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ABSTRACT 

The ai m o f t his w ork i s t o i nvestigate t he effects o f magnesium ( Mg) o n w ear 

characteristics of silicon carbide (SiC) and alumina (Al2O3) reinforced aluminum metal 

matrix c omposites (Al-MMC). Al -MMC reinforced w ith varying w t. %  of  S iC and 

Al2O3 particles were fabricated using stir casting fabrication technique. Effects of Mg, 

heat treatment a nd a mount of r einforcements on microstructure, te nsile s trength, 

hardness and wear characteristics of Al-MMC were investigated. Worn surfaces were 

also studied to reveal the mechanism involved in wear process. 

Microstructural observation r evealed r andom di spersion of  reinforcing pa rticles i n Al 

matrix. Cluster of particles and porosities were observed in the microstructure. Many 

regions in the matrix were also observed without reinforcing particles indicating non-

homogeneous di stribution of  reinforcing particles. In SEM observation, agglomerated 

particles, good adhesion between re inforcing particle and Al matrix and p recipitation 

caused b y heat treatment w ere o bserved. SiC re inforced A l-MMC s howed s uperior 

tensile strength than unreinforced Al and increased with increasing SiC content. Non-

homogeneous di stribution of r einforcement ad versely affected tensile s trength of A l-

MMC. Mg a ddition was f ound t o be be neficial f or hardness of  bot h unreinforced Al 

and A l-MMC. F urther i ncrease o f h ardness o ccurred after h eat t reatment. H ardness 

values of Al-MMC was found higher than those of unreinforced Al and increased with 

increasing amount of SiC particles.  

SiC Particles re inforced A l-MMC s howed lower wear r ate t han unreinforced Al an d 

wear rate decreased with increasing amount of SiC particles. Mg addition reduced the 

wear rate of both unreinforced Al and Al-MMC. Al-MMC containing higher amount of 

SiC than A l2O3 showed be tter w ear r esistance due t o hi gher ha rdness va lue of  S iC 

particles and wear rate decreased after heat treatment. From worn surfaces observation 

it w as se emed t hat d elamination wear m echanism was i nvolved i n w ear pr ocess of    

Al-MMC where severe fracture and plastic deformation occurred.   
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CHAPTER 1 

INTRODUCTION 

 
Aluminum metal matrix c omposites (A l-MMC) ar e considered as a group o f n ew 

advanced materials d ue t o its g reater s trength, i mproved st iffness, l ight w eight, 

improved high temperature properties, controlled co-efficient of thermal expansion and 

heat m anagement, ex cellent w ear and ab rasion r esistance an d  improved d amping 

capabilities [1-2]. C ombination of t hese p roperties turned A l-MMC i nto u seful 

engineering materials for structural, automobiles and space applications. As the level of 

using technology is being sophisticated day by day, so the materials used for different 

purposes have to be more efficient and effective [3].  

In Al -MMC, A l o r A l alloys form continuous phase t ermed a s matrix in w hich ha rd 

ceramic p articles known as r einforcement are e mbedded. P rimary f unction of  

reinforcements in  A l m atrix is  to  carry m ost o f th e a pplied lo ad. D uctile A l m atrix 

binds the reinforcing particles together, transfers and distributes applied external loads 

to in dividual re inforcement. Good w etting o f re inforcing p articles i n molten A l is  

necessary to form strong interfacial bond be tween reinforcing particles and Al matrix 

during c asting. S trong interfacial b ond be tween r einforcing pa rticles and A l m atrix 

allows transfer and distribution of applied external load from matrix to reinforcements 

[4]. Wetting o f re inforcing p articles is  p rerequisite f or s atisfactory interfacial b ond 

formation during casting. These bonds  a re formed by mutual di ssolution or  chemical 

reactions of the particulates and matrix metal [5]. 

In g eneral, t he su rface of h ard cer amic p articles i s n ot w etted b y t he m olten m etal. 

Wetting o f t hese p articles can  b e a chieved b y coating w ith a w ettable metal. Me tal 

coating o n ceramic p articles i ncreases t he o verall su rface energy of  t he s olid a nd 

improves w etting by enhancing the c ontacting i nterface to m etal-metal instead o f 

metal-ceramic. The addition of magnesium (Mg) as a r eactive element can modify the 

wetting of reinforcing particles by producing a transient layer between the particles and 

the l iquid m atrix. T his t ransient l ayer h as a l ow w etting angle, d ecreases t he su rface 

tension of the liquid and surrounds the particles with a structure that is similar to both 

the p article and th e m atrix a lloy [6]. T he co mposites p roduced by l iquid metallurgy 

technique show excellent bonding between the ceramic particles and the metal when a 
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reactive element is added to induce wettability. By generating strong interfacial bond, 

Mg addition to Al-MMC results in enhanced mechanical properties. 

The present study includes the effects of Mg on wear characteristics of SiC and Al2O3 

reinforced A l-MMC. Al -MMC r einforced w ith va rying wt. %  of  S iC a nd A l2O3 

particles w ere f abricated u sing st ir cast ing t echnique. S tir cast ing i s a cost ef fective 

liquid state fabrication technique in which preheated reinforcing materials are added in 

molten m atrix m etal f ollowed b y s tirring a nd s olidification. P repared Al-MMC w ere 

heat t reated by three st eps- solution t reatment a t 500  °C  f or 4 hour s f ollowed by 

quenching and age hardening a t 150 °C  for 1 .5 hours. Microstructures of  as-cast and 

heat treated Al-MMC were observed to reveal particle distribution in Al matrix using 

both optical microscope and scanning electron microscope (SEM). Tensile strength of 

prepared A l-MMC w as ev aluated. F inally, the ef fects of  M g, he at treatment a nd 

amount of reinforcing particles on hardness and wear characteristics of Al-MMC were 

investigated. Worn surfaces were observed to find out the wear mechanism involved in 

wear process of Al and Al-MMC. Images of microstructure and worn surface were also 

analyzed. 

From th is work, it w ill be possible to manufacture Al-MMC reinforced with va rying 

amount of SiC a nd Al 2O3 particles. I nformation a bout di stribution o f r einforcing 

particles in  A l matrix a nd d ifferent f eatures o f microstructure will be  r evealed by  

microstructural observation. It will also be possible to determine the effects of Mg, heat 

treatment and wt. % of reinforcing particles on hardness and wear characteristics of Al-

MMC. An attempt will also be taken to reveal the mechanism involved in wear process 

of Al-MMC. 

The reminder of the thesis is divided into several chapters. Chapter Two is a review of 

previous w orks r elevant t o t his s tudy. I nitially i t de scribes characteristics, pr operties 

and fabrication techniques of  Al-MMC. I t a lso describes about the effects of ceramic 

reinforcements on  t he behavior of  A l matrix in  A l-MMC, b rief d escription a bout 

interface f ormation i ncluding r ole of  M g i n i mproving i nterfacial bond s trength, 

mechanical p roperties o f A l-MMC, f actors af fecting t he wear p roperties o f A l-MMC 

and different types of wear mechanisms.  
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Chapter T hree d escribes t he m aterials an d equipments used i n the p resent w ork,           

Al-MMC preparation by s tir casting fabrication technique, heat treatment of prepared 

Al-MMC an d experimental pr ocedure i ncluding microstructural ob servation a nd 

evaluation of tensile strength, hardness and wear properties of Al-MMC. 

Chapter F our de scribes t he r esults a nd di scussion on microstructural obs ervation, 

comparison of  t ensile s trength be tween unreinforced Al and Al-MMC, ef fects o f Mg 

addition, heat treatment and wt. % of reinforcements on ha rdness and wear properties 

of Al-MMC. Observation of worn surfaces, groove width measurement and finding out 

mechanism involved in wear process of Al-MMC are also included in this chapter. 

Finally, chapter Five summarizes the major conclusions from the results of the present 

research.  
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CHAPTER 2 

LITERATURE REVIEW 
 

2.1   Aluminum Metal Matrix Composites (Al-MMC) 

2.1.1   Aluminum metal matrix composites (Al-MMC) 

A composite material is a material composed of two or more physically and chemically 

distinct phases. The composite generally has superior characteristics than those of each 

of the individual components. Usually the reinforcing component is distributed in the 

continuous or matrix component. Composite materials a re generally classified on t he 

basis of physical or chemical nature of matrix phase like polymer matrix, metal matrix, 

ceramic matrix etc. The properties of a composite are a function of the properties of the 

constituent phases, t heir r elative a mounts, a nd t he ge ometry of  t he d ispersed p hases. 

The t erm “d ispersed p hase g eometry” i ndicates t he sh ape o f t he p articles an d the 

particle size, distribution and orientation [7]. 

In Al-MMC, one of the constituent is Al or Al alloy, which forms percolating network 

and is termed as matrix phase. The other constituent is embedded in this aluminum or 

aluminum a lloy matrix and i s termed as reinforcement, which i s usually non-metallic 

and commonly ceramics such as S iC, B4C, Al2O3 etc [1]. Al-MMC have been created 

to obt ain combination o f r equired mechanical properties such a s s tiffness, t oughness, 

ambient a nd hi gh t emperature s trength w hich i s una vailable i n un reinforced Al. 

Reinforcing particles like SiC, B4C, Al2O3 etc. limit the amount of plastic deformation 

in the matrix and enhance the mechanical properties of the matrix [8]. Properties of Al-

MMC can be tailored by varying the nature of constituents and their volume fraction. 

2.1.2   Matrix and reinforcement 

The matrix is the monolithic material into which reinforcement are embedded. Matrix 

is c ompletely c ontinuous a nd s urrounds ot her phases. R einforcements a re di stributed 

randomly in the matrix as shown in Fig. 2.1. Reinforcement is the part of the composite 

material that p rovides s trength, s tiffness and has the ability to  carry load. In general, 

matrix is  p ercolating s oft p hase with excellent duc tility, f ormability a nd t hermal 

conductivity in which hard reinforcements are embedded. 
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Fig. 2.1: Matrix and reinforcements in composite materials [9] 

Depending on the type of material used as matrix, composite materials can be classified 

into three categories which are as follows: 

a) Polymer matrix composites (PMC) 

b) Ceramic matrix composites (CMC) 

c) Metal matrix composites (MMC) 

PMC can be used up to 180 °C but rarely beyond 350 °C. Limitation of using PMC at 

high temperature applications has widened the scope of using MMC over a wide range 

of temperatures. Besides, MMC allow tailoring of some useful properties that cannot be 

achieved i n co nventional m etallic al loys. T he MMC provide b etter t ransverse 

properties and higher toughness compared to polymer matrix composites [10]. 

Table 2.1 shows some of the metal matrix and associated reinforcing materials used to 

manufacture m etal matrix co mposites. R einforcements can  b e em bedded i n m etallic 

matrix in the form of particulates, short fibers or continuous fibers. 

Table 2.1: Metal matrix and reinforcements [10] 

Matrix Reinforcements 

Aluminum and alloys C, B4C, SiO2, SiC, W, Al2O3, Al3Ni, ZrO2 

Titanium and alloys B, SiC, Mo, SiO2, Be, ZrO2 

Nickel and alloys C, Be, Al2O3, SiC, Si3N4, W, Mo, B 

Magnesium alloys C, B, glass, Al2O3 

Molybdenum and alloys B, ZrO2 

Iron and steel Fe, B, Al2O3, ZrO2, W, SiO2 

Copper and alloys C, B, Al2O3, E-glass 
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2.1.3   Advantages of Al-MMC 

Aluminum is  th e m ost p opular matrix f or th e m etal m atrix c omposites [11]. 

Introduction o f re inforcements in  A l matrix p roduces Al-MMC a nd it re sults in  

attractive combination of physical and mechanical properties which cannot be obtained 

with Al a lloys. Increased quantities of  Al-MMC are r eplacing conventional materials 

for t heir c ombination o f p roperties [12]. There ar e cer tain ad vantages o f u sing Al-

MMC compared to unreinforced materials. These are as follows: 

a) Light weight and high strength 

b) High stiffness and toughness 

c) Improved damping capabilities 

d) Good wear and abrasion resistance 

e) Low co-efficient of thermal expansion 

f) Improved high temperature properties 

g) Enhanced and tailored electrical properties 

2.1.4   Classification of Al-MMC 

Reinforcements i n Al-MMC c an be i ncorporated in the form of  pa rticle, s hort f iber, 

continuous fiber and mono filament. Depending on the type of reinforcement, Al-MMC 

can be classified into four categories as shown in Fig. 2.2. 

 
Fig. 2.2: Classification of Al-MMC 

Fig. 2.3 s hows a  s chematic p resentation o f d ifferent t ypes o f A l-MMC. Important 

features of above mentioned four types of Al-MMC are discussed below. 

  

Aluminum Matrix Composites (Al-MMC)

Particle-reinforced  
Al-MMC

Short fiber-
reinforced Al-MMC

Continuous fiber-
reinforced Al-MMC

Mono filament-
reinforced Al-MMC
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Fig. 2.3: Schematic presentation of different types of Al-MMC [13] 

(a) Particle-reinforced Al-MMC 

These t ypes of  A l-MMC co ntain eq uiaxed cer amic p articles as  r einforcement. 

Reinforcing c eramic p articles a re g enerally m etallic o xides, c arbides o r b orides li ke 

Al2O3, B4C, SiC, TiB2 etc. For structural and wear resistance applications, composites 

contain l ess than 30% reinforcing particles and for e lectronic packaging applications,  

composites c ontain m ore t han 70%  r einforcing particles b y vol ume f raction. Particle 

reinforced Al-MMC can be  prepared by bot h solid s tate (powder metallurgy process) 

and liq uid state (s tir c asting, infiltration e tc.) f abrication te chniques. M echanical 

properties o f p article-reinforced A l-MMC a re inferior c ompared to  short f iber or 

continuous fiber or  m onofilament re inforced A l-MMC, but  s uperior c ompared t o 

unreinforced A l a lloys. P article-reinforced A l-MMC ar e isotropic in n ature an d 

different types of secondary forming operations l ike extrusion, rolling, forging can be 

applied to these composites [1]. 

(b) Short fiber and whisker-reinforced Al-MMC 

These composites contain reinforcements with aspect ratio of greater than 5 and not in 

continuous form. S hort a lumina fibers r einforced A l-MMC ar e t he f irst an d m ost 

popular short fiber. These composites are extensively used in pistons and produced by 

squeeze i nfiltration p rocess. Whisker r einforced A l-MMC c an be  pr oduced by bot h 

powder m etallurgy p rocessing a nd in filtration ro ute. W hisker reinforced A l-MMC 

showed s uperior mechanical pr operties c ompared t o short fiber or  particle re inforced 

Al-MMC. However, whisker reinforced Al-MMC are hazardous for health. Therefore, 

it h as v ery limited c ommercial u ses. S hort f iber re inforced Al-MMC ha ve pr operties 

between continuous and particle-reinforced Al-MMC [1]. 
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 (c) Continuous fiber-reinforced Al-MMC 

In t hese co mposites, reinforcements a re in corporated in  the A l matrix in  f orm of 

continuous fiber. R einforced f iber c an be  pa rallel a nd p re-woven, b raided be fore 

fabrication. Diameter of the fiber is usually less than 20 μm [1].    

(d) Mono filament-reinforced Al-MMC 

Mono filaments are fibers of large diameter (100-150μm).These Al-MMC are usually 

produced by chemical vapor deposition (CVD) process using SiC or B as core of 

carbon fiber or tungsten wire. Bending flexibility of mono filament is lower than multi 

filaments. Mono filament reinforced Al-MMC are manufactured using diffusion 

bonding techniques and use of these composites are limited to super plastic forming 

aluminum alloy matrices [1]. 

Moreover, hybrid Al-MMC have been developed which contain two or more types of 

reinforcements. M ixture o f p article a nd w hisker o r m ixture o f f iber and p article o r 

mixture of  hard a nd s oft r einforcements i n a luminum matrix is e xamples of  hybr id 

composites. Al-MMC containing carbon fibers and alumina particles is an example of 

hybrid composites which is used in cylindrical liner applications [1]. 

2.1.5   Processing of Al-MMC 

Primary processes for manufacturing Al-MMC can be classified into two categories- 

1. Solid state processes 

2. Liquid state processes 

Powder bl ending f ollowed by c onsolidation, diffusion bo nding a nd phys ical va pour 

deposition t echnique c ome unde r s olid s tate pr ocessing. L iquid s tate pr ocessing 

includes s tir c asting, i nfiltration process, s pray de position a nd in-situ ( reactive) 

processing. The selection of processing route depends on m any factors including type 

and level of reinforcement loading and the degree of microstructural integrity desired. 

Table 2.2 shows the feasibility of various primary processes for manufacturing different 

types on A l-MMC. It is  c lear f rom Table 2.2  that A l-MMC having same matrix and 

reinforcement combination can be manufactured by more than one route. 
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Table 2.2: Processing route for different types of Al-MMC [1] 

Types of Al-MMC 
 

Blending 
 and 

Consolidation 

Diffusion 
bonding 

Vapour 
deposition and 
consolidation 

Infiltration 
process 

 
Continuous fiber-

reinforced Al-MMC 

 
Not in practice 

 
Not in 

practice 

 
In use 

 
In use 

 

 
Mono filament-

reinforced Al-MMC 

 
Not in practice 

 
In use 

 
In use 

 
Generally 
not used 

 
 

Particle-reinforced        
Al-MMC 

 
In use 

 
Not in 

practice 

 
In use 

 
In use 

 

 
Short fiber and 

whisker-reinforced 
Al-MMC 

 
In use 

 
Not in 

practice 

 
In use 

 
Generally 
not used 

 

Types of Al-MMC Stir casting / 
slurry casting 

In-situ 
Process 

 

Spray 
deposition and 
consolidation 

 
Continuous fiber-

reinforced Al-MMC 

 
Not in practice 

 
Information 

was not 
available 

 
Not in practice 

 
Mono filament-

reinforced Al-MMC 

 
Not in practice 

 
Not in 

practice 

 
In use 

 
Particle-reinforced      

Al-MMC 

 
In use 

 
In use 

 
In use 

 
Short fiber and 

whisker-reinforced 
Al-MMC 

 
Not in practice 

 
Not in 

practice 

 
In use 
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2.1.5.1   Solid state processing 

(a) Powder blending and consolidation (PM processing): In this process, powdered 

metal and discontinuous reinforcement are mixed and then bonded through a process of 

compaction, de gassing, a nd t hermo-mechanical t reatment ( possibly via hot  i sostatic 

pressing or extrusion) . 

Blending o f a luminum alloy p owder w ith c eramic s hort f iber/whisker p article i s a 

versatile technique for the production of Al-MMC. Blending can be carried out dry or 

in l iquid suspension. Blending is us ually f ollowed by cold c ompaction, c anning, 

degassing and high temperature consolidation stage such as hot isostatic pressing (HIP) 

or extrusion. PM processed Al-MMC, contain oxide particles in the form of plate-like 

particles of  few t ens of  nm  t hick a nd i n vo lume fractions r anging from 0.05 t o 0.5 

depending on pow der history a nd pr ocessing c onditions. T hese f ine oxi de p articles 

tends to act as a d ispersion-strengthening agent and often has s trong influence on t he 

matrix properties particularly during heat treatment [1]. 

(b) Diffusion bonding: Diffusion bonding is a solid state fabrication method, in which 

a matrix in form of foils and a dispersed phase in form of long fibers are stacked in a 

particular o rder a nd th en pressed at el evated t emperature T he f inished composite 

material has a multilayer structure. Diffusion bonding is used for fabrication of simple 

shaped pa rts ( plates, t ubes) [ 14]. T he di ffusion bondi ng pr ocess i s illustrated i n F ig. 

2.4.  

 

Fig. 2.4: Diffusion bonding [14] 

Mono f ilament reinforced A l-MMC ar e m ainly pr oduced by t he d iffusion bond ing 

(foil-fiber-foil) route or by the evaporation of relatively thick layers of aluminum on the 
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surface o f t he f iber. A l-boron f iber c omposites ha ve b een pr oduced by di ffusion 

bonding via the foil-fiber-foil process. However, the process is more commonly used to 

produce T i b ased f iber r einforced co mposites. T he p rocess i s cu mbersome and 

obtaining h igh f iber vo lume f raction a nd hom ogeneous f iber distribution is difficult. 

