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ABSTRACT 



x 

 

The journey for enhanced performance prompts proceeding with search for 

new materials; metallic, nonmetallic and composites. The easiest method for 

the development of the composite is the casting method in which various types 

of reinforcement; continuous or discontinuous are added to a continuous 

matrix; metallic or nonmetallic to produce the improved material. In this 

context, the betterment can be achieved either by the external addition of fine 

reinforcement particles or by the generation of such reinforcement particles 

within the matrix. For the advancement of aluminum-based composites, the in-

situ method provides better dispersion of fine particle of alumina as well as 

valuable alloying elements in the matrix. In in-situ method, the reduction 

reaction is responsible for the improved properties, accomplished by adding 

the oxides in the liquid aluminum. In ex-situ, it is challenging to distribute 

uniformly the externally added particles in the matrix and to produce 

composite with sufficient ductility. Using in-situ method it is possible to 

develop ductile Al-based metal matrix composite with the addition of metal 

oxides to generate alumina particles as reinforcement. Thereafter, 

examinations in assorted systems of aluminum and the oxides accept 

connected and the present analysis has been agitated out in this context.  

Chapter1 describes the necessity and motivation for the tribological study of 

aluminum based in-situ composite developed by stir casting method. This 

chapter covers the basic introduction part of various aluminum based 

composite; their classification, application in various industries and setting the 

problem statement.  

Chapter 2 contains a very exhaustive review of the existing literature on in-situ 

development of aluminum/aluminum alloy and other matrices based 

composites. There are various parameters, which influence the composite 

fabrication, and all the associated parameters are discussed in this chapter. 

This review of literature aims at knowing the different processing techniques, 

which are currently in use for the development of the composites and the 

effect of different processing parameters such as stirring speed, the shape of 

the blade, the temperature of the melt and preheating of oxide particles on the 

properties of the developed composites.  
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This chapter describes the effectiveness of different compounds used so far to 

produce different types of oxide and other particles in different matrices 

through in-situ reduction reaction. The effect of metal oxide addition to 

generate reinforcement and heat treatment on mechanical and tribological 

properties of different in-situ metal matrix composites is critically reviewed. 

Different standards used for characterization, determination of mechanical 

properties and evaluation of tribological characteristics of composites are 

thoroughly described. Finally, research gap are identified to formulate the 

objective of present study, which are included in this chapter.  

Chapter 3 describes the experimental procedures and test methods followed in 

the present study for the fabrication, microstructural characterization, 

mechanical testing and tribological testing of pure aluminum/aluminium alloy 

based in-situ composites. Composites having two different matrices (pure Al 

& Al-Si alloy) reinforced with different volume fraction of Al2O3 have been 

fabricated under similar processing condition (stirring speed, shape of stirrer, 

pouring temperature, etc.) using bottom-pouring stir casting furnace. As 

received commercially pure aluminum and aluminum silicon alloy have been 

examined under optical emission spectrometer for elemental composition. 

Composite specimens for different tests have been prepared as per the testing 

standards. Microstructural characterization of the as cast & heat treated 

composites has been carried out according to ASTM standards using optical 

microscope, Scanning Electron Microscope, Energy Dispersive Spectroscopy. 

Microhardness measurement and tensile testing of base alloy and fabricated 

composites have been carried out according to ASTM standards using 

Vicker’s microhardness tester and computerized Universal Testing Machine. 

Dry sliding wear behavior and friction properties of base matrices and 

fabricated composites have been determined at different loads and sliding 

distance under constant sliding speed using pin on disc tribotester. 

As mentioned earlier, two different composites; commercially pure aluminum 

based and Al-Si alloy based both reinforced with varying amount of Al2O3 

particles have been fabricated and tested. The test results and discussion on the 

test results for two different types of composites have been divided in two 
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chapters: Chapter 4 and chapter 5. Chapter 4 covers the test results of 

commercially pure aluminum based metal matrix composites followed by 

discussion on these results. Chapter 5 covers the test results of Al-Si alloy 

based metal matrix composites followed by discussion on these results.  

Chapter 4 presents the results of various tests conducted on commercially pure 

aluminum based composites. Pure Al-Al2O3 composites with varying amount 

of Al2O3 particles have been successfully fabricated by adding 1 wt.%, 2 

wt.%, 3 wt.%...V2O5 particles to the aluminum melt for in-situ reaction. As 

received commercially pure aluminum has traces of Si, Zn, and Mg as 

revealed by optical emission spectroscopy. The volume fraction of Al2O3 

particles has been found to be 0.72, 2.1 and 3.4 against 1%, 3% and 5% weight 

percentage addition of V2O5 particle respectively. Volume fraction of Al2O3 

particles increases with increasing V2O5 addition as the rate of in-situ reaction 

depends upon the amount of V2O5 particle addition to the melt. The 

microstructure of the composites reveals the uniform distribution of fine Al2O3 

particles and other phases along the boundaries and within the grains of α-Al. 

Smaller grain size of the composite matrix as compared to pure Al indicates 

the grain refinement caused by vanadium, which is released during in-situ 

reaction between the molten aluminum and the vanadium pentoxide. XRD 

analysis of the composites confirms the presence of primary Al2O3 particles 

and intermetallic Al3V phase together with mixed oxides in the microstructure. 

EDX analysis reveals the formation of Al2O3 particles of almost stoichiometric 

composition. Despite of employing degassing using inert gas during casting, 

porosity could not be eliminated. Porosity content has been found to increase 

with the increasing volume fraction of Al2O3 particles in the composites.  

Mechanical properties of commercially pure aluminum increase with the 

addition of Al2O3 reinforcement as the properties of all aluminum based in-

situ composites are found to be higher than commercially pure aluminum. 

However, properties increase up to a certain fraction of Al2O3 reinforcement in 

the composites and decreases afterwards. Maximum improvement in 

mechanical properties is achieved with 5 wt. % addition of V2O5 particles. 

Coefficient of friction of Al-based in-situ composites is found to be less than 
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that of pure aluminum. It varies randomly with sliding distance but increases 

with increasing load and decreases with the increasing volume fraction of 

Al2O3 particles for all values of sliding distance. Wear volume follows the 

same trend as the coefficient of friction as it increases with increasing load and 

decreases with increasing volume fraction of reinforcement. There are many 

factors responsible for the observed improvement in mechanical and 

tribological properties of Al based composites to a certain extent of V2O5 

addition and deterioration afterwards. Role of each of these factors is 

discussed thoroughly in the context of the observed behavior and included in 

the discussion part of this chapter. 

 Chapter 5 presents the results of the tests conducted on Al-Si based in-situ 

composite followed by discussion. In addition to Al2O3 and Al3V phase, 

primary Si is also found to present in the microstructure as confirmed by XRD 

analysis. Test results of Al-Si based composites follow similar trends as 

observed for pure Al-based in-situ composites. However, for Al-Si based as 

cast composites, maximum hardness, maximum strength, and best wear 

performance have been achieved with 3 wt. % V2O5 addition. Same factors 

mentioned in the previous chapter are majorly responsible for improvement in 

mechanical and tribological properties of Al-Si based composites. Role of 

each factor is discussed thoroughly and included in the discussion part of this 

chapter.  

This chapter also presents the results of mechanical tests conducted on the heat 

treated composites. Mechanical properties of as cast Al-Si based in-situ 

composites are improved to a great extent after the heat treatment. Dissolution 

of alloying elements in the solution of α-aluminum during homogenization 

process and subsequent trapping during rapid cooling is responsible for the 

observed improvements. Precipitation of fine Mg2Si phase during ageing 

process also contributes to the observed improvement in mechanical properties 

of the composites. 

Chapter 6 consists the conclusion drawn from the present work and future 

scope of this work. This study indicates that it is possible to modify the 
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mechanical and tribological properties of aluminum and aluminum alloy by 

the addition of oxides. Further improvement in properties of the composites 

with heat treatable matrices can be achieved by suitable heat treatment.  
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CHAPTER 1 INTRODUCTION 

 

1.1 Motivation for Research work 

The idea of blending numerous constituents to yield a novel material 

with unique and hitherto unavailable properties is quite old. Humans have 

been producing stronger composites and lightweight materials since 1500 B.C. 

to construct durable structures. Later, in 1200 A.D., Mongols created 

composite based bows using a combination of wood, bones, and animal glue. 

The composite bows were very powerful and accurate weapons on earth until 

the discovery of gunpowder. Since then, composite materials have been 

identified in several forms throughout the history of mankind.  

The development of modern composites probably began in 1940 when 

the graphite/polyamide composites utilized in space transport orbiter. An ever-

increasing call for newer, lightweight, stronger and stiffer materials in various 

sectors such as automobile, aerospace, transportation, and construction has led 

the advancement of composite fabrication techniques. In 1960, mechanical 

properties and fracture mechanics of composites were of prime interest for 

researchers and manufacturers.  

Composites are broadly categorized by matrix (polymer, metal, or 

ceramic) and reinforcement (fiber, particle, flake, etc.). The broad 

classification is shown in Figure 1.1. The metallic, polymeric, and ceramic 

matrices lead to metal-matrix composites (MMCs) [1], polymer-matrix 

composites (PMCs) [2]–[4] and ceramic matrix composites (CMCs) [5], [6] 

respectively. Generally, the reinforcement embedded in a matrix improves the 

overall properties of the composites. The improvement in properties largely 

depends on the size, shape, and volume of the reinforcement. The Matrix 
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holds the reinforcement, and usually, the developed composite material shows 

better properties over the individual materials. The composites exhibit a higher 

strength to weight ratio, lower specific gravity, and better physical and 

mechanical properties than numerous conventional materials. Consistent 

developments have prompted the utilization of composite materials in 

advanced applications. The significance of composite materials in industry  is 

revealed by the fact that out of more than 1800 materials utilized presently in 

the business sector, more than 200 are composites[7]. 

 

Figure 1.1 Classification of Composite 

The properties of a composite material mainly depend on types of 

constituent materials, their individual properties, their distribution and the 

possible interaction among them. The reinforcements used for fabricating the 

composites have different size and shape that can significantly influence the 

overall properties [8]–[10].  The volume fraction of the reinforcement in a 

composite determines its degree of interaction with matrix and is responsible 

for the extent of improvement in properties over that of the individual 

constituent material. 

To cover across-the-board applications, it is essential for modern 

engineering to produce such a kind of material, which can provide a good 
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combination of various properties.  This requires the optimization of various 

parameters (such as type, size, shape, volume fraction, and distribution) of 

reinforcement to combine with a different type of matrices. In recent years, out 

of the three categories of the composites, i.e. (1) Metal Matrix (2) Polymer 

Matrix and (3) Ceramic Matrix composite, the metal matrix composites 

(MMCs) have gained the most attention because of their increasing demand in 

civil, military, aerospace, aeronautics, defense and security sectors. 

The MMCs consists of a metallic matrix (Al, Ti, Cu, Zn, and their 

alloys) which is generally soft & ductile and a ceramic reinforcement (oxides, 

carbides, nitrides, borides, etc.) which is relatively hard and brittle. These 

reinforcement materials for metal matrix composites are easily available 

commercially. The metallic matrix offers various properties like toughness, 

formability, ductility, electrical and thermal conductivity. On the other hand, 

ceramic reinforcement provides good strength, hardness, high modulus and 

low thermal expansion at ambient and elevated temperatures.  

Worldwide, Engineers and researchers are working on the 

development of MMCs with enhanced mechanical and physical properties. 

MMCs can be developed with continuous or discontinuous reinforcements. 

The selection of the reinforcement depends upon its availability, cost, and 

properties required for a specific application of the composite. The MMCs 

with continuous reinforcement offer extraordinary improvements in properties 

and therefore can be used for highly specific applications. However, 

continuously reinforced MMCs are limited to a few applications because of 

inadequate availability, high cost, the involvement of complex fabrication 

technique and directional properties.  

A fiber is portrayed by its length, which is more prominent as 

compared to its cross-sectional dimensions. The shape, size, and orientation of 

the fibers decide their ability to contribute to the properties of the composite. 

Fibers are exceptionally promising in enhancing the crack resistance of the 

composite since a reinforcement with high aspect ratio suppresses the 

development of early cracks within a weak matrix. In the case of fiber 
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reinforced MMCs, the matrix holds the fibers and protects them from the 

environment. On applying the load or stress on such composites, the load or 

stress is uniformly transferred to the fibers from the matrix. The common 

problems associated with fiber reinforced MMCs are poor wetting of fibers by 

metal matrix, the great possibility of fiber mismatch, fiber damage, especially 

during the processing of the composite at high temperatures, heterogeneity in 

the microstructure, and difficulty in processing the composite. 

On the other hand, the discontinuously reinforced composites are 

relatively cheap as their manufacturing process is quite simple and 

economical. Therefore, the discontinuous reinforcements in the form of 

particulates are commonly used to fabricate MMCs. Nowadays almost double 

the volumes of MMCs are fabricated by casting and liquid processing route 

instead of solid-state processing route. In particulate metal matrix composites 

(PMMCs) or the particle-reinforced composites, as the name itself 

demonstrates, particles act as reinforcements. The shape and size of the 

particle play a vital role in governing the material properties. The size of the 

particles may be of the order of micrometer or nanometer with a narrow 

variation or wide variation. The shape of particles may be round, cubic, 

tetragonal, platelet, other customary shapes or unpredictable. Particles as 

fillers can significantly improve various properties of the resulting composites 

such as strength, stiffness, high wear resistance, great resistance to friction, 

hardness, and shrinkage reduction especially, at elevated or high temperatures.  

Aluminum and its alloys are among the most popular matrices for the 

PMMCs composite development. Aluminum and its alloys are very ductile, 

excellent corrosion resistant and exhibits good specific strength. Aluminum 

alloys are more cost effective than most of the other comparable matrix 

materials. Aluminum alloys are broadly classified as the casting alloys and 

wrought alloys. Aluminum Alloys are designated by a series comprised of 4 

digits like 1xxx, 2xxx, and 3xxx … up to 9xxx where the first digit represents 

the major alloying elements of the alloy like Cu, Zn, Mn, Mg, Si, etc. and 

remaining three digits represents the other alloying elements in the alloy. 

These alloys offer an extra choice for selection of matrix material because of 
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their low weight and interesting combination of mechanical and tribological 

properties. Pure aluminum is corrosion resistant but lacks in strength and wear 

resistance. On the other hand, aluminum alloys do not resist corrosion to such 

an extent but exhibit good strength and wear resistance. The shortcomings of 

pure aluminum and its alloys can be minimized/avoided by reinforcing them 

with ceramic particles. Researchers reported significant enhancements in 

mechanical properties and wear behavior by adding nonmetallic phases such 

as oxides, carbides, borides, and nitrides, etc.  

The present study attempts to fabricate the Al-Al2O3 metal matrix 

composites using in-situ approach for structural and tribological applications. 

In addition, this work explore the effects of processing parameters on 

mechanical and tribological properties and on microstructure of developed 

composite. 

1.2 Problem statement 

The introduction of ceramic and oxide particles in an aluminum and 

aluminum alloy based matrix can be obtained by well-known approaches 

called ex-situ and in-situ. In the ex-situ method, the reinforcement is externally 

added in the matrix by stir casting or powder processing route. However, in 

the case of the in-situ method, the reinforcing phase is generally produced 

during the fabrication process within the matrix itself. For ex-situ, it is quite 

easy to control the reinforcement size and shape in the embedded matrix but in 

in-situ, the knowledge of chemical reaction and the resulting product of the 

reaction is highly desired. The shape, size, of the reinforcement and their 

uniform distribution primarily control the properties; mechanical and 

tribological in PMMCs. The in-situ composites have potential advantages over 

ex-situ composites like higher interfacial strength, better wettability, better 

particle size & distribution, improved mechanical properties at a economic 

cost of production. The major challenge of fabrication of in-situ composites 

includes a limited choice of reinforcements. The reinforcements should be 

thermodynamically feasible as the nucleation and growth processes govern 

their size & shape. In case of cast aluminum composites in which the 
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reinforcement particles are introduced externally, it is very difficult to 

introduce particles of size less than 20 µm due to significant clustering, 

resulting in the composite being very brittle [11]. 

The existing literature revealed that in-situ approach together with a 

stir casting has not been used so far for the production of Al-Al2O3 metal 

matrix composites using V2O5 as reducing agent for the in-situ reaction. 

Therefore, an effort has been made to fabricate Al-Al2O3 composites through 

in-situ approach together with stir casting technique. Commercially available 

pure aluminum (99.65%), hypoeutectic Al-Si alloy with 7% Si (approx.) and 

V2O5 particles of 10-15µ size have been used. The present study also 

investigates the effect of V2O5 particle concentration and various process 

parameters of stir casting such as shape of the blade, casting and pouring 

temperature, stirring speed, etc. on the size and dispersion of Al2O3 particles in 

the composites. Effect of these parameters on mechanical and tribological 

properties for as cast and heat-treated samples have also been investigated. 

The properties considered, for the investigation are tensile strength, 

elongations, ductility, hardness, coefficient of friction, specific and bulk wear 

etc.  
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CHAPTER 2 LITERATURE REVIEW                              

                                                                

This chapter covers the various fabrication techniques of aluminum alloy 

based metal matrix composites used by early researchers. Special importance 

is given to the particulate aluminum metal matrix composites developed by 

stir casting method with and without in-situ approach. The review is mostly 

focused on the mechanical and tribological properties of the composites.  

Identified research gaps have been summarized to formulate the problem 

statement and setting the objectives of this study as presented in the last 

section of this chapter. 

2.1 Introduction 

The intensive research in the arena of materials has given a creative approach 

to produce superior materials at low cost and with enhanced properties to 

accomplish the demands of the various engineering sector. Aluminum alloys 

have a wide range of applications Worldwide, due to their excellent properties 

[12]–[14]. Aluminum alloys exhibit higher specific strength, higher ductility 

and are more economical as compared to other nonferrous materials [15]. Yet, 

the applications are restricted because of less resistance to wear. To overcome 

this problem, numerous hard ceramic particles like SiC, TiB2, MoO3, ZnO, 

ZrB2, TiO2, etc. are incorporated in aluminum alloys to enhance their 

mechanical and tribological properties. Great improvements have been 

reported in the properties by the addition of non-metallic phases (like borides, 

nitrides, oxides, and carbides, etc.) to aluminum alloys[16], [17]. Numerous 

methods have been reported for the addition of particles in the aluminum 

matrix, the two most common methods are ex-situ, and in-situ. In the ex-situ 

method, reinforcement particles are added externally whereas, in the in-situ 

method, reinforcement particles are generated within the matrix. In-situ 

composites have superior adhesion between the matrix and reinforcement than 

the ex-situ [18], [19]. Insitu method is very cost effective and provides 

superior mechanical and tribological properties. The in-situ method facilitates 
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the uniform dispersion of the thermodynamically stable reinforcement 

particles formed by the in-situ reaction [20]. 

Wear is treated as a serious problem in all the mating parts having relative 

motion regardless of its domain of occurrence. With the advancement of 

technology, the demand for the materials having good tribological properties 

is increasing [21]. 

Al-Si alloys have attracted considerable attention among all the existing 

aluminum alloys due to their exceptional properties [22]. Al-Si alloys 

contribute to more than 80% of aluminum castings because of their very good 

castability [23]. Al-Si alloys have comprehensive usage in automobile and 

aerospace sector due to lightweight, low density, great fluidity and low 

coefficient of thermal expansion[24]. The wear behavior of the Al-Si alloys 

can be further enhanced with the addition of reinforcement particles.  

Generally, the composite consists of the matrix and reinforcement.  Matrix can 

be metallic, nonmetallic, polymer or ceramics, etc. Reinforcement are flakes, 

particles, whiskers, or fibers. In any composite, if the matrix is metallic, then it 

is termed as metal matrix composites. Similarly, polymeric and ceramic 

matrices lead to polymer-matrix composites (PMC), and ceramic matrix 

composites (CMC).  Generally, the reinforcement is embedded in the matrix 

and it improves the overall properties. Matrix holds the reinforcement, and, if 

designed properly, the newly developed composite shows better properties 

over its constituents. There are many ways to add the reinforcement into the 

matrix. 

