing) carried out in this research. 
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3.1 Material selection 

In order to develop dual particle size reinforced A357 composites, the materials A357 

alloy and SiC particles (of two different sizes) were chosen as matrix and 

reinforcements, respectively. The alloy was procured from Fenfee Metallurgicals, 

Bengaluru, in the form of ingots (Figure. 3.2). The chemical composition of the 

procured alloy was carried out as per the ASTM E1251-07 standard using Optical 

Emission Spectrometer (Model: DV6 Baird, USA). The chemical composition and 

physical properties were tested at Raghavendra Spectro Metallurgical Laboratory, 

Bengaluru, and the results are presented in Tables. 3.1. and 3.2.  

 

 

Figure 3.2: Aluminium A357 ingots. 

 

Table 3.1: Chemical composition of A357  

 

Elements Si Mg Fe Cu Mn Ti Zinc Others Al 

Weight % 7.398 0.540 0.086 0.017 0.024 0.177 0.003 0.073 Balance 

 

Table 3.2: Physical properties of A357 (Al-7.4Si-0.55Mg) (Matweb.com, 2020) 

Property Density Melting point Shear 

modulus 

Elastic 

Modulus 

Poisson’s 

ratio 

Value 2.7 g/cc 557 - 613 °C 26.8 GPa 72.4 GPa 0.33 
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The SiC powder samples of two different particle sizes (140 ± 10 µm and 30 ± 5 µm) 

were procured from Snam Abrasives Private Limited, Hosur. The morphology of SiC 

particles along with EDS analysis are shown in Figures. 3.3 (a), (b), (c) and (d). The 

chemical composition and physical properties of SiC particles are presented in        

Tables. 3.3 and 3.4, respectively.  

 

 

Figure 3.3: Morphology of SiC particles. Where (a) SiC powder sample (fine size),              

(b) Morphology of fine size SiC particles with EDS analysis, (c) SiC powder sample 

(coarse size), and (d) Morphology of coarse size SiC particles with EDS analysis. 

Table 3.3: Chemical composition of SiC particles. 

Element Al SiO2 CaO MgO Si C Fe SiC 

Weight % 0.24 0.560 0.040 0.052 0.62 0.24 0.15 Balance 
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Table 3.4: Physical properties of SiC particles (Matweb.com,2020) 

Property Density Melting point Shear 

modulus 

Elastic 

modulus 

Poisson’s 

ratio 

Value 3.21 g/cc 2200-2700°C 180 GPa 410 GPa 0.14 

 

3.2 Processing set up  

Melt-stirring assisted permanent mold die casting technique was adopted to fabricate 

the A357 alloy composites reinforced with dual particle size SiC.  

 

Figure 3.4: Details of fabrication of A357-DPS composites. Where (a) Stir casting set 

up (bottom pouring technique), (b) Line diagram of stir casting setup, and (c) Cast 

iron permanent mould. 

To this end, a resistance-heated furnace with power rating of 230 V, 2 kW power and 

maximum temperature limit of 1000°C was used. The stir casting set up, its line 
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diagram and cast-iron permanent mould used for this purpose are shown in Figures. 

3.4 (a), (b), and (c) respectively. 

3.2.1: Composite fabrication  

The process flowchart for fabrication of A357 composites reinforced with dual size 

SiC particles and the images of cast samples are presented in Figures. 3.5 and 3.6. 

respectively. Process parameters used for stir casting of composites are presented in 

Table. 3.5. The A357 alloy was melted in a graphite crucible and superheated to 

800°C in a resistance furnace. The molten alloy was degassed using Hexachloroethane 

tablets.  Pre-weighed mixtures of SiC powders (of suitable ratio) were preheated to 

1100°C for 2h to remove any moisture, residue, and loose scales. Stirring was done at                          

550 - 600 rpm using a chromium steel stirrer whose blades were coated with 

zirconium oxide. The weight of SiC particles was kept constant at 6 wt. %, and the 

particles were introduced to the melt vortex at about 15 to 20 g/min using a funnel. 

   

Further, stirring was continued for about 15 minutes to minimize segregation of SiC 

particles. Thereafter, the molten composite was poured into a pre-heated cast iron 

mold, maintaining a pouring temperature of 730°C. Cooling of the mold was carried 

out at ambient temperature. Three different composites with varying SiC percentages, 

viz., DPS1 (3% Coarse/Large SiC+ 3% Fine/Small SiC), DPS2 (4% Coarse/Large 

SiC+ 2% Fine/Small SiC) and DPS3 (2% Coarse/Large SiC+ 4% Fine/Small SiC) 

were prepared. In this thesis, the particles with 140 ± 10 μm will be referred as to 

either large or coarse interchangeably. Similarly, the particles with size 30 ± 5 μm 

will be referred to as small or fine interchangeably. A357 alloy without any SiC 

reinforcement was also cast for comparison purposes. The as-cast A357 alloy and the 

developed A357-SiC composites are designated as documented in Table. 3.6.   
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Figure 3.5: Process flowchart for fabrication of A357 composite reinforced with dual 

size SiC particles. 

 

 

Figure 3.6: Images of cast sample. 
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Table 3.5: Process parameters used for stir casting of composites 

 

Pouring 

temperature 

Stirring 

duration 

Stirring 

Speed 

Stirrer position Impeller 

730°C ~15 min 550-600 rpm ~2/3” depth from 

the bottom of 

crucible 

Zirconium coated 

chromium steel, 3 

blade fan type 

 

Table 3.6: Reinforcement combination of A357 alloy and its DPS Composites 

 

3.3 Heat treatment  

Cast A357 alloy and the developed DPS composites were subjected to T6 heat 

treatment using a muffle furnace (8’’x 8’’x 12’’/ 900°C) with a temperature controller             

(Figure. 3.7.). To this end, T6 temper treatment was chosen which consists of 

solutionizing, quenching, and artificial aging. The heat treatment process was carried 

out varying both solutionizing and aging temperatures. The steps involved in the heat 

treatment study carried out in this work are as given below: 

 

S/No Composition 

of  composite 

base alloy (%) 

Amount of 

reinforcement 

Wt. % 

Coarse/Large

size SiC 

particle 

(140 ± 10μm) 

Fine/Small 

size SiC 

particle 

(30 ± 5μm) 

Designation 

1 100 0 0 0 A357 alloy  

2 94 6 3 3 DPS1 

composite 

3 94 6 4 2 DPS2 

composite 

4 94 6 2 4 DPS3 

composite 
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Figure 3.7: Muffle furnace with a temperature controller. 

(i) CASE 1: (Varying solutionizing temperatures at constant aging temperature) 

 

One set of samples were solutionized at different solutionizing temperatures (500°C, 

520°C, and 540°C) for 9 hours followed by water quenching and aging at 150°C for 6 

hours. These samples are designated as:  

  
a) 500-9H-150: Solution treatment at 500°C for 9 hours-- Quenching in water --   

      Aging at 150°C  for 6 hours.   

b) 520-9H-150: Solution treatment at 520°C for 9 hours -- Quenching in water --      

      Aging at 150°C  for 6 hours.  

      c)  540-9H-150: Solution treatment at 540°C for 9 hours -- Quenching in water --     

Aging at 150°C for 6 hours.  

   

The temperature-time cycles for case 1 heat treatment study are shown in Figure. 

3.8. 

 



56 

 

 

Figure 3.8: Precipitation heat treatment (T6-Cycle) for varying solutionizing 

temperature at constant aging temperature. 

 

The designation of A357 alloy and the developed DPS composites for the case 1           

heat treatment study (Varying solutionizing temperature at constant aging 

temperature) are given in Table. 3.7. 
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Table 3.7: Designation of A357 alloy and the developed DPS composites heat-

treated by varying solutionizing temperature at constant aging temperature 

Alloy/Composite Heat treatment Coarse/Large: 

Fine/Small 

(wt. %) 

Designation 

As-Cast A357 alloy 500-9H-150  

Nil 

A357-9H-500°C 

As-Cast A357 alloy 520-9H-150 A357-9H-520°C 

As-Cast A357 alloy 540-9H-150 A357-9H-540°C 

DPS 1 Composite 500-9H-150  

3:3 

DPS1-9H-500°C 

DPS 1 Composite 520-9H-150 DPS1-9H-520°C 

DPS 1 Composite 540-9H-150 DPS1-9H-540°C 

DPS 2 Composite 500-9H-150  

4:2 

DPS2-9H-500°C 

DPS 2 Composite 520-9H-150 DPS2-9H-520°C 

DPS 2 Composite 540-9H-150 DPS2-9H-540°C 

DPS 3 Composite 500-9H-150  

2:4 

DPS3-9H-500°C 

DPS 3 Composite 520-9H-150 DPS3-9H-520°C 

DPS 3 Composite 540-9H-150 DPS3-9H-540°C 

 

(ii) CASE 2: (Constant solutionizing temperature and varying aging temperatures) 

 

The second set of samples were solution treated at 540°C, water quenched and aged at 

different aging temperatures(160, 180 and 200ºC) for 6 hours. These samples are 

designated as:  

 

a) 540-160-6H: Solution treatment at 540°C for 9 hours -- Quenching in water -- 

Aging  

    at 160°C  for 6 hours. 

b) 540-180-6H : Solution treatment at 540°C for 9 hours -- Quenching in water -- 

Aging  

    at  180°C  for 6 hours. 

c) 540-200-6H : Solution treatment at 540°C for 9 hours -- Quenching in water -- 

Aging   

    at 200°C  for 6 hours.    

The temperature-time cycles for case 2 heat treatment study are shown in Figure. 3.9. 
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Figure 3.9: Precipitation heat treatment (T6-Cycle) for varying aging temperature at 

constant solutionizing temperature. 

The designation of A357 alloy and the developed DPS composites for the heat 

treatment study of case 2 (Varying aging temperatures at constant solutionizing 

temperature) are given in Table. 3.8.  
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Table 3.8: Designation of A357 alloy and the developed DPS composites heat-

treated by varying aging temperature at constant solutionizing temperature 

 

Alloy/Composite Heat Treatment Coarse/Large : 

Fine/Small 

 (wt. %) 

Designation 

As-Cast A357 alloy 540-160-6H  

Nil 

A357-160°C-6H 

As-Cast A357 alloy 540-180-6H A357-180°C-6H 

As-Cast A357 alloy 540-200-6H A357-200°C-6H 

DPS 1 Composite 540-160-6H  

3:3 

DPS1-160°C-6H 

DPS 1 Composite 540-180-6H DPS1-180°C-6H 

DPS 1 Composite 540-200-6H DPS1-200°C-6H 

DPS 2 Composite 540-160-6H  

4:2 

DPS2-160°C-6H 

DPS 2 Composite 540-180-6H DPS2-180°C-6H 

DPS 2 Composite 540-200-6H DPS2-200°C-6H 

DPS 3 Composite 540-160-6H  

2:4 

DPS3-160°C-6H 

DPS 3 Composite 540-180-6H DPS3-180°C-6H 

DPS 3 Composite 540-200-6H DPS3-200°C-6H 

 

3.4 Density measurement  

Density (ρexp) of the A357 alloy and the developed DPS composites were measured 

experimentally as per ASTM D792-66 standard. Further, theoretical density (ρth) was 

also calculated using the rule of mixtures. The experimental and theoretical densities 

were calculated using the equations given below (Prasad et al. 2014; Ajith kumar et 

al. 2014; Aykut Canakci et al. 2014).  

 

 

Theoretical density (ρ
th

) = Wm ρm + Wr ρr   

Where, Wm = Weight fraction of matrix material;  ρm = Density of matrix material;        

Wr = Weight fraction of reinforcements;  ρm = Density of reinforcements.    

Experimental density (ρ
ex

) = Weight of sample in air (W
a
) 

                                              Weight of sample in air (W
a
) -Weight of sample in water (W

w
) 



60 

 

3.5 Sample preparation for metallographic studies  

Using metallurgical procedures as per ASTM E3-17 standards, the A357 and the 

developed composites were polished and then etched with Keller’s reagent. Samples 

for microstructural analysis were prepared in form of cylinder-shaped pieces                     

(Ø 20 mm X 15 mm). Samples were then properly ground using emery papers. The 

final step includes polishing using a diamond paste of 0.25 µm size along with an 

alcohol-based lubricant for a duration of 0.5 to 3 minutes at a rotational speed of 150 

rpm in a double-disc polishing machine. This step is employed to attain flat and 

mirror finish surfaces. Next, the samples were etched with Keller’s reagent. The 

highly polished surfaces were observed under an optical microscope (Model: Nikon 

LV150). 

 

Figure 3.10: Steps involved in sample preparation for metallographic studies. 



61 

 

3.6 Microstructural characterization  

Microstructure of A357 alloy and the developed DPS composites after stir casting, 

heat treatment and wear testing were studied using:  

➢ Optical Microscope (OM) 

➢ Scanning Electron Microscope (SEM)  

➢ Transmission Electron Microscope (TEM)    

An optical microscope (Model: Nikon LV150) (Figure. 3.11) was used to check 

dispersal of SiC particles within the A357 matrix. The dispersion and bonding of SiC 

particles with the A357 matrix, fracture surfaces after tensile testing and worn surface 

morphology after wear testing were studied using scanning electron microscopy 

(SEM) with an EDS attachment (Model: TESCAN Vega 3 LMU) (Figure. 3.12). The 

samples were sputtered with gold prior to SEM examination to avoid charging effect.                      

A transmission electron microscopy examination was carried out using JEOL JEM 

2100 High-Resolution Transmission Electron Microscope (HRTEM) to study the 

precipitates and dislocations. To this end, samples of 3 mm diameter and 10 µm thick 

were prepared using ion beam milling (Model: 691, Gatan) (Figure. 3.13). 

 

 
 

 

Figure 3.11: Optical microscope. 
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Figure 3.12: Scanning electron microscope (Courtesy: BMSCE). 

 

 

 
 

 

Figure 3.13: Transmission electron microscope (Courtesy: PSGCT). 
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3.7 Evaluation of mechanical properties 

The mechanical behaviour of the A357 alloy and the developed DPS composite were 

analyzed by   

➢ Hardness test  

➢ Tensile test 

3.7.1 Hardness testing 

The hardness test was carried out using a micro cum macro-vickers hardness testing 

machine (Model: VH1150) as per ASTM E384 standard. A Vickers hardness tester 

having a standard rectangular pyramid diamond indenter (136° ± 0.5°) was used to 

apply a load of 5 kgf for about 10 seconds. Five readings were taken on the surface 

and average of the same is reported. Photograph of hardness tester along with 

schematic of sample used for hardness testing is shown in Figures. 3.14 (a) and (b).  