The process is not suitable to produce complex shapes and components [1]. 

(c) Physical v apour deposition: Physical vapour deposition is a  thin film deposition 

process i nvolving phys ical m echanisms s uch a s e vaporation or  s puttering a s di stinct 

from one involving chemical reactions [15]. 

The pr ocess i nvolves continuous p assage of  f iber t hrough a  r egion o f hi gh pa rtial 

pressure of the metal to be deposited, where condensation takes place so as to produce a 

relatively thick coating on the fiber. The vapour is produced by directing a high power 

electron beam onto the end of a solid bar feed stock. Typical deposition rates are 5–10 

μm per minute. Composite fabrication is usually completed by assembling the coated 

fibers i nto a bundl e o r a rray a nd consolidating i n a  hot  pr ess or  HIP ope ration. 

Composites with uniform distribution of fibers and volume fraction as high as 80% can 

be produced by this technique [1]. 

2.1.5.2   Liquid state processing 

(a) Stir casting: Stir casting is a liquid state method of composite materials fabrication, 

in w hich a  dispersed p hase (c eramic p articles, s hort f ibers) is  m ixed w ith a  m olten 

matrix m etal by m eans o f m echanical stirring as s hown F ig. 2.5. Stir C asting is  t he 

simplest an d t he m ost cost ef fective method of  l iquid s tate f abrication w hich of fers 

wide selection of materials and processing conditions. The liquid composite material is 

then cast by conventional casting methods and may also be processed by conventional 

metal forming technologies. 
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                                                    Fig. 2.5: Stir casting [16] 

Stir casting process is characterized by the following features [17]: 

a) Content of dispersed phase is limited (usually not more than 30 vol. %) 

b) Distribution of  di spersed pha se throughout t he m atrix i s not  perfectly 

homogeneous 

c) There are local clouds (clusters) of the dispersed particles (fibers) 

d) There may be gravity segregation of the dispersed phase due to a difference in 

the densities of the dispersed and matrix phase. 

e) The technology is relatively simple and of low cost 

f) This p rocess is  not suitable for the incorporation of  s ub-micron si ze ceramics 

particles or whiskers. 

(b) Infiltration p rocess:  Infiltration is  a  liquid s tate method o f composite materials 

fabrication, in which a p reformed dispersed phase (ceramic particles, fibers, woven) is 

soaked i n a  m olten m atrix m etal, which f ills t he sp ace b etween t he d ispersed p hase 

inclusions. The motive force of an infiltration process may be either capillary force of 

the d ispersed p hase o r an  ex ternal p ressure (gaseous, m echanical, e lectromagnetic, 

centrifugal or ultrasonic) applied to the liquid matrix phase (forced infiltration) [17].  

In th is process, liquid aluminum alloy is in jected/infiltrated in to the in terstices of the 

porous pre-forms of continuous fiber/short f iber or  whisker or particle to produce Al-

MMC. Depending on t he nature of reinforcement and its volume fraction preform can 

be infiltrated, with or without the application of pressure or vacuum. Al-MMC having 

reinforcement volume fraction ranging from 10 to 70% can be produced using a variety 

of infiltration techniques. In order for the preform to retain its integrity and shape, it is 

often n ecessary t o u se si lica an d alumina b ased m ixtures as b inder. Some l evel o f 

porosity and lo cal v ariations in th e v olume fractions o f th e re inforcement a re o ften 

noticed in the Al-MMC processed by infiltration technique. The process is widely used 

to pr oduce A l-MMC having p article/whisker/short f iber/continuous fiber as 

reinforcement [1]. 

Fig. 2.6 s hows s chematic d iagram of  di fferent t ypes of  i nfiltration p rocess s uch a s 

pressure d ie in filtration, s queeze c asting infiltration a nd g as p ressure in filtration 

process.   
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Fig. 2.6: Infiltration process (a) pressure die infiltration (b) squeeze casting infiltration                             
(c) gas pressure infiltration [17] 

(c) Spr ay deposition: Spray de position i s a m ethod of  c asting ne ar n et shape m etal 

components w ith ho mogeneous m icrostructures vi a t he de position of  s emi-solid 

sprayed droplets onto a shaped substrate. In spray forming an alloy is melted, normally 

in an induction furnace, and then the molten metal is slowly poured through a conical 

tundish into a small-bore ceramic nozzle [18]. The molten metal exits the furnace as a  

thin free-falling stream and is broken up i nto droplets by a n annular array of gas jets, 

and these droplets then proceed downwards, accelerated by the gas jets to impact onto a 

substrate. The process is a rranged such that the droplets s trike the substrate whilst in  

the sem i-solid c ondition, t his p rovides s ufficient l iquid f raction to ' stick' t he s olid 

fraction together. Deposition continues, gradually building up a spray formed billet of 

metal on the substrate.  

Spray de position techniques f all i nto t wo di stinct c lasses, de pending w hether t he 

droplet s tream i s pr oduced f rom a molten ba th ( Osprey pr ocess) or  by c ontinuous 
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feeding of cold metal into a zone of rapid heat injection (thermal spray process). Fig. 

2.7 shows a schematic diagram of spray forming process. 

 

Fig. 2.7: The spray forming process [19] 

The s pray pr ocess ha s been e xtensively e xplored f or t he p roduction of  A l-MMC b y 

injecting ceramic particle/whisker/short fiber into the spray. Al-MMC produced in this 

way of ten exhibit inhomogeneous di stribution of ceramic particles. Porosity in the as 

sprayed s tate i s t ypically about 5–10%. D epositions of  t his t ype a re typically 

consolidated t o f ull de nsity by s ubsequent pr ocessing. S pray pr ocess a lso pe rmit t he 

production of continuous fiber reinforced aluminum matrix composites. For this, fibers 

are wrapped around a mandrel with controlled inter fiber spacing, and the matrix metal 

is sprayed onto the fibers. A composite monotype is thus formed; bulk composites are 

formed by hot pressing of composite monotypes. Fiber volume fraction and distribution 

is controlled by a djusting the f iber spacing and the number of  f iber l ayers. A l-MMC 

processed b y sp ray d eposition t echnique i s relatively in expensive w ith c ost th at is 

usually intermediate between stir cast and PM processes [1]. 

(d) In-situ processing (reactive processing): In-situ fabrication of MMC is a process 

in which dispersed reinforcing phase is formed in the matrix as a result of precipitation 

from t he m elt dur ing i ts c ooling a nd s olidification [19]. T here a re s everal d ifferent 

processes that would fall under this category including liquid-gas, liquid-solid, liquid-

liquid and mixed salt reactions. In these processes refractory reinforcement are created 

in A l a lloy matrix. A major li mitation o f in -situ technique is r elated to t he 

thermodynamic restrictions on t he composition and nature of the reinforcement phase 

that can f orm i n a  gi ven s ystem a nd t he k inetic r estrictions on the sh ape, si ze an d 
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volume fraction of the reinforcement that can be achieved through chemical reactions 

under a given set of test conditions [1]. 

One of  t he examples i s di rectional oxi dation of  aluminum a lso know n a s D IMOX 

process. In this process the alloy of Al–Mg is placed on the top of ceramic preform in a 

crucible. The entire assembly is heated to a su itable temperature in the atmosphere of 

free flowing ni trogen bearing gas mixture. Al–Mg a lloy soon a fter melting in filtrates 

into th e preform a nd c omposite i s f ormed. Martin–Marietta’s ex othermic d ispersion 

process or  the X DTm process i s another in-situ technique f or c omposite pr ocessing. 

XDTm process is used to produce TiB2 reinforced Al-MMC. The process is flexible and 

permits formation of both hard and soft phases of various sizes and morphologies [1]. 

 

Fig. 2.8: In-situ fabrication technique [20] 

A sch ematic d iagram o f i n-situ f abrication t echnique of  M MC by  uni directional 

solidification is shown in Fig. 2.8. Advantages of in-situ MMC are as follows [20]: 

a) In situ synthesized particles and fibers are smaller than those in materials with 

separate f abrication o f dispersed phase ( ex-situ M MC). F ine pa rticles pr ovide 

better strengthening effect 

b) In s itu f abrication pr ovides m ore h omogeneous di stribution of t he d ispersed 

phase particles 

c) Bonding (adhesion) between the particles of in situ formed dispersed phase and 

the matrix is better than in ex-situ MMC 

There are some disadvantages of in-situ MMC. These are as follows [20]: 
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a) Choice of  t he di spersed pha ses is lim ited b y th ermodynamic a bility o f th eir 

precipitation in particular matrix 

b) The size of dispersed phase particles is determined by solidification conditions 

2.1.6   Reinforcements used in Al-MMC 

(a) Silicon carbide (SiC): Silicon carbide (SiC) is a compound of silicon and carbon 

with c hemical f ormula SiC. S iC, a s s hown i n Fig. 2 .9 is exceedingly hard a nd 

synthetically produced crystalline compound. 

 

Fig. 2.9: Silicon carbide [21] 

Until t he i nvention of  boron c arbide ( B4C) i n 1929, S iC w as t he hardest sy nthetic 

material known. It has a Mohs hardness rating of 9, approaching that of diamond [22]. 

In addition to hardness, silicon carbide crystals have fracture characteristics that make 

them extremely useful in grinding wheels and in abrasive paper and cloth products. Its 

high t hermal conductivity, high-temperature s trength, l ow t hermal e xpansion, and 

resistance t o ch emical reaction, m akes SiC valuable in t he m anufacture of  high-

temperature bricks and other refractories. Table 2.3 shows the properties of SiC. 

Table 2.3:   Properties of SiC [23-25] 

Properties Values 

Molecular mass 40.10 g mol-1 

Density 3.21 g cm-3 

Melting temperature 2730 °C 

Application temperature 1400-1700 °C 
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Refractive index 2.55 

Mohs hardness 9 

 

Low de nsity, hi gh s trength a nd hardness, low t hermal e xpansion, hi gh t hermal 

conductivity an d el astic modulus a nd ex cellent t hermal sh ock r esistance make S iC 

suitable to use in different applications. Silicon carbide is now widely used in abrasive 

cutting tools, structural materials, automobile parts, electric systems, electronic circuit 

elements, astronomy, thin filament pyrometer, heating elements, nuclear fuel particles 

and cladding, jewelry, steel production, catalyst support and graphene production [22]. 

(b) Alumina (Al2O3): Aluminum oxide (Al2O3) is a chemical compound of aluminum 

and oxyge n w ith t he c hemical f ormula A l2O3. I t i s t he m ost c ommonly oc curring o f 

several aluminum oxides and identified as aluminum (III) oxide. It is commonly called 

alumina. Besides, A l2O3 is a lso known a s a loxide, a loxite, or a lundum de pending on 

particular f orms o r a pplications. I t c ommonly o ccurs in  its c rystalline p olymorphic 

phase α-Al2O3, i n which i t comprises t he mineral corundum, va rieties of  which form 

the pr ecious ge ms r uby a nd s apphire. A l2O3 is s ignificant in  its  u se to  p roduce 

aluminum metal, as an  ab rasive o wing t o i ts h ardness, a nd as a r efractory m aterial 

owing to its high melting point. Fig. 2.10 shows example of fine alumina powder.   

 

Fig. 2.10: Aluminum oxide [26] 

Al2O3 is a n e lectrical in sulator b ut h as a  re latively h igh th ermal c onductivity 

(30 Wm−1K−1) for a c eramic material [27]. Al 2O3 is in soluble in  w ater. In  i ts m ost 

commonly occurring crystalline form, called corundum or α-aluminum oxi de, i ts 

hardness makes it suitable for use as an abrasive and as a component in cutting tools. It 
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can resist attack of all gases except wet fluorine and it is resistant to all reagents except 

hydrofluoric acid and phosphoric acid. Table 2.4 shows the properties of Al2O3. 

 

Table 2.4: Properties of Al2O3 [24, 27-28] 

Properties Values 

Molecular mass 101.96 g mol-1 

Density 3.95-4.1 g cm-3 

Melting temperature 2072 °C 

Boiling temperature 2977 °C 

Thermal conductivity 30 W m-1 K-1 

Refractive index 1.76 

 

Al2O3 is m ostly u sed to pr oduce a luminum metal. A luminum metal is pr oduced by  

electrolysis process f rom s melter-grade al umina. C alcined Al2O3 is us ed t o pr oduce 

different ceramics products like spark-plug insulators, integrated-circuit packages, bone 

and de ntal i mplants, l aboratory ware, s andpaper gr its a nd gr inding w heels, a nd 

refractory l inings f or i ndustrial f urnaces. A ctivated a lumina i s a porous, gr anular 

substance t hat is u sed a s a substrate f or ca talysts an d as  a n ad sorbent f or r emoving 

water f rom ga ses a nd l iquids. N ow A l2O3 is a lso u sed a s f iller m aterials, c atalyst, 

purifier, abrasive and composite reinforcements [29]. 

(c) Boron carbide (B4C): Boron Carbide (B4C) is one of the hardest materials known, 

ranking third behind diamond and cubic boron nitride. B4C (Fig. 2.11) is an extremely 

hard material which is used in tank armor, bul letproof vests, nuclear shielding and in 

industrial applications. 
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Fig. 2.11: Boron carbide [30] 

Boron carbide powder is mainly produced by r eacting carbon with B2O3 in an electric 

arc furnace, through carbothermal reduction or by gas phase reactions.  For commercial 

use B4C powders usually need to be milled and purified to remove metallic impurities. 

B4C i s ch aracterized b y i ts g ood ch emical r esistance, l ow d ensity, g ood n uclear 

properties and extreme hardness [31]. Table 2.5 shows the properties of B4C. 

Table 2.5: Properties of B4C [31] 

Properties Values 

Molecular mass 55.255 g mol-1 

Density 2.52 g cm-3 

Melting temperature 2763 °C 

Boiling temperature 3500 °C 

Electrical conductivity (at 25 °C) 140 S 

Thermal conductivity (30-42) W m-1 K-1 

Mohs hardness 9.497 

 

Due t o i ts high ha rdness, bor on c arbide pow der i s mainly used as an ab rasive i n 

polishing and lapping applications, and also as a loose abrasive in cutting applications 

such as water jet cutting. The extreme hardness of boron carbide gives it excellent wear 

and abrasion resistance and as a consequence it finds application as nozzles for slurry 

pumping, grit blasting and in water jet cutters. 
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Boron carbide can absorb neutrons without forming long lived radio-nuclides make the 

material attractive as an absorbent for neutron radiation arising in nuclear power plants. 

Nuclear applications of boron carbide include shielding, and control rod and shut down 

pellets [32].  

Boron c arbide, in  c onjunction w ith o ther m aterials a lso f inds u se as ballistic armor 

(including b ody or  pe rsonal a rmor) w here t he c ombination of  hi gh h ardness, hi gh 

elastic m odulus, a nd l ow d ensity g ive th e material an e xceptionally h igh s pecific 

stopping power to defeat high velocity projectiles. Other applications of boron carbide 

include ceramic tooling dies, precision toll parts, evaporating boats for materials testing 

and mortars and pestles. 

(d) T itanium carbide (TiC): Titanium carbide (TiC) is an extremely hard refractory 

ceramic m aterial si milar to  tu ngsten c arbide. It has t he ap pearance o f b lack p owder 

with NaCl type face centered cubic crystal structure. TiC (Fig. 2.12) is mainly used in 

preparation of  cermets, which ar e f requently u sed t o machine steel materials a t h igh 

cutting speed. 

   

Fig. 2.12: Titanium carbide [33] 

The resistance t o wear, corrosion, and oxidation of a  tungsten c arbide-cobalt material 

can be increased by adding 6-30% of titanium carbide to tungsten carbide. This forms 

a solid s olution that is  more brittle and s usceptible t o b reakage than t he or iginal 

material [34]. Table 2.6 shows the properties of TiC. 

Table 2.6: Properties of TiC [35-36] 

Properties Values 
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Molecular mass 59.89 g mol-1 

Density 4.93g cm-3 

Melting temperature 3160 °C 

Boiling temperature 4820 °C 

Mohs hardness 9-9.5 

 

TiC is used to manufacture wear-resistant tools and cutting tools, in the form of nano 

TiC ceramic in optics applications and to enhance the conductivity of materials and as a 

nucleating agent. 

2.1.7   Applications of Al-MMC 

Al-MMC ar e n ow u sed i n w ide r ange o f ap plications as a su ccessful “h igh-tech” 

engineering materials. The benefits of  utilizing A l-MMC can b e ap plied, eco nomical 

and e nvironmental. A l-MMC ha ving di fferent t ype of  r einforcements 

(whiskers/particles/short fibers/continuous fibers) and produced both by solid state and 

liquid s tate processing have found their way to many practical applications. Some o f 

the newer and visible applications of different types of Al-MMC are given below. 

(a) Particle-reinforced Al-MMC 

Amongst all A l-MMC, p article-reinforced A l-MMC c over largest q uantity o f 

composites produced and utilized on volume and weight basis. Particle-reinforced Al-

MMC h ave b een successfully u sed as components in au tomotive, ae rospace, o pto-

mechanical assem blies and t hermal m anagement. T hese t ypes of  A l-MMC ar e a lso 

used as f an exit guide vene (FEGV) in the gas turbine engine, as v entral fins and fuel 

access cover doors in military aircraft. 40 vol. % S iC re inforced Al-MMC have been 

successfully used in flight control hydraulic manifolds [1]. 

(b) Whisker and short fiber-reinforced Al-MMC 

The pr oduction of  w hisker-reinforced A l-MMC i s v ery l imited b ecause h andling o f 

ceramic whiskers is health hazardous. However, SiC-whisker reinforced Al-MMC have 

been pr oduced w ith a ppropriate s afety m easures an d i t i s u sed as t rack sh oes in 

advanced m ilitary tanks. U se of  whisker-reinforced A l-MMC as t rack shoes h elps in 
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reducing the weight of the tank. Short fiber-reinforced Al-MMC are also being used in 

piston and cylinder liner applications [1].  

(c) Continuous fiber-reinforced Al-MMC 

Continuous carbon fiber-reinforced Al-MMC have been used as an tenna wave guides 

for the Hubble Space Telescope where composites provide high dimensional accuracy, 

high thermal and electrical conductivity with no outgassing oxidation resistance. 

Continuous boron fiber-reinforced Al-MMC have been used as struts in main cargo bay 

of sp ace sh uttle. R ecently, co ntinuous al umina f iber-reinforced A l-MMC h ave b een 

developed which offer equivalent strength at less than half the density and can retain its 

strength to 300 °C and beyond. Electrical conductivity of these composites is four times 

of the electrical conductivity of steel or half that of pure aluminum. These composites 

have been produced to use in several functional applications including [1]: 

a) Core of an overhead electrical conductor 

b) Automotive push rods 

c) Flywheels for energy storage 

d) Retainer rings for high-speed motors 

e) Brake calipers 

2.2   Effects of Ceramic Reinforcement on the Behavior of Aluminum Matrix in      

Al-MMC 

If ceramic particles are present in Al-MMC of more than 10 %  by vol ume fraction, it 

can affect the behavior of Al matrix during composite processing, heat treatment and in 

service. The effects can be both extrinsic and intrinsic. 

2.2.1   Intrinsic effects 

Intrinsic ef fects indicate m icrostructural ch anges, h eat t reatment ch aracteristics and 

thermal stresses. These changes significantly alter and expand the physical, mechanical 

and tribological property limits of aluminum alloys. Properties of intrinsic effects that 

are caused by the presence of ceramic particles in Al-MMC are discussed below- 

(a) Solidification structure of Al-MMC 
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Solidification behavior of Al-MMC is quite different from Al alloy due to the presence 

of ceramic particles in Al-MMC. Ceramic reinforcements act as a barrier to diffusion of 

heat and solute, catalyze the heterogeneous nucleation of phases crystallizing from the 

melt, restrict fluid convection, and induce morphological instabilities in the solid–liquid 

interface. 

Heterogeneous n ucleation o f p rimary p hase c rystals o n t he su rface o f so me cer amic 

reinforcement reduces the matrix grain size. In cast aluminum matrix composites, often 

grain sizes far in excess of the fiber or particle diameter. Matrix grain size larger than 

reinforcement si ze indicates that f ibers d o n ot n ucleate t he p rimary p hase d uring 

solidification [1]. 