2.2 Processing routes of AMC’s 

The primary issues associated with the fabrication of a composite for a given 

application are selection and distribution of constituent phases, the interfaces, 

and their possible tailoring.  To enhance the properties, researchers for the 

development of aluminum-based composites have used several processing 

techniques. Researchers have reported the classification of in-situ fabrication 

techniques for the metal matrix composites. Tjong et. al. identified a 
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processing techniques for commercial production of the in-situ composites in 

agreement with the temperature and reactants of the metal matrix [25]. The 

processing routes are classified on the basis of their reaction in different states. 

2.2.1 The reaction between solid and liquid 

In this technique, reactants react inside the melt to make in situ fortifying 

stages or may react with a few constituents of the melt to make in situ ceramic 

reinforcement. In this procedure, the strengthening particles are created inside 

the dissolvable medium (the grid) by means of dispersion of the reacting 

components. This technique has been accepted broadly for the synthesis of 

metal matrix composites. The solid-liquid reaction process is further classified 

as follows; 

2.2.1.1 Self- Propagating High-Temperature Synthesis 

The SHS process was developed by Merzhov and coworkers in 1992. In this 

technique, a combustion wave is used to handle the high amount of heat 

generated by the material, which suddenly proliferates through the reactants 

and transforms them into the products. Self-supporting response front is a 

critical element of the SHS responses where three fundamental prerequisites 

are satisfied keeping in mind the end goal to complete self-maintaining 

response. This process yields high purity products as at high temperature the 

volatilization of impurity occurs. The SHS has been utilized for the handling 

of melt and intermetallic grid composites (IMCs).  

Literature reveals that the SHS process is extensively used for the intermetallic 

composites as well as for the production of ceramics [26]–[32]. Less work has 

been reported by this method for in-situ metal matrix composite because of 

high exothermic reactions. Fabrication of Al-based composite by SHS reaction 

was first reported by Choi et al. with TiC [33]. 
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2.2.1.2 Exothermic Dispersion 

Martin Marietta Laboratories, USA, developed exothermic dispersion (XD) 

methodology in 1980’s. In this process, powders of ceramics are heated at a 

very high temperature in the presence of metallic phase. The ceramic elements 

eventually formulate the hard particles within the solvent phase due to the 

exothermic reaction between the elements. 

TiB2 strengthened Al based in situ composites have been synthesized by 

Kuruvilla et al (1990) by utilizing XD procedure. They have pressed the 

powders of Al, Ti, and B at high temperatures in the presence of inert gas, 

resulting in the formation of in-situ TiB2 particles with a size of nearly 1 µm 

[34].  

2.2.1.3 Direct Reaction Synthesis (DRS) 

In this case, in-situ ceramic reinforcing particles are generated due to the 

exothermic reaction between reactant powder and molten metal. Maity et al. 

(1993) have used DRS process to developed Al2O3 reinforced composite by 

adding TiO2 to the melt at 973 K. Uniformly dispersed fine Al2O3 particles of 

3 microns are formed in the composite due to the reaction between TiO2 and 

molten aluminum [35]. Researchers have developed TiC reinforced Al matrix 

composites by melting aluminum and a carbide-forming element in a MgO 

crucible under an inert atmosphere and adding SiC particles as a source of 

solid Carbon. The work reports that the size of SiC particle has great influence 

on the dispersion of TiC particles and on rate of reaction [36]. 

2.2.1.4 Flux assisted synthesis 

The process is also termed as a mixed salt reaction. The process was 

developed and patented by London Scandinavian Metallurgical Company 

(LSM). This technique was based on their prevailing technology of producing 

fine grained aluminum alloys and used further for the fabrication of aluminum 

matrix composites. It requires the addition of a mixture of potassium 
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hexafluoro titanate (K2TiF6) and potassium tetrafluoroborate (KBF4) to the 

stirred aluminum melt. The atomic ratio of the salts is the atomic ratio required 

for TiB2 particles. Following reactions take place between the salts and 

aluminum melt. 

3K2TiF6 + 13Al  3TiAl3 + 3KAlF4 + K3AlF6   

2KBF4 + 3Al         AlB2 + 2KAlF4 

AlB2+TiAl3         TiB2 + 4Al 

Kellie and wood have reported the successful fabrication of the TiB2 

reinforced aluminum metal matrix composite with TiB2 Concentration up to 

12 volume % [37]–[40]. 

Chen and Chung have used a similar approach for the fabrication of in-situ 

formed TiB2 particles in 2024 Al composite.  They have used TiO2, KBF4 and 

Na3AlF6 powders to form the Al alloy composites. This technique was well 

established for the viable production of the composites[41]. However, the 

particle matrix interface was not clear as stated by Davies et al.  He has 

reported an undesirable coating on TiB2 particles due to the existence of salt in 

the reaction [38]. Chen et al. concluded that the composites formed by the 

mixed oxide system exhibit better mechanical properties in TiB2/Al-4wt. % 

Cu composites than the composite made-up by the mixed salt reaction system 

[42]. 

2.2.1.5 Directed melt oxidation (DIMOX) 

The DIMOX method has been developed by Lanxide Enterprise, USA to 

acquire adaptable metal-ceramic composites. Its central advantage is its 

capacity to produce intricately shaped thick composites with appropriate 

properties to address the issues of a diverse scope of utilization. In this 

process, Al- alloy-containing Mg is oxidized at a temperature range of 1263 to 

1680K. The product formed due to the reaction usually grows in the outward 

direction from the metal surface. Growth takes places either into voids or into 

filler material and continues until the reaction is stopped due to insufficient 
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supply of molten metal. The end product is an interrelated oxide network with 

filled molten metal in the interstitial sites. The reaction kinetics is further 

expedited by adding the filler material like whiskers, fibers, and particles. This 

procedure is broadly used to harvest ceramics and metal reinforced composites 

[6], [43]–[45]. 

2.2.1.6 Reactive Squeeze casting 

Howlett made the main endeavor for Squeeze casting in 1976. He attempted to 

make carbon fiber reinforced aluminum composites. Later on, this procedure 

was connected to the creation of metal matrix composites.  

Japanese researchers found that aluminum responds promptly with various 

reinforcements. The idea of Reactive Squeeze casting was conceived at 

Hiroshima University in 1990 and Fukunaga was the first to use it for the 

development of Al-Al2O3 in-situ composites. He used TiO2 in powder or 

whisker form to prepare a preform and then it was kept in a preheated die. The 

liquid aluminum was then transferred and pressed at a moderately low speed 

to fill the preform. Phases like α-Al2O3, Al3Ti, and TiAl were formed due to 

the reaction between TiO2 and molten aluminum. Through this experiment, 

they concluded that the fabrication of intermetallic composites with uniform 

structure is very difficult through RSC technique [46]. 

As of late, Pan and Pan et al. announced RSC technique for the creation of Al-

based composites. They observed that the reaction, which takes place during 

reactive squeeze casting, is very difficult to control. In addition, they found the 

heterogeneous structure of the formed composite [47], [48]. It is also reported 

that heat treatment at 1073 K is required to achieve uniform microstructure & 

Insitu formation of alumina and Al3Ti and the composite fabricated by RSC 

technique using TiO2-Al combinations [49], [50]. 
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2.2.2 The reaction between Solid –Solid 

2.2.2.1 Powder metallurgy 

Powder metallurgy is one of the well-known technique utilized for the 

fabrication of MMCs. It is also termed as Powder blending and consolidation 

process. The procedure for the production of the MMC by this route is shown 

in Figure 2.1 

 

Figure 2.1 Powder metallurgy Production process  

Chianeh et al. have utilized the powder metallurgy technique for the 

fabrication of in-situ Al-Al3Ti composite. In this procedure, Ti and pure Al 

powders were blended and were sintered at 6000C for 5 hours. After the 

sintering, Al3Ti intermetallic particles were formed [51]. The fine intermetallic 

particles of the reinforcement works as a strengthening agent and improves the 

properties of the composites. 

Al3V-39 wt. % Al2O3 nanocomposites were synthesized by mechano-chemical 

reaction. A stoichiometric mixture of Al and V2O5 (6.7 g V2O5 and 9.3 g Al) 

was ball milled according to the following reaction: 

3V2O5 + 28Al = 6Al3V + 5 Al2O3 

 

Table 2-1 Thermodynamics Data for Al3V, Al2O3, Al, V2O5, and V 

Phase 
Temp. 

Range(K) 

ΔH0
298 

(KJ/mol) 

ΔH0
m 

(KJ/mol) 
Cp(J/molK) 
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Al3V 298-1607 -20 - 
119.54-(43.01x10-3T)-

(12.18x105T-2)+(6154x10-6T2) 

Al2O3 

298-2327 

2327-3900 

-1657.7 107.58 

117.49+(10.38x10-3T)-

(37.11x105T-2) 

184.1 

Al - 0 - - 

V2O5 - -1550.2 - - 

V - 0 - - 

 

 

Table 2-3 shows the free energy and enthalpy at various temperature ranges. 

The phases formed were Al3V, Al2O3, Al, V2O5, and V [52]. 

2.2.2.2 Diffusion Bonding 

It is also termed as foil-fiber-foil technique. The process is commonly used for 

the fabrication of monofilament-reinforced composites. The Ti-based 

composite is generally produced by this method. The main problem with this 

process is heterogeneous distribution and the large volume fraction of fibers. 

This is not a suitable process for producing the composites of complex shapes. 

2.2.3 The reaction between liquid-liquid 

Liquid-liquid reaction process uses the response between two streams of liquid 

metal to produce strengthening refractory particles. In this strategy, at least 

two fast, turbulent, liquids of metal streams having fragments of a ceramic 

stage (high temperature) are made to mix with each other in a blending 

chamber, bringing about intimate blending and reaction to deliver the second 

stage. The liquid particle blend is then cast in a mold or quickly solidified 

through melt spinning or by means of atomization. The technique has been 

extremely successful in fabricating copper-based composites fortified with 
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TiB2 particulates of Nano size (50 nm). Lee et al. produced the copper matrix 

composite for the electrical applications using this method [53]. 

2.2.3.1 Stir Casting Method 

In Stir casting, technique hard or soft ceramic particles are added to the molten 

or semi-molten metal and stirred with a mechanical stirrer in a crucible. 

Reinforcing powders are incorporated during stirring of the melt to get 

uniform dissemination of the particles throughout the melt. The uniformity of 

dispersion depends on the stirring speed, temperature as well as the time of 

stirring. Some matrices may require the addition of a wetting agent to improve 

mixing. The incorporation of high strength refractory particles in a soft matrix 

provides intermediate mechanical properties that of constituents involved. 

Generally, metals have a beneficial spectrum of properties with a blend of 

high strength and high ductility, but low stiffness. Stiffness can be improved 

by adding stiff and strong brittle ceramic particles to these metals. For 

instance, aluminum and SiC are very different materials and have different 

mechanical properties with a Young’s Moduli of 70 and 400 GPa respectively, 

yield strengths of 35 and 600 MPa respectively. When these two materials are 

combined to form a composite of Al6061/SiC/17p (T6 condition), new 

material of 96.6 GPa Young’s modulus and 510 MPa yield strength is 

obtained [54]. The blend of materials could be such that one of the 

constituents gives the continuous phase called matrix while the other is 

dispersed as a discontinuous phase in the matrix. If any particle/fiber of the 

distributed phase is not reachable from any other particle/fiber inside the 

composite without crossing the matrix, this composite is called 

discontinuously reinforced composite. For these composites, mechanical 

properties can be further enhanced by optimizing the geometry, size, relative 

quantity, distribution of the reinforcing phases and by varying the processing 

conditions. 

Generally, for bulk production of discontinuously reinforced composites, stir 

casting is preferred among the various other existing techniques. The 
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particular advantages of this process lie in its ease of processing, cost, 

flexibility, and applicability for larger size components with mass production. 

2.2.3.2 Infiltration process  

In this process, AMC is produced by the injection of molten aluminum alloy 

into the spaces of the permeable preforms of fiber (continuous/short), whisker 

and particles. The infiltration of the preform depends on size and shape of the 

reinforcement. The infiltration can be achieved with or without the use of 

vacuum or pressure. It is important to use the mixture of alumina and silica as 

a binder so that the shape and integrity of the preform could be maintained. 

This process is quite suitable for the manufacturing of aluminum alloy based 

composite with reinforcement of particles, whiskers, and fibers. At some level, 

porosity is observed in this process. The process is applicable to produce 

aluminum composites with the reinforcement range of 10-70%. 

2.2.3.3 Spray deposition 

As the name suggests, in this technique, ceramic particles or whiskers/fibers 

are injected into the spray for the production of aluminum matrix composites. 

This process often exhibits a porosity of about 5-10% and inhomogeneous 

particle distribution. Spray process is applicable for both continuous and 

discontinuous fiber reinforced composites. The production cost of aluminum 

composites by this method is relatively less and lies in between that of stir 

casting and powder metallurgy processes. 

2.2.3.4 In situ Process 

The process in which reinforcement is generated within the matrix due to the 

reaction is termed as in situ process. Most of the different process like solid-

liquid, liquid-liquid, and liquid-gas fall under the in situ process category. This 

process normally occurs in the presence of the inert environment. Composites 

can be cast either by direct oxidation process or by the substitution reaction. 
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In DIMOX, the metal is heated at a very high temperature in order to expose it 

to an oxidizing atmosphere. For aluminum, this temperature is 9000C. In this 

case, the molten metals oxidize and form the in situ alumina phase. For the 

wetting purpose, magnesium and zinc are added in very small quantities. This 

process is suitable for the fabrication of metal-ceramic composites. 

In in-situ method, substitution reaction occurs between the metal oxide and the 

molten aluminum to form a thermodynamically stable phase. The oxides 

which are generally used for in situ process are TiO2
 [55], MnO2

 [56], SiO2
 

[57], CuO[58], [59], ZnO[60], MoO3[61] etc. The resultant product of the 

reaction is in-situ Al- Al2O3 composite because of the reduction of oxide 

particles by molten aluminum. 

Table 2-1 list the practicality of various available processing routes for the 

development of Al based metal matrix composites [62]. 

Table 2-2Usage of AMCs Processing Routes 

 

Types of 

AMC 

Blending & 

consolidation 

Diffusion 

Bonding 

Vapor 

deposition & 

consolidation 

Stir 

casting 

Infiltration 

Process 

Spray 

deposition  

In-situ 

reactive 

process 

Continuous 

fiber-

reinforced  

Not in Use 
Not in 

Use 
In Practice 

Not in 

Use 
In Practice Not in Use   

Mono 

filament-

reinforced  

Not in Use 
In 

Practice 
In Practice 

Not in 

Use 

Generally 

not used 
In Practice 

Not in 

Use 

Particle 

reinforced 

AMCs 

In Practice 
Not in 

Use 
In Practice 

In 

Practice 
In Practice In Practice 

In 

Practice 

Whisker-

reinforced 

AMCs 

In Practice 
Not in 

Use 
In Practice 

Generally 

not used 

Generally 

not used 
In Practice 

Not in 

Use 

 

The continuity in the distribution of ceramic particulate in the slurry prepared 

by mixing the various components depends on the type of mixing process 

used. During processing by agitation in a reactive environment, the reaction 

products & surface oxides floating on the liquid surface move into the melt 

and expose a fresh surface for oxidation and gas absorption. Thus, there will 

be enhanced the formation of the porous surface in the cast product along with 

the presence of other surface oxides.  



18 

 

2.3 Parameters for Stir casting  

2.3.1 Stirrer position and shape 

Combining of particles with the molten metal depends on many parameters 

such as holding temperature, amount & type of particles and their behavior. 

Comprehensive distribution of reinforcement particles in a melt can take place 

when a stirrer applies high shear rate in the radial direction. Due to the radial 

direction of the stirrer, the settling of the particles remains limited. Particle lift 

is related to flow parameters quantified by particulate dispersion number 

(PDN). 

PDN for a coaxial rotating cylinder is given by the following equation [63] 

PDN = [H0 (μ Ω)1/2)]/ [r1/4d3/4 Vt]  

Where H0 denotes the height of molten metal, 

μ is the viscosity of the slurry 

Ω is the angular velocity  

r is the radius of the inner cylinder,  

d is the gap between the inner and outer cylinders,  

Vt is the particle settling velocity 

PDN>1, indicates that the secondary flow velocity is higher than the settling 

velocity and the particles with a density higher than the liquid will not settle at 

the bottom and will be lifted up. On the contrary, when PDN is less than 1, it 

indicates that the particles will settle down. In order to get a homogeneous 

dispersion, PDN value should be more than 4, is the required condition [64]. 

The shear action also facilitates the washing of the contaminants and oxides 

from the surface of the particles and due to this action, the liquid near the 

particles is continuously refreshed. 

The change in viscosity with shear at different temperatures has been studied, 

viscosity decreases when the shear rate increases. This is attributed to the non-
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Newtonian pseudo-plastic nature of the slurry [65]. Increse in viscosity is 

directly proportional to the volume fraction of the reinforcing particles. The 

crucible must have a dished or flat bottom. Conical bottoms with angles 

greater than 150 degrees with the horizontal are not advantageous, as it will 

trap a pocket of liquid at the bottom of the cone.  

According to Ray (1995), some important ratios that require attention when 

mixing is done using turbine stirrer are; Z/T, D/T, C/D and (Z-C)/D where Z, 

D, C, and T are depth of alloy in the crucible, diameter of the turbine stirrer, 

the height of the stirrer and the diameter of the crucible respectively. It is 

required that the turbine stirrer is kept with 35% fluid beneath it and 65% fluid 

above it. If a stirrer is to be placed so as to exceed 65% or 35% liquid above or 

below the stirrer respectively, multiple turbine stirrers must be employed. For 

bottom pouring, two turbines stirrers are more beneficial than one. Two 

turbines stirrers are generally required if the ratio of liquid depth to crucible 

diameter, Z/T, exceeds 1.3. One turbine is placed at 0.5 to 1.0 D below the top 

surface of the liquid and the other may be placed in the bottom part of the 

crucible. Ghosh and Ray have carried out an extensive investigation on 

particle employment through the vortex and have suggested an optimum 

stirring condition of D/T = 0.6 and C/T = 0.8 for particle incorporation 

[66][67]. 

Harnby et al. have given a rational base for selection of the type of stirrers in 

terms of increase in viscosity and decrease in speed amongst propeller, turbine 

paddle anchor, helical ribbon, and helical screw type of stirrers. Turbine type 

stirrers are widely used for dispersing of particles in the molten alloys. 

Depending on the direction of discharge, turbine stirrers may be of two types - 

radial and axial.  In flat blade type radial turbine stirrers, the discharge is 

perpendicular to the centerline of the crucible but in pitched blade type axial 

stirrers, a secondary flow is generated in the axial direction due to the transfer 

of momentum from high to low regions causing rise of particles[68]. The 

stirrers of different designs are shown in Figure 2.2. 
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Figure 2.2 Types of Mechanical Stirrer 

Al-Jarrah et al. have shown solidification of Al/Al2O3 composite with the use 

of turbine type stirrer. Stirring contributes to the transfer of particles into the 

molten alloy and helps to disperse and suspend the particles in the melt [69], 

[70] It has been concluded that particle incorporation in case of turbine type 

stirrer is more as compare to other flat blade type stirrers. In the stir-casting 

method, high porosity is also reported in the developed composites. 

2.4 Reinforcement particles distribution into the molten metal alloy 

matrix 

Among the difficulties faced in synthesizing composites, settling and flotation 

of the particles in crucible or in the mold is very common. In stir casting, this 

problem occurs due to density difference of molten alloy and the 

reinforcement.  Dispersion of reinforcing particle in molten alloy depends 

largely on the viscosity of the slurry, which in turn depends on the particle 

incorporation extent in the melt. The viscosity facilitates effective mixing by 
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parting up agglomerates, minimizing gas entraps, aids settling rate and making 

the distribution of particles more uniform [64], [65], [71].  

