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ABSTRACT 
 

Aluminium alloy Metal Matrix Composites (MMCs) are gaining wide spread acceptance for 

automobile, industrial, and aerospace applications because of their low density, high strength and good 

structural rigidity. Several technical challenges exist with casting technology. Achieving a uniform 

distribution of reinforcement within the matrix is one such challenge, which affects directly on the 

properties and quality of composite. In the present work an attempt has been made to synthesize 6061Al-

Graphite particulate metal matrix composites by liquid metallurgy route (stir casting technique). The 

addition level of reinforcement is being varied from 6-12wt% in step of 3wt%. For each composite, 

reinforcement particles were preheated to a temperature of 2000C and then dispersed in three steps into 

the vortex of molten 6061AlAlloy to improve wettability and distribution. Microstructural analysis was 

carried out for the above prepared composites by taking specimens from central portion of the casting to 

ensure homogeneous distribution of particles. Micro-hardness, tensile properties and wear properties of 

the composites were prepared as per the standards. Microstructural characterization revealed fairly 

uniform distribution in the matrix. The Micro-Vickers hardness of the composite was found to decrease 

with increase in filler content in the composite. The tensile strength of the composites was also found to 

increase confirming the dispersed graphite in 6061Al alloy contributed in enhancing the tensile strength 

of the composites. The wear resistance of the 6061Al-Graphite composite found to decrease up to 6wt% 

but thereafter tends to increase. 

KEY WORDS:  6061Al, MMC’s, Graphite Particulates, Stir-Casting. 

INTRODUCTION 

Metal matrix composites (MMCs) are increasingly becoming attractive materials for advanced 

aerospace applications because their properties can be tailored through the addition of selected 

reinforcements [1]. Metal matrix composites have a market potential for various applications, particularly 
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in the automotive industry where the pressure to use light weight materials has increased because of 

environmental issues. Examples of components that have been manufactured using metal matrix 

composites include pistons for diesel engines and connecting rods [2]. These materials have also been 

shown to possess great potential for applications in the brake disks for railway brake equipment [3]. 

Aluminium-based Metal Matrix Composites (MMCs) have received increasing attention in recent 

decades as engineering materials. The introduction of a ceramic material into a metal matrix produces a 

composite material that results in an attractive combination of physical and mechanical properties which 

cannot be obtained with monolithic alloys [4]. The various reinforcements that have been tried out to 

develop aluminium matrix composites(AMCs) are graphite, silicon carbide, titanium carbide, tungsten, 

boron, Al203, fly-ash, Zr, TiB2. Addition of hard reinforcements such as silicon carbide, alumina, and 

titanium carbide improves hardness, strength and wear resistance of the composites [1, 2-4]. Aluminium 

alloys are still the subjects of intense studies, as their low density gives additional advantages in several 

applications. These alloys have started to replace cast iron and bronze, to manufacture wear resistant 

parts. Previous studies have shown that mechanical properties of Al-matrix composites would be 

enhanced with particulate reinforcement [5]. The particulate reinforced MMCs is mainly used due to 

easy availability of particles and economic processing technique adopted for producing the particulate-

reinforced MMCs. Al alloy has been commonly used as a base metal for MMCs reinforced with a variety 

of fibres, particles and whiskers [6-7]. Amongst different kinds of the recently developed composites, 

particle-reinforced metal matrix composites and, in particular, aluminium base materials have already 

emerged as candidates for industrial applications [8-9]. 

Investigation of mechanical behavior of aluminum alloys reinforced by micro hard particles 

such as Graphite is an interesting area of research. Therefore, the aim of this study is to investigate the 

effects of different factors such as: (i) particle size (ii) weight percentage of the particles (iii) Fabrication 

process on the microstructure, mechanical and wear properties of the composites. Mechanical properties 

were evaluated as per ASTM standards using computerized universal testing machine and wear 

properties were evaluated using pin-on-disc wear testing machine. Although powder metallurgy produces 

better mechanical properties in MMCs, melt processing has some important advantages.  

EXPERIMENTAL DETAILS 

The following section highlights the materials used, their properties, method of composite 

preparation and evaluation of mechanical and wear properties. 

Materials Used  

The matrix material for present study is 6061Al. Table 2.1 gives the chemical composition of 

6061Al. The reinforcing material selected was Graphite of particle size 125 µm. Table 2.2 gives the 

properties of Matrix and Reinforcing materials used in the present study. 
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Table 2.1 Shows the Chemical Composition of 6061Al Alloy Used in the Present Study. 