 

(b) Effect of ceramic reinforcements on age-hardening characteristics of Al alloys 

The age hardening characteristics of Al alloys can be modified by introducing ceramic 

particles. M odifications de pend on matrix c omposition, t he s ize, m orphology a nd 

volume fraction of reinforcements and composite fabrication techniques. 

Some age-hardening modifications in Al-MMC are as follows [1]: 

a) Composites ba sed on A l–Cu–Mg al loy m atrices ex hibit accel erated ageing 

compared to the unreinforced alloys. 

b) The pe ak temperature f or precipitation w as found to  d ecrease w ith increasing 

volume fraction. 

c) Room temperature ageing behavior of powder metallurgy processed Al–Cu–SiC 

composites i s si gnificantly d ifferent co mpared to t hat o f c ast an d ex truded 

composites. 

d) The age hardening characteristics of the 6061 Al alloy are considerably altered 

by the presence of fibers. Fiber array inhibits natural ageing. 

e) Presence of TiC particle retard ageing kinetics of 7075 Al alloys. 

Modification of age-hardening characteristics of Al alloy is caused by the presence of 

ceramic particles in Al alloy matrix. When Al metal matrix is reinforced with ceramic 

particles, a  l arge m ismatch ex ists i n co -efficient t hermal ex pansion b etween 

reinforcements an d A l al loy m atrix r esulted in i ncreased d islocation de nsity. T his 

higher dislocation density in Al-MMC causes response to age-hardening [1].    
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(c) Thermal residual stresses 

Al-MMC are often fabricated at above 500° C  and upon cooling high thermal residual 

stresses are i ncluded in co mposites. T he amount o f t hermal r esidual s tresses t hat 

developed i n Al-MMC depends on types of  r einforcement, vol ume f action, di ameter 

and aspect ratio. For example, more than 200 MPa thermal residual stresses are present 

in Al-30 vol. % SiC Al-MMC. Thermal residual stresses affect mechanical properties 

greatly. T hermal r esidual st resses c aused b y cer amic p articles i n A l-MMC r esult i n 

symmetrical yielding and affect creep and fatigue behavior of prepared composites [1].  

2.2.2   Extrinsic effects 

When A l al loys ar e r einforced w ith cer amic p articles, sl iding w ear r esistance o f A l-

MMC i s increased d ue t o t he intrinsic ef fect ceramic p articles. I n recent y ears, SiC 

reinforced A l-MMC ar e u tilizing s uccessfully in b rake d isc/ b rake p ad t ribocouple. 

When Al-MMC brake disc slide against brake pad, an adherent tribolayer is formed on 

the d rake disc su rface at  t he co ntact region. T his t ribolayer increases t he w ear 

resistance o f A l-MMC br ake di sc. T ribolayer c ontains mixed oxi des w hich a re 

transferred f rom br ake p ad t o t he br ake di sc dur ing s liding. SiC pa rticles pr esent on  

brake disc surface cause material t ransfer f rom brake pad to contacting surface and a 

tribolayer is formed. Hence tribolayer formation is caused by the extrinsic effect of SiC 

reinforcements in Al-MMC [1]. 

   

Fig. 2.13: (a) Formation of tribolayer on the worn surface of Al-MMC (disc) sliding 

against brake pad   (b) Comparison of sliding wear rates of unreinforced Al alloy, SiC 

reinforced Al-MMC and grey cast iron (disc) against brake pad [1] 
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Fig. 2.13 (a) shows the formation of tribolayer on the worn surface of Al-MMC (disc) 

sliding against brake pad. Fig. 2.13 (b) shows the plots of wear rate of Al-MMC disc 

sliding against automobile brake pad. By comparing with unreinforced Al-Si alloy and 

cast iron, it is clear that Al-MMC have immense potential as lightweight brake discs in 

transportation industries. The extrinsic and intrinsic effects of SiC particles in Al-MMC 

have utilized advantageously [1].    

2.3   Interface Formation in Al-MMC 

2.3.1   Physical phenomena present at the interface 

Considering physical and chemical properties of both the matrix and the reinforcement 

material, the actual s trength and toughness desired for the f inal MMC, a compromise 

has to be achieved balancing often several conflicting requirements. For example, high 

strength c an be  a chieved i n c ontinuous f iber-reinforced A l-MMC by pr eventing t he 

reactions between the matrix and the inorganic f ibers. A  weak interface i s desired to 

increase l ongitudinal s trength a nd toughness w hile a  s trong interface is  required to  

increase transverse s trength i n c ontinuous f iber-reinforced A l-MMC. Al -MMC wi th 

strong interface, a crack has to propagate across both interface and reinforcing particles 

while for A l-MMC w ith w eak i nterface, a c rack h as t o p ropagate f ollowing the 

interface. If however the matrix is weak in comparison with both the interface and the 

particle strength, the failure will propagate through the matrix itself [37].  

The w ettability o f th e reinforcement m aterial b y th e liquid m etallic m atrix pl ays a  

major role in the bonding formation. It mainly depends on heat of formation, electronic 

structure o f th e re inforcement a nd th e m olten m etal, te mperature, time, a tmosphere, 

roughness and c rystallography of  t he r einforcements. S urface r oughness of th e 

reinforcing material improves the mechanical interlocking at the interface, though the 

contribution of  t he r esulting interfacial s hear s trength i s s econdary c ompared t o 

chemical b onding. L arge d ifferences i n t hermal ex pansion co efficient b etween the 

matrix a nd t he r einforcement s hould be  a voided a s t hey c an i nduce internal m atrix 

stresses and ultimately give rise to interfacial failures [37]. 

2.3.2   Role of magnesium 

Wetting o f c eramic p articles in  m olten m etal i s a n im portant re quirement to  c reate 

bonding be tween r einforcements a nd m atrix m etal dur ing Al-MMC p rocessing b y 



26 
 

liquid metallurgy fabrication techniques. Bonding i s formed by m utual di ssolution or  

chemical r eactions b etween r einforcements an d matrix m etal. H ereafter, wetting o f 

ceramic particles in liquid metal i s necessary. Wetting can be  improved by f ollowing 

ways [38]: 

a) increasing the surface energies of the reinforcements 

b) decreasing the surface tension of the liquid matrix alloy 

c) decreasing the s olid/liquid in terfacial e nergy at th e reinforcement- matrix 

interface 

If M g is a dded i n m olten m atrix m etal dur ing c asting, i t pe rforms a bove t hree 

requirements as a p owerful su rfactant as w ell as a r eactive el ement. Mg scav enges 

oxygen f rom the surface o f re inforcing particle, t hus t hinning the gas l ayer improves 

wetting and c auses r eactions t o f orm s trong bond a t r einforcement-matrix m etal 

interface [38]. The bonding force between the liquid and solid phases can be expressed 

in terms of contact angle referred to in the Young-Dupre equation-  

γ sg ═ γ sl + γ lg cosθ 

 where “s”, “l” and “g” stand for solid, liquid and gaseous phases respectively [6]. The 

magnitude of the contact angle (θ) in this equation, as shown in Fig. 2.14, describes the 

wettability [6], .i.e. 

a) θ = 0°, perfect wettability 

b) θ = 180°, no wetting 

c) 0° < θ < 180°, partial wetting 

 

Fig. 2.14: Schematic diagram showing the contact angle that describes wettability [6] 
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In ge neral, t he s urface of  non -metallic p articles is  n ot w etted b y th e m etallic m etal, 

regardless of the cleaning techniques carried out. Wetting has been achieved by coating 

with a w ettable metal. Metal coating on ceramic particles increases the overall surface 

energy of  t he s olid, a nd i mproves w etting by e nhancing t he c ontacting i nterface to 

metal-metal i nstead o f m etal-ceramic. T he ad dition o f cer tain al loying el ements can  

modify the matrix metal alloy by producing a transient layer between the particles and 

the l iquid m atrix. T his t ransient l ayer h as a l ow w etting angle, d ecreases t he su rface 

tension of the liquid, and surrounds the particles with a structure that is similar to both 

the pa rticle a nd the m atrix a lloy. T he c omposites pr oduced by liquid m etallurgy 

techniques show excellent bonding between the ceramic and the metal when reactive 

elements, such as Mg, Ca, Ti, or Zr are added to induce wettability. The addition of Mg 

to molten Al to promote the wetting of alumina is particularly successful [6]. 

 

2.3.3   Reactions at interface 

Al-SiC sy stem i s a r eactive sy stem t hat p roduces A l4SiC4 or Al 4C3 compound a t t he 

interface of particles and metal. It is detrimental for composite properties and should be 

minimized by the following ways [37]: 

a) using suitable coatings on reinforcing particles 

b) using high silicon (Si) content Al alloys as matrix metal 

c) using pre oxidized SiC particulates 

In Al-Al2O3 composites, Al2O3 particles dissolve in Al. Addition of Mg promotes the 

formation of MgAl2O4 spinal with Al2O3.Some studies found that different compounds 

are formed at  d ifferent temperatures in Al-B4C in terface. Normally Al3BC i s fo rmed, 

but AlB10, Al3B48C2, AlB24C4 can also be formed. 

Interfacial reactions that occur between SiC, Al2O3, B4C, SiO2 etc. reinforcing particles 

and (Al + Mg) matrix metal are summarized in Table 2.7. 

Table 2.7: Interfacial reactions of selected reinforcing particles with Al and (Al + Mg) 

[37] 

Reinforcing Interfacial reactions with Al Interfacial reactions with (Al + 
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particles Mg) 

SiC 4 Al + 3 SiC → Al4C3 + 3 Si 4 Al + 3 SiC → Al4C3 + 3 Si 

Al + SiC → Al4SiC4 

TiC 4 Al + 3 TiC → Al4C3 + 3 Ti 

13 Al + 3TiC → Al4C3 + 3 Al3Ti 

Information were not available 

Al2O3 No reaction 3 Mg + 4 Al2O3 → 3 MgAl2O4 + 

2 Al 

3 Mg +  Al2O3 → 3 MgO + 2 Al 

B4C 27 Al + 6 B4C → 6 Al3BC + 9AlB2 

AlB10, Al3B48C2, AlB24C4 also form 

27 Al + 6 B4C → 6 Al3BC +      

9 AlB2 

SiO2 No reaction Mg + 2 SiO2 + 2 Al → MgAl2O4 

+ 2 Si 

2 MgAl2O4 + 3 Si → 2 MgO +   

3 SiO2 + 4Al 

2.3.4   Metallurgy of interfacial area 

A v ery s hort s olidification t ime is  required f or A l-MMC t o avoid ex cess chemical 

reactions a t i nterface. Differences i n t hermal cap acity an d co nductivity b etween t he 

reinforcing particles and the matrix induce localized temperature gradients during the 

cooling process. I t is  believed that solidification o f the metallic matrix is  generally a  

directional outward process which starts from the inside of the metallic matrix and ends 

at th e reinforcing m aterial s urface. Whereas t his p roblem is  m ostly l imited to  f ew 

insoluble impurities (Fe, Si etc.) been carried to the interface for single metal systems, 

heterogeneities su ch as  i nsoluble precipitates o r en riched p hases ar e o ften f ound 

concentrated a t t he i nterface a nd gr ain bounda ries when w orking w ith a lloys ( Cu, S i 

containing Al alloys). Depending on t he alloy undesired phases can be dissolved by a 

subsequent he at tr eatment. C ommercial alloys c ontaining T i, Zr, and Mn  as " grain 

refiner" cannot be used as matrix for the preparation of MMC [37]. 

There a re s everal w ays t hrough w hich t he interfacial r eactions c an be  t riggered. By 

acting on t he matrix composition, its reactivity toward the reinforcing material can be 

altered. F or e xample th e h igh re activity o f A l to ward S iC c an b e minimized b y 

saturating the Al matrix with S i, p reventing most o f the deleterious Al4C3 formation. 
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By acting on reinforcements, the reactivity towards the matrix can be altered. A surface 

treatment c an b e u sed to p assivate the s urface of th e re inforcing m aterial w hich is 

effective in the system of Al-SiC. Here a  pr ior high temperature surface oxidation of 

SiC to SiO2 prevents Al4C3 formation and increases the bonding [37]. Poor wettability 

of reinforcements can be enhanced by l iquid metals. Introduction of  a  reactive gas in 

the m ixing c hamber c an le ad to  w etting i mprovement. A lternatively r aising th e 

temperature at which the mixing is achieved enhances the wetting but also the risks of 

creation of deleterious thermodynamically favored but kinetically slow to form phases. 

In addition, the surface tension of the molten metal can be reduced by traces of alloying 

elements. Such effects has been reported for Al using Pb, Sn, Mg, and Sr. Finally the 

processing type and parameters have to be selected and adjusted to a p articular MMC 

system. Metals are generally more reactive in the liquid rather than in the solid state. 

Consequently short processing times, i.e. short contact times between the liquid metal 

and t he reinforcement can  l imit t he ex tent o f i nterfacial reactions. F or ex ample, S iC 

reinforced Al-MMC which is free of interfacial aluminum carbide can be processed in 

few seconds by squeeze casting without the need of saturating the matrix with Si [37]. 

2.4   Mechanical Properties of Al-MMC 

2.4.1   Hardness 

The r esistance t o indentation or  s cratch is t ermed a s ha rdness. Among va rious 

instruments f or measurement of h ardness, B rinell, R ockwell a nd V ickers ha rdness 

testers a re significant. Theoretically, t he r ule o f mixture for composites helps i n 

approximating the hardness values. 

Hc = Vr Hr + Vm Hm 

Where ‘c’, ‘r’, and ‘m’ stand for composite, reinforcement and matrix respectively and 

V and H s tand for volume f raction and hardness respectively. Among the variants of 

reinforcements, the low aspect ratio particle reinforcements are of much significant in 

imparting the hardness of the material in which they are dispersed (the hardness of fiber 

reinforced MMC < whisker reinforced MMC < particle dispersed MMC) [39]. 

The hardness of the composites containing hard ceramic particles depends on the size 

of r einforcement, the s tructure of  t he c omposite a nd goo d i nterface bonding. T he 

micro-hardness is a direct, simple and easy method of measuring the interface bonding 
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strength between the matrix and reinforcement. Particle reinforced MMC possess better 

plastic f orming capability t han that of  w hisker or  f iber reinforced M MC. M oreover, 

these co mposites exhibit ex cellent h eat an d wear r esistances d ue t o t he su perior 

hardness an d h eat r esistance ch aracteristics o f t he p articles t hat ar e d ispersed i n t he 

matrix. 

2.4.2   Tensile strength 

Tensile strength of Al-MMC is important depending on i ts applications. The modified 

rules of  mixture c an b e e ffective i n pr edicting uppe r a nd l ower bound va lues of  the 

modulus a nd s trength properties o f t he c omposites. A n opt imized c ombination of 

surface a nd bul k mechanical pr operties m ay b e a chieved, if A l-MMC ar e p rocessed 

with a controlled gradient of reinforcing particles and also by adopting a better method 

of manufacturing. Although there is no clear relation between mechanical properties of 

the c omposites, vo lume f raction, t ype of  r einforcement a nd s urface na ture of  

reinforcements, t he r educed si ze o f t he r einforcement p articles is b elieved t o b e 

effective in improving the strength of the composites.  

The structure and properties of the reinforcements control the mechanical properties of 

the composites. Increase in elastic modulus and strength of the composites are reasoned 

to th e s trong in terface that transfers a nd d istributes th e lo ad f rom th e m atrix to  t he 

reinforcement. F urther, th e im proved in terface s trength a nd be tter di spersion of  t he 

particles in the matrix can also be achieved by preheating the reinforcements. 

2.4.3   Impact toughness  

Toughness can be regarded as a m easure of energy absorbed in the process of fracture 

or m ore sp ecifically as the resistance t o c rack pr opagation, w hich i s nor mally 

designated by KIC. The toughness of MMC depends on m atrix a lloy composition and 

microstructure; reinforcement t ype, s ize, and or ientation; a nd pr ocessing i nsofar as i t 

affects microstructural v ariables, e .g., di stribution of  r einforcement, por osity, 

segregation, etc.  

For a given volume fraction (Vf) of reinforcements, the larger the diameter of the fiber, 

the tougher the composite. This is because the larger the fiber diameter for a given fiber 

volume fraction, the larger the amount of tough, metallic matrix in the inter-fiber region 

that can undergo plastic deformation and thus contribute to the toughness [19]. 
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Unidirectional f iber re inforcement c an le ad to  easy c rack initiation a nd p ropagation 

compared t o t he unr einforced a lloy m atrix. B raiding of  f ibers can m ake t he crack 

propagation toughness increase tremendously because of extensive matrix deformation, 

fiber bundl e de bonding, a nd pul lout. T he f racture e nergy i s t he maximum for a  

composite c onsisting of  t hree-dimensionally a rranged alumina f ibers in a n a luminum 

matrix. The general range of KIC values for particle-reinforced Al-MMC is between15−

30 MPa⋅m1/2 when short fiber or whisker-reinforced MMC have 5−10 MPa.m1/2 [19]. 

2.4.4   Thermal stresses 

In general, ceramic reinforcements (fibers, whiskers, or particles) have a coefficient of 

thermal expansion lower than that of most metallic matrices. This means that when the 

composite is subjected to a t emperature change, thermal stresses are generated in both 

components.  

Thermal expansion mismatch between the reinforcement and the matrix is an important 

consideration. It should also be recognized that it is something that is difficult to avoid 

in a ny composite, ho wever, t he ove rall thermal e xpansion c haracteristics o f a  

composite can be controlled by controlling the proportion of reinforcement and matrix 

and the distribution of the reinforcement in the matrix [19]. 

2.4.5   Fatigue 

The f atigue be havior o f M MC i s ve ry i mportant f or m any e ngineering a pplications 

involving c yclic or  dyn amic l oading. When t he c omposite materials a re s ubjected t o 

cyclic s tress a mplitude, t he resulting s train a mplitude m ay c hange with c ontinued 

cycling. C yclic s train produces a num ber of  da maging pr ocess w hich a ffects the 

microstructure an d t he resulting cy clic strain resistance an d l ow-cycle f atigue. T he 

cyclic st rain am plitude r eversals t o the f ailure can b e v iewed as an  i ndication o f t he 

resistance o f the composites microstructure to microscopic c rack formation, potential 

propagation and coalescence of the cracks culminating in fracture. The strains are much 

lower in the composite materials than they would be in the unreinforced material. This 

is because of the higher elastic modulus and higher proportional limit of the composite 

material. T he p resence o f p articulate reinforcements r esults i n the d evelopment o f 

localized st resses f rom co nstraints i n matrix d eformation ar ound t he r einforcing 

particles. T he h ighly l ocalized s tresses contribute to t he o bserved work-hardening 
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behavior o f t he co mposites. T he c oncentration o f t he l ocalized s tresses r esults f rom 

constraints i n m atrix d eformation t hat o ccur b ecause o f t he si gnificant d ifference in 

elastic modulus of the constituents of the composite, i.e. the discontinuous particulate-

reinforcement and continuous phases and the continuous aluminum alloy metal matrix.  

2.4.6   Creep 

The phenomenon creep refers to t ime-dependent deformation. Creep is defined as the 

progressive deformation of a material under the action of a constant applied load. Creep 

does not become significant until temperatures of the order of 0.3 Tm for metals and 0.4 

Tm for al loys i s reached. Creep behavior in particle-reinforced MMC is characterized 

by a progressively increasing creep rate (tertiary creep) over most of the creep life.  

Clauer & Henson [40] have reported the enhancement of creep resistance in dispersion-

strengthened materials, due to precipitation hardening. In these systems, the enhanced 

strength is due to the effective blocking of dislocation movement by insoluble particles 

on the slip plane, rather than the particles actually carrying any proportion of the load. 

Hence power-law creep rates are significantly curtailed, even at  low volume fractions 

(1%). 

Barai & Wang [41] have developed a composite model to examine the creep resistance 

of na nocrystalline s olids. T his m odel di vides t he m aterial into t wo r egions, one  t he 

plastically h arder g rain in terior a nd th e o ther th e p lastically s ofter g rain-boundary 

affected zo ne. T he cr eep r ate o f each  p hase is d escribed b y a u nified co nstitutive 

equation t hat can  acco unt f or t he ef fect o f st ress, st rain-hardening, a nd t emperature. 

