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Abstract

Lightweight composite materials have gained extensive importance over other categories of materials and alloys in

industrial and structural applications due to their tailorability to design and engineering for specific requirements. This

article addresses the mechanical and wear behaviour study of aluminium 6063 alloy reinforced with different weight

fractions of silicon carbide for 'as-cast' and 'hot extruded' conditions. The composite systems were developed using the

stir casting technique, and a set of samples was further subjected to hot extrusion at 500 degrees Celsius with an

extrusion ratio of 9.0. Both cast and hot extruded samples were investigated for mechanical and adhesive wear studies.

The addition of reinforcement improved the mechanical properties and wear resistance, and a significant improvement

in mechanical and wear resistance was observed when the samples were subjected to secondary processing through

hot extrusion.
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1. Introduction

The alloys are the main constituents for the development of metal matrix composites. Aluminium is the most efficient and

commonly used alloy due to its high strength-to-weight ratio, high corrosion resistance, and ease of availability. Aluminium

alloys have become popular in the automobile, aerospace, recreational, and construction industries. Base aluminium

alloys provide good mechanical, physical, and chemical properties, but reinforcing aluminium alloy with ceramic particles

will improve its mechanical as well as tribological properties [1]. Composites can be fabricated by liquid metallurgy or solid

metallurgy; many researchers prefer liquid metallurgy over solid metallurgy because it is inexpensive and more cost-

effective for mass production. Stir casting is the simplest and least expensive method of processing [2]. Non-uniform

dispersion of particulates due to poor wettability and gravity-regulated segregation is a common problem with the stir

casting technique. It is critical to avoid the reinforced material forming an intermetallic compound with the matrix

element [3][4]. To improve their physical and mechanical properties, aluminium alloys are reinforced with ceramic particles

such as SiC, CeO2, TiO2, and others. Several aluminium alloy series have been used in industries; the most popular are

the Al 6000 and Al 7000 series due to their ease of fabrication, low cost, and machinability. A.M. Xavior et. al [5] developed

composites considering aluminium alloys from the 2xxx series as the matrix and SiC and Al2O3 as reinforcements by the

powder metallurgy route. The composite had 1.5 times the compressive strength of the peak-aged aluminium alloy 6061.

The molten metal and ceramic foam only slightly reacted. Microwave sintering was used to process the aluminium

reinforced with silicon carbide at 5 vol% at a sintering temperature of 770 °C and a pressure of 250 MPa [6]. Many

researchers have attempted to develop metal matrix composites with widely available reinforcements such as graphite,

silicon carbide, titanium carbide, tungsten, boron, Al2O3, Al-Mg, ZA27, and TiB2[7][8][9][10].

The wear coefficient is a more precise measure of material wear behavior. Kalyan et al. [11] investigated the effects of

composite wear life under various normal loads and sliding speeds. When a composite is composed of a base aluminium

matrix alloy in a dry lubricated condition, the coefficient of friction was significantly reduced. In dry sliding wear conditions,

titanium di-boride (TiB2) demonstrated improved wear performance and a decrease in the coefficient of friction [12]. The

challenge with primary processed metal matrix composites is the non-uniform reinforcement distribution caused by poor

wettability, which leads to porosity. To address this issue, researchers are exploring secondary processing techniques

such as forging, rolling, and extrusion. In light of the foregoing, the current study aims to characterise aluminium 6063
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matrix composites reinforced with silicon carbide in powder form of lab grade with weight fractions ranging from 0 to

8wt%. For developing composites, the liquid metallurgy route stir casting technique was employed. The developed

composites were further subjected to post-cast, secondary processing (hot extrusion) to investigate the effect of extrusion

on their mechanical and wear properties.

