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Abstract

Composite materials have the capability of being customised to provide specific mechanical and tribological properties. This paper presents the manufacture of a novel composite of Al6061 with 5% SiC (50 μm size) by the stir casting method. Experimental investigations of mechanical and tribological properties of SiC reinforced Al6061 are discussed. Investigations with a Rockwell hardness tester revealed that this composite had enhanced hardness. Wear characteristics were investigated for Al6061 and the novel composite Al6061 + SiC with a Pin on disc tribometer for a load range of 5N-200N and RPM varying from 200 to 1500. The effect of crucial parameters such as load and RPM on the wear of the novel composite were presented with sensitivity analysis. The results obtained are encouraging, showing the novel composite having a lower wear rate.
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1 Introduction
There is a constant need for improvements in material properties across a wide range of applications, such as transportation, aerospace, military engineering, etc. A specific requirement is the development of light weight high strength materials with improved mechanical properties. This can be achieved by developing a new class of materials so as to meet the challenging issues posed within engineering applications. Composites are one class of materials that can impart desired customized mechanical properties. In composites, two or more materials are combined together in order to give a unique combination of properties. Metal matrix composites (MMC) are fabricated with a matrix as a base light metal such as aluminium (Al), magnesium, or titanium and reinforced with various ceramic fibres [1–3].
Different fabrication methods are used for processing metal matrix composites such as: stir casting, infiltration, diffusion bonding, powder metallurgy, and deposition techniques. The selection of the fabrication method for making the composite has an influence on the material behaviour. The fabrication method can affect reinforcement distribution, homogeneity, clustering/agglomeration, wettability, hardness distribution, and density distribution, etc. which influence the mechanical behaviour of the material [4].
The stir casting technique is the most widely used technique for the fabrication of MMC's. In this method, the molten metal is stirred continuously with the help of a stirrer or an impeller usually made of graphite and the discontinuous reinforcement is incorporated into the matrix. An inert gas is blown into the crucible during operation in order to avoid any chemical reaction. The mixture is then poured in to the mould to obtain the desired shape [4,5]. In the preparation of metal matrix composites with the help of the stir casting method, there are various factors that need considerable attention, these include: (a) achieving a uniform distribution of the reinforcement; (b) Wettability between the main substances; (c) Porosity; and (d) chemical reactions between the ingredients. However, the above challenges could be taken care by effectively controlling the process parameters such as stirring speed, stirring time, stirrer depth, feed rate, etc. Wettability could be reduced by putting 1% Magnesium into the mould. By using inert conditions, we can reduce the possibility of chemical reaction between the constituents [5–8].
MMC's can be manufactured using wide range of reinforcing material such as silicon carbide (SiC), aluminium oxide (Al2O3), boron carbide (B4C), titanium dioxide (TiO2), boron nitride (B4N), etc. The reinforcing material can be of different sizes from 10 μm to 100 μm. The impingement of the reinforcement increases the physical, tribological and mechanical properties of the base matrix [9,10].
Wear is the gradual material removal from the solid surface when one material harder than the other rub against each other. Wear is not a material property but it depends on conditions to which the material is subjected [11]. Load, speed and distance between them are the three main wear testing parameters [12].
Literature indicates that when an Al matrix is reinforced with SiC its characteristic behaviour is that with the increase in weight percentage of SiC, the hardness, tensile strength and density of the MMC increased while toughness decreased. The strength to weight ratio was found to be 3 times more than mild steel [13]. In the microstructural evaluation, uniform distribution of nano SiC is observed in the metal matrix and also the strong bonding between the constituent and matrix at the interface [14].
A clustered region was observed when SiC was reinforced in Al7075 alloy matrix and then it increased with the increase of reinforcement content or with the reduction of particle size. Porosity and micro hardness increased with an increase of wt.% of SiC. Also the micro structural studies revealed a uniform distribution of particles and the micro hardness, wear resistance and the tensile strength were found higher than the base matrix. The density of the composites was also found to be increased [15,16]. The coefficient of friction and wear rates are reduced as compared to the base metal. However it increased with an increase in sliding speed [17]. Al 6061 reinforced with SiC also showed similar results as above [18]. Porosities were observed when Aluminium was reinforced with SiC [19]. A Design of Experiment was conducted as per the L27 orthogonal array Taguchi method using MINITAB 17 in order to determine the optimum number of experiments and optimum manufacturing conditions to fabricate Silicon Carbide and Copper reinforced Aluminium metal matrix composite [20–22].
Al 6061 being ductile and soft in nature has very low physical and tribological (wear) properties. Hence in order to increase the wear characteristics we must incorporate some kind of hard ceramics in the Al 6061 alloy. With the addition of reinforcement, SiC in this case, the wear characteristics of Al 6061 alloy was found to be enhanced. However, low research is observed in the area of variations in percentage weight of SiC. Also wear characterization of the SiC reinforced Al 6061 alloy at high load and high RPM has not been done. This paper therefore focuses mainly on finding the hardness and wear of the SiC reinforced alloy (5% by wt.) at high load and high RPM.
This paper presents a dry sliding wear test on SiC reinforced aluminium 6061 metal matrix composites. The results showed that with the volume percentage increase of the reinforcement, the wear was found to be decreased. Empirical relations were established using statistical regression analysis and ANOVA to estimate wear. Using this newly developed model the wear was analysed. The volume percentage of the reinforcement was more influential than other factors such as low load, low rotation speed and high counter face hardness. The failure occurred due to the abrasive wear mechanism is presented.
2 Methodology and experimental investigations
A new combination of Al and SiC metal matrix composite is manufactured and wear characteristics were studied as discussed in following sections.
2.1 Material selection
The base matrix for the present study is aluminium 6061 alloy and the reinforcement used is Silicon Carbide (5% wt.) of size 50 μm each. The chemical composition of Al 6061 alloy is presented in Table 1. Magnesium (Mg 1%) and flux (1%) was added to enhance the wettability of reinforcement with the matrix.
Table 1

