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Abstract 
 
 

Present work aims to find the combined effect of coarse and fine size particle 

reinforcement of zircon sand in aluminum alloy LM13 on the wear behavior. Stir casting 

process was used to fabricate the composite. The composites are fabricated by varying 

the reinforcement of fine and coarse size zircon sand particles and compared with the 

single size reinforcement. Surface morphology was studied by using optical and 

Scanning electron microscope. Coarse and fine particle zircon sand of 106-125 µm and 

20-32 µm size respectively are used in the present study. The wear test was carried out 

on pin-on disk machine. Microhardness measurement was done for developed 

composites. Wear track and debris are analyzed by SEM to study the wear mechanism. 

Line profile and EDS analysis is also done to validate the microstructural results. Study 

reveals that a combination of 3% and 12% coarse particle reinforced composite exhibits 

better wear resistance while 3% coarse and 12% fine particle reinforcement decreases 

the wear resistance. It is also observed that zircon sand particles provide effective 

nucleation site for the eutectic silicon. Microstructural examination shows globular and 

finely distributed eutectic silicon in the vicinity of the reinforced particles. 
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                                Chapter-1        

Introduction     

                                                                                                                                                                                         

 

1. Introduction: 

 Aluminum alloy matrix with ceramic particles as a reinforcement is of great interest due to 

flexibility of tailoring the desired properties needed in engineering applications [1]. Some 

of the aluminum alloys exhibit wide range of properties but lack in tribological properties, 

which limits its use to certain applications [2]. Fabrication of aluminum matrix composite 

with reinforcement of hard particles is the widely used option for enhancing tribological 

properties as compared to other techniques, in terms of ease and economics involved along 

with achievement of desired properties [3]. 

Aluminum and its alloys with hard ceramic particles particulates reinforcement impart a 

combination of properties which are not achievable in either of the constituents 

individually. Aluminum alloys provide a good matrix for the development of particulate 

reinforced composites owing to their low density, high specific strength,  high corrosion 

resistance, ease of fabrication and low cost. Zircon sand (ZrSiO4) particles have a high 

modulus, high hardness and excellent thermal stability which when reinforced with Al-

alloys make them highly attractive materials. Under suitable processing condition 

properties can be tailored to meet the diverse demands of various engineering applications 

[4]. 

In recent years many processing techniques have been developed to prepare particulate 

reinforced metal matrix composites. These techniques are stir casting, liquid metal 

infiltration, squeeze casting, spray co-deposition, powder metallurgy etc. Among the 

variety of processing techniques available for particulate or discontinuous reinforced metal 
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matrix composites, stir casting is one of the methods accepted for the production of large 

quantity composites. It is attractive because of simplicity, flexibility and most economical 

for large sized components to be fabricated [1-5]. 

In recent years numerous research works have been reported on production of MMCs by 

stir casting technique, but very limited research work has been done on dual size particle 

and no work has been reported on wear behavior of aluminum composites reinforced with 

dual size zircon particles.  

Therefore, the present study is aimed to analyze the combined effect of both coarse and 

fine size particle reinforcement in aluminum alloy composite. Study mainly focused on 

investigating the microstructure and mechanical properties of dual particle size zircon 

sand reinforced LM13 alloy. The effects of dual size particles on the mechanical properties, 

microstructures and wear resistance of the particulate reinforced composite at room 

temperature have been analyzed. 

 

1.1 Metal matrix composites (MMCs): 

Metal matrix composites (MMCs), like all composites; consist of at least two chemically and 

physically distinct phases, suitably distributed to provide properties not obtainable with 

either of the individual phases. Generally, there are two phases, e.g., a fibrous or particulate 

phase, distributed in a metallic matrix. Examples SiC particle reinforced A1 matrix 

composites used in aerospace, automotive, and thermal management applications.  

With respect to metals, MMCs offer the following advantages: 

 Major weight savings due to higher strength-to-weight ratio with exceptional 

dimensional stability (compare, for example, SiC,/Al toAl). 

  Higher elevated temperature stability, i.e., creep resistance, 

 Significantly improved cyclic fatigue characteristics. 

With respect to PMCs (Polymer matrix composite), MMCs offer these distinct advantages:  

  Higher strength and stiffness,  

 Higher service temperatures, 

 Higher electrical conductivity (grounding, space charging), 
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 Higher thermal conductivity,  

 Better transverse properties.  

 

 

1.1.1 Types of MMCs: 

All metal matrix composites have a metal or a metallic alloy as the matrix. The 

reinforcement can be metallic or ceramic. In general, there are three kinds of metal matrix 

composites (MMCs): 

(i) Particle reinforced MMCs. 

(ii) Short fiber or whisker reinforced MMCs. 

(iii) Continuous fiber or sheet reinforced MMCs. 

 

 
 

                                      Different types of metal matrix composites.     
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Particle reinforced MMCs: 

Particle or discontinuously reinforced MMCs (the term discontinuously reinforced MMCs is 

commonly used to indicate metal matrix composites having reinforcements in the form of 

short fibers, whiskers, or particles) have assumed special importance for the following 

reasons: 

 Short fiber or whisker Continuous fiber Particle reinforced composites are 

inexpensive vis-a-vis continuous fiber reinforced composites. 

 Conventional metallurgical processing techniques such as casting or powder 

metallurgy, followed by conventional secondary processing by rolling, forging, and 

extrusion can be used. 

 Higher use temperatures than the unreinforced metal. 

 Enhanced modulus and strength. 

 Increased thermal stability. 

 Better wear resistance. 

 Relatively isotropic properties compared to fiber reinforced composites. 

  

1. 2 Methods of fabrication of MMCs: 

 

 Stir casting.  

 Spray casting. 

 Powder Metallurgy. 

 In-Situ fabrication techniques. 

 Solid State methods. 
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CHAPTER-2  

 

Litrature Review  

 

 

Rajan et al. [1] in 1998 have proposed that there are different types of coatings known as 

metallic, ceramic, by layer, multilayer’s etc. Metallic coatings improve the wettability of the 

reinforcement and prevent the excessive interfacial reaction by enrichment of the coated 

metal in the matrix near to the interface. A ceramic coating reduces the interfacial reaction 

by acting as a diffusion barrier between the reinforcement and the matrix. Most of the 

ceramic coating techniques are expensive. Multilayer coating leads to the multifunctional 

behavior of the coatings such as wetting agent, diffusion and reaction barriers and releaser 

of thermal residual stress.  

 

Hashim et al. [2] in 1999 have proposed that processing variables such as holding 

temperature, stirring speed, size of the impeller, and the position of the impeller in the melt 

are among the important factors to be considered in an impact on mechanical properties. 

These are determined for the production of cast metal matrix composites as these have by 

the reinforcement content, its distribution, the level of the intimate contact of the wetting 

with the matrix materials, and also the porosity content. Therefore, by controlling the 

processing conditions as well as the relative amount of the reinforcement material, it is 

possible to obtain a composite with a broad range of mechanical properties. The method is 

potentially very cost effective, but widespread adoption is dependent on a satisfactory 

resolution of the technical difficulties presented.  

 

Maruyama et al. [3] in 1999 have proposed that there are now a number of important 

production applications for discontinuous reinforcement aluminium, which span the 
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transportation, aerospace, recreation, and electronics industries and that demonstrate the 

material’s attractive combination of structural, thermal management, and wear properties. 

While large materials suppliers have mostly exited the area, many smaller suppliers are 

forging ahead to make a success discontinuous reinforcement aluminium. Expanding this 

success depends upon the ability of researchers and engineers to continue increasing our 

fundamental understanding of the materials.  

 

Gui et al. [4] in 2002 have proposed that the vacuum stir casting process is developed to 

produce SiC particle-reinforced Mg-Al9Zn and Mg-Zn5Zr cast magnesium matrix 

composites. No macro segregation of SiC particles and gas bubbles can be found in the 

composite ingots. This process can eliminate the entrapment of external gas onto melt and 

oxidation of magnesium during stirring synthesis. In the Mg-Zn5Zr/15SiCp composite, 

some agglomerations of SiC particles can be seen. At the same stirring process conditions, 

the wettability of SiC by magnesium in the Mg-Zn5Zr melt is worse than that in the Mg-

Al9Zn melt. Both composites exhibit significant improvement in yield strength and elastic 

modulus, especially for the Mg-Al9Zn/ 15SiCp composite. A 112% increase in yield 

strength and 33% increase in elastic modulus are obtained for this composite compared 

with the unreinforced magnesium alloy, while increases of 24 and 21%, respectively, were 

observed for the Mg-Zn5Zr/15SiCp composite.  