2. Experimental work

2.1. Fabrication of the composite

Al6063-SiC composites were fabricated using a liquid metallurgy route (stir-casting). The aluminium ingots were procured

locally and melted in an electric resistance furnace to molten liquid form. The reinforcement, silicon carbide, is preheated

to 400°C to remove moisture and trapped gases. The pre-heated silicon carbide was introduced into the molten aluminium

at a predefined weight percentage. A continuous stirring process was carried out using a mechanical stirrer to ensure the

reinforcement and matrix alloy are assorted. The molten melt temperature was maintained at 720°C, and the stirring

process was continued for 10 minutes at a speed range of 300-400 rpm. The developed molten melt was then poured into

permanent moulds that were pre-heated to 200°C to drive out moisture. The stirring speed, duration, and temperature,

which are crucial parameters, were meticulously considered [13]. Subsequent hot extrusion processing was executed for

the cast composite. The hot extrusion operation was carried out on a 500-ton extrusion press at an extrusion temperature

of 550°C, an extrusion ratio of 9.0, and a ram speed of 2 millimeters per second. For mechanical and wear testing, all the

developed composite specimens were machined in accordance with ASTM and IS standards. Tensile and compression

tests were conducted as per ASTM B557M and ASTM E-9 standards. Al6063 and its developed composite systems were

subjected to a tensile test on an FIE (Fluid Instruments and Engines) machine with a 400 kN capacity. Vickers

microhardness tests were performed on all samples as per ISO 6507. The polished samples were subjected to

microhardness tests on a Shimadzu Microhardness tester. The microhardness was determined by applying a 10 N load for

20 seconds. The specimens were prepared as per the IS1757 standard for the charpy impact test. The notch is located at

the bottom, opposite to the hammer. An adhesive wear test was performed on a standard pin on a disc wear test rig as per

the ASTM G99 standard. Wear test samples for various loads ranging from 10 N to 60 N in steps of 10 N at a constant

speed of 100 rpm and a constant track radius of 0.2 m were used to study the wear rate of both the matrix alloy and its

composite system.

3. Results and Discussion

3.1. Density and porosity

The density test was conducted on all prepared composite systems, for both the as-cast and hot extruded conditions,
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Graph 1. Density of composites with different reinforcement percentages in as-cast and hot extruded

conditions.
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Graph 2. Porosity of composites with different reinforcement percentages in as-cast and hot extruded

conditions.

Graphs 1 and 2 show the density and porosity of the developed composite systems with varying weight percentages in the

as-cast and hot extruded conditions.

The results reveal that the density continued to increase with increasing weight fractions of reinforcement in composites.

Due to differences in the density and mechanical structure of crystals and the atomic arrangement in ceramic

reinforcements, density exhibits a relative enhancement with the increasing weight fraction of reinforcement. This is

consistent with the findings of other researchers such as Hima et al[14]. Density improves further in postcast processing by

1.2%. This is due to strain hardening and the atomic compacting of composites, which results in optimal interstitialcy and

atomic substitutions at elevated temperatures (generally in a higher state of temperature), a similar observation found with

other researchers [15][16].

It was noticed that the porosity of the composite is mainly influenced by the particle size of ceramic reinforcements; thus,

as the volume fraction of reinforcement is increased, porosity is also increased due to the inhomogeneity of the alloy and

the reinforcing element at the atomic level and the particulate nature of reinforcements. Mohanakumar et al. [17] reported

that the porosity percentage was significantly reduced in the secondary processing extrusion when compared with the

cast composite.

3.2. Tensile test results

Tensile tests were performed under controlled conditions on composites containing varying weight fractions of SiC

reinforcements of 2%, 4%, 6%, and 8%, as shown in Fig. 1.

Fig. 1. Tensile tested specimen

The test results were compared to those of the unreinforced Al6063 alloy. The ASTM E-8 standard was followed in the
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test, and testing standards were carefully studied. Three specimens were tested for each sample to statistically optimise

the test data. The mechanical testing data were used to calculate the tensile properties and the strength of the

composites, resulting in tensile strength and elasticity modulus. The elongation of the material is observed to decrease

with the incorporation of ceramic reinforcements. A similar observation was made by another researcher [18]

The elasticity modulus of composites with SiC reinforcement had a significant effect on tensile strength. Tensile strength

was improved by 78% with an increased reinforcement quantity in composites. Furthermore, with post-cast conditions of

hot extrusion, tensile strength was improved as observed in graph 3. The Young's modulus of the composites was

improved at a maximum reinforcement of 8%, as seen in graph 4.