The increase of creep resistance is attributed to the decrease of grain size through the 

Hall–Petch effect, but a continuous decrease of grain size would increase the presence 

of the softer grain boundary affected zone and this in turn could result in the softening 

effect for the nanocrystalline solid. 

2.4.7   Elongation 

Ductility i s one of  t he i mportant a spects i n t he mechanical p roperties of co mposites. 

The tensile elongation decreases rapidly with the addition of reinforcing particles and 

with in creased a ging ti me in  th e h eat tr eatable a lloys. M atrix d eformation b etween 

closely sp aced el astic p articles w ould b e h ighly co nstrained, r esulting i n l ocal s tress 

levels. It has also been reported that the reaction products (Al4C3) which were formed 
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at t he i nterface b etween S iC an d Al al loy m atrix as a r esult o f r eactions b etween 

reinforcing particles a nd A l m atrix h as significant effect on t he duc tility r ather t han 

strength [42]. 

2.5   Wear properties of Al-MMC 

Wear is the surface damage or removal of material from one or both of two surfaces in 

a sliding, rolling or impact motion relative to one another. In most cases, wear occurs 

through surface interactions at  asperities. During relative motion, f irst material on the 

contacting surface may be displaced so that properties of the solid body, at least at or 

near the surface, are altered, but little or no material is actually lost. Later, material may 

be removed from a su rface and may result in the transfer to the mating surface or mat 

break loose as w ear p article. I n the case o f t ransfer f rom o ne su rface t o an other, net 

volume or mass loss of the interface is zero, although one of the surfaces is worn (with 

a net volume or mass loss). Wear damage precedes actual loss of material, and it may 

also occur independently. Definition of wear is generally based on loss of material, but 

it s hould be  e mphasized t hat da mage due  t o m aterial di splacement on a  gi ven body 

(observed using microscopy), with no net change in weight or volume, also constitutes 

wear. 

Wear is a complex phenomenon in which real contact area between two solid surfaces 

compared with the apparent area of contact i s invariably very small being limiting to 

the points of contact between surface and asperities. The load applied to the surfaces 

will be transferred through these points of contact and the localized forces can be very 

large. W ear, a s f riction is n ot m aterial p roperty, it i s a sy stem r esponse. O perating 

conditions affect interface wear. Erroneously it is sometimes assumed that high-friction 

interfaces exhibit high wear rates. This is necessarily not true. For example, interfaces 

with s olid lubricants and p olymers e xhibit re latively l ow f riction and hi gh w ear, 

whereas ceramics exhibit moderate friction but very low wear. 

2.5.1   Factors affecting the wear of Al based composite materials 

The principal tribological parameters that control the friction and wear performance of 

reinforced A l-MMC ar e m echanical an d p hysical f actors ex trinsic t o t he m aterial 

undergoing surface interaction such as the effect of load normal to the tribo-contact, the 

sliding v elocity, th e s liding di stance, t he r einforcement or ientation, t he e nvironment, 
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temperature, the surface finish and the counterpart and material factors intrinsic to the 

material undergoing surface interaction such as the reinforcement type, size, shape and 

distribution of th e reinforcement, th e m atrix m icrostructure a nd th e re inforcement 

volume fraction. 

With regard to the material factors, the volume fraction of reinforcement (Vr) has the 

strongest effect o n the wear r esistance. H owever, the v ariations o f t he w ear rates of 

MMC as functions of Vr are affected by the shape and size of the whiskers, fibers and 

particles used for reinforcement. Additionally, the effective Vr, at which the wear rate 

reaches i ts minimum v alue, are c onsiderably di fferent d epending o n t he k ind of  

reinforcement and matrix material as well as on the sliding conditions. Therefore, it is 

difficult to select the type o f re inforcement a nd v olume f raction th at w ould gi ve 

optimum w ear pr operties. B ased on e xperimental r esults on w ear be havior of  M MC 

conducted under different test conditions, the effect of different parameter on the wear 

of MMC are discussed below. 

2.5.1.1   Effect of extrinsic (mechanical and physical) factors 

(a) Applied normal load 

Applied load affects the wear rate of alloy and composites significantly and is the most 

dominating factor controlling the wear behavior. The wear rate varies with normal load, 

which i s a n i ndicative of  A rchard’s law an d i s si gnificantly l ower i n case o f 

composites. The cumulative volume loss increases with increasing applied normal load. 

Further, w ith i ncreased ap plied load t he co ntact su rface temperature i ncreases. By 

measuring the wear rate as a function of applied load, it has been reported that a critical 

load exists below this load, where the wear rate is mild and steady; above this load a 

severe wear rate occurs and the critical load decreases with temperature. If the load is 

further i ncreased, t hen t he unreinforced an d r einforced co mposites ev entually se ize. 

The seizure event is accompanied by a su dden increase in wear rate, heavy noise and 

vibration. This type of seizure is referred to as galling seizure [39].  

The specific wear r ate o f Al-alloy has been reported to decrease with increase in the 

applied l oad. A l-alloy e asily und ergoes thermal s oftening a nd r e-crystallization a t 

higher t emperature compared w ith t he c omposites be cause the s trength of  t he 

composites at higher temperature is greater. As a result, the wear rate of the Al-alloy is 
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increased d rastically a t higher loads. A t l ow l oads, as p articles ac t as  l oad b earing 

constituents, t he di rect involvement of  A l-alloy i n t he w ear p rocess i s p revented. 

Metallographic observations at low loads indicate that there is less chemical interaction 

of the composite with the counter-face due to smaller true contact area. The wear debris 

size is o f the o rder o f millimeters a t h igher load while a t the lower load, it is o f t he 

order of a few hundred micrometers. As the load is increased, the proportion of metallic 

wear debris increases and the size of the delamination is increased for the composite. 

At t he h ighest load, t he w orn su rface o f t he materials c an b e d escribed as c lassical 

rachetting wear.  

The transition in  wear rate is observed for many MMC is faster and test t emperature 

dependent and i s believed to be the result of  voiding/cracking between reinforcement 

and the matrix, bo th of  which l ead to f ragmentation and de lamination of the surface. 

Thus, t he m aximum l oad a  c omposite c an s upport dur ing s liding w ithout e xcessive 

wear can be obtained by the fracture toughness values of the reinforcement [39]. 

(b) Sliding speed/velocity 

With the increase of sliding speed/velocity/distance, the wear rate and cumulative wear 

loss increases for al l the materials. The sl iding speed influences the wear mechanism 

strongly and at  low sliding speed, the wear rate of the composites is lower. This may 

happen because at high speed, the micro thermal softening of matrix material may take 

place, which further, lowers the bonding effect of the reinforced particles with that of 

matrix material. At higher sliding velocity, wear rate is lower for MMC and is due to 

the f ormation o f a co mpact t ransfer l ayer at  t he r egion o f t he w orn su rfaces. The 

amount of the constituents of the counter-body in the transfer layer is seen to increase 

as sliding velocity increases thus forming a protective cover which tends to reduce wear 

rate. It has been reported that massive wear occurs i f the particles are smaller than a 

threshold value at higher speeds [39]. 

(c) Effect of temperature 

The wear volume increases substantially above a characteristic temperature that exists 

between the mild and severe wear transition. Mild to severe wear occurs when friction-

induced heating raises the contact surface temperature above a c ritical value (at about 

0.4 tim es th e a bsolute melting te mperature o f the m atrix). T he c omposite transition 
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temperature i s hi gher than t hat of  t he unr einforced a lloy t hus t he c omposite s uffers 

lower w ear vol ume. T he hi gher t he nor mal pr essure, t he l ower is the t ransition 

temperature. T he h igher th ermal c onductivity o f th e re inforcement c ontributes in  

improving wear resistance [39]. 

(d) Surface finish and hardness of counterpart 

Surface roughness affects the wear rate. The higher the roughness, the higher will be 

the wear rate. The counter-face hardness is inversely proportional to the wear rate thus 

the co unter material w ith a l ower h ardness r educes t he wear r esistance d ue t o the 

mutual a brasion be tween t he co unter m aterial and t he w ear su rface o f t he sp ecimen. 

Wear of  t he c ounter-face d epends o n t he m echanism o f wear o f t he c omposite. A n 

increase in load generally results in an increased wear rate of both the composite p in 

and counter-face. Increasing the volume fraction of particles in the composite reduces 

its wear rate but increases the wear rate of the counter-face, thus when both counter-

face and composite wear are considered, an optimum volume fraction of particles exists 

at which wear is lowest [39]. 

(e) Nominal contact area 

Wear co efficient and w ear r ate d epends o n t he n ominal sp ecimen co ntact area. A 

smaller nominal specimen contact area yields a smaller wear coefficient value, as the 

wear asp erity v olume av ailable is sm aller. I t i s a lso o bserved t hat, generally, a n 

increase in load or sl iding speed also increases the volume loss and consequently the 

wear co efficient. F rom t he literature, i t c an b e co ncluded t hat t he w ear co efficient 

values obtained from the pins with a smaller nominal contact area were indeed lower by 

an average of about 12% than the larger ones, due to the availability of smaller asperity 

wear v olumes. H ence extreme car e sh ould exercise i n t he i nterpretation o f w ear 

coefficient data obtained from different testing methods or the use of different nominal 

specimen contact areas [39]. 

2.5.1.2   Effect of intrinsic (material) factors 

(a) Reinforcement size and shape 

The w ear resistance o f a material d epends on i ts h ardness, st rength, d uctility, 

toughness, the kind of reinforcement, its volume fraction (Vf) and the particle size. The 
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particle reinforcements are the most effective in improving the wear resistance of MMC 

provided that good interfacial bonding between the reinforcement and the matrix exists. 

The w ear r esistance of  t he c omposites is i mproved by pr eventing di rect m etallic 

contacts t hat i nduce su bsurface d eformation. T he ad dition o f h ard cer amic p articles 

improves t he r esistance t o sei zure at  el evated t emperatures. T he p articulate allow 

considerable t hermal so ftening ef fects w ithout h aving ad verse ef fects o n t he w ear 

behavior. T he r einforcement a lso c auses hi gher ha rdness, superior e lastic m odulus, 

greater d ynamic modulus, b etter d amping cap acity an d less co efficient o f t hermal 

expansion of the matrix alloy. The presence of the ceramic particles provides a higher 

thermal stability, increased abrasion and sliding wear resistance at high temperature and 

delays the transition from mild to severe wear.  

It i s f ound t hat t he w ear r ate d ecreases w ith d ecrease i n t he g rain si ze. T his can  b e 

attributed to the grain boundary strengthening of Al leading to strain hardening. Such 

behavior may be attributed to the change in the grain shape from equiaxed to columnar 

ones. The reinforcement particles with size of several micrometers have higher bonding 

strength w ith t he m atrix, w hich s upport t he a pplied load e ffectively a nd pr event the 

crack t o i nitiate an d p ropagate i n the su bsurface w ear r egion. T herefore, t he w ear 

resistance o f t he co mposites is i mproved si gnificantly. T he p redominant f riction 

mechanism at particulate sizes below 13 μm involves adhesion and micro ploughing, 

these being augmented by hard third body SiC abrasion with increasing particulate size. 

Adhesion a nd m icro c utting a re t he pr edominant w ear mechanisms f or smaller 

reinforcements, t he h igher w ear r ates i s o bserved i n t he l arger p articulate r einforced 

composite trib o-system b eing asso ciated w ith i ncreased p articulate cr acking-induced 

subsurface delamination. 

It i s r equired t o e mphasize t he r ole of  s econd pha se pa rticles i n pr oviding l ocalized 

areas o f h igh st ress c oncentrations t hat i nfluenced f low st ress an d w ear r ate. T he 

highest w ear re sistance w as o btained in  m icrostructures a ssociated w ith f ine, w ell-

dispersed semi-coherent particles. For materials characterized by carbides, dispersed in 

a so ft matrix, a d ecrease i n t he p article m ean f ree p ath b y reducing the car bide s ize 

resulted in improved wear resistance. The wear resistance of composites, compared to 

the alloys, was attributed to their favorable distribution of particles of a relatively small 

size. 
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The main concern about Al-MMC is that, larger the volume fraction and finer the size 

of the reinforcement, expensive are the Al-MMC. Hence, there is a need to reduce the 

cost component by optimizing its volume fraction and avoiding/minimizing the use of 

finer particles. The reinforcement of fine Al2O3 particles strengthens the Al-matrix and 

enhances t he w ear r esistance. T he r esidual al loy p hase an d t he p resence o f a r igid 

ceramic skeleton enable the blunting or lubricating properties of the alloy in producing 

good tribological properties [39]. 

(b) Effect of different types of reinforcements 

The SiC re inforcement in the Al-MMC is more f racture resistant compared to A12O3 

and SiC. T he S iC p articles a re h arder th an ot her r einforcements a nd w ill pr ovide a 

more effective barrier to subsurface shear by the motion of the adjacent steel counter-

face an d t his r esult i s l ikely d ue t o d ifferences i n p articles sh ape. A n ad ditional 

drawback of Al-MMC with reinforcing phases, such as S iC and Al2O3 is the tendency 

of t he r einforcement t o act  as a  seco nd-body a brasive a gainst t he c ounter-face 

increasing i ts wear rates. In addition, reinforcement l iberated as w ear debris acts as a  

third-body abrasive to both surfaces. The two effects result in a higher wear rate for the 

system as a whole when MMC is used compared to the monolithic, while the extent of 

this problem depends on the mechanical properties of the counterface material. 

The p resence o f i ron oxide debris in t he wear track plays an important ro le a s it  has 

been reported to be beneficial in reducing the resistance to friction for MMC reinforced 

with Al 2O3 or S iC p articles s liding a gainst s teel. T he d ebris f or m ild w ear m ainly 

consists o f f erric o xide ( Fe2O3), w hile th e debris f or sev ere w ear w as co mposed o f 

Al2O3, Al, α-Fe pha ses. M oreover, t he addition of  S i-Fe eutectic al loy an d A l2O3 

particles i ncreases the t ransition l oad f rom mild t o s evere wear of  A l 2024 a lloy by  

more than three times and decreases the coefficient of friction. 

Incorporation of TiO2 particles results in the wear of disc. The TiO2 particles appear to 

reduce bot h pl astic f low i n t he m atrix a nd t he metal t ransfer t o t he pi n. T he T iC 

reinforced Al 356 alloy is the hardest and exhibits the lowest wear rate and an increase 

in t he l oad at w hich t he t ransition from l ow w ear rate to high w ear r ate o ccurs. An 

addition of granite particulate to Al 6061 has found that it not only delays the transition 

wear but also reduces the wear rate and coefficient of friction. The experimental results 

have sh own a si gnificant en hancement i n the w ear r esistance o f B 4C p articles 
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reinforced Al 5083 M MC. C ryogenically treated c omposites m ay s how c onsiderable 

reduction in the wear rate with an increase in hardness and strength at  higher applied 

loads. The MoSi2 and Cr3Si reinforced alloys (2124, 5056) exhibits the lowest specific 

wear r ates. The w ear r esistance o f t he co mposites can  b e i mproved b y i ncorporating 

TiB2 particle re inforcement and the re finement o f the matrix g rains g reatly i mproves 

the m echanical p roperties o f t he co mposites. F urther, t he T iB2 particles m arkedly 

improve the wear performance of the Al–4Cu alloy. I t can be said that TiB2 particles 

not only protect the matrix by vi rtue of their high hardness but also by generating the 

fine iron rich debris which acts as an effective lubricating medium [39]. 

(c) Effect of reinforcements volume fraction 

It h as b een reported t hat t he w ear r esistance o f co mposite i ncreases w ith i ncrease in 

volume fraction of the reinforcement. The wear resistance of MMC can be improved by 

increasing the vol ume f raction of  t he r einforcing c eramic phase by a s much a s 70% . 

Also the dry sliding wear resistance increases with increase in particle volume fraction. 

At higher volume fraction, the f riction coefficient has been found higher and there i s 

almost no effect of load on friction coefficient.  

The wear rates of the counter-face material increases with increase of volume fraction 

of the ceramic particles. This is mainly due to the fact that the hardness and strength of 

composites are higher and they increase with increase in filler content. The volumetric 

wear r ate i ncreases w ith i ncreasing ap plied load w hile i t d ecreases with i ncreasing 

volume f raction of  the f iller material. This may be  due  to the r eason that addition of 

ceramic content results in a pronounced drop in ductility accompanied by an increase in 

hardness which may further increase the wear resistance of the MMC. At any constant 

load, w ear rate d ecreases w ith increase i n ad dition o f S iC an d i mproves t he l oad 

bearing properties of  Al-alloy during s liding. Increase in  the addition of S iC restricts 

the flow or deformation of the matrix material with respect to load.  

The cu mulative v olume l oss an d t he w ear r ate d ecreases l inearly w ith i ncreasing 

volume fraction of Titanium Carbide (TiC) in pure Al. Average coefficient of friction 

also d ecreases lin early d ue to  a  protective c over p rovided b y tra nsfer la yer w ith 

increasing v olume fraction of  T iC. Increase i n volume fraction of  T iC i ncreases t he 

wear r ate o f t he counter-face. Hence i t is suggested that when both counter-face an d 
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composite wear are considered, an optimum volume fraction of particles exists at which 

wear is lowest [39]. 

(d) Effect of interfacial bonding 

The wear behavior of hard particle reinforced composite depends primarily on the type 

of interfacial bonding between the Al-matrix and the reinforcement. This is because of 

the s trong i nterfacial b ond w hich pl ays a  c ritical r ole in t ransferring l oads f rom t he 

matrix t o t he h ard p articles, resulting i n l ess wear o f t he m aterial. I n case o f p oor 

interfacial bonding, the interface offers s ite for crack nucleation and tends to pull out 

the particle from the wear surface tending to higher wear loss. For example, the Ni and 

Cu c oated SiC di spersed A l-SiC c omposites g enerally lead to  g ood q uality in terface 

characteristics and exhibit the improved wear properties [39]. 

 

 

(e) Effect of porosity   

The w ear r ate o f i n-situ c omposites c ontaining re latively l ower re inforcing p article 

increases gradually with increasing volume fraction of porosity up to critical porosity 

value of  about 4 vo l.%, but beyond that level, wear rate increases more rapidly. This 

could be attributed to its combined effect on real area of contact and subsurface crack 

propagation. Also, the wear coefficient increases considerably with increasing porosity 

content i n t his gr oup o f c ast in s itu c omposite. S ometimes, t he c ontributions of  t he 

reinforcing particles i n en hancing t he w ear resistance h ave b een o bliterated b y 

increased p orosity c ontent and t herefore, it should be  controlled in c ast i n-situ 

composites. H owever, a  l imited a mount of  por osity c ould be  t olerated i n c ast in-situ 

composites without impairing its wear resistance significantly. The wear rate of the cast 

in-situ c omposites c ontaining relatively l ower porosity de creases c ontinuously w ith 

increasing particle content, more than expected on the basis of decreasing real area of 

contact. I t is, t herefore, expected that blunting of subsurface c racks a t porosity could 

decrease w ear d ebris generation as i ndicated b y d ecreasing w ear c oefficient w ith 

increasing particle content at lower level of porosity [39]. 

(f) Effect of wettability 
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Wettability of the reinforcement in the matrix and interfacial strength are related to one 

another. Micro-hardness value, coefficient of friction and wear property of metal matrix 

composite are generally affected by wettability of reinforcements. The decrease in the 

coefficient of f riction value an d i ncrease i n t he w ear resistance a re due t o b etter 

distribution of t he pa rticle i n t he m atrix, w hich i s due  t o t he i mprovement i n t he 

wettability of the reinforcing phase with the matrix. For example, to improve surface 

wetting during casting, the graphite particles were coated with a nickel [39]. 

2.5.1.3   Effect of lubrication 

Concerning wear mechanisms under lubricated conditions, the degree of direct contact 

between the surfaces is minimal and the wear progresses v ia layers of debris. For all 

materials, wear loss in lubricated tests at constant load decreases as hardness increases. 

However, for lubricated conditions, Al-MMC with higher hardness show higher wear 

resistance. 

Scuffing a nd s eizure p roblems may be  a ddressed by i ncorporating s olid l ubricants, 

namely, G raphite in A l–Si a lloys reinforced w ith S iC o r A l2O3 particles. I t h as been 

found that the addition of graphite flakes or  particles in Al-alloys increases the loads 

and velocities at which seizure took place under the boundary lubricated and dry sliding 

conditions.  