    

 

 

Figure 3.14: (a) Vickers hardness tester, and (b) Schematic of specimen used for 

hardness testing. 
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3.7.2 Tensile testing 

Tensile testing was conducted as per ASTM E8M-15a standard. These tests were 

carried out at room temperature using a universal testing machine (Model: TUE-C-

400) at a strain rate of 0.2 mm/s. After the test, strength and ductility values reported 

here in are based on an average of five measurements. Photograph of UTM used for 

testing and the dimensions are shown in Figures. 3.15 (a) and (b).  

 

 

Figure 3.15: (a) Universal testing machine, and (b) Schematic of specimen used for 

tensile testing. 

3.8 Wear testing   

Wear testing was conducted test using pin-on-disc machine (Make: TR-20LE, 

Ducom) as per ASTM-G99 standard. Here, the applied load was varied from 10 N to 

30 N in steps of 5 N at a fixed sliding velocity of 2.5 m/sec and sliding distance of 

1500 m. The dimensions of the specimen for wear testing were Ø 8 mm x 25 mm. The 

specimens were ground to obtain a surface finish of 0.2 ± 0.05 µm (Ra). The 

counterface disc used is made up of EN-32 steel having 160 mm diameter and 8 mm 

thickness with a hardness value of HRC65. The composition of counterface disc is 

given in Table. 3.9. The test was conducted at ambient room temperature (26ºC) and 



65 

 

relative humidity condition of 35 - 40% RH, respectively. For each parameter, an 

average of 3 test results are reported herein for A357 alloy and the devoloped DPS 

composites. Photograph of pin-on-disc tribometer along with sample dimensions are 

shown in Figures. 3.16 (a) and (b).   

   

Table 3.9: Chemical composition of EN-32 steel disc 

 

 

 

Figure 3.16: (a) Pin-on-disc tribometer and (b) Schematic of wear test specimen. 

  

Element C Si Mn S P Ni Cr Mo Fe 

Wt. % 0.14 0.18 0.52 0.015 0.019 0.13 0.05 0.06 Balance 
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3.8.1 Three-dimensional surface topography measurement 

Three-dimensional surface topography was measured using a non-contact 3D-optical-

profiler (Model: Veeco-Wyko-NT1100) (Figure. 3.17). Surface profile distribution of 

A357 alloy and the developed DPS composites (as-cast and heat-treated) after wear 

testing were studied in terms of average surface roughness (Ra in μm).  

 

Figure 3.17: 3D - Optical- profiler (Courtesy: IISC). 
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CHAPTER-4 

 

RESULTS AND DISCUSSION  

 

Effect of dual particle size (DPS) SiC reinforcements on microstructure, 

physical, mechanical and wear properties of A357 composites 

This chapter presents the results of various characterization studies and tests carried 

out on the A357 alloy and the developed DPS composites. Influence of different 

weight fractions of SiC reinforcements (3% coarse + 3% fine, 4% coarse + 2% fine, 

and 2% coarse + 4% fine) on the microstructure, mechanical, and wear properties of 

A357 composites is discussed in detail.   

4.1 Density of A357 alloy and the developed DPS composites  

Table 4.1: Theoretical and experimental densities of A357 alloy and the developed 

DPS composites 

 

Theoretical and experimental densities of both A357 alloy and the developed DPS 

composites are presented in Table. 4.1. The experimental density of unreinforced 

A357 alloy is found to be lower than that of its theoretical value. Similarly, the 

experimental densities of DPS composites were found to be lower than that of their 

theoretical values. Difference between the theoretical and experimental values can be 

related to presence of defects arising from their processing. Any error in processing 

S/No Alloy/Composite Designation Theoretical  

Density (ρth) 

(gm/cc) 

Experimental 

density (ρexp) 

(gm/cc) 

1 As-Cast A357 alloy A357 alloy 2.7000 2.6831 

2 DPS 1 Composite DPS 1 Composite 2.7306 2.7113 

3 DPS 2 Composite DPS 2 Composite 2.7306 2.7121 

4 DPS 3 Composite DPS 3 Composite 2.7306 2.7109  
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conditions can result in the formation of defects which tend to lower the value of 

experimental density. One such processing defect are micro-pores which may 

possibly occur due to atmospheric air entrapment in the molten metal. The air could 

have been entrapped in the material during melting and long holding times or during 

pouring of molten A357 alloy or composites. In the case of composites, during 

addition of SiC particles and mixing, the air can easily go into the molten metal 

(Kandpal et al. 2017). Another reason could be hydrogen evolution and shrinkage due 

to alloy solidification (Prasad et al. 2014). Due to these reasons, the experimental 

density is generally lower than that of its theoretical counterpart.    

4. 2  Microstructural analysis of A357 alloy  

Figures.  4.1 (a) and (b) show optical micrographs of as cast A357 alloy at lower 

(100X) and higher (500X) magnifications, respectively. Figure. 4.1 (c) shows 

scanning electron micrograph of as cast A357 alloy at higher magnification (1000X). 

Figure. 4.1 (d) shows scanning electron micrograph of as cast A357 alloy with EDAX 

analysis. The presence of alloying elements in A357 alloy i.e., Si and Mg were 

confirmed from the EDAX analysis (Figure. 4.1 (d)). The micrographs (Figures. 4.1 

(b) and (c)) reveal two phases: primary α-Al phase, and eutectic phase silicon. The 

solid solubility of Si in Al is 1.65 wt% at 577°C. The solid solution of Al and Si forms 

the α-Al grains with dendritic grain structure. Solidification of Al alloy starts with the 

formation of primary α-Al phase. The dendritic structure formation is decided by: the 

type of nucleation, the cooling rates and the range of undercooling temperature. In the 

present case, solidification is a slow process. Nucleation preferably starts 

heterogeneously at Ti nucleants, the mold wall and SiC particles. When the alloy 

solidifies, it forms the α-Al grain primary dendrites. The growth of primary dendrites 

is retarded by the increase of temperature in the solidification front due to the loss of 

heat by cooling, the presence of the second phase particles and the solidification front 

of the neighbor growing grain primary dendrites. At the same time, the undercooling 

is relatively high in the liquid surrounding the sides of the dendrites. This results in 

the formation of solid branches in the primary dendrites called the secondary 



69 

 

dendrites. Hence, the solidification of the composites is driven by the formation of 

primary and secondary dendritic arms in the liquid.  

 

Figure 4.1: Micrographs of  (a) A357 alloy showing dendritic structure, (b) A357 

alloy showing inter dendritic region, (c) SEM image of A357 alloy at higher 

magnification, and (d) EDAX spectra taken on A357 alloy. 
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4. 3 Microstructural analysis of the developed DPS composites  

Figures. 4.2 (a), (b), (c), and (d) show optical micrographs of the developed DPS 

composites. In these figures number 1 represents coarse SiC particles, 2 represents 

fine SiC particles and 3 shows clustering of fine SiC particles. The optical micrograph 

of  Figure. 4.2 (a) shows fairly uniform dispersion of both sizes of SiC particles in the 

DPS1 composite. The distribution of SiC particles is homogenous in the composite. 

The SiC particles pin the grain boundary and restrict the grain growth in the present 

case in addition to acting as the nucleating sites during solidification. The absence of 

clustering zone in the microstructure implies that the particle distribution is uniform in 

the composite. The presence of dendrites mask the grain boundary in the composites. 

Figure. 4.2 (b) shows optical micrograph of DPS2 composite consisting of 4 wt. % of 

coarse SiC particles and 2 wt. % of fine SiC particles. The microstructure is 

dominated by large SiC particles with very few fine particles around them. The finer 

particles are pushed at a faster rate during stirring and they are distributed between the 

larger particles. The interface between the particle and matrix appear to be clean and 

smooth. This smooth interface provides better mechanical and tribological properties 

as the transfer of load occurs through the interface (Shen et al. 2013; Stachowiak and 

Batchelor , 2001; Zum Ghar ,1987). Figure. 4.2 (c) shows the optical micrograph of 

DSP3 composite which consists of 4 wt. % fine SiC particles and 2 wt. % of coarse 

SiC particles. Although both particles are distributed uniformly the finer particles 

have agglomerated and formed a network arrangement. This is mainly due to pushing 

of finer SiC particles by solid-liquid interface during solidification. Overall, the DPS 

composites show a fairly uniform distribution of dual size SiC particles in the matrix. 

Uniform distribution of particles is desired for achieving better wear and mechanical 

properties. Figure. 4.2 (d) shows optical micrograph of DPS2 composite at higher 

magnification which reveals good interfacial bonding of SiC particles with A357 

matrix.  



71 

 

 

 

Figure 4.2: Optical micrographs of (a) DPS1 composite, (b) DPS2 composite,              

(c) DPS3 composite and (d) DPS2 composite at higher magnification. 

 

Figure. 4.3 shows EDAX of DPS1 composite (at a higher magnification) exactly on 

SiC particle to confirm that these are SiC particles and not eutectic silicon. The 

purpose behind taking EDAX on SiC particle is that in many cases the presence of 

reinforcements can cause refinement of eutectic silicon along with the microstructure 

(Suresh Kumar et al. 2013). It was necessary to do EDAX to confirm that the particles 

seen in SEM micrographs are SiC particles.   
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Figure 4.3: EDAX spectra taken on DPS1 composite confirming the presence of SiC. 

 

4.4 Hardness results 

 
Figure. 4.4 shows the variation of the hardness of A357 alloy and the developed DPS 

composites. Compared to the as-cast alloy, the DPS1, DPS2, and DPS3 composites 

showed an increment of 9.42%, 15.13% and 5.83% increment in hardness, 

respectively. Among the DPS composites, the DPS2 composite with 4 wt. % of coarse 

SiC particles and 2 wt. % of fine SiC particles exhibits slightly higher hardness. This 

may be due to the higher amount of large size SiC uniformly dispersed in the matrix 

compared to smaller size SiC particles as showed in Figure. 4.2 (b). The higher 

amount of coarser particles in composites shields the finer particles. Further, coarser 

particles help to carry a more significant portion of the applied load compared to the 

finer particles (Bindumadhavan et al. 2001).  
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Figure 4.4: Hardness test results of A357 alloy and the developed DPS composites. 

 

Compared to the coarse size particles, the fine size particles are more prone to particle 

clustering (Kumar et al. 2014). Hence, the dispersion of small size particles is very 

difficult. The improvement in hardness values of the DPS composites are attributed to 

the following factors. (1) dispersion of hard ceramic particles (SiC) in a soft ductile 

matrix leading to hardening of the matrix, (2) particle strengthening of the composites 

through dislocation density strengthening and plastic strain constraint effects and           

(3) grain refinement of the matrix by SiC particles and primary Si particle refinement 

(Kumar et al. 2014; Deng et al. 2012; Deng et al. 2010; Sanaty and Rohatgi , 2012; 

Naveen et al. 2016; Suresh et al .2003). Similar trends were reported by several 

researchers (Kumar et al. 2014; Viswanatha et al. 2013; Ramprabhu , 2016). 

 

4.5 Tensile strength 

Figure. 4.5 shows the strength values of A357 alloy and the developed DPS 

composites. It can be observed from Figure. 4.5 that, the addition of dual particle size 

SiC has enhanced the tensile strength (UTS and YS) of all composites. The percent 

increase in the tensile strength of DPS1, DPS2, and DPS3 composites is 40.98%, 

37.61%, and 45.30% respectively when compared to the as-cast A357 alloy. 

Similarly, the percent increase of the yield strength of DPS1, DPS2, and DPS3 

composites is 67.64% , 53.48%, and 76.33%  respectively when compared to the as-
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cast A357 alloy. Among the DPS composites ,the DPS3 composite with 2 wt. % of 

large  SiC particles and  4 wt. % of fine SiC particles shows slightly higher tensile and 

yield strength. This may be due to the higher amount of fine size particles distributed 

fairly uniformly in the matrix compared to coarse size SiC particles. Similar trends 

were reported by several researchers (Suresh et al .2003; Viswanatha et al. 2013; 

Ramprabhu , 2016). 

   

 

 

Figure 4.5: Tensile strength of A357 alloy and the developed DPS composites. 

 

The addition of SiC particles helps to refine the primary Si in the Al-Si alloy by grain 

refinement through the nucleation site and particle grain pinning effects. The 

refinement of primary Si leads to the short fibrous shape Si in the composites, as seen 

in  Figures. 4.2 (a), (b), (c) and (d). The refinement of Si particles improves the tensile 

properties by restoring the ductility. Also, the fine Si particles improve the strength by 

acting as a second phase. The SiC particles improve the tensile properties by three 

dominant processes: (1) grain refinement and primary Si particle refinement, (2) load 

transfer effect and (3) dislocation strengthening and plastic strain constraint effects 

(Sanaty and Rohatgi, 2012; Naveen et al. 2016 ). The thermal expansion and elastic 

modulus mismatch between the matrix and the particles generates dislocations around 

the particles and increases the dislocation density. The increase in dislocation density 

enhances the strength of the composites, called dislocation strengthening. Also, the 
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strain in the matrix is localized due to the non-deforming SiC particles during 

deformation. This causes strengthening through local plastic constraint (Dieter, 1986). 

The hard and stiff SiC particles act as load bearing elements in the composites and 

enhance the strength. As explained earlier, the SiC particles enhance the grain 

refinement through the nucleation site and grain boundary pinning effects. The Hall-

Pitch relation explains the strength improvement though the decrease of matrix grain 

size (Dieter, 1986). 

 

 

 

Figure 4.6: Percent  elongation (%) of A357 alloy and the developed DPS composites.  

