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Abstract:
In this paper, the effect of sintering techniques (conventional, CS and electric resistance, ERS) and SiC content (1, 3 and 5 wt. %) on the microstructural, mechanical and tribological properties were investigated. Scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD) were performed for microstructural investigation. Density, porosity and hardness were evaluated at different weight fractions of SiC for comparative study. Tribological behaviour was evaluated in terms of wear loss and coefficient of friction (COF). Worn-out surfaces and formed debris were also studied using SEM for understanding the wear mechanism. Results indicated that addition of SiC improved the hardness, wear resistance and COF. With addition of 5 wt. % SiC the hardness improved by 32 % for CS and 30% for ERS, wear resistance improved by 37 % for CS and 40% for ERS while COF improved by 3 % for CS (3 wt.% SiC) and 6 % for ERS (5 wt.% SiC) compared to neat Al. ERS processed composites resulted in better densification, improved hardness (12-14% ) and tribological behaviour (wear resistance 36-39 % and COF 7-15 %) for 1-5 wt. % SiC compared to CS processed ones. Abrasion, adhesion and delamination were the controlling wear mechanism for Al-SiC composites with lesser adhesion wear in ERS composites.
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1. Introduction

As a structural material, aluminium (Al) and its alloys have been widely used in automotive, defence and aerospace manufacturing industries since they offer reduced weight, high strength, ductility and stiffness, better fatigue and wear resistance, anti-corrosion property and high thermal stability as well as electrical conductivity [1–4]. However, the relatively poor seizure resistance, inferior structural efficiency, poor meting point, insufficient tribological behaviour have restricted their uses in these above mentioned applications [5–8]. These properties can further be improved by the dispersion of suitable particulates or fibres into Al matrix. The reinforcing agent sintered with the matrix material gives a new material known as metal matrix composite, with tailored properties as required in wide range of applications, which cannot be obtained by any monolithic material [9–14]. Particulates based composites provide essentially a set of isotropic properties, along with a balanced strength and stiffness as well as reasonable ductility [15,16]. Most commonly used particulates, such as carbides, oxides and nitrides have high strength and high modulus. SiC possess high thermal conductivity, high thermal stability, and high purity, and good wear resistance, oxidation resistance at high temperatures, chemical inertness and small coefficient of thermal expansion (CTE). In addition, it has a comparable density to aluminium which results in an isotropic nature of Al-SiC composites [17–25]. Owing to all these favourable features, Al-SiC based composites possess high thermal conductivity, low tailorable CTE, high modulus, low density and low cost [10,24,26–28], which enables its usage in wider manufacturing industries. 
There are various preparation methods of particle reinforced Al based composites. These include liquid, solid state and powder processing. The manufacturing route, physical properties, relative percentages and chemical affinity of matrix and reinforcing agent influence the microstructural, mechanical and tribological properties of the composite [11,29,30]. Problems that are caused by different conventional methods are non- uniform distribution of reinforcement, interfacial chemical reaction, grain coarsening and trapped porosity [31–34]. 
Conventional sintering (CS) consists of heating the preformed powder compacted at ambient conditions. It involves bulk and long-time heating at high temperatures below the melting point in a controlled environment [34–36]. As a result, the specimen undergoes a non-uniform temperature gradient which causes high heat distribution at the surfaces and low in the core regions, resulting in relatively higher grain coarsening [33]. These issues can be solved by using sintering technique which facilitate uniform temperature profile and high heating rate [37]. Electric resistance sintering (ERS) which employs electricity as source of sintering has been proved to be an alternative better option to subdue these shortcomings [34,38]. Additionally, the high intensity of current and external pressure during the process causes higher powder densification as result of inter-particle contact surface softening. Furthermore, homogenization of grains, mass transfer, and fusion etc. also take place at the contact surface of particles which are assumed to be spherical. The minimum contact surface area provides maximum resistance to the flow of electric current which in turn facilitates maximum resistance heating at the inter-particle contact surface[39]. Because of all these, time required for sintering process reduces significantly in comparison with other conventional method which requires hours for sintering [40,41]. Low temperature and short period results for better densification and foreshortened grain size. In addition, it also facilitates low pressure densification, particle surface heating and single step sintering bonding, which makes the process robust and efficient [42]. It differs from spark plasma sintering as it doesn’t include the phenomenon of spark between the powder particles and it is considered as a simple conventional sintering process but with a faster heating rate[43,44].
More recently, ERS has received attention by researchers due to its low pressure and low temperature consolidation. However, the first research work on direct current (DC) resistance sintering  was proclaimed by Bloxam in 1906 [45]. Sintering was done by supplying DC flow across the sample without any pressure. Zuhair A. Munir et. al.[46] reviewed the recent researches using electrically activated sintering and concluded that ERS has lot of intrinsic advantages as well as it enhances mechanical properties because of low temperature operation. Microstructural features are significantly dependent on sintering temperature [47,48] and the reinforcement ratio as reported in earlier studies [48–50] . Al powders in ambient conditions will have an oxide layer on the surface of each particles, which hinders the conventional sintering mechanisms. Several studies showed formation of intermetallics compounds of Al and SiC [26,51–54], high porosity content [24,27,52,55,56], grain coarsening [11,30,57–59], the stability of Al-SiC interface and the wettability of SiC in Al matrix material [60–62] which are key issues related to high temperature processing of Al-SiC composites. Hence, for better densification and reduced grain growth with utilization of Al oxide in diffusion of particles, a low temperature processing is currently needed for composite development. Therefore, in the current study, a comparative analysis was performed for SiC reinforced Al composites using CS and DC based ERS process. Furthermore, the effect of SiC content (1, 3 and 5 wt. %) had been evaluated on microstructural, mechanical and tribological properties of SiC reinforced Al composites for the both sintering method.  