 

Surappa et al. [5] in 2003 indicates that several challenges must be overcome in order to 

intensify the engineering usage of AMCs. Design, research and product development efforts 

and business development skills are required to overcome these challenges. In this pursuit 

there is an imperative need to address the following issues. Science of primary processing 

of AMCs need to be understood more thoroughly, especially factors affecting the 

microstructural integrity including agglomerates in AMCs. There is need to improve the 

damage tolerant properties particularly fracture toughness and ductility in AMCs. Work 

should be done to produce high quality and low cost reinforcements from industrial wastes 

and by-products. Efforts should be made on the development of AMCs based on non-

standard aluminium alloys as matrices. There is a greater need to classify different grades 

of AMCs based on property profile and manufacturing cost. There is an urgent need to 
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develop simple, economical and portable non-destructive kits to quantify undesirable 

defects in AMCs.  

 

Chaudhary et al. [6] in 2004 were proposed that 11 wt% of TiO2 could be successfully 

incorporated into the Al–2Mg melt by vortex method. Greater degree of segregation of TiO2 

has been observed at the top and bottom of castings. Micro voids are observed in the 

particles enriched zone. A phase transformation has been observed during the resistivity 

and DSC measurements owing to the precipitation of TiAl3 phase. Cold and hot rolling of 

the composite is successfully carried out to 40% and 50% reduction, respectively. 

Hardness of the composite is greater than the base alloy, which can be attributed to the 

presence of higher dislocation density in the matrix due to the difference in thermal 

properties between the matrix and dispersoids. The improved tensile behavior of cold 

rolled composite aged at 400°C could be due to the precipitation of the Al3Ti phase.  

 

Prabu et al. [7] in 2005 have concluded from the microstructure analysis that during lower 

speed and lower stir time particle clustering occurred in some places, and some places 

were identified without SiC inclusion. By increasing the stirring speed and stirring time 

better homogeneous distribution of SiC in the Al matrix were found. Better distributions of 

SiC were found at 600 rpm and 10min stirring time condition. It was found from the 

hardness test that the speed and time influence the hardness of the composite. Higher 

stirring speed and stirring time, gives better hardness composite of MMC as compared to 

as-cast condition. Better hardness composite was obtained from600 rpm and 10min 

stirring time processing condition.  

 

Nikanorov et al. [8] in 2005 have synthesized Al-Si alloy and concluded that Al–Si alloys 

prepared by rapid cooling of levitated melts were used to elucidate the effect of Si content 

on mechanical properties. The structure and mechanical properties of quenched Al–Si 

alloys in a wide compositional range from 11.5 up to 35wt% Si were investigated. Extreme 

condition for silicon concentration were found for the average temperature coefficient of 

Young’s modulus for cooling from 500 to 200C, the hysteresis of Young’s modulus for 

heating and cooling over this range, and the yield point. These extreme correspond to 
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solidification in the region yielding coupled eutectic-like growth. In this region the process 

of Guinier–Preston zones creation is hampered. It explains extreme of concentration 

dependences of temperature coefficients and temperature hysteresis of Young’s modulus. 

The decrease of yield point for lower Si concentrations is attributed not only to the 

decreasing size and concentration of Si in the eutectic structure, but also to an increased 

number of plastic dendrites of solid solution. The decrease of the yield point of 

hypereutectic alloys with increasing the Si content is attributed to the increase of the 

interfacial area between primary Si crystals and eutectic matrix.  

 

Jian-min et al. [9] in 2006 have explained the mainly four kinds of defects in SiCp/A356 

composites if an unsuitable stir casting process is used. Black inclusions are SiC 

agglomerates, silver spots are Al-Fe-Si phase particles, white inclusions are SiC particles 

adhering to Al2O3 and the pores are caused by gas bubbles and agglomerated SiC particles. 

An improved stir casting process is established for fabricating SiCp/A356 composites with 

good mechanical properties and less defects.  

 

Das et al. [10] in 2006 have concluded that wear resistance properties of Al–4.5 wt% Cu 

alloy improves significantly after addition of alumina and zircon particles. Decrease in 

particle size improves wear resistance property for both alumina and zircon reinforced 

composites as smaller particle reinforced composite has higher hardness and is more 

efficient in blunting SiC [15] abrading surface. Zircon reinforced composite shows better 

wear resistance than alumina reinforced composite due to its superior particle–matrix 

bonding. 

 

Basavarajappa et al. [1l] in 2007 have evaluated that the addition of SiCp reinforcement to 

Al 2219 alloy increases the wear resistance of the composites. The addition of graphite 

reinforcement in Al–SiCp composites further increases the wear resistance at all sliding 

speeds and effectively avoids the occurrence of severe wear. The subsurface deformation 

from the contact surface to the region where the bulk hardness of the composite is reached 

can be divided into three zones. Zone 1 extends up to a depth of 60µm from the worn 

surface for both Al 2219/15SiCp and Al 2219/15SiCp-3Gr composite. Zone 2 corresponds 
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to the subsurface that is 60–180µm from the worn surface in Al 2219/15SiCp and 60–

140µm from the worn surface in Al 2219/15SiCp-3 graphite composite. Zone 3 is the 

region that remains unaltered. Variation of microhardness and the depth of deformation in 

the subsurface regions in Al 2219/15SiCp composite are different for different sliding 

speeds. The microhardness just below the wear surface is very high and as the depth 

increases the microhardness decreases. In the severe wear region the initial microhardness 

just below the worn surface is less, which can be attributed to the material removal in the 

form of sheets and particle pull out, exposing un-deformed material. 

 

Grosz et al. [12] in 2007 in their work have shown that ceramic particles in the form of 

silicon carbide and amorphous glassy carbon have an influence on both temperature 

change and the time of aluminum castings solidification. They also have influence on the 

structure and particles displacement of the casts. The changes results, first of all, from 

disparate physical properties of the particles used (thermal conductivity, mass density). 

The presented research results represent a preliminary study. The on-going research refers 

to the influence of the type, size and volume fraction of reinforcing particles on 

solidification and crystallization of heterophase composites. 

 

Purohit et al. [13] in 2007 have given an overview of the present and future applications of 

magnesium matrix composites have been presented. Basically magnesium based metal 

matrix composites (MMCs) have attracted considerable interest because of their attractive 

mechanical properties over monolithic alloy. However, several drawbacks (most amenable 

to technical or institutional fixes) have limited the growth of Mg usage in automobiles. On 

the other hand, in aerospace industry high cost can be justified, high-performance 

materials and processes, several new materials like Mg-MMC have been evaluated. The 

most important factors are the material’s physical properties, some of which are less 

desirable than its low density. Major limitations of magnesium-based materials include low 

ductility and low resistance to fracture. It has been shown convincingly that use of 

particulates in nano length scales in pure magnesium can circumvent these limitations. 

Studies have shown that the use of nano-sized reinforcements imparts an excellent 

combination of strength and ductility Mg is very reactive, but it can be protected with 
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applied coatings or simply allowed to build up a naturally occurring oxide or sulfate 

coating. Corrosion has also been a concern. However, development of new alloys has 

helped achieve acceptable properties. The key factor that inhibits the massive use of Mg is 

its relatively high and unstable price. However, this may be compensated by the lower 

fabrication and joining costs of magnesium. Substitution of presently used materials for 

aerospace and automotive components and body structures by lightweight magnesium 

matrix composites would enable secondary weight savings, and lifetime fuel costs are 

reduced, so the total life-cycle cost of a Mg-MMC part may actually be lower than that of 

one made from another material. 