Distribution of reinforcement particles depends on the various factors as 

follows; 

 Type, size and amount of reinforcement 

 Processing temperature 

 Holding time 

 Design of stirrer and stirring speed 

 Preheating of mould and reinforcement particles 

 Pouring temperature 

In the case of in-situ technique, it is very important to understand how the 

reinforcement particles are incorporated into the melt. Many techniques have 

been used so far for the introduction of particles into the melt, and few of them 

are mentioned below: 

 Addition of particles into the mould filled with the molten alloy. 

 Incorporation of reinforcement particles by using injection gun in the 

presence of an inert environment. 

 Squeezing of particles with the help of reciprocating bars into the 

melt. 

 Dispersion of particles by means of centrifugal action. 

 Mixing of particles in the melt by high ultrasound intensity. 

 Gravity casting with high vacuum and at high temperature for a long 

period. 

Another method, termed as the vortex method, has been found as one of the 

utmost appropriate method for the development of composite. As the name 
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suggests, in this method, the formation of vortex takes place due to the 

continuous stirring of the molten alloy. 

The development of the vortex creates the pressure difference between the 

outer and the inner surfaces of the molten alloy, which eventually sucks the 

particles into the melt. This method gives a better & uniform distribution of 

the reinforcement particles [65], [71]. 

2.5 Effect of porosity in cast composites 

Porosity effect the mechanical properties of composites up to a large extent. 

Generally, mechanical properties decrease with increasing porosity. It is 

undesirable and therefore it is very necessary to decrease the level of porosity. 

There are many reasons due to which level of porosity increases. The main 

reason by which porosity arises is the gas entrapment. At the time of the 

casting, during particle addition in the molten alloy, air bubbles are also 

sucked along with the particles by molten metal. This entrapment of air in melt 

occurs due to the vortex formation. 

Ray et. al. has shown that the porosity is related to holding time, holding 

temperature and the position of the stirrer. They have reported that the 

porosity decreases when holding temperature increases and vice-versa [72]. 

According to Lloyd, the volume fraction of the particles is responsible for the 

porosity level. Higher porosity level has been reported with a large amount of 

volume fraction. Porosity increases linearly with particle content [70], [73]. 

Another important source of porosity is moisture and the size of the particles. 

Miwa has proved that the moisture absorption by the particle increases the 

porosity in the composite. The moisture absorption depends on the 

temperature used for heating the particles. The moisture can be removed by 

heating the particles above 2200 C. The temperature range for heating the 

particle is 220-6000C [74]. The use of inert gas also gives good results in 

terms of porosity level. While using the inert gas, it is highly recommended 



23 

 

that the distance of the mould from the furnace should be as short as possible 

[75]. 

2.6 Wetting of particles 

Wettability is described as the capability of a liquid to wet a surface.  It is also 

defined in terms of the angle between the drop of the fluid and the solid 

surface. The angle formation depends upon the surface tension. If the surface 

tension of a liquid is high, then it will form a droplet. Whereas, if surface 

tension is low, the liquid will be spread over the surface. 

In terms of energy, if a surface has high surface energy, the drop will spread 

over it, and a droplet will be formed in case of low surface energy.  This is an 

after effect of interfacial energy minimization. For the minimization of energy, 

the surface with high energy always tends to be covered with the liquid of 

lower energy. 

The wetting is represented by contact angle θ, which depends on the interfacial 

tension of the surfaces. There are three cases of wetting with respect to the 

angle. 

θ=0 represents perfect wetting 

00˂θ˂900 represents a high degree of wetting. 

900˂θ˂1800 represents poor wetting  

A sound casting requires wetting of ceramics particles by molten alloy, which 

in turn needs to have an interfacial reaction between them. According to 

Murthy and Rao, for the achievement of superior mechanical properties, an 

interfacial bond of good strength is required. The bond strength rely on the 

chemical reaction and the wettability between nonmetallic reinforcement & 

the molten state matrix [45]. 

The wetting can be enhanced either by improving the surface energies or by 

reducing the surface tension of the liquid [76]. Wetting can also be promoted 

by 
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1) Coating the solid particles by Ni and Cu. The coating is done in order 

to increase the surface energy. The coating of Cu and Ni have been 

reported on the graphite particles for the development of Al composites 

by Surappa and Rohtagi [77]–[79]. 

2) By adding wetting agents like Magnesium, Silicon, Titanium, and 

Scandium, etc. in the molten alloy. Mg has been used as a wetting 

agent by many researchers in the development of Aluminum matrix 

composites. Abdulhaqq has examined the influence of Mg addition on 

wetting and the microstructure of Al-MnO2 composites. He has 

observed no major changes in the microstructure of cast Insitu 

composite when Mg content increased from 0 to 8% at 6700C 

processing temperature [80]. 

3) By the heat treatment of the particles. 

To promote wettability, an attempt has been made by Yilmaz. He has observed 

that the bond strength can be maximized by keeping the solid particle for a 

longer period in the molten metal. 

The chemical reaction and the addition of various chemicals also promote 

wettability. Sodium tetraborate [81], [82], Nitrogen [83], solid Mg Nitride 

[84], Organic solvents and Alcohol [85], etc. have been used by researchers 

for the wettability improvement of alumina particles. 

2.7 Processing parameters 

There are various parameters, which affect the processing of AMCs. If we 

control these parameters, a defect-free composite can be produced. 

2.7.1 Stirring speed 

Optimum stirring speed is very essential for mixing the particles in the melt.  

It is observed that a proper stirring speed by keeping the right position of the 

stirrer (65% liquid above the stirrer and remaining down the stirrer) promotes 

wettability. Stirring would give better results if the slurry is in the stage of 
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solidifying rather than in fully liquid condition.  In the complete liquid 

condition, the particles mostly tend to float on the surface and they won’t mix 

irrespective of the speed of the stirrer. It is advised that the stirring should be 

done when the slurry is in solidifying stage and once the stirring is completed, 

the slurry should be heated again to bring in a liquid condition before pouring.  

2.7.2 Stirring temperature 

Stirring temperature has a substantial role in the fabrication of metal matrix 

composite. Stirring temperature initiates and accelerates the chemical reaction 

among the reinforcement and the base alloy. The viscosity decreases by 

increasing the stirring temperature, which in turn affects the particle 

distribution within the matrix. As discussed earlier, the mixing of particles is 

bit difficult if the viscosity of the slurry is less. 

2.7.3 Preheating of the particles 

Most of the researchers have advised the preheating of the particles before 

adding into the melt. Preheating decreases, the temperature difference between 

the molten metal alloy, the reinforcement, and gives better mixing. Any kind 

of impurity and moisture is also removed by preheating which eventually 

promotes wettability. In the case of SiC particles, preheating prevents any kind 

of alteration in the surface composition and it prevents the oxide layer 

formation on the surface of particles. 

2.7.4 Holding time 

It is also termed as a stirring time. Better mixing will take place if holding 

time is less. This is applicable to the temperature where the slurry has 

sufficient viscosity. In this situation, the velocity of the particles added is very 

small and they get distributed uniformly in molten state matrix. 

For large holding time, there is uniform distribution but agglomeration is also 

present. The reason behind this cluster formation is the vortex phenomena of 
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mixing. The air bubbles along with particles sucked by molten alloy form the 

cluster and increase the porosity. Generally, at high temperature and large 

holding time, cluster formation and non-uniform distribution of particles take 

place. 

2.7.5 Adding/feeding rate of the particles 

The particles should be added with a uniform rate to achieve a defect-free 

composite. If the addition of particles to the melt is non-uniform, inclusion 

defects and porosity defects arise. Researchers have used various setups for 

making the flow uniform and to control the flow rate. 

The processing parameters are very important and should be always 

considered at the time of the composite development since they have the great 

influence on different mechanical and tribological properties. By controlling 

these parameters, porosity and the inclusion defect can be minimized. 

Preheating the mould before pouring the molten alloy into it also prevents the 

porosity and increases the soundness of the composite. Preheating of the 

particles before addition promotes the wettability and removes the moisture, 

which is present due to the atmospheric condition. Stirring speed should not be 

very high and the distance between the mould and the furnace should be the 

shortest. 

2.8 Mechanical Properties of the composites 

The main purpose of combining two or more different homogenous materials 

to form a composite is to enhance and alter the mechanical properties 

according to the use and application. The mechanical properties of composite 

largely depends on the following: 

1. Geometrical parameters (amount, size, and shape of dispersed phase) 

2. Mechanical properties of constituents (dispersed phase and matrix 

material) 
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3. Nature of Interface 

 

The shape and morphology of the dispersed phase determine  the load bearing 

ability of the composites [86]. Based on the shape and morphology, 

Composites are divided into three categories: 

a) Continuous fiber/whisker reinforced composites  

b) Discontinuous fiber /whisker reinforced composites 

c) Particle reinforced composites 

 Continuous – The load is applied directly to both the matrix and fiber 

and finally transfer to the fiber via matrix. 

 Discontinuous - The load is transferred to the dispersed fibers via 

matrix. 

 Particle – The load is shared equally between the matrix and the 

reinforced particle.  

 During load transfer, shear stress develops at the interface due to the 

mismatch of strain in matrix and dispersed phase across the interface. 

 Mechanical properties of fiber and whisker reinforced composites are 

almost alike whether continuous or discontinuous but the short/ 

discontinues fibers reinforced composites show more strength than 

particle reinforced composites. Ductility decreases in composite 

reinforced with hard or soft particles because of heterogeneous strain 

developed in the base material. The reinforcement-matrix interface 

affects the mechanical properties of composites. 

2.8.1 Properties of particulate composite 

Mechanical properties of particulate composite are organized by 

deformation characteristics of the matrix and dispersoids present in the 

matrix. Particle reinforced composites are divided on the basis of the 

mechanical properties of their constituents. Possible combinations are 

as follows: 

1. Brittle matrix either with ductile particle or brittle particle 

2. Ductile matrix either with ductile particle or brittle particle 
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The composites with ductile and brittle particles in a soft matrix have gained 

great attention due to their demand in various applications. 

In Particulate metal matrix composites, particles act as reinforcement. The 

shape of the particle can be regular or irregular. It might be round shape, a 

platelet shape, cubic, tetragonal or any other unpredictable and customary 

shape but should be equiaxed.  

Particles as fillers are commonly used to improve the wear properties, to 

reduce friction and hardness, to improve stiffness, to enhance the thermal and 

electrical characteristics, and to reduce shrinkage. Generally, the addition of 

particles in PMMCs is quite compelling because of their simplicity of 

fabrication by conventional techniques at lower costs together with a worthy 

combination of other mechanical properties (Ray, 1993).  

2.8.2 Tensile properties of in-situ composites 

Westwood reported the first attempt with improved properties for in-situ 

TiB2/Al composite [87]. He has observed a great improvement in tensile 

strength and wear behavior of the developed composite. Later on, Kuruvilla 

has done the comparison of ex-situ and Insitu TiB2/Al composite produced 

with 20Vol. % of TiB2 particles shown in Table 2-2. [34]. The comparison 

shows that the tensile strength and yield strength of the developed in-situ 

composite is almost double and approx.3.5 times greater than ex-situ and pure 

Al respectively. The fine dispersion and well bonding of the TiB2 particles is 

the main reason for this composite strengthening. 

Table 2-3Tensile Properties comparison of Insitu & exsitu TiB2/Al 

composite 

 

Material UTS (MPa) Yield 

Strength(MPa) 

Elongation 

(%) 

Hardness (VHN) 

Pure Al 90 64 21 37 

Exsitu 166 121 16 85 

Insitu 334 235 7 110 
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Another in-situ TiB2 reinforced AMC was developed by reaction 

method. In this method, the researchers have incorporated carbon with and 

without Cu and observed good improvement in ductility, yield & tensile 

strength and Young’s modulus without adding Cu. Formation of TiC due to 

the addition of carbon & subsequent reduction generates Al3Ti intermetallic 

and same was found responsible for the improvement. However, Cu addition 

reduces the TiC formation and promoted the nucleation of Al3Ti intermetallic. 

By increasing the TiC particulates, the ductility was found to increase in the 

developed composite [88]. 

The effect of volume fraction of reinforcement and particle size, on 

fracture toughness of in-situ TiB2 reinforced Al-Cu-Mg alloy based 

composites have been investigated. The average particle diameter varies from 

0.3-1.3 micron and the volume fraction varies 0 to 15 % in these composites. 

Fracture toughness remains unaffected with the variation in particle size but 

decreases with increase in volume fraction. This decrease in fracture 

toughness is ascribed to the pushing of particles during solidification [89]. 

Aluminum alloy based composites have been developed by in-situ 

method. Al2O3 particles of high purity were formed by the decomposition of 

Al2(SO4)3 during Insitu reaction. The composite was characterized and found 

free of cast defects such as blow holes, porosity, and particle segregation. [90]. 

The tensile properties of Al2O3+TiB2/Al composites fabricated by RHP 

technique have been examined. Insitu TiB2 particles are formed by adding 

boron to reduce the intermetallic Al3Ti phase. High strength has been reported 

in the composites with TiB2 particulates as being more effective reinforcement 

than Al2O3 [91]. TiB2 particle reinforced composite was fabricated by reaction 

processing method using three different ternary alloy systems namely Ti-Al-B, 

TiO2-Al-B & TiO2-Al-B2O3 system. Particulates of TiB2 were formed due to 

in-situ reaction occurs between Ti & B content. Coarse Al3Ti phase was 

formed together with TiB2 particles in case of Ti-Al-B alloy system; whereas 

fine equiaxed Al2O3 & TiB2 particles were formed in TiO2-Al-B & TiO2-Al-

B2O3 alloy system. Al2O3+TiB2/Al composites fabricated using TiO2-Al-B 
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system reveals exceptional mechanical properties. The composite show the 

improved yield with TiB2 content. The yield strength of these composite is 

increased further, by adding CuO in TiO2-Al-B system as Al2Cu precipitates 

provides strengthening effect. Moreover, CuO has no effect on Insitu reaction 

[92]. 

Stir casting technique was used for the development of in-situ TiB2 /Al 

alloy composites. The process variables were optimized to generate TiB2 

particulates of 1 to 3-micron size. The increment in the properties was 

observed by increasing the volume fraction of TiB2 particles [93]. 

Various process parameters (temperature, reaction time and mass fraction of 

TiB2 particles) were optimized through Response surface methodology. Five 

different levels of these parameters were taken for optimization & subsequent 

development of mathematical models for calculating the hardness and strength 

of in-situ composites at 95% confidence level. The models were validated 

using ANOVA [94]. 

Al alloy-TiB2 and Al-alloy TiC composites were fabricated by the in-situ 

method. Aluminum alloy A356 was used as matrix and, KBF4 & K2TiF6 salts 

were used for the reaction. The improvement in hardness was detected due to 

in-situ formed particles. The segregation of reinforcement was controlled by 

stirring the slurry until pouring of the melt [95]. 

2.8.3 Effect of oxide reinforcement 

Apart from the carbides and nitrides, ceramic oxides are also used for the 

fabrication of in-situ composites. Many oxides such as MnO2, ZnO, MoO3, 

CuO, SO3, and CeO2 have been used to fabricate Insitu Al2O3/Al composites. 

These metal/nonmetal oxides are added externally and get reduced by liquid 

aluminum to form Insitu Al2O3/Al composite. Alumina and other useful 

materials generate within the melt due to the reduction reaction and contribute 

to the enhancement of properties. 
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In-situ Al-Mg-Al2O4 composite has been fabricated by the addition of MnO2 

particles in an aluminum-magnesium alloy. MgAl2O4 and magnesium oxide 

are generated by the reaction between MnO2 and the matrix alloy. The 

enhancement in strength and hardness is observed due to the dispersion of 

MgAl2O4 particles. Porosity and the degradation of the properties are observed 

with increasing MnO2 addition due to the depletion of Mg in the matrix [96]. 

Many researchers used pure aluminum to fabricate Insitu Al2O3 /Al composite 

by adding copper oxide (CuO) particles. 5 wt. % of CuO particles without any 

wetting agent were added to the pure aluminum matrix. CuO particles were 

reduced by molten aluminum to form Cu and Al2O3 particles. Researchers 

observed improvement in properties over base metals by addition of CuO and 

subsequent formation of in-situ Al2O3 particles. A small percentage of CuO 

was found to be enough to complete the reaction between the matrix and 

particles [97]. 

The forming behavior and the mechanical properties were investigated for the 

Insitu composites formed by the reduction of MoO3. The particles were added 

at a processing temperature of 8500C to the liquid aluminum alloy together 

with a small amount of Mg as a wetting agent. Better mechanical and wear 

properties were observed in these composites over the pure aluminum [98]. 

The formation mechanism of in-situ Al3V/Al2O3 nanocomposite has been 

investigated. The composite was developed through mechano-chemical 

reactions that occur between aluminum and V2O5 powders after 30 min high 

energy ball milling of the mixtures of these powders. Nanocrystalline Al3V 

and Al2O3 are formed with continued milling due to the reaction that takes 

place in combustion mode between the powders.Al3V finally decompose in Al 

& V with continued milling for a long duration of 40 hours. Which leads to 

optimum milling time of 20 hours for the fabrication of the composite. 

Insignificant growth of Al3V & Al2O3 after isothermal annealing of as-milled 

powder at 6000 C for 2 hours confirmed the thermodynamic stability of the 

Nanocomposite. Isothermal annealing has in the ordering of partially 

disordered  Al3V of as milled composite powder [52]. 
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 Al2O3/Al composite produced by the displacement reaction has been reported. 

The composite was fabricated by mixing the powders of Al and CuO using 

ball milling followed by displacement reaction between Al & CuO during 

sintering at 900oC in the presence of nitrogen atmosphere. Amorphous Al2O3, 

formed below 700oC gets transformed into crystalline Al2O3 at higher 

temperatures. Fabricated composite responded well to aging treatment and 

attained maximum hardness after 4h of aging at 2000C [99]. The cast samples 

of ex-situ Al2O3/Al-Si (A356) alloy composite were prepared using 

Rheocasting technique. The influence of the dispersion of Nano alumina 

particles in Al-Si hypoeutectic alloy before and after heat treatment has been 

investigated. The casting samples of A356 alloy were fabricated by the 

addition of ex-situ Nano Al2O3 particles using the Rheocasting technique. 

Enrichment in mechanical properties was reported due to refined interlamellar 

spacing and the dendrite arm length [100], [101]. 

Insitu reinforced A356-3wt% TiB2 composite was prepared by the re-melting 

process. The effect of Sr addition as a modifier has been studied. The optimum 

modification was obtained with the addition of 0.03 wt% of Sr to the 

composition. The investigation shows that the enhancement in strength and 

ductility observed due to changes in Si morphology as well as melt 

cleanliness[102]. 

A new in-situ fiber reinforced AMC was developed by powder metallurgy 

route. The powders of Al and Mg have been used . The tensile properties and 

microstructure of this composite were analyzed. The composite exhibits 

substantial enhancement in properties due to the existence of Al-Mg 

intermetallic compound (β-Al3Mg2) [103].  

2.9 Tribological Aspects in Al MMC 

The friction between two mating surfaces generally causes wear and leads to 

the progressive loss of materials from the surface. Wear is a severe problem in 

numerous industries where relative motion exists between two contact 

surfaces e.g. in the automotive sector, material extraction, and processing, 
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aerospace, etc.[21], [104]. Wear occurs due to different mechanisms such as 

adhesion, abrasion, corrosion, and fatigue. At any instance, the complex 

mechanism of wear may be any one or the combination of these. Sometimes, 

the combination of the effects also gives a favorable result. For instance, the 

formation of oxide layer acts as a lubricant or a passive protecting layer and 

improves resistance to adhesive wear or resistance to corrosion. 

The wear behavior depends upon the operating conditions along with the 

mechanical properties of the composites. Sliding velocity applied load and the 

temperature are very important aspects to be considered for wear [105]–[107]. 

Apart from the operating conditions, surface roughness, contact geometry, and 

grain size also influence the wear substantially. Literature reveals that the 

mechanical properties responsible for wear behavior are directed by the 

reinforcement (shape, size and quantity), rate of solidification, chemical 

composition, and grain refinement [108]–[110]. 