2. Materials and methods
2.1. Materials and their characterizations
Pure Al and SiC powders were obtained from Thomas Baker, Mumbai, India. Selected characteristics of these powders are presented in Table 1. Received powders were sized using sieve shaker (Fritsch, Analysette 3 Pro, Germany)   for size distribution analysis. Sized powders were weighed carefully using a digital  balance (Precisa, ES 225SM-DR, Switzerland) and mixed for half an hour using low energy vibratory ball-mill (Fritsch, Pulverisette MM-1552, Germany) with ball-to-powder ratio (BPR) of 10:1 and at a rotation speed of 200 rotations per minute (rpm) according to the various blends of interest (Table 2). During the mechanical mixing process, 0.5 wt. % of stearic acid (C18H36O2) was also added into the blend which prevented excessive cold welding of Al metal particles among themselves as well as onto the surface of vial and balls. Morphology and elemental composition of powders were investigated using scanning electron microscope (SEM) and energy dispersive x-ray Spectrometry (EDS, Jeol, JSM-6510LV, Japan). Different phases present in the Al and SiC powders were elucidated using an x-ray diffractometer (XRD, Bruker, D8 ADVANCE, US), equipped with secondary collimator and Goebel mirror. 


Table 1: Powders used for the preparation of the composites
	Powder
	Powder Type
	Mean size (µm)
	Density (g/cm3)
	Melting Point (K)

	Al
	Elemental
	37
	2.7
	933.32

	SiC
	Ceramic
	74
	3.21
	3000



Table 2: Composition of Al/SiC composites prepared
	No.
	Sample
	Weight percentage of matrix and reinforcing agent
                      Al                                             SiC                           