 

Aigbodion et al. [14] in 2007 have synthesized Al–Si–Fe alloy with silicon carbide addition 

using double stirring casting method and concluded that addition of silicon carbide 

particles using this method to Al–Si–Fe alloy increases both the yield strength, ultimate 

tensile strength and hardness values up to a maximum values of 79.98, 106.12Nmm2 and 

67.0HRB, respectively, at 20% SiC addition. There is general slight increase in the apparent 

porosity of the composites with percentage SiC addition that is still lower than the 

recommended values. For optimum service performances of this alloy, silicon carbide 

addition should be between 15 and 20% and not exceed 20% in order to develop better 

necessary properties.  

 

Abdizadeh et al. [15] in 2008 have proposed that the improvement of hardness and tensile 

strength of aluminum by incorporation of ZrSiO4 and TiB2 particles is due to the high 

strengthening and work-hardening at low strain in the composite system. This is caused by 

elastic properties of these ceramic particles that prevent plastic deformation of matrix 

metal. The best property values for Al–5% ZrSiO4 are achieved at 7500C and for Al–5% TiB2 

at 950◦C. This may be related to the lower heat expansion coefficient of TiB2 than of ZrSiO4 

that induces a larger dislocation density at boundaries between matrix metal and TiB2 

particulates.  

 

Jha et al. [16] in 2009 their works have described that numerous porosities present in the 

casting resulted in crack initiation. The crack propagated by interlinking of pores, and the 
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casting failed. The acicular Si eutectic facilitated the cracking by debonding from the 

matrix.  

 

Zhang et al. [17] in 2010 have studied the effects of Ba modifier in aluminium alloy It 

addition of 1.0 wt. % exhibited the best results for the mechanical properties of alloy. The 

modification caused the disappearance of primary silicon with the formation of solid 

solution dendrites and fine fiber or rod-like eutectic silicon instead of plate-like structures, 

resulting in a highly branched filamentary form with a better distribution of Si particles. 

The modification could also improve the wear resistance of the alloy. The Al–Mg–Si alloy 

with modification had good remelting property. The Al–Mg–Si alloy failed in a mixed-mode 

fracture comprised of intergranular fracture, quasi-cleavage plane, and transgranular 

shear.  

 

Okafor et al. [18] in 2010 have evaluated the addition of ZrSiO4 particles using Al-4.5%Cu 

alloy. It has led to an increase in both the strength and hardness and an overall reduction in 

toughness and density. Also, little increase in the apparent porosity of the composite with 

percentage increase in ZrSiO4 addition was observed. From the result, maximum service 

performance of the Al-4.5Cu/ZrSiO4 particulate composite synthesis via squeeze casting 

should not exceed 15% in order to develop balance in the necessary properties. Pronounce 

increase in hardness value was observed by reinforcing the matrix alloy with 5-25% zircon 

sand. Al-4.5Cu/15%ZrSiO4 particulate composite could be appreciable in automobile 

industries (brake drum, crankshafts, values and suspension arms), recreational products 

(golf club shaft and head, skating shoe, bicycle frames and base ball shaft) and in 

construction company. 

 

Amirkhanlou et al. [19] in 2010 have proposed that injection of milled (Al-SiCp)cp 

composite powder instead of untreated SiC particles into the melt decreases the SiC 

particle size, enhances the wettability between the molten matrix alloy and the 

reinforcements and improves the distribution of the reinforcement particles in the 

solidified matrix. Wettability and distribution of SiC particles are further improved by 

casting in semisolid state (compo casting) rather than in fully liquid state (stir casting). 
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Addition of SiC particles in the form of (Al-SiCp)cp composite powder and casting in 

semisolid state increases the hardness of the composites by 10% and decreases the 

porosity by 68%. The impact energy is slightly influenced by the form of the reinforcement 

addition but the casting method does not influence the impact energy.  

 

Jayaseelan et al. [20] in 2010 have proposed that stir casting specimen exhibited high 

hardness compared to powder metallurgy specimen. Stir casting specimens are finer grains 

in the microstructure than the powder metallurgy specimen. After extrusion both the 

extruded specimen exhibited reduced porosity, more uniform particle distribution, 

elimination of clusters and improved ductility and also both the specimens are experienced 

grain refinement and increased strength. The load required for extrusion was less for 

powder metallurgy process compared to stir casting process. From the above results it was 

concluded that stir casting specimens have higher strength compared to powder 

metallurgy specimen. 

 

Suresha et al. [21] in 2010 have conducted the experiments on Al–SiC–Gr hybrid composite 

with combined reinforcement up to 10% Al–Gr and Al–SiC composites with reinforcement 

up to 10% using pin-on-disc equipment amount of reinforcement, sliding speed, load and 

sliding distance affect the wear of all the composites. Interactions exist among sliding 

speed, load and sliding distance in Al–SiC–Gr hybrid composites and between load and 

sliding distance in Al–Gr composites. Such interactions do not exist in Al–SiC composites. 

Increase of speed reduces wear by supporting mechanically mixed tribolayer and increase 

of load increases wear by reducing the role of tribolayer. Wear increases with sliding 

distance (due to unstable tribolayer) and it is the predominant factor affecting wear of all 

the composites.  

 

Pradeep et al. [22] in 2011 have prepared the cast Al6063 - SiC composites were prepared 

successfully using liquid metallurgy techniques. Hardness of the composites was found to 

increase with increased SiC content. Finer the grain size better is the hardness and strength 

of composites leading to lowering of wear rates. The tensile strength of the composites was 
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found to increase with increased reinforcements in the composites. The percentage 

elongation of the composite material is found to be in decreasing trend with the increase in 

the percentage SiC content. The compressive strength of the composites also increased 

with increased reinforcements in the composites.  

 

Behera et al. [23] in 2011 have recorded the solidification curves experimentally for Al 

alloy (LM6) and its composites with varied percentage of SiC particles from 7.5 wt% to 12.5 

wt% in steps of 2.5 wt% and compared with the unreinforced matrix alloy .i.e. LM6. The 

introduction of SiCp in the matrix metal decreases the cooling rate, as the presence of SiCp 

in matrix metal increases. This is because of lower heat transfer rates during solidification 

owing to the reduction of thermal conductivity and effective thermal diffusivity of the 

composite system. The increase in weight percentage of SiCp in matrix metal decreases the 

rate of solidification rate. This indicates that the solidification rate is faster in case of 

unreinforced matrix alloy or containing low fraction of SiCp in the matrix. Addition of 

ceramic reinforcement to alloy enhances the eutectic solidification time, as the presence of 

insulating dispersoids i.e. SiCp plays a dominant role in reducing the cooling rates. The 

solidification time has also varied with the change in thickness of castings. The 

solidification time is less in case of thinner section in comparison with thicker section, due 

to rapid cooling of thinner section. This trend is similar to the monolithic metal and its 

alloys. Additions of Mg to the composite melt has multifunctional role. Apart from its well 

known function as a wetting promoter of ceramic particle with the aluminum alloy matrix, 

it leads to better contact at the metal/mould interface, thereby by enhancing the heat 

transfer rate. The forgeability test has been carried out at room temperature by upset 

method. The forgeability i.e. the percentage of deformation decreases on increasing the 

percentage of SiCp in the matrix metal and the middle part of the casting. 
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CHAPTER 3 

Experimental and Characterization technique 

 

3.1 Fabrication method of MMCs:  

 

Liquid state fabrication of metal matrix composites involves incorporation of dispersed 

phase into a molten matrix metal, followed by its solidification. In order to provide high 

level of mechanical properties of the composite, good interfacial bonding (wetting) 

between the dispersed phase and the liquid matrix should be obtained. Wetting 

improvement may be achieved by coating the dispersed phase particles (fibers). Proper 

coating not only reduces interfacial energy, but also prevents chemical interaction between 

the dispersed phase and the matrix. The simplest and the most cost effective method of 

liquid state fabrication is Stir Casting. 

 

 3.1.1. Stir Casting:  
 
Stir Casting is a liquid state method of composite materials fabrication, in which a 

dispersed phase (ceramic particles, short fibers) is mixed with a molten matrix metal by 

means of mechanical stirring. The liquid composite material is then cast by conventional 

casting methods and may also be processed by conventional Metal forming technologies. 

