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In this work, 2 wt.% Silicon Carbide (SiC) particulate 
reinforced aluminium 1100 (AA1100) Metal Matrix 
Composite (MMC) was fabricated through Friction Stir 
Processing (FSP). The average particle size of the SiC used in 
the present study was analysed using particle size analyser 
which was found to be 12 µm. The microstructural analysis 
of base metal and processed samples were carried out with 
Scanning Electron Microscopy (SEM). Vickers hardness test 
was carried out at 500 g load with 10 s dwell time. The 
hardness value of the composite was 52% higher than the 
base metal. In addition to that, the composite layer has been 
identified from the hardness test carried out along the depth 
from top to bottom of the processed plate. The tensile test 
was performed on MMC which revealed that Ultimate 
Tensile Strength (UTS) of MMC was 97% higher than the 
base metal with an increase in stiffness and reduction in 
strain to failure values. The tribological performance test 
was carried out with pin on disc tribometer. The wear rate 
of both the base metal and composite were calculated and it 
was noted that the wear rate of MMC has decreased by 57% 
when compared to the base metal. Reduction in wear rate of 
MMC was attributed to the SiC addition on AA1100 through 
FSP. Coefficient of Friction vs Time plot indicated lesser 
frictional force on the MMC surface which implies that SiC in 
the aluminium matrix acted as a solid lubricant during wear 
test. Thus, the fabricated AA1100-SiC MMC have high 
hardness and UTS value with a slight reduction in ductility. 
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1.0 INTRODUCTION 
Metal Matrix Composites are extensively used in the automotive and aerospace components 

because of their high specific stiffness and strength. The applicant materials need to be less dense 
and should have high specific strength for their use as structural components (Ashithesh & Kale, 
2015). The improvements in density and specific strength are not only the factors of measuring 
the performance for aerospace materials. Specific dimension of aerospace components is 
controlled by fatigue crack growth in the structure, durability and also residual stress and 
corrosion resistance. It is obvious that these composites should be sufficiently reinforced with 
either fiber or particles (Geeta & Rajesh, 2015). Attempts are made to homogenize the 
distribution of these reinforcements to obtain isotropic properties. However, when reinforced 
with fibers the properties are highly heterogeneous (Johanson et al., 2015). Even if alternate 
layers with different directions are adopted there occurs the problem of delamination (Tanveer 
et al., 2019). So, to get the uniform structure and property, it is generally advisable to reinforce 
the matrix with particles (Shankar & Harichandran, 2019). Solid state fabrication of MMCs is 
gaining attention nowadays. When a material is either processed or fabricated in its solid state, 
there is a less chance of it to getting trapped with oxide inclusions. In addition to that, the material 
will be free of voids and defects. In MMCs, which are processed through liquid state, there will be 
interface and interphase. These interphase products are extremely hard and brittle and function 
as preferred locations for the crack nucleation and Propagation (Fang et al., 2020 & Carrere et al., 
2000). Those produced through solid state means are devoid of these interphase products 
resulting in safer metallurgical structure.  

Friction stir processing evolved from friction stir welding proves to be a promising surface 
MMCs fabrication method (Mishra et al., 2003 & Sandeep et al., 2018). The method uses a shoulder 
and a profile pin rotating tool. The material under the tool during FSP undergoes severe plastic 
deformation due to the intense plastic shearing which is the result of combined action of tool 
rotation and axial load. This results in the modified finite grain size in the processed nugget zone. 
The grains formed are all equiaxed and majority of them have high angle grain boundaries. The 
material is known as interface controlled one since the grain boundary density has been 
drastically increased. And as a result, increased dislocation motion hindrance increases the 
material strength. In addition to that, the FSP changes the physical properties of the material 
without altering the physical condition of the material. This ensures that there is no change of 
state during the cycle thus resulting in less complexity in carrying out the process with different 
base metals. 

The reinforcement can be added to the base metal through different processes. The most 
common practice is by cutting a square groove on the metal surface and filling the groove with 
the reinforcement particles (Ratna, 2016; Puviyarasan & Kumar, 2015; Prasad & Shoba, 2014). 
After processing, the excess flash is removed immediately. Selection of proper process parameters 
is necessary to attain defect free composites. Also, tools with variety of pin profiles can been used 
for FSP process. Some of them are tools with pin profiles such as square, conical, cylindrical, 
conical threaded, triangular, multi pin etc., The conical pin with threaded profile proves to be an 
effective one for stirring (powders within matrix) action (García et al., 2016).  