Elements Si Fe Cu Mn Ni Pb Zn Ti Sn Mg Cr Al 

Percentage 0.43 0.7 0.24 0.139 0.05 0.24 0.25 0.15 0.001 0.802 0.25 Balance 

 

Table 2.2 Shows the Properties of Matrix and Reinforcing Materials Used in the Study. 

Material/ 
Properties 

Density 
gm/cc 

Hardness 
(HB500) 

Strength 
(Tensile/Compressive

) 
(MPa) 

Elastic modulus 
(GPa) 

Matrix – 6061 

Al 

2.7 30 115 (T) 70-80 

Reinforcement 
Graphite 
Particle 

2.25 
1.7 mohs 

scale 
89.63(C) 8-15 

 

Preparation of Composites  
 

The 6061 Aluminium alloy is used in this experiment as the matrix and graphite of 125 µm as 

reinforcement. The liquid metallurgy route has been adopted to prepare the cast composites of 6061Al-

Graphite. Preheated Graphite powder of laboratory grade purity of particle size 125 µm was introduced 

into the vortex of the molten alloy after effective degassing using solid hexachloroethane (C2Cl6). Before 

introducing reinforcement particles into the melt they were preheated to a temperature of 2500C. The 

extent of incorporation of Graphite particles in the matrix alloy was achieved in steps of 3. i.e Total 

amount of reinforcement required was calculated and is being introduced into melt 3 times rather than 

introducing all at once. At every stage of before and after introduction of reinforcement particles, 

mechanical stirring of the molten alloy for a period of 10 min was achieved by using Zirconia-coated 

steel impeller. The stirrer was preheated before immersing into the melt, located approximately to a 

depth of 2/3 height of the molten metal from the bottom and run at a speed of 200 rpm. A pouring 

temperature of 730°C was adopted and the molten composite was poured into cast iron mould. The 

extent of incorporation of graphite in the matrix alloy was varied from 0 to 12 wt%. Thus composites 

containing particles were obtained in the form of cylinders of diameter 12.5mm and length 125mm. 

Testing of Composites 

To study the microstructure of the specimens the central portion of the casting was cut by an 

automatic cutter device. The specimen surfaces were prepared by grinding through 220, 400, 600, 800 

and 1000 grit papers and then by polishing with 3 µm diamond paste and then etched by Keller’s reagent 

to obtain better contrast. Microscopic examination of the composites was carried out by optical 

microscopy. To investigate the mechanical behavior of the composites the hardness and tensile tests were 
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carried out using Zwick and computerized uni-axial tensile testing machine as per ASTM standards. 

Fig.1. Shows the dimensions of the mould and specimen used for tensile studies. The Micro-Vickers 

hardness values of the samples were measured on the polished samples using diamond cone indentor 

with a load of 2N.  Hardness value reported is the average value of 100 readings taken at different 

locations on the polished specimen. The theoretical density and experiment density is calculated, The 

theoretical density obtained by rule of mixture and measured density values by experiment for both the 

composites studied. For tensile results, test was repeated three times to obtain a precise average value.  

     
(a)                                                                                 (b) 

 

Fig. 1 Showing the Details of (a) Permanent mould for Producing Composites (b) Dimensions of 

the Tensile Specimen. 

Wear Test 

Wear is a process of removal of material from one or both of two solid surfaces in solid state 

contact. As the wear is a surface removal phenomenon and occurs mostly at outer surfaces, it is more 

appropriate and economical to make surface modification of existing alloys than using the wear resistant 

alloys [10]. 

Dry sliding wear tests for different number of specimens was conducted by using a pin-on-disc 

machine (Model: Wear & Friction Monitor TR-20) supplied by DUCOM, The slider disc is made up of 

0.95 to 1.20% carbon (EN31) hardened steel disc with hardness of 62 HRC having diameter 165mm.The 

pin was held against the counterface of a rotating disc (EN31 steel disc) with wear track diameter 90mm. 

The pin was loaded against the disc through a dead weight loading system. The wear test for all 

specimens was conducted under the normal loads of 1kgf, 3kgf, and 5kgf (10N, 30N and 50N) and a 

fixed sliding speed of 1.6 m/s. The pin samples were 30 mm in length and 8 mm in diameter. Care should 

be taken that the test sample’s end surfaces were flat and polished metallographically prior to testing 

[13]. The samples and wear track were cleaned with acetone and weighed (up to an accuracy of 0.001 gm 

using microbalance) prior to and after each test. The wear rate was calculated from the weight loss 

technique and expressed in terms of wear rate. In this experiment the test was conducted with the 

following parameters and is tabulated as shown in Table2.3. 