Metal matrix composites (MMCs) possess significantly improved properties including high 

specific strength specific modulus, damping capacity and good wear resistance compared 

to unreinforced alloys. There has been an increasing interest in composites containing low 

density and low cost reinforcements. Among various discontinuous dispersoids, now a days 

the particulate reinforced aluminum matrix composite are gaining importance because of 

their low cost with advantages like isotropic properties and the possibility of secondary 

processing facilitating fabrication of secondary components. The present investigation has 
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been focused on the utilization of abundantly available silicon in useful manner by 

dispersing it into aluminum to produce composites by stir casting method.  

Conventional monolithic materials have limitations in achieving good combination of 

strength, stiffness, toughness and density. To overcome these shortcomings and to meet 

the ever increasing demand of modern day technology, composites are most promising 

materials of recent interest. Metal matrix composites (MMCs) possess significantly 

improved properties including high specific strength; specific modulus, damping capacity 

and good wear resistance compared to unreinforced alloys. Composites with silicon/Sic as 

reinforcement are likely to overcome the cost barrier for wide spread applications in 

automotive and small engine applications. It is therefore expected that the incorporation of 

silicon or sic particles in aluminum has the potential for conserving energy intensive 

aluminum and thereby, reducing the cost of aluminum products. Cast aluminum matrix 

particle reinforced composites have higher specific strength, specific modulus and good 

wear resistance as compared to unreinforced alloys. The particulate composite can be 

prepared by injecting the reinforcing particles into liquid matrix through liquid metallurgy 

route by casting. Casting route is preferred as it is less expensive and amenable to mass 

production. Among the entire liquid state production routes, stir casting is the simplest and 

cheapest one. The only problem associated with this process is the non uniform 

distribution of the particulate due to poor wetability and gravity regulated segregation. 

Mechanical properties of composites are affected by the size, shape and volume fraction of 

the reinforcement, matrix material and reaction at the interface. Among discontinuous 

metal matrix composites, stir casting is generally accepted as a particularly promising 

route, currently practiced commercially. Its advantages lie in its simplicity, flexibility and 

applicability to large quantity production. It is also attractive because, in principle, it allows 

a conventional metal processing route to be used, and hence minimizes the final cost of the 

product. This liquid metallurgy technique is the most economical of all the available routes 

for metal matrix composite production, and allows very large sized components to be 

fabricated. The cost of preparing composites material using a casting method is about one 

third to half that of competitive methods, and for high volume production, it is projected 

that the cost will fall to one-tenth. In general, the solidification synthesis of metal matrix 

composites involves producing a melt of the selected matrix material followed by the 
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introduction of a reinforcement material into the melt, obtaining a suitable dispersion. 

Metal matrix composite (MMC) is engineered combination of the metal (Matrix) and hard 

particle/ceramic (Reinforcement) to get tailored properties. Considerable research from all 

over the world has been devoted to metal matrix composite (MMC) research over the past 

few decades involving a broad area of MMC fabrication. In any type of the fabrication 

method used, wet ability and distribution of the reinforcement material in the alloy matrix 

are among the main problems. Many methods have been proposed to overcome this 

situation. However, ideas normally suitable for the preparation of materials and their use 

may not be suitable for different approaches.  

In general stir casting of MMC involves producing a melt of selected matrix material 

followed by the introduction of reinforcement material into the melt and the dispersion of 

the reinforcing material through stirring. Stirring is carried out vigorously to form a vortex 

where the reinforcing particles are introduced through the side of the vortex. The 

formation of the vortex will drag not only the reinforcement particles into the melt, but also 

all impurities which are formed on the surface of the melt. The vortex will also entrap air 

into the mould which is extremely difficult to remove as the viscosity of the slurry increase.  

 

3.2 Experimental: 

In the present study well known piston alloy LM13 is used as matrix material and high 

purity zircon sand (ZiSiO4) as reinforcement. LM13 alloy was obtained in the form of 

ingots. The compositional analysis of the alloy LM13 was done by wet chemical analysis 

which is shown in Table 1. 

Table 1: Composition of the alloy LM13 in wt % 

 

LM13 alloy     Si        Fe        Cu      Mn Mg Zn       Ti        Ni       Pb        Sn       Al 

 

Wt. %            11.8   0.3   1.2  0.4       0.9      0.2      0.02     0.9      0.02    0.005   Balance 
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The synthesis of the composite was carried out by stir casting process. The detailed 

description of the process is similar to described in other work [1-4]. A weighted quantity 

of LM13 alloy were taken in a graphite crucible and melted in an electric furnace. The 

temperature was slowly raised to 850 °C. This molten metal was stirred using a graphite 

impeller at a speed 630 rpm to create the vortex. The impeller blades were designed in 

such way that it creates vortex to achieve the particle mixing. The vortex method is one of 

the better known approaches used to create and maintain a good distribution of the 

reinforcement material in the matrix alloy. The dual size zircon sand is mixed properly and 

preheated at a temperature of 450C to drive off the moisture. After the formation of vortex 

in the melt, the sand particle was added with a spatula at the rate of 20–30 g/min. into the 

melt during stirring. The stirring was continued for another 5 min. even after the 

completion of particle feeding for homogeneous distribution of the sand particles. The 

mixture was poured in to the metal mould and solidified at room temperature conditions. 

During production of samples, the amount of charge materials, stirring duration and 

position of stirrer in the crucible were kept constant to minimize the contribution of 

variables related to stirring on distribution of second phase particles. 

There are many factors which directly affect the properties of stir cast composite. So the 

factors such as stirrer geometry including blade angle, stirring time, stirring speed, pouring 

rate, temperature of melt etc. must be optimized to achieve better bunch of properties in 

the composite. To optimize uniform particle distribution into the melt, the stirring 

parameters were selected as stirring time of 12 minutes, 3 blade stirrer with a blade angle 

of 30 and stirrer immersion in liquid melt is at a position of two-third of the melt [3,4].   

During fabrication of the DPS composite, zircon sand particle of two sizes were chosen for 

15wt.% reinforcement. These were particles of size range 20-32 m and 106-125m. To 

compare and correlate the effect of particle size on mechanical and tribological properties, 

four different composites containing a total of 15wt% were fabricated, in which two 

composites were reinforced by dual size particle combined in the 4:1 ratio.  

In the first combination of DPS (DPS1) there was 12 percent coarse and 3 percent fine 

zircon sand particles, whereas, in the second combination (DPS2) there was 3 percent 
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coarse and 12 per cent fine zircon sand particles. The two composites are synthesized by 

incorporation of only single size particle of fine (SPS1) and coarse particles (SPS2) of 15% 

by weight.  The reinforcement combinations are represented in Table 2. 

Table 2 Reinforcement combination of DPS composites 

 

Composite Fine (wt %)                                                   Coarse (wt %) 

 (20-32m)                                                   (106-125m)

 

SPS1  15                                              0 

SPS2  0                                              15 

DPS1  3                                              12 

DPS2  12                                               3 

 

 

Dry sliding wear tests of the reinforced and unreinforced alloys have been performed 

under the ambient temperatures between 25–30C and relative humidity between 22–

35%, using a pin-on-disc wear and friction monitor (Model TR-20, Ducom, Bangalore). The 

cylindrical shaped samples (30 x 8 mm) of composite were tested against the hardened 

EN32 steel disc having chemical composition (0.14% C, 0.52% Mn, 0.18% Si, 0.13% Ni, 

0.05% Cr, 0.06% Mo, 0.019% P, 0.015% S, balance Fe) and hardness 65 HRC. Before testing, 

each specimen is cleaned with acetone.  
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3.3 Material characterization: 

3.3.1. Microstructural analysis: 

Composite (Al-Zr) samples were ground and mechanically polished for metallographic 

study. After polishing, these samples were etched with freshly prepared Keller’s reagent. 

The surface morphology of each sample was studied with the help of optical microscope 

(Eclipse MA-100, Nikon) and scanning electron microscope (JOEL, JSM-6510LV). To study 

the presence of elements in the sample Energy-dispersive X-ray spectroscopy (oxford 

INCA) with model no. 51-ADD 0076 was used.  