The influence of SiC as reinforcement in the mechanical properties and wear characteristics of 
AA1100 material has not yet been studied in detail. Thus, the present work focuses on the 
fabrication of SiC particulate reinforced aluminium metal matrix composite through friction stir 
processing method. The fabricated composite has been characterized and results were discussed 
elaborately.  

https://www.sciencedirect.com/science/article/abs/pii/S1359835X14003261#!
https://www.sciencedirect.com/science/article/pii/B9780081022931000012#!
https://www.sciencedirect.com/science/article/pii/B9780081022931000012#!
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2.0 EXPERIMENTAL PROCEDURE 
Aluminium 1100 was purchased from the Accurate Metals Industries Private Limited, Mumbai. 

The composition of the as received material was tested with the spark spectroscopy equipment 
in order to confirm the material grade. SiC particles were purchased from Shawn Enterprises, 
Chennai. 
 

Table 1:  Composition of aluminium 1100 with % wt of various elements present. 
Element Silicon Iron Zinc Copper Manganese Aluminium 

% wt 0.283 0.201 0.136 0.15 0.04 Remaining 

 
The composition of AA1100 is mentioned in the Table.1. The reinforcement being chosen was 

silicon carbide (SiC) particles. As received SiC particle was ball milled with a high energy planetary 
ball milling equipment to reduce the average particle size. The process was carried out in a 
stainless-steel vial with tungsten carbide balls. With toluene (2%wt) as process control agent, 
ball-milling was carried out at 300 rpm for 30 hours. The average particle size of ball milled SiC 
was determined by laser disperse particle size Distribution Analyzer LA-950. 

The base metal plate has the dimensions of 100 mm in length, 70 mm in width and 6 mm in 
thickness. The tool was made of H13 hardened tool steel and schematic of tool is shown in figure 
1. The shoulder has flat face with diameter as 20 mm. The pin has the total length of 5.5 mm with 
the diameter beneath the shoulder as 6.6 mm and the end diameter as 3.3 mm (conical threaded). 
The pin has continuous right-hand thread with 1 mm pitch. Friction Stir Processing was 
performed in a vertical milling machine with constant rotating speed of 900 rpm and traverse 
speed of 45 mm/min with axial load of 10 kN and tilt angle of 2° and the plunge depth was 
maintained as 0.4 mm. The FSP procedure is shown in the figure 2. 
 

 
Figure 1: Friction stir tool. 

 
Grooves were cut, with the vertical milling machine, on the vicinity of metal plate to be 

processed. The groove dimensions were chosen according to the appropriate thickness of Friction 
stir processed MMC. Groove has the depth of 2 mm and length of 100 mm with 2 mm width. The 
grooves were cleaned with acetone before powder filling. Using FSP tool without pin, FSP was 
carried out to close the groove to avoid the spillage of reinforcement particles while preparing 
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the surface composite. The mass of SiC powder filled in the groove was 2.25 g and the weight 
percentage of SiC in the MMC was calculated as 2 wt.%. 

 

 
Figure 2: Friction stir procedure. 

 
After FSP, the microstructural analysis of the sample was done using SEM. SEM equipment 

used in the study was Carl Zeiss MA15/EVO 18 Scanning Electron Microscope. The test sample 
preparation for SEM analysis was carried out by cutting the material of 10 mm × 10 mm × 5 mm 
using wire cut electric discharge machining (wEDM). The sample was cut perpendicular to the 
FSP direction and the cross section of the sample was polished for further examination through 
SEM. The sample was polished with the grades of emery paper (80, 120, 180, 220, 320, 400, 600, 
800, 1000) sheets and then fine polished with disc polisher using diamond paste.  

For hardness measurement, sample preparation was performed by cutting the sample of the 
dimension 20 mm × 6 mm × 5 mm. The sample was then polished using different grades of emery 
sheets as mentioned earlier followed by disc polishing in order to achieve a mirror finish. 
Hardness test was carried out across the transverse direction of plate from top to bottom at an 
interval of 0.5 mm using Bareiss Digi Test Vickers micro-hardness tester. The load was kept at 
500 g with the dwell time as 10 s throughout the test. The experiment was repeated for three 
times for each measurement and the arithmetic mean was taken as correct reading to avoid 
errors. 