	1.
	Al only
	100
	-

	2.
	Al + SiC I
	99
	1

	3.
	Al + SiC II
	97
	3

	4.
	Al + SiC III
	95
	5



2.2. Preparation of Al-SiC composites
Mechanically mixed mixtures of Al and SiC particles were compacted through single acting compaction process using uni-axial hydraulic press (Type KE, Sr No. 1327, Kimaya Engineers, India) within stainless steel pellet die of 10 mm in diameter at an applied pressure of 300 MPa and room temperature (298 K). Die walls were properly lubricated using zinc stearate (C36H70O4Zn) for easy sample release and prevention of cold welding along high friction at walls since Al has high seizing and galling tendency. During the compaction process, powder mixtures undergo rearrangement, elastic and plastic deformation, bulk compression along the cold welding, with or without fragmentation. The more cold welding and mechanical interlocking at inter-particles contact results in higher green strength of compact because of higher contact area and reduced porosity. For each run, the sample kept in die under pressure for half a minute to reduce the effects of back pressure produced. 
CS was performed in three stages according to the sintering profile as shown in Fig. 1 under atmospheric pressure and Argon gas environment using an electrical tubular furnace (Indigenous, Temp. ranges up to 2100 K). Pre-sintering helps in burning off additives, moisture etc. and improves integrity of compacts for sintering process. All samples were sintered isothermally at 773 K for 30 minutes. The cooling occurs under natural convection of the tubular space of the furnace. And the cooling rate is estimated by measuring the time taken in reaching room temperature (298 K) from sintering temperature (773 K). 
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Figure 1. Heat treatment cycle in conventional sintering (CS) process.
ERS was performed using electric resistance setup (Indigenous, attached K-type thermometer, Chromel/Alumel) at 673±10 K accordingly to Fig. 2. Green compacts were pre-sintered at lower temperature (around 450 K) which results in pores liquidation and improved conductance of samples. Pre-sintered specimens were held between Cu-punches acting as electrodes in steel die lined with alumina tube to insulate the green compact at external pressure of 100 MPa. With the application of controlled direct current (0.8-1 kA) at low voltage (3-5 V) along pressure, the temperature of the surface kept constant at about 673 K for 2 minutes (i.e. heating period). Afterward, the specimens were allowed to cool down under the mechanical pressure action known as the forging period [25,63,64].
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Figure 2: Schematic of the adapted electric resistance sintering (ERS) setup. 

2.3 Microstructural characterization (SEM, XRD, EDS)
SEM images were taken at high electron voltage of 15 kV in secondary electron mode. Structural phase study was performed using X-ray diffractometer, operating at 20kV accelerating voltage and 40 mA current with CuKα radiations (λ=1.5406 Å). Data were collected at a scan speed of 0.02 steps/second and step size of 0.01° within range of 20-80°. The obtained data were processed using software DIFFRAC® plus (Bruker AXS Inc.). Comparison of XRD patterns were also done with analysing the patterns of Al, SiC and fabricated composites. The degree of homogeneity of composites and dispersion of reinforcement were observed using EDS elemental mapping. 
2.4 Density and porosity of composites
Density of prepared composites, known also as sintered density was measured using Archimedes principle (ASTM: B962-17). Sintered density, usually dictates about the efficiency of sintering process. It was calculated by taking the weight of sample in air and the corresponding weight loss when immersed in water. Sintering process was appraised in the form of sintered porosity and densification factor of prepared composites as expressed in Eqns. 1 and 2.  


