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The application range in defense, aerospace and automotive sectors have enabled 

aluminium metal matrix composites to emerge in different technological fields due to 

enhanced micro structural and mechanical characteristics. In the present study, friction 

stir processing is used to fabricate Al2024/SiC composite with one, two and three passes 

of the cylindrical tool. Optical microscopy and scanning electronic microscope (SEM) 

were used to validate the processed sample and to justify the morphological aspects. 

Energy dispersive spectroscopy (EDS) analysis has also performed to confirm the 

presence of SiC particles in the composite. It also includes the analysis of mechanical 

properties such as tensile strength, Rockwell hardness test and nanoindentation to 

characterize the prepared samples. Improvement in tensile strength with a maximum of 

443 MPa, the hardness of 121 HRB and nanoindentation of the specimen was depicted 

through the mechanical tests. 
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1. INTRODUCTION

In the present era, the use of composite material is in huge 

demand due to their lightweight, high tensile strength, 

hardness and less wear resistance in automotive, defense 

artillery and aircraft industries [1]. Aluminum matrix 

composites (AMCs) reinforced with various ceramic particles 

have been developed as a capable material to be used in the 

industries, due to their superior mechanical and tribological 

properties as compared to aluminium alloys. SiC particles tend 

to form strong bonding between with the aluminium alloy [2]. 

The limitation of traditional stir casting method is eliminated 

by solid metallurgical route i.e. friction stir processing 

technique (FSP) [3]. Various researchers have reported that it 

was feasible to prepare AMCs reinforced with SiC content. 

However, stir-cast SiC reinforced composites have several 

defects like porosity [4], accumulation of reinforced particles 

and development of brittle intermetallic resulted to interfacial 

reactions between the aluminium and SiC content were stated 

in the stir casting technique [5]. These defects have reduced 

the mechanical properties of the prepared composites during 

service. Uniform distribution of SiC particles is required to 

attain the improved mechanical properties with the best suited 

performance [6]. The interfacial bonding formed between the 

reinforced particles and the alloy was affected by the reaction 

products. Strong interfacial bonding is required between the 

reinforced particles and the alloy to affect the load-bearing 

capacity of the AMCs. Stir casting is widely accepted for 

preparing Al/SiC composites [7]. However, preheating of SiC 

particles with the addition of Mg had improved the wettability 

of SiC particles [8]. Thus, progress in manufacturing 

techniques is important to fabricate AMCs and widen its 

applications.  

Friction stir processing (FSP) has been developed as a solid-

state metallurgical route to fabricate surface and bulk AMCs 

[9]. In FSP, a groove is cut along the transverse direction in 

the aluminium alloy. The groove is filled with ceramic 

particles. The non-consumable tool is rotated in the ceramic 

filled zone. The heat generated between the tool and the 

ceramic filled zone tends the plastic flow of reinforcement in 

the aluminium alloy. Grain refinement was observed in the 

stirred zone [10]. Thus, the composite is prepared by the 

movement of the tool and the applied axial load [11]. FSP has 

been fruitfully useful to create AMCs reinforced with Al2O3 

[12], SiO2 [13], TiC [14], B4C [15], Ni [16], and NiTi [17]. 

Sharma et al. [18], Ghanbari et al. [19], Kurtyka et al. [20], 

Rathee et al. [21, 22] and Kumar et al. [23] have successfully 

incorporated SiC particles into the aluminum alloy to produce 

AMC’s by using FSP technique. Thus, the purpose of this 

research work is to fabricate SiC reinforced composite using 

FSP and evaluate the mechanical and wear properties of FSPed 

Al 2024/SiC composite. 

2. MATERIALS AND METHOD

Commercially available, Al2024 alloy plates were used in 

this research work. The chemical composition of Al 2024 alloy 

is given in Table 1 [24]. The dimensions of the plates taken 

were 100 mm x 50 mm x 10 mm. A groove of 1 mm width and 

3 mm depth was made in the Al 2024 plate with the help of a 

vertical milling machine. The width of the groove was kept 

constant in four levels to produce 15 vol.% of SiC content and 

the number of passes i.e. 0, 1, 2 and 3 were varied in this 

investigation. The groove was filled with SiC a particle of 25 

to 30 µm. FSP was performed on a vertical milling machine. 

