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Abstract:  
Improving the performance of Plug-in Electric Vehicles is a challenge that significantly accounts for the reduction of gross weight 

and enhanced strength for all auto components manufacturers.  As a result usage of aluminum hybrid metal matrix composites in 

industrial applications has been increasing due to its strength-to-weight ratio. The current study on research work carried out focuses 

on the effect of ceramic particulates reinforced with Al-Mg metal matrix composite produced by liquid stir casting methods and their 

dry wear. The matrix Al-Mg is reinforced by varying the wt. % of silicon carbide and graphite (0-10 wt.% )increased in the steps of 

2 wt. % and cast in three different diameters of 25, 50, & 75 mm. The characterization of the hybrid metal matrix composites like 

hardness, tensile, compression properties, and their effects on dry wear study weres probed. It was observed that Brinell hardness was 

enhanced by 17%. The tensile, & compression strength are enhanced moderately in comparison with base alloy. The results of dry 

wear resistance of Al-Mg MMCs the wear resistance is controlled with an increase in the graphite percentage. Uniform dispersion of 

the reinforcement was observed with SEM and peaks of EDS and PXDR show the elements present in HMMCs.   

Key Words: Silicon carbide – SiC, Graphite – Gr, Hybrid Metal Matrix Composites - HMMC’s, Aluminium magnesium- Al-Mg. stir 

casting.  

1. Introduction 

Metal matrix composites are the homogeneous combination of two or more alloys or metals forming a matrix 

and the ductile matrix is strengthened by harder particulates of ceramics known as the reinforcement.[1] The 

desired strength and stiffness properties of tailor-made metal matrix composites can be achieved based on 

various factors like pouring temperature, Cooling time of the casting,  by varying the percentage of the 

reinforcement in the matrix, based on the application of the components, the fabrication method of the 

composite, and particulate size of the reinforcement, Strength properties were also enhanced by thermal 

treatment or hot extrusion process.[2]. The liquid vortex method is the most widely used technique to fabricate 

the aluminum metal matrix composite[3]. Alloys of aluminum light in weight and high corrosion resistance, 

with a lower maintenance cost, are most preferred in marine applications. Al 5083 is used in the manufacturing 

of plates for shipbuilding and AA 6082  widely used material in extrusion[4]. Weight reduction in the metal 

matrix composite can be achieved by utilization of Aland Mg alloys a fundamental thought of automakers[5]. 

 

2. Experimental Procedure 

Aluminum being the ductile material can be improved with strength and stiffness properties when reinforced 

by harder particulates of the SiC, B4C, Al2O3, Gr, MICA, Fly Ash, Red mud, etc. The tailor-made properties 

of Aluminium metal matrix composites have created a demand for all industrial sectors of auto components 

makers. Magnesium enhances the hardness of the white metal and also helps in maintaining good wettability 

among the matrix and the reinforcement. Al-Mg alloy is selected as matrix material and particulates of SiC of 

size 60 to 120 μm, and graphite of size 80 to 120 μm are selected as reinforcement. SiC being the harder material 

can also enhance the strength properties of MMCs and graphite being softer material can contribute as a good 

solid lubricant for forming process, and also increases the strength properties moderately. The SEM image of 
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the Al-Mg alloy, SiC, and graphite is demonstrated in Fig. No.1. The hardness was drastically enhanced due to 

the rigorous deformation at dead none of the metal surface during the extrusion process was observed. The 

strain accumulated closer to the surface subsequentially with extrusion[6].  

 

 

Fig. No. 1 Demonstrates SEM of Base alloy, SiC, and graphite. 

Fabrication of (Al-Mg + SiC + Gr.) MMCs: Ulhas .K. Annigeri et. al [7] reveal that Stir casting is a more 

economical process in mass production, and one of the preferred techniques to fabricate particulates 

reinforcement metal matrix composites. P.B.Pawar et.al. [8] demonstrate different methods for fabrication of 

the MMCs are routed through vortex liquid stir casting, compo casting, squeeze casting, spray deposition, and 

powder metallurgical process, infiltration process[9]. The graphite crucible of the resistance furnace was 

charged by Al-Mg chopped ingot weighed using the digital weighing machine as demonstrated in Fig. No.2. 

 

Fig. No. 2 Plunging of SiC and Gr.particulates in Al-Mg matrix 

The degasification of the molten matrix is carried out at 760 ⁰C by adding a dichloromethane tablet into the 

molten matrix. The dross was removed from the molten matrix after 2 minutes. The Particulates of 

reinforcements were preheated to remove the moisture content present in reinforcement up to 400 ⁰C. The 

reinforcement is weighted using a digital weighing machine and wrapped in aluminum foil and plunged inside 

the molten matrix at the desired temperature. The molten melt is then stirred for 10 minutes at 350 rpm by the 

stirring attachment run by three phase motor with half HP capacity to achieve a homogenous mixture of the 

MMCs. The dies are preheated by a gas torch for one hours before pouring the molten matrix to avoid sticking 

of MMCs with the inner surface of the casting mold.  The castings MMCs are produced with sufficient cooling 

after gravity pouring. 