The % elongation of A357 alloy and the developed composites are shown in                

Figure. 4.6. The reduction in ductility for DPS1, DPS2 and DPS3 composites is about 

21.83%, 22.41% and 18.12% when compared to that of A357 alloy. These results 

indicate that the inclusion of dual size SiC particles in A357 matrix has resulted in a 

significant loss of ductility. The presence of hard SiC particles will act as barrier to 

the dislocation motion during tensile loading. These results are in good agreement 

with those reported in literature (Ahmed et al. 2011). 
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4.6 Tensile fracture surface analysis  

 

Figures. 4.7 (a), (b), (c) and (d) show fractographs of as cast A357 alloy and the 

developed DPS composites after the tensile test. In these figures, number 1 represents 

-Al grains, 2 represents voids and micro cracks and 3 represents small dimples. The 

A357 alloy exhibits a typical intercrystalline fracture as shown in Figure. 4.7 (a). The 

fracture is mainly due to the presence of dendritic shrinkage porosity. The crack 

nucleation takes place at these dendritic shrinkage porosity regions and propagates 

along these dendrites causing failure of A357 alloys. However, the porosity in the 

casting is also influenced by the formation of dendritic structures. On the other hand, 

all the A357 composites showed brittle failure along with quasi-cleavage feature, as 

shown in Figures. 4.7 (b), (c) and (d). The quasi-cleavage feature is generally seen in 

materials with lower elongation values. This can be due to breaking of Al-Si eutectic 

particles or large SiC particles. It is well known that the particle size and shape have 

huge influence on the tensile properties. The large and elongated Al-Si eutectic 

particles (Figures. 4.1 (b) and (c)) present in the A357 alloy are more prone to 

cracking. So, in case of A357 alloy the inter-dendritic cracking and cracking of silicon 

particles dominates the fracture process. While in case of composites the dislocations 

pile-up at the vicinity of SiC particles giving rise to stress fields which in turn cause 

the local fluctuations leading to cracking of SiC particles. It is important to note that 

the good bonding between A357 matrix and SiC particles has resulted in breaking of 

SiC particles during tensile loading rather than particle debonding. In case of tensile 

loading, the interfacial bonding between the SiC particles and A357 matrix plays an 

important role. If the interfacial bonding is good, then it tries to retain the SiC 

particles in the matrix during loading conditions. But, as the load increases, due to 

high interfacial bonding the SiC particles get fractured rather than debonding. Hence 

in case of composites, the nature of fracture is brittle and quasi cleavage feature mode 

(Chen et al.2014; Jiang et al. 2014).  
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Figure 4.7: Fractographs of (a) A357 alloy, (b) DPS1 composite, (c) DPS2 composite, 

and (d) DPS3 composite.  

 

4.7 Graphical interpretation of wear rate  

The graphical interpretation of wear rate for A357 alloy and DPS2 composite is 

shown in  Figures. 4.8 (a), (b), (b) and (d) for different loads. It can be observed that 

for A357 alloy, the wear rate is increasing linearly for both 10 and 30 N loads. 

However, in the case of 30 N applied load, there is rapid increase in wear rate of 

A357 alloy as shown in Figure. 4.8 (b). The degree of fluctuation is quite high in this 

case particularly at 350 s for 10 N and 270 s for 30 N loads indicating seizure 

phenomena taking place. In case of DPS2 composite, the wear rate is not as high as 

that of A357 alloy as seen in Figures. 4.8 (c) and (d) for 10 N and 30 N, respectively.  
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Figure 4.8: Graphical interpretation of wear rate for A357 alloy and DPS2 composite 

(a) A357 alloy at 10N, (b) A357 alloy at 30N, (c) DPS2 composite at 10N, and (d) 

DPS2 composite at 30N. 

 

The degree of fluctuation is smaller for DPS2 composite when compared to that of 

A357 alloy indicating high seizure resistance. This is the reason why a steady state 
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regime without any notable fluctuations is observed in the A357 alloy which can be 

attributed to prohibition of direct contact between the two mating surfaces by the 

presence of dual particle size SiC in this composite. In addition to this, the strain 

hardening effect due to the presence of SiC particles also contributes to lower wear 

rate values for composites at both lower and higher loads when compared to A357 

alloy under similar conditions (Guo and Chi , 2002; Show and Mondal, 2014; Rao and 

Das, 2010). 

4.8 Wear behaviour  

Figure. 4.9 shows the effect of applied load on the wear resistance of A357 alloy and 

the developed DPS composites at loads varying from 10N of 30N, sliding velocity of 

2.5 m/sec and a sliding distance of 1500 m. From the figure, it can be observed that 

DPS composites have higher wear resistance than that of as cast alloy at all load 

conditions. In particular, DPS2 composite has the least wear rate among all DPS 

composites considered. From the above figure, it is also observed that up to a load of 

20 N, the wear rate increases. With increase in load from 20 to 25 N, the wear rate 

stabilizes. Any further increase in load beyond 25 N, increases wear rate rapidly and 

enters into the severe wear regime. This trend is similar for all the DPS composites 

and A357 alloy.  

 

Figure 4.9: Effect of load on wear rate (mm3/m) of A357 alloy and the developed DPS 

composites.  
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The A357 alloy displayed highest wear rate for all load conditions which is mainly 

due to direct metal to metal contact. The increase of wear loss with an increase of load 

is attributed to several factors such as: (1) higher sub surface deformation and 

consequent delamination wear, (2) easier removal of load bearing particles, (3) 

increase of friction due to the higher contact couple surface asperities interlocking, (4) 

material softening and the matrix oxidation through the friction induced temperature 

rise and (5) faster generation and removal of tribolayer. With an increase of load, 

more factors act alongside resulting in high acceleration of wear rate above the critical 

load (Ramprabhu , 2016; Deuis et al. 1997; Ramprabhu et al. 2014). 

 

4.9  Worn surface analysis 

  

Figure. 4.10 shows the SEM micrographs of wear surface morphology of A357 alloy 

and the developed DPS composites at a varying load of 10N and 30N, sliding velocity 

of 2.5 m/sec and sliding distance of 1500 m. In these figures, number 1 represents 

groove lines, 2 represents delaminated wear sheets and particle pull-out regions and 3 

represents sliding direction. One of the common features observed in the DPS 

composites is the formation of grooves and ridges running parallel to the sliding 

direction. The wear surface morphology of the as cast alloy at 10 N and 30 N are as 

shown in Figures. 4.10 (a) and (b). The micrographs showed extensive ploughed 

surface with abrasive grooves which appear deeper and broader. These cavities are 

formed by delamination wear. With the progress of sliding, these cracks propagate 

towards the surface along the sliding direction. During the propagation, they branch 

out and rejoin to cover a large area. Once they reach the surface, they are plowed out 

as delaminated wear sheets. This observation supports that the delamination wear is 

more dominant than abrasive wear in the A357 alloy. Further, with the increase in 

load, the worn surface has wider grooves and larger cavities indicating substantial 

amount of surface material removal. Increase in load applied above 25 N has caused 

an abrupt rise in the wear rate of A357 alloy thereby indicating large scale plastic 

deformation. As the load increases, the hard asperities of counter face penetrate 

deeper in the soft surface of the alloy. Increasing load results in plastic deformation at 
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the subsurface level resulting in the formation of micro-cracks. These cracks start to 

coalesce over a period of time during the sliding test in the subsurface region and get 

detached from the surface. Overall, in case of A357 alloy, worn surface exhibits 

microgrooves and presence of large cavities in the sliding direction indicating severe 

plastic deformation of the alloy. These features clearly indicate that the main wear 

mechanism is delamination wear along with contribution from oxidative wear (Rao 

and Das 2010).  

Figures. 4.10 (c) and (d) show the SEM micrographs of wear surface morphology of 

DPS1 composite at 10N and 30N, respectively. The worn surface is comparatively 

smooth with shallow ploughing strips. Very small, damaged spots in the form of 

craters can be seen in the figure when compared to that of A357 alloy. However, 

DPS2 composite which possesses the least wear rate exhibits the least extent of 

grooving, as seen in Figures. 4.10 (e) and (f) at loads of 10 and 30N, respectively. The 

shallow and thin abrasive grooves running parallel to the sliding direction are mainly 

seen in the DPS2 composite which are indicative of abrasive wear. This is mainly due 

to the presence of uniformly dispersed dual size SiC particles which act as load 

bearing elements. Especially, DPS2 composite has a higher weight percentage of 

large size SiC particles which carry greater portion of the load. Further, these large 

size particles are also very effective in reducing the load on the A357 matrix and 

thereby save the fine size SiC particles from detachment (Bindumadhavan et al. 

2001). In addition to this, the strengthening effect of SiC particles enhances the load 

bearing capacity of the composites by virtue of its high hardness. Further, good 

interfacial bonding between the SiC particles and the A357 matrix  plays a crucial role 

in load transfer during sliding test. During sliding test when the load is applied on the 

A357 alloy the entire load is initially borne by the matrix. However, in case of 

composites the load is transferred from the matrix to SiC particles which in turn leads 

to low wear rate. (Bindumadhavan et al. 2001; Dwivedi et al. 2004). 
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Figure 4.10:  Wear tracks of (a) and (b) A357 alloy, (c) and (d) DPS1 composite, (e) 

and (f) DPS2 composite, and (g) and (h) DPS3 composite at loads of 10N and 30N, 

respectively. 
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Figures. 4.10 (g) and (h) show the SEM images of wear surface morphology of DPS3 

composite at 10 and 30N loads, respectively. Irregular, larger, and deeper cavities are 

seen on the surface of the DPS3 composite. This is due to the DPS3 composite having 

higher weight percentage of fine SiC particles when compared to DPS1.Therefore, the 

chances of debonding of fine SiC particles from the matrix at higher loads is very 

high. The width and depth of the grooves increased with the increase in load from 10 

to 30 N which is evident from worn surfaces shown in Figures. 4.10 (g) and (h). 

Biswas and Bai, (1981) have reported that the grooves on the matrix alloy are coarser 

and smoother in the case of composites. It is observed that with an increase in load, 

the extent of grooving also increases. This can be attributed to the fact that upon 

increased load there is an increase in wear rate and also the material gets plastically 

deformed.  

 

 

Figure 4.11: EDAX analysis of selected area on worn surface of DPS2 composite at a 

load of 30N. 

 

EDAX analysis of DPS2 composite shown in Figure. 4.11 confirms the presence of 

Al, Si, C, Fe and O. The presence of Fe clearly indicates the transfer of Fe from the 

disc (EN32) to the worn surface, confirming the formation of mechanically-mixed-

layer (MML) on the worn surface of the composite which provides protection to the 

matrix material. This oxide layer along with material from the pin surface creates a 

mechanically mixed layer which further protects the pin surface from any further 

wear. Thus, the formation of such layers efficiently reduces the wear rate in these 

composites (Rao and Das , 2011; Rao and Das , 2011). 
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4.10 Three-dimensional surface topographies of worn surfaces  

Three-dimensional surface topographies of the worn surfaces of A357 alloy and the 

developed DPS composites were analyzed at a load of 30 N, sliding velocity of 2.5 

m/sec and sliding distance of 1500 meters.  

 

 

 

Figure 4.12: Three-dimensional surface topographies of worn surfaces of (a) A357 

alloy, (b) DPS1 composite, (c) DPS2 composite, and (d) DPS3 composite at a loads of 

30N. 

 

Figure. 4.12 (a) shows the surface topography of A357 alloy which consists of large 

deformation grooves. Due to soft nature of A357 alloy, the asperities of the 

counterface were able to dig deeper. Therefore, the surface depth of the grooves is 

quite large. Further, due to the continuous contact between A357 alloy and the 
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countersurface, the surface roughness was found to be higher for A357 alloy. On the 

other hand, the surface roughness values of DPS composites were 13.50 µm, 11.54 

µm and 15.63 µm respectively for DPS1, DPS2 and DPS3 composites as shown in 

Figures. 4.12 (b), (c) and (d). Unlike A357 alloy, the surface roughness of DPS 

composites was on the lower side, which can be attributed to: (1) minimized contact 

area between the composite surface and countersurface, and (2) presence of load-

bearing material (SiC particles). The observations from SEM analysis are well 

supported by the surface topography analysis wherein deeper and large deformation 

grooves are seen in A357 alloy. While in composites, the depth of the grooves and 

their numbers are comparatively less. 

 

4.11 Wear debris analysis  

Figure. 4.13 shows the SEM images of wear debris analysis of A357 alloy and the 

developed DPS composites taken at 10 N and 30 N. In these images, number                         

1 represents scale like debris, 2 represents grooved structured debris, 3 represents 

curvy pattern debris and 4 represents micro-cracks. It can be observed that in case of 

A357 alloy, wear debris consists of microchips and delamination flakes as shown in        

Figures. 4.13 (a) and (b). The wear debris taken at 30 N load displayed that the size of 

laminates produced is more than 500 µm in size while that taken at 10 N load is 

around 200 µm in size. Due to continuous sliding, the debris generated showed a 

layered structure which is quite evident from the SEM micrographs. The increase in 

load results in severe plastic deformation of alloy surface which in turn nucleates the 

crack in the subsurface level. From the SEM micrograph shown in Figure. 4.13 (b), it 

is evident that wear debris of alloy shows presence of numerous cracks on surface 

adjacent to that of subsurface. These cracks are formed due to accumulation of 

dislocations due to severe plastic deformation taking place on the surface. In addition 

to this, the presence of deep micro-grooves on the wear debris clearly explains the 

material removal due to delamination (Sharma et al. 2012). These features indicate 

delamination wear mechanism in oxidative wear conditions. 
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Figure 4.13: Wear debris of (a) and (b) A357 alloy, (c) and (d) DPS1 composite, (e) 

and (f) DPS2 composite, and (g) and (h) DPS3 composite at loads of 10N and 30N, 

respectively. 

On the other hand, all composites showed flake like morphology and the size and 

quantity of these flakes increase with the increase in load from 10 N to 30 N. This is 

mainly due to the fact that at higher loads the shear force generated is quite larger than 
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that at lower loads leading to larger strain gradient between two contact surfaces and 

the interface. Careful examination of wear debris especially in case of  DPS2 

composite (Figure. 4.13 (f)) indicates microlevel delamination on flakes of the wear 

debris which is mainly due to numerous cracks. Further, the debonding of SiC 

particles from the surface of the composites takes over a period of time during the 

sliding test. These particles are entrapped in between the two mating surfaces and 

cause wear grooves. These wear grooves are clearly visible on the surface of the 

composites as shown in Figures. 4.13 (d), (f) and (h). Cutting action by the hard 

asperities and debonded particles cause composite flake generation along with that of 

delamination flakes. While in case of  DPS3 composite, the flakes show extensive 

cracks displaying microcutting behavior (Rajmohan et al.2013 ; Uthayakumar et al. 