(1) Load 

(2) Speed 

(3) Time 
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Table 2.3 Shows the Constant and Variable Parameters Used in Wear Test Study. 

PARAMETERS:                                             

CONSTANT PARAMETERS: 

1. Time = 15min, 

2. Speed =400 RPM, 

VARIABLE PARAMETERS:    

1. Load = 1kgf (9.81 N), 3kgf (29.45 

N), 

5kgf (49.05 N) 

 

RESULTS AND DISCUSSIONS 

Microstructural Studies 

Fabrication of metal–matrix composites with Graphite particles by casting processes is usually 

difficult because of the very low wettability of Graphite particles and agglomeration phenomena which 

results in non-uniform distribution and weak mechanical properties. In the current work, 6061Al 

aluminum alloy matrix composites with micro size Graphite particles were produced by stir casting 

method. The magnitude of Graphite powder used in the composites were 6, 9 and 12wt%. The optical 

micrographs of the 6061Al alloy with 0, 6, 9 and 12wt. % Graphite particulates were shown in Fig 3(a-

h). 

Fig. 3a-h shows microstructure of as cast 6061Al and 6061Al with 6 wt% (Fig. 3c-d) , 9wt% 

(Fig.3e-f) and 12wt% (Fig.3g-h) Graphite particulates. The stirring of melt before and after introducing 

particles has resulted in breaking of dendrite shaped structure into equiaxed form, it improves the 

wettability and incorporation of particles within the melt and also it causes to disperse the particles more 

uniformly in the matrix. Fig. 3c-h reveals the distribution of graphite particles in different specimens and 

it can be observed that there is fairly uniform distribution of particles and also agglomeration of particles 

at few places were observed in both the composites reinforced with 6 wt.%, 9wt% and 12wt% graphite. 

Further, these figures reveal the homogeneity of the cast composites. The microphotograph also clearly 

reveals the increased filler contents in the composites. 

Density measurements 
 

From the Table 3.1 it can be seen that the comparison of theoretical density obtained by rule of 

mixture and measured density values by experiment for both the composites studied for different wt% of 

reinforcements. Experimentally, the density of a composite is obtained by displacement techniques using 

a physical balance with density measuring kit as per ASTM: D 792-66 test method. 

From the table 3.1 it can be observed that the experimental densities of composites are less than when 

compared to the theoretical density, this could be due to the presence of porosity.  
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Table 3.1 Showing the Theoretical and Experiment Densities of as Cast 6061Al and With 6, 9 and 

12 wt% of Graphite Respectively. 

Composition Density (g/cm3) 
Weight % Reinforcement 

0 6 9 12 

6061Al-Graphite 

Theoretical Density 2.70 2.67 2.66 2.64 

Experiment Density 2.65 2.62 2.6 2.59 

 

Hardness Measurements 
 

Hardness, which is described as a measure of a material's resistance to surface indentation, may 

be thought of as a function of the stress required to produce some specific types of surface deformation. 

The Micro-hardness measurements were carried out on both the composites as well as on the base matrix 

using Zwick hardness testing machine at a load of 2N for a time of 10 seconds. The value reported is 

average of 100 readings taken at 30 different locations. Figure 3.2 is a graph showing the effect of 

graphite reinforcement on the hardness of cast 6061Al-Graphite particulate composites. It can be seen 

that as the graphite content increases, the hardness of the composite material decreases monotonically by 

significant amounts. In fact, as the graphite content is increased from 0% to 12% the hardness decreases 

by about 22%. One would have expected that as the UTS of a material increases, so would the hardness, 

as is very evident for the common engineering metals like steel, and indeed for many composites too. 