Graph 3. Tensile strength effect on the progressive integration of SiC reinforcement from 0% to 8% in

as-cast and hot extruded conditions.
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Graph 4. Young’s modulus effect on the progressive integration of SiC reinforcement from 0% to 8% in

as-cast and hot extruded conditions.

3.3. Compression test

Qeios, CC-BY 4.0   ·   Article, December 21, 2023

Qeios ID: DLUOH9   ·   https://doi.org/10.32388/DLUOH9 7/21



Fig. 2. Samples of the compression test specimen
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Graph 5. Compression strength for the effect of the progressive integration of reinforcement under cast

and hot extruded conditions.

The crushing of SiC-reinforced composites was observed to be steady due to the optimal mixture of SiC into the

aluminium alloy. Compression strength was increased by 62% for a maximum SiC reinforcement of 8%, as seen in graph

5. The fracture behaviour of silicon carbide-reinforced composites was found to be identical to that of the as-cast

condition, with progressive integration of SiC reinforcement resulting in a harder and stronger material under compression.

3.4. Vickers hardness test

The investigation revealed that reinforcement has a significant impact on hardness. The hardness of the material

increased as the quantity of reinforcement increased, and it demonstrated linear improvement with systematic doping of

particulate reinforcement. For a maximum weight fraction of 8%, silicon carbide has the highest hardness. Hot-extruded

aluminum-based composites have influenced hardness because the pressurized and hot work of the material has

evidently resulted in the compacting of crystals under mechanical and thermal loads, resulting in a greater atomic packing

factor in the material and thus increased atomic density, which has improved hardness. This is coherent with the

observations of other researchers. [19][20]
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Fig. 3. Specimens tested for hardness using a Vickers hardness tester
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Graph 6. Hardness of composites by varying the percentage of reinforcement in the as-cast and hot

extruded conditions

3.5. Impact test

Graph 7 shows that the impact strength of the material has an adverse effect on composition and showed depleting

impact strength as the reinforcement quantity increased. This is due to the fact that densification of the material increased

hardness, which increased brittleness and thus resulted in crack propagation by intergranular augmentation, and thus the

material failed due to embrittlement of the material due to the intense doping of ceramic reinforcements causing over-

interstitialcy and a reduction in the ductile nature of the material, as observed in other research findings[21][22]. Due to its

high-temperature working environment, the hot extrusion process has significantly reduced the distortion of impact

strength, and recrystallization of the material has aided in the effective doping and arrangement of atoms in their

orientation, which has resulted in atomic bonding, allowing it to withstand impact loads, in agreement with similar findings

from other researchers [23]
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Fig. 4. Specimens tested under Charpy impact

Graph 7. Impact strength of composites with varying percentages of reinforcement in the as-cast and

hot extruded conditions
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3.6. Adhesive wear test

Graph 8. Wear rate of composites in the as-cast condition under different loads, reinforced with a silicon carbide reinforcement.

Graph 9. Effect of load and reinforcement on the wear rate of SiC-reinforced composites in the as-cast

condition.

Qeios, CC-BY 4.0   ·   Article, December 21, 2023

Qeios ID: DLUOH9   ·   https://doi.org/10.32388/DLUOH9 13/21



Graph 10. Coefficient of friction of composites by varying the weight of SiC reinforcement at different

loads in 'as cast' condition.

Graphs 8-10 show the wear rate and coefficient of friction for various loads for a composite reinforced with SiC with

various weight fractions under 'as cast' conditions.. Similar observations have been made by other studies [24][25]

Graph 11. Wear rate of composites in the hot extruded condition under different loads, reinforced with Silicon carbide.
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Graph 12. Effect of load and reinforcement on the wear rate of SiC reinforced composites in the hot

extruded condition.

Graph 13. Coefficient of friction of composites by varying the weight of SiC reinforcement at different

loads in the hot extruded condition.

Graphs 11-13 show the wear rate and coefficient of friction for various loads for a composite reinforced with SiC with
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various weight fractions under 'as cast' conditions.