2013). 

 

Figure 4.14: EDAX analysis of selected area on wear debris of DPS2 composite at a 

load of 30 N. 

 

Figure. 4.14 shows the SEM image and EDAX analysis of DPS 2 composite taken at 

load of 30 N. The wear debris indicates the formation of micro-cracks at the 

subsurface level which eventually join together to cause the delamination of material. 

The EDAX analysis shows the presence of various peaks of Al, Si, Fe and O. Here Al 

and Si are of matrix material. The presence of Fe can be correlated to wear of the 

countersurface. In addition to this, presence of oxygen peak could be from oxidation 

of the composite surface resulting from increase in temperature due to wear testing at 

higher loads.  
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CHAPTER-5 

 

RESULTS AND DISCUSSION 

 
Effect of solutionizing temperature on microstructure, physical, mechanical and 

wear properties of dual particle size SiC reinforced A357 composites   

In this chapter, the effect of solutionizing temperature (which is varied from 500°C to 

540°C in steps of 20° C for 9 h at constant aging temperature of 150°C for 6 h) on the 

microstructure, mechanical and wear properties of A357 alloy and the developed DPS 

composites are discussed. Results also include wear debris and worn surface analysis.  

5. 1. Density of A357 alloy and the developed DPS composites   

Table 5.1: Theoretical and experimental densities of A357 alloy and the developed  

DPS composites at varying solutionizing temperature 

 

S/No Alloy/Composite Designation Theoretical  

Density (ρth) 

(gm/cc) 

Experimental  

Density (ρexp) 

(gm/cc) 

1 A357 Alloy A357-9H-500°C  2.700 2.672 

2 DPS1 Composite DPS1- 9H-500°C  2.730 2.705 

3 DPS2 Composite DPS2- 9H -500°C  2.730 2.709 

4 DPS3 Composite DPS3- 9H -500°C  2.730 2.704 

5 A357 Alloy A357- 9H -520°C  2.700 2.675 

6 DPS1 Composite DPS1- 9H -520°C  2.730 2.709 

7 DPS2 Composite DPS2- 9H -520°C   2.730 2.711 

8 DPS3 Composite DPS3- 9H -520°C  2.730 2.707 

9 A357 Alloy A357- 9H -540°C  2.700 2.682 

10 DPS1 Composite DPS1- 9H -540°C   2.730 2.711 

11 DPS2 Composite DPS2- 9H -540°C   2.730 2.712 

12 DPS3 Composite DPS3- 9H -540°C  2.730 2.710 
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Table. 5.1 shows the theoretical and measured experimental density values of A357 

alloy and the developed DPS composites at varying solutionizing temperatures 

(500°C, 520°C, and 540° C) and at a constant aging temperature. The higher density 

values for DPS composites over A357 alloy can be attributed to the higher density of  

SiC particles, which is 3.21 g/cm3. The increase or decrease in density of composites 

over the unreinforced counterpart depends on the density value of the reinforcing 

phase (Hassan et al., .2009; Veeresh Kumar et al. 2011). It can be seen that the 

experimental densities of A357 alloy and DPS composites are lower than that of 

theoretical density and the difference in densities is ˂ 1%. This indicates that all the 

materials considered have dense microstructure with minimal porosity (Zakaria, 

2014). The presence of a small percentage of porosity could be due to atmospheric air 

intake during the holding of molten metal in furnace or entrapment of atmospheric air 

during pouring (Kandpal et al. 2017). Another reason could be hydrogen evolution 

and shrinkage due to alloy solidification (Prasad et al. 2014). With respect to 

reinforcement combination, DPS2 composite showed higher density compared to that 

of A357 alloy and other DPS composites. With increase of solution temperature, the 

density of all the materials is found to increase marginally i.e., highest density values 

were exhibited by materials heat treated at solution temperature of 540°C while lowest 

density values were exhibited by materials heat treated at solution temperature of 

500°C. Similar trends have been reported in literature (Das et al. 2014; Khalifa and 

Mahmoud 2009).   

5.2 Microstructural analysis of A357 alloy  

 

Figures. 5. 1 (a) - (f) show optical and scanning electron micrographs of A357 alloy at 

different solution temperatures (500, 520, and 540°C) and at constant aging 

temperature of 150°C, respectively. The microstructure analysis was carried out to 

enable the understanding of the effect of varying solution temperatures on the 

microstructure of A357 alloy. The main features of the alloy seen in all the 

micrographs are that it consists of α-Al solid solution and Al-Si eutectic. The 

morphology of silicon in A357 alloy is different for different solution temperatures, as 

shown in Figure. 5.1.  
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Silicon exhibits a plate type morphology in the A357 alloy, which was solution 

treated at 500°C, as shown in Figures. 5.1 (a) and (b). While it exhibits a rod-shaped 

morphology for the alloy, that was solution treated at 520°C (Figures. 5.1 (c) and (d)).  

For the case of the A357 alloy solution treated at 540°C, (Figures. 5.1 (e) and (f)) 

silicon exhibits a spherical morphology, indicating its spheroidization. Similar 

observations were reported by researchers (Rajesh Sharma et al. 2006; Eva et al. 

2018; Faccoli et al. 2017; Shivkumar et al. 1990). It is well known that solution 

temperatures well below 495°C are not capable of changing the morphology of silicon 

(Apelian et al. 1989). But when the solution temperature is increased beyond 500°C 

i.e., 520°C the micrographs have shown that the morphology of silicon changes from 

plate type to rod type as seen in Figures. 5.1 (c) and (d). When the solution 

temperature was increased further to 540°C, the silicon particles had ellipsoidal 

morphology which can be seen in Figures. 5.1 (e) and (f). Decrease in surface energy 

is the main driving force for the formation of ellipsoidal shaped silicon particles 

(Jiaqing et al. 2017). In addition to this, the increase in diffusion rate with the increase 

in solution temperature tends to increase the spheroidization rate of silicon particles. 

So here it is quite clear that with the increase in solution temperature, the morphology 

of silicon changes and the time needed for spheroidization is shortened (Apelian et al. 

1989; Lados et al. 2011). The shape as well as size of Si particles changes when 

solution treatment is done.  
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Figure 5.1: (a) and (b) shows optical and SEM micrograph of A357 alloy solutionized  

at 500°C, (c) and (d) shows optical and SEM micrograph of A357 alloy solutionized  

at 520°C, and (e) and (f) shows optical and SEM micrograph of A357 alloy 

solutionized  at 540°C. 
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5. 3 Microstructural analysis of the developed DPS composites  

Figures. 5.2 (a), (b), (c), and (d)  present the optical micrographs of all the three DPS 

composites that were solution treated at 540°C and aged at 150°C. In these figures, 

number 1 represents coarse SiC and 2 represents fine SiC. Optical microscopy 

analysis was used to check the dispersion and interfacial bonding of dual size SiC 

particles in the A357 matrix .The interfacial bonding between the dual size SiC 

particles and A357 matrix is important from the mechanical and tribological 

performance point of view. The dispersion of dual particle size is found to be fairly 

uniform throughout the A357 matrix with minimal clustering. Although, there were 

few particles which are found to be closer to one another, this can be attributed to the 

moving solidification front which pushes them until molten metal is solidified 

completely. The solidification front tends to push the smaller and lighter particles 

while the large particles get entrapped in between the solidification interfaces. In 

addition to this, small sized SiC particles were found to be in the vicinity of large 

particles. Though the solidification front pushes the smaller particles, the presence of 

large particles is inhibiting their moment eventually allowing them to segregate near 

them. This is quite evident from the optical micrograph of DPS2 composite shown in 

Figure. 5.2 (d). From the figure, it can be inferred that the fine size SiC particles have 

encircled the large size SiC particles leaving behind a segregated region of particles. 

From Figures. 5.2 (a), (b) and (c) it can be seen that the interface between the SiC 

particles and A357 matrix is clean with no interfacial products. The bonding was in 

general found to be good with no discontinuities such as cracks or porosity with few 

exceptions at some regions. The good bonding is helpful in efficient load transfer 

from soft matrix to hard SiC particles (Shen et al. 2013; Bindumadhavan et al. 2001; 

Lakshmikanthan  et al. 2019). 
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Figure 5.2: Optical micrographs of the developed DPS composites solutionized at 

540°C . Where (a) DPS1 composite, (b) DPS2 composite,(c) DPS3 composite, and (d) 

DPS2 composite at higher magnification showing interfacial bonding. 

  

EDAX analysis of the DPS1 composite solution treated at 540°C was carried out, and 

spectra were taken at multiple locations. As shown in Figure. 5.3 (a), the first EDAX 

spectrum was taken exactly on SiC particle, and the two distinct peaks of Si and C are 

seen. This confirms that the particle observed in SEM is SiC particle. The second 

EDAX spectrum was taken on the whole area of the composite, and three distinct 

peaks related to Al, Si, and C were seen in Figure. 5.3 (b). Out of the three elements, 

aluminium corresponds to A357 alloy, and Si and C correspond to SiC particles. The 

final EDAX spectrum was taken at the interface between matrix and SiC particles and 



95 

 

is shown in Figure. 5.3 (c). It can be seen that Al, Mg, Si, and C were the main 

elements seen in the spectrum. As mentioned earlier, the Al peak corresponds to the 

matrix, while the C peak corresponds to SiC particles. Mg and Si are the principal 

alloying elements of the alloy, and the peaks observed could be from the A357 alloy. 

On the other hand, it is well known that the Mg and Si could be related to Mg2Si 

precipitates, which could have formed at the interface between SiC particles and 

matrix. Similar observations were reported by the thesis author (Lakshmikanthan et 

al. (2020). 

 

 

Figure 5.3: EDAX of DPS 1 composite solutionized at  540°C. Where (a) EDAX 

spectrum taken exactly on SiC particle, (b) EDAX spectrum taken on DPS1 

composite and (c) EDAX spectrum taken at Al/SiC interface.  
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5.4 TEM analysis of A357 alloy and the developed DPS composites  

Figure. 5.4 shows the bright-field TEM images of both A357 alloy and the developed 

DPS composites that were solutionized at 540°C and aged at 150°C. During heat 

treatment (T6) process supersaturated solid solution is formed after solution treatment 

and quenching. This is followed by the aging process which leads to the formation of 

nanosize and sometimes submicron size precipitates from supersaturated solute atoms 

(Edwards et al. 1998; Lendvai et al. 1974; Es-Said et al. 2002).  

 

 

Figure 5.4 : Bright-field TEM images of (a) A357 alloy, (b) DPS1 composite,          

(c) DPS2 composite, and (d) DPS3 composite, after heat treatment at solutionizing 

temperature of 540°C. 

In the present work, samples are aged for about 6 hours, which helps in the formation 

of more number of GP zones. In order to check the type and shape of precipitates 
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formed, the TEM investigation of A357 alloy and the developed DPS composites was 

carried out. In case of A357 alloy, the TEM micrograph as shown in Figure. 5.4 (a) 

shows very few precipitates corresponding to β-Mg2Si. The black-colored particles 

seen in the micrograph represent the β-Mg2Si precipitates which are formed at the end 

of the transformation. In case of DPS1, DPS2 and DPS3 composites the 

microstructure consisted of both βʺ and β-Mg2Si precipitates as shown in Figures 5.4 

(b), (c) and (d). Here the βʺ are known as GP-II zone and are in the form of needles 

and are found to be uniformly dispersed in the A357 matrix (Mohamed and Samuel , 

2012). The βʺ-Mg2Si and β-Mg2Si precipitate embedded in the matrix helps to 

strengthen the matrix. 

5.5 Tensile strength 

 

Figures. 5.5 (a) & (b) show the strength values of (yield and ultimate) of A357 alloy 

and the developed DPS composites at different solutionizing temperatures (500°C, 

520°C, and 540°C). From Figures. 5.5, it can be observed that the strength (both YS 

and UTS) of A357 alloy and the developed DPS composites increases with increase in 

solutionizing temperatures. The DPS3 composite exhibited better tensile strength 

values when compared with DPS2 and DPS1 composites. All the composites had 

higher tensile strength than the unreinforced A357 alloy. The higher strength values 

of composites can be attributed to the presence of SiC particles (6%). DPS3 

composite which exhibits the highest tensile strength has a higher ratio of smaller 

particles (Lakshmikanthan et al. 2019). Also, DPS1 and DPS2 composites show a 

considerable amount of clustering, while in the case of DPS3 composite, the 

clustering was not so significant, which was quite evident from the microstructure 

shown in Figure. 5.2. Better dispersion of SiC particles in case of DPS3 composite 

was one of the main reasons for significant increment in strength values over A357 

alloy and other DPS composites. Both A357 alloy and the developed DPS composites 

exhibited higher yield and ultimate tensile strength values with an increase in 

solutionizing temperature from 500°C to 540°C. This may be due to full dissolution of 

Mg atoms in the solid solution to form Mg2Si precipitates.  
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Figure 5.5: (a) Yield and (b) Ultimate tensile strengths of A357 alloy and the 

developed DPS composites at different solutionizing temperatures. 

 

The lower strengths exhibited by A357 and the DPS composites at 500°C can be 

attributed to incomplete dissolution of particles and low solute concentration in the 
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matrix (Arsenault and Shi  1986). Also, with the increase in solution temperature, 

both the activation energy for GP zone nucleation and dislocation density tends to 

increase (Rong et al. 2000; Das et al. 2008 ;Sankaranarayanan et al. 2011; Lei et al. 

2013). When all the materials are cooled to room temperature from solution 

temperature strain mismatch occurs. This strain mismatch is due to the difference in 

thermal expansion coefficient of SiC and A357 matrix.   

 

Due to strain mismatch, the matrix undergoes large plastic deformation which in turn 

produces high dislocation density. So greater the solution temperature, greater is the 

density of dislocations (Ma et al. 2014; Arsenault and Shi ,1986). This is the reason 

why all the materials (A357 alloy and DPS composites) showed highest yield and 

ultimate tensile strength values at a solution temperature of 540°C. In addition to this, 

the other strength mechanisms responsible for increment in strength are precipitation 

hardening and load transfer mechanisms (Mirjavadi et al. 2017; Cai et al. 2018). 