The high seizure resistance of graphitic Al-matrix composites has been attributed to the 

formation of graphite layers on t he contact surfaces that act as so lid lubricants, which 

reduce metal to metal contact between the sliding pairs. One more important factor is 

that the lubricant used will act as a coolant between the two sliding surfaces avoiding 

the consequences of increasing temperature of the metals in contact [39]. 

2.5.1.4   Effect of load and work hardening 

In c ase of  a lloy, r ate of w ork ha rdening m ay be  hi gher a nd a lso t here i s every 

possibility of e ntrapment o f lo ose a brasives i n th e m atrix, re sulting in  relatively 

reduced wear rate in alloy as compared to the composite with increasing load. In case 

of abrasive wear, the overall effect of abrasive size on wear rate becomes significantly 

less a s c ompared t o t he c ontribution of  l oad when t he m atrix of  t he c omposite is 

already subjected to a certain amount of strain hardening effect before being subjected 

to wear. 
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Decreasing wear rate with sliding distance is a definite indication of more effectiveness 

of w ork ha rdening of  t he s ubsurface r egions due t o i ncreasing w ear induced plastic 

deformation. S ubsurface ha rdening i s e videnced by increased h ardness i n t he 

subsurface region as compared to the unaffected bulk. 

With the repeated dry sliding test, a working hard layer occurs on the wear surface and 

this p romotes w ear r esistance of t he co mposites. A t t he sa me t ime, t he w ear su rface 

temperature i ncreases s ubsequently. A s a r esult, r e-crystallization ta kes p lace in  the 

worn surface during the dry sliding, which results in the decrease of the wear surface 

hardness and this considerably counteracts the promoting effect of the wear resistance 

by w ork ha rdening. M oreover, the oxi dization l ayer f ormed on w ear s urface of  t he 

sample is beneficial in enhancing the wear resistance [39]. 

 

2.5.1.5   Effect of mechanical mixed layer (MML) 

During sliding at higher wear-rates, high temperature is developed at the sliding surface 

due t o w hich t he sp ecimen so ftens an d b ecomes p lastic. I t r eacts w ith t he av ailable 

oxygen and forms their respective oxides. The hard brittle oxide formed on the surface 

of t he s pecimen be comes t hicker a nd c ontinuous, c overing t he e ntire s urface. T he 

Aluminum oxide film acts partly as an insulator for thermal conduction. This MML is 

responsible for the decrease in the wear-rate and friction of the MMC. The transfer of 

steel inclusions f rom c ounter-face surfaces t o t he composite wear su rfaces is another 

mechanism which contributes to the increase in wear resistance of the composites. This 

indicates that t he inclusions ac t as  ad ditional reinforcements at  the wear su rface o f 

composite and are load supporting and the specific wear rate decreases with increasing 

MML thickness. The MML forms on the worn surface of matrix and composite and it 

serves as a  protective l ayer a nd a  solid lubricant. I n c omposites ha ving l ow vol ume 

fraction, t he M ML i s s table unde r low l oads a nd uns table under hi gher l oads. I n t he 

composite ha ving hi gher vol ume fraction of  r einforcement, t he M ML i s s table under 

high loads. The MML are formed in the worn surfaces at a variety of sliding loads. The 

mixed l ayers h ave m icro-structural f eatures comprising o f a  mixture o f u ltrafine-

grained structures in which the constituent variations depend on the sliding loads.  
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Some characteristics of the MML, which can be used to distinguish it from the normal 

composite material, ar e: ( a) a d arker co lor t han t he n ormal co mposite material w hen 

observed under optical microscope (b) The presence of chemical elements coming from 

the counter-face (c) A higher micro-hardness value in the MML and abrupt change to 

too m uch l ower va lues outside the MML. T he hardness of  t he M ML is f ound t o be 

much harder than that of the matrix hardness in the composite. Actually, the hardness 

of t he M ML i s i ndependent of  t he c omposite a nd t he va lue i s c omparable t o t he 

hardness of the steel counter-face. It is noted that the MML is not formed in the non-

reinforced material, m ainly b ecause no t race of  i ron i s found on t he w orn s urface. 

Micro-hardness st udies along t he v ertically sec tioned su rface st arting f rom t he w orn 

surface sh ow that the magnitude o f t he h ardness o f t he sp ecimen d ecreases w ith t he 

distance from the worn surface, which indicates that the sub-surface nearer to the worn 

surface is hardened due to strain hardening effect than the region away from the worn 

surface [39]. 

2.5.1.6   Effect of heat treatment 

The al loy and co mposites ex hibit minimum wear r ate a fter h eat t reatment d ue t o 

improved hardness. In case of cast alloy, the value of wear constant is higher than that 

of the heat treated alloy and composites. During the wear process, the cracks are mainly 

nucleated at the matrix and reinforcement interfaces. Heat-treated alloy and composite 

showed be tter s trength and ha rdness t hat resulted i n f ewer pr opensities f or c rack 

nucleation and showed enhancement in wear r esistance. In case o f heat-treated a lloy, 

the effective stress applied on the composite surface during wear process is less due to 

higher strength and ductility of the Al matrix. This results in less cracking tendency of 

the co mposite su rface as co mpared t o t he cast a lloy. T he he at t reatment doe s not 

radically c hange t he morphology, but  h ardening of  t he m atrix b y pr ecipitation 

hardening took place, which led to higher hardness and strength [39]. 

The h ighest wear resistance can be obtained for T6 thermal t reatment condition. The 

studies de termined t hat t he maximum ha rdening of  t he matrix i s obt ained w hen t he 

composite material is solubilied at a temperature of 560 °C for 3 hours, quenched in ice 

water at 0 °C and ageing done at a temperature of 175 °C for 7 hours. It was found that 

the heat treatment T6 for 7 hours was the one that provided the matrix greater hardness 

and t herefore i t w as the o ne, w hich g ave t he MMC t he h igher w ear resistance. The 
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higher hardness and yield strength of the composite by T 6 heat treatment would have 

the a dvantage of  pr eventing t he f ormation of  a luminum debris a nd decreasing i ts 

transfer to the surface of steel.  

When aged at the lowest temperatures (between 50-1500C), the hardness and abrasive 

wear resistance of under-aged composites were found to be relatively low. Raising the 

ageing t emperature t o 2 00 ° C i ncreased t he h ardness an d abrasion resistance o f t he 

composites to the peak-aged condition. At 250 °C  the composites were over-aged and 

this resulted in a reduction in hardness and wear resistance due to the coarsening of the 

inter-metallic precipitates. 

Decreasing the di scontinuously r einforced a luminum ( DRA) m atrix s trength t hrough 

under-aging a nd ove r-aging h eat treatments d ecreases t he D RA w ear r ate u nder 

abrasion conditions by enhancing the formation of a protective solid film [39]. 

 

2.5.2   Wear mechanisms 

2.5.2.1   Abrasive wear 

Abrasive wear occurs when asperities of a rough, hard surface or hard particles slide on 

a softer surface and damage the interface by plastic deformation or fracture. In the case 

of d uctile materials w ith h igh f racture t oughness ( e.g. m etals an d al loys), hard 

asperities or hard particles result in the plastic flow of the softer material. Most metallic 

and ceramic surfaces during sliding show clear evidence of plastic flow, even some for 

ceramic brittle materials. Contacting asperities of metals deform plastically even at the 

higher loads. In the case of brittle materials with low fracture toughness, wear occurs 

by brittle fracture. In these cases, the worn zone consists of significant cracking [43]. 
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Fig 2.15: Schematics of (a) a rough, hard surface or a surface mounted with abrasive 

grits sliding on a softer surface and (b) free abrasive grits caught between the surfaces 

with at least one of the surfaces softer than abrasive grits [43] 

 

Fig. 2.16: Two body and three body abrasive wear [44] 

There are two general situations for abrasive wear as shown in Fig. 2.15 and Fig. 2.16. 

In t he f irst case, t he h ard su rface is t he h arder o f t wo r ubbing su rfaces ( two-body 

abrasion), f or e xample, i n mechanical ope rations, s uch a s gr inding, c utting a nd 

machining; and in the second case, the hard surface is the third body, generally a small 

particle of abrasive, caught between the two other surfaces and sufficiently harder that 

it is able to abrade either one or both of the mating surfaces (three-body abrasion), for 

example, i n f ree a brasive l apping a nd pol ishing. I n most a brasive w ear s ituations, 

scratching (of mostly the softer surface) is observed as a series of grooves parallel to 

the direction of sliding [43]. 
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Fig. 2.17: Schematic of abrasive wear processes as a result of plastic deformation by 

three deformation modes [43] 

Material removal from a surface via plastic deformation during abrasion can occur by 

several deformation modes which include ploughing, wedge formation and cutting as 

shown in Fig. 2.17.  Ploughing results in a  series of  grooves as a  r esult of  the plastic 

flow of  t he s ofter m aterial. I n t he pl oughing process, m aterial i s di splaced f rom a  

groove t o t he sides w ithout r emoval o f material. H owever, af ter su rface h as b een 

ploughed several times, material removal can occur by a low cycle fatigue mechanism. 

When ploughing occurs, ridges form along the side of the ploughed grooves regardless 

of w hether or  not  wear p articles are f ormed. T hese r idges become flattened, w hich 

eventually fracture after repeated loading and unloading cycles. The ploughing process 

also cau ses su bsurface p lastic d eformation an d m ay co ntribute t o the n ucleation o f 

surface and su bsurface cracks. F urther l oading a nd unl oading ( low-cycle, hi gh s tress 

fatigue) cause t hese c racks a nd p reexisting vo ids a nd c racks t o p ropagate  a nd join 

neighboring cracks, which eventually shear to the surface leading to thin wear platelets. 

In wedge formation of abrasive wear, an abrasive tip ploughs a groove and develops a 

wedge on i ts front. It generally occurs when the ratio of shear strength of the interface 

relative to t he s hear s trength of  t he bul k i s hi gh ( about 0.5 -1). I n t his situation, on ly 
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some of the material displaced from the groove is displaced to the sides and remaining 

material show up as a wedge. 

In the cutting form of abrasive wear, an abrasive tip with large attack angle ploughs a 

groove a  r emoves t he material in the f orm of  di scontinuous or  ribbon-shaped d ebris 

particles s imilar to that produced in a  metal cutting operation. This process results in 

generally significant removal of material and the displaced material relative to the size 

of the groove is very little [43]. 

2.5.2.2   Adhesive wear 

Adhesive w ear oc curs w hen t wo n ominally f lat s olid bodi es a re i n s liding c ontact, 

whether lubricated or  not. Adhesion or  bonding occurs a t the asperity contacts a t the 

interface and these contacts are sheared by sliding, which may result in detachment of a 

fragment f rom o ne su rface an d a ttachment t o t he o ther su rface. A s t he s liding 

continues, t he t ransferred f ragments m ay c ome of f t he s urface on which t hey a re 

transferred and b e t ransferred b ack t o t he o riginal su rface, o r el se f orm l oose w ear 

particles. S ome ar e f ractured b y a f atigue process d uring r epeated l oading and 

unloading action resulting in formation of loose particles [43]. 

 

Fig. 2.18: Schematic showing two possibilities of break (1 & 2) during shearing of an 

interface [43] 

Several m echanisms ha ve be en p roposed f or t he de tachment o f a  fragment of  a  

material. In an early theory of sliding wear it was suggested that shearing can occur at 

the original interface or in the weakest region in one of the two bodies as shown in Fig. 

2.18. In most cases interfacial adhesion strength is expected to be small as compared to 

the breaking strength of the surrounding local regions; thus the break during shearing 

occurs at the interface (path 1)in most of the contacts and no wear occurs in that sliding 

cycle. In a small fraction of contacts, break may occur in one of the two bodies (path 2) 
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and a sm all f ragment may at tach to t he o ther su rface.  T hese t ransfer f ragments ar e 

irregular and occur in blocks.  

 

Fig. 2.19: Adhesive wear [44] 

Fig. 2.19 s hows a  s chematic d iagram o f adhesive wear. Adhesive wear i s a r esult of 

micro-junctions c aused by w elding be tween t he oppos ing asperities o n t he r ubbing 

surfaces of the counter bodies. The load applied to the contacting asperities is so high 

that they deform and adhere to each other forming micro-joints. 

2.5.2.3   Fatigue wear 

Subsurface a nd s urface f atigues a re obs erved dur ing r epeated r olling a nd s liding, 

respectively. T he r epeated l oading a nd unl oading c ycles t o w hich t he materials a re 

exposed may induce the formation of subsurface or surface cracks, which eventually, 

after a critical n umber o f cy cles, will r esult i n t he b reakup o f t he s urface w ith t he 

formation of  large f ragments, leaving large pi ts in the surface, a lso known as pi tting. 

Prior to this critical point, negligible wear takes place, which is in marked contrast to 

the wear caused by an adhesive or abrasive mechanism, where wear causes a g radual 

deterioration f rom the s tart of  running. Therefore the amount of  material removed by 

fatigue wear is not a useful parameter. Much more relevant is the useful life in terms of 

the number of revolutions or time before fatigue failure occurs [43].  
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Fig. 2.20: Fatigue wear [44] 

Fig. 2.20 illustrates fatigue wear caused by tangential cyclic load and normal cyclic 

load. 

Chemically enhanced crack growth (most common in ceramics) is commonly referred 

to as static fatigue. In the presence of tensile stresses and water vapor at the crack tip in 

many cer amics, a chemically induced r upture o f t he c rack-tip bonds  oc curs r apidly, 

which i ncreases t he c rack v elocity. C hemically en hanced d eformation an d f racture 

result in an increased wear of surface layers in static and dynamic (rolling and sliding) 

conditions. 

2.5.2.4   Impact by erosion and percussion 

Two broad types of wear phenomena belong under this heading- erosive and percussive 

wear. E rosion c an oc cur by j ets a nd s treams of s olid pa rticles, l iquid dr oplets, and 

implosion of bubbles formed in the liquid. Percussion occurs from repetitive solid body 

impacts. Repeated impacts result in progressive loss of solid material. 

    

Fig 2.21: (a) Erosion rate as a function of attack angle (b) Impact by percussion [45-46] 

Solid particle erosion occurs by impingement of solid particles. It is a form of abrasion 

that i s g enerally t reated r ather d ifferently b ecause t he co ntact st ress ar ises f rom t he 

kinetic energy of particles flowing in an air or liquid stream as it encounters a surface. 

The particle velocity and impact angle combined with the s ize of the abrasive give a 

measure of  the k inetic energy of  the impinging particles, that is, of  the square of  the 

velocity. Wear debris formed in erosion occurs as result of repeated impacts.  
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As i n t he c ase o f ab rasive w ear, e rosive w ear occurs b y p lastic d eformation an d/or 

brittle f racture, de pendent upon m aterial be ing e roded away a nd upon ope rating 

parameters. Wear rate dependence on the impact angle for ductile and brittle materials 

is different as shown in Fig. 2.21(a). Ductile materials will undergo wear by a  process 

of plastic deformation in which the material is removed by displacing or cutting action 

of the eroded particle. In a brittle material, on the other hand material will be removed 

by the formation and intersection of cracks that radiate out from the point of impact of 

the er oded particle. T he sh ape o f t he ab rasive p articles af fects t hat p attern o f p lastic 

deformation a round e ach i ndentation, c onsequently t he pr oportion o f th e m aterial 

displaced from each impact. In the case of brittle materials, the degree and severity of 

cracking w ill b e af fected b y t he sh ape o f ab rasive p articles. S harper p articles w ould 

lead to more l ocalized deformation and consequently wear, as co mpared t o the more 

rounded particles. 

Cavitation e rosion is a  special t ype of  e rosion. C avitation is de fined a s t he r epeated 

nucleation, growth, vi olent c ollapse of  c avities or  bubbl es i n a  liquid. C avitation 

erosion arises when a solid and fluid are in relative motion, and bubbles formed in the 

fluid be come uns table a nd i mplode a gainst t he s urface of  t he s olid. When bubb les 

collapse th at a re in  c ontact w ith or v ery c lose to  s olid s urface, it  w ill c ollapse 

asymmetrically, f orming a  m icrojet o f liq uid directed toward t he s olid. T he s olid 

material w ill ab sorb t he i mpact en ergy as el astic d eformation, p lastic d eformation o r 

fracture. The l atter t wo p rocesses may cause l ocalized deformation and/or er osion o f 

the solid surface [43].   

Percussion is a r epetitive so lid body i mpact as s hown i n F ig. 2.21  ( b) such as 

experienced by pr int hammers in high speed e lectromechanical applications and high 

asperities of the surfaces in a gas bearing. In most practical machine applications, the 

impact is associated with sliding that is the relative approach of the contacting surfaces 

has bot h no rmal a nd t angential components k nown a s compound impact. Percussive 

wear oc curs by hybr id wear m echanisms w hich c ombine several of  t he f ollowing 

mechanisms: adhesive, abrasive, surface fatigue, fracture and tribochemical wear [43]. 

2.5.2.5   Chemical or corrosion 

Chemical o r co rrosive w ear o ccurs w hen sliding t akes p lace i n a co rrosive 

environment. In air the most dominant corrosive medium is oxygen and chemical wear 
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in ai r is g enerally cal led oxi dative w ear. I n the a bsence of  s liding, t he c hemical 

products of the corrosion would form a film typically less than a micrometer thick on 

the s urfaces, w hich w ould t end to slow dow n or  e ven a rrest t he c orrosion, but  the 

sliding action wears the chemical film away, so that the chemical attack can continue. 

Thus chemical wear requires both chemical r eactions and rubbing. Fig. 2.22 s hows a 

schematic diagram of corrosion wear [43]. 

 

Fig. 2.22: Corrosion wear [47] 

Corrosion can occur because of chemical or electrochemical interaction of the interface 

with t he e nvironment. C hemical c orrosion oc curs i n a  h ighly c orrosive e nvironment 

and in high temperature and in high humidity environments. Electrochemical corrosion 

is a ch emical reaction accompanied by the passage of electric current, and for this to 

occur a  po tential di fference m ust e xists between t wo r egions. T he region a t l ow 

potential is known as an anode and the region at high potential is known as a cathode. 

If there i s a  c urrent f low be tween a node a nd c athode t hrough a n e lectrolyte, a t the 

anode t he m etal d issolves i n t he f orm o f i ons an d l iberates el ectrons. T he el ectrons 

migrate t hrough t he m etal to t he cathode and r educe either i ons or  oxygen. T hus, 

electrochemical corrosion is equivalent to a short connected battery with partial anodic 

and pa rtial cathodic r eactions oc curring on  t he two s liding members or  i n a  s liding 

member on two r egions a tomic di stances a way. T hese r egions may s hift t o di fferent 

locations. Electrochemical corrosion is  influenced b y the re lative e lectropotential. 

Electrochemical corrosion may accelerate in a corrosive environment because corrosive 

fluids m ay provide a  c onductive medium ne cessary f or e lectrochemical c orrosion t o 

occur on the rubbing surfaces. The most common liquid environments are aqueous and 

here small amount of dissolved gases commonly oxygen or  carbon dioxide, influence 

corrosion [43]. 
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2.5.2.6   Fretting wear 

Fretting occurs where low-amplitude oscillatory motion in the tangential direction takes 

place b etween co ntacting su rfaces, which ar e n ominally at r est. T his is a  co mmon 

occurrence, s ince m ost machinery i s s ubjected t o vi bration, bot h i n t ransit a nd i n 

operation. 

 

Fig. 2.23: Fretting corrosion wear [47] 

Basically, f retting i s a f orm o f a dhesive a nd abrasive w ear w here t he nor mal l oad 

causes adhesion between asperities and oscillatory movement causes ruptures resulting 

in wear debris. Most commonly, fretting is combined with corrosion, in which case the 

wear mode is known as fretting corrosion. Fig. 2.23 i llustrates fretting corrosion wear 

mechanism. For ex ample, i n t he c ase o f st eel p articles, the f reshly worn n ascent 

surfaces oxidize to Fe2O3 and the characteristic fine reddish-brown powder is produced 

known a s c ocoa. These o xide p articles a re ab rasive. B ecause o f t he cl ose f it o f t he 

surfaces and the oscillatory small amplitude motion, the surfaces are never brought out 

of c ontact, and t herefore, t here i s little oppor tunity f or t he pr oducts of  t he a ction to 

escape. F urther os cillatory m otion c auses a brasive w ear and os cillation a nd s o on. 