From the above graph, 8-13 wear rates for the developed composite system under as-cast and hot extruded conditions,

the graph reveals that as the load increases, the wear rate of the composite also increases due to higher contact

pressures and increased adhesive forces. The wear rate is almost linear as the applied load is still considered as a lighter

load. The wear rate is linearly reduced with an increase in reinforcement percentage; also, the hot extruded composite

shows a significant impact on improving the wear rate of the developed composite. It is observed that material transfer

between the composite and the counterpart material in the as-cast condition is reduced in the hot extruded condition. The

coefficient of friction was high in the as-cast condition, whereas in hot extruded composites, it is found to be relatively low,

reflecting the prevalence of adhesive wear and less abrasive interaction due to the high compactness of composites

developed under high pressure and temperature in the hot extrusion process. This results in smooth wear tracks with

some material transfer and plowing. Wear track morphologies change with varying loads, and it is observed that different

wear mechanisms are dominating at different loads, as seen in graph 14-17... A similar observation was made by other

studies [24][25][26][27][28]

3.7. Surface micrograph study of wear

In the micrographs, it is seen that material was removed due to adhesion and abrasion in the sliding wear mechanism.

Graph 14 represents the micrograph of the worn surface of the Al 6063 alloy, in which it is seen that the alloy formed

ridges, grooves, flash, and wedges due to the soft nature of the material. The SiC-reinforced composite has shown

resistance, and hence not much debris or flash is seen, but it formed ridges and grooves due to the residual wear track.

This is in accordance with other researchers [29]
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Graph 14. SEM micrographs of the wear surface of reinforced composites in the as-cast condition:

Al6063 without reinforcement

Graph 15. SEM micrographs of the wear surface of reinforced composites in the as-cast condition with

8wt.% SiC
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Graph 16. SEM micrographs of the wear surface of reinforced composites in the hot extruded condition,

Al6063 without reinforcement

Graph 17: SEM micrographs of the wear surface of reinforced composites in the hot extruded condition

with 8wt.% SiC
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Hot extruded materials have higher material hardness and thus a lower wear rate. The hot extruded alloy Al6063 formed

ridges and grooves in graph 17, indicating that the extrusion process reduced the wear rate. Wear debris is primarily

composed of fine particles, such as aluminium and SiC, and may show signs of mild deformation and adhesive transfer. It

indicates adhesive wear behaviour by showing material transfer from the counterpart material to the composite surface or

vice versa.

4. Conclusion

The density of the composites increased proportionally to the percentage of reinforcement. The highest density was

observed with 8% reinforcement. In hot extruded Al 6063, the volume of voids or porosity was found to be reduced by

54%.

The mechanical properties of the composites improve significantly with the addition of reinforcements before extrusion.

The hot extrusion samples showed even more improvement.

In the hot extruded composite, the grains were noticeably refined, and the reinforcement layers were considerably

dissolved, reflecting the effective diffusion and doping of reinforcement atoms into the Al 6063 matrix.

The wear rate of the composites decreased as the reinforcement quantity increased, as the form and quantity of

reinforcement demonstrated the tribological advantage of materials.

Topographic analysis of the worn surfaces of sliding wear observed under SEM and the optical specimen under sliding

wear revealed less wear and tear.

References

1. ^Callister William D, “Materials science and engineering: An introduction”, Wiley & Sons, N.J, 7th edition, (2006).

2. ^B.G. Narasimha, V.M. Krishna, and A.M. Xavior, “A review on processing of particulate metal matrix composites and

its properties”, International Journal of Applied Engineering Research, V8(6) (2013) 647-666.

3. ^T, M. Sijo., & Jayadevan, K. R. (n.d.). “Analysis of Stir Cast Aluminium Silicon Carbide Metal Matrix Composite: A

Comprehensive Review”, International Conference on Emerging Trends in Engineering, Science and Technology

(2016) 379–385. https://doi.org/ 10.1016/j.protcy.2016.05.052.