Composition of Al 6061 alloy.


2.2 Manufacturing of the composite
Production of composite materials of standard quality is influenced by correct choice of operating parameters, such as melting temperature, mixing speed, preheating temperature of reinforcing material, and the like. The procedure applied in the preparation of the composite is as follows. About 1 kg of Al6061 alloy was heated to a melted state in a graphite crucible using an induction resistance furnace. The melt temperature was 750 °C. After the alloy was completely melted, a stainless steel stirrer was introduced into the molten alloy, consisting of two blades coated with Boron Nitride non-stick paste, and the mixing process began. Boron nitride non-stick coatings are used to prevent the sticking of molten metal to the inner surface of the crucible. The mixer was rotated at 500 rpm for 30 min. The immersion depth of the agitator is maintained at about 2/3 of the depth of the molten metal. The stir casting process setup is shown in Figure 1. During mixing, a 5% by weight fraction of the pre-heated reinforcing particles SiC is added to the vortex formed with stirring. Before this, the reinforcing particles were preheated to 250 °C for one hour. After adding the particles to the melt, the composite alloy is poured into a preheated (300 °C) mould of permanent steel and cooled to ambient temperature. The preform is then removed from the mould.
Thus the Al6061-SiC composite was obtained with a 5% by weight fraction of reinforcing materials from which wear samples were processed.
	[image: thumbnail]	Fig. 1
Stir casting setup.