Therefore, the amount of  wear per uni t s liding di stance due to f retting may be  larger 

than that from adhesive and abrasive wear. The oscillatory movement is usually result 

from external vibration, but in many cases it is the consequence of one of the members 

of th e c ontact b eing s ubjected to  a  c yclic s tress, w hich results in  early in itiation o f 

fatigue c racks an d r esults in a u sually m ore d amaging asp ect o f f retting, known a s 

fretting f atigue. S urfaces su bjected t o f retting wear h ave a  ch aracteristic ap pearance 

with red-brown patches on ferrous metals and adjacent areas that are highly polished 

because of the lapping quality of the hard iron oxide debris [43]. 
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2.5.2.7   Delamination wear 

Suh [48] proposed that at low sliding speeds, wear debris formation could be described 

by a d elamination w ear t heory. W ear p rocesses su ch as ad hesive w ear, f retting an d 

fatigue were all related to this same mechanism. Suh stated that wear occurred by the 

following sequential steps:  

a) Cyclic plastic deformation of surface layers by normal and tangential loads  

b) Crack or  void nucleation in the deformed layers a t inclusions or second-phase 

particles 

c) Crack growth nearly parallel to the surface 

d) Formation of thin, long wear debris particles and their removal by extension of 

cracks to the surface 

The ra te-determining m echanism of  w ear s howed de pendence on the metallurgical 

structure. When sub-surface deformation controlled the wear rate, hardness and fracture 

toughness were both considered to be major influencing factors. 

Jahanmir and Suh [49] showed that for microstructures containing hard second phase 

particles, if  s ufficient p lastic d eformation o ccurred d uring s liding w ear, cr ack 

nucleation was favored at these particles. In this situation, where inter-particle spacing 

is a n important v ariable, c rack p ropagation c ontrolled th e w ear r ate. V oid f ormation 

was primarily a ttributed to  the p lastic f low of the matrix a round these hard particles. 

Void f ormation oc curred ve ry r eadily a round hard pa rticles but  c rack pr opagation 

occurred vary slowly. The depth at which the void nucleation was initiated and the void 

size tended to increase with increased friction coefficient and applied load.  

Suh’s delamination theory proposed that voids only nucleated at a defined depth below 

the s liding w ear s urface, voi d f ormation w as r elated t o hydr ostatic pressure w hich 

existed directly under a contact region. Voids therefore nucleated below a level where 

hydrostatic pressure w as not  l arge enough t o s uppress t here f ormation a nd a bove a  

depth w here pl astic d eformation w as s ufficient t o nuc leated voi ds a round t hese h ard 

particles. T he ex istence o f t his cr itical d epth d ictated t he r esultant d imensions of  t he 

wear particle debris, especially the thickness of plate-like debris [50].   

In delamination wear mechanism, hardness and friction coefficient plays a major role in 

the o verall wear p rocess. C rack p ropagation i s co nsidered t he w ear-rate co ntrolling 
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factor. C racks a re in itiated a t th e p article/matrix in terface or b y th e f racture o f th e 

particles. For crack nucleation at particle/matrix interfaces the following conditions are 

necessary [50]: 

a) Tensile stress across the interface should exceed the interfacial bond strength 

b) Elastic st rain en ergy r eleased u pon d ecohesion o f t he i nterface sh ould b e 

sufficient to account for the surface energy of the crack created   

2.6   Recent Works on Al-MMC 

C. N eelima D evi e t a l. [3] studied t he microstructural asp ects o f a luminum s ilicon 

carbide metal matrix composites. Aluminum metal matrix composites reinforced with 

silicon carbide particles were prepared by casting process varying the mass percentage 

of re inforcing p articles. T he microstructures revealed th at lower st irring sp eed w ith 

lower s tirring t ime dur ing c omposite c asting r esulted i n h igher a mount of  pa rticles 

clustering. Uniform s tirring s peed a nd s tirring tim e re sulted in  b etter d istribution o f 

reinforcing particles in  a luminum matrix. C lustering o f p articles an d so me p laces 

without SiC inclusions were also observed in the microstructures. That was due to the 

varying th e c ontact ti me b etween th e S iC p articles a nd molten a luminum d uring 

composite processing, high surface tension and poor wetting behavior of silicon carbide 

particles i n molten a luminum. To overcome t he pr oblem o f hi gh s urface t ension and 

low wetting behavior of silicon carbide in molten aluminum, the paper also suggested 

applying mechanical force uniformly during reinforcing particles distribution in metal 

matrix composites.     

Madhu Kumar YC et al. [12] investigated mechanical properties of glass particulates 

reinforced aluminum a lloy 6061 m etal m atrix composites. A luminum ba sed m etal 

matrix composites containing 3, 6, 9 and 12 w t. % of glass particulates were prepared 

using stir casting fabrication technique. Microstructures, tensile strength and hardness 

of t he f abricated co mposites w ere ev aluated. The ex perimental r esults sh owed that 

tensile st rength and hardness o f co mposites i ncreased with i ncreasing wt. %  o f g lass 

particulates up t o 9 w t. %  a nd t hen de creased w ith i ncreasing wt. %  of  gl ass 

particulates. 9 wt. % glass particulates reinforced aluminum matrix composites showed 

maximum tensile strength and hardness. Microstructural observation revealed that glass 

particulates were dispersed uniformly in the aluminum matrix at all weight percentages 
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Madeva N agaral e t a l. [ 51] studied the ef fect of Al2O3 particles on mechanical and 

wear properties of 6061 Al alloy metal matrix composites. Al metal matrix composites 

containing 3, 6, 9 a nd 12 w t. %  o f A l2O3 particles w ere p repared u sing st ir cas ting 

route. M echanical p roperties, m icrostructural o bservation and w ear ch aracteristics o f 

the prepared composites were evaluated. Tensile st rength and hardness of composites 

increased while percentage of elongation decreased with increasing the wt. % of Al2O3 

particulates. T he au thors i ndicated that i ncreasing w t. %  of h arder a nd s tiffer A l2O3 

particles that restricted the p lastic deformation of Al matrix was responsible for h igh 

hardness and tensile strength. Wear test results showed that wear rate decreased with 

increasing sliding di stance. R einforcing a luminum matrix w ith A l2O3 particles 

increased wear resistance and 12 wt. % Al2O3 reinforced composite showed maximum 

wear resistance. The authors indicated that incorporation of hard Al2O3 particles in Al 

alloy m atrix r estricted the pl oughing a ction of  ha rd s teel counterpart a nd i mproved 

wear resistance.   

Vinayak Janiwarad et al. [52] studied the effect of heat treatment on microstructure, 

mechanical p roperties a nd mechanical b ehavior o f A l-Si-Mg a lloy r einforced w ith 

Al2O3 and gr aphite. C omposites w ith va ried pe rcentage of  Al2O3 and gr aphite w ere 

manufactured by stir casting process. Fabricated composites were subjected to T6 heat 

treatment. M icrostructural o bservation revealed u niform d istribution o f re inforcing 

particles in the metallic matrix. A strong interfacial bond between reinforcing particles 

and m etal m atrix w as f ormed r esulted in i ncrease o f st rength an d h ardness i n 

composites c ompared t o unr einforced a lloy. Experimental r esults s howed t hat heat 

treatment ope ration i ncreased bo th U TS a nd e longation.  P articulates r einforced 

composites showed be tter da mping pr operties than un reinforced alloy. I t w as a lso 

suggested that graphite particles were better reinforcement than alumina. 

V.C. U varaja e t al . [53] investigated t he i nfluence of  ope rating pa rameters s uch a s 

applied load, sliding speed, percentage of reinforcement content and sliding distance on 

the dry sliding wear of aluminum 6061 hybrid composite reinforced with SiC and B4C. 

Hybrid composites were prepared using stir casting process containing varying volume 

fraction of SiC (5, 10 and 15%) and keeping the volume fraction of B4C fixed (3%). All 

wear t ests w ere pe rformed unde r dr y s liding c onditions us ing pi n-on-disc m ethod. 

Hardness test i ndicated t hat h ardness o f t he prepared co mposites increased w ith 

increasing the total volume fraction of reinforcements. The test results showed that as 
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the sl iding distance increased, both co-efficient of f riction and wear rate decreased at  

three di fferent l oads ( 10, 20 a nd 40  N ). A s t he l oad increases, bot h c o-efficient o f 

friction a nd w ear ra te increased. (1 5 % S iC +  3  % B 4C) p articulates re inforced A l 

matrix composites showed lowest co-efficient of friction wear rate in all cases. Highest 

volume fraction of SiC (15%) with fixed volume fraction of B4C (3%) showed lowest 

wear r ate a t f ixed l oad. The a uthors c oncluded t hat hybr id c omposites s howed be tter 

hardness and tribological properties compared to unreinforced alloy due to the presence 

of hard phase SiC and B4C particulates embedded uniformly in aluminum 6061 ba sed 

matrix. 

GENG Lin et al. [54] investigated the effects of Mg content on the microstructures and 

mechanical properties of SiCp/Al-Mg composites. Composites containing 10 % SiCp by 

volume fraction with varying Mg content of 2.5 % , 4.2 %  and 6.8 %  by mass fraction 

were p repared u sing semi-solid stirring te chniques. M icrostructural o bservation 

revealed th at S iCp were di stributed homogeneously i n m atrix. C omposites w ith hi gh 

Mg content showed more homogeneous distribution of SiCp particles in matrix. TEM 

micrographs i ndicated t hat M g a ddition im proved w ettability a nd a  g ood in terfacial 

bond f ormation du ring s olidification. T ensile t est r esults s howed t hat S iCp/Al-Mg 

composites h ad b etter t ensile st rength co mpared t o A l-Mg a lloys. I t was f ound t hat 

tensile strength of composites increased with increasing Mg content.  

K.M. Shorowordi et al. [2] studied microstructure and interface characteristics of B4C, 

SiC a nd Al 2O3 reinforced A l m atrix c omposites. A l m atrix c omposites c ontaining 

varying volume f ractions of  r einforcing particles w ere p repared us ing s tir casting 

manufacturing t echnique. I n m icrostructural ob servation, A l-B4C co mposites sh owed 

better p articles d istribution c ompared to A l-SiC and Al -Al2O3 composites. A n 

interfacial r eaction pr oduct w as f ound a t A l-SiC i nterface w hile no reaction pr oduct 

was f ound a t A l-B4C an d Al-Al2O3 interface. From fracture su rface a nalysis, i t was 

thought t hat Al-B4C c omposites had b etter i nterfacial bondi ng than other t wo 

composites. 

R. S . R ana e t al . [ 55] investigated t he ef fect o f Mg  enhancement o n mechanical 

property and wear behavior of  LM6 aluminum alloy. Aluminum alloy containing Mg 

was prepared by die casting process. Mechanical and tribological properties of prepared 

alloy w ere e valuated. T he r esults s howed t hat a ddition of  M g c ontent in L M6 

aluminum alloy reduced ultimate tensile strength, young’s modulus and yield strength 
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and increased hardness. Mg addition also increased the hardness and reduced wear rate 

of LM6 alloy. 

Israa. A.K. [56] studied the effect of SiC content on the dry sliding wear behavior and 

mechanical properties of Al- 4% Cu matrix alloy. Al-SiC composites with varying wt. 

% of SiC particles were prepared by liquid metallurgy method. 8 wt. % SiC reinforced 

composite showed higher wear resistance compared to other composites and base alloy. 

It was observed that wear resistance increased with increasing wt. % of SiC and applied 

normal load but decreased with increasing sliding speed. With the increase of wt. % of 

SiC, ul timate t ensile s trength, yi eld s trength and ha rdness i ncreased but  duc tility 

decreased. 

Sujit Das et al. [57] studied the mechanical properties and forgeability of heat treated 

SiC r einforced a luminum metal m atrix c omposites. A luminum-silicon metal m atrix 

composites r einforced with 0, 5, 1 0, 15 a nd 2 0 w t. %  S iC of  s ize 400 meshes were 

produced b y pow der metallurgy method. T he e ffect of  pr ocess c onditions on  t he 

consolidation was investigated in terms of the relative density changes concurrent with 

microstructural evolutions. The mechanical properties like hardness and forgeability of 

the d ifferent co mposites w ere al so i nvestigated. Mi crostructural s tudy i ndicated 

uniform d istribution o f S iC p articles i n metal matrix co mposites. H ardness i ncreased 

and d ensity decreased w ith in creasing th e w t. % o f S iC p articles in  a luminum metal 

matrix composites. Forgeability of metal matrix composite was remarkably decreased 

with the increase of weight % of SiC in metal matrix composite as well as when it wass 

water q uenched af ter h eat treatment b ut i n ca se o f ai r co oling after heat treatment 

forgeability little bit increased than that of without heat treatment.  

 

Sourav K ayal e t a l. [ 58] studied the mechanical properties of as ca st si licon carbide 

particulate r einforced a luminum a lloy metal m atrix c omposites. L M6 alloy m atrix 

composites reinforced with va rying w t. %  of  S iC w ere f abricated us ing gr een s and 

molding process. Microstructural study revealed uniform d istribution of S iC particles 

throughout metal matrix composite castings.  B rinnel hardness of the composites was 

found t o i ncrease w ith i ncreasing the w t. %  of  S iC. T ensile s trength a nd Y oung’s 

modulus va lues of  pr epared c omposites were i ncreased w ith i ncreasing t he w t. %  o f 

SiC in composites. 
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Reddappa H.N e t al . [59] studied a bout dr y sliding f riction a nd w ear be havior of 

aluminum/beryl composites. Al6061-beryl composites containing four different wt. % 

(2, 6, 10 a nd 15) of beryl were fabricated using a vortex method (stir casting method). 

It w as o bserved f rom t he ex perimentation t hat t he sp ecific w ear r ate an d av erage 

coefficient of friction decreased linearly with increasing weight fraction of beryl for the 

former while the la tter with increasing normal load and weight f raction of beryl. The 

best r esult of m inimum w ear was obtained a t 10%  w eight f raction of  be ryl ( size of  

particles: 53-75μm). 

2.7   Scope of Current Work 

The cu rrent r esearch work em phasizes t o i nvestigate t he ef fect o f M g on wear 

characteristics of SiC and Al2O3 reinforced Al-MMC. The specific objectives includes 

microstructural a nalysis o f s tir c ast A l-MMC, qua ntitative a nalysis of r einforcing 

particles d istribution in  Al matrix u sing im age analysis te chnique, e valuation of  t he 

effect of Mg, heat treatment and amount of reinforcing particles on ha rdness and wear 

characteristics o f A l-MMC a nd t o obs erve w orn s urfaces and f inding out t he w ear 

mechanism that involved in material removal during wear.   

From t his work, i t w ill b e p ossible t o f abricate S iC an d A l2O3 reinforced A l-MMC 

using s tir casting fabrication technique. Based on e xperimental results, i t will a lso be  

possible t o evaluate ef fects o f Mg  o n w ear c haracteristics o f A l-MMC. This m ay 

provide important information regarding wear characteristics of Al-MMC. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 
 

Al was used as m atrix and SiC and Al2O3 particles were used as r einforcing particles. 

Al-MMC reinforced with va rying amount of  SiC and Al 2O3 were p repared using stir 

casting f abrication t echnique. Stir casting i s a  co st ef fective l iquid st ate f abrication 

technique i n which p reheated reinforcing materials a re added i n molten matrix metal 

followed by s tirring a nd c asting. Stir c asting fabrication t echnique w as f ollowed 

because i t i s an  i nexpensive p rocess an d i t o ffers w ide sel ection o f m aterials an d 

processing c onditions. P repared A l-MMC w ere heat t reated t o ev aluate t he ef fect o f 

heat treatment. Experimental designs of present work are as follows: 

a) Preparing S iC a nd A l2O3 reinforced A l-MMC u sing st ir cast ing f abrication 

technique 

b) Observing microstructures of  pr epared c omposites us ing bot h o ptical 

microscope an d scan ning el ectron m icroscope ( SEM) t o r eveal particle 

distribution in Al matrix 

c) Comparison of tensile strength of unreinforced Al and Al-MMC 

d) Evaluating the effect of Mg, heat treatment and amount of reinforcing particles 

on hardness and wear characteristics of prepared Al-MMC 

e) Determination of wear mechanism which is involved in wear test 

3.1   Materials 

(a)   Matrix material 

Al was used as matrix base metal. The composition of Al used in this work is shown in 

Table 3.1, determined using Optical Emission Spectroscopy (OES). Ribbon shaped Mg 

was added to increase the wetting between matrix and reinforcement.   

Table 3.1: Composition of Al used as matrix base metal (wt. %) 

Elements Fe Si Mn Cu Mg Al 

Wt. % 0.16 0.19 0.01 0.01 0.01 Balance 
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(b)   Reinforcement material 

SiC a nd Al 2O3 particles w ere u sed as r einforcement material. P articles w ere mesh 

analyzed a nd mesh nu mber of  -200/+270 was u sed as r einforcements. P article si ze 

distribution of SiC and Al2O3 is shown in Fig. 3.1 and 3.2 respectively.  

 

Fig. 3.1: Particle size distribution of SiC 

 

 

Fig. 3.2: Particle size distribution of Al2O3  
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3.2   Preparation of Composites 

SiC and Al2O3 reinforced Al-MMC were prepared in this study by stir casting process. 

In this experiment, Al used as matrix base metal and SiC and Al2O3 particles were used 

as reinforcements. SiC and Al2O3 particles were sieve analyzed and particles of mesh 

number -200/+270 were used.  

Al was cleaned and melted in a natural gas fired pit furnace. When the temperature of 

the liquid Al reached at 750 °C, Mg wrapped with Al foil paper was added in the melt. 

Molten l iquid metal w as th en s hifted to  e lectrical re sistance he ating s tirring f urnace. 

Heat treated SiC and Al2O3 were added in the molten Al through a sheet metal funnel at 

730 °C. T o i ncrease t he su rface reactivity and r educe the t emperature d ifference 

between reinforcing particles and liquid Al, SiC and Al2O3 particles were preheated in 

an electric furnace (BLUE M f urnace) at 800  °C for about two hours. After S iC and 

Al2O3 addition, the liquid metal-reinforcing particles mixture was stirred for 5 minutes 

with a graphite stirrer in stirring furnace at rpm of 500. Finally composites were poured 

in preheated metal moulds at 670 °C. The melt was allowed to solidify in the moulds. 

Steps followed for Al-MMC fabrication are shown in F ig. 3.3. The dimension of  a s-

cast Al-MMC was (19.5 cm × 7 cm × 2 c m). The designations of prepared Al-MMC 

are shown in Table 3.2. 

To e valuate t he ef fect of h eat t reatment, as -cast A l-MMC were h eat t reated b y t hree 

steps – solution treatment, quenching and age hardening. As-cast Al-MMC were heated 

at 500 °C for 4 hours followed by quenching in water. Then fabricated Al-MMC were 

age hardened at 150 °C for 1.5 hours and finally air cooled. Heat treatment cycle of Al-

MMC is shown in Fig. 3.4. 
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Fig. 3.3: Steps followed for fabricating Al-MMC 

 

Fig. 3.4: Heat treatment cycle of Al-MMC 

Collection and preparation of raw materials 

Taking required wt. % of Mg and reinforcements with respect to Al 

Melting of Al and preheating of SiC and Al2O3 particles 
 

Addition of Mg and reinforcing particles to liquid Al 
 

Stirring of composite mixture with graphite stirrer 

  
 

Pouring and solidifying of Al-MMC in metal mould  
 

Withdrawal of composites from mould 
 

Desired fabricated Al-MMC 
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Table 3.2: Designation of prepared Al-MMC 

Base metal Mg (wt. %) Reinforcements (wt. %) Designation 

 

 

 

 

Al 

 

1 

5 % SiC Al-1M-5S 

10 % SiC Al-1M-10S 

20 % SiC Al-1M-20S 

 

0 

No reinforcements Al 

5 % Al2O3 + 10 % SiC Al-5A-10S 

10 % Al2O3 + 5 % SiC Al-10A-5S 

 

2 

No reinforcements Al-2M 

5 % Al2O3 + 10 % SiC Al-2M-5A-10S 

10 % Al2O3 + 5 % SiC Al-2M-10A-5S 

 

Composition of as-cast Al-MMC was determined by X-ray fluorescence (XRF) test. It 

showed the amount of Mg present in the fabricated Al-MMC. XRF test result is shown 

in Table. 3.3. 

