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Abstract: This research intends to investigate the mechanical and wear behaviour of 
aluminium-based composites reinforced with wt% of steel, SiC and graphite particles. The 
wt% of steel, SiC and graphite particles have been oriented by full factorial design of 
experiment. Taguchi method has been employed for mono-objective optimization of hardness, 
and tensile strength. From the results, the use of steel particles as replacement of conventional 
reinforcements such as SiC in AMCs, has great promise for applications where high specific 
strength, toughness and wear resistance are desired in service. Results revealed that the 
greatest signal-to-noise ratio for the hardness is attained at the highest level of wt% of steel = 
8; wt% of graphite = 2; wt% of SiC = 8. Therefore, these parameters combination is the 
optimum settings. For ultimate tensile strength, a highest signal-to-noise ratio is achieved from 
the wt% of steel = 8; wt% of graphite = 2; wt% of SiC = 8 which indicate the optimum 
parameter level 
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1. Introduction 
Aluminium metal matrix composites (Al MMCs) account for about 69% by mass of metal 
matrix composites (MMCs) produced annually and used for industrial purposes (Prakash et. 
al. 2018). This is so as a result of their outstanding physical, mechanical and tribological 
properties. Al MMCs have been given preference over other frequently used aluminium 
alloys in recent times as a result of their excellent strength-to-weight ratio (Idusuyi. et. al., 
2016). MMCs are designed to bring together the desirable metallic matrix characteristics and 
the properties of reinforcements particles (Kumar et. al., 2017). Specifically, in the case of 
Al MMCs, the metallic matrix (aluminium) provides ductility, formability, toughness, 
electric and thermal conductivities while the reinforcements offer high hardness, modulus, 
strength, low thermal expansion and high temperature durability (Lavernia et. al., 2017). No 
monolithic material is yet to be a match for Al MMCs in terms of their combination of profile 
properties (Surappa et. al., 2003; Rajeswari et. al., 2015). Al MMCs have become choice 
materials for construction and building purposes (Srivastava, 2017; Akhil, 2018), structural, 
thermal management and mild steel bearing applications (Alaneme, 2015), for making 
components such as cylinder liners, rotating blade sleeves, brake drums, cylinder blocks, 
gear parts, piston crowns, crankshafts, disk brakes and drive shafts (Alaneme, 2017), 
aerospace and defence (Rawal, 2001) and other fields have drawn even more attention 
(Ramnath, 2014). Others are precision and optical instruments (Mohn, 1988), rail transport 
(Hariharasakthi Sudhan, 2018), sporting equipment (Sijo, 2016), air conditioner compressor 
pistons (Mistry, 2019), and energy (Nieto, 2017). These areas of application point to the fact 
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that a substantial amount of components for which Al MMCs are developed are susceptible 
to high wear rates (Gargatte, 2013). It is therefore pertinent to study the wear characteristics 
of these composites to enhance the understanding of their behaviour in service. It has been 
established that wear characteristics of materials are determined by a number of material and 
operational conditions in a complex manner (Dixit, 2014). 
The use of metallic materials as reinforcement in AMCs, is lately among the strategies 
deployed to enhance the low ductility and toughness observed in ceramic reinforced AMCs. 
The selection of metallic materials is based on the good wettability between metals compared 
with metal and ceramic systems, which enhances interface strength and consequently, load 
transfer from the matrix to the reinforcement. This is in addition to the inherent ductile nature 
of the metal reinforcement, which makes them less susceptible to brittle fracture compared 
to ceramics. In this regard, a number of studies  have been carried out to demonstrate 
the viability of this design strategy, with Ni and Fe being the most reported metallic 
reinforcement studied (Saravana et. al., 2013; Abdulla et. al., 2016). 
This research intends to investigate the structural features, mechanical and wear behaviour 
of stir cast aluminium-based composites reinforced with steel and graphite particles. The 
steel particles will be processed through milling of steel chips, which can be cheaply sourced 
from industrial machining shops. The choice of steel machining chips as starting material is 