HCHCr steel tool was used for stirring purpose. Figure 1 

shows the development of composite by FSP. The layout of 
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the FSP tool along with the process is shown in Figure 2. 

Figure 3 shows the setup of the FSP used in the experiment. In 

the establishment of FSP, HCHCr tool without a pin was taken 

for capping operation to avoid SiC particles from absconding. 

The machine and FSP tool parameters are shown in Table 2. 

 

 
 

Figure 1. Development of composite by Friction Stir 

Processing 

 

 
 

Figure 2. Layout of FSP tool and physical image of the tool 

used for the experiments  

 

 
 

Figure 3. FSP setup 

Table 1. Chemical composition of Al 2024 alloy [24] 
 

Si Fe Cu Mn Mg Zn Cr Ti Al 

0.1 0.3 4.4 0.5 1.5 0.05 0.01 0.01 Bal 

 

Table 2. Process parameters used in the fabrication of Al 

2024/SiC composite 
 

Sr. No. Process Parameters Values 

1 Rotational Speed (rpm) 1,000 

2 Transverse Speed (mm/min) 25 

3 Tool Tilt Angle (°) 0 

4 Pin Profile of Tool Cylindrical 

5 Shoulder Diameter(mm) 18 

6 Pin Diameter(mm) 6 

7 Pin Length (mm) 2.5 

 

 

3. RESULTS AND DISCUSSION 

 
Friction stir processing of Al2024/SiC surface composite 

has been completed. Figure 4 shows the raw plate and 

processed plate of Al2024. In the physical observation, a lot of 

tool marks in circular form has been shown on the processed 

surface. Few surface defects such as misrun, small blowholes 

are also seen which is attributed to the inefficient heat 

generation during the processing. 

To conduct the micro structural observations, samples have 

been prepared as per ASTM E3-95 standard to conduct optical 

microscopy test. The FSP samples were polished and etched 

by using Keller’s reagent to observe the microstructure. The 

test has been carried out by Leica-DMI3000 M inverted optical 

microscope. The results of optical microscopy are shown in 

Figure 5. It is clear from the image that homogeneous mixing 

of reinforced particles in the base metal of Al 2024 alloy is 

observed. At some point, there was less heat generation and 

particles of SiC remain as of bigger size. This was possible due 

to due to ineffectiveness of mixing of reinforced content. This 

can be reduced by creating turbulence and increasing the 

rotational speed of tool in the transverse direction. 

Scanning Electronic Microscope was used to analyze the 

micro structural features in the friction stir zone (FSZ) along 

the transverse direction. Figure 6 shows the SEM images of 

FSZ, having three number of passes at 3µm. SEM results 

confirm the presence of SiC particles in the stirred zone. The 

morphological imagination shows some minor defects such as 

micro-holes, blow holes etc. A similar type of result was 

obtained by Ghanbari et al. [19]. Misruns are also observed at 

some places which are due to the reduced heating effect which 

is generated due to frictional force. 
 

 
(a)                     (b) 

 

Figure 4. (a) Raw Material with groove (b) FSPed Al 

2024/SiC 

Composite having one, two and three number of passes 
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Figure 5. Microscopic images of the processed sample having three number of passes 

 

 
 

Figure 6. SEM image of FSZ, having three number of passes 

 

 
 

Figure 7. EDS of FSZ, having three passes 

 

Al2024/SiC surface composite was also investigated by 

EDS (Energy-dispersive X-ray spectroscopy). Figure 7 shows 

the EDS of FSZ, having three number of passes. The 

acquisition conditions were taken at an acquisition time of 

60.8 s and 15 kV of accelerating voltage. EDS analysis depicts 

the mixing between SiC and Al 2024 alloy. It confirms the 

presence of SiC particles into the processed sample. 

The tensile test has been carried out by Universal testing 

machine of capacity ranging from 10 N to 10 KN. Figure 8 

shows the sample for tensile testing and testing zone. The test 

has been carried out on all type of samples along with the raw 

sample to evaluate the trend of the tensile strength. Figure 9 

shows the tensile strength of single, two and three tool pass 

surface composites. It has been observed from the graph that 

increasing the number of the pass, decreases the tensile 

strength. The maximum tensile strength of 443 MPa is 

obtained in the single tool pass to mix SiC particles into the 

matrix alloy. While increasing the tool passes it decreases by 

54 MPa from the maximum value. It is because at the 

increasing number of pass the formation of surface defects was 

also increased which tends to lower the strength of the 

composites. 