Table 3.3: Composition of as-cast Al-MMC obtained from XRF test 

Al-MMC Al Mg Fe Si Ni Zn 
Al-2M 95.06 2.92 0.32 1.06 0.01 0.09 

Al-2M-10S-5A 88.14 3.25 0.49 2.06 0.02 0.18 
Al-2M-5S-10A 91.54 2.03 0.22 1.22 0.01 0.02 

 

From t est r esults a s shown in Table 3 .3, i t i s seen that some anomalous r esults were 

found i n X RF t est. F or e xample, S i c ontent w as f ound 0.19 %  i n ba se A l m etal a s 

shown in t able 3.1. A lthough no S i content was added to Al-2M, but S i content was 

found 1.06 % in XRF test. 

In X RF t est, a ccurate r esult i s obt ained by us ing c alibration c urve produced by  

Certified Reference Materials (CRM). But CRM was not available for Al-2M and Al-

MMC a s mentioned i n Table 3.3. H ence, c omposition w as de termined i n X RF t est 

using Fundamental Parameters Method (FPM) which showed less accurate results. Pick 

overlapping of elements might be another reason for anomalous results. 
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3.3   Microstructural Observation 

Microstructures of  pr epared A l-MMC w ere o bserved to reveal th e distribution o f 

reinforcing pa rticles i n A l matrix. S amples of di mensions (10 mm × 10 m m) w ere 

taken f rom prepared Al-MMC and they were grinded with revolving gr inding wheel. 

Then they were metallographically polished different grades of emery papers. Finally, 

samples w ere s ubjected t o c loth pol ished w ith fine a lumina pow der. M icrostructures 

were observed in both unetched and etched conditions using OPTICA software assisted 

optical microscope. Etching solution contained 75% water, 15% HF and 10% HCl. 

3.4   Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was conducted to reveal particles distribution in 

Al m atrix. S amples of  di mension ( 10 m m × 10 m m) w ere c ut and pr epared by 

following p rocedure a s di scussed i n s ection 3. 3. M icrostructures w ere obs erved in 

unetched condition using JEOL JSM-7600F field emission SEM. 

3.5   Hardness Observation 

To measure hardness values of prepared Al-MMC, samples were taken from cast ings 

and mounted with bakelite so that they could not move when the load was applied.  

Vickers h ardness o f p repared A l-MMC w as measured u sing Vickers h ardness t ester 

(Future Tech FV-800). A diamond indenter was impressed on material at a load of 5 kg 

for 10 seconds. Considering the segregation effect of the reinforcements in the matrix, 

five readings were taken for each sample and average value was accepted. 

To determine Brinell hardness values of Al-MMC, a load of 3KN was applied with 10 

mm st eel b all for 10 s econds using SHIMADZU Universal Testing Machine            

(UH-500 kN A). The d iameter o f the resulting i ndentation o n sam ple su rface w as 

measured an d B rinell Hardness N umber ( BHN) w as cal culated f rom f ollowing 

expression- 

BHN = 2𝑃𝑃
𝜋𝜋𝜋𝜋 [𝜋𝜋−√D2−d2]

        

Where, P = load (kg), D = diameter of steel ball (mm), d =  diameter of indentation on 

sample surface (mm). 
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3.6   Tensile Test 

Tensile t est w as car ried o ut u sing I nstron tensile t esting machine. T he t est w as 

conducted at a strain rate of 2mm/min at room temperature. Tensile test samples were 

prepared us ing l athe m achine a nd s haper m achine. D imension of t he t ensile te st 

samples is shown in Fig. 3.5. 

 

Fig. 3.5: Dimension of tensile test sample 

3.7   Wear Test 

Wear t ests were c onducted by us ing t he pi n-on-disc m ethod. A ll t he t ests w ere 

conducted i n a ir a nd dr y s liding condition. T he di sc w as o f c ast i ron with ha rdness 

HRC 47 a nd di ameter 9 c m. A n a rm which could m ove freely i n bo th ve rtical a nd 

horizontal direction was used to hold and load the pin specimen vertically on the cast 

iron disk. Fig. 3.6 shows a schematic diagram of pin on disc wear test method. 

 

Fig. 3.6: Schematic diagram of pin on disc method of wear test [60] 

Wear tests as discussed in sections 4.4.1, 4.4.2 a nd 4.4.3 were conducted applying 0.4 

MPa load at s liding velocity of 1.19 m/s using cylindrical samples of diameter 8 mm 

and height 10 mm. Wear tests of section 4.4.4 were conducted applying 0.51 MPa load 

at sliding velocity of 1.26 m/s using pin shaped samples. The diameter of head and tail 

was 8mm and 5 mm respectively and the length of head and tail was 4 mm and 8 mm 

respectively of wear test sample.   
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Before st arting t he w ear t est, cast i ron co unter d iscs w ere w ashed w ith d etergent to 

remove oil and grease followed by cleaning with acetone. For a fixed sliding distance, 

weight l oss was d etermined b y t he mass d ifference o f i nitial mass an d final mass o f 

wear sam ples. Worn su rface o f w ear sam ples w ere o bserved w ith OPTICA s oftware 

assisted optical microscope and stereoscope using Canon PowerShot A75. 

3.8   Image Analysis 

For i mage an alysis, ImageJ so ftware p ackage w as u sed. A rea p ercentages of 

reinforcing particles in  A l m atrix as w ell a s groove w idth o n w orn surfaces w ere 

measured using image analysis method. 

Microstructures of  S iC a nd A l2O3 reinforced A l-MMC w ere ex amined w ith ImageJ 

software to calculate the area fractions of reinforcements in Al matrix. To use ImageJ 

software e ffectively, t hree SEM ph otographs w ere taken i n t he same m agnification. 

The color difference was used to separate particulate and matrix. The steps followed to 

measure area percentage of reinforcing particles in Al matrix and groove width on worn 

surface are shown in Fig. 3.7 and 3.8 respectively.  

 

 

 

 

Fig. 3.7: Flow chart to obtain particle distribution 

  

 

 

 

 

 

Fig. 3.8: Flow chart to measure groove width  

Loading image to 
ImageJ 

Changing the image  
type to 8 bit Adjusting threshold 

Making the image binary Analyze particles Obtain results 

Loading image to 
ImageJ Set scale with unit 

Changing the image 
 type to 8 bit 

Selecting initial and final 
points of grove width Measure groove width and obtain result 
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CHAPTER 4 

RESULTS AND DISCUSSION 
 

4.1   Microstructural Observation 

4.1.1   Optical microstructure  

   

   

Fig. 4.1: Optical microstructure of as-cast (a) Al (b) Al-1M-5S (c) Al-1M-10S             

(d) Al-1M-20S 

Fig. 4.1 ( a) shows opt ical microstructure of  unreinforced Al. Fig. 4.1 ( b), 4.1 (c) and 

4.1 ( d) s how o ptical m icrostructures o f S iC re inforced Al-MMC where SiC p articles 

were di spersed r andomly i n A l m atrix. Uniform di stribution of  r einforcing pa rticles 

was o bserved i n t he microstructures o f Al-1M-5S and Al-1M-20S as shown in            

Fig. 4.1 ( b) a nd 4.1 ( d) r espectively. In ca se o f Al-1M-10S, no n-homogeneous 

dispersion of SiC particles in Al matrix was observed as sh own in Fig 4.1  (c). Many 

areas in Al matrix were identified without SiC particles.  
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Porosities were p resent i n all microstructures. P orosities a re d etrimental to  th e 

mechanical p roperties o f A l-MMC. P orosities i n A l-MMC might be  formed due  to 

following reasons [6, 42]: 

a) entrapped air between reinforcing particles during casting 

b) hydrogen evolution caused by chemical reaction between water vapour 

absorbed on  the surface of reinforcing particles and Al melt 

c) shrinkage during solidification 

It h as b een reported th at h olding ti me for mixing, s tirring speed a s w ell a s s ize a nd 

position of the impeller also significantly affect the porosity formation [42].     

   

   

Fig. 4.2: Optical microstructure of as-cast (a) Al-5A-10S (b) Al-2M-5A-10S               

(c) Al-10A-5S (d) Al-2M-10A-5S 

Fig. 4.2 s hows optical microstructures of Al-MMC reinforced with varying amount of 

SiC and Al2O3 particles and Mg content. By comparing microstructures of Al-5A-10S 

and Al-10A-5S as shown in Fig. 4.2 (a) and 4.2 (c) along with Al-2M-5A-10S and Al-

2M-10A-5S as shown in Fig. 4.2 (b) and 4.2 (d), it was observed that Al-2M-5A-10S 

and Al-2M-10A-5S showed better homogeneous distribution of reinforcing particles in 
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Al matrix and lower porosity content compared to Al-5A-10S and Al-10A-5S. This is 

believed due  t o 2 w t. %  M g a ddition t o A l-2M-5A-10S a nd A l-2M-10A-5S which 

improved t he w ettability of  S iC a nd A l2O3 particles in m olten A l dur ing c asting as 

discussed in section 2.3.2.  

Among four optical micrographs of Al-MMC, maximum amount of particle clustering 

and porosity content were observed in Al-5A-10S as shown in Fig. 4.2 (a). This might 

be due  t o p oor w ettability of  S iC a nd A l2O3 particles in  molten A l t hat re sulted in  

clustering of particles and settling down by gravity during Al-MMC fabrication.  

Mg ha s s ignificant e ffect on pa rticle di stribution a nd por osity c ontent obs erved in 

microstructures. A  r eduction i n por osity a nd a  be tter d istribution o f SiC a nd Al 2O3 

particles in Al matrix were observed after 2 wt. % Mg addition to Al-MMC which is in 

agreement with previous works [54, 61]. This was due to the increase in wettability of 

SiC and Al2O3 particles caused by Mg addition [61]. 

4.1.2   SEM microstructure 

     

Fig. 4.3: SEM Microstructure of Al-MMC (a) as-cast Al-5A-10S                                 

(b) heat treated Al-2M-5A-10S     

Fig. 4.3 s hows the SEM microstructure images of as-cast Al-5A-10S and heat treated 

Al-2M-5A-10S. It w as observed from SEM microstructures reinforcing particles were 

distributed in Al matrix uniformly. Dispersed black particles were identified as SiC and 

white p articles w ere identified a s Al2O3 by Energy D ispersive X -Ray (EDX) spot 

analysis of particles as shown in Fig. 4.4 a nd Fig. 4.5 r espectively. I t is evident from 

Fig. 4.3 that both SiC and Al2O3 particles are distributed homogeneously in Al matrix.    
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Fig. 4.4: SEM micrograph showing (a) SiC (b) Al2O3 particles in Al matrix 

Fig. 4.4 ( a) and 4.4 ( b) show SiC and Al2O3 particles in Al matrix respectively. Good 

adhesion is seen between reinforcing particles and Al matrix in both cases.  

 
Fig. 4.5: EDX spectra of reinforcing particles (a) SiC (b) Al2O3 

Fig. 4.5 ( a) and 4.5 ( b) show the EDX spectra of SiC and Al2O3 particles as shown in 

Fig. 4.4 ( a) and 4.4 ( b) respectively. The Presence of Si and C in the EDX spectra of 
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Fig. 4.5 (a) indicated that the particle shown in Fig. 4.4 (a) was SiC. Similarly, particle 

as shown in Fig. 4.4 (b) was identified as Al2O3. 

 

Fig. 4.6: SEM micrograph showing agglomerated particles in Al-5A-10S  

Fig. 4.6 shows agglomeration of reinforcing particles in Al-5A-10S. Wettability of SiC 

and Al2O3 particles is poor in liquid Al that can be improved by adding a more wettable 

metal as d iscussed i n se ction 2.3.  A s r eactive e lement M g c ontent w as not a dded to    

Al-5A-10S, this led to agglomeration of particles. Mg addition caused an interface layer 

formation between reinforcing particle and Al matrix which was supposed to observed 

at particle-metal interface in the microstructure of Al-MMC [54, 62].  

During c omposite p rocessing, S iC p articles w ere pr eheated at 800 °C  f or 2 hour s t o 

increase the su rface r eactivity o f t he p articles. Moisture, g as an d o ther co ntaminants 

were removed from the surface during preheating; simultaneously a thin layer of SiO2 

was f ormed by oxi dation on t he s urface of  S iC. T his S iO2 layer r eacts with Mg  an d 

forms nanoscale MgO initially. Then nanoscale MgO transforms into MgAl2O4 crystal 

due to the subsequent reaction with Al and SiO2 [62].  

2 Mg + SiO2 → 2MgO + Si 

2 MgO + 4Al + 3 SiO2 → 2 MgAl2O4 + 3 Si 

Preheating of  Al2O3 particles causes de-hydroxylation and increase of  surface energy 

resulted in increased wettability. It has been reported that preheating of Al2O3 improves 

wettability by t he f ormation of  ox ygen de ficient s urface containing s ome AlO i n a  

spinel-type structure on the particle. Mg reacts with Al2O3 particles by follows [37]: 

3 Mg + Al2O3 → 3 MgO + 2 Al  

3 Mg + 4 Al2O3 → 3 MgAl2O4 + 2 Al 
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4.1.3   Image Analysis 

   

 

Fig. 4.7: Particle distribution in (a) Al-5A-10S (b) Al-2M-5A-10S (c) Al-2M-10A-5S 

Fig. 4.7 s hows SEM micrographs of Al-5A-10S, Al-2M-5A-10S and Al-2M-10A-5S. 

The distribution of SiC and Al2O3 particles in Al matrix was identified and analyzed to 

estimate area percentage of reinforcing particles in Al matrix.  

Table 4.1: Area percentage of reinforcing particles in Al matrix 

Al-MMC Area percentage of reinforcing particles 

Al-5A-10S 13.04 

Al-2M-5A-10S 9.73 

Al-2M-10A-5S 7.23 

Table 4.1 shows area percentage of reinforcing particles in Al matrix of Al-MMC. It is 

seen f rom Table 4.1 t hat Al-5A-10S showed higher a rea pe rcentage of  r einforcing 

particles in Al matrix compared to Al-2M-5A-10S and Al-2M-10A-5S. Mg was added 

to Al-2M-5A-10S and Al-2M-10A-5S that promote uniform distribution of reinforcing 
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particles in Al matrix. As Mg was not added to Al-5A-10S, poor wettability of SiC and 

Al2O3 led to hi gher amount of  pa rticle a gglomeration t o t he a nalyzed microstructure 

that resulted in higher area percentage of reinforcing particles in Al matrix [54, 63]. 

4.1.4   Effect of heat treatment 

In order to homogenize the microstructure, Al alloy and Al-MMC were heated at 500 

°C temperature for 4 ho urs and then quenched in water followed by a ge hardening at 

150 °C  f or 1.5 hour s. S uch t reatment c auses a  c hange i n microstructure a s w ell a s 

mechanical properties.  

   

Fig. 4.8: (a) SEM micrograph showing precipitation in Al-2M after heat treatment     

(b) optical micrograph of Al-2M alloy after heat treatment 

Prepared Al-2M alloy was subjected to heat treatment. Heat treated Al-2M showed fine 

precipitation in Al matrix as shown in Fig. 4.8 (a). From EDX analysis as shown in Fig. 

4.9, pr ecipitated compound w as i dentified a s MgAl2. T he f ormation of  pr ecipitated 

MgAl2 can be a ttributed due  t o t he f act t hat on que nching i n w ater a fter s olution 

treatment, the rate of cooling during quenching process was very high which enhanced 

the age hardening kinetics. 

 
Fig. 4.9: EDX spectra showing the elements present in precipitated MgAl2 
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Fig. 4.10: Optical microstructure of Al-2M-10A-5S (a) as-cast (b) heat treated 

   

Fig.4.11: SEM microstructures of Al-2M-10A-5S (a) as-cast (b) heat treated   

  

Fig. 4.12: Optical microstructure of heat treated Al-5A-10S (a) unetched (b) etched 

Fig. 4.10 and 4.11 show optical and SEM micrographs of Al-2M-10A-5S respectively 

in a s-cast a nd he at treated c ondition. Fig. 4.12  s hows opt ical m icrostructure of  he at 

treated Al-5A-10S in unetched and etched conditions. During etching phases present in 

Al matrix reacted with etching solution.  
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4.2   Hardness  

Addition of  a lloying e lements a nd c hange i n r einforcement c ontent to t he A l-MMC 

affect t he m echanical p roperties o f A l-MMC. I n t his pr esent s tudy, effects of  Mg 

addition, he at t reatment a nd a mount of  r einforcements on  t he ha rdness of  A l-MMC 

were observed. Following sections explain how these factors affect hardness.  

4.2.1   Effect of Mg 

The m icro h ardness is a d irect, s imple an d e asy m ethod o f measuring t he i nterface 

bonding strength between the matrix and reinforcements. Fig. 4.13 shows the effect of 

Mg on the hardness of unreinforced Al and Al-MMC. It is seen that Al and Al-MMC 

with 2 w t. % M g content s howed hi gher ha rdness va lues c ompared t o w ithout M g 

content. Hence, Mg addition increased the hardness values of both Al and Al-MMC.  

 

Fig. 4.13: Effect of Mg on hardness of Al-MMC 

Al-2M-5A-10S showed higher hardness value than Al-5A-10S although both contained 

equal a mount of  r einforcements. 2 w t. %  M g a ddition t o A l-2M-5A-10S i mproved 

interfacial bond s trength by increasing w ettability as d escribed i n section 2.3. 2. 

Improved interface bonding r esulted i n e nhanced ha rdness of  A l-2M-5A-10S by  

allowing a pplied load t ransfer f rom A l matrix to  h ard r einforcing particles w hich 

carried most of the applied load and restricting plastic deformation of ductile Al matrix. 

Besides, increased hardness of Al matrix caused by 2 w t. % Mg addition due to solid 

solution s trengthening m echanism also contributed t o e nhance t he ha rdness va lue of  

Al-2M-5A-10S [61]. F or t he sam e r eason, A l-2M-10A-5S s howed hi gher ha rdness 

value than Al-10A-5S. 
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4.2.2   Effect of heat treatment 

Fig. 4.14 s hows effect of heat t reatment on hardness of Al-MMC. From the plot i t i s 

seen that heat t reated A l-2M-5A-10S a nd A l-2M-10A-5S s howed hi gher ha rdness 

values than as ca st condition. H eat t reatment caused precipitation h ardening th at 

conferred higher hardness values to the heat treated Al-2M-5A-10S and Al-2M-10A-5S 

[64]. 

 

Fig. 4.14: Effect of heat treatment on hardness of Al-MMC 

4.2.3   Effect of wt. % of reinforcement 

Fig. 4.15 s hows the effect of SiC content on the hardness of Al-MMC. It is seen from 

the plot that SiC reinforced Al-MMC showed higher hardness values than unreinforced 

Al and hardness value increased with increasing SiC content reached maximum for Al-

1M-20S.  

SiC particles are harder and stronger than Al matrix in which they are embedded. The 

presence o f S iC p articles i n A l m atrix i mpedes t he m ovement o f d islocations. The 

degree of  strengthening de pends on t he s ize a nd di stances be tween r einforcing 

particles, interfacial bond s trength between matrix and r einforcements. Since t hat the 

particles are stronger than the matrix, the dislocation cannot pass through them, but if 

the s tress is high enough, the dislocation can by-pass them leaving a dislocation loop 

around each  particle. This will make the passage o f a seco nd d islocation much more 

difficult, pa rticularly s ince di slocations ha ve greater d ifficulty in pa ssing be tween 

particles which are near to each other [65]. 
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Fig. 4.15: Variation of hardness with SiC content in Al-MMC 

Fig. 4.15 shows that an increase in wt. % o f SiC particles in Al matrix enhanced the 

hardness of Al-MMC. Increased hardness with increase in wt. % of SiC particles in Al 

matrix can be attributed due to following reasons [64]: 

a) High ha rdness va lue of  S iC pa rticles. H omogeneous di spersion of  ha rd S iC 

particles in  soft a nd d uctile A l m atrix in creased t he ha rdness va lues of  A l-

MMC 

b) Interfacial b ond f ormation be tween r einforcing pa rticles a nd A l matrix th at 

allowed transfer of external load from matrix to reinforcements 

c) Increased wt. % o f S iC in  A l matrix led to increased di slocation de nsities 

during s olidification d ue to  la rge th ermal m ismatch b etween A l a nd S iC 

particles leading to retardation in plastic deformation 

d) During ha rdness t est, indentation p ressure was p artially accommodated by  

plastic f low o f material an d l argely b y l ocalized i ncrease i n co ncentration of  

SiC particles 

4.3   Tensile Test 

Fig. 4.16 s hows tensile strength of unreinforced Al and SiC reinforced Al-MMC. It is 

seen f rom t he pl ots that te nsile s trength of S iC r einforced A l-MMC is h igher t han 

unreinforced Al.  