informed by its high strength compared to bulk steel material, arising from the ultra-fine/nano 
grain structure it is reported to possess. The ultra-fine/nano scale grain structure that develops 
is a characteristic resulting from the high deformation strains steels sustain during the process 
of chip formation (Alaneme, 2016). 
2. Literature Review 
Alaneme et. al. (2019) analysed the structural characteristics, mechanical and wear 
behaviour of stir cast Al-Mg-Si alloy-based composites reinforced with different weight 
percent of steel, steel-graphite hybrid mix, and SiC-particles were investigated. The results 
show that the hardness of the composites increased approximately by 11% with increase in 
steel particles from 4 to 8 wt. %. For the same range of steel concentration, the ultimate 
tensile strength also increased with increase in steel wt. %. These strength values were all 
higher than that of 8 wt. % reinforced SiC by a margin of 3.2–24%. The specific strength 
and fracture toughness equally followed the same trend with respect to steel concentration 
with strain to fracture, the exception where slight decrease (less than 4%) is observed. Wong 
et al. (2006) reported that a continuous metallurgical bond at the insert/alloy interface is 
achieved in cast iron insert reinforced Al-Si alloy, consequently giving rise to good thermal 
conductivity and mechanical properties. 
Fathy et al. (2015) studied the effect of iron addition on powder metallurgy processed Al- 
matrix composites. It was reported that iron improved the compressive strength and hardness 
of the composites but little was reported on its effect on the ductility or toughness. The 
strengthening mechanism was linked to the grain refinement of the Al matrix, the uniform 
distribution of the Fe particles, as well as the formation of Al13Fe4 intermetallic compound. 
The investigation by (Abdulla et. al., 2016) focused on the mechanical properties and wear 
behaviour of aluminium matrix reinforced with steel machining chips processed by powder 
metallurgy. The investigation showed that the addition of steel machining chips, resulted 
in significantly low porosity levels in the aluminium matrix composites, compared with the 
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use of SiC as reinforcement. The mechanical properties as well as the wear resistance, were 
also improved with the use of the steel machining chips as reinforcement. 
The type, nature, shape and size of reinforcements are critical factors in the wear performance 
of Al MMCs and so careful selection is needed (Sijo et. al., 2016; Dev, 2018). From an 
investigation on wear behaviour of hybrid Al2219/Gr/B4C composite (Ravindranath et. al., 
2017), increase in sliding speed, sliding distance, applied load were found to lead to an 
increase in the wear rates of base alloy Al2219, Al2219 with 8%B4C and the hybridised 
composite (Al2219 + 8%B4C + 3%Gr). However, the hybridised composite displayed better 
resistance to wear probably due to the action of the ceramic particle reinforcements which 
were present. The particles provided a considerable amount of resistance to the micro cutting 
of the composite by the abrasive, leading to lessening of the rate at which material was being 
removed from the surface of the composite. 
Sharma et al. (2017) studied wear in an Al-Fly ash reinforced composite. They observed that 
least wear loss and coefficient of friction values of 0.32 g and 0.12 were obtained at 6 wt% 
and 4 wt% fly ash content between the tribo-pairs of cast iron surface and MMC surface. 
Vedrtnam and Kumar (2018) investigated the wear behaviour of aluminium reinforced with 
silicon carbide and copper. From the work, it was shown that the most influential parameter 
on the rate of wear of the composite was weight percentage of the reinforcements. Load and 
sliding speed were second and third, respectively in the order of dominance while sliding 
distance had the least effect. Singh et al. (2017) studied the friction and wear behaviour of 
aluminium alloy (Al 7075) and an Al MMC containing silicon carbide reinforcement 
particles under dry condition at different sliding distance. It was concluded from the work 
that wear rate of the silicon carbide based Al MMC was less than that of the aluminium matrix 
alloy by 30–40%. This is in line with the observation from another study by Hemanth et al. 
(2018), on the tribological properties of Al MMC–SiC composites. The results from their 
work revealed that the resistance to wear by the SiC reinforced aluminium composite was 