Wear can be classified as: 

a) on the basis of relative motion (sliding, rolling, reciprocating and 

impacting) 

b) based on particle removal mechanism 

c) Severity  

Wear can be further categorized by the mechanism involved for particle 

removal. 

2.9.1 Abrasive wear  

This type of wear happens when hard, irregular, and sharp particles rub against 

soft surfaces. The coefficient of friction is large in abrasive wear as compared 

to that in adhesive wear. In this case, due to sliding of hard particles on the 

surfaces grooves are formed. These hard particles may be an integral part of 

the rubbing surfaces or might be generated between the surfaces due to 

oxidation[111]. 
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The particle’s grit size play a significant role in the abrasion. Wear mechanism 

changes from cutting to sliding as the grit size of the particles decreases[112]. 

The value for the particle grit size can be estimated by the ratio w/r, where w 

stands for groove width and r is the tip radius of the particle. 

As grit size increases, wear volume increases. The depth of the plastically 

strained region depends on the grit size and the applied load [113]. The similar 

wear mechanism was found in case of 3-body and 2-body abrasive wear. The 

dependence of wear rate on sliding time, material hardness and abrasive grain 

size was found to be similar in 3-body and 2-body abrasion, but wear rates in 

3-body abrasion were 10 times less than 2-body abrasion. The reason for low 

wear rate in 3-body abrasion wear is that on an average basis, a loose abrasive 

grain spends 90% of its time in rolling whereas only 10% time in abrading the 

sliding surfaces. This is in accordance with the Archard’ s theory [114]. 

Highest wear resistance is observed with microstructures containing fine and 

highly scattered particles. The rate of wear depends on the hardness & grit size 

of the abrasive particles. As grain size decreases, hardness increases and 

consequently wear resistance increases [115]. In contrast to this finding, 

another researcher observed a higher wear rate for abrasive particles having 

hardness greater than 1.2 times  of the wearing surface [116]. 

In abrasive wear, due to hard and sharp abrasive particles, groove formation 

takes place on the wearing surface. In a groove, the number of debris formed 

and their shape, size can be estimated with the help of microscopic wear 

model. An equation for the determination of the degree of penetration by 

abrasive particles and their relation with hardness and shape is given by: 

Dp= h/a   = R (H/2W) 1/2 – (πR2H/2W-1)1/2 

Where h= penetration depth   

a=contact radius 

Dp= degree of penetration  

H=hardness of the worn surface 
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W=load applied 

R= radius of asperity 

The two bodies abrasive wear has been studied for the Al alloy composites 

reinforced with alumina fiber. SiC particles of different grit size have been 

used as abrasive media. The wear resistance of the composite is found to 

increase with a decrease in the abrasive particle size and vice versa.  The 

effect of volume fraction was also examined and it is found that increase in the 

volume fraction of fiber with fine abrasive particles does not improve the wear 

resistance, but wear resistance decreases when fiber volume fraction exceeds 

20 % with coarse abrasive particles. The increasing volume fraction de-bonds 

the matrix-fiber interface and increases the interaction between abrasive 

particles and fiber reinforcement. This leads to fiber fracture and 

microcracking, which perform a noteworthy role in determining the wear rate. 

[117]. A new relationship has been derived for the abrasive wear having 

alumina fiber as reinforcement. The relationship is expressed as follows:  

Dc= (3π/4)1/4 K 1/2(σf /σ) 1/4(Hm/Hs)
 1/4 

Where Hs= hardness of the specimen 

Hm = Hardness of the matrix 

σf  = Fracture stress 

σ = Contact pressure 

K= geometrical constant for Al alloys with SiC (0.6) as abrasive media. 

2.9.2 Adhesive wear 

This type of wear occurs because of dry contact between the surfaces. In this 

wear, due to relative motion between the mating surfaces, the particles from 

one surface stuck on the counter surface. These small particles act as load 

carriers and the surfaces touch each other by means of these small asperities 

[118], [119]. 
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Therefore, the hardness of asperities is very important. Additionally, applied 

load, sliding speed, real area of contact, and hardness of material play an vital 

role in determining the wear rate. Wear rate is expressed by Archard’s 

equation, as 

W= KSN/3H 

S= Sliding distance,  

H= bulk hardness of the material,  

K= wear coefficient, and N= normal applied load 

This equation was based on the ideal sliding conditions and the effect of 

microstructure was not included. To account for this, another mechanism 

called delamination theory was proposed.  

 This theory was based on the behavior of dislocations, voids and crack 

formation due to the plastic deformation [120]. 

 Dislocations are created because of the plastic deformation in the 

material. 

 With continuous sliding of the surfaces, dislocations start to heap-up 

near the surface. 

 This leads to the formation of voids and due to the growth of voids, a 

crack is initiated parallel to the wear surface. 

 The crack is then transformed into the surface shear and sheet-like 

particles are produced out of it. 

 This theory is applicable only where low sliding speed is used so that 

no phase transformation and diffusion take place. 

 To calculate the wear, it is important to know about friction. There is no 

surface, which is completely smooth. All surfaces have some irregularities and 

grooves, which make the surface rough. At the time relative motion between 

such surfaces, the rough surface tends to lock the other one to generate 

friction. This is represented by the frictional force given by equation  

F = µ x N  



37 

 

Where µ stands for coefficient of friction and N represents the normal applied 

load. This implies that the frictional force relies on the load applied.  

The reasons for the generation of friction are  

 Ploughing by hard particles 

 Adhesion between the surfaces  

 Deformation of asperities. 

The contributions of these factors depend on the environment, speed and load 

applied. It is reported that ploughing and deformation of asperities are the 

major contributors to the frictional coefficient [104], [121]. 

Aluminum alloys reveal unfavorable wear properties however, the addition of 

ceramic or oxide particles significantly supports in eliminating these 

drawbacks. The particles incorporated by the traditional stir casting approach 

leads to poor bonding and also separation of reinforcing particles occurs at the 

interfaces [122]–[125].  

For the enhancement of wear properties, researchers have made many 

attempts. Si presence shows a great improvement in wear properties. Wear 

properties increases with more Si content in the cpmposite [126]. Rohtagi has 

reported a significant reduction in wear rate due to the presence of Al2O3 and 

Silica [127]–[130]. 

Friction and wear performance of Al-Mg alloy and Al-Mg-Cu alloy based 

composite was examined. The composite was reinforced with SiC particles. 

Less wear was observed for copper-containing alloy based composite as 

compared to Al-Mg alloy based composites. The overall volume loss of the 

composite was found to decrease up to 5% Cu addition as well as with 

increasing SiC reinforcement. The enhancement in wear resistance is credited 

to Silicon carbide particles present in the composites [131]. 

Another Al-Mg-Cu alloy based composite is fabricated by the addition of 20 

wt. % SiO2 particles to the base alloy matrix. This composite was fabricated 

through powder metallurgy route and the reinforced phases produced by the 
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reaction between particles and alloy during sintering were MgAl2O4, MgO, 

and Mg2Si. The wear study revealed that the composite could sustain the 

maximum load of 196 N under dry wear condition and 1764N under lubricated 

wear condition. The maximum volume loss and friction factor under 

lubricated wear condition were found to be 0.8 mm3 and 0.14 respectively. In 

dry wear conditions, the plastic deformation of the inferior layer and the 

breaking of SiO2 particles were observed. Therefore the composite was 

recommended to be suitable for heavy loads under lubricated sliding wear 

condition[132]. 

Effect of TiC addition on the friction and wear behavior of Al-4%Cu based 

composites was investigated. The composites were  developed by casting and 

powder metallurgy route with varying TiC particle size & content. Significant 

improvement in wear resistance & hardness was perceived in all the 

composites prepared through both the routes. However, the composite with 

fine TiC particles (0.6-3.5µm) display high hardness and low wear resistance 

as compared to the composite containing coarse particles. The lower wear 

resistance of composites containing fine carbide particle is credited to the 

detachment of particles due to poor interfacial bonding from wear surfaces of 

the composites [133]. 

The frictional wear behavior of Al-18wt%Mg2Si composite modified by Nd 

was investigated. The addition of Nd changes the morphology of primary & 

eutectic Mg2Si particles from dendritic to polyhedral and flake-like to dot-like 

respectively. Peak hardness is observed with 0.5% Nd addition. Better wear 

resistance has been observed in the Nd modified composites as compared to 

the composite without Nd. The wear mechanism changes from a combination 

of abrasive, adhesive and the delamination wear to single mild abrasion wear 

with the addition 0.5 % Nd [134]. 

The wear properties of Al-4.5 %Cu in-situ composite reinforced with TiC was 

examined. The result shows great improvement in the developed composite as 

compared to the matrix. More porosity was observed in composites with 

higher TiC content however, a decrease in frictional coefficient with 
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increasing applied load is observed for composites with higher TiC content. 

SEM images show crack propagation, grooves, and delamination at worn 

surfaces. The effective depth of penetration, as well as the size of debris, get 

reduced by varying the TiC content which eventually leads to a reduction in  

frictional coefficient [135], [136]. 

The frictional coefficient & wear rate were examined for TiB2 reinforced 

aluminum composite. The experiments were executed on a pin on disc for the 

determination of the wear rate. Uniform distribution & strong bonding with 

the matrix was found to be responsible for the improvement of wear 

properties[94], [137]. 

The influence of size and volume percent of TiB2 reinforcement on the wear 

behavior of 2024 T4 Al alloy based composite have been examined. 

Composite with fine TiB2 particles (0.3 µm) exhibits a little less wear for the 

same volume percentage of TiB2. less wear has been stated for the composite 

reinforced with relatively coarse TiB2 particles (1.3µm) during sliding wear, 

but composite reinforced with fine particles shows 5 times higher weight loss 

than composite reinforced with coarse particles during rolling wear. The effect 

of volume percent of reinforcement on wear is insignificant in the case of fine 

particles. Improvement in sliding wear is due to the strong interfacial bonding 

between the matrix and reinforcement [138]. 

The wear and friction behavior of cast in-situ Al- Al2O3 composite has been 

reported. The composite was developed by addition of MnO2 particles to the 

melt, which reduced to Al2O3 particles. The investigation shows a decrement 

in wear rate as well as in volume loss over the base matrix. The effect of 

porosity on the wear rate has been analyzed. Higher wear rate has been 

reported with growing porosity content [139]. 

TiO2 and MoO3 particles have been used to develop different composites. The 

oxide particles were added in the melt of Al-5wt%Mg alloy for reduction to 

form alumina particles. By increasing the particle content, wear rate decreases 

for the same testing conditions. Wear debris produced during dry sliding wear 
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forms a transfer layer which helps in improving the wear resistance at low 

loads but not  for high loads [140]. 

The wear properties of A356 with 10wt% TiB2 have been investigated. The 

composites were prepared using K2TiF6 and KBF4 salts. The resultant TiB2 

produced from the reaction between salts was added in A356 alloy melt. Al-2 

wt.% Sc alloy was added in A356 alloy and in A356-10wt.% TiB2 melt. The 

morphology of Si particles changes from needle-like shape to fine spheroidal 

shape due to the presence of Sc. Addition of Sc helps in reducing the 

Secondary dendrite arm spacing (SDAS)  by 50%. Both hardness as well as 

wear resistance increase due to Sc and TiB2 addition [141]. Another work for 

the same composite reveals that the wear rate strongly depends upon the 

amount of TiB2 content in the composite instead of the overall hardness of the 

composite [142].  

The wear behavior and mechanical properties of Al-7Si/TiB2 composite were 

investigated. The enhancement in wear resistance and mechanical properties 

was reported by the addition of TiB2. TiB2 acted as a modifier of Si Particles 

and refined the grains of primary α-Al. Worn surfaces confirm adhesion and 

ploughing as the main wear mechanism at lower loads and for higher loads 

delamination acts as the main wear mechanism [20]. 

The powder metallurgy has been used for the fabrication of Al-5%Si-Al2O3 in-

situ composites. The wear tests were conducted on M-2000 wear tester to 

evaluate the effect of load, sliding distance and sliding speed on friction 

coefficient and wear loss. Frictional coefficient and wear increase with an 

increasing load but both decrease with speed due to the increasing rate of 

formation of the oxide layer. Coefficient of friction increase initially with 

sliding distance due to the occurrence of adhesive wear but becomes stable 

with increasing sliding distance due to dynamic equilibrium formation and 

demolition of the oxide layer. Main contributing wear mechanisms are found 

to be abrasive, adhesive and oxidation wear [143]. 

TiO2 particles were dispersed in molten aluminum for the development of in-

situ Al2O3 reinforced aluminum based composite. The wear tests were 
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performed at different speeds and loads to evaluate the effects of porosity and 

reinforcement on the wear rate & volume loss. The results indicate a decrease 

in wear rate and volume loss in cast composites as compared to commercial 

aluminum. The porosity increases as the reinforcement content increases in the 

composite. Consequently, the wear rate increases slightly with increasing 

reinforcement  as high porosity leads to more real area of contact [12]. 

2.10 Comparison of Insitu, Exsitu & other processing techniques 

Several processing techniques have been used for the development of Al- 

Al2O3 composite. The review of the available literature shows that strength 

and properties of composites fabricated by powder metallurgy route increase 

with Al2O3 but it is limited to approx. 4-5 Vol% of the reinforcement. Casting 

route gives better wettability and high interfacial strength but again the 

enhancement in properties are limited due to the presence of porosity. The 

reinforcement size also contributes to the strengthening mechanism. For 

example, in the case of Nano size alumina particle, excellent enhancement in 

properties are observed but the properties start decreasing as the volume 

content increases due to agglomeration problem. 

In in-situ composite, the reinforcement is generated within the matrix and is 

usually multi-phase. In contrast, the ex-situ composites were fabricated by the 

dispersion of externally added reinforcement. There are numerous 

reinforcements with different morphologies for in-situ composite. The 

reinforcement could be ductile or brittle in nature. The potential advantages of 

in-situ composites over ex-situ composites include: 

1. Improved mechanical and fatigue resistance properties with very fine 

reinforcement. 

2. Single crystal reinforcements with small size. 

3. The clean interface between reinforcement particles and the base matrix 

improved wettability. 
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4. High interfacial strength and thermodynamically stable phases with good 

weldability and castability. 

5. Uniform particle distribution for better properties throughout the bulk. 

6. Economical with low-cost potential.  

7. Easy to fabricate using conventional methods. 

2.11 Formulation of the problem 

Extensive research has been carried out on In-situ metal matrix composites. 

This literature review covered the aspects related to the development, 

processing techniques and the properties associated with them. This review 

reveals that: 

(a) For the composite development, Al and its alloys are commonly used 

as the matrices and particle reinforcement increases the properties. 

(b) Liquid metallurgy route, especially the stir casting is a widely 

preferred technique for the processing. It is simple, cost-effective and 

the most commercially viable technique at present.  

(c)  Among numerous dispersoids, Al2O3 particles are most favored for 

Al-based alloy due to good chemical compatibility and absence of 

unwanted reaction among the matrix and reinforcing particles.  

(d) The volume fraction varies from 0.1 to 50 % and the size of 

reinforcement varies from 0.1-0.5µm in case of the in-situ composite. 

(e)  Several oxides are capable of initiating a substitution reaction with Al 

to generate fine Al2O3 particles in the melt. In situ generated fine 

Al2O3 particles imparts better properties due to uniform distribution 

and intrinsic and extrinsic effect. 

(f)  Pre Heating of the ceramic powder or oxide particles before addition 

to the molten alloy and the addition of some amount of Mg increases 

the wettability of alumina particles in the melt. 

(g) Ceramic particles addition significantly increase the wear resistance of 

the developed composites. Wear behavior depends upon the sliding 
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distance , applied load, sliding speed, and the type of reinforcement of 

the numerous ceramics like TiO2, MnO2, SiO2, CuO, B2O3, MoO3, and 

ZnO, etc. 

 

 

 

 

 

 

 

 

 

 

 

2.12 Research Gaps 

1) Several oxide materials such as MnO2, ZnO, CuO, MnO2, and MoO3 

are well-known fillers for high-performance Al-Al2O3 composites. 

However, other alternate oxide materials such as V2O5 have not been 

explored up to full extent.  

2) Despite being cost-effective, ease of processing and uniform 

distribution, liquid processing based in-situ method using V2O5 has not 

been used to fabricate Al-Al2O3 composites. 

3) Influence of V2O5 filler on the mechanical and tribological properties 

of Al-Al2O3 composite has not been investigated.  

2.13 Objectives 

1. To fabricate low-cost Al-based in-situ metal matrix composite using 

pure Aluminum and Al-Si alloy as the matrix material and vanadium 

oxide (V2O5) particles as fillers via liquid metallurgy stir casting route.  
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2. To Characterize cast in-situ composites using an optical microscope, 

XRD, SEM, etc. 

3. To evaluate the effects of various processing parameters on the 

mechanical and tribological properties of the metal matrix composites.  

4. To evaluate the effect of heat treatment on tribological properties of 

cast composites.   

 

 

 

 

 

 

 

 

 

CHAPTER 3 RESEARCH METHODOLOGY 

 

This chapter covers the detail of the equipment and the experimental 

procedure used in the investigation. The investigation deals with the synthesis 

and characterization of cast in-situ composites. In characterization, the main 

emphasis has been given to the mechanical and wear properties of the 

composite. For the comparison purpose, the composition of the matrix, 

unreinforced alloys and their properties have also been studied along with the 

cast in-situ aluminum based composite. 
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3.1 Material Selection 

3.1.1  Al and Al-Si as Matrices 

Selection of the material for the matrix is generally based on the parameters 

like cost, strength, density, ease of fabrication and processing, etc. 

In this study, Al and Al-Si alloy have opted for the fabrication of metal matrix 

composite. The selection has been made on the basis of their properties like 

low density, low melting point, availability, castability, good thermal 

conductivity, light weight, high strength, ease of fabrication and low cost. 

In the present investigation, commercially available pure aluminum of 99.65% 

purity is used for the in-situ metal matrix composite. The material was 

procured in an ingot form. The Optical Emission spectroscope 

(SPECTROMAXX, TYPE LMXM6F-F.V, Germany) shown in Figure 3.1, 

available at UPES, Dehradun, was used to find the elemental composition of 

the as-received material. The composition of as received ingot observed by 

Spectro is shown in Table 3-1. 
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Figure 3.1 Optical Emission Spectrometer 

 

Table 3-1Composition of as received Aluminum Ingot (wt. %)  

Material Si Fe Cu Mg Zn Al 

Al-Ingot 0.12 0.15 0 0.01 0.07 Bal. 

 

 

Al-Si is one of the most favored casting alloy, due to their high fluidity and 

exceptional mechanical properties. These alloys are available commercially, in 

the hypoeutectic and hypereutectic form. These alloys have excellent 

castability that’s why they contribute around 80% of aluminum casting. At 

12.6% of silicon, Al-Si alloy makes the eutectic composition at 5780C eutectic 

temperature. This is the lowest possible melting temperature. Si is very low-

priced and its presence decreases the melting temperature, increases the 

fluidity, and reduces the possible shrinkage at the time of solidification. In this 

study, Al-7%Si have been chosen another matrix material for the composite 

fabrication. Table 3-2 represents the elemental composition of Al-7Si alloy  

Table 3-2 Composition of as received Al-7Si alloy (wt.%) 

Si Fe Cu Mg Mn Zn Ti Cr Al 

6.98 0.21 0.16 0.42 0.13 0.02 0.01 0.01 Bal. 

 

 

The 0.5 wt. % pure Mg has been added at the time of casting to improve the 

wettability. The addition of Magnesium also decreases the surface tension of 

the melt. 
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3.1.2  Vanadium Pentoxide as oxide particles 

The selection of metal oxide is a brainy decision. Insitu composite offers an 

extensive range of reinforcement type, its volume fraction, and the size. For 

the enhancement of the properties, it is required to understand and control the 

generation and growth mechanism of reinforcement particles. Alumina 

particles generated by the in-situ reaction are considered as the most favorable 

reinforcing material because of their compatibility with Al-matrix. The 

presence of alumina offers high strength and better wear properties. 