 

Table 3: Chemical composition of Keller' reagent 

Composition Dist. Water HNO3 HCl HF 

Vol% 95ml 2.5ml 1.5ml 1ml 

 

 

3.3.2. Microhardness: 

 

The microhardness measurement at different phases of composites has been carried out to 

know the effect of reinforced particulates on the alloy matrix. Micro hardness of the 

LM13/Zircon sand composite was taken at 100 kgf load with vicker hardness testing 

machine (Mitutoyo with model no.MVK_HO) made in madras, India. Vicker hardness (HV) 

was calculated by using the formula as 

HV  = 1.854 
𝑭

𝒅𝟐
  (approx.) 

Where F = load in Kgf, d = Arithmetic mean of the two diagonal, d1 & d2 in mm. 
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The average value of five indentations per sample has been taken. In order to check the 

binding nature of the particles, micro hardness was measured using diamond indenter of a 

load of 100 kgf on the surface of particle and interface as well as on matrix. 

 

 

3.3.3. Wear testing 

 

Wear test  were conducted using polished pin samples with flat surfaces in the contact 

region but rounded in the corner and cleaned with acetone to remove dust or grease from 

the surfaces. Dry sliding wear tests were carried out against the counterface of a hardened 

and polished disk made of EN-31 steel having 65 HRC at a relative humidity of 36-56%. A 

study pin-on-disc machine supplied by Ducom, Bangalore (model TR20-CH400).  The wear 

test pin samples have been prepared from composites and the diameters of the pins are 

8mm. The test was conducted at the loads of 1 to 5 kg at the constant sliding velocity of 

1.6m/s. However the wear characteristics have been noted down at room temperature. 

The wear debris obtained after the 30 min of sliding of each test run were examined under 

SEM. The worn surfaces of the samples were also examined under SEM to know the wear 

mode of the worn surfaces. 
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Chapter 4                                                                                                                         

Result & Discussion 

4.1 Microstructural analysis 

The optical micrographs of reinforced composites are shown in Fig.1. The uniform and 

homogeneous distribution of reinforced particles has been observed in the optical 

micrographs of composites. The homogeneous distribution of the reinforcement phase is a 

prime requisite for a composite material to present its superior performance. Optical 

observation also shows that the dendritic growth is inhibited by the reinforced particles, 

which in turn provides better mechanical properties. The distribution of coarse particles 

with fine particles is in random fashion in the alloy matrix but they are uniformly arranged 

to serve their purpose. Optical micrograph of all composites shows smooth interface 

between particle and matrix, which indicates better bonding of zircon sand particles with 

LM13 matrix. A wide variation in matrix structure is observed due to the presence of zircon 

particulates of different size in the alloy matrix. 

The optical micrograph of composites is captured at various magnification for investigating 

the particle bonding and distribution. The optical micrograph of SPS1 reinforced with 15% 

fine particles (20-32 m) is shown in Fig.1. The Fig. 1(a) shows homogeneous distribution 

of reinforced particles in alloy matrix. Homogeneous distribution of particles is desired for 

achieving better wear behavior and mechanical properties. Homogeneous distribution of 

particles in a molten alloy is achieved due to the high shear rate caused by stirring the 

slurry and also stirring minimizes the particles settling [1, 2]. Fragmented dendrites are 

observed in the alloy matrix, although limited dentritic growth in the particle depleted 

region is also visible in the Fig.1 (b). Dendritic fragmentation can be attributed to the 

shearing of initial dendritic arms by the stirring action. During particle addition, there is 

some local solidification of the melt induced by the particles as there is a temperature 

difference between particle and the melt. It was also found that the perturbation in the 
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solute field due to the presence of particles can change the dendrite tip radius, and the 

dendrite tip temperature. These effects give rise to a dendrite– cell transition as the density 

of particles is increased. Also the length of the dendrite is reduced in the presence of the 

particles [1]. At higher magnification, optical micrograph shows that eutectic silicon 

exhibiting globular morphology and finely distributed as colonies around the reinforced 

particles as shown in Fig. 1(c). Particle clustering is observed in the micrograph Fig. 1(d) 

which is attributed to the particle pushing by solidification front. Fine particles are pushed 

or engulfed by the advancing Solid-Liquid interface during solidification [1]. 

The optical micrograph of SPS 2 reinforced with 15% coarse particles (106-125 m) is 

shown in Fig.2. The Fig.2 (a) shows the homogeneous distribution of coarse particle in the 

alloy matrix. The mechanical stirring not only homogeneously distributes the particles but 

also delays the particle settling prior to solidification. Good bonding between particle and 

alloy matrix is exhibited in the Fig.2 (b). The smooth interface provides better mechanical 

and tribological properties as transfer of load is occurred though the interface. The long 

dendrite is observed in the Fig. 2(c), which is restricted by the particles. The second phase 

hard particle restrict the dendritic growth, the improvement in strength is caused by the 

refinement of the alloy dendritic array and is strongly linked to the more homogeneous 

distribution of second phases [2-6]. Fig 2(d) shows the distribution of silicon in the alloy 

matrix. The silicon possessing acicular morphology in the matrix but it colonizes in 

globular form in vicinity to the particle. Similar silicon morphology was reported in earlier 

work by kaur [7] and attributed this morphological transformation to the localized rapid 

cooling effect produced by zircon sand particle due large temperature difference in the 

melt around its vicinity 

The optical micrograph of DPS 1 containing 12% coarse and 3% fine zircon sand particles 

is shown in Fig. 3. It depicts the homogeneous distribution of coarse and fine reinforced 

particles in the alloy matrix as shown in Fig.3 (a). The distribution of eutectic silicon 

becomes finer and some colonies of silicon are also visible in Fig. 3 (b&c). The optical 

observation clearly shows that, there is a better distribution of silicon in the matrix as 

compared to SPS 2 composite containing 15% coarse particles. Fig. 3(c-d) shows the 

uniform distribution of particle and silicon in the matrix. 
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Optical micrograph of DPS 2 composite containing 12% fine and 3% coarse zircon sand 

particles is shown in Fig.4. Homogeneous distribution of fine and coarse particles is 

depicted by the micrograph Fig.4 (a). Eutectic silicon acicular morphology is changed to 

globular and uniformly distributed throughout the matrix as shown in Fig. 4(b). The fine 

particles and silicon are arranged at grain boundaries and fragmented interdendritic 

region, some particles are engulfed within the primary grain. A network of silicon and fine 

particles are observed in the micrograph Fig. 4 (c-d). Minor amount of clustering is also 

there, as visible in the micrograph. Particle clustering can be explained by the fact that fine 

particles in composite are pushed to a greater extent by solidification front as compared to 

coarse particles. Most of the fine particles are placed at grain boundaries and very limited 

particles are engulfed within the grains. The particles are either pushed or engulfed by the 

solidification front [3]. Particle pushing and engulfing during solidification is also 

correlated with the mutual wetting behavior among the solid, liquid and particle phases. If 

the contact angle at a solid/liquid interface and a particle is less than 90°, the particle can 

be engulfed into the solid, and if the contact angle is greater than 90°, the particle would be 

pushed [4]. Coarse particles have greater tendency to settle as compared to fine particles, 

composite reinforced with coarse particle in majority are exhibiting clustering due to 

settling of particles and fine particles forms cluster by pushing action of solidification front 

[3, 4].  
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(a)                                                                      (b) 

     

(c)                                                                   (d) 

Fig.1. Optical micrograph of SPS 1 composites containing 15% fine particles (a) uniform particle 

distribution (b) micrograph showing dendritic growth in particle depleted region and many of 

dendrites are fragmented (c) eutectic silicon exhibiting globular morphology around particles (d) 

particle clustering is observed in the micrograph, primary silicon having less angular 

morphology and eutectic silicon colonizes around zircon sand particle. 
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(a)                                                        (b) 

      

(c)                                                            (d) 