Theoretical density is the maximum achievable density without any voids calculated using the rule of mixture, based on the compositions of the samples and following pure component densities. Green density is the density associated with the green compact, generally represent the contact area between powder particles which facilitate bonding process during sintering. It was determined by the measurement of mass and volume of green compacts. 
2.5 Hardness and wear characteristics 
The hardness of produced composites was assessed by digital Rockwell hardness testing machine (Model - TRS -DM, Krutam Techno, India) according to ASTM E18 - 17e1standard. Measurements were performed at five different locations to take average hardness value with major load of 600 N and minor load of 100 N, dwell time of 8 seconds, using 1/8´ steel ball indenter on B-scale. Prior to measurements, samples were polished by various emery sheets to obtain a flat surface. Dry sliding wear experiments (room temperature 303 K, relative humidity 55-60%) were carried out on a pin-on-disc wear machine (Model: TR-201 CL, Ducom, India) in accordance with ASTM G99-95a (reapproved 2000). Tests were conducted against steel counterface (hardness 65 HRC, diameter 0.08 m, roughness 1.2 μm) with proper cleaning and polishing between every test run. Comparisons were made for hardness, coefficient of friction (COF) and wear of the fabricated composites through both routes. Worn out surfaces and produced wear debris were examined using SEM to better understand the wear mechanism and the effect of processing route on wear behaviour.  
3. Results and discussions
3.1 Characterisation of powders
The microstructure of the Al and SiC powders was studied using SEM and EDS. SEM micrographs of Al and SiC powders are shown in Figure 3. Al powders show irregular, cylindrical and droplet like morphology, while SiC powders possess sharp edge, tip and points with an ellipsoidal geometry. Both Al and SiC particles have wide size distribution which will favour the powder consolidation process.
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Figure 3: SEM of as-received particles: (a) Al (scale bar is 50μm) and (b) SiC (scale bar is 100 μm). 

A Sieve shaker consisting a set of sieves with decreasing in opening size was used to separate the powder of different size range. The sieve retained particles above its aperture size and passed particles below that size. The intensity % showed the percent of sample between the consecutive sieves used. As shown in Fig. 4, the mean size of Al particles was around 35 µm and standard deviation 11.5 µm, while of SiC particles around 71 µm and standard deviation 6.9 µm.

    
Figure 4: Particle size distribution as particle size vs intensity (%) of (a) Al particles, and (b) SiC particles using sieve analysis.

XRD analysis reveals the presence of crystal phases of both Al [JCPDS card no. 65-2869] and SiC [JCPDS card no. 29-1129] powder samples (Fig. 5). Crystal phases of Al (111), Al (200), Al (220) and Al (311) are the main constituent phases of used Al powder observed at a diffraction angle (2θ) of 38.52°, 44.76°, 65.14° and 78.26° respectively. On the other hand, SiC powder shows the peak of β-SiC (111) and β-SiC (220) at 35.8° and 60° respectively. These XRD peaks can be used to confirm the production of the Al-SiC composite with the presence of appropriate crystal phases of Al and SiC. 
EDS results for Al powder and SiC powder are shown in Fig.6. Al possesses some amount of oxygen due to surface oxidation. The oxide layer protects the material from corrosion and wear. SiC spectrum presents the peaks of Si and C elements confirming the presence of each element into the powder sample. 
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Figure 5: XRD plots of (a) Al powder, and (b) SiC powder, showing peaks of different phases.
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Figure 6: EDS of (a) Al powder, and (b) SiC powder.
3.2 Characterization of Al-SiC composites

3.2.1 Microstructural characterisation by SEM

Figures 7 and 8 depict the representative SEM images of Al-SiC composites prepared by CS and ERS, respectively. The microstructure of Al composites was considerably influenced by the preparation method. ERS ensures more grain refinement of Al composites as compare to CS. CS facilitates the densification and grain growth simultaneously through atomic diffusion mechanisms at higher temperature and long sintering time [65]. 
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Figure 7: SEM images of the composites produced by CS process: (a) pure Al, (b) Al-1% wt. SiC, (c) Al-3% wt. SiC, and (d) Al-5% wt. SiC.

Furthermore, the heat is transferred to the specimen by conduction, convection or radiation which causes non-uniform heating and introduction of thermal gradients [66]. As a result, a non-uniform grain size and higher porosity are observed as shown in Fig. 7 (a-d). However, the addition of SiC does not affect the grain growth due to its low SiC content (5% wt.). The observed microstructures are in agreement with previous studies [21,67–69].  
Fig. 8 (a-d) shows the SEM images of composites prepared by ERS. ERS process comprises of (a) surface activation of powder, (b) resistance sintering and (c) pressure application [25,63,64]. Further, a localized melting at particles contact due to overheating (Joule heating phenomenon) takes place, which can contribute to higher densification [39,41,70]. Particle surface heating enhances the mass transport phenomenon and promotion of plastic deformation, thus improving the consolidation process [38,41,63,71,72]. In addition, the process took place at low temperature, short sintering times along high heating rates as compare to conventional process which inhibits grain growth, retains finer microstructure and enhance pore elimination [43,71,73,74]. 
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Figure 8. SEM images of the composites produced by ERS process: (a) pure Al, (b) Al-1% wt. SiC, (c) Al-3% wt. SiC, and (d) Al-5% wt. SiC.