higher by about 14%compared to that of the aluminium alloy. A natural mineral, rutile 

(TiO2) was used as reinforcement in a hybrid composite of aluminium base. Powder 
metallurgy was applied by Kumar and Rajadurai (2016) to synthesise the composite. 
In their work on the investigation of wear characteristics of Al–SiC composites, Singla et al. 
(2009) submitted that at a fixed sliding velocity, the wear rate increased linearly as the sliding 
distance increased. Clustering of the reinforcing SiC particles and non-uniform blending with 
the aluminium matrix was said to have been the reason for the trend. The investigation of the 
tribological properties of Aluminium/Alumina/Graphite Al MMC, by Radhika et al. (2011) 
gave a somewhat contrary result. The results from their work showed that as the sliding 
distance increased, the wear rate and coefficient of friction decreased. The inverse 
relationship was attributed to the abrasion resistance brought about by the presence of hard 
alumina particle and the reduction of wear due to a layer formed by graphite between the 
sliding pin surface and the composite.  

3. Research method 
The Al alloy with chemical composition presented in Table 3.1, served as the metal matrix 
for the Al-based composite development. Matrix used in this study is aluminium 6061 alloy 
whose composition is in Table 1. 
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Table 1: Chemical Composition of AA6061Aluminum Alloy 

 
Aluminium 6061 is most versatile and extensively used aluminium alloys in 6000 series. 
Magnesium and silicon are major alloying elements in aluminium 6061 alloy. Aluminium 
6061 possesses good strength, high machineability, good hardness and also light in weight. 
But some of properties such as low wear resistance has limited the application of this 
material. Aluminium 6061 alloy was selected as matrix owing to its cost and useful specific 
properties. 
The reinforcement materials selected for investigation are steel particulates, graphite and 
silicon carbide respectively. Steel particulates, graphite and silicon carbide were selected as 
reinforcements for the composite production. The steel particulates were processed from 
Steel machining chips obtained from boring operation on medium carbon steel, graphite and 
silicon carbide. The steel chips, which were initially of average particle size of 600𝜇m, were 
ball milled to 100𝜇m passing, before being used as reinforcement particles. The graphite and 
silicon carbide, were both of analytical pure grades with an average particle size of 30𝜇m. 
Both the graphite and silicon carbide were purchased from a local vendor. 
The experimental plan was formulated considering three parameters (variables) and three 
levels. The levels of these variables chosen for experimentation are given in Table 2. The 
ranges of the selected parameters for design of experiment were based on Alaneme et al. 
(2019). 

Table 2: Process variables and their limits 
 

     Level   
  Parameters/Factors     

    1 2 3  

. 

       

A Wt. % of steel 4 6 8  
        

 B  Wt. % of graphite 1 2 3  
        

 C  Wt. % of SiC  4 6 8  
        

 
4. Results and discussion 
Mechanical Properties of hybrid Composites 
The samples of Al6061 alloy-based hybrid composites are fabricated with varying weight 
percentage of (4, 6 and 8 wt %) steel, (1, 2 and 3 wt %) graphite and (4, 6, 8 wt%) SiC 
particles are prepared by stir casting process. The experimental work for the fabrication of 
Al6061 hybrid composite is discussed in the previous chapter. The test specimens are 
machined by wire-cut electrical discharge machine as per the ASTM standards to find out 
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the density, hardness, tensile strength and flexural strength of composites. 
The hardness of Al6061 reinforced with steel, graphite and SiC particles hybrid composite 
is shown. The hardness test values are measured at four locations. Each sample and the 
average of four values of hardness in each combination are tabulated. The hardness of 
composites against cumulative reinforcement’s wt% is plotted in the Figure 1. 

 
Fig. 1: Variation of hardness across samples 

Two tensile test specimens are prepared for testing purpose and the average of two tensile 
test values are reported. In this research, the test results show that improvement in tensile 
strength while increasing the wt% of steel, graphite and SiC particles. 

 
Fig. 2: Variation of ultimate tensile strength across samples 
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Optimisation 

 
Fig. 3: S/N ratio plot for hardness 

 
Fig. 4: S/N ratio plot for ultimate tensile strength 

It is noticeable from the Fig. 3-4 that the highest signal-to-noise ratio of specific wear rate is 
achieved from the wt% of steel = 6; wt% of graphite = 2; wt% of SiC = 8 which indicate the 
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optimum parameter level. Similarly, the greatest signal-to-noise ratio for the hardness is 
attained at the highest level of wt% of steel = 8; wt% of graphite = 2; wt% of SiC = 8. 
Therefore, these parameters combination is the optimum settings. 

Table 3: Optimum parameter obtained from Signal to Noise Ratios (larger is better and 
smaller is better) 

Response Optimum settings  

Hardness A3B2C3 
wt% of steel = 8; wt% of 
graphite = 2; wt% of SiC = 8 

Ultimate tensile strength A3B2C2 
wt% of steel = 8; wt% of 
graphite = 2; wt% of SiC = 8 

Flexural strength A3B2C1 
wt% of steel = 8; wt% of 
graphite = 2; wt% of SiC = 4 

Wear rate A2B2C3 
wt% of steel = 6; wt% of 
graphite = 2; wt% of SiC = 8 

 
5. Conclusion 
This research intends to investigate the mechanical and wear behaviour of aluminium-based 
composites reinforced with wt% of steel, SiC and graphite particles. The wt% of steel, SiC and 
graphite particles have been oriented by full factorial design of experiment. From the results, 
the use of steel particles as replacement of conventional reinforcements such as SiC in AMCs, 
has great promise for applications where high specific strength, toughness and wear resistance 
are desired in service. Taguchi S/N ratio-based optimization revealed that a highest signal-to-
noise ratio of specific wear rate is achieved from the wt% of steel = 6; wt% of graphite = 2; 
wt% of SiC = 8 which indicate the optimum parameter level. Similarly, the greatest signal-to-
noise ratio for the hardness is attained at the highest level of wt% of steel = 8; wt% of graphite 
= 2; wt% of SiC = 8. Therefore, these parameters combination is the optimum settings. For 
ultimate tensile strength, a highest signal-to-noise ratio is achieved from the wt% of steel = 8; 
wt% of graphite = 2; wt% of SiC = 8 which indicate the optimum parameter level.  
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