Nevertheless, the opposite is seen in this particular composite, whereby the hardness drops as the UTS 

increases. There is a good reason for this phenomenon, though, since graphite, being a soft dispersoid, 

does not contribute positively to the hardness of the composite. Instead, as mentioned above in the case 

of ductility, the graphite added, being an effective solid lubricant [11,8-11], eases the movement of 

grains along the slip planes, rendering the material more easily deformable under the indenter of the 

hardness tester. K.H.W Seah et al., [12] have reported a reduction in hardness from 107 BHN to 77 BHN 

(about 28% differences) on addition of similar weight percentages of graphite to ZA-27 (Zinc 

Aluminium) alloy. Such a monotonic decrease in the hardness of the composite as graphite content is 

increased poses a limit to how much graphite may be added to enhance its other mechanical properties, 

since hardness is directly related to wear resistance. Consequently, a compromise is necessary when 

deciding how much graphite should be added to enhance the ductility, UTS, compressive strength, and 

Young's modulus of the composite without sacrificing too much of its hardness, especially in 

components like engine bearings, pistons, piston rings and cylinder liners, in which wear resistance is of 

paramount importance. 
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Fig. 3.2 Showing the Variations in Hardness of 6061Al before  
and after Addition of Different wt% of Graphite  Particulates 

 

Tensile Properties 
 

In any design work, it is important to consider practically realizable values of strength of the 

materials used in design. The tensile test is one of the basic tests to determine these practical values. The 

range of values obtained from the tests forms the basis for the size of the material in the products for the 

factor of safety. The tensile tests were carried out using computerized uni-axial tensile testing machine as 

per ASTM standards. Three test specimens were used for each test and average value is reported.  

Table 3.2 Showing the Tensile Test Results of Cast 6061Al, with Addition of 6, 9 and 12wt% of 

Graphite Particulates to 6061Al 

Sl. No Weight percentage of 
Graphite particles 

(%) 

Ultimate Tensile strength  
(MPa) 

1 0 121.05 

2 6 184.02 

3 9 191.09 

4 12 194.44 

 

 
Fig. 3.4 Showing the tensile test results as-cast 6061Al, 6061Alwith 6, 9 and 12wt% 

of Graphite particulate composite 
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Wear Properties 

From the Figure 3.5a-c it can be concluded that the wear rate of 6061Al-Graphite composites 

decrease only with 6wt.% of Graphite, and starts increasing slowly with further addition of graphite. In 

dry sliding the reason for the decreased wear rate of 6061Al-Gr composite as compared with the base 

alloy is due to the effect of solid lubricant content in the composite can be released automatically during 

the wear process and it forms a thin lubricating graphite rich film on the material surface. Further, with 

increased graphite content beyond 6wt.% the wear rate increases due to reduction in fracture toughness 

and hardness. Jha etal [14,4] have observed that the porosity encountered in the process of production of 

aluminium–Graphite composite material embrittles the material with crack nucleation and reduction in 

fracture toughness and elongation of the matrix alloy leading to increased wear. 

 

 

  
 

(a)                                                                 (b) 
 

 
                                                   

 
 
(c) 
 

Fig.3.5a-c Showing the Wear Rate of 6061Al with Respect to Different wt% of Reinforcement 
 for Varying Loads (N), (a) 10N-400RPM (b) with 30N-400RPM (c) 50N-400RPM. 
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CONCLUSIONS 

The present work on synthesis and characterization of 6061Al-Graphite composites led to 

following conclusions 

1. The composites containing 6061Al with 6, 9 and 12wt% of Graphite particulates were 

successfully synthesized by melt stirring method using three stages mixing combined 

with preheating of the reinforcing particles. 

2. The optical micrographs of composites produced by stir casting method shows fairly 

uniform distribution of Graphite particulates in the 6061Al metal matrix. 

3. The experimental densities were found to be lower than theoretical densities due to the 

presence of porosities in all the composites. 

4. It was revealed that the hardness of composite samples decrease with increasing the 

weight percentage of particles.  

5. The addition of Graphite has resulted in increase in tensile strength. The tensile 

strength is a function of volume fraction of reinforcement. As volume fraction 

increases tensile strength of composite increases. However, addition of graphite has 

resulted more improvement in tensile properties. 

6. The wear rate of the 6061Al-Graphite composite found to decrease upto 6wt% but 

thereafter tends to increase. 
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(c)      (d) 

  
(e)      (f) 

  
(g)      (h) 

Fig.3-a-h Showing the Optical Microphotographs of 6061Al with and without Graphite 
Particulates (a-b) As-cast  (c) with 6wt% of Graphite at 50X (d) with 6wt% of 
Graphite  at 100X (e) with 9wt% of Graphite at 50X (f) with 9wt% of Graphite at 
100X (g) with 12wt% of Graphite at 50X (h) with 12wt% of Graphite at 100X. 

Graphite  

Graphite 
Graphite 

Graphite  
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Graphite 
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