4. ^M.S. Kadam, V.D. Shinde, “Stir cast aluminium metal matrix composites with mechanical and micro-structural

behavior: A review”, Materials Today: Proceedings, V27(2), 2020,845-852, doi.org/10.1016/j.matpr.2020.01.017.

5. ^A.M. Xavior, and P. Ashwatha, “Processing methods and property evaluation of Al2O3 and SiC reinforced metal

matrix composites based on aluminium 2xxx alloys”, Journal of Material Research, V31(9) (2016) 1-19.

6. ^Liu, J., Zhou, B., Xu, L., Han, Z. and Zhou, J. (2020). Fabrication of SiC reinforced aluminium metal matrix composites

through microwave sintering. 7(12), pp.125101–125101. doi: https://doi.org/10.1088/2053-1591/abc8bf.

7. ^Malek Ali and Samer Falih, “Synthesis and characterization of aluminum composites materials reinforced with TiC

nano- particles”, Jordan Journal of Mechanical and Industrial Engineering, V8(5) (2014) 257-264.

8. ^Nenad Miloradovic, Rodoljub Vujanac, Slobodan Mitrovic and Danijela Miloradovic, “Dry sliding wear performance of

Qeios, CC-BY 4.0   ·   Article, December 21, 2023

Qeios ID: DLUOH9   ·   https://doi.org/10.32388/DLUOH9 19/21



ZA27/SiC/Graphite composites”, Metals MDPI, V9(7) (2019) 1-13.

9. ^B. Vijaya Ramnath, C. Elanchezhian, E. Naveen, P. Nagarajakrishnan, T. Chezhian, Saleem, S.A. and M. Srivalsan

(2018). Mechanical and Wear Behavior of Aluminium-Zircon Sand-Flyash Metal matrix Composite. 390, pp.012018–

012018. doi: https://doi.org/10.1088/1757-899x/390/1/012018.

10. ^M. Ramesh, Jafrey Daniel. D, and M. Ravichandran, “Investigation on mechanical properties and wear behaviour of

titanium diboride reinforced composites”, FME Transactions, V47(4) (2019) 873-879.

11. ^Kalyan Kumar Singh, Saurabh Singh, and Anil Kumar Shrivastava, “Study of tribological behaviour of silicon carbide-

based aluminium metal matrix composites under dry and lubricated environment”, Advances in Materials Science and

Engineering, V2016 (2016) 1-11.

12. ^K. Krishnamurthy, Mengistu Ashebre, J. Venkatesh, and B. Suresha, “Dry sliding wear behaviour of aluminium 6063

composites reinforced with TiB2 particles”, Journal of Minerals and Materials Characterization and Engineering, V5(2)

(2017) 74-89.

13. ^Sahu, M. K., & Sahu, R. K. “Fabrication of aluminum matrix composites by stir casting technique and stirring process

parameters optimization” In InTech eBooks (2018). https://doi.org/10.5772/intechopen.73485

14. ^C. Hima Gireesh, K.G Durga Prasad, and Koona Ramji, “Experimental investigation on mechanical properties of an

Al6061 hybrid metal matrix composite”, Journal of Composites Science, V2(3) (2018) 49-59.

15. ^J. Jeykrishnan, B. Vijaya Ramnath, X. Hervin Savariraj, R. David Prakash, V. R. Dhinesh Rajan, and D. Dinesh

Kumar, “Investigation on tensile and impact behavior of aluminum base silicon carbide metal matrix composites”,

Indian Journal of Science and Technology, V9(37) (2016) 1-4.

16. ^Sambit Mohapatra and Kalipada Maity, “Synthesis and characterisation of hot extruded aluminium-based MMC

developed by powder metallurgy route”, International Journal of Mechanical and Materials Engineering, V12(2) (2017)

1-9.

17. ^K. C. Mohanakumara, H. Rajashekar, S. Ghanaraja, and S. L. Ajitprasad, “Development and mechanical properties of

SiC reinforced cast and extruded Al based metal matrix composite”, International Conference on Advances in

Manufacturing and Materials Engineering. Elsevier, V5 (2014) 934 –943.