In the present study, V2O5 has been chosen as the oxide particles. The 

selection is based on the reduction feasibility of the particles by molten 

aluminum. Cost-effectiveness and the availability have also been considered 

as a selection criterion.  

Laboratory reagent grade vanadium pentoxide (V2O5) has been sourced from 

SRL Chemicals, Mumbai, with 99.5% purity. The properties of vanadium 

pentoxide are listed in Table 3-3. 

 

 

 

 

Table 3-3 Properties of Vanadium Pentoxide (V2O5) 

Molecular formula V2O5 

Molar mass 181.8800 g/mol 

Density 3.357 g/cm3 

Melting point 690 °C  

Boiling point 1,750 °C (decomposes) 

 

 

The average size of V2O5 particles was measured by particle size analyzer 

available in Nano Lab UPES. 
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3.2 Processing 

3.2.1 Development of Al-Si and Al-based Composites 

For the development of composite commercially available pure aluminum 

ingot of about 1100gm was taken. Aluminum was melted in stir casting 

furnace at 8500C. The furnace has the bottom pouring facility and procured 

from Swam Equipment, Chennai as shown in Figure 3.2. For the stirring of 

melt stainless steel stirrer has been used. To prevent the dissolution of steel in 

liquid aluminum, the blade was coated with graphite paste. The preheating of 

V2O5 particles is  carried out at a temperature of 2500 C before mixing with the 

liquid aluminum. Preheating is useful to remove the moisture content or any 

other gases present in the particles. It also avoids a substantial reduction in 

temperature. The varying amount of V2O5 (wt.%)  has been used to fabricate 

the different composites. The knob equipped on the setup controlled the 

addition rate of the particles. The melt temperature was measured by the 

thermocouple. The parameters used for the fabrication of the composite are 

lists in Table 3-4. 

 

 

Table 3-4 Parameters used for Aluminum composite 

Fabrication 

Parameters Variables used 

Furnace  temperature 8500C 

Melt Temperature 8500C 

Particle Preheating Temperature 2500C 

Die Temperature 2500C 

Stirrer RPM 600 

Time of Processing 15 minutes 

Amount of V2O5 reinforcement 3,5,and 7 wt.% 
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Magnesium in very small quantity (5gm) was added when the temperature of 

furnace reached at 8500C. The main purpose of adding the magnesium was to 

enhance the wettability and it also helps in retaining the in-situ generated 

particles in the melt. The position of the stirrer was kept constant for the 

proper disperse the V2O5 particle into the liquid aluminum. The speed of the 

stirrer blade used was 600rpm to form the vortex. The molten mixture was 

poured into the preheated mould after 15 minutes of stirring. At the time of 

pouring degassing was carried out with the vacuum to prevent the air 

entrapment. The casting was removed from the mould after natural cooling. 

The same procedure has been used for the fabrication of all composites.  

For the ease, all composites have designated by sample name. The designation 

has done on the basis of the material composition mentioned in Table 3-5. 

Table 3-5 Designation of Aluminum composite 

Sample Designation Material 

A Pure Aluminum 

AV3 Al-3% V2O5 

AV5 Al-5%V2O5 

AV7 Al-7%V2O5 

 

 

Where A represents the Aluminum,  

V stands for V2O5  

The last digit represents the wt.% of oxide added 
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Figure 3.2 Bottom Pouring Stir Casting furnace 

For the preparation of Al-7Si alloy composite, the DTA has been carried out 

by using EXSTAR TG/DTA 6300. The powder of Al-7Si and Vanadium 

pentoxide has been used for the experiment. The heating of the sample is 

carried out in Al2O3 Pan at 100C min-1 in the presence of a nitrogen 

atmosphere.  

Figure 3.3 shows an endothermic peak at 5830C which represents the melting 

of Al-7Si alloy. Another peak at 6730C has been observed shows the melting 

of vanadium pentoxide. Declined in peak has been observed between 800-850, 

this might be the formation of another phase. In the current study, the casting 

has been done considering the parameters according to DTA analysis. 
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Figure 3.3 DTA Curve for Al-7Si-V2O5 

In the current study, the casting has been done considering the parameters 

according to DTA analysis. the length and the diameter of the mould used for 

the casting were 165mm and 45mm respectively. The same procedure, as used 

in case of aluminum composite fabrication was used for the fabrication of Al-

Si based composites. The composites were made with different wt.% of V2O5. 

The parameters used in the Al-7Si composite fabrication are stated in Table 3-

6. 

 

 

 

 

 

Table 3-6 Process Parameters Used for Al-7Si composites 

Parameters Variables used 

Melt Temperature 7500C 
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Particle Preheating Temperature 2500C 

Die Temperature 2500C 

Stirrer RPM 700 

Time of Processing 15 minutes 

Amount of V2O5 added 1,3,5 wt.% 

  
 

 

 Designation of Al-7Si based Composites is shown in Table 3-7. 

 

Table 3-7 Designation of Al-7Si based Composites 

Sample Material 

AS Aluminum-7%Silicon 

ASV1 AS-1% V2O5 

ASV3 AS-3% V2O5 

ASV5 AS-5% V2O5 

 

 

AS stands for Al-7Si,  

V stands for V2O5  

 wt.% of oxide particles added is represented by the last digit  

3.3 Particles content estimation  

The amount of particles present in the composite has been estimated by 

dissolving the composite in HCL and sodium sulphate. A chemical test has 

been performed to verify the Al2O3 formation. A known mass (3.0 g approx.) 

of the developed V2O5 in-situ composite was dissolved in hydrochloric acid 

(2M) without attacking the unreacted V2O5 and Al2O3 particles. Sodium 

sulfate (0.1 M) was used for settling the fine particles. The solution was 

filtered out with an ashless filter paper(Watman) to obtained insoluble oxide 
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particles. The filtrate was heated up to 900°C for 1 h and allowed to cool 

down. The dried filtrate was collected for the mass determination of alumina 

particles. The mass was measured by an electronic weighing scale (sensitivity 

0.1mg). Particle content is estimated by a simple equation: 

PCT = [(Mc-MEP)/Mc] x100% 

Where PCT =Particle content  

Mc =Mass of the composite 

MEP = Mass of extracted particles 

3.4 Volume fraction determination 

The volume fraction of the composite was determined by using the vertical 

and horizontal sections of the composite. Firstly, the composites were cut in 

the vertical and horizontal section as shown in Figure 3.4. Hi and Vi represents 

the horizontal and vertical sections where i = 1, 2, 3…. n. The specimens were 

polished and then examined by the optical Microscope (Material Science lab 

UPES, Dehradun). For the analysis, the Metallurgy plus Software (Nascent 

Technology) has been used. The image captured from the Optical microscope 

was divided into nine discrete elements (pixels). Then the volume fraction of 

alumina and aluminum alloy composite was calculated. 
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Figure 3.4 Cross section of the composite (a) H1 and H4 are the upper 

and lower horizontal section. Whereas H2 and H3 are the middle ones 

(b) V1 and V2 denote the vertical surfaces. 

 

3.5 Porosity measurement 

The presence of porosity is very common in the composite made by the stir 

casting technique. It degrades the property of the composite so it is very 

essential to measure the porosity present in the composite. Several methods 

are in use for the porosity measurement like Quantitative metallography and 

density measurement. The density measurement method is quite simple and 

generally used. In this method volume fraction of the particles and the porosity 

has to be calculated. According to ASTM 135-96 standard, the density of the 

composite and the extracted particles are estimated by the water immersion 

method. 

The volume of the porosity has been estimated by knowing the mass and 

volume fraction of the composite. 

MC =MM+ MEP  

Where MC, MM, and MEP represent the mass of the composite, matrix and the 

extracted particles respectively. 

VC =VM+VEP+VP 
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VP is the volume of the porosity. 

Now VP = VC - VM -VEP 

 = MC/ρC - MM/ρM - MEP/ρEP 

Where ρM, ρEP, and ρC, are the density of, matrix, extracted particles and the 

composite respectively.  

3.6 Characterization 

3.6.1 Thermal Analysis 

For the determination of thermal analysis, the instrument EXSTAR TG/DTA 

6300 has been used at Institute Instrumentation Center, IIT Roorkee. The 

10.42mg sample weight has been taken for the analysis. The sample was 

heated in nitrogen (200 ml/min) up to 10000C at the rate of 100C/min. 

Aluminum powder was taken as reference. The heat flow was recorded in 

terms of µV. The plot of temperature and heat and the peaks were taken as the 

basis for selecting the processing temperature.  

3.6.2 Microstructure  

Microscopic examination has been carried out for the developed in-situ 

composite and for the unreinforced matrix alloy by using Inverted 

Metallurgical Microscope (Eclipse MA 200, Nikon, Japan) shown in Figure 

3.5. The SEM has also been used for the extracted particles and the phase 

analysis. The SEM with EDX facility (IIT Roorkee) has been used for the 

composition of the phases present shown in Figure 3.6 FE SEM. 
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Figure 3.5 Inverted Metallurgical Microscope 

 

 

Figure 3.6 FE SEM 

3.6.2.1 Sample preparation` 

It is very important that the sample should cut in such a way that it represents 

the whole specimen. Samples have been taken from more than one orientation 



57 

 

to achieve better results. The sample has been cut with the help of Precision 

saw (Baincut, Chennai Metco) in order to prevent the mechanical damage and 

any changes in microstructure shown in Figure 3.7. 

 

Figure 3.7 Precision Saw for sample cutting 

After the cutting, it is necessary to mount the sample for proper 

handling. Hydraulic Specimen Mounting press (Bain Mount H 

MPH007, Chennai Metco, Chennai) has been used for the mounting of 

specimen Figure 3.8. The mounting was done at 1500C by using 

thermosetting plastic (e.g. phenolic resin) with a heating time of 15 

Min. and Cooling time 5 Min. Pressure 100bar. The specimen was 

made of 30mm diameter. 
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Figure 3.8 Hydraulic Specimen Mounting Press 

Various grit size emery paper varying from 220, 320,400,600,800,1000,1200 

and 1500 has used for the grinding and polishing. The number indicates SiC 

grains per square inch i.e. roughness of emery paper. Grinding involves 

various stages and each stage removes scratches from the previous stage.  

The grit size 60 and 80 was used for the initial grinding on Belt Grinder 

(RADICAL, Ambala) Figure 3.9 and then after the removal of scratches, the 

specimens were ground and polished on double disc Variable speed grinder-

polisher (Bainpol VTD 8”, Chennai Metco) Figure 3.10. After the grinding, the 

sample has been cleaned in an ultrasonic bath. 
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Figure 3.9 Belt Grinder 

 

 

Figure 3.10 Double disc Variable speed grinder-polisher 

 

The polishing carried out on Automatic Polishing Machine (Tegramin-25, 

Struers, Denmark) Figure 3.11. A velvet cloth with very fine diamond and 

alumina paste of grade I and II was used for final polishing. These polished 
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but un-etched samples have been used for the microscopic examination at 

various magnification levels. 

 

Figure 3.11 Automatic Polishing Machine 

3.6.2.2 Etchants Used 

Etchants are used to reveal the microstructure of the metal or composite. 

Etchant removes the thin layer formed during grinding and polishing. Many 

etchants can be employed for exposing the grain boundaries of the specimen. 

Keller’s Reagent (1ml HF, 1.5ml HCL in 2.5 ml HNO3 and 95ml water) is 

found as the most effective etchant for revealing the grain boundaries of Al 

and its alloys. 

3.6.3 XRD Analysis 

It is a nondestructive technique based on Bragg’s Law. It is used for 

estimating the crystal structure of the crystalline material. The cast composite 

was changed in the powder form for the x-ray diffraction. The extracted 

particle received from the residue after chemical dissolution has been 

examined.  
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Figure 3.12 X-Ray Diffractrometer 

The phases evolved due to the in-situ reaction was identified by XRD (D8 

Advanced, Bruker, Germany) Nano Lab, UPES shown in Figure 3.11.The 

investigation was done in a 2θ range between 5-1200 with a slow scan rate of 

1/20 per/min using CuKα radiation. The peaks were matched by X’pert high 

score software for phase identification. 

3.7 Mechanical Behavior 

3.7.1 Microhardness 

Microhardness of the unreinforced alloy and cast composite specimens were 

carried out by Vickers Microhardness tester (FM-800, Future Tech, Japan) 

Figure 3.13. The effect of reinforcement on the hardness of the matrix and the 

composite is determined. For better results, the average value of the 10 

measurements has been taken. The pyramid shape diamond indenter with 
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angle 1360, at an applied load 100gf, and for a dwell time of 5s was used for 

the experiment. 

 

Figure 3.13 Vickers Microhardness tester 

For bulk hardness, Brinell’s hardness tester has been used. The ball indenter 

of 5mm diameter was used for the hardness measurement. The load applied 

was 250Kgf for 10sec. 

3.7.2 Tensile testing 

For the tensile testing dumbbell shape specimens were prepared. The 

dimensions of the specimen were considered according to ASTM E8 standard. 

All the tests were  conducted at room temperature. The specimen was gripped 

properly in jaws to avoid any kind of slippage. Three samples for a given 

composition has been tested. The average value of the samples with the same 

composition has been considered. The average values of UTS, yield strength 

and percentage elongation are reported as the tensile properties of the 

composite. SEM has been used for finding the surface topology and fracture 

surface analysis due to the effect of reinforcement.  
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3.7.3 Wear testing 

Wear tests have been carried out according to ASTM G99-95 standard by Pin 

on Disc (DUCOM, Bangalore, India) Figure 3.14. All tests were conducted 

under ambient condition. A personal computer was connected with a pin on 

disc set up for data acquisition. LVDT was employed for the wear 

determination in micrometers and the mounted sensor sensed the change in 

terms of frictional forces. For each sample pin weight was measured before 

and after the test. Weight loss of pin was measured at different applied load 

and after different sliding distance with highly sensitive weighing balance 

(Shimadzu AX 200).  

Height and the diameter of flat cylindrical pins used for the test were 30 mm 

& 10 mm respectively. The counterface disc of EN-31 steel (60HRC) of 

165mm diameter and 8mm thickness was used with 145 mm as maximum 

track diameter. The chemical composition of EN31 steel measured with the 

optical emission spectrometer was found C1, Si 0.35, Mn 0.5, S 0.05, P 0.05, 

Cr 1.3, and Fe balanced. To make sure that the surfaces are clean properly 

ethyl alcohol was used before each experiment. All experiments were 

conducted at ambient temperature and for each experiment; 40 mm track 

diameter was used. Sliding distance 1000m and a constant sliding velocity of 

0.83 m/s  were used for all experiments with applied loads 10 N, 20 N, and 30 

N.  
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Figure 3.14 Pin On Disc Tester 

The pin samples were properly cleaned and then polished with different grit 

size paper 400,600.800 and 1000. The disc was cleaned with A350 Emery 

paper after each test. The pins were first cleaned with ethyl alcohol and 

ultrasonicator and then stored in a vacuum oven to prevent it from corrosion. 

The worn surfaces after the test were examined with trinocular stereo zoom 

microscope. To obtain the accurate results an average of three readings have 

been reported. 

 The difference in the weights of the pin before and after the test was 

measured for the calculation of bulk wear. Weight loss due to sliding wear has 

been measured by a weighing scale of accuracy 0.1mg. The volume loss has 

also been calculated with respect to the reinforcement fraction. 
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CHAPTER 4 RESULT & DISCUSSION PURE Al & V2O5 

 

The composites with different  amount V2O5 particles addition in the pure 

aluminum melt have been developed. It was expected that the reaction will 

take place between pure aluminum and V2O5 particles. Due to high-

temperature processing, V2O5 particles were reduced and composites 

reinforced with in-situ generated alumina particles in Al-V alloy matrix have 

been formed. This chapter covers the results obtained from XRD followed by 

the microstructural characterization using an optical and scanning electron 

microscope. Mechanical and tribological properties such as hardness, strength, 

and wear behavior are determined to study their variations with process 

parameters. The results are thoroughly discussed to explain the observed 

variations at the end of this chapter.  

4.1 Al-V2O5 Characterization 

4.1.1 Thermodynamics characteristics of the in-situ reaction  

From the thermodynamic aspect, pure vanadium is formed by the reduction of 

V2O5 according to the reaction as follows.  

3 V2O5 + 10 Al            6[V] +5Al2O3                (4.1) 

  

The equation 4.2 shows the formation of Al3V due to the reaction between the 

formed vanadium and excess aluminum  

3Al + [V] = Al3V            (4.2) 

  

The negative value  indicates the thermodynamical feasibility of both 

reactions. Based on high negative values, it seems that in situ reaction 
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occurred between Al and V2O5 after addition of V2O5 particles to pure 

aluminum melt. Thereby reducing V2O5 to form Al2O3 as well as Al3V. 

4.1.2  XRD Analysis 

The XRD patterns of pure aluminum and different in-situ composites are 

shown in Figure 4.1. The X-ray diffraction pattern of pure aluminum reveals 

the presence of Al whereas XRD pattern of composites reveals the presence of 

Al2O3 & Al3V phases. The height of the peaks corresponding to these phases 

varies with the amount of V2O5 particle addition. There is considerable 

variation in peak size of pure Al with V2O5 addition where maximum peak 

size is for pure Al matrix and minimum for AV7 composite. The variation in 

peak size of Al2O3 & Al3V is very less across all the composites but more 

prominent in case of AV5 composite. The formation of Al2O3 due to in-situ 

reaction has been confirmed by a simple test. About (3.0g) of AV5  in-situ 

composite sample has been dissolved in hydrochloric acid (2M) without 

attacking the unreacted V2O5 and Al2O3 particles[144]. Sodium sulfate (0.1 M) 

was used for settling the fine particles. The solution was then filtered out with 

an ashless filter paper (Watman) to obtained insoluble oxide particles. The 

filtrate was heated up to 900°C for 1 h and allowed to cool down. The dried 

filtrate was collected for the mass determination of alumina particles. The 

maximum recovery of the extracted particles was 78.21 %. XRD pattern of the 

extracted particle from AV5 sample is shown in Figure 4.2 This figure clearly 

revealed the presence of Al2O3 particles formed due to the in-situ reaction 

between pure Al & V2O5 particles. In addition, other phases like Al3V and Mg 

Al2O4 and unreacted V2O5 are also present as shown in the XRD pattern.  
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Figure 4.1 XRD Pattern of Al-V Composite 

 

 

Figure 4.2 XRD pattern of the filtered residue obtained from composite 

AV5 

 

4.1.3 Microstructural evaluation 

Same processing route has been employed to cast Pure Al and different 

composites. Micrographs of cast Al and the composites are shown in Figure 

4.3.  
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Figure (a) Shows the microstructure of pure aluminum with 5wt. % Mg 

addition. The dark spots in this microstructure show the presence of porosity 

and aluminum oxides.  

Figure (b) represents the microstructure of the composites produced with 3% 

addition of Vanadium oxide particles. The microstructure is quite similar to 

the previous one but the minor changes have observed in terms of grain 

refinement. 

Figure (c) Shows the microstructure of AV5 composite. This Microstructure 

reveals the presence of oxide particles with substantial grain refinement. The 

measured grain size of pure Al was found to be 1µm whereas for AV5 

composite it was found to be slightly less than 1µm. The observed grain 

refinement is due to the existence of released vanadium and indicates the 

uniform distribution of V2O5 particles in Al and leading the formation of 

alumina due to in-situ reaction thus releasing vanadium in the melt causing 

this refinement.  

Figures (d) & (e) show the microstructure of AV7 at two different 

magnifications.  More amount of V2O5 addition leads to the formation of more 

number of Al2O3 particles which are agglomerated at the grain boundaries of 

aluminum crystals which in turn are observed as an elongated cluster in the 

interdendritic region. Microstructure at higher magnification shows the 

presence of the intermetallic compound and the same has revealed by XRD. 