Rockwell hardness test was performed on the prepared 

samples. Figure 10 shows the hardness of one, two and three 

pass composites. From the accomplished experimental result 

obtained from Figure 10, it is concluded that the hardness of 

single-pass FSPed Al 2024/SiC composite had got maximum 

hardness (121 HRB) than two or three passes FSPed composite 

or Al 2024 alloy. The similar trend of hardness was observed 

along both sides of the centerline in FSPed zone. This might 
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be possible due to uniform distribution of hard SiC particles 

embedded in the stirred zone. FSP had refined the grain size 

of composite and had enhanced the surface hardness of single-

pass FSPed Al 2024/SiC composite. Improvement in surface 

hardness was also observed in similar work [25, 26]. The 

reason behind this may be the accumulation of SiC content in 

the retreating side. FSP tool was unable to move SiC content 

in the advancing side. 

Nanoindentation test was evaluated on the prepared samples. 

It is evaluated at 500 gm of load applied for 15s at various 

locations in the specimens. Figure 11 shows the graph between 

load and displacement. It may be concluded from experimental 

results that displacement is found increases with the increased 

number of passes. This was possible because the heat 

generated between the FSP tool and the specimen was 

sufficient to plasticize the flow of SiC content. The 

tremendous dispersal of SiC content obstructs motion of 

disturbances. SiC content had increased the dislocation density 

of Al2024/SiC composite as compared to Al 2024 alloy.  

Dislocations were formed due to the thermal mismatch 

between the Al2024 matrix and the SiC content. Meanwhile, 

the difference in thermal contraction between Al 2024 matrix 

and the SiC content had produced the quench hardening effect. 

By Hall–Petch relationship, it may be concluded that the grain 

size will influence the mechanical characteristics of the 

metallic materials. The grain size of the Al 2024/SiC 

composite is smaller as compared to the matrix due to grain 

refinement of the quartz particle. The fine grains result in 

increased microhardness. From Figure 11, it may be concluded 

that single-pass FSPed composite has maximum displacement 

and was improved as compared to two or three pass FSPed 

Al2024/SiC composite or Al2024 alloy, a similar study was 

also reported by Abreu et al. [26]. 

 

 
 

Figure 8. Sample tensile testing on UTM 

 

 
 

Figure 9. Tensile strength of Al2024/SiC surface composite having single, two and three tool passes 

 

 
 

Figure 10. Rockwell hardness profile of the prepared composite 
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Figure 11. Displacement V/S Load graph 

 

 

4. CONCLUSIONS 

 

The Al2024/SiC composite was well developed via FSP 

technique. The effect of the number of passes on 

microstructure, hardness, and indentation was evaluated. The 

results concluded from the conducted experiments are as 

follows: 

• Optical microscopic images and SEM results confirmed 

that SiC particles were uniformly distributed within the 

structure during the FSP method. Minor cluster 

formation was found in the composite. EDS results also 

revealed the SiC content in the friction stir processed 

zone. 

• Maximum tensile strength of 443 MPa was achieved at 

single-pass FSP while increasing the number of passes it 

decreases. At three pass the tensile strength is obtained 

389 MPa. 

• Rockwell hardness results had confirmed the 

improvement of hardness in the Al2024/SiC composite. 

Single-pass FSPed Al 2024/SiC composite had got 

maximum hardness (121 HRB) than two or three passes 

FSPed composite or Al 2024 alloy. The similar trend of 

hardness was observed along both sides of the centerline 

in FSPed zone. 

• Micro hardness test confirmed that the improvement in 

micro hardness was observed in the Al2024/SiC 

composite. The maximum micro-hardness was obtained 

for single-pass composites. 

FSP, efficient technology has developed the composite with 

excellent mechanical properties. Further investigation of 

properties is possible by the variation of groove shape, width 

or change in process parameters. FSP tool and its 

specifications had played a vital role in the experiment. The 

variation of tool parameters along with process parameters can 

give better results in further attempts while experimenting. 
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