3.2.2. Structural phase study by XRD and EDS
The XRD pattern of Al-SiC composites synthesized through both sintering processes (CS and ERS) are shown in Figs. 9 (a, b). The diffraction pattern of the composite is a simple sum of the diffraction pattern of Al and SiC [75]. The indexing of the composite patterns depicts that no decomposition of constituents and no formation of intermetallic phase took place in the course of sintering. The confidence level at which a phase can be identified within an XRD pattern depends on the heights of the diffraction peaks. As the SiC content increases (1-5 %), the corresponding peak of SiC phase also increases. 
[image: ] [image: ]b
a

Figure 9: XRD patterns of Al/SiC composites processed through (a) CS and (b) ERS method; showing phases of Al [JCPDS 65-2869] and SiC [JCPDS 29-1129].

Fig. 10 (a- b) shows the elemental maps of Al matrix composites reinforced with 5 wt. % of SiC prepared through both sintering methods. Distribution of SiC in Al matrix is homogeneous, discrete as well as random in nature.  All the main elements i.e. Al (largest), Si & C (second largest) are present in the composites. The presence of oxygen is due to the formation of Al-oxide during mixing and sintering. It is clear that both processes facilitate uniform chemical composition.
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Figure 10: Elemental mapping of Al-5% wt. SiC composites processed through (a) CS and (b) ERS method.


3.2.3 Sintered density
Fig. 11 shows the variation of sintered density with respect to SiC %wt. Since theoretical density represents the density of composite with no voids i.e. maximum densification in theoretical state, it is much higher compared to experimental density. It is evident that the addition of SiC increases the density of composites, as SiC particles possess higher density compared to the matrix material. ERS processed composites exhibit higher density, which is consistent with SEM analysis of composites. ERS facilitates an improved consolidation, particle surface heating and grain refinement, all of which eventually result in better densification.

Figure 11: Variation of sintered density with addition of SiC.
3.2.4 Sintered Porosity
Porosity evolution with the addition of SiC is depicted in Fig. 12. As expected, the porosity increases with the increase of SiC %wt. High thermal expansion mismatch between the matrix and the SiC and the formation of agglomerated particles are potentially responsible for the evolution of porosity. In case of ERS processed composites, lower porosity levels are observed because of surface cleaning, rapid heating rate and pressure outlining the reliability of the ERS process.
3.2.5. Densification factor
Densification factor reflects the densification mechanism during sintering process. It is clear from Fig. 13 that the densification of the compaction sintering alters as the content of SiC varies.

Figure 12: Variation of porosity with addition of SiC.
ERS processed composites show better sinterability than CS ones since ERS process facilitates mass transfer in aggregates with limited grain growth due to low temperature processing. During ERS, the temperature in the contact area between the adjacent particles rises more rapidly, which causes slight melting hence, contributing to the densification. It is seen that the addition of SiC results in decreased sinterability of Al-SiC composites because of the reduced compressibility and metal-to-metal contact.

Figure 13: Variation of densification factor with addition of SiC.  