The release of vanadium is due to the reduction reaction between V2O5 

particles and molten aluminum. The excess released vanadium reacts with 

molten aluminum to form Al3V intermetallic. More addition of V2O5 leads to 

non-uniform distribution as observed in the microstructure. 
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Figure 4.3 Micrographs of (a) pure aluminum (b) AV3 (c) AV5 (d & e) 

AV7 at low & high magnification respectively 

Similar phases have been detected in all the microstructures with the different 

volume fraction of phases due to the different amount of vanadium oxide 

addition in the melt. The chemistry of these phases which are formed during 

the in-situ reaction is very complex leads to the creation of primarily Al2O3, 

a) b) 

d) c) 

e) 
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MgO, Al3V, and traces of other phases. The formation of intermetallic Al3V in 

in-situ composite confirms other reduction of V2O5 by molten aluminum. The 

distribution of oxide particles in the matrix phase clearly observed in the 

micrographs.  

Figure 4.4 is the backscattered image of AV5 composite shows the dispersion 

of the particles with in the matrix.  

 

Figure 4.4 Back Scattered Image of AV5 composite 

 

4.1.4 Scanning Electron Microscopy  

 

(a) (b) 
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Figure 4.5 SEM images of (a) AV3 (b) AV5 (c) AV7 

Scanning electron microscopy of the cast composite was carried out to 

confirm the formation of Al2O3 particles, to see the distribution of Alumina 

particle as well as to determine the volume fraction of alumina particles in the 

matrix. Scanning electron microscopy of cast in-situ composite was also 

carried out to confirm the presence of Al3V and other phases in the composite. 

Figure 4.5 (a) to (c) show the SEM image of different as cast in-situ 

composites. It is clear from the images that distribution of phases is uniform 

but volume fraction increases with increase in V2O5 particle addition to the 

melt. The EDAX analysis of the particles present in the matrix is shown in 

Figure 4.6, which confirm the formation of near stoichiometric Al2O3 particles 

during the in-situ reaction between V2O5 & Al melt. Distribution is more 

uniform when 5% V2O5 is added, as compared to the higher composition. In 

the case of 7%addition, the chemical composition of Al2O3 is found 

nonstoichiometric due to unavailability of enough oxygen during the reaction. 

(c) 
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Figure 4.6 EDAX Analysis of particle present in Al-V composite 

The volume fraction of Al2O3 particles in different composites determined 

with the help of image J software using the intercept method. The variation of 

the volume fraction of Al2O3 particles in the matrix is in well agreement with 

the SEM images of the composites as more particles are observed in the 

matrix with an increase in V2O5 particle addition.  
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Figure 4.7  SEM Image of Extracted Al2O3 Particles 

In addition, scanning electron microscopy of extracted particles from cast in-

situ composite was carried out to confirm the presence of Al2O3, Al3V and 

other phases in the composite. The SEM image of extracted particles is 

presented in Figure 4.7.  

4.2 Mechanical Properties 

4.2.1 Microhardness and tensile strength 

Table 4-1 shows the Mechanical properties of cast pure aluminum and in situ 

Al-Al2O3 composites. The variation in Microhardness of in-situ composites 

over pure aluminum is shown in Figure 4.8, it is marked from this figure that 

Microhardness increases with V2O5 particle addition to a certain extent and 

decreases afterward. The maximum Microhardness is observed with 5% V2O5 

addition. Figure 4.9 indicates the variation of the tensile strength of the in-situ 

composite as compared to pure aluminum. This figure reveals that tensile 

strength increases up to a certain extent of V2O5 addition and decreases 

afterward. The trend is similar to that of Microhardness. The maximum tensile 

strength is observed with 5% V2O5 addition.  
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Table 4-1 Mechanical Properties of Al-Al2O3 Composite with Various 

Percentage of V2O5 

Sample  Material Microhardness 

(HV) 

UTS 

(MPa) 

Elongation 

(%) 

Porosity 

Content 

(Vol. %) 

A Pure Al 25.4(1.01) 39.1(6.7) 3.25(0.4) 2.730 

AV3 Al-3% 

V2O5 

58.2(1.45) 57.3(4.8) 5.73(0.7) 2.420 

AV5 Al-5% 

V2O5 

62.3(1.82) 64.8(2.6) 7.12(1.3) 2.100 

AV7 Al-7% 

V2O5 

58.7(2.03) 60.7(3.5) 6.44(0.8) 3.040 

#A stands for Aluminum, V stands for V2O5 and the last digit represents the wt. % of oxide 

added. 

# Standard deviations are shown in parentheses. 

 

Figure 4.8 Variation of Microhardness with the amount of V2O5 

The maximum tensile strength was observed in case of AV5 than all other 

composites and pure aluminum. Figure 4.9 shows that tensile strength 
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increases linearly with respect to particle addition up to 5% and it starts 

decreasing by further addition of V2O5 particles in the molten aluminum. The 

measured tensile strength values are taken by the averaging of three sample 

readings.  

 

Figure 4.9 Tensile Strength Variation with the addition of V2O5 

Ductility, as measured in percent elongation for pure aluminum and in-situ 

composite, trails the similar trend as detected in the case of tensile strength 

and Microhardness. The elongation increases by the addition of Al2O3 

particles up to 5% addition of V2O5 particles and decreases afterward. In the 

case of porosity, we have found the highest porosity content in AV7 

composite. In general, the porosity increases with the particle content, the 

values of porosity are mentioned in Table 4-1. 

 

 

Figure 4.10 (a) and (b) show the tensile fractured surfaces of cast in-situ 

composites which were respectively with 5 &7 % V2O5 addition. The fractured 

surfaces of both the composites exhibit a mix of dimple type ductile fracture 

and cleavage type shear fracture. These figures also show the presence of 
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porosity in cast composites. The presence of dimples and cleavage may be 

indicative to have moderate ductility in the composites whereas the presence 

of porosity is an indication of a decrease in microhardness. 

The volume fraction of porosity present in the cast-in-situ composite is given 

in Table 4-1 as evident from the table that the porosity content increases and    

high volume fraction of porosity content is a probable reason for the decrease 

in Microhardness. However, despite having higher porosity content the 

composite with 7% V2O5 addition exhibit higher hardness than pure Al due to 

more volume fraction of hard Al2O3 particles in the matrix. 
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Figure 4.10 SEM images of tensile fractured surfaces of (a) AV5 (b) AV7 

4.3 Tribological Behavior 

The tribological properties of in-situ composites is investigated in terms of 

coefficient of friction and wear under dry sliding condition against the 

hardened steel. The main focus of the study was to find out the role of in-situ 

generated reinforcement particles in the tribological behavior of the 

composite. For the comparison purpose, the tribological behavior of 

commercial aluminum without any reinforcement was investigated under the 

same conditions.  

4.3.1 Coefficient of friction  

Figure 4.11 shows the variation in the coefficient of friction with sliding 

distance at different loads i.e. 10 N, 20 N & 30 N and at a constant sliding 

velocity of 0.83m/s. Generally, the coefficient of friction increases with 

increasing load. The figure reveals that pure aluminum exhibits a maximum 

coefficient of friction. After addition of V2O5 particles, a significant decrease 

in the coefficient of friction is observed. However, the coefficient of friction 
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varies in a zigzag manner with sliding velocity for cast pure aluminum and in-

situ composite at all testing loads. 

 

 

(a) 

 

(b) 
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(c) 

 

Figure 4.11 Coefficient of friction as a function of sliding distance at (a) 10 

N (b) 20 N & (c) 30 N Load 

 

Figure 4.12 displays the comparative plot of the frictional coefficient with the 

load. As stated before, the coefficient of friction increases linearly with load 

but variation is very small at higher loads. Pure aluminum shows the 

maximum coefficient of friction whereas in situ composites with 7% V2O5 

particles show the minimum coefficient of friction. A decrease of about 10% 

is observed with 3 wt.% and 5 wt.% V2O5 particle addition and about 17.5 % 

is observed with 7% V2O5 particle addition overcast pure aluminum at lower 

load of 10 N. At higher loads of 20 & 30N a significant decrease of about 5.5 

%, 19.4 %, & 16.6 % is observed with the addition of 3 wt. %.5 wt. % and 7 

wt. % respectively.  
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Figure 4.12 Cumulative Coefficient of friction as a function of load 

  

4.3.2 Volume loss 

Figure 4.13, shows the variation in volume loss of a pin with the load. The 

reading is taken at a constant speed of 0.83m/s for 1000 m sliding distance 

(steady state regime). The volume loss was determined by the ratio of weight 

loss to the density of the pin. The decrease in volume loss is observed in the 

cast in situ composite as compared to pure aluminum. It is evident from the 

figure that volume loss of both as cast aluminum and the in-situ composites 

increases with increasing normal load which is in good agreement with 

Archard’s law i.e. volume loss is proportional to load applied. 
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Figure 4.13 Volume loss vs Load of cast in-situ composites 

At a higher load of 30N, a reduction in volume loss of about 20 %, 33.3 %, 

and 46 % is observed with the addition of 3%, 5% and 7% V2O5 particle 

addition respectively. Porosity, content in cast-in-situ composites is slightly 

higher than as cast pure aluminum. This reduction in volume loss in cast in-

situ composites over pure aluminum can be attributed to the reinforcing effect 

of hard Al2O3 particles in an aluminum matrix. 

4.3.3 Wear rate 

The bulk wear is calculated by taking the difference of pin weight before and 

after the experiment. Specific wear rate that is also known as wear factor or 

wear coefficient and generally measured in (mm3/Nm). 

Wsp=V/ND mm3/N-m 

V, represent the total wear volume,  

N and D stands for normal load, and total sliding distance, respectively. 
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 Figure 4.14.shows the specific wear rate of pure aluminum and cast in-situ 

composites as a function of the applied load. 

 

Figure 4.14 Specific wear Rate as a function of the applied load 

The specific wear rate of cast in-situ composite was found lower as compared 

to cast pure aluminum. At 10N load, specific wear rate was 9.4x10-4 mm3/Nm 

for cast pure aluminum and in case of 3%, 5%, and 7% it was 6.1x10-4 

mm3/Nm, 5.7x10-4 mm3/Nm, and 4x10-4 mm3/Nm respectively. There is a 

clear difference in the specific wear rate has been observed at this load. 

However, at 30N load small difference in wear rate has been observed. This 

decrease in wear rate by increasing the load indicates the improvement in wear 

resistance due to the addition of V2O5 particles. The enrichment in wear 

resistance is attributed to an increase in the strain hardening [145]. 

The dry sliding wear behaviour of the in-situ composites are strongly based 

on, uniform distribution, size and the morphology of hard phases [146]. The 

uniform dispersion of the phase improves the interfacial bonding between the 

phases and the alloy matrix, which in turn helps in retaining the intermetallic 
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within the matrix, especially when the material undergoes for the sever wear 

test [147], [148]. 

At 30 N loads, a slight increase in wear rate has been observed in case of the 

in-situ composite with 7% addition of V2O5 particles. In this case, porosity 

plays an important role and with more addition of V2O5 particles porosity 

increases as mentioned in Table 4-1. High porosity causes the delamination of 

the surface and therefore specific wear rate increases slightly at higher load as 

shown in Figure 4.14 [149], [150]. 

The improvement in wear behavior is observed by the addition of V2O5 

particles, which increases the volume fraction of hard Al2O3 and Al3V, in the 

composite. These hard phases act as a load-bearing element and decrease the 

specific wear rate [151], [152].  

4.3.4  Worn surface morphology 

The worn surfaces were examined in order to investigate the wear mechanism.  

Figure 4.15 Show the worn surface of cast in-situ composites with 5% and 7% 

V2O5 particle addition at 20N and 30N load. From the micrographs, it is clear 

that the more damage occurs at higher load in case of 7% cast in-situ 

composite. The best result of the wear rate has been found in the case of 5% 

addition as compared to the 7% addition. At low load, small grooves were 

observed on the worn surface in the sliding direction due to the abrasion 

mechanism. But in case of higher load delamination occurs as the real area of 

contact increases and eventually the fracture stresses of reinforced particles 

increases. The presence of alumina & intermetallic compound in the cast in 

situ composite provides hardness but if the porosity increases interaction 

between the matrix and reinforcement decreases.  
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Figure 4.15 Micrographs of worn surface (a) & (b) AV% at 20N & 30 N 

load (c) & (d) AV& at 20N & 30N load respectively. 

4.4 Discussion 

For the comparison purpose, the XRD of commercially available aluminum 

has been used along with the in-situ composite samples  The phases identified 

by the x-ray diffraction technique are presented in Figure 4.1.The small peaks 

corresponding to the lower value of theta (θ) representing the fewer impurities 

present. A very small difference in the peaks has been observed between the 

composite and the pure aluminum, which is due to the mask of stronger peaks 

of aluminum on the weaker peaks of the minor phases present in the 

composite. Al3V and Al2O3 were identified. Better peaks have been identified 

in case of AV5 as compared to the AV3 & AV7, this may be due to the nearly 
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complete reaction occurs in case of AV5. Reduction of Aluminum can be 

easily identified with a decrement of peaks with the increment of particle 

addition. Two phases have appeared apart from aluminum in XRD i.e. Al3V 

and Al2O3. According to Al-V phase equilibrium diagram Al21V2, Al45V7 and 

Al23V7 are metastable over temperature 736oC & not observed in XRD [52]. 

 

The major increment in hardness is observed in case of AV3 & AV5. The 

increment in hardness is due to solid solution hardening, where V reduced 

from V2O5 and dissolved in molten metal. The solid solution hardening effect 

is attained by adding the alloying elements into the matrix, which results in the 

interaction between mobile dislocations and the solute atoms. The presence of 

solute atoms increases the initial yield stress and reduces the dynamic 

recovery rate of dislocations. According to Hall-petch, grain boundaries act as 

a barrier for dislocation slip thus the grain size refinement creates a high 

volumetric density of grain boundaries which impede the dislocation 

movement and propagation to adjacent grains, thereby consequently 

strengthening the material [153], [154]. Also, the uniform distribution of V2O5 

particles act as an obstacle for the dislocation movement and forms the 

dislocation loops. According to Orowan mechanism, movement of dislocation 

is quite difficult in case of the loop rather than line [155], [156]. Dispersion of 

Al2O3 and intermetallic compound in the matrix also contributed to hardness 

increment.  

The reason for hardness decrement is dendritic growth and release of latent 

heat. Agglomerations of large no. of particles in the crystal and at grain 

boundaries were also responsible for hardness decrement. AV7 has a low 

density as compared to the pure Al and indicates the presence of porosity, 

which is also a reason for low hardness. 

Strengthening is possible due to the presence of Al2O3 and V particles in the 

matrix. It is well known that with increasing the particle content porosity also 

increases. The particles contribute to high strength with the condition that 

particles should have high modulus value. The high shear modulus does not 

allow the dislocations to cross it until the high stress is applied [157][158]. 

Generally strength at the interface also an important factor to consider. High 
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interface strength allows the particle to bear the load without breaking the 

bonds [159]. Sometimes lower tensile strength has reported even by adding the 

hard particles, which is attributed to lower strength at the interface. In the 

present investigation, both tensile strength and yield strength increase in spite 

of increasing the porosity. The value increases up to the 5% addition of oxide 

particles in the matrix. This may be fairly concluded that the particles were 

well bonded in the matrix. The decrease in the property by further addition is 

the interesting part and that could be due to the higher porosity content and the 

presence of the intermetallic compound. 

Ductility plays an important role & affects the mechanical properties. Ductility 

increases till the 5% reinforcement, therefore tensile strength also increases. 

Higher reinforcement (more than 5 %) increases the porosity causing decrease 

in tensile strength of composites having 7% of reinforcement content. The 

decrease in UTS of the MMCs with increasing Al2O3 particle content may also 

be attributed to the rupture of the interface between Al2O3 and matrix during 

tensile loading. High UTS values exhibited by in-situ Al-Al2O3 composites 

may be due to fine Al2O3 particles & their uniform dispersion in the matrix 

[160]. On the other hand, the lower UTS values were obtained for Al-Al2O3 

composites where particles were added directly. The large particles have more 

tendency of agglomeration as compared to smaller ones, therefore; 

agglomerated particles may have some flaws and easily crash under loading. 

This is why large particles reinforced composites show lower hardness as 

compare to small particles reinforced composites [161], [162].  

 

A significant decrease in the coefficient of friction was observed with the 

addition of V2O5 particles. A decrease in Coefficient of friction is about 

4.18%, 5.17% and 12.78 % in comparison to pure aluminum respectively for 

the composites containing 3 wt. %, 5 wt. % and 7 wt. % V2O5 particles. A 

significant decrease in the coefficient of friction can be attributed to the 

formation of the lubricating layer between contacting surfaces due to smalller 

particle size and proper dispersion of these particles [163]. 

it is well known that the dry sliding wear of in-situ composites decreases 

significantly by increasing the amount of reinforcing particles [164]. Some 
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researchers contradicted that the cast composites contain porosity due to 

increase in particle content, which tends to decline their behavior against wear. 

The porosity was found due to the poor wetting of the reinforced particles in 

Aluminum melt [111], [149]. 

With the addition of oxide particles, hardness increases and the real area of 

contact between the surfaces decreases. During the dry sliding test, the oxide 

debris is generated and this hard debris gets locked between the surfaces 

thereby promotes wear. At the same time, particles get compacted between the 

surfaces and form a protective transfer layer. This layer is responsible for the 

decrease in wear rate[140][98]. Specific wear rate tends to increase for higher 

particle content (7%) due to the presence of porosity in cast-in-situ composite. 

The real area of contact also increases with higher porosity and eventually 

increases the wear rate. Thus, the effect of porosity is not only softening the 

material but it also promotes the delamination and subsurface cracks. 

The worn surface of material mainly depends on speed and applied load. At 

low load, a proportion of counterface material gets removed and is subjected 

to oxidation due to micromachining effect. This oxidized material (Fe2O3) act 

as a tribo layer between the two surfaces. Wear studies have reported that the 

wear rate temporarily reduces due to the tribo layer formation. This tribo layer 

acts as a solid lubricant between the mating surfaces. At high load, 

delamination occurs due to the removal of the tribo layer. At high load, high 

temperature near the surfaces reduces the shear strength in subsurface layers, 

which promotes the excessive material transfer.  

 

The results of the present work suggest that it is feasible to improve the tensile 

properties while retaining percent elongation in the range of 3% to 4% by 

producing in-situ composites with the addition of V2O5 particles into molten 

aluminum. The addition of oxide particles could increase the mechanical & 

tribological properties up to some extent. The dry sliding wear resistance is  

improved by the addition of oxides. The coefficient of friction increases with 

the sliding distance as well as the load applied. 
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CHAPTER 5 RESULT & DISCUSSION Al-Si & V2O5 

 

Other in situ composites were developed by the addition of V2O5 particles in 

Al-7Si matrix using stir casting method. Different amount of V2O5 particles 

were added to produce in-situ alumina particles by the reduction of vanadium 

oxide particles in the melt. This chapter covers the results obtained from the 

XRD analysis, microstructural characterization followed by evaluation of 

mechanical properties like hardness; tensile strength and tribological 

properties like wear behavior, the coefficient of friction. The results have been 

discussed thoroughly at the end of this chapter.  

5.1 Al-7Si Characterization 

5.1.1 Designation of the developed composite 

Three different composites were developed by adding 1, 3 and 5% V2O5 and 

all the composites have been designated by sample name. A small amount of 

Mg was added to promote wettability. The designation given to the composite 

is on the basis of material composition as shown in Table 5-1. 

Table 5-1 Designation of Al-Si alloy & its composite 

Sample Designation Material 

AS Aluminum-7%Silicon 

ASV1 AS-1% V2O5 

ASV3 AS-3% V2O5 

ASV5 AS-5% V2O5 

Where AS represents the Aluminum-7% Silicon alloy, V followed by the 

number represents the wt. % of V2O5 added. Base alloy has been used for the 

comparative study. 