2.3 Preparation of test specimen
After the manufacture of the composite the wear test specimen was made using Water Jet Machining, the specimen having dimensions 15 mm × 15 mm × 50 mm. The pins for wear test were then machined to exact dimensions 10 mm × 10 mm × 50 mm by using a milling operation.
2.4 Hardness test
The hardness of the Al 6061 alloy and the composite is determined using a Rockwell hardness tester. A 100 kg load was applied on the polished specimen for 10 s by a ball indentor. To avoid the effect of segregation of reinforcement in matrix, 10 readings of each sample were taken and the results are not tabulated. Using the hardness conversion table, the hardness value was then converted in to a Brinell hardness number.
2.5 Wear test
Dry sliding wear tests were conducted on the pin and disc setup in ambient conditions as per ASTM G99 standard. High carbon high chromium steel discs of hardness 658 HB having diameter 165 mm and thickness of 8 mm were used. Response Surface Methodology was applied in designing nine experiments with two variables, load and number of rotations. The load ranged from 5 N to 200 N and the rpm ranged from 200 to 1500 rpm. The surface of the disc and samples were cleaned with an acetone solution before the wear test.
The specific wear rate can be calculated as shown below:
	
wear amount = mass loss (kg) or linear dimensional change (m) or volume loss (m3).



	
wear resistance = 1/(wear amount) (m–1, m–3, kg–1).



	
wear rate = (wear amount)/(sliding distance or time) (m/m, m3/m, kg/m, m/s, m3/s, kg/s).



	
wear coefficient, or specific wear rate (also sometimes called wear factor) = (wear rate)/(normal force) (m3/N−1 m−1)





Table 2

Design of experiment for wear test.


3 Results and discussions
The mechanical properties of the proposed composite strongly depend on the weight fraction of reinforcing particles on the alloy substrate. Reinforcement enhances the material properties of composite. It has been found that the hardness of SiC-reinforced MMC is better than that of Al 6061 alloy as seen in Figure 2. The increase in hardness from 81 HB of Al 6061 to 135 HB of the newly developed composite of Al 6061 and SiC is encouraging.
In the case of aluminium alloy 6061, adhesive wear was observed, because it was malleable, while in case of the MMC having a content of silicon carbide abrasive wear was observed. The wear test results for the nine experiments conducted on Al6061 alloy and Al6061 + SiC is shown in Table 3.
It is evident from the results that for all experiments the specific wear rate for the newly developed alloy of Al6061+5%SiC is far lower than that of Al6061, certifying that the newly developed composite has better wear characteristics. The same has been represented in chart comparing every experiment Figure 5.
Load and RPM are the two most important factors influencing wear. Experiments were conducted to carry out sensitivity analysis of load, wear and RPM. Experiments with constant RPM of 200, 700 and 1200 for Al6061 revealed that specific wear rate increases with an increase with load. For 200 RPM it ranges between 316 μm and 948 μm, for 700 RPM it ranges between 739 μm and 2219 μm and for 1200 RPM it ranges between 1065 μm and 3199 μm with load range of 20 N to 200 N. At higher RPM, the specific wear rate also increases, as presented in Figure 6.
At constant load the wear rate increases as the RPM increases while with the increase in load an increase in wear rate was observed for the same RPM as seen from Figure 7.
For 20 N load the specific wear rate ranges between 316 μm and 1065 μm, for 110 N it ranges between 713 μm and 2405 μm and for 200 N it ranges between 948 μm and 3199 μm. It is also evident that at higher loads, the specific wear rate for Al6061 increases rapidly with an increase in RPM as compared to lower loads expressed in Figure 7.
Similar results were obtained for SiC reinforced Al6061 composites as observed from Figures 8 and 9. Specific wear rate increases with increase in load. For 200 RPM it ranges between 112 μm and 748 μm, for 700 RPM it ranges between 228 μm and 1521 μm and for 1200 RPM it ranges between 309 μm and 2065 μm with a load range of 20 N to 200 N. At higher RPM, the specific wear rate also increases, as presented in Figure 6. However the specific wear rate for the new composite is quite low as compared to Al6061 with same experimental conditions.
Even for experiments with constant loads for Al6061 + SiC, the specific wear rate increases with an increase in RPM. For 20 N Load specific wear rate ranges between 112 μm and 309 μm, for 110 N it ranges between 457 μm and 1262 μm and for 200 N it ranges between 748 μm and 2065 μm. However the specific wear rate for Al6061 + SiC is quite low as compared to Al6061 as indicated in Figure 9.
The influence of an increase in load on the specific wear rate is analysed for both Al6061 and Al6061 + SiC, the graph in Figure 10 shows an increase in specific wear rate with that of load. However specific wear rate for Al6061 + SiC is low as compared to Al6601. The influence of RPM on specific wear rate is analysed in Figure 11, which indicates that the specific wear rate increases with an increase in RPM in both materials, however for Al6061 the change is more with higher values.
The images of the wear track have been shown in Figures 12 and 13. It can be seen that there is adhesion in the case of Al6061 alloy. The Al6061 alloy being ductile in nature tends to adhere with the disc while testing the material for wear. Whereas in the case of the SiC reinforced MMC there was no adhesion.
	[image: thumbnail]	Fig. 2
Pins of Al6061.
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Al6061 + SiC pins.
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Hardness of Al 6061 compared with Al6061 + SiC.