3.2.6. Hardness
The Rockwell hardness of Al-SiC composites is reported in Fig. 14. It can be observed that the hardness of the reinforced composites is higher (32 % for CS and 30% for ERS) than that of the unreinforced counterpart. ERS prepared composites showed higher hardness (12-14% for 1-5 wt. % of SiC) than the ones prepared by CS. In addition, the increased hardness was observed with an increase in SiC particles within Al matrix. ERS inhibits grain growth since it prevents the liquid phase sintering and thus finer grain structures improve hardness. Hence, the results are in accordance of Hall-Petch effect [76]. Furthermore, ERS removes the oxide at powder particles surface which facilitates active contacts between them. The addition of SiC yields in hardness improvement for the following reasons: (a) effective load transferred from matrix to hard SiC [59,77,78]; (b) restricted dislocation motion due to the difference in thermal behaviour [11,15,79–81]; (c) Orowan and Hall-Petch strengthening mechanism [60,80,82]. The hardness behaviour of Al-SiC composites is in agreement with the previous observations [83–85].  

Figure 14. Variation of hardness with addition of SiC. 
3.2.7. Wear loss
Fig. 15 shows the variation in the wear loss of Al-SiC composites with the SiC content in dry sliding conditions for sliding parameters: load 10 N, speed 2.0 m/s and distance 750 m. The SiC particle phase reduces the wear loss significantly in the composites as SiC possess good wear resistance property. Wear resistance ability of Al-5 wt. % SiC composites improved by 37 % for CS processed and 40% for ERS processed composite as compared to respective unreinforced one.

Figure 15: Variations in wear loss with addition of SiC.  
SiC particles facilitate a strong interfacial bonding with pure Al matrix[86–89], resist the flow of material[90], form a mechanical mixed layer at surface and act as load bearing constituents which control wear in sliding [22,91] 
The results are in accordance to Archard’s law [92] which states that wear resistance is proportional to hardness. Composites prepared by ERS showed improved wear resistance. This is due to finer and uniform grain structure, higher hardness and less porosity. ERS process improves inter-particle fusion [63] which restrains SiC particles from pull-out. Thus, lesser SiC get crammed between surfaces during sliding reducing third body abrasion wear. These results agree with the findings of other studies [93–96].
Fig. 16 illustrates the variation of mean co-efficient of friction (COF) value with respect to SiC content. Al-3 wt. % SiC showed best COF values (3 % lower to unreinforced Al) for CS processed composites while Al-5 wt. % SiC composite showed the best COF values (6 % lower to unreinforced Al). In case of CS composites, the addition of SiC improves the hardness, lowers the direct contact area with the matrix and so lowers the thermal softening at surface during sliding process. SiC forms a mechanically mixed layer, chemically modified surface due to the interaction in between surface and counterface materials as well as environment. which, in turn, reduces the frictional force [97,98]. The composite with 5 wt. % SiC, shows the highest COF. This may be due to the cramming effect of pulled-out SiC particles between mating surfaces [98,99]. On the other hand, lower COF is observed for ERS composites, because of a strong interfacial bond between the particles [39], lesser formation of brittle and hard Al oxides and higher hardness. ERS composite with 5 wt. % SiC ceased the SiC from pulling out due to strong inter-particle bonding, hence shows lower COF value. The observed variation support previous researches [9,17,22,100,101]on the COF values which report increment in COF value with addition of SiC . 