The density of the MMCs was measured with the proper size and shape of the specimen. The experimental 

density of the MMCs and base alloy was analyzed by measuring the weight of the specimen and its volume at 

room temperature. The theoretical density of MMCs was analyzed by using the rule of the mixture relation. 

Density “T” = [(M x VM) +(r x Vr)]                                                 …1                                                                                       

The hardness of the composite can be improved by adding the particulates of B4C, Red mud, aloe vera powder, 

Al2O3, SiC, TiC, etc. in the matrix. On the other side addition of graphite in the aluminum metal, matrix 

composite can descend the strength properties but can help in improving the wear properties[3]. The Brinell 

hardness test was conducted for the specimens prepared as per ASTM E10 standard. A load of 187.5 kgf was 

applied to the specimen for a dwell time of 15 seconds. The average of five indentation marks is used to measure 

the macro hardness of the base alloy and MMCs using the relationship demonstrated in equation No.2 

BHN = 
2𝑃

𝜋𝐷(𝐷−√𝐷2− 𝑑2)
                                                                                                                   …2 
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The tensile specimens were prepared as per ASTM E8 std as demonstrated in Fig. No.4 and fixed in the shackles 

of a tabletop tensile test machine to make MTS exceed the model of E43 with a maximum loading capacity of 

10kN. The ultimate tensile strength of the MMCs was measured using the relationship demonstrated in equation 

No. 3  

 =
𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑙𝑜𝑎𝑑

𝐼𝑛𝑡𝑖𝑎𝑙 𝑎𝑟𝑒𝑎
=

𝑃𝑢

𝐴𝑖
     N/mm2                                                                                                                                                  …3 

The compression test specimens are prepared as per the ASTM E9 standard. The ultimate compression strength 

is given by the relation from equation No. 4. 

 =
𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑙𝑜𝑎𝑑

𝐼𝑛𝑡𝑖𝑎𝑙 𝑎𝑟𝑒𝑎
=

𝑃𝑢

𝐴𝑖  
    N/mm2                                                                                                                                                 …4                                                                                                                

The wear test specimens were prepared as per the ASTM G99-G95 standard. The specimens prepared were 

mounted in the arms with an arm radius of 40mm, rotating disc at 350 rpm, the test was conducted by varying 

the lad on the pin by 5, 10, & 15 N for three different cast diameters.   

The uniform dispersion of the SiC and Gr. can be visualized from the SEM images and the composition of 

various elements from EDS peaks as demonstrated in Fig. No. 6  

  

 

Fig. No. 6 Demonstrates the SEM, EDS, and PXD image  

Analysis of Extrusion 

The billets were prepared from the casting of MMCs, with a diameter of 40mm and a length of 30mm. the billets 

were preheated at 400 ⁰C for 2 hours in a resistance oven. The perception of the secondary phase particulates 

of the MMCs extruded around 450 ⁰C is observed on the grain boundaries[10]. Strap heaters are also used to 

preheat the die and maintain the temperature of the die during the extrusion of the material. The extrusion speed 

of the MMCs was set to 2 mm/sec. The MMCs were extruded with an extrusion ratio of 16. The extrusion ratio 

for direct hot extrusion is given by 

𝑅 =
(𝐴𝑜−𝐴𝑓)

𝐴𝑜
                                                                                                                                  …5 

True strain  

Strain ‘’ = 𝑙𝑛
𝐴𝑜

𝐴𝑓
                                                                                                                  …6 

Extrusion strain  

𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑠𝑡𝑟𝑎𝑖𝑛 "x" = 𝑎 + 𝑏 ( ln. 𝑟𝑥)                                                                     …7 

Where x is the extrusion strain, and a and b are the empirical constants for a given die angle. The values for a 

= 0.8, & b = 1.2 to 1.5 a & b tend to increase with increasing die semi-cone angle. 

Ram force for a simple pressure ‘p’ for direct extrusion is given by the relation from equation 8 

Force = (p * Ao)                           …8 

Where F is the ram force in extrusion. 
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Pressure applied to compress the billet through the die opening is given by equation no.9 

Pressure “P” = Yf * ln rx                                                                                                             …9 

Flow stress is an important parameter in the fatigue failure of ductile materials. 