Evidence for formation of precipitates which strengthen the matrix material especially 

for composites are shown in Figure. 5.4. These mechanisms work together to enhance 

the strength values especially at solution temperature of 540°C and for DPS3 

composite. 
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Figure 5.6: Percent elongation (%) of A357 alloy and the developed DPS composites 

at varying solutionizing temperatures.  

 

Figure. 5.6 shows the variation of percentage elongation of A357 alloy and the 

developed DPS composites at varying solutionizing temperatures. From Figure. 5.6, it 

can be seen that the composites exhibit lower ductility when compared to the alloy at 

all solutionizing temperatures. The addition of hard ceramic particles (SiC) to the soft 

aluminium matrix (A357 alloy) has to lead to significant loss of ductility in DPS 

composites. From the figure, it is also observed that ductility values of A357 alloy 

increase substantially while it increases marginally for DPS composites with an 

increase in solutionizing temperature. Highest and lowest values of ductility were 

observed for A357 alloy (5.91%) and DPS3 composite (4.44%) respectively. The 

reason for increase in ductility at a solution temperature of 540°C compared to other 

solution temperatures (500°C and 520°C) is due to the softening effect of the matrix 

(Moller et al. 2008). Due to this effect, dislocation motion is facilitated upto a certain 

extent resulting in increase in ductility (Ragab et al. 2018). Similar trends have been 

reported in literature (Moller et al. 2008).  
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5.6. Tensile fracture surface analysis  

 

Figures. 5.7 (a) – (l), show the tensile fracture surfaces of A357 alloy and the 

developed DPS composites after the tensile test at varying solutionizing temperatures 

of 500°C, 520°C, and 540°C. The tensile fracture surfaces of A357 alloy taken at all 

the three solutionizing temperatures of 500°C, 520°C, and 540°C, showed crack 

nucleation at the inter-dendritic regions as shown in Figures. 5.7 (a), (b) and (c). For 

the case of A357 alloy, the inter-dendritic cracking is regarded as the main fracture 

mechanism irrespective of solution temperature. The crack nucleation occurs at these 

inter-dendritic regions and propagates along these dendrites, causing its failure. For 

instance, the sample solutionized at 500°C (Fig. 5.1 (a)) was wholly comprised of 

cracks propagating through weak dendritic regions. Similar observations were made 

in the case of other two solution temperatures (520°C, and 540°C). In case of DPS1 

composite, the fracture surface for all three solutionizing temperatures (500°C, 520°C, 

and 540°C), as shown in Figures. 5.7 (d), (e), and (f) show a large number of dimples. 

The fracture surface of DPS1 composite solution treated at 500°C (Figure. 5.7 (d)) is 

comprised of dimples with particle pull-out at few regions. Compared to the 

composite solution treated at both 500°C and 520°C, the composite solution treated at 

540°C showed a slightly higher number of dimples indicating higher ductility for the 

later condition. Owing to dense microstructure and stable stress state, the plastic 

deformation took completely resulting in fracture surface filled with fine dimples. The 

presence of both dimples and cleavage planes in the fractured surfaces illustrate 

mixed mode fracture in DPS1 composite. DPS2 composite also exhibited similar 

fracture characteristics at all three solutionizing temperatures, as shown in Figures. 

5.7 (g), (h) and (i). DPS2 composite solution treated at 500°C (Figure. 5.7 (g)) 

exhibited cracked eutectic silicon particle regions and interfacial cracks at a few spots. 

Some regions of DPS2 composite showed SiC particle pull-out, which is shown in 

Figures. 5.7 (h) and (i). The particle pull-out is attributed to the weakening of 

interfacial bond strength between the A357 matrix and the SiC particles. With the 

increase in loading the matrix friction stress increases which in turn enhances the 

work hardening rate leading to SiC particle pull-out  (Zhang et al. 2019).   
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Figure 5.7 : Fractographs of (a), (b), and (c) A357 alloy, (d), (e), and (f) DPS1 

composite, (g), (h), and (i) DPS2 composite, (j), (k), and (l) DPS3 composite 

solutionized at 500 °C, 520 °C, and 540 °C, respectively. 
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In addition to this, some eutectic silicon particles were also pulled-out from matrix 

surface which were accompanied by formation of secondary cracks that are shown in 

Figures. 5.7 (i). So, it can be presumed that the debonding of eutectic silicon particle 

and SiC particle were responsible for failure of DPS2 composite. Finally, for the case 

of DPS3 composite, the quasi-cleavage planes were visible on the surfaces of 

composite for all three solutionizing temperatures which are shown in Figures. 5.7 (j) 

(k) and (l). The fractography of DPS3 composite solution treated at 500°C (Figure. 5.7 

(j)) comprises of inter-dendritic cracking and fine dimples. At few regions, both 

particle pull-out and particle de-bonding were seen. Unlike for composite solution 

treated at 500°C and 520°C, the one solution treated at 540°C showed more particle 

cracking. This implies that the SiC particles participated in the fracture process. The 

reason for SiC particle cracking is attributed to increasing internal stress and particle 

fracture stress. During tensile loading, stresses are being imposed on the SiC particles 

by the A357 matrix. The internal stress which is induced on the SiC particles tends to 

increase and reach particle fracture stress eventually leading to cracking of SiC 

particles. However, one can see that the number of dimples on DPS3 composite 

solution treated at 540°C was more when compared to that of composite solution 

treated at 500°C and 520°C, respectively. More number of dimples is due to reduction 

in morphology of eutectic silicon and indication of increased ductility for DPS3 

composite shown in Figure. 5.7 (h). Overall, all DPS composites showed mixed mode 

fracture due to presence of dimples and cleavage planes. Similar trends have been 

reported in literature (Pramod et al. 2008; Lakshmikanthan et al. 2020).   

 

5.7 Hardness results 

 

Figure. 5.8 shows the variation of hardness of A357 alloy and the developed DPS 

composites at varying solutionizing temperatures (500°C, 520°C, and 540°C). The 

DPS composites showed higher hardness than A357 alloy at all solutionizing 

temperatures. This can be  attributed to the presence of hard SiC particles. Among the 

composites, the highest hardness was exhibited by DPS2, whereas DPS3 exhibited the 
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lowest hardness. This was observed for all the three solutionizing temperatures. From        

Figure. 5.8, it can be seen that hardness increases with increase in solutionizing 

temperature. The possible reason for increment in hardness is attributed to effective 

refinement of silicon particles from plate shaped morphology at 500°C to fine 

ellipsoidal at 540°C (Faccoli et al. 2017). In addition to this aging kinetics tend to 

accelerate with the increase in solution temperature which is why all the materials 

showed higher hardness values at 540°C.  

  

 

Figure 5.8: Hardness test results of A357 alloy and the developed DPS composites at 

different solutionizing temperatures.  

 

However, this is not the only reason for increment of hardness, but other contributors 

working along with this such as dispersion and dislocation strengthening mechanisms 

(Ajith kumar et al. 2014; Deng et al. 2012). Jin et al.(2011) in their work showed 

highest hardness values for a solution temperature of 530°C when compared to other 

solution temperatures of 495 and 560°C, respectively. Increase in solution temperature 

from 530°C to 560°C, led to both precipitate and grain coarsening which is why the 

hardness didn’t increase with further increase in solution temperature. The hardness 

results obtained in the present work are in good agreement with the results reported by 

Jin et al.(2011).  
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5.8 Specific wear rate  

 

Figure. 5.9 shows the plot of specific wear rate (at 30 N) v/s solutionizing temperature 

of A357 alloy and the developed DPS composites. From Figure 5.9, it can be 

observed that A357 alloy displays the highest wear rate. The reason for high wear rate 

in A357 alloy can be attributed to increased contact area between the two contact 

surfaces which further leads to interlocking or possible local welding between the 

asperities of the two contact surfaces resulting in increased specific wear rate (Vieira 

et al. 2009; Suresh and Sridhara, 2010). In addition to this, absence of load-bearing 

material can cause thermal softening of surface due to increase in temperature at the 

interface of contact surfaces. 

    

 

 

Figure 5.9 : Effect of solutionizing temperature on the wear rate of A357 alloy and the 

developed DPS composites.  

 

From Figure. 5.9, it can also be observed that DPS composites exhibit lower wear rate 

when compared to A357 alloy. This can be attributed to the presence of hard SiC 

particles in DPS composites. In addition to this, the strain hardening effect due to the 

presence of SiC particles also contributes to lower wear rate (Guo et al. 2002). Among 

the composites, the DPS2 composite displayed least wear rate when compared to 
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DPS1 and DPS3 composites at all solutionizing temperatures. The better wear 

resistance of DPS2 composite over the others (DPS1 and DPS3 composites) is 

attributed to its high hardness. From Figure. 5.8, it is evident that the hardness of 

DPS2 composite is higher for all cases of solution temperatures. The wear behavior of 

A357 alloy and its DPS composites can be directly related to their hardness. 

According to Archard’s law, the wear volume is inversely proportional to the 

hardness of a material (Archard,1953). To this end, the DPS2 composite exhibited 

higher hardness value over the other two DPS composites and the A357 alloy. It is 

quite clear that due to its high hardness, DPS2 composite displayed lower specific 

wear rate while A357 alloy with low hardness exhibited high specific wear rate. It is 

interesting to note the relation between solutionizing temperature and wear resistance.  

 

From Figure. 5.9, it can be observed that with increase in solution temperature from 

500°C to 540°C, the specific wear rate of A357 alloy and the developed DPS 

composites tends to decrease. It is well known that increase in solution temperature 

increases both the activation energy for GP zone nucleation and dislocation density 

(Rong et al. 2000; Das et al. 2008 ; Sankaranarayanan et al. 2011; Lei et al. 2013). 

Due to this, both the hardness and the strength of all materials tend to increase with 

increase in solution temperature. Similar results were reported by several researchers 

(Li et al. 2018; Gupta et al. 2012).  

 

5.9. Worn surface analysis  

  

Figures. 5.10 (a) – (l) show the SEM micrographs of worn surfaces of both A357 

alloy and the developed DPS composites at varying solutionizing temperatures 

(500°C, 520°C, and 540°C), at a load of 30N, sliding velocity of 2.5 m/sec and sliding 

distance of 1500 m. In these figures, number 1 represents sliding direction,                 

2 represents abrasion region, 3 represents coarse ploughed grooves ,4 represents 

narrow ploughed grooves , 5 represents craters and 6 represents specks, respectively. 

In case of A357 alloy, the worn surface as seen in Figures. 5.10 (a), (b), and (c) show 

abrasive grooves running parallel to the sliding direction. Worn surface of A357 alloy 

solutionized at 500°C (Figure. 5.10 (a)) showed a few delaminated regions along with 
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specks in between the parallel grooves. The width and number of abrasive grooves in 

case of A357 alloy solutionized at 500°C and 520°C were higher than that solutionized 

at 540°C. In addition to this, large patches of delaminated regions were seen for A357 

alloy solutionized at 520°C. This is due to the fact that the hardness of A357 alloy is 

higher at higher solutionizing temperatures which provides utmost resistance to 

plastic deformation and avoids formation of micro-cracks at the sub-surface level 

(Abouei et al. 2010). Formation of micro-cracks at the surface tends to coalesce at the 

subsurface region eventually removing the material in the form of flakes (Zhu et al. 

2017). Due to high hardness this is avoided to certain extent which is why minimal 

delaminated regions were seen in Figure. 5.10 (c).  

 

Worn surfaces of DPS1 composite presented in Figures. 5.10 (d), (e) and (f) show 

abrasive grooves running parallel to the sliding direction with minimal delaminated 

regions. Worn surface of DPS1 composite solutionized at 500°C (Figure. 5.10 (d)) 

showed relatively smooth surface along with few delaminated regions. It can be seen 

that compared to A357 alloy the number of abrasive grooves on the composite is 

lower indicating improved resistance to plastic deformation due to presence of SiC 

particles. Both eutectic silicon and SiC particles are known for their high hardness and 

they resist the plastic flow of material restricting the formation of abrasive grooves. 

Further, the delaminated regions are comparatively lesser for DPS1 composite, and 

their size is also quite smaller when compared with that of A357 alloy. The DPS1 

composite solution treated at 540°C showed no delaminated regions which can be 

attributed to its high hardness.    
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Figure 5.10: Wear tracks of (a), (b), and (c) A357 alloy, (d), (e), and (f) DPS1 

composite, (g), (h), and (i) DPS2 composite, (j), (k), and (l) DPS3 composite 

solutionized at 500 °C, 520 °C, and 540 °C, respectively.  
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Worn surfaces of DPS2 composite presented in Figures. 5.10 (g), (h), and (i) show 

thin abrasive grooves running parallel to sliding direction, indicating abrasive wear. 

However, one can observe that the worn surface of DPS2 composites is quite smooth 

compared to the other two DPS composites. For instance, the worn surface of DPS2 

composite solutionized at 500°C (Figure. 5.10 (g)) showed relatively smooth surface 

with fine abrasive grooves. The main reason is the high hardness observed in DPS2 

composites for all solution treatment temperatures. Due to its high hardness, the 

asperities of countersurface find it very hard to dig the surface of composite and 

because of this the extent of delamination is also decreased. Also, the contact surfaces 

and sliding surface temperatures are not increased to an extent such that the composite 

surface is softened; due to this, adhesion is largely avoided thereby reducing the area 

of delamination. 

  

The worn surfaces of DPS3 composite are shown in Figures. 5.10 (j), (k) and (l). This 

surface is found to be composed of parallel abrasive grooves and large delaminated 

regions. The width of abrasive grooves in DPS3 composite is found to be quite larger 

than that of DPS2 composite. The possible reason for severe delamination is 

attributed to an increase in the higher normal load applied during testing (Asl et al. 