Fig.2. Optical micrograph of SPS 2 composites containing 15% coarse particles (a) uniformly arranged 

particles in the alloy matrix (b) consistent and better bonding between zircon sand particle and 

alloy matrix, eutectic silicon morphology changes from acicular to globular as it approaches to 

particle (c) long dendrite in particle depleted region and eutectic silicon nucleates between 

dendrite arm spacing (d) evenly distributed silicon in the matrix having acicular morphology and 

globular near the particles. 
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(a)                                                      (b) 

      

                                   (c)                                                                   (d) 

Fig.3. Optical micrograph of DPS 1 composites containing 12% coarse and 3% fine particles (a) coarse 

and fine particles are uniformly arranged in the alloy matrix (b) eutectic silicon morphology 

changes from acicular to globular in vicinity to particle (c) silicon is of globular morphology and 

distributed dense near the particle (d) good bonding between zircon sand particle and alloy 

matrix 



31 

 

       

(a)                                                                   (b) 

      

                              (c)                                                                    (d) 

Fig.4. Optical micrograph of DPS 2 composites containing 12% fine and 3% coarse particles (a) 

homogeneous distribution of coarse and fine particles in the alloy matrix (b) silicon traps 

in interdendritic region (c) good bonding between zircon sand particle and alloy matrix 

(d) fine particles showing clustering. 
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(a)                                           (b) 

      

                        (c)                                        (d) 

Fig.5. SEM micrograph of composites showing the homogeneous distribution of coarse and fine 

particles. (a) SPS 1(b) SPS 2 (c) DPS 1(d) DPS 2. 
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Fig 6. Line profile of composite 
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4.2 Line Profile Analysis: 

Line profile analysis of the composite clearly shows the presence of silicon in vicinity to the 

zircon sand particle. Silicon is uniformly distributed throughout the matrix but its 

concentration is higher near to zircon sand particle as shown in Fig.6.   

 

4.2.1 EDS Analysis: 

The EDS analysis of zircon sand particle of reinforced composite is given in Fig. 7 shows the 

presence of silicon on zircon sand. It confirms that zircon sand particle provides a 

nucleating site for silicon.  

 

 

Fig.7. EDS analysis of embedded Zircon sand particle in alloy matrix 
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4.3 Hardness 

 

The microhardness measurement at different phases of composites has been carried out to 

know the effect of reinforced particulates on the alloy matrix. Which is given in table V.  

Microhardness measurment have been carried out on the embedded zircon sand particles  

 
Table IV-Variation of hardness at different phases 
 

 

 

Composite 
 

Microhardness (Hv) 

At Particle 
 

At Interface  
 

At Matrix 

SPS 1 709 123 88.6 
 

SPS 2 736 103 82.1 
 

DPS 1 716 102 79 
 

DPS 2 719 116 81 
 

 

as well as in the vicinity of particles and matrix. Zircon sand particles show high hardness 

which decreases as we move away from particle. The high hardness at particle/matrix 

interface indicates good bonding microhardness in comparison to coarse particle size 

zircon sand reinforced composite at interface and matrix. Between particle and alloy 

matrix fine particle size zircon sand reinforced composite shows better microhardness in 

comparison to coarse particle size zircon sand reinforced composite at interface and 

matrix. 
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4.4 Wear characteristics 

4.4.1 Effect of sliding distance on wear rate 

The wear rate behaviors against sliding distance of the composite has been investigated at 

five different loads at room temperature which is shown in Fig.8. It can be found clearly 

from the graph that the wear rate of the composites increases with the increase in applied 

load. The curve reveals two different type of wear behavior under an applied load. The 

steep in the initial stage give rise to greater wear corresponding to the run in wear. 

However, steady state wear is obtained in the later stage. Moreover, with increase in load 

the run-in and steady state wear rate are also found to increase. These results are 

analogous to results reported earlier under similar sliding conditions by Kaur et al. [7] for 

spray formed zircon sand reinforced composite and Chaudhury et al. [10] for stir cast Al-

2Mg-11 TiO2composites.  

The wear behavior of SPS 1 presented in Fig. 8 (a) shows that steady state wear is 

approachable after 1000 m sliding distance. While in SPS 2 as shown in Fig. 8 (b) steady 

state wear is delayed and occurs after sliding distance of 1500 m at low loads, on high loads 

the steady state wear is approachable at 2000 m sliding distance. Run-in wear of SPS 2 is 

higher as compared to SPS 1 composite as shown in Fig. 8 (a-b). This indicates that fine 

particle reinforced composite exhibits better wear resistance as compared to coarse 

particle reinforced composites. These results are in good agreement with the earlier 

reported results [8, 9]. 

To study the effect of inverse particle size addition i.e. fine particle addition in coarse 

particle reinforced composite and vice-versa, the wear rate comparison of  SPS 2 and DPS 1 

as shown in Fig. 8 ( b-c) clearly shows that addition of 3% fine particles to coarse particle 

exhibits better wear properties as compared to only coarse particle reinforced composite. 

There is decrease in wear rate at all loads, not only wear rate but run-in wear also reduces 

to greater extent and steady state wear approaches at earlier sliding distance. On the other 

hand, comparing the coarse particle addition to fine particle with fine particle reinforced 

composite i.e. SPS 1 and DPS 2 gives different results as shown in Fig. 8 (a, d), the graphical 
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presentation reveals that coarse particle addition marginally increases the wear rate as 

compared to single size fine particles reinforced composite, but run-in wear is slightly 

lesser. It can be concluded after graphical study that fine particle addition in coarse particle 

reinforced enhances the wear properties, while coarse particle addition to fine particle 

reinforced composite not work well to enhance the wear properties. As reported earlier, 

the coarser particles help to carry a greater portion of the applied load, thereby reducing 

the load on the finer particles as well as on the base metal. In addition, the coarser particles 

in the DPS composites could help to shield the finer particles from the gouging action of the 

abrasive thus, helping the smaller particles to continue performing their wear resisting 

function longer than in SPS composites. This can be attributed to the fact that, less quantity 

of coarser particles are unable to shield the fine particles and also chipping off coarser 

particle during adhesive wear pulls out the finer particles along with them at higher load. It 

is confirmed by the result as mentioned earlier, in which 12% coarse zircon sand particles 

and 3% fine zircon sand particles gives better wear resistance.  
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Fig.8. Wear rate of composites against sliding distance at different loads (a) wear rate of SPS 1 

LM13/ 15% Zircon sand fine particles [20-32 m] (b) wear rate of SPS 2  LM13/ 15% 

Zircon sand fine particles [106- 125 m] (c) Wear rate of DPS 1 LM13/ 15 % zircon 

sand[12%C +3%F ] (d) Wear rate of DPS 2 LM13/ 15 % zircon sand [12%F +3%C]. 
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4.4.2 Effect of load on wear rate 

The bar graph of wear rate comparison of composites with different load is presented in 

Fig 9. In Fig. 9 (a), the graphical representation clearly shows the wear rate of coarse 

particle reinforced composite i.e. is SPS 1 is higher as compared to fine particles reinforced 

composite i.e. is SPS 2 on all investigated loads. Further on low and high loads the wear rate 

of SPS 1 nearly double as compared to SPS 2, wear rate difference is less between the 

composites at load range of 3-4 kg. This representation concludes that fine particle 

reinforced composite exhibits better wear resistance in comparison to coarse particles. 

Similar results are reported earlier by various researchers [8, 9]. 

The Fig. 9(b) shows that, the wear rate of DPS 2 is higher than SPS 1 composite at all 

investigated loads. Graphical study clearly depicts that, the coarse particle addition in fine 

particle reinforced composites is not effective in enhancing the wear resistance of the 

composite. It is not the case in the composite with fine particle addition to the coarse 

particle reinforced composite as presented in the Fig. 9 (c). SPS 2 containing 15% coarse 

particle shows higher wear rate in comparison to DPS 1 reinforced with 12% coarse and 

3% fine zircon sand particles. The fine particle addition enhances the wear resistance of the 

coarse particle composite at all investigated loads. It is concluded from the Fig9. (b-c) that 

fine particle addition in coarse particle reinforced enhances the wear resistance of the 

composite but coarse particle addition to fine particle reinforced composite increases the 

wear rate. 