Flow stress “Yf“= (K * xn) / (n + 1)                                                                                         …10 

Where K is the strength coefficient and the strain-hardening exponent 

3. Results and discussion 

The Macro analysis of the castings produced in three different cast diameters of 25, 50, & 75mm is demonstrated 

in Fig. No. 2.  

  
Fig. No. 3 Demonstrates the as-cast and MMCs fabricated by the stir-casting process. 

It can be observed from Fig. No.4 the experimental density of the MMCs is decreasing with an increase in the 

addition of the reinforcement.  

 
Fig. No. 4 Experimental density of 25mm, 50mm, and 75 mm cast diameter MMCs. 

Hardness on the MMCs and the base alloy is demonstrated in Fig. No.5 the hardness results show that the 25mm 

cast diameter has improved hardness due to a faster cooling rate as compared to the 50 and 75mm cast diameter 

of MMCs. The hardness of the MMCs is enhanced due to an increase in the addition of SiC and graphite 

particulates. 

 
Fig. No. 5 Demonstration of Brinell hardness for 25,50, and 75 mm cast diameter MMCs. 

 

Tensile strength is in an increasing trend from 0 to 4 wt.% and found drastically increase up to 8 wt.% and 

descend with further increase in the addition of graphite particulates as demonstrated in Fig. No.6 
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Fig. No.6 demonstrates the tensile test specimens as per ASTM E8 std. 

The compression strength of the material is increased by twice the strength of the base alloy drastically in the 

beginning up to 2 wt.% of graphite and rises moderately with an increasing trend up to 10 wt.% of graphite 

addition as demonstrated in Fig. No.7. 

 
Fig. No. 7 Demonstrate the Compression test of MMCs and base alloy. 

Dry wear Test of MMCs: 

The specimens for wear testing were prepared as per ASTM G99-G95 standards as demonstrated in Fig. No. 8. 

The wear test was performed using weight  loss method. 

  
Fig. No. 8 specimens for dry wear testing of MMCs. 

It is observed from table No.1 that the wear rate is minimized with the increase in the addition of reinforcement 

graphite in SiC. as graphite can be used as a good solid lubricant to overcome the wear of the MMCs. It is also 

noticed that as the load increased the wear rate is also increasing from Fig. No.9. 

 Table No. 1 Wear rate in micrometer for 5, 10, and 15 N of load acting on the pin 

Composition of SiC and Gr. in Al-Mg MMCs in wt. % 0 2 4 6 8 10 

Wear rate of 25 cast diameter/time in sec 
130 112.6 109.6 107.6 84.78 82.68 

1799 1758 1785 1799 1791 1778 

Wear rate of 50 mm cast diameter/time in sec 
157.2 115.4 161.5 137.6 87.99 125.2 

1797 1794 1799 1798 1797 1798 

Wear rate of 75 mm cast diameter/time in sec 
178.9 164.5 187 198 187.3 154.2 

1799 1797 1799 1798 1796 1798 
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Fig. No.9 Demonstrates of Wear test 5, 10, & 15N load acting on the pin. 

Fig. No.8 dry wear test of Al-Mg MMCs. 

Extrusion of the MMCs was produced through billet turned to a size of 40mm x  30mm in length. The billets 

were introduced in the top cylindrical die and enclosed by RAM through which the pressure is applied. The 

fasteners of the extrusion setup are completely checked once before the extrusion of the composites. It is 

observed that initially, 25mm length was harder to extrude, a maximum of 110mm of length with a reduction 

of 10 mm diameters were achieved as demonstrated in Fig. no.10. 

 

Fig No.10 Extrusion of AL-Mg MMCs 

4. Conclusion 

1. The fabrication of the MMCs was produced successfully routed through a liquid stir casting technique varying 

SiC and Gr. between 0 – 10 % increase in the step of 2 wt.%.  

2. SEM analysis shows uniform dispersion of the reinforcement with an increase in the addition of graphite and 

SiC. the porosity of the composite was observed within the permissible limit by extrusion of MMCs. 

3. The strength properties of 25mm cast diameter of base alloy and MMcs like hardness enhanced by 17%, 

tensile & compression have moderately increased up to 8 wt.% and slightly descend still found higher than the 

base alloy. This is due to the cooling time required being lesser as compared to 50 and 75mm casting die. It also 

acts as a single crystal. 

4. The ductility of the MMCs was increased due to an increase in the percentage of elongation beyond 10 wt. 

% of Gr. addition in the MMCs. 

5. The hot extrusion of the Al-Mg MMcs was successfully produced maintaining the die temperature around 

400 ⁰C, and lubricating the inner surface of the extrusion die with sem solid paste of (graphite and paraffin oil 

). Splash was formed due to improper heating of the billets and loosely fastened extrusion setup. 
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