2010). The higher load ensures that the effective stress applied by the countersurface 

exceeds the yield strength of composite which results in yielding and breaking the 

asperities. In addition to this, the asperities of countersurface penetrate deeper into the 

composite surface thereby digging more material. Further, increasing the surface 

temperature causes softening and adhesion, which in turn leaves behind a large crater 

due to delamination of the composite surface. Overall, delamination wear was found 

to be the primary wear mechanism operating in A357 alloy and the developed DPS 

composites followed by abrasion (Li et al. 2018; Suh , 1977). 
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5.10 Three-dimensional surface topographies of worn surfaces  

Figures. 5.11 (a) – (h) show three-dimensional surface topographies of the worn 

surfaces of A357 alloy and the developed  DPS composites solutionized at different 

temperatures of 520°C and 540°C taken at 30 N load,  sliding velocity of 2.5 m/sec, 

and sliding distance of 1500 m. The surface topography of A357 alloy shows very 

high roughness values for both solutionizing temperatures indicating severity of wear 

as seen in Figures. 5.11 (a) and (b). The topography showed large regions of material 

delamination along with wide abrasive grooves running along the sliding direction. 

Many grooves on the worn surface were found to be several hundred micrometers 

wide and up to ~40 µm depth. Due to the soft nature of A357 alloy, the asperities of 

the countersurface were able to remove material much easier and at large depths. This 

is why the surface roughness of A357 alloy at solutionizing temperatures of                   

520°C and 540°C was about 12.53 and 11.06 µm, respectively.  

 

DPS1 composite showed considerably lesser surface roughness than A357 alloy 

indicating good resistance to plastic deformation. The surface roughness values were 

about 6.24 and 5.86 µm for 520°C and 540°C solution treated DPS1 composite as 

shown in Figures. 5.11 (c) and (d). The presence of SiC particles ensures minimal 

contact between the countersurface and the composite surface during testing. Less 

number of asperities from countersurface will have contact with the composite surface 

due to which the material loss is less as well as the surface roughness will be low 

which is quite evident from surface topographies. With the increase in material 

hardness, the asperities from countersurface find it very difficult to penetrate the 

surface of DPS2 composite due to which the surface will have fewer groove marks. 

Even though few abrasive grooves are present, the depth of the grooves is negligible. 

This is evident from the surface topography of DPS2 composite, as shown in Figures. 

5.11 (e) and (f). The surface roughness of DPS2 composite was found to be 3.88 and 

2.99 µm respectively for 520°C and 540°C solution temperature, respectively. The 

hardness of DPS2 composite was found to be higher than that of other composites and 

A357 alloy. Therefore, the composite provides utmost resistance to penetration of 

asperities of countersurface as well as minimizes the material loss.   
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Figure 5.11: Three-dimensional surface topographies of worn surfaces of (a) and (b) 

A357 alloy, (c) and (d) DPS1 composite, (e) and (f) DPS2 composite, (g) and (h) 

DPS3 composite, solutionized at 520°C and 540°C, respectively.   
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The DPS3 composite (Figures. 5.11 (g) and (h)) showed abrasive groove marks with 

few delaminated regions in the topographies. The depth of the grooves for DPS3 

composite solution treated at 520°C was found to be in the range of 15-35 µm while 

the one solution treated at 540°C showed depth of grooves in the range of 20-43 µm. 

The depth of delaminated region in case of DPS3 composite suggest the nucleation of 

large number of micro-cracks at the surface and propagating through the sub-surface 

where they tend to coalesce. This region covered with micro-cracks is delaminated 

from the composite surface leaving behind craters. Further among composites, DPS3 

composite has shown highest surface roughness values which is well in line with the 

specific wear rate results. In addition to this, the surface topography results as shown 

in Figures. 5.11 (g) and (h) are almost similar to the SEM micrographs showing worn 

surfaces in Figures. 5.10 (k) and (l). Overall, the surface topography and the surface 

roughness values of A357 alloy and its DPS composites are well in line with the worn 

surfaces shown in Figures. 5.10.  

    

5.11 Wear debris analysis  

Figures. 5.12 (a) – (l) show the SEM images of wear debris collected from both A357 

alloy and the developed DPS composites at solutionizing temperatures of 500°C, 

520°C and 540°C respectively at a load of 30N, sliding velocity of 2.5 m/sec and 

sliding distance of 1500 m. In these figures, number 1 represents yarn-like debris, 2 

represents micro-cracks, 3 represents wrecked debris,4 represents wavy form debris, 

and 5 represents scale-like debris, respectively. The wear debris observed for A357 

alloy solutionized at 500°C was found to be several hundred microns in size with large 

parallel grooves on them (see Figure. 5.12 (a)). Large, delaminated regions in the 

form of flakes were observed for A357 alloy as shown in Figures. 5.12 (b) and (c). 

Many of these regions were over 500 µm in length, indicating severity of the applied 

load. In case of low loads, the wear rates were low, and the debris formed is also fine 

in size. However, in the present case, the debris formed were quite large in size and in 

the form of metallic flakes indicating severe wear. The debris also showed presence of 

abrasive grooves on the surface which was the main wear characteristic seen in the 
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worn surfaces. Apart from few large, delaminated regions small powdered shaped 

debris was also extracted from the countersurface. This is attributed to ploughing 

action of asperities of countersurface over the composite surface repetitively.  

On the other hand, the formation of large-scale debris which had micro-cracks on the 

surface showed that delamination wear was  primary wear mechanism in A357 alloy 

followed by abrasion. In case of DPS composites the debris, and their size was 

considerably lower than that of A357 alloy except for DPS3 composite. The SEM 

micrographs of DPS1 and DPS2 shown in Figures. 5.12 (d), (e) (f), (g), (h) and (i) 

indicate that the size of debris was few hundred microns or lower than that. Here, 

formation of small size debris indicates that SiC particles were able to prevent the 

severe wear of A357 matrix. Careful observations of debris surface show the presence 

of abrasive grooves and their flake type morphology explains metallic wear. In 

addition to this, another characteristic feature was seen in case of DPS1 and DPS2 

composites, where the debris is formed in shape of ductile ribbons (Kaur and Pandey, 

2010). Due to predominance of abrasive wear such type of metallic ribbon debris is 

observed in these two composites.  

In case of DPS3 composite, the large wear debris observed was similar to that seen for 

A357 alloy and are shown in Figures. 5.12 (j), (k) and (l). Presence of large metallic 

flakes with a number of micro-cracks over them suggest sub-surface delamination 

mechanism. Localized stresses on the composite surface over a period of time tend to 

become higher than that of the yield strength of the composite. Due to this, 

deformation occurs in large scale such that the fracture of sub-surface and surface 

takes place simultaneously leading to formation of large size debris. This is well in 

line with the specific wear rate observed for DPS3 composite which is considerably 

higher than other two composites. Overall, the DPS composites, showed delamination 

wear as primary wear mechanism followed abrasion ( Kaur and Pandey, 2010).    
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Figure 5.12: Wear debris of (a), (b), and (c) A357 alloy, (d), (e), and (f) DPS1 

composite, (g), (h), and (i) DPS2 composite, (j), (k), and (l) DPS3 composite aged at 

500 °C, 520 °C, and 540 °C respectively.  
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CHAPTER-6 

 

RESULTS AND DISCUSSION 

 
Effect of aging temperature on microstructure, physical, mechanical and wear 

properties of dual particle size SiC reinforced A357 composites  

  

In this chapter, the effect of aging temperature (which is varied from 160°C to 200°C 

in steps of 20°C for 6 h at constant solutionizing temperature of  540°C for 9 h.) on the 

microstructure, mechanical and wear properties of A357 alloy and the developed DPS 

composites are discussed. Results also include wear debris and worn surface analysis. 

 

6.1 Density of A357 alloy and the developed DPS composite  

Table 6.1: Theoretical and experimental densities of A357 alloy and the developed 

DPS composites at varying  aging temperatures.  

S/No Alloy/Composite Designation Theoretical  

Density (ρth) 

(gm/cc) 

Experimental 

Density (ρexp) 

(gm/cc) 

1 A357 Alloy A357-160°C - 6H 2.700 2.685 

2 DPS1 Composite DPS1-160°C - 6H 2.730 2.713 

3 DPS2 Composite DPS2-160°C - 6H 2.730 2.715 

4 DPS3 Composite DPS3-160°C - 6H 2.730 2.713 

5 A357 Alloy A357-180°C - 6H 2.700 2.691  

6 DPS1 Composite DPS1-180°C - 6H 2.730 2.720 

 7 DPS2 Composite DPS2-180°C - 6H 2.730 2.721 

8 DPS3 Composite DPS3-180°C - 6H 2.730 2.720 

9 A357 Alloy A357-200°C - 6H 2.700 2.688 

10 DPS1 Composite DPS1-200°C - 6H 2.730 2.717 

11 DPS2 Composite DPS2-200°C - 6H 2.730 2.718 

12 DPS3 Composite DPS3-200°C - 6H 2.730 2.716 
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Table. 6.1 shows the density measurements (theoretical and experimental) of A357 

alloy and the developed DPS composites at varying aging temperatures (160°C, 

180°C, and 200°C). The density values of the DPS composites are slightly higher 

compared to the A357 alloy. This is due to the presence of a high-density ceramic 

material (SiC) (Aykut Canakci et al. 2014; Youg Hu et al. 2019). Variations in density 

among the composites heat treated to different conditions are negligible. From     

Table. 6.1, it can be observed that the difference in the theoretical and experimental 

densities is insignificant. Thus, it can be concluded that the dispersion of SiC particles 

was found to be good with almost no observable porosity or any casting defects (Rao 

et al. 2012; Ramprabhu et al.2019). 

6.2  Microstructural analysis of the A357 alloy 

Figures. 6. 1 (a) and (b) show optical and SEM micrographs of A357 alloy solution 

treated at 540°C and aged at 180°C. Figures. 6. 1 (c) and (d) show optical and SEM 

micrographs of A357 alloy solution treated at 540°C and aged at 200°C, respectively. 

In Figures. 6.1 (a) and (b) fine globular morphology of eutectic silicon particles due to 

heat treatment can be observed. Similar results were reported by researchers (Akhter 

et al. 2007; Maube et al. 2014). Heat treatment results in the transformation of fibrous 

shape eutectic Si into fine spheroidized Si particles uniformly distributed in the A357 

matrix. Heat treatment also dissolves Mg2Si particles, resulting in structural 

homogenization, and alters the shape of eutectic Si particles. Upon heat treatment 

necking can be seen in Si particles. With further increase in temperature from               

160-180°C, particle fragmentation and spherodization takes place (Figures. 6.1 (a)       

and (b)) (Apelian et al.1989; Shivkumar et al.1990). Further, from Figures. 6.1 (c) and 

(d) it can be observed that the Si particles are smaller and more uniformly distributed. 

The fragmentation of Si particles reduces particle size and increases particle number, 

which in turn leads to the strengthening of the alloy. As the aging temperature is 

increased from 180°C to 200°C, coarsening of Si particles can be observed (Figures. 

6.1 (c) and (d)). 
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Figure 6.1: (a) and (b) shows optical and scanning electron micrographs of A357 alloy 

aged at 180°C. (c) and (d) shows optical and  scanning electron  micrograph of A357 

alloy aged at 200°C. (e) EDS spectrum of A357 alloy taken on Al-Si interface at 

180°C. 
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Figures. 6.1 (e) shows the SEM micrograph with EDAX spectrum of A357 alloy 

solution treated at 540°C and aged at 180°C. From the EDAX spectrum, traces of Mg 

located at the Al-Si interfaces can be found. Typically, Mg is added to the Al-Si alloy 

for age hardening through the precipitation of Mg2Si precipitates. In Figure. 6.1 (e), 

magnesium peak from the EDAX analysis confirms that Mg2Si precipitates form as a 

result of heat treatment.  

 

6.3  Microstructural analysis of the developed DPS composites  

Figures. 6.2 (a), (b) and (c) show the optical micrographs of heat-treated composites 

(DPS1, DPS2 and DPS3) that were solution treated at 540°C and aged at 180°C. In 

these Figures, number 1 represents fine SiC, 2 represents coarse SiC and 3 shows 

clustering of fine SiC. It can be observed from all the micrographs that both dual size 

SiC particles were found to be fairly uniformly distributed in the A357 matrix. Figure. 

6.2 (a) shows micrograph of DPS1 composite where the dispersion of SiC particles 

was found to be very good with almost no observable porosity or any casting defects. 

However, a small extent of clustering of small size SiC particles was observed in the 

case of DPS2 composite as shown in Figure. 6.2 (b). Here, most of the SiC particles 

seen in the microstructure are of large size, which is due to the high content of large 

size particles when compared to small size particles. On the other hand, the dispersion 

of particles in DPS3 composite was reasonably uniform, as shown in Figure. 6.2 (c). 

Small-scale cluster formation of small size SiC particles were seen at few spots closer 

to large size SiC particles in DPS3 composite. High shear rate generated during melt-

stirring process pushes small size particles at a faster rate when compared to large 

particles. However, the movement of small particles is restricted by large particles due 

to which they get settled near the large particles, and same is seen in Figure. 6.2 (c). 

Overall, dispersion of dual particle size SiC was found to be reasonably uniform in all 

the composite systems, and hardly any casting defects such as porosity was seen on 

the surface. The addition of SiC as reinforcement enhances aging kinetics, phase 

transformation reaction and it also acts as seeding for precipitation during the heat 

treatment process, which further leads to alloy strengthening (Cottu et al. 1992; 

Yamanoglu et al. 2013; Myriounis et al. 2008).  
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Figure 6.2: Optical Micrographs of (a) DPS1 composite, (b) DPS2 composite,      

(c) DPS3 composite, all aged at 180°C, (d) EDS spectrum taken on DPS2 composite 

particle, and (e) EDS spectrum at Al/SiC interface. 
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These dual sizes SiC particles influence the strengthening of matrix material in a 

significant way during the heat treatment process (Myriounis et al. 2008; Christmas 

and Suresh, 1988; Manoharan and Lewandowski, 1989, Karuppusamy et al. 2019). 

Figure. 6.2 (d) shows the EDAX analysis of composite particle in DPS2 composite. 

From the figure, Si and C peaks can be observed. Si, C peaks confirm the presence of 

SiC particles in the A357 matrix. Figure. 6.2 (e) shows EDAX analysis at the Al/SiC 

interface. The interface shows the presence of Mg peak along with Al, Si and C peaks. 

The presence of four elements Al, Mg, Si, and C confirms the presence of Mg2Si at 

the Al-SiC interface. 