Tensile test was performed with Instron Electromechanical 3382A-100 kN equipment. Tensile 
samples were extracted from the stir zone of processed MMC along the FSP direction. The ASTM 
E8 tensile specimen line diagram is shown in figure.3. a. Wear test was performed according to 
ASTM G99-06 using pin on disc tribometer to ascertain the wear characteristics and to analyze 
the wear mechanism. The test sample was made according to the standard ASTM G99-06 
procedure with 6 mm diameter pin and disc was made from EN 31 Steel. The load applied was 10 
N and the sliding distance was kept as 1000 m with sliding velocity as 2 m/s. The mass loss of the 
samples (Base metal and MMC) after the wear test was measured. From that, the wear volume 
and the wear rate were calculated using eq. 1 and 2 (Jitendra et al., 2016). Extraction of various 
samples from the processed material are shown in figure 3. b. 

 

𝑊𝑒𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =
𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑖𝑛 𝑔𝑟𝑎𝑚𝑠

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
𝑚𝑚3 (1) 

  

𝑊𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =  
𝑊𝑒𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 

𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑙𝑜𝑎𝑑 × 𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
  

𝑚𝑚3 

𝑁𝑚
 (2) 
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A - Tensile Specimen 
B - Microhardness Specimen through thickness of 
the nugget zone 

 
(a) 

 
(b) 

Figure 3: (a) Tensile Specimen and (b) extraction location of test specimens. 
 

  
3.0 RESULTS AND DISCUSSION 
 
3.1 Average Particle Size 

The Silicon Carbide particles after ball milling has the size distribution which is shown in figure 
4. The milled particles have range of diameters and all the particles lie between the size of 0.2976 
µm and 37 µm. Fraction of particles were in 1 µm regime and another major fraction was in 10 
µm regime. The average particle size was found to be 12 µm. Thus, the reinforcing particles have 
size ranging from sub-micron to micron level. The narrow size distribution of SiC particulates 
counteracts the particle fracture in the matrix thus limiting the crack initiation in matrix. 

 

 
Figure 4: Particle size distribution of ball milled SiC. 

 
3.2 Morphology 

The SEM images of both the base metal and MMC are shown in Figures 5.a and 5.b respectively. 
The presence of intermetallics and oxides were observed in the figure 5.a. The diamond abrasives 
can be seen in both the images as minute spheroids. From the SEM image of the Friction stir 
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processed MMC sample, the presence of SiC particles on the Al matrix was confirmed. There was 
no accumulation of SiC abrasive particles in matrix. The silicon carbide particles were distributed 
evenly in the matrix although minute scratches were visible in both the samples. However, the 
intermetallics were dissolved greatly due to frictional heat and plastic deformation leading to 
dynamic recovery and recrystallisation process and only a fraction of them were present in MMC 
when compared to the base metal. The reinforcing particles were distributed only at the top 
surface of plate thus the remaining bulk structure has undergone grain refinement and there is 
an increase in dislocation density due to friction stir processing. 

 

  
Figure 5: SEM images of (a) base metal and (b) MMC. 

 
3.3 Hardness 

The Figure.6 shows the micro hardness profile of the FSPed MMC. The hardness at the near 
surface is 64 Hv which has decreased along the depth of the sample. The crest hardness is due to 
reinforcing SiC and grain refinement due to FSP. The strength of the processed sample was 
attributed to strengthening effect of SiC which hinders the deformation of material (Fang et al., 
2020). The Hardness of the base material was found to be 42 Hv. The decrease in hardness along 
the depth was due to the composite layer. From the SEM images, it was further confirmed and the 
variations in hardness values across the thickness indicate the presence of composite layer upto 
1.5 mm depth from the top surface. The hardness values rarely vary beyond 1.5 mm and the 
middle portion, which is halfway between the top and bottom surface of plate, has the mean 
hardness of 55 Hv. However, beyond 4 mm the hardness values fell rapidly as the thermo 
mechanically affected zones (TMAZ) and heat affected zones (HAZ) are present at bottom of the 
material. 