Tensile s trength unr einforced A l was f ound 28.5 M Pa. SiC r einforced A l-MMC 

showed s uperior tensile s trength t han unr einforced A l. T ensile s trength i ncreased t o 

59.4 MPa for 5 wt. % SiC reinforced Al-MMC and 20 wt. % SiC reinforced Al-MMC 
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showed maximum tensile strength of 77.6 MPa. Tensile strength decreased to 50.2 MPa 

for 10 w t. % S iC reinforced A l-MMC. T his w as might be  due  to non-homogeneous 

distribution of SiC particles in Al matrix as shown in Fig. 4.1 (c). In SiC reinforced Al-

MMC, a  c rack has t o p ropagate across both strong interface and SiC particles which 

results i n e nhanced t ensile s trength o f Al-MMC c ompared t o unr einforced A l [ 37]. 

Non-homogeneous distribution of SiC particles was observed in the microstructure of 

10 w t. %  S iC r einforced A l-MMC w hich led crack ac ross relatively s oft A l matrix. 

This resulted in decrease of tensile strength of 10 wt. % SiC reinforced Al-MMC.  

 

Fig. 4.16: Tensile strength of SiC reinforced Al-MMC 

As shown in Fig. 4.16, S iC reinforced Al-MMC showed superior tensile strength than 

unreinforced Al. In general, the strengthening attributes to [66]: 

a) Strength improvement due to grain refinement  

b) Higher dislocation density due to the increased stress concentration near matrix-

reinforcement interface 

c) Higher h ardness o f S iC p articles w hich i ncreases l oad b earing cap acity an d 

hence results in improvement of tensile strength  

d) The increase of dislocation density due to the thermal residual stress caused by 

the m ismatch i n t he c oefficient of  t hermal e xpansion be tween m atrix a nd t he 

reinforcements which improved the yield strength 

e) The i ncrease of  s trength m ight also b e a  r esult o f cl oser p acking o f 

reinforcement within the soft Al matrix 

f) A good i nterfacial bon ding between re inforcing p articles a nd s oft A l m atrix 

favored an enhancement of strength of the Al-MMC 
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4.4   Wear Test 

4.4.1   Effect of Mg 

Fig. 4.17 shows the effect of Mg on the wear rate of Al and Al-MMC. It is seen that Al-

MMC showed lower wear rate than unreinforced Al and Mg addition reduced the wear 

rate of both unreinforced Al and Al-MMC. 

 

(a) 

 

(b) 

Fig. 4.17: Effect of Mg on wear rate of Al and Al-MMC at sliding distance of -  

(a) 4297.76 m (b) 8595.52 m 

Wear r ate of A l an d Al-2M w ere f ound ( 9.4×10-6 g/m) a nd ( 5.5×10-6 g/m) for  

4297.76 m sliding d istance a nd ( 8.8×10-6 g/m) a nd ( 4.9×10-6 g/m) f or 8595.5 2m 
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sliding di stance r espectively i ndicating a  reduction i n w ear r ate of  A l-2M of  a round 

41.5% a nd 44.3%. A l-2M s howed hi gher h ardness t han Al due  t o solid s olution 

strengthening mechanism a s s hown i n F ig. 4.13. Due t o hi gh ha rdness va lue, A l-2M 

alloy showed b etter w ear r esistance co mpared t o A l. It is  a lso b elieved th at h igher 

amount o f t ribolayer observed on t he w orn s urface of  A l-2M c ontributed t o r educe 

wear rate of Al-2M as described in section 2.5.1.5. 

Al-2M-5A-10S exhibited lower wear ra te compared to Al-5A-10S. Wear rate o f  Al-

5A-10S and Al-2M-5A-10S were f ound ( 6.4×10-6 g/m) a nd ( 4.1×10-6 g/m) f or 

4297.76 m sliding distance and (6×10-6 g/m) and (3.5×10-6 g/m) for 8595.52m sliding 

distance r espectively. B oth Al-5A-10S a nd A l-2M-5A-10S contain equal a mount o f 

SiC and Al2O3 as reinforcements. But 2 wt. % Mg addition to Al-2M-5A-10S improved 

interfacial bond strength and reduced its wear rate which was found 35.9 % and 41.7 % 

for sliding distance of 4297.76 m and 8595.52 m respectively. 

The wear behavior of hard particle reinforced Al-MMC depends primarily on t he type 

of interfacial bonding between the Al-matrix and the reinforcement. Strong interfacial 

bond w hich p lays a  c ritical ro le in tra nsferring lo ads f rom th e matrix to  th e h ard 

particles which results in less wear of the material. In case of poor interfacial bonding, 

the interface offers site for crack nucleation and tends to pull out the particle from the 

wear surface tending to higher mass loss [39]. Mg addition enhances strong interfacial 

bond formation between re inforcing p articles and A l m atrix that reduced t he r ate of 

material removal from worn surface. Besides, increased hardness of matrix caused by 

Mg addition contributed to reduce wear rate of Al-2M-5A-10S. 

By c omparing t he w ear r ate of  A l-2M and A l-5A-10S, i t is obs erved t hat A l-2M 

showed l ower w ear r ate t han A l-5A-10S w hich w as a bout 14.1 % a nd 18.3%  f or 

4297.76 m and 8595.52 m  sliding distances respectively. Hardness value of Al-2M is 

higher than Al-5A-10S as shown in Fig. 4.13. The rate of subsurface work hardening is 

higher f or A l-2M a lloy t han A l-5A-10S. O n w orn s urface obs ervation, m aximum 

amount of tribolayer was observed for Al-2M alloy that acted as a protective layer and 

solid lubricant. As the wear rate decreased with increasing tribolayer thickness [39], so 

Al-2M showed improved wear resistance than Al-5A-10S due to this increased amount 

of tribolayer. 
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4.4.2   Effect of heat treatment 

Fig. 4.18 shows the effect of heat treatment on wear rate of Al-MMC. It is seen from 

Fig. 4.18 that heat treated Al-2M-10A-5S showed lower wear rate than as-cast Al-2M-

10A-5S. As a consequence, wear resistance increased after heat treatment. 

As-cast Al-2M-10A-5S and heat treated Al-2M-10A-5S showed wear rate of (6.8×10-6 

g/m) a nd ( 5×10-6 g/m) f or 4297.76 m s liding di stance a nd ( 5.9×10-6 g/m) a nd 

(4.5×10-6 g/m) for 8595.52 m sliding distance that indicates 26.5 %  and 23.7 %  wear 

rate reduction for heat treated Al-2M-10A-5S caused by heat treatment. 

 

(a) 

 

(b) 

Fig. 4.18: Effect of heat treatment on wear rate of Al-MMC at sliding distance of -  

(a) 4297.76 m (b) 8595.52 m 
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Al a lloy a nd Al-MMC exhibit l ower w ear r ate af ter h eat treatment d ue t o i mproved 

hardness. During the wear process, the cracks are mainly nucleated at  the matrix and 

reinforcement interfaces. Heat treated Al alloy and Al-MMC show better strength and 

hardness that r esult in fewer t endencies for crack nucleation. This enhances the wear 

resistance of heat treated Al-MMC as described in section 2.5.1.6. 

Heat treatment caused hardening of the Al matrix by precipitation hardening which led 

to higher hardness and strength of the heat treated Al-2M-10A-5S. Hardness value of 

heat treated Al-2M-10A-5S was found higher than as-cast Al-2M-10A-5S as shown in 

Fig. 4.14. For heat-treated Al-2M-10A-5S, the effective stress applied on the composite 

surface during wear process is less due to higher strength and ductility of the Al matrix. 

This r esulted i n l ess cr acking t endency o f t he heat t reated A l-2M-10A-5S surface as  

compared to the as cast Al-2M-10A-5S [39].  

4.4.3   Comparison of SiC and Al2O3 as reinforcement 

Fig. 4.19 c ompares the w ear ra te of A l-2M-10A-5S a nd A l-2M-5A-10S at s liding 

distance of  4297.76 m and 8595.52 m. I t i s c lear f rom Fig. 4.19  that Al-2M-5A-10S 

shows lower wear rate than Al-2M-10A-5S. 

Al-2M-10A-5S and Al-2M-5A-10S showed w ear r ate of  ( 6.8×10-6 g/m) and     

(4.1×10-6 g/m) for 4297.76 m sliding distance and (5.9×10-6 g/m) and (3.5×10-6 g/m) 

for 8595.52 m sliding distance respectively during wear test. Both Al-2M-10A-5S and 

Al-2M-5A-10S reinforced w ith total 15 w t. %  of  r einforcements. A l-2M-10A-5S 

contained 10 wt. % Al2O3 and 5 wt. % of SiC while Al-2M-5A-10S contained 5 wt. % 

Al2O3 and 10 w t. % S iC. The higher amount of S iC in Al -2M-5A-10S made i t more 

wear resistant. 

The SiC reinforcement in the Al-MMC is more f racture resistant compared to Al2O3. 

The reduction in wear rate for Al-2M-5A-10S was observed due to the increase of SiC 

content in the reinforcement mixture. Hardness of SiC particle is 2800 Kg/mm2 when 

Al2O3 has hardness of only 1400 kg/ mm2 [67]. The SiC particles are harder than other 

reinforcements and provide a m ore effective barrier to subsurface shear by the motion 

of the adjacent cast iron counter-face. 
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(a) 

 

(b) 

Fig. 4.19: Wear rate of Al-2M-10A-5S and Al-2M-5A-10S at sliding distance of -  

(a) 4297.76 m (b) 8595.52 m 

Comparing Fig. 4.19 (a) and 4.19 (b), it is also observed that wear rate decreased with 

sliding distance indicating improved wear resistance for longer distance [59]. This can 

be attributed due to work hardening of subsurface regions with increasing wear induced 

plastic deformation. Subsurface hardening enhanced the hardness of subsurface region 

as compared to the unaffected bulk and this reduced wear rate subsequently. Besides, 

increased thickness of tribolayer with sliding distance on worn surface also contributes 

to reduce wear rate [39]. 
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4.4.4   Effect of wt. % of reinforcement 

Fig. 4.20 shows the effect of wt. % of SiC particles on the wear rate of Al-MMC. It is 

seen f rom Fig. 4.20  that S iC r einforced A l-MMC sh owed lower w ear rate t han 

unreinforced Al and wear resistance increased with increasing wt. % of SiC particles in 

Al-MMC. A s s hown i n F ig. 4.20, unr einforced A l s howed maximum w ear r ate and 

subsequently wear rate decreased with the increase of SiC content. Increasing hard SiC 

content in Al matrix, enhanced hardness as shown in Fig. 4.15, improved load bearing 

properties during sliding and restricted the flow or deformation of the matrix material 

with respect to load. This resulted in minimum wear rate for Al-1M-20S. 

 

(a) 

 

(b) 

Fig. 4.20: Effect of wt. % of SiC reinforcements on the wear rate of Al-MMC at sliding 

distance of - (a) 4523.90 m (b) 9047.81 m 
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During wear test, softer metal matrix material is usually worn away f irst, leaving the 

protrusions of t he ha rd r einforcing particles on w orn surface which protect the metal 

matrix from further wear [68]. As the wt. % of reinforcements in Al-MMC is increased, 

exposed S iC p articles o n w orn s urface ar e also i ncreased t hat r educe t he p lastic 

deformation in the layer below the worn surface. For a cer tain critical volume fraction 

of the reinforcement, the metal matrix will be completely protected. 

4.5   Worn Surface Analysis 

Fig. 4.21  shows the image of worn surfaces o f Al alloy and Al-MMC observed with 

stereo microscope. O n worn surfaces, t ribolayer l ayer of  compacted wear debris was 

observed. D uring w ear, this layer r eached t o critical t hickness be fore de tached f rom 

worn surface and produce wear debris [59]. Besides, fine scratches along with l arger 

grooves were also observed in worn surface. 

   

   
Fig. 4.21: Worn surfaces of (a) Al-2M (b) Al-5A–10S (c) Al–2M–10A–5S                  

(d) Al–2M–5A–10S observed with stereo microscope 

By comparing four worn surfaces of  Al a lloy and Al-MMC as sh own in Fig. 4.21, i t 

was evident that maximum amount of tribolayer was observed on t he worn surface of 

Al-2M as shown in Fig. 4.21 ( a). The presence of parallel grooves was visible on all 
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worn su rfaces an d maximum nu mber of  pa rallel gr ooves was obs erved on t he w orn 

surface of Al-2M. Worn surface of Al-2M was relatively smooth than the worn surfaces 

of Al-MMC. Worn surface of Al–2M–5A–10S was the most roughest among four worn 

surfaces w ith cl ear indication o f f ractures and pl astic de formation a s s hown i n Fig. 

4.21(d). 

   

Fig. 4.22: (a) Tribolayer of wear debris (b) abrasive grooves on worn surfaces 

Fig. 4.22 shows tribolayer of wear debris and abrasive grooves observed on t he worn 

surfaces of A l-2M a nd A l-MMC. Formation of t ribolayer on w orn surface f urther 

enhanced the wear resistance o f Al-MMC which has been discussed in sect ion 2 .2.2. 

Parallel abrasive grooves observed on worn surface are shown in Fig. 4.22 (b). 

Fig. 4.23 shows optical photographs of worn surfaces of unreinforced Al and Al-MMC. 

As shown in Fig. 4.23 , there are some patches on worn su rfaces which indicated the 

removal o f material f rom w orn su rfaces b y w ear m echanism. The pa rallel gr ooves 

suggest that abrasive wear was involved in wear process. The grooves might be formed 

due to deposition of  wear-hardened deposits on di sc track. As shown in F ig. 4.23(b), 

maximum amount of tribolayer was observed on the worn the worn surface Al-2M.  

Abrasive w ear t ook place w ith unr einforced Al where pa rallel gr ooves c ontinuously 

dominated the w ear p rocess as s hown i n F ig. 4.23(a). But i n c ase of  SiC a nd A l2O3 

reinforced Al-MMC, major mechanism was delamination wear which caused excessive 

fracture and p lastic d eformation of  t he r einforcements a nd t he m atrix [ 67]. Hence, 

plastic de formation oc curred on w orn surface l ayer and cracks were nucleated i n t he 

deformed layer at the second phase particles. Growth and joining of cracks resulted in 

wear debris formation. Here crack propagation control wear rate [50]. 

Tribolayer 

Abrasive grooves 
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Fig. 4.23: Worn surfaces of (a) Al (b) Al–2M (c) Al–5A–10S (d) Al–2M–5A–10S  

(e) Al–2M–10A–5S [as-cast] (f) Al–2M–10A–5S [heat treated] observed with optical 

microscope 

In dry sliding wear of SiC and Al2O3 particles reinforced Al-MMC, delamination wear 

theory i s a  major w ear mechanism where h ardness p lays a m ajor r ole i n t he o verall 

wear p rocess. D elamination w ear o f A l-MMC can  b e ex plained i n t erms o f S uh’s 

delamination wear theory as described in section 2.5.2.7. 
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Thus i t w as obs erved t hat a brasive w ear t ook pl ace with unreinforced A l metal a nd 

alloy i ndicated by  continuous pa rallel gr ooves. B ut a s t he a mount of r einforcing 

particles increased in Al-MMC, It was seemed that delamination wear process replaced 

ploughing and thus subsurface fracture dominated in the wear mechanism of Al-MMC. 

Table 4.4 shows the groove width measured on worn surfaces of Al and Al-MMC. It is 

evident from the table that groove width is maximum for unreinforced Al, minimum for 

Al-2M-5A-10S and higher in heat treated Al-MMC than as-cast Al-MMC. 

Table 4.2: Groove width of Al-MMC  

No. Al-MMC designation Groove width (μm) 

1 Al 16.11 ± 3.71 

2 Al-2M 7.61 ± 2.20 

3 Al-5A-10S 7.06 ± 2.83 

4 Al-2M-5A-10S 5.02 ± 2.28 

5 Al-2M-10A-5S (as-cast) 9.81 ± 3.15 

6 Al-2M-10A-5S (heat treated) 12.62 ± 2.62 

 

Material was removed from the worn surface of Al by ploughing action of asperities in 

course o f ab rasive w ear m echanism. This C ontinuous pl oughing a ction on t he w orn 

surface o f r elatively so ft A l r esulted i n maximum gr oove w idth. B ut de lamination 

process r eplaced ploughing a nd thus s ubsurface fracture dom inated i n A l-MMC. 

Exposed SiC t han Al 2O3 particles on w orn s urface c ould r esist pl oughing a ction of  

asperities o n co nterface. This re sulted in  lo wer groove w idth of  Al-MMC t han 

unreinforced Al. 

SiC particles are more f racture resistant and harder than Al2O3 due to which Al-2M-

5A-10S showed l ower wear r ate compared t o Al-2M-10A-5S as d iscussed i n sec tion 

4.4.3. Higher a mount of S iC c ontent a long w ith i ncreased l oad b earing cap ability 

resulted in minimum groove width for Al-2M-5A-10S. 
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CHAPTER 5 

CONCLUSIONS 
 

The objective of this work was to investigate the effects of Mg on wear characteristics 

of S iC a nd A l2O3 reinforced A l-MMC. R esults obt ained f rom this w ork c an be  

summarized as follows: 

[1] Microstructural observation revealed random and homogeneous distribution of 

reinforcing particles in Al matrix. Cluster of particles and porosities were found 

in microstructures. 

[2] Mg a ddition t o A l-MMC i mproved hom ogeneous di stribution of  r einforcing 

particles in  A l matrix, p romoted interface f ormation b etween re inforcing 

particle and Al matrix, and reduced porosity due to enhanced wettability. Also, 

Mg addition increased the hardness values of unreinforced Al and Al-MMC by 

solid solution strengthening and strong interfacial bond formation respectively.   

[3] Heat treatment caused precipitation in the Al matrix that resulted in enhanced 

hardness values of Al-MMC. 

[4] Hardness v alues o f S iC r einforced A l-MMC w as f ound l arger t han 

unreinforced Al and increased with increasing SiC content. Also, prepared SiC 

reinforced Al-MMC showed superior tensile strength compared to unreinforced 

Al due  t o t he pr esence of  s trongly bonde d S iC pa rticles i n A l matrix w hich 

caused g rain r efinement. Tensile st rength d ecreased f or 1 0 w t. % S iC 

reinforced Al-MMC due t o non -homogeneous di stribution of  S iC pa rticles i n 

Al matrix. 

[5] Mg addition improved wear r esistance o f both unreinforced Al and Al-MMC 

by increasing hardness and wettability. 

[6] Heat t reated A l-MMC sh owed l ower w ear r ate than as -cast c ondition due  t o 

improved hardness in heat treated condition. 

[7] The S iC re inforcement in  A l-MMC w as f ound more f racture r esistant 

compared to Al2O3 reinforcement due to high hardness value of SiC particles. 

[8] The wear rate of SiC reinforced Al-MMC decreased with the increase of SiC 

content.  
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[9] Tribolayer of compacted wear debris was observed on worn surfaces and was 

maximum for Al-2M.  

Abrasive grooves were observed on worn surfaces and unreinforced Al showed 

maximum groove width. Also, there was clear indication of excessive fracture 

and plastic deformation on the worn surfaces of Al-MMC. 

From worn surface analysis, it was seemed that abrasive wear mechanism was 

involved i n t he w ear pr ocess of  unreinforced Al a nd delamination w ear 

mechanism was involved in the wear process of Al-MMC. 
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