 

6.4  TEM analysis of A357 alloy and the developed DPS composite   

Figures. 6.3 (a), (b), (c), (d), and (e) show the bright-field TEM images of A357 alloy 

and the developed DPS composites, that were aged at 180°C for about 6 hours. In 

these figures, number 1 represent needle shaped βʺ phase. Precipitation is a very 

important aspect of age hardening which directly influences the mechanical properties 

of a material. TEM image of A357 alloy as shown in Figure. 6.3 (a) shows the 

presence of very fine sized precipitates consisting of Mg and Si atoms. These fine 

sized precipitates which are spherical in shape correspond to β-Mg2Si with diameter 

in the range of 20-40 nm. Apart from these precipitates, few needles corresponding to 

βʺ phase were also observed in the A357 alloy. In case of DPS1 and DPS2 

composites, along with the β-Mg2Si precipitates, needles of βʺ phase were also 

observed as shown in Figures. 6.3 (b) and (c). Compared to A357 alloy, needle shaped 

βʺ phase was comparatively high in the case of these composites. Most of these fine 

needles had length in the range of 30-100 nm and a diameter of about ~5 nm in the 

peak-aged, heat-treated conditions. Due to high silicon content in the matrix, 

quenching gives rise to higher content of supersaturated Si which favors the formation 

of βʺ phase (Sjolander and Seifeddine, 2010). Further a high magnification TEM 

micrograph of DPS3 composite as shown in Figure. 6.3 (d) showed uniform 

dispersion of β-Mg2Si precipitates in the entire α-Al matrix.  
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Figure 6.3: Bright-field TEM images of (a) A357 alloy, (b) DPS1 composite,            

(c) DPS2 composite, (d) DPS3 composite, and (e) Modified Si particles with twins in 

DPS2 composite after heat treatment at aging temperature of 180°C. 
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Also, presence of high silicon content in A357 matrix requires the above 

stoichiometric formation of β-Mg2Si. This will not only favor the nucleation of these 

precipitates but also strength of both A357 alloy and DPS composites. However, it is 

interesting to note that in both A357 alloy and the developed DPS composites, no βʹ 

phase was observed which otherwise is considered to be nucleation site for βʺ phase 

(Li et al. 2015; Liu et al. 2018). Figure. 6.3 (e) shows a small crystal of silicon particle 

whose edges are more rounded indicating spheroidization. Dark contrast structures 

resembling twin boundaries and dislocation networks are also seen inside the silicon 

particle. The morphological changes from irregular to nearly round shape and also 

decrease in size from coarse to small are mainly due to solution treatment. In addition 

to this, the formation of βʹ precipitates generates stresses in the matrix, which is 

compensated by the modification in silicon particle morphology. (Wang et al. 2015). 

 

6.5 Tensile strength 

 
Figures. 6.4 (a) and (b) show the variation of tensile strength (yield & ultimate) of 

A357 alloy and the developed DPS composites at varying aging temperatures (160°C, 

180°C, and 200°C). From Figures. 6.4 (a) and (b) it can be observed that the addition 

of particulate reinforcement enhances the tensile strength of the DPS composites 

(Arsenault and Everett, 1991; Ganesh and Chawla, 2005). Although all DPS 

composites subjected to heat treatment exhibited nearly same tensile strength (yield & 

ultimate) values, the DPS3 composite exhibited slightly better strength properties at 

all three aging conditions followed by DPS1 and DPS2 composites. Strengthening 

effect in composites can be attributed to number of particles present in a composite. 

Even though, the weight fraction of SiC is same for all composites, number of 

particles are highest in DPS3 composite because of the higher concentration of 

smaller particles. After DPS3 composite, the next higher concentration of smaller 

particles are present in DPS1 composite. The least number of smaller particles are 

present in DPS2 composite. SiC particles act as dislocation pinning sites and hence 

can improve strength. Possible grain refinement due to SiC particles and effective 

load transfer from matrix to composite particles are also expected to play a role in the 

increase of the strength of composites.  
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Figure 6.4: (a) Yield and (b) Ultimate tensile strengths of A357 alloy and the 

developed DPS composites at different aging temperatures. 

 

So, the strengthening of composites is a result of synergistic effect of grain 

refinement, precipitation hardening, Orowan looping and efficient load transfer 
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(Mirjavadi et al. 2017; Cai et al. 2018; Bembalge and Panigrahi, 2018; Umaru et al. 

2016; Zhu et al. 2001; Ramprabhu , 2017). Further, from Figures. 6.4 (a) and (b), it 

can be observed that the strength values increase with increase in aging temperature 

from 160°C to 180°C but tend to drop as the temperature is further increased to 200°C, 

i.e.,  highest strength values are observed at 180°C aging temperature. Upon aging, 

increase in strength properties are due to precipitation of coherent β-Mg2Si particles. 

Upon over aging i.e., at 200°C, loss in coherence leads to a loss in strength. 

  

Figure. 6.5 shows the variation of percentage elongation of A357 alloy and the 

developed DPS composites at varying aging temperatures. From Figure. 6.5, it can be 

seen that the DPS composites exhibit lower ductility (% elongation) when compared 

to the A357 alloy at all aging temperatures. Presence of SiC particles could be 

attributed to reduction in ductility because they can act as nucleation sites for cracks 

and thus hasten failure. The mechanism of fracture appears to be changing from alloy 

to composites.  

 

 

 

Figure 6.5: Percent elongation (%) of A357 alloy and the developed DPS composites 

at varying aging temperatures. 

 

Also, from Figure. 6.5, it can be observed that as the aging temperature increases 

ductility increases substantially for A357 alloy whereas it increases marginally for 
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composites. Increase in ductility in A357 alloy with increase in aging temperature 

could be attributed to change in fracture mechanism from interdendritic to intra 

dendritic upon over aging (Figures. 6.6 (a), (b) and (c)). Whereas for composites, 

aging temperature has little effect. This is because fracture is due to particle pull out 

irrespective of aging temperature (Figures. 6.6. (d), (e), (f), (g), (h), (i), (j), (k) and 

(l)). Analogous trends have been reported in literature (Wang et al. 2015).  

 

6.6  Tensile fracture surface analysis  

 

Figures. 6.6 (a) – (l)  show the tensile fracture surfaces of A357 alloy and the 

developed DPS composites after the tensile test at varying aging temperatures of 

160°C, 180°C, and 200°C. The fracture surface of A357 alloy at 160°C aging 

temperature (Figure. 6.6 (a)) showed a significant amount of dendritic shrinkage 

porosity. For the cases of 180°C, and 200°C, aging temperatures large numbers of 

dendrite fractured regions were observed in the fractographs of A357 alloy (Figure. 

6.6 (b) and (c)). This confirms inter-dendritic cracking as the main fracture 

mechanism as these dendrite globules promote micro-crack propagation during the 

loading (Chen et al. 2014).  

   

On the other hand, all DPS composites (DPS1, DPS2, and DPS3) at all the three aging 

temperatures, i.e., 160°C for 6h, 180°C for 6h, and 200°C for 6h, showed nearly 

identical fracture surfaces. For instance, the DPS1 composite aged at 160°C showed 

eutectic silicon particle cracking ( Figure. 6.6 (d)). Also, DPS2 and DPS3 composites 

aged at 160 °C  showed particle pull out and ductile failure, as shown in Figures. 6.6 

(g) and (j) respectively. In case of 180°C and 200°C aging temperatures, the fracture 

surfaces of DPS composites consisted of a large number of dimples indicating ductile 

failure by void nucleation and coalescence mechanisms. The void nucleation takes 

place at Al matrix/SiC interface. When stress is applied, the plastic deformation starts 

by dislocation movement.  
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Figure 6.6 : Fractographs of (a), (b), and (c) A357 alloy, (d), (e), and (f) DPS1 

composite, (g), (h), and (i) DPS2 composite, (j), (k), and (l) DPS3 composite, aged at 

160 °C, 180 °C, and 200 °C respectively. 
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These dislocations are blocked by the Al matrix/SiC interfaces resulting in dislocation 

accumulation. This results in stress build up around the interface resulting in much 

higher stress than the applied stress. When the stress is sufficient to crack the 

interface, micro voids preferably nucleate at the interface due to strong stress gradient. 

Due to the creation of micro-voids, the crack initiates at the micro voids and 

propagates around the SiC particles. Eventually, the particles are pulled out of the 

A357 matrix leaving behind nearly circular shaped voids. These voids connect with 

each other through crack propagation and finally lead to fracture forming a dimpled 

fractured surface as seen in Figures. 6.6 (e), (f), (h), (i), (k), and (l).  

 

6.7  Hardness results 

Figure. 6.7 shows the variation of hardness of A357 alloy and the developed DPS 

composites at varying aging temperatures (160°C, 180°C, and 200°C). From Figure 

6.7, it can be seen that the DPS composites show an increase in hardness when 

compared to A357 alloy at varying aging temperatures. Higher hardness of 

composites can be attributed to the presence of hard SiC particles.  

   

 

Figure 6.7: Hardness results of A357 alloy and the developed DPS composites at 

varying aging temperatures. 
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Among the composites, DPS2 composite exhibited highest hardness while the DPS3 

composite exhibited the lowest hardness at all three aging temperatures. This trend in 

hardness among composites can be rationalized based on weight fraction of large SiC 

particles. Small size particles offer less resistance to deformation when compared to 

large size particles and this leads to lower hardness (Avinash et al. 2016; 

Lakshmikanthan et al. 2019). High hardness of DPS2 composite is due to the presence 

of maximum weight fraction of large sized particles. Similarly, lowest hardness 

values exhibited by DPS3 composite is due to the presence of minimum weight 

fraction of large sized particles.  

 

From Figure. 6.7, it can be observed that the hardness values increase with aging 

temperature till 180°C and reduces beyond 180°C i.e., maximum hardness values are 

observed at an aging temperature of 180°C. The increase in hardness after heat 

treatment can be attributed to formation of hard Mg2Si phase due precipitation 

hardening (Sharma et al. 2012). From the peak hardness variation with different aging 

temperatures, it was found that the composite is under aged at 160°C and overaged at 

200°C. Analogous trends were reported in literature (Yamanoglu et al. 2013; 

Myriounis et al. 2008; Ravikumar et al.2018). 

 

6.8  Specific wear rate  

 

Figure. 6.8 shows the plot of specific wear rate (at 30 N) v/s aging temperature of 

A357 alloy and the developed DPS composites. From Figure. 6.8, it can be observed 

that A357alloy exhibited the highest wear rate. The reasons for high wear rate of 

A357 alloy can be attributed to: extensive sub surface deformation, high adhesive 

metal-metal contact assisted surface shear strain, the increased contact area of matrix 

to counter surface, and the absence of load bearing particles (Avinash et al. 2016; 

Lakshmikanthan et al. 2019; Ramprabhu , 2016). 

 

From Figure. 6.8, it can also be observed that DPS composites exhibit lower wear rate 

when compared to A357 alloy. This can be attributed to the presence of hard SiC 

particles in DPS composites. SiC particles are hard and hence they can resist abrasion. 
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Moreover, they also reduce contact between counter surface and soft matrix and share 

some load. Reduced contact between counter surface and matrix and load sharing 

leads to lower wear rate (Rao et al.2009; Rajeev et al. 2010). Among the composites, 

the DPS2 composite exhibits least wear rate when compared to DPS1 and DPS3 

composites at all aging temperatures. Good wear resistance (least wear rate) of DPS2 

composite is mainly due to presence of high weight percent of large size SiC particles 

which bear most of the applied pressure when compared to that of small size SiC 

particles and A357 matrix. Further, large sized SiC particle protect the fine size SiC 

particles from gouging out of the matrix thereby allowing them to provide protection 

against weight loss for a longer time (Bindumadhavan et al. 2001; Chung and Hwang, 

1994; Chawla , 2006; Song et al. 1995). 

 

 

Figure 6.8: Effect of aging temperature on wear rate of A357 alloy and the developed 

DPS composites.  

 

From Figure. 6.8, it can be observed that both A357 alloy and the developed DPS 

composites show decrease in wear rate with aging temperature till 180°C but beyond 

this temperature wear rate increases. The specimens aged at 180°C show better wear 

resistance compared to the specimens aged at 160°C and 200° C and it may be due to 



130 

 

the presence βʺ and β-Mg2Si precipitates (Pedersen and Arnnberg, 2001; Gaun et al. 

2016). Thus, the specimens aged at 180°C can be considered as peak aged, while the 

specimens which are aged at 160°C are considered as under aged and the specimens 

which are aged at 200°C are considered as over aged. Similar results were reported in 

literature (Ravikumar et al. 2018; Chacko and Nayak, 2014). 

 

6.9  Worn surface analysis  

 Figures. 6.9 (a) – (l) show the SEM micrographs of worn surfaces of both A357 alloy 

and the developed DPS composites at varying aging temperatures of 160°C, 180°C, 

and 200°C, at a load of 30N, sliding velocity of 2.5 m/sec and sliding distance of 1500 

m. In these figures, the number 1 represents a delaminated wear-out area,2 represents 

abrasion, 3 represents thin ploughed trenches, 4 represents deep ploughed trenches, 5 

represents craters, and 6 represents sliding direction, respectively. Worn surface of 

A357 alloy at different aging temperatures (160°C, 180°C and 200°C) is shown in 

Figures. 6.9 (a), (b) and (c). From these figures, it can be observed that wear 

mechanism changes with temperature. The A357 alloy aged at 160°C showed large, 

delaminated areas along with abrasive grooves running along the sliding direction 

(see Figure. 6.9 (a)). Some of the delaminated areas were almost few hundred microns 

in size. At peak aging temperature of 180°C, wear is predominantly caused by the 

surface delamination. When temperature is increased to 200°C, instead of surface 

delamination, deep grooves are observed which is an indication of plastic 

deformation. So, at high temperatures, wear mechanism changes from surface 

delamination to intense plastic deformation and material removal. Both the worn 

surfaces show wide and parallel grooves running in sliding direction with large 

cavities in between them. The formation of cavities can be attributed to delamination 

of the surface material of the alloy. At a high load of 30 N, the softening of surface 

takes place due to frictional resistance as a result of surface material of the alloy 

getting welded to the counterface surface. Due to the increase in adhesive nature of 

pin and alloy, delamination occurs easily. It appears that the extent of delamination is 

higher in the case of 200°C aged alloy. This may be due to its low hardness at 200°C 

when compared to that at 160°C and 180°C aging conditions. 
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Figure 6.9: Wear tracks of (a), (b), and (c) A357 alloy, (d), (e), and (f) DPS1 

composite, (g), (h), and (i) DPS2 composite, (j), (k), and (l) DPS3 composite, aged at 

160 °C, 180 °C, and 200 °C, respectively. 
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The extent of delamination appears to be less in DPS1 composite compared to that of 

the alloy as seen in Figures. 6.9 (d), (e) and (f). The DPS1 composite aged at 160°C 

showed abrasives grooves of large width running along the sliding direction (Figure. 