18. ^Sandeep Kumar and T.K. Garg, “Preparation and analysis of some mechanical property of aluminum-based metal

matrix composite reinforced with SiC and fly ash”, International Journal of Engineering Research and Applications,

V2(6) (2012) 727-731.

19. ^P. Chakrapani, T.S.A. Suryakumari “Mechanical properties of aluminium metal matrix composites-A Review”,

Materials Today: Proceedings, V45(2020) 5960-5964..

20. ^P. S. Reddy, R. Kesavan, and B. Vijaya Ramnath, “Investigation of mechanical properties of aluminium 6061-silicon

carbide, boron carbide metal matrix composite”, silicon, V10(2) (2018) 495-502.

21. ^Konopka, K., Maj, M. and Kurzydłowski, K.J. “Studies of the effect of metal particles on the fracture toughness of

ceramic matrix composites”, Materials Characterization, V51(2003), pp. 335–340. Available at:

https://doi.org/10.1016/j.matchar.2004.02.002.

22. ^Q. Zhao, Y. Liang, Z. Zhang, X. Li, and L. Ren, “Effect of Al content on impact resistance behavior of Al-Ti-B4C

composite fabricated under air atmosphere”, Micron V91 (2016) 11–21.

Qeios, CC-BY 4.0   ·   Article, December 21, 2023

Qeios ID: DLUOH9   ·   https://doi.org/10.32388/DLUOH9 20/21



23. ^Sedat Ozden, Recep Ekici, Fehmi Nair, “Investigation of impact behaviour of aluminium based SiC particle reinforced

metal–matrix composites”,Composites Part A: Applied Science and Manufacturing, V38(2007), 484-494,

24. a, bT. B. Rao, “An experimental investigation on mechanical and wear properties of Al7075/SiCp composites: effect of

SiC content and particle size”, Journal of Tribology, V140(3) (2017) 31601-31609.

25. a, bPriyaranjan Samal, Pandu R. Vundavilli, Arabinda Meher, Manas M. Mahapatra, “Recent progress in aluminum

metal matrix composites: A review on processing, mechanical and wear properties”, Journal of Manufacturing

Processes, V59 (2020) 131-152.

26. ^N. Soltani, H. R. Jafari Nodooshan, A. Bahrami, M. I. Pech-Canul, W. Liu, and G. Wu, “Effect of hot extrusion on wear

properties of Al–15wt.% Mg2Si in situ metal matrix composites”, Materials and Design, V53 (2014) 774-781.

27. ^A. Abdollahi, A. Alizadeh, and H. R. Baharvandi, “Dry sliding tribological behaviour and mechanical properties of

Al2024-5wt.% B4C nanocomposite produced by mechanical milling and hot extrusion”, Material Design, V55 (2014)

471-481.

28. ^R. Deaquino-Lara, N. Soltani, A. Bahrami, E. Gutiérrez-Castañeda, E. García-Sánchez, and M. A. L. Hernandez-

Rodríguez, “Tribological characterization of Al7075–graphite composites fabricated by mechanical alloying and hot

extrusion”, Materials and Design. V15(67) (2015) 224-231.

29. ^M. M. E.-S. Seleman, M. M. Z. Ahmed, and S. Ataya, “Microstructure and mechanical properties of hot extruded 6016

aluminum alloy/graphite composites,” Journal of Materials Science & Technology, 2018.

Qeios, CC-BY 4.0   ·   Article, December 21, 2023

Qeios ID: DLUOH9   ·   https://doi.org/10.32388/DLUOH9 21/21


	The Influence of Hot Extrusion on The Mechanical and Wear Properties of an Al6063 Metal Matrix Composite Reinforced With Silicon Carbide Particulates
	Abstract
	1. Introduction
	2. Experimental work
	2.1. Fabrication of the composite

	3. Results and Discussion
	3.1. Density and porosity
	3.2. Tensile test results
	3.3. Compression test
	3.4. Vickers hardness test
	3.5. Impact test
	3.6. Adhesive wear test
	3.7. Surface micrograph study of wear

	4. Conclusion
	References