Figure 16: Variations in mean COF with respect to addition of SiC.  
3.2.8. Worn surface analysis
Typical wear in case of pure Al is adhesive wear because of thermal softening at surface. Further, sliding against hard surface under load causes abrasive wear to come into play and results in cutting, repeated plastic deformation and scratching. Archard proposed theory of adhesive wear and stated that wear loss depends upon sliding speed, load as well as hardness [10,92,102]. But it failed to address the dependency of wear mechanism on microstructure of mating surfaces. Similarly abrasive wear theory was proposed by Kruschov and Babichev [103] which states that abrasion wear depends on hardness of surfaces. 
From the Fig. 17 (a & b), worn-out surface of pure Al and Al-SiC (5% wt.) composite prepared by CS respectively, it is evident from the SEM images that pure Al undergoes severe plastic deformation; wide and deep ploughing grooves are formed, formation of Al2O3 due to diffusion of oxygen and localized heating. Abrasion wear took place due to hard asperities on steel counterface while cracks and void nucleation confirms delamination wear. The addition of SiC restricts the plastic deformation of soft matrix, resists the abrasive action of counterface asperities and forms mechanically mixed layer with counterface and matrix particles. Lesser frictional force results to decrease wear loss. But, in later stage of sliding, some of SiC particles crammed between surfaces and cause higher frictional force.
Fig. 18 (a & b) presents worn out surface of pure Al and Al-SiC (5% wt.) composite, prepared by ESR respectively. Pure Al composite show better tribological performance in terms of COF and wear loss as discussed earlier. The same can be verified by SEM image which shows smooth surface, less material flow, shallow grooves and less oxidation wear. Similarly, Al/SiC composite’s image shows slight ploughing, less number of pull-outs, micro-cutting as well as abrasion due to crammed SiC particles and hard asperities of counterface.
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Figure 17: SEM images of worn surfaces: (a) pure Al, and (b) Al-.SiC (5% wt.) composite prepared by CS process.
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Figure 18: SEM images of worn surfaces: (a) pure Al, and (b) Al-SiC (5% wt.) composite prepared by ERS process.
3.2.9. Wear debris analysis
As shown in Fig. 19(a), long and large wear debris were formed due to the severe plastic deformation, delamination and adhesion of pure Al composite. Irregular and plate-like geometry of debris confirms 
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Figure 19: SEM image of wear debris generated in conventionally sintered (a) pure Al, and (b) Al-SiC (5% wt.) composite.
the adhesion wear mechanism. Flaky nature shows the delamination wear mechanism.  SiC particles cause restricted ploughing, cause micromachining and form mechanically mixed layers (MML),  which result the worn debris in the form of small and equiaxed flakes (Fig. 19.b). Bright and smooth wear debris were formed by oxidative wear as conventionally sintered composites already possess good share of Al oxides.
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Figure 20. SEM image of wear debris generated in (a) pure Al, and (b) Al-SiC (5% wt.) composite prepared by ERS. 
ERS facilitate in fine microstructure which in turn affect tribological behaviour. Densely packed small size asperities on specimen’s surface fill the gap between mating surface and produce more continuous tribo-layer which in turns form small size debris. As discussed above, the frictional force gets reduced which results in small size wear debris as compared to conventional ones (Fig. 20). 

4. Conclusions
In this work, Al matrix composites reinforced with SiC (1, 3, 5 wt. %) were produced using CS and ERS methods. Physical and mechanical properties were evaluated. Composites prepared by ERS resulted in a finer, dense and less porous microstructure. In addition, ERS processing proved to be faster than compare to CS one. Addition of SiC (5 wt. %) resulted in improved hardness (32 % for CS and 30% for ERS), wear resistance (37 % for CS and 40% for ERS) and COF (3 % for CS and 6 % for ERS) values as compared to pure Al. ERS processed composites exhibited superior hardness (12-14%) and tribological behaviour (wear resistance 36-39 % and COF 7-15 %) for 1-5 wt. % SiC reinforcement as compared to CS. The addition of SiC as well as sintering method affects the wear mechanism, worn-out surface and wear debris morphology. Low content of SiC in Al seems to be favourable. For both CS and ERS composites, abrasion, oxidation, delamination and adhesion are the key wear mechanisms.   
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CS	Al	Al+1% SiC	Al+3% SiC	Al+5% SiC	37	40	44	49	ERS	Al	Al+1% SiC	Al+3% SiC	Al+5% SiC	42	45	50	55	Composition


Hardness (HRB)




CS	0	1	3	5	8.5100000000000002E-3	7.8100000000000001E-3	6.5799999999999999E-3	5.28E-3	ERS	5.3800000000000002E-3	4.7299999999999998E-3	4.1200000000000004E-3	3.2100000000000002E-3	SiC content (%)


Wear loss (g)




CS	0	1	3	5	0.48499999999999999	0.48	0.47499999999999998	0.495	ERS	0	1	3	5	0.45500000000000002	0.44	0.42799999999999999	0.41899999999999998	SiC content (%)


Co-efficient of Friction (μ)
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