89 

 

5.1.2 XRD Analysis 

The X-ray diffraction pattern of the developed in-situ composites is shown in 

Figure 5.1. The XRD of base alloy i.e.  Al-7Si is also conducted along with 

the composites for the comparison purpose. The phases identified by the x-ray 

diffraction technique are presented in Figure 5.1 

 

Figure 5.1 XRD analysis of Al-7Si composites 

A very small variation in the peaks has been observed, which may be due to 

the small addition of particles. Another reason for the small difference in the 

peaks could be the masking of the strong peaks of Al on the weaker peaks of 

other phases identified as Al3V and Al2O3 in the composite. Stronger peaks of 

Al3V and Al2O3 are present in case of Al-1% V2O5 as compared to Al-3% 

V2O5 and Al-5% V2O5 composites. This may be due to occurrence of nearly 

complete reaction between Al-Si alloy and V2O5 particles for Al-1% V2O5 

composites. Reduction of aluminum can be easily identified by a decrement of 

aluminum peaks with the increment of particle addition.  
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5.1.3 Microstructural characterization 

Micrographs of the base Al-Si alloy with various percentage of V2O5 are 

shown in Figure 5.2. Figure 5.2(a) represents the microstructure of as-cast 

base Al-Si alloy. The microstructure of unmodified Al-Si alloy shows the 

coarse α-Al dendritic crystals. The crystals are surrounded by primary silicon 

particles. These eutectic silicon particles show the needle-like morphology & 

distributed within the interdendritic region throughout the microstructure. 

Figure 5.2(b) indicates the grain refinement of aluminum alloy due to 1% 

V2O5 particles addition. The average SDAS value for base Al-Si alloy is 67µm 

whereas with the addition of 1% V2O5 particles, it decreases to 40-45µm. 

Increasing the particle addition leads to further refinement as revealed from 

the microstructure of the composite with 3% V2O5 particles shown in Figure 

5.2(c). However, further increase in particle addition results in coarsening of 

grains as revealed by the microstructure of the composite with 5 % V2O5 

particles shown in Figure 5.2(d).   
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Figure 5.2 Microstructure of AS alloy & its composites (a) Al-Si  (b) ASV1 

(c) ASV3 (d) ASV5 

Similar phases have been identified in all the microstructures. The chemistry 

of compounds/phases formed due to in-situ reaction is complex but mainly 

leads to the formation of Al2O3 and minor Al-V intermetallic compounds. 

5.1.4 SEM Analysis 

The Figure 5.3 (a), (b) & (c) shows the SEM images of Al-7Si with 1, 3 & 5 % 

addition of V2O5 respectively. From the images, it is clear that alumina content 

increases with increasing content of V2O5 particles.  
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Figure 5.3 SEM images of (a) ASV1 (b) ASV3 (c) ASV5 

The EDAX analysis shown in Figure 5.4 confirms the formation of nearly 

stoichiometric Al2O3 in the composite. The volume fraction of alumina has 

been estimated with the help of image J software by using threshold method 

and given in Table 5-1.  
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Figure 5.4 EDAX of Al-7Si Composite 

5.2 Mechanical Properties 

5.2.1 Microhardness and Tensile Testing  

Table 5-2 lists the mechanical properties of Al-Si alloy & its cast in-situ 

composites. Vickers Microhardness has been measured at a load of 100gf. The 

average of ten such readings has been stated for the results.  

In the case of 1 % addition of oxide particles, there is an improvement of 

about 20% in hardness. The trend of hardness variation with respect to the 

amount of V2O5 addition is shown in Figure 5.5. The graph shows the highest 

value of hardness for ASV1 composite and it starts decreasing with the further 

addition of V2O5 particles but still higher than base alloy for all the 

composites. In addition to the presence of hard alumina particles, the size of 

eutectic Si particles and the refinement of α –Al may be responsible for the 

improvement in the properties.  

 



95 

 

Table 5-2 Mechanical properties of AS and its composites 

S.No Alloy/Composite*  

 

Microhardness 

(HV) 

UTS(MPa) Elongation 

(%) 

1 AS 51.7(2.3) 137 8 

2 ASV1 64.1(1.8) 184 6 

3 ASV3 59.7(1.5) 181 5 

4 ASV5 56.3(1.2) 174 4 

* Represents the wt. % of oxide added. 

# Standard deviations are in parentheses. 

   

 

Figure 5.5 Hardness variation with the addition of V2O5 addition 

The variation in Ultimate tensile strength with V2O5 particle content is shown 

in Figure 5.6. The variation pattern of ultimate tensile strength is similar to 

that of microhardness. The figure shows that tensile strength increases with 

particle addition up to 1% and start decreasing by further addition of V2O5 

particles in the molten matrix; however, the strength values for all the cast 

composites are higher than that of base aluminum-silicon alloy. The 
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improvement in strength represents the synergic effects of reinforcement and 

the matrix. An increase of 35% increment in ultimate tensile strength has been 

achieved as compared to as cast Al-Si base alloy.  

 

Figure 5.6 Tensile strength variation with the V2O5 addition 

5.3 Heat treatment 

A short time heat treatment comprised of Solutionizing process trailed by 

aging at 1700C for 2 h was found adequate to homogenize the structure and to 

form hardening precipitates[165]. Heat treatment of cast in-situ composites 

and base Al-Si alloy has been carried out to evaluate the effect of heat 

treatment on mechanical properties. The heat treatment diagram is shown in 

Figure 5.7 and the parameters used are given in Table 5-3.  
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Figure 5.7 Heat Treatment Diagram 

 

Table 5-3 Heat treatment Parameters 

Treatment Temperature (0C) Holding Time (h) 

Solution 549±5 2 

Aging 170 2 

 

5.3.1 Effect of heat treatment on microstructure 

The optical micrographs of heat treated Al-Si alloy based composites (1, 3 & 

5% V2O5) are shown in Figure 5.8 (a), (b), (c) respectively. From Figure 5.8  it 

is observed that the spheroidization of Si particles diminishes and the particle 

become needle shape by the heat treatment.  
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Figure 5.8 Optical micrographs of Al-Si base alloy and its composites 

after heat treatment (a) Al-Si (b) ASV1 (c) ASV3 (d) ASV5 

These micrographs reveal a homogenize structure after the heat treatment and 

the redistribution of alloying elements may also occur due to heat treatment. 

The average particle size has increased while aspect ratio has decreased due to 

thermal modifications irrespective of vanadium pentoxide addition. In the case 

of 1% V2O5 addition, the oxide particles are settled along the grain boundaries 

without affecting the eutectic Si. While comparing the micrographs of cast 

composites, better modification of Si particles has been observed with 

optimum particle size for 3% V2O5addition. It is clear from the micrographs 

that size of Si needles & α -Al dendrite decreases with the increment of V2O5. 

The partial refinement of dendrites due to heat treatment also takes place as 

shown in Figure 5.8 (c). This partial refinement may be attributed to the 

addition of V2O5 particles, which aids in heterogeneous nucleation at the time 

of solidification. 
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5.4 Comparison of Mechanical Properties of as cast & heat treated 

composites  

5.4.1 Effect of heat treatment on the hardness 

A significant improvement in hardness has been observed after heat treatment 

as compared to as-cast condition. The hardness value of as cast and heat-

treated base alloy and composites are given in Table 5-4. The comparison of 

hardness value for base Al-Si and its composites in as-cast condition and after 

heat treatment is shown in Figure 5.9.  

 

Table 5-4 Mechanical properties of Al-Si and its composites before and 

after heat treatment 

Al-7si alloy with 1% addition of V2O5 shows maximum hardness in both 

conditions as compared to other composites. It has been reported by many 

researchers that due to aging process Mg2Si (secondary phase) is formed 

within the structure. The formation of secondary phase is responsible for the 

precipitation hardening, which in turn improves the mechanical properties of 

these alloys [166], [167]. The value of hardness starts reducing with increasing 

the addition of oxide particles beyond 1% in as-cast condition and beyond 3% 

in the heat-treated condition. This could be attributed to the depletion of 

S.No Alloy/Composite*  

Micro hardness 

(HV) 
UTS (MPa) Elongation (%) 

As Cast   
Heat 

Treated 

As 

Cast   

Heat 

Treated 
As Cast   

Heat 

Treated 

1 Al-Si 51.7(2.3) 126(2.1) 137 237 8 9 

2 ASV1 64.1(1.8) 134(1.9) 184 252 6 8 

3 ASV3 59.7(1.5) 121(3.9) 181 265 5 8 

4 ASV5 56.3(1.2) 96(2.7) 174 231 4 6 

* Represents the wt. % of oxide added. 

# Standard deviations are in parentheses. 
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hardening precipitates of Mg2Si phase. The reaction of molten alloy with 

oxide particles at high temperature may cause Mg loss within the melt leading 

to depletion of Mg2Si precipitates. Addition of fewer amounts of oxide 

particles promotes precipitation of Mg2Si, hardening effect occurs because of 

hardening precipitates, and the presence of alumina particles formed due to the 

in-situ reaction. With higher addition of 5 % V2O5 particles, depletion of age 

hardening Mg2Si precipitates takes place and therefore hardening effect occurs 

only due to the presence of aluminum oxide particles. 

 

Figure 5.9 Hardness of AS alloy as cast & its heat-treated composites 

5.4.2 Effect of heat treatment on Tensile Properties 

The comparison of ultimate tensile strength before and after heat treatment is 

shown in Figure 5.10. A significant improvement in tensile strength has been 

observed after heat treatment as compared to as-cast condition. The increment 

in tensile strength does not follow the linear relationship with the V2O5 

addition. The reason is the same as discussed in the earlier section. A similar 

trend has been observed by other researchers also [39]. Although the ultimate 

tensile strength of base alloy and the all the composites increases after the heat 

treatment, the maximum ultimate tensile strength after the heat treatment is 

observed for composite with 3% addition of V2O5 particles as the ultimate 
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tensile strength reaches to 265 MPa. Strength of heat-treated composites with 

1% and 3% addition of V2O5 particles is found to be higher than that of the 

heat-treated base alloy. Whereas, the strength of heat-treated composite with 

5% addition of V2O5 particles is lower than that of the heat-treated base alloy. 

 

Figure 5.10 Comparison of UTS of Al-Si alloy as cast & its heat-treated 

composites 

Improvement in tensile strength of base alloy after heat treatment indicates the 

involvement of some strengthening mechanism. For Al-Si base alloy with a 

minor concentration of other alloying elements, the probable strengthening 

mechanisms may be solid solution hardening during homogenization followed 

by rapid cooling and precipitation hardening during the aging process. During 

homogenization, the alloying elements like Mg and Si get dissolved in the 

solution and are trapped there due to rapid cooling. It has been reported that 

during solutionizing, two steps occur simultaneously; formation of Al solution 

saturated with Si and Mg, and spheroidization of Si particles. During aging, Si, 

Mg2Si and other phases are precipitated out according to the sequence in Al-

Mg-Si alloys with excess Si [105]. The needle-shaped Mg2Si precipitates are 

observed uniformly distributed in Al dendrites as well as in the eutectic region 

as exhibited in the microstructure. Considerable enhancement in tensile 

strength after heat treatment may be accredited to the strengthening of the 
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matrix as discussed above and improvement in interfacial bonding between the 

matrix and the reinforcement. A relatively low value of ultimate tensile 

strength of the composite with 5% addition of V2O5 particles after heat 

treatment may be attributed to the high volume fraction of porosity and 

agglomeration of reinforcement particles during the ageing process. On the 

other hand, de-bonding of larger Si particles to smaller one affects the 

ductility. With more addition of oxide particles ductility starts decreasing and 

the formation of complex intermetallic starts. This increases the brittleness in 

the composite and decreases the tensile strength [168], [169]. 

5.5 Comparison of result with literature 

The properties of as-cast Al-Al2O3 composites fabricated under present 

investigation are compared with those of the composites fabricated by S.A. 

Sajjadi & H.R. Ezatpour. In their research, they have taken A356 as a matrix 

& Al2O3 as reinforcement. Two different types of composites were made by 

adding Al2O3 in Nano & Micro size. Two different methods of fabrication; stir 

casting & compo casting have been used for both types of composites. The 

results obtained by them for the composites micro size Al2O3 and fabricated 

by stir casting are considered for comparison. Table 5-5. Lists the results of 

present work and the results reported by H.R.Ezatpour [170]. 
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Table 5-5 Comparison of Al-Al2O3 composite properties 

  

S. No 

Sample/Composite Vol % Hardness (BHN) UTS (MPa) 

Reported Present 

work 

Reported Present 

work 

Reported Present 

work 

Reported Present 

work 

1 A356 AS 0 0 54 51.7(2.3) 134 137(3) 

2 A356-

1%Al2O3 

ASV1 0.82 0.72 63 64.1(1.8) 140 184(4) 

3 A356-3% 

Al2O3 

ASV3 2.34 2.1 65 59.7(1.5) 147 181(2) 

4 Al-

5%Al2O3 

ASV5 3.29 3.4 75 57.3(1.2) 154 174(3) 

 

**In reported columns the approximate values are taken from Graph published in the paper 

(S.A.Sajjadi 2011 & 2012)[75], [161] 

#AS stands for Al-7Si, V stands for V2O5 and the last digit represents the wt. % of oxide 

added. 

# Standard deviations are shown in parentheses. 

 

In the reported work, Al2O3 particles were added externally in the matrix and 

the vol% were calculated by an image analyzer. In present work, the volume 

percentage was calculated by the image J software & interception method.it 

can be seen from the Table 5-5 that hardness and strength values increase 

continuously with particle volume percent in the reported study whereas, these 

increase up to 0.70 volume percent and decreases afterward in the present 

study. Hardness values of the present study are lower than those of reported 

study but strength values of the present study are higher than those of reported 

study. Lower hardness values in the present study may be attributed to the 

comparatively low volume percentage of particles. The volume percent of 

reinforcing particles in the composite decreases with increasing stirring speed 

[161]. Stirring speed used in the present study was 700 rpm, which is very 

much higher than the stirring speed of 300 rpm used in the reported study. 



105 

 

Higher strength values in the present study may be attributed to uniform 

dispersion of fine Al2O3 particles of 126nm average size generated through 

Insitu reaction at 700 rpm stirring speed as compared to relatively non-

uniform distribution of externally added coarse Al2O3 particles of 20-micron 

average size at 300 rpm stirring speed. This comparison leads to the 

conclusion that Insitu approach of adding reinforcement results in better 

mechanical properties than ex situ approach of adding the reinforcement 

externally. 

 

5.5.1 Effect of Volume fraction of reinforcement on porosity 

Figure 5.11 shows the variation of porosity with the nano-Al2O3 content in the 

composites. This figure reveals that porosity content increases with the 

increasing volume fraction of the reinforcement. It is already reported that as 

the volume fraction of reinforcement increases porosity in the composite also 

increases due to an increase in contact surface area. In the present study also, 

pure aluminum and Al-Si alloy based composites are developed with a 

substantial volume fraction of porosity, which increases, with the volume 

fraction of the reinforcement. This is due to the effect of low wettability, 

agglomeration at high content of reinforcement and pore nucleation at the 

matrix/Al2O3 interfaces. Moreover, decreasing of liquid metal flow associated 

with the particle clusters leads to the formation of porosity. There may be a 

possibility that preheating could not remove completely any violate material 

present in V2O5 particles [161], [171].  

 



106 

 

 

Figure 5.11 Variation of porosity with vol. % of the Al2O3 content 

5.5.2 Effect on Tensile strength 

A model has been proposed to examine the strengthening effects of particles 

on the tensile properties [156], [157], [172]. 

 

 

     

Where -is the transfer of load from the soft matrix to the hard ceramic 

particles, 

-is the involvement of grain refinement to strength; 

-is the dislocation’s interaction with the particles and  

-is change in the value of the Coefficient of thermal expansion between 

the matrix and Al2O3 reinforcement. 

In the present study, the tensile strength of the Al-Al2O3 composites increases 

initially up to a certain volume fraction of alumina due to the increase in load 

stress and the rate of work hardening of the particles. Tensile strength of the 

composites decreases with further increase in the volume fraction of alumina 

particle addition due to the agglomeration of Al2O3 particles, which leads to 

more defects and porosity. The results are consistent with the trends reported 

by other investigators [75], [161], [173], [174].  
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In the present work, the particles formed during in-situ reaction are of nano 

size. High stirring speed employed during fabrication of the composites 

eliminates clustering/agglomeration of the particles and enables uniform 

distribution in the matrix for the low volume fraction of the reinforcement. 

Strength of A356 based composite decreases beyond 1.5 vol. % Al2O3 

particles due to high porosity and agglomeration. The volume of the interface 

area increases with Al2O3 content, which leads to high porosity and lowers 

flow stress in the composite. In addition, dislocations start inducing around 

alumina particles due to different CTE values of matrix and Al2O3. It leads to 

de-bonding of the interface and results in a decrease in ultimate tensile 

strength. [175]. 

5.6 Tribological Behavior 

5.6.1  Coefficient of friction 

An experimental study has been carried out to estimate the effect of weight 

fraction of V2O5 Particles and normal load, on the wear rate of Al-Si-Al2O3 in-

situ composites. The coefficient of friction is measured for different 

composites at different sliding distances(200, 400, 600, 800 & 1000m) at a 

different loads (10, 20, and 30 N) under constant sliding velocity of 0.83m/s. 

Figure 5.12 shows the variation of coefficient of friction with sliding distance 

at different loads for all the composites. 
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(a) 

 

 

(b) 
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(c) 

 

Figure 5.12 Coefficient of Friction with sliding distance (a) 10N load (b) 

20N load (c) 30N load 

It is revealed from the Figure 5.12 (a), (b) & (c) that at low load, the 

coefficient of friction increase continuously with sliding distance with one or 

two exceptions. At intermediate loads, the maximum coefficient of friction is 

observed at a small sliding distance (200m) and decreases afterwards with 

some exceptions. At higher loads, the coefficient of friction increases 

continuously up to a sliding distance of 600m and decreases afterwards. 

Among all the in-situ composites and the matrix alloy, Al-7Si base alloy 

exhibits the highest coefficient of friction whereas Al-7Si-1% V2O5 in-situ 

composite displays the lowest coefficient of friction. 

Generally, the friction coefficient has a tendency to increase with increasing 

load. Addition of V2O5 particles leads to the formation of hard alumina 

particles, which helps to reduce the coefficient of friction. Significant variation 

in the coefficient of friction is observed with the sliding distance but in most 

of the cases, it decreases with increase in load for large sliding distances 

[176]–[178].  
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Figure 5.13 shows the variation of coefficient of friction with load under 

constant sliding velocity and constant sliding distance for base Al-7Si alloy 

and different Al-Si-Al2O3 in-situ composites. The figure reveals that the 

coefficient of friction increases continuously with load for all the materials 

which conforms to Archard’s law of wear [179], [180]. The base alloy matrix 

exhibits the highest coefficient of friction and in-situ composite having 1% 

V2O5 exhibits the lowest coefficient of friction at all loads. 

The reduction in the coefficient of friction at 1000m for 10N load is about 

21.3 % for 1 wt. % V2O5 composite, 13.7 % for 3 wt. % V2O5 composite and 

3% for 5 wt. % V2O5 composite over the coefficient of friction of base Al-Si 

alloy. Similar trend of reduction in the coefficient of friction are obtained at 20 

& 30 N load. 

The Significant decrease in the coefficient of friction can be attributed to the 

decrease in the contacting area of two mating surfaces due to the presence of 

uniformly distributed fine Al2O3 particles in Al-Si matrix. With increases in 

weight percentage of V2O5 particles, more alumina particles are generated 

which agglomerate to form clusters of the particles. This clustering of 

agglomerated particles affects the size and dispersion of alumina particles in 

the matrix that eventually leads to an increase in the coefficient of friction 

[181].  
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Figure 5.13 Variation of Coefficient of friction with load 

5.6.2 Volume loss 

Figure 5.14 shows the variation of pin volume loss of base Al-Si alloy and 

different composites with load for 1000m sliding distance (steady state 

regime). This figure reveals that volume loss increases with increase in load 

for base Al-Si alloy and all Insitu composites. 