Table 3

Wear results of nine experiments.


	[image: thumbnail]	Fig. 5
Comparison of specific wear rate of Al6061 and Al6061 + SiC.
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Wear vs load at constant RPM for Al6061 alloy.
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Wear vs RPM at constant load for Al6061 alloy.
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Wear vs load at constant RPM for Al6061 + SiC.
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Wear vs RPM at constant load for Al6061 + SiC.
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Wear vs Load at 700 RPM.
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Wear vs RPM at 110 N load.
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Al6061 wear track.




	[image: thumbnail]	Fig. 13
Al6061 + SiC track.




4 Conclusions
The results of the newly developed composite of Al6061 and 5% SiC has shown better wear characteristics as compared to Al6061. Also there is an appreciable enhancement in hardness value of the new composite. The knowledge base is enhanced with the insight that both RPM and load has a greater influence on the specific wear rate:
	
At constant load, as the RPM increases wear also increases.



	
Similarly, at constant RPM, as the load increases wear increases.



	
At constant RPM, with the increase in load the wear was found greater in the case of Al6061 than it was for Al6061-SiC.



	
At constant load, with the increase in RPM the wear was also found greater in the case of Al6061 than Al6061-SiC.





It is therefore concluded that a reinforced SiC Metal Matrix Composite has better characteristics than an unreinforced Al6061 alloy.
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    Table 1 

Composition of Al 6061 alloy.




	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Zn
	Ti
	Other elements
	Al





	0.62
	0.45
	0.20
	0.18
	1.05
	0.09
	0.03
	0.07
	0.2
	Remainder
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Stir casting setup.



    

  
    Table 2 

Design of experiment for wear test.




	Experiment No.
	Load (N)
	RPM





	01
	46
	346



	02
	173
	346



	03
	46
	1053



	04
	173
	1053



	05
	20
	700



	06
	200
	700



	07
	110
	200



	08
	110
	1200



	09
	110
	700
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Pins of Al6061.
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Al6061 + SiC pins.
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Hardness of Al 6061 compared with Al6061 + SiC.



    

  
    Table 3 

Wear results of nine experiments.




	Experiment No.
	Specific wear rate for Al6061 + 5% SiC [μm]
	Specific wear rate for Al6061 [μm]





	01
	329.79
	567.75



	02
	849.68
	1199.28



	03
	668.22
	1559.99



	04
	1729.49
	2618.17



	05
	236.26
	719.4



	06
	1497.15
	2047.9



	07
	461.27
	539.79



	08
	1289.7
	2340.06



	09
	978.83
	1681.9
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Comparison of specific wear rate of Al6061 and Al6061 + SiC.
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Wear vs load at constant RPM for Al6061 + SiC.
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Wear vs RPM at constant load for Al6061 + SiC.
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Wear vs Load at 700 RPM.
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Wear vs RPM at 110 N load.
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Al6061 wear track.
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Al6061 + SiC track.
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