The graphical comparison of composites SPS 1, SPS 2, DPS 1 and DPS 2 depicts that, the 

composite reinforced with 15% coarse particle i.e. SPS 2 exhibits higher wear rate at all 

investigated loads. At higher load the difference between wear rates of SPS 2 as compared 

to other composites is greater, which is lesser at low load.  

The graphical presentation of wear rate of the composites on different loads is shown in 

Fig.10. The Fig. 10 shows the wear rate of SPS 1, SPS 2, DPS 1 and DPS 2 on different loads 

i.e. 1-5 Kg. The wear follows a linear relationship with respect to increasing load which 
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portrays Archard's law of adhesive wear for metals. It clearly shows that, SPS 1 exhibiting 

better wear resistance as compared to all composites under investigation. 

The wear rate results of SPS 1 shows a change in slope of wear curve from 2 kg to 3 kg load. 

This change in slope corresponds to the change in wear behavior from mild to severe 

behavior. On the other hand the transition from mild to severe behavior in SPS 2 occurs 

from 3 kg to 4 kg load. The severe wear manifested itself by massive surface damage and 

large scale matrix material transfer to the counterface accompanied by the generation of 

coarse debris particles, typically in the shape of plates with a shiny metallic appearance. 

Similar results are reported earlier by Kaur et al. [7] for spray formed zircon sand 

reinforced LM 13 composite i.e. same alloy and size of reinforcement as used in this study.  

To compare the effect of dual size particle on wear rate against load, the graph shows that 

DPS 1 exhibits better wear resistance by only addition of 3% fine particles as compared to 

SPS 2 composite, which contain only coarse particle of single size. The fine particles works 

effectively to resist wear and there shielding is done by the coarse particles [6]. Comparing 

the SPS 1 and DPS 2 depicts that, the coarse particle addition to fine particles adversely 

affect the wear properties as shown in Fig. 10.    

The wear mechanism can be further explained well by analyzing the microstructural 

features of the worn surface of pin and the wear debris. 
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   (d) 

Fig.9. Bar graphical presentation of Wear rate at different loads (a) wear rate comparison of SPS 

1 and SPS 2 (b) wear rate comparison of SPS 1 and DPS 2 (c) wear rate comparison of 

SPS 2 and DPS 1 (d) wear rate comparison of SPS 1, SPS 2, DPS 1 and DPS 2. 
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Fig.10. Wear rate of composites at different loads 

 

 

   

4.4.3 Morphological analysis of worn surface and debris 

The morphologies of worn out surface of pins and debris offer clues to the wear 

mechanisms involved in sliding the sample against load. The Scanning electron microscope 

(SEM) micrographs of the single and dual size zircon sand reinforced composites tested at 

loads of 1-5 kg at a speed of 1.61 m/s are presented in Fig. 11, which show the wear track 

morphology of the specimens tested. 

One of the common feature observed in both lower and higher load, is the formation of 

grooves and ridges running parallel to the sliding direction in composites. On further 

analyzing it has been found that wear grooves are fine in worn pin surface of composite 

subjected to low load as compared to high load. The depth of microploughing is increased 

on increasing load to 5 kg where contact asperities change the shape. Consequently the size 

and depth of the grooves become greater at this stage. However, at high loads the worn 

surfaces in some places reveal patches from where the material was removed from the 
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surface of the material during the course of wear. Similar morphology of wear track at 

worn out surface of pin are observed earlier in previous work reported by Sharma et al. 

[12] and kaur et al. [7]. 

The Fig. 11 (a) shows the SEM micrograph of worn pin SPS 1 composite reinforced with 

fine size zircon sand particles at load of 1kg. At low load as shown in micrograph, the worn 

surfaces are smooth and ploughing strips are very shallow on the surface. At 2 kg load, the 

ploughing marks got deeper as shown in Fig. 11 (b) and damaged spots in the form of 

craters can be seen, which will grow further in size on increasing load. Particle cracking 

and microcrack are observed at higher magnification shown in Fig. 11 (c), these factor 

increases the wear rate significantly. This behavior is characterized as severe wear 

behavior, in which material removal is accelerated.  

The material of the pin adheres along the flat running surfaces causing adhesive sliding 

wear as shown in Fig. 11 (d) at 3 kg load. This wear behavior causes the damage to parent 

material and wear rate increases significantly. The crack running from the removed 

material is also visible in the matrix and loosely held debris flakes, which may detach 

further on higher load.  

At 4 kg the material removal increases significantly and the cross section of the craters 

increases as shown in Fig. 11 (e). At 5 kg load material removal rate is significantly higher, 

adhesive wear is dominating at this stage. Microcracks results in delamination, which in 

turn damage the parent material by excessive material loss. The loose wear debris and 

crushed zircon sand particles are seen on the wear track as shown in Fig. 11 (f) 
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\     

(a)                                                                       (b) 

    

(c)      (d) 

    

(e)      (f) 

Fig.11. SEM micrograph of worn out surface of SPS 1 composite at different loads (a) 1kg (b) 

2kg (c) higher magnification at 2kg (d) 3kg (e) 4kg (f) 5kg  
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Wear debris generated at higher load of SPS 1 are presented here in Fig. 12. Fig. 12(a) 

shows wear debris obtained at 3 kg load in which plate like debris of matrix alloy and 

debonded zircon sand particles are observed. Wear is governed by delamination, which 

gives plates like morphology of debris with microcracks.  

    

(a)      (b) 

 

(c) 

Fig.12. SEM micrograph of Wear debris generated of SPS 1 at (a) 3kg (b) 4kg (c) 5kg  

 

Wear debris at 4 kg load as shown in Fig. 12 (b) shows the plate or flakes of alloy matrix 

and debonded zircon sand particle spheroidizes as they are trapped in sliding action. The 

debris particles are likely to act as the third-body abrasive particles and could be 

responsible for the higher wear rate. Loose debris particles trapped between the specimen 

and the counterface causes a microploughing on the contact surface of the composite. 
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Debris flakes having cracks and majority of flakes having number of cracks due to 

repetitive stress occurred in sliding under high load. When the load is increased, the 

dominant wear mechanism becomes to delamination and severe plastic deformation. Wear 

debris generated at 5kg load as shown in Fig 12 (c) having long flakes by delamination and 

small flakes, small flakes are generated by the crushing of the flakes at high load. Debris 

having long flakes as compared to debris generated at low load, which depicts the severe 

wear behavior.  

Worn out pin surface SEM micrograph of SPS 2 are presented in Fig 13. Fig. 13(a) shows 

worn surface at 1 kg load in which grooves and ridges running parallel to the sliding 

direction. Microploughing is dominating wear mechanism although local damaged spots 

are also observed on the surface. At 2 kg load the grooves are distinct and deeper, crater 

grow in size which exposes the reinforced particles as shown in Fig. 13 (b). As load 

increases the adhesive wear mechanism operates and removes the ductile matrix material. 

The particle are protruding in the matrix depicting good bonding between particle and 

alloy matrix as observed in Fig. 13 (c). At high load the material removal is governed by 

adhesive wear and crack propagation resulting in delamination of matrix material. The 

protective layer of the reinforcing particles can no longer remain stable under the 

ploughing action at high load. The material removal is enhanced by adhesive wear 

mechanism and numbers of craters are increased between deep ploughing marks as shown 

in Fig. 13(d-e). Material removal during the process is in the form of small pieces resulting 

in the formation of flake-type debris. As shown in Fig. 13 (f), the craters are so large and 

distinct that the surface underneath is visible. The higher magnification SEM examination 

at 5 kg load of the subsurface clearly reveals cracks indicating delamination wear. 
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(a)                                                                 (b) 

    

(c)      (d) 

    

(e)      (f) 

Fig.13. SEM micrograph of worn out pin surface of SPS 2 composite at different loads (a) 1kg 

(b) 2kg (c) 3kg (d) 4kg (e) 5kg (f) higher magnification at 5 kg 
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Wear debris of SPS 2 composite is shown in Fig. 14. The debris obtained at 1 kg load is of 

plate like morphology and zircon sand particle is not observed, which indicates that, the 

reinforced particles bearing the load while ductile matrix alloy generated plate like debris 

as shown in Fig. 14 (a). As load increases the debonding of zircon sand particles occurs and 

long flakes of debris having different morphological appearance as observed in Fig. 14 (b).  