 

Figure 5.14 Variation of volume loss with load at a 1000m sliding distance 
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Volume loss with the addition of V2O5 particles decreases in comparison to 

pure Al-Si alloy. Volume loss also increases with increase in V2O5 addition, as 

the in-situ composite with 1% V2O5 particles addition exhibits lower volume 

loss as compared to other in-situ composites having more wt. % of V2O5. The 

reduction in volume loss in in-situ composite over the Al-Si alloy can be 

attributed to the effect of reinforcing hard Al2O3 particles in the aluminum 

alloy matrix. Less addition of V2O5 leads to the uniform dispersion of the 

optimum quantity of fine coherent Al2O3 particles in the matrix. Higher 

addition leads to the agglomeration of Al2O3 particles causing incoherency 

with the matrix. These incoherent particles may detach easily during wear 

testing. The average reduction in volume loss is determined to be 47.3 %, 36.3 

% and 27.5 % for composites with 1%, 3% and 5% V2O5 addition respectively 

as compare to base Al-Si alloy.  

5.6.3 Wear  

Figure 5.15 & Figure 5.16 clearly describes the wear response of Al-Si and its 

cast composites under dry sliding conditions. Bulk wear increases with load 

for the base Al-Si alloy and all the composites. Wear also increases with 

increase in weight percent of V2O5 additions. It is well known that the dry 

sliding wear of in-situ composites decreases enormously by increasing the 

amount of reinforcing particles. Hard particles act as a load bearer and in case 

of in-situ, it produces the pure interfaces which in turn enhance interfacial 

bonding strength [182]. However, some researchers propounded that the 

porosity content of cast composites increases with increase in particle content 

which in turn decline their behavior against wear. Porosity generation in 

composites can be attributed to dismal wetting of reinforced particles in 

molten aluminum alloy [183]. 

A higher percentage of V2O5 particles shoots up the hardness with the addition 

of alumina particles. These particles form a compress protective layer at low 

loading condition and this layer corresponds to dwindling wear rate [143]. 

However, at high loads, the generation of fresh oxide debris during the dry 
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sliding test led to locking of previously generated debris, which eventually 

resulted in surge wear. With more addition of V2O5 particles e.g. 5 % addition, 

specific wear rate tends to increase. Again, porosity in the cast in situ 

composite is responsible for this increase. As the real area of contact increases 

with higher porosity which eventually increases the wear rate [184]. Hence, 

porosity not only leads to softening of material but it also encourages the 

delamination and subsurface cracks. 

 

Figure 5.15 Variation of wear with load for Al-Si based composites 

 

Figure 5.16 Wear rate of the different composite at different loads 

Increase in applied load results in the worn-out surface of the material. On 

account of micromachining effect at low loads, a part of counterface material 
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gets separated and subjects to oxidation. This oxidized material (Fe2O3) 

spreads as a tribo layer between the mating surfaces. Wear studies has 

established that this temporary reduction in wear rate can easily be attributed 

to the formation of this tribo layer, which acts as a solid lubricant between the 

mating surfaces. Application of high loads, dismantle this tribo layer, which in 

turn results in the delamination. High load gives rise to the generation of high 

temperature at near surfaces and reduces the shear strength in subsurface 

layers of the materials, which promotes excessive material transfer. Similar 

kind of transfer layers has been perceived by various investigators specifically 

in case of aluminum-based composites [185]–[187]. 

5.6.4  Worn surfaces 

The most favorable results of wear rate have been found with the condition of 

1% addition of V2O5 particles as contrary to 3% & 5% V2O5 addition. Because 

of the abrasion mechanism, tiny grooves are formed in the sliding direction at 

low loads. At higher loads, delamination occurs with an increase in the real 

area of contact and finally results in an increase in fracture stresses of the 

reinforced particles as shown in Figure 5.17. 

 

Figure 5.17 SEM image of the composite with 5% V2O5 

It can be inferred that the presence of alumina particles & intermetallic 

compound in the cast in situ composites props up the hardness together with 
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the increasing porosity, which in turn reduces the interaction between the 

matrix and reinforcement. 

5.7 Effect of reinforcement  

It is evident from Error! Reference source not found. that addition of V2O5 

particles ameliorates the hardness of composite, which resulted in lower wear 

rate as compared to base matrix alloy. The severe adhesive wear mainly 

depends on the hardness of the material [181]. Further evidence & support 

from the practical work suggested that, scuff & seizure, the onset of adhesive 

process stunting when the hardness of mating parts increased [24].  

Figure 5.15 clearly depicts the influence of increasing the weight percentage 

of V2O5 particles on the wear rate of Al-Si-Al2O3 in-situ composites. The 

observed decrease in wear rate of the composites as compared to base Al-Si 

alloy may be attributed to increase in hardness with the addition of V2O5 

particles as reduction of V2O5 particles during in-situ reaction results in the 

generation of hard alumina particles in the matrix.   

The micrographs shown in Figure 5.2 clearly reveals the presence of a pure 

and clean interface between Al-7Si matrix and Al2O3 particles leading to the 

better load-bearing capacity of the composite which in turn brings down the 

rate of wear with the addition of V2O5 particles. Presence of dislocations 

around the Al2O3 particles due to the difference in coefficient of linear thermal 

expansion between matrix and reinforcement also increases the resistance to 

wear. 

Although, the wear rate of all composites is found to be lower than that of the 

base Al-Si alloy. The wear rate of composites increases with increasing the 

weight percent of V2O5 particles. As mentioned earlier, the Insitu reaction of 

V2O5 with molten aluminum results in the formation of alumina and the rate of 

this reaction depends on the quantity of V2O5 particles. Thus, an increase in 

weight percentage of V2O5 particle results in the formation of more alumina 

particles or in other words, more interfacial area between the matrix and the 

reinforcement. High temperature generated during dry sliding condition leads 
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to interfacial debonding due to the large difference in CTE of matrix and 

reinforced alumina particles. This interfacial debonding effect together with 

increased porosity overtake the positive effect of the dislocation presence 

around the alumina particles and contributes to increasing wear rate through 

debonding and subsequent delamination of agglomerated alumina particles.   

5.8 Effect of parameters on wear 

There are various parameters, which affect the dry sliding wear of the 

composites. High sliding velocity & high load lead to comparatively more heat 

generation between the mating surfaces. The heat generation results in 

mellowing down of surfaces, which in turn increases the penetration of 

counter surface into the pin (composite) surface. Different thermal expansion 

of Al2O3 particle and the matrix is vital in wearing down of the composites. 

This incongruity in terms of thermal expansion causes the development of 

stresses at the interface. As the sliding velocity increases, the heat generation 

also surges to a high value, leads to an increase in interfacial stress. When this 

interface stress surpasses the interface bond strength, cracks may develop in 

the matrix region or particle may leave its place to create a cavity. 

Si present in the matrix alloy has a substantial impact on the interfacial bond 

strength. The presence of Al2O3 particles, secondary hard phases, and 

intermetallic phases restricts the metal flow during the dry sliding wear as 

these hard particles /phases decrease the area of contact between the mating 

surfaces and decrease material removal during dry sliding wear [188], [189]. 

Figure 5.17. portrays the eroded surface of the composite under study at 

sliding velocity of 0.83m/s. Though much damage has not been inflicted upon 

the subsurface at this sliding velocity but at a higher sliding velocity, the 

subsurface may receive comparatively more damage. 

5.9 Discussion 

Addition of V2O5 particles produces evident changes in the microstructure. 

Alumina particles formed due to in-situ reaction between molten aluminum 
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alloy and V2O5 particles as indicated in the micrographs. Vanadium released 

from V2O5 particles after in-situ reaction helps in grain refinement as 

vanadium is a good grain refiner for aluminum [190]. The grain refinement is 

due to the presence of Al3V phase created by the reduction reaction between 

aluminum and released vanadium. Al3V phase impedes the recrystallization, 

nucleation, and growth of the grains, as a result, the grain size of the 

composite matrix was found smaller as compared to the base alloy. With 1%, 

the addition of V2O5 particles, few alumina particles get settled along the grain 

boundaries and a decrease in dendritic arm spacing was observed.  

The grain size was found to increase with the increase in V2O5 addition as 

observed in the micrographs of the specimen produced with 3% & 5% 

addition of V2O5 particles. The observed behavior is in good agreement with 

other researchers who had reported that Vanadium acts as a grain refiner at a 

very minute level [191]. However, the alumina particles formed after in-situ 

reaction segregate at the eutectic grain boundaries causing a change in Si 

particles morphology as segregation of these particles at the grain boundaries 

restricts the further refinement of the Si particles and their redistribution. 

Segregated Nano size alumina particles formed after in-situ reaction start 

forming clusters in interdendritic regions thus causing a change in morphology 

of α-Al dendrites from columnar to cellular. This kind of behavior generally 

observed in grain refined Al-7Si alloy and can be attributed to peritectic hulk 

theory [192]. The comparison of the microstructure confirms that eutectic Si 

can be modified up to a substantial extent by the addition of V2O5 particles.   

A significant improvement in hardness has been observed as given in Table 

5-2. The improvement in hardness is mainly due to the presence of hard phase 

alumina particles acting as obstacles to the motion of dislocations [193]. The 

highest hardness was found for ASV1 sample as compared to other 

composites. Another reason for hardness increment is a better interface 

between the matrix and the alumina particles [194].   

 

Hardness of the in-situ composites increases up to 2.6 Vol % of Al2O3 

particles formed by the reduction of vanadium pentoxide. In the present work, 
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high hardness values are obtained as compared to other researchers. It may be 

attributed to the presence of hard alumina particles together with intermetallic 

Al3V phase formed during the reduction of vanadium pentoxide & identified 

in the XRD of the composites shown in Figure 5.1. In Al-V binary phase 

diagram, four intermetallics are characterized. Out of these four intermetallic 

Al3V has more tendency of formation. According to Miedema’s model Al3V 

has a highest negative enthalpy of formation as given in Table 5-6 [195] and  

According to Bragg–Williams theory, the ordering energy is higher for the 

intermetallic having less vanadium [196].  

 

Table 5-6 Formation Enthalpy of intermetallic in Al–V system (V less 

than 25 at.%). 

Al21V2  -15.6 

Al45V7   -31.5 

Al23V4   -41.9 

Al3V   -115.3 

 

The development of the composite by nanoparticles addition shows the 

significant improvement in the tensile flow stress. The highest tensile strength 

of 184 MPa was obtained with 1.5 vol. % of Al2O3 nanoparticles. The ductility 

of composites continuously decreases with increasing Al2O3 nanoparticles for 

as-cast in-situ composites and heat-treated composites. Maximum percentage 

elongation was observed with 1.5 Vol % Al2O3 particles.  

According to Hall-Petch theory, the strength of the composites increases due 

to the grain refinement as strength is inversely proportional to the square root 

of the grain size. Also, the in-situ generated particles act as a barrier and try to 

restrict the motion of dislocation within the matrix. The uniform distribution 

of alumina particles and low porosity are other important factors contributing 

to the strength, which is evident from micrographs and SEM images.  
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Tensile strength decreases beyond 1.5 vol. % alumina particles in the 

composites. Increase in alumina content due to the addition of V2O5 particles 

causes a significant increase in porosity level as given in Table 4-1, which 

finally affects the strength of the composite. Addition of more V2O5 particles 

tends to increase the volume percent of Al2O3 particles that leads to the 

formation of alumina particle clusters at the interdendritic regions surrounded 

by the eutectic silicon as marked from the micrographs shown in Figure 5.3. 

The similar results have been reported earlier by many researchers.  

The presence of Al2O3 particles in the composites have a great influence on 

their wear properties. α- Al2O3 particles show good cohesive interfacial 

bonding with matrix and have the ability to take high external loads [181]. 
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CHAPTER 6 CONCLUSION 

 

Insitu Al- Al2O3 metal matrix composites were developed using pure 

aluminum & Al-7Si alloy as matrices and V2O5 particles as a source of Al2O3 

particle reinforcement. Al2O3 particles were generated in the molten matrices 

by the reduction of V2O5. The effect of Al2O3 reinforcement on mechanical 

properties and on microstructure was evaluated and analyzed. The wear 

behavior of aluminum, aluminum alloy and cast in situ composites containing 

different wt. % of oxide particles under dry sliding condition has been 

investigated. The conclusions drawn from the present study are summarized as 

follows: 

1. In-situ Al-Al2O3 and Al-Si-Al2O3 composites with different volume 

percent of Al2O3 particles are successfully fabricated by stir casting 

using V2O5 particles. Al2O3 particles are generated by the reaction 

between aluminium/aluminium silicon alloy and V2O5 particles. 

Volume fraction of Al2O3 particles is varied by varying the amount of 

V2O5 particles because rate of reaction for generation of Al2O3 

particles depends upon the amount of V2O5 particles added to the 

molten aluminium/aluminium silicon alloy.  

2. The microstructure of Al- Al2O3 composites consists of fine Al2O3 

particles and Al3V phase distributed along the grain boundaries and 

within the grains of α-aluminum. Dispersion of Al2O3 particles is 

relatively more uniform in the composites with low volume fraction 

of reinforcement particles. Increasing the volume fraction leads to 

agglomeration and clustering of Al2O3 particles in the matrix as 

revealed by optical and scanning electron microscopy.  
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3. In addition to Al2O3 and Al3V, the microstructure of AlSi- Al2O3 

composites shows the presence of Si phase. These phases are 

dispersed more uniformly in the matrix for low volume fraction of 

reinforcement particles. With increase in volume fraction, 

agglomeration and clustering of reinforcement occurs. 

4. XRD analysis of the samples of different Al- Al2O3 composites 

confirms the presence of Al2O3, Al3V and α-Al in these composites. 

XRD analysis of different Al-Si- Al2O3 composites confirms the 

presence of an additional Si phase besides the phases present in Al- 

Al2O3 composites. EDX analysis of the composites further confirms 

the formation of almost stoichiometric Al2O3 particles during in-situ 

reaction between molten pure Al/Al alloy and V2O5 particles. 

5. Apart from being a source of Al2O3 generation, addition of V2O5 

particles helps in grain refinement of the matrices as the released 

vanadium from reduction of V2O5 particles combines with aluminium 

to form Al3V phase, which impedes the recrystallization, nucleation 

and grain growth. This is evident from the fact that grain size of the 

composite matrices are found smaller than the base alloy. 

6. The microstructure of Al-7Si alloy matrix shows α-Al dendrites with 

eutectic Si particles. Addition of oxide particles changes the 

morphology of eutectic Si particles from columnar to cellular. Oxide 

particle addition also imparts grain refinement as the SDAS value 

decreases after addition of only 1% V2O5 particles.  

7. Microhardness of the pure Al/Al-Si alloy increases with the addition of 

Al2O3 particles as the microhardness of all the composites is found to 

be higher than their respective base material. However, hardness of 

the composites increases to a certain extent of V2O5 particles addition 

and decreases afterwards. Less addition of V2O5 particles helps in 

generating optimum quantity of uniformly dispersed fine Al2O3 

particles with coherent interfacial bonding between reinforcement and 

matrix in the porosity free composite. More addition of V2O5 particles 

leads to generation of more Al2O3 particles, which agglomerates to 
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cause nonuniform dispersion, incoherent interfacial bonding and 

porosity generation during solidification. 

8. The tensile strength of pure Al/Al-Si alloy increases with the addition 

of V2O5 particles as the strength of all the composites is found to be 

higher than their respective base material. The improvement in the 

strength of the composite is due to the presence of hard Al2O3 

particles in pure Al based composites and presence of hard Mg2Si 

phase together with Al2O3 particles in Al-Si based composites. These 

hard phases acts as obstacles to the movement of dislocations during 

deformation, which leads to increase in the strength of these 

composites. Moreover, grain refinement imparted by released 

vanadium also contribute to strength improvement according to Hall- 

Petch relation.  

9. The tensile strength of as cast in-situ Al composites increases up to 5% 

V2O5 addition and decreases afterwards, whereas tensile strength of as 

cast and heat-treated Al-Si composite increases up to 3% of V2O5 

addition and decreases on further addition. Decrease in tensile 

strength of pure Al based composites after 5 % V2O5 addition and of 

Al-Si based composites after 3% V2O5 addition is associated with 

agglomeration of Al2O3 particles and increasing porosity content. 

More addition of V2O5 particles tends to generate more Al2O3 

particles, which subsequently agglomerate in the melt, and finally 

leads to high porosity content during solidification of composites. 

10. Ductility of pure Al based composites increases with increasing V2O5 

addition as percentage elongation of all Al based composites is found 

to be higher than the pure Al. However, percentage elongation of pure 

Al based composites increases up to 5 wt.% addition of V2O5 particles 

and decreases with further addition of V2O5 particles. Ductility of Al-

Si alloy based as cast composites and heat treated composites 

decreases with increasing V2O5 addition as percentage elongation of 

all Al-Si based as cast and heat treated composites is found to be 

lower than the base Al-Si alloy. Volume fraction of Al2O3 

reinforcement in the composite is directly related to amount of V2O5 
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added to molten metal since more V2O5, addition generates more 

Al2O3 particles in the melt. Al2O3 being a brittle phase, increasing its 

volume fraction results in the decrease of percentage elongation of the 

composites. Formation of intermetallic Al3V phase in all composites, 

brittle Si phase in as cast and Mg2Si phase in heat treated Al-Si based 

composites also affects the ductility. 

11. Using Al-Si alloy as matrix in place of pure Al alloy have 

insignificant effect on microhardness and percentage elongation of the 

composites since as cast composites of both the matrices with same 

V2O5 addition exhibit very slight difference in microhardness and 

percentage elongation. However, there is very significant 

improvement in tensile strength of Al-Si based composites over that 

of pure Al based composites. This improvement in tensile strength 

may be attributed to the strength of base Al-Si alloy.  

12. Mechanical properties of as cast Al-Si based composites are improved 

to a great extent after the heat treatment as microhardness increases 

many folds and tensile strength increases by 35-70% for different 

composites. Heat treatment also imparts a significant improvement in 

percentage elongation. The improvement in mechanical properties 

may be due to dissolution of detrimental phases in aluminum during 

homogenization followed by rapid cooling and formation of fine and 

coherent precipitates of strengthening phases in the solid solution 

during ageing. Thus, both solid solution stretching and precipitation 

hardening are responsible for the observed improvement in 

mechanical properties.  

13. Coefficient of friction of Al-based in-situ composites is found to be 

less than that of pure aluminum. It varies randomly with sliding 

distance but increases with increasing load and decreases with the 

increasing volume fraction of Al2O3 particles for all values of sliding 

distance. Wear volume follows the same trend as the coefficient of 

friction but specific wear rate follows opposite trend with load. 

Coefficient of friction is a function of normal applied load so 
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naturally will increase with load. With the incorporation of hard 

Al2O3 particles, hardness increases and real area of contact between 

the surface decreases, which reduces the coefficient of friction and 

wear volume. At low loads, a portion of counter face surface is 

removed due to micromachining effect and contribute to wear 

volume. At higher loads, high temperature generated near the surfaces 

reduces the shear strength of subsurface material, which promotes the 

excessive material removal. The increase in wear volume with load is 

substantial but being inversely proportional to the load, the specific 

wear decreases with increasing load. 

14. Coefficient of friction of Al-Si based in-situ composites is found to be 

less than that of Al-Si alloy. It varies randomly with sliding distance 

but increases with increasing load and increasing volume fraction of 

Al2O3 particles for all values of sliding distance. Wear volume and 

wear rate follow the same trend as the coefficient of friction. 

Coefficient of friction is a function of normal applied load so 

naturally will increase with load. Incorporation of more Al2O3 

particles leads to more porosity, which increases the real area of 

contact hence, coefficient of friction, wear volume and wear rate 

increases. At low loads, a portion of counter face surface is removed 

due to micromachining effect and contribute to wear volume and wear 

rate. At higher loads, high temperature generated near the surfaces 

reduces the shear strength of subsurface material, which promotes the 

excessive wear.  
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6.1 Future Scope 

1) The work can be extended to study the effect of reaction time on size 

and distribution of the particles in the matrix. 

2) It can be extended to other Al-alloys like Al-Mg-Si, Al-Cu, and Al-Zn 

alloys etc. 

3) In addition to in-situ some other particles can be added externally 

using stir casting and in the form of fibers. 
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