 
3.4 Tensile Behavior 

The stress strain plots of base metal and MMC is shown in Figure.7. The ultimate tensile 
strength (UTS) of base metal was 34 MPa and that of the MMC was 67 MPa. The tensile curve of 
MMC shifts to the right of plot implying that MMC possess higher stiffness than Base metal. The 
total percentage elongation of base metal was 12.8% and the MMC failed with lesser plastic 
deformation with total percentage elongation of 6.1%. The strain to failure was reduced greatly 
indicating that there was a reduction in ductility of MMC which is almost half the value of base 
metal. The enhancement in UTS was due to the grain refinement and strengthening reinforcement 
(Anand et al., 2019). Also, the strength increment was attributed to increase in dislocation density 
due to FSP and the load sharing capability of hard reinforcements (Chawla & Shen, 2001). This 
prevents the plastic flow of material and the reinforcements act as obstacles aiding dislocation 
pile up thereby improving the strength. The narrow size distribution of reinforced SiC particulates 
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counteracts the particle fracture in the aluminium matrix when stress is applied thus the load 
transferring capability between matrix and reinforcement has increased largely thus limiting the 
crack initiation in the matrix. Overall, the strength and stiffness of composite has been improved 
through reinforcement (Arnav et al., 2019). 

 

 
Figure 6: The graph between hardness and depth of MMC. 

 

 
Figure 7: Stress-strain curves of base metal and MMC. 

 
3.5 Wear Analysis 

The mass loss and wear rate of both the base metal and MMC are shown in table 2. Both the 
mass loss and wear rate were high in the case of base material when compared to MMC. The base 
metal is soft and more ductile than FSPed sample as the grain refinement due to dynamic recovery 
and recrystallisation has improved the strength of MMC in addition to the effect of hard SiC 
reinforcements. This has significantly reduced the mass loss in the case of FSPed MMC and thus 
leading to lower wear rate when compared to the base metal. Also, the hard SiC particles in the 
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matrix reduced the surface contact between pin and disc as these SiC particles protruding out 
after the matrix worn out (Jingming et al., 2014). Thus, the shearing load was predominantly taken 
up by particles thus reducing wear. This also reduces the adhesion of debris on the surface of 
material. 

 
Table 2: Mass loss and wear rate of Base metal and MMC. 

Sample Before (g) After (g) 
Mass loss 
(g) 

Wear volume 
(mm3) 

Wear rate 
×10-5  

(mm3 / Nm) 
Base 0.4408 0.3594 0.0814 0.3018 3.0761 
MMC 0.4178 0.3851 0.0327 0.1212 1.2354 

 
The graph between co-efficient of friction (COF) and sliding time is shown in                 Figure 8. 

The friction coefficient of MMC is less than the base metal indicating lesser frictional force on the 
surface of MMC. The fluctuations in COF of Friction stir processed material are high and the value 
of COF decreases momentarily which is attributed to crack growth and slip deformation beneath 
the surface in the material (Alan, 2015). The hard reinforcements thus acted as solid lubricant 
reducing wear on MMC (Jagatheeshwaran et al., 2016 & Praveen, 2017).  

 

 
Figure 8: Graph between friction co-efficient and time of base metal and MMC. 

 
 
4.0 CONCLUSIONS 

The defect free composite has been fabricated through solid state FSP method. The 
microstructure of both the base metal and MMC has been observed through SEM which revealed 
the presence of SiC in processed material confirming the homogeneous distribution of SiC in 
aluminum matrix. 
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The improvement in hardness of the MMC is found to be varying along the depth confirming 
the composite layer at the top owing to high hardness values which is 40.5% higher than base 
metal hardness and relatively less hardness at higher depth revealing the stir zone of processed 
metal followed by TMAZ and HAZ. 

The ultimate tensile strength of the composite is found to be twice that of the base metal with 
reduction in the ductility of composite almost by half the value of base metal with only 6.1% total 
elongation compared to base metal which has total % elongation of 12.8%. 

Wear analysis revealed that the improvement in hardness and grain refinement in processed 
material resulted in reduced mass loss and a massive reduction in wear rate of composite by 40% 
than base metal and during the wear test, the reinforcement acted as solid lubricant on the mating 
surface. 

Thus, the fabricated Al/SiC metal matrix composite could be a choice of material that would 
serve as secondary structures in body frame and as sheets in the hood of automobiles and as 
secondary support structures in body frame of aircrafts. 
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