6.9 (d)). Hard SiC particles in DPS1 composite protrude out of composite surface 

during wear testing process and prevent direct contact between composite surface and 

counterface surface. Due to this, the extent of delamination is decreased. 

 

The worn surface of DPS2 composite had a relatively smooth surface with fine 

abrasive groove marks. The width of abrasive grooves was quite small for all three 

aging temperatures (160 °C, 180 °C, and 200 °C), as shown in Figures. 6.9 (g) (h) and 

(i). This is mainly due to the presence of a higher weight fraction of large size SiC 

particles, which tend to take most of the applied load and protect small-sized SiC 

particles as well as the matrix (Rajmohan et al. .2013; Singh and Chauhan, 

2016). These large particles avoid direct contact between the counterface surface and 

composite surface which is why the groove width is smaller when compared to that of 

A357 alloy and other two composites. On the other hand, the worn surface of DPS3 

composite was almost similar to that of the DPS1 composite. Deformation grooves 

and delamination were the primary reasons for weight loss in this composite. The 

worn surface of  DPS3 composite is nearly smooth with minimal abrasive grooves at 

all three aging temperatures of 160°C, 180°C, and 200°C respectively as shown in 

Figures. 6.9 (j), (k) and (l). The worn surface of DPS3 composite aged at 160°C, 

showed a relatively smooth surface with considerable amount of delamination. These 

figures show changes in the deformation mechanism from abrasion at 160°C to 

delamination at 180°C, to deformation at 200°C aging temperature.  

6.10  Three-dimensional surface topographies of worn surfaces  

 

Figures. 6.10 (a) – (h) show the three-dimensional surface topographies of worn 

surfaces of  both A357 alloy and the developed DPS composites at varying aging 

temperatures of 180°C and 200°C, at a load of 30 N, sliding velocity of 2.5 m/sec and 

sliding distance of 1500 m.  
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Figure 6.10: Three-dimensional surface topographies of worn surfaces of (a) and (b) 

A357 alloy, (c) and (d) DPS1 composite, (e) and (f) DPS2 composite, (g) and (h) 

DPS3 composite, aged at 180°C and 200°C, respectively. 
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In case of A357 alloy, it can be seen from Figures. 6.10 (a) and (b) that the surface 

showed features of surface delamination and formation of deep grooves supporting 

the evidence obtained using SEM (Figures. 6.9 (b) and (c)). The Ra values measured 

for the A357 alloy at 180°C and 200°C aging temperatures are 8.00 µm and 8.44 µm, 

respectively. On the other hand, lowest Ra values were measured for the DPS2 

composite at 180°C (2.60 µm) and 200°C (2.71 µm)  respectively. These observations 

are well in line with the low specific wear rate recorded for this composite. 

 

Further, compared to A357 alloy and other DPS composites the undulations observed 

on the worn surface of  DPS2  composite are significantly less (see Figures. 6.10 (e) 

and (f)). Also, compared to A357 alloy, the DPS composites showed lower Ra values 

which is attributed to the resistance offered by dual size SiC particles. The asperities 

of counterface surface are prevented from penetrating inside the matrix by the SiC 

particles due to which the surface roughness values are quite lower for DPS 

composites. The depth of valleys and width of grooves were found to be higher for 

A357 alloy compared to that of DPS composites. This is mainly because of higher 

hardness exhibited by DPS composites when compared to A357 alloy. Overall, these 

results are well in line with preceding sub-sections (6.1.8  and 6.1.9). Further, 

compared to the DPS composites, A357 alloy exhibited higher Ra values due to higher 

wear rate. Also, the surface topographies of the developed DPS composites showed 

no abnormal depth in the worn surface indicating absence of SiC particle pull-out. 

 

6.11  Wear debris analysis   

 

Figures. 6.11 (a) – (l) show the wear debris of worn surfaces of both A357 alloy and 

the developed DPS composites at varying aging temperatures of 160°C, 180°C, and 

200°C, and at a load of 30 N, sliding velocity of 2.5 m/sec and sliding distance of 

1500 m. In these figures, number 1 represents fleck-like debris, 2 fiber-like debris ,     

3 represents ruptured debris, 4 represents ribbed debris, and 5 represents coil-like 

debris, respectively. In the case of A357 alloy, the size of wear debris collected for 

160°C aging temperature showed large debris having a size of several hundred 

microns (~500 µm), (Figure. 6.11(a)). The size of wear debris of A357 alloy collected 



135 

 

for 180°C aging temperature condition was smaller (~300 µm) than that collected for 

200°C aging temperature condition (~600 µm) which are shown in Figures. 6.11 (b) 

and (c). 

 

In the case of DPS1 composite, the size of wear debris showed similar trend as that of 

A357 alloy. Wear debris size of ~150 µm, ~100 µm, and ~180 µm were recorded for 

the DPS1 composite aged at 160°C, 180°C and 200°C respectively as shown in      

Figures. 6.11 (d) (e) and (f). On the other hand, the wear debris of the DPS2 

composite (Figures. 6.11 (g), (h) and (i)) have sizes approximately ~80 µm, ~50 µm 

and 100 µm when aged at 160°C, 180°C and 200°C, respectively. The wear debris size 

of DPS2 composite is very small compared to that of A357 alloy and other two DPS 

composites. Most of the debris had irregular flake-like morphology with sharp edges 

indicating delamination as a primary wear mechanism. The small size of wear debris 

in the DPS2 composite can be attributed to the higher hardness exhibited by this 

composite at all three aging temperatures. Similarly, for DPS3 composite, wear debris 

has a size of 180 µm, 150 µm and 200 µm approximately for the samples aged at 

160°C, 180°C and 200°C respectively as shown in Figures. 6.11 (j), (k) and (l). From 

these figures, it can be observed that the wear debris size and morphology of DPS3 

composites is almost same for all three aging temperatures (Figures. 6.11 (j), (k) and 

(l)). Overall, it can be observed that at peak aging temperature of 180°C, both A357 

alloy and the DPS composites showed smaller wear debris which is attributed to the 

presence of uniformly dispersed hardening phases such as βʺ and β-Mg2Si precipitates 

compared to the under aged (160°C) and over aged (200°C) conditions.   
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Figure 6.11: Wear debris of (a), (b) and (c) A357 alloy, (d), (e) and (f) DPS1 

composite, (g), (h) and (i) DPS2 composite, (j), (k) and (l) DPS3 composite aged at 

160 °C, 180 °C, and 200 °C respectively. 
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE WORK 

 
7.1 Conclusions 

 

This chapter presents the overall conclusions drawn from the various characterization 

studies and tests conducted on the A357 alloy and the developed DPS composites. 

This chapter also lists the various directions identified for future research.  

 

This research focused on three aspects: 

 

1) To understand the effect of dual particle size (DPS) SiC reinforcement on 

microstructure, mechanical and wear properties of A357 alloy and the 

developed composites. 

 

2) To understand the effect of solution heat treatment on microstructure, 

mechanical and wear properties of A357 alloy and the developed DPS 

composites. 

 

3) To study the effect of aging temperature on microstructure, mechanical and 

wear properties of A357 alloy and the developed DPS composites.  

 

The key conclusions of each of the above aspects of the research are summarized 

separately below.  
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7.1.1 Effect of dual particle size (DPS) SiC reinforcements on microstructure, 

mechanical and wear properties of A357 alloy and the developed composites  

 

➢ Optical microscopy analysis showed an almost uniform distribution of both 

fine and coarse size SiC particles in the A357 matrix with good interfacial 

bonding. 

 

➢  The density measurements of A357 alloy and the developed DPS composites, 

revealed that the distribution of SiC particles in the A357 matrix was good 

with almost no observable porosity and casting defects. 

 

➢ The hardness studies showed that all the developed DPS composites exhibited 

higher hardness than that of A357 alloy. Among the composites, the DPS 2 

composite (4 wt. % of coarse SiC and 2 wt. % of fine SiC) (DPS2) exhibits the 

highest hardness. This is because of the higher probability for indentation to 

occur on large hard and stiff particles which are higher by weight fraction in 

DPS2 composite. Hence DPS2 composite exhibits highest hardness among the 

DPS composites. 

 

➢ The yield and tensile strength of all composites were higher than that of the 

A357 alloy. Among the DPS composites, the DPS 3 composite (2 wt. % of 

coarse SiC  and4 wt. % of fine SiC)  exhibited higher strength. Grain 

refinement and dislocation strengthening effects by the fine size SiC particles 

and load bearing effect from the coarse size SiC particles are responsible for 

the higher strength exhibited by the DPS3 composite.  

 

➢ The wear resistance of all the developed DPS composites was higher than that 

of the A357 alloy. Effective load transfer from matrix to reinforcement 

particles and strengthening by dislocation generation and grain refinement are 

reasons attributed for the higher wear resistance of the DPS composites.  

  

➢ Among the different dual particle size combinations, the DPS 2 composite           

(4 wt. % of coarse SiC  and 2 wt. % of fine SiC)  is found to show superior 
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wear resistance properties. This indicates that a combination of higher fraction 

of coarse size particles with a lower fraction of fine size particles is the 

optimum combination to derive the best of both coarse and fine sizes SiC 

particle effects. 

 

➢ Overall, it can be concluded that small sized particles are good for strength 

properties while large sized particles are good for hardness and wear 

properties. Good hardness and wear properties are mainly due to large sized 

particles taking the load and hence composites with higher ratio of large size 

particles are good for wear properties. Whereas strength and ductility are 

mainly the result of dislocation pinning and bowing which are good when 

particle size is smaller. Hence smaller particles are good for strength 

properties. 

  

7.1.2 Effect of solutionizing temperature on microstructure, mechanical 

and wear properties of A357 alloy and the developed DPS composites 

 

➢ Microstructural analysis showed modification in silicon morphology from 

plate shape to ellipsoidal shape as the solution temperature increased from 

500°C to 540°C. Further, the developed DPS composites showed fairly 

uniform dispersion of both size (coarse and fine size) SiC particles with good 

interfacial bonding with the A357 matrix. 

 

➢ From the density measurements of A357 alloy and the developed DPS 

composites at varying solutionizing temperatures, it can be seen that the 

difference between experimental and theoretical densities values are  less than  

1%. This indicates that all the materials (A357 alloy and the DPS composites) 

have dense microstructure with minimal porosity. 
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➢ TEM analysis showed formation of βʺ and β-Mg2Si precipitates in A357 alloy 

and the developed DPS composites which help in strengthening of both the 

A357 alloy and the developed DPS composites. 

 

➢ Highest hardness, strength, and wear resistance were observed in the DPS 

composites at a solution temperature of 540°C. Hardness, strength, and wear 

resistance were found to decrease with decrease in solution temperature. 

 

➢ The developed DPS composites had higher hardness than that of A357 alloy. 

Among the DPS composites, DPS2 composite exhibited highest hardness 

followed by DPS1 and DPS 3 composites at all the solutionizing temperatures.  

 

➢ The strength ( UTS & YS) of the DPS composites were higher than that of the 

A357 alloy. Among the DPS composites, the DPS3 composite exhibited 

higher strength, followed by DPS1 and DPS 2 composites at all the 

solutionizing temperatures. 

 

➢ The developed DPS composites had the highest resistance to wear for all 

conditions when compared to that of A357 alloy. Among the DPS composites, 

DPS2 composite displayed the highest wear resistance followed by DPS1 and 

DPS3 composites at all the solutionizing temperatures. 

 

➢ Higher hardness and refined eutectic silicon structure led to better wear 

resistance of DPS composites compared to that of A357 alloy at all the 

solutionizing temperatures. Overall, delamination wear was found to be the 

primary wear mechanism operating in both the A357 alloy and the developed 

DPS composites followed by abrasion wear. 
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7.1.3 Effect of varying aging temperature on microstructure, mechanical 

and wear properties of A357 alloy and the developed DPS composites 

 

➢ Microscopy analysis showed fairly uniform dispersion of dual particle size 

SiC in the A357 matrix. 

 

➢ The density measurements of A357 alloy and the developed DPS 

composites at varying temperatures revealed that the dispersion of SiC 

particles was found to be good with almost no observable porosity or any 

casting defects. 

 

➢ TEM analysis showed the formation of β''-semi-coherent phase and Mg2Si 

precipitate (β-phase) along with SiC particles. These phases lead to the 

improvement in mechanical & wear properties of both A357 alloy and the 

developed DPS composites.  

 

➢ All the developed composites (DPS1, DPS2 and DPS3) showed 

improvement in hardness, strength (YS and UTS) and wear resistance 

when compared to A357 alloy.  

 

➢ Overall, it can be concluded that for the same total weight percentage of 

SiC reinforcement, ratio of large to small particles influences mechanical 

and wear properties. Higher proportion of smaller particles improve 

strength and ductility whereas, higher proportion of larger particles 

improve hardness and wear properties. 
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7.2 Future work 

 

The work carried out in the present research has led to certain inferences that have 

been documented in this chapter. The following areas have been identified as 

directions for future research: 

  

➢ Detailed studies on high temperature wear of both untreated and heat treated 

A357 alloy and DPS composites can be carried out to evaluate their 

performance at elevated temperatures.  

 

➢ Hot rolling of A357 composites wherein one can study the effect of rolling 

orientation and the effect of rolling percentage reduction to produce a surface 

with uniform thickness and grain refinement. Texture evolution in hot-rolled 

composites can be studied using electron backscatter diffraction (EBSD) 

technique to understand the possible mechanisms responsible for mechanical 

or tribological behavior of these materials. 

 

➢ Investigation of thermal properties of hot rolled DPS composites to check their 

suitability for possible applications in engine components employed in the 

automotive sector.  

 

➢ Investigation of erosion-corrosion of hot rolled DPS composites using air-jet 

erosion and slurry erosion test rigs to check their performance for possible 

applications in pipeline components employed in construction and 

transportation industry. 
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