    

(a)      (b) 

    

(c)      (d) 

 

Fig.14. SEM micrograph of Wear debris generated of SPS 2 at (a) 1 kg (b) 3kg (c) 4kg (d) 5kg  
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In the collected wear debris zircon is present in mechanically mixed layer form. The 

particle itself has cracked into further smaller fragments and after long run it is making an 

oxide rich layer on the worn surface by picking iron oxide from the counterface. 

This is confirmed by EDS analysis which shows iron content even more than alloy matrix as 

shown in Fig. Several microcracks are there in debris indicating delamination while zircon 

sand particle takes spherical shape by trapping in due course of sliding. Twisted and 

layered debris revealing the repetitive nature of stress occurred at high load sliding 

condition. At 4kg load as shown in Fig. 14(c) the debris having long flakes apart from this 

small metallic debris are also observed, which may be fragmented during sliding action. 

Debris at 5kg load shows mixed morphology with long flakes, small fragmented flakes and 

layered flakes. Crack propagation leads to delamination although some flakes also 

depicting microcutting behavior as shown in Fig. 14 (d). 

Fig. 15 shows the pin surface morphology of DPS 1 composite. At 1 kg load, the grooves 

running all over the pin surface along sliding direction as shown in Fig. 15(a). Load 

increment initiates the cater and crack formation, as shown in Fig. 15(b) at 2kg the crater 

formation starts by the loss of parent material . The rupture of mechanically mixed layer 

initiates the adhesive wear mechanism and crater grows in size at 3 kg (Fig. 15(c)). At 4kg 

load the material removal shows the dimple like morphology, as void nucleates around the 

particle in the ductile matrix as observed in Fig. 15(d). At higher load i.e. at 5kg the cracks 

propagates and removal of material occurs by delamination as shown in Fig. 15 (e). A lower 

magnification micrograph shows the dimple morphology around the particle (Fig. 15 (f)).   
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(a)      (b) 

    

(c)      (d) 

    

(e)      (f) 

Fig.15. SEM micrograph of worn out pin surface of DPS 1 composite at different loads (a) 1kg 

(b) 2kg (c) 3kg (d) 4kg (e) 5kg (f) lower magnification at 5 kg 
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Wear debris of DPS 1composite are presented in Fig. 16. The long flakes with microcracks 

along with debonded zircon sand particle are observed in debris collected at 3 kg load as 

shown in Fig. 16(a). At higher load i.e. 5kg load, the flakes having number of microcracks 

and flakes edge reveals that cracks are responsible for their delamination from the parent 

material. Some flakes having embedded particles, which are pull out with the parent 

material due to excessive plastic deformation as shown in Fig. 16 (b).  

    

(a)      (b) 

 

(c) 

 

Fig.16. SEM micrograph of Wear debris generated of DPS 1 at (a) 4kg (b) 5kg (c) 3kg  
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Wear debris generated at 3 kg load at higher magnification show corrugated and layered 

structure as shown in Fig. 16 (c). The steps or layered structure observed could be due to 

rubbing caused by constant sliding between the pin material and counterface. Each of the 

steps could then be caused by the deforming force subjected in one rotation. Similar wear 

debris morphology is earlier reported by Bakshi et al. [13] for aluminum-silicon composite 

coatings prepared by cold spraying.  

Worn surface of DPS 2 is examined by SEM is presented in Fig.17. Fig 17 (a) shows the 

worn surface at 1 kg load, the excessive ploughing action is observed as the grooves are 

deeper at low load as compared to other composite in this study. Crater’s also originated on 

the surface having several microcracks at the edge perpendicular to the sliding direction. At 

2 kg load, the particles are exposed as parent material is removed by adhesive wear 

mechanism as shown in Fig. 17 (b). The excessive deformation causes the crater to grow in 

size and the edge having cracks, which causes delamination. Some loosely held debris 

originated by the cracks can be clearly seen in the micrograph Fig. 17 (c). At 4 kg load, the 

material removal is excessive as Fig. 17(d) shows that materials along with particles are 

removed by delamination. The grooves are again formed on the worn surface as seen in the 

micrograph. At 5kg load the crack propagation lead to excessive removal of parent material 

although some island type parent material remains there, as they bypass the crack growth 

as shown in Fig. 17(e).  
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(a)      (b) 

    

(c)      (d) 

   (e) 

Fig.17. SEM micrograph of worn out pin surface of DPS 2 composite at different loads (a) 1kg 

(b) 2kg (c) 3kg (d) 4kg (e) 5kg  
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Wear debris of DPS 2 are presented in Fig. 18. The flake like morphology is observed at 1 

kg load is similar to other composites debris. Zircon sand particle are also there in debris, 

which are debonded from the alloy matrix as shown in Fig. 18 (a-b). The debris generated 

having flake type morphology with microcracks resulted from the crack growth also the 

edge of flakes is not smooth. A long flake with embedded zircon sand particles is observed, 

which is pull out from the alloy matrix by excessive plastic deformation as shown in Fig. 18 

(b). Coarse particle of zircon sand showing debonding at low loads itself and thus 

decreasing the wear resistance of the composite. At 2 kg load as shown in Fig. 18 (c) reveals 

the micro level delamination on a flake itself, which occur due number of microcracks. The 

long flakes with microcracks and flakes with embedded zircon sand particle is observed in 

wear debris generated at 3 kg load as shown in Fig. 18 (d). Flakes with embedded zircon 

sand particle can be attributed to the fact that coarse zircon sand particle are providing 

preferential crack and void nucleation  site in the alloy matrix containing majority of fine 

particles. The deformation also is not homogeneous due to the presence of coarse particles 

in fine particle reinforced alloy matrix. At 4 kg load, the wear debris at higher load having 

flakes along with fragmented flakes as shown in Fig. 18(e). On higher load i.e. at 5 kg flakes 

showing extensive microcracks and small thin debris are there showing microcutting 

behavior as shown in Fig. 18 (f). 
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(a)      (b) 

    

(c)      (d) 

    

(e)      (f) 

Fig.18. SEM micrograph of Wear debris generated of DPS 2 at (a) 1kg (b) 1kg (c) 2kg (d) 3kg 

(e) 4kg (f) 5kg 
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4.5 EDS Analysis 

Wear debris EDS analysis is shown in Fig. 19, the EDS results indicate presence of Fe on 

wear debris which corresponds to the transfer of material from the counterpart disc to 

composite material. This also indicates that debris is generated by the rupture of 

mechanically mixed layer.  

 

 

 

  

Fig.19. EDS analysis of wear debris 
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Chapter 5 

Conclusion and Future scope 

 

 

5.1 Conclusion: 

The present study is carried out to determine the influence of dual particle size zircon sand 

reinforcement on wear behavior of stir cast Al-Si alloy LM13. The wear study was carried 

out at five different loads at constant sliding distance and speed.  

1. Zircon sand particle provides nucleation site for silicon during solidification, it is well 

confirmed by microstructure, EDS and line profile analysis. 

2. Fine size zircon sand particle reinforced composite exhibits better wear resistance than 

coarse particle at same weight percentage of reinforcement. 

3. Limited amount of fine particle size addition to coarse particle enhances the wear 

resistance as compared to single size coarse particle at same weight percentage of 

reinforcement. 

4. Coarse particle addition to fine particle reinforced composite adversely affects the wear 

properties of the composite as compared to single size fine particle composite.    
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5.2 Future work of the study: 

Different concentration of reinforcement should also be studied for further study. Further 

study about effect of temperature on wear behavior of composite may also be helpful to get 

idea about the reliability of the composite at higher temperature. Since the heat treated 

samples with different quenching media are showing good wear resistant properties, the 

work can be further extended to other quenching media like brine solution, oil quenching 

etc. The heat treatment temperatures of 4000C to 4500C are showing better wear resistance 

values. Therefore, at these temperatures the soaking time can be increased and further the 

wear properties can be evaluated. 

 


