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ABSTRACT 

The unique property combination of Al/SiCp based composites make them very attractive for applications in 

automotive and aerospace industries. The choice of composite materials for these applications is directly influenced 

by their inherent properties which are a function of the processing route employed. Like other processing parameters, 

surface modification treatment of SiCp can play a major role in determining the properties of Al/SiCp composites.  In 

this study, the effects of SiC reinforcement (wt%) fractions (SRF), surface oxidation temperature (SOT) and preheating 

temperature (PT) parameters on the wear and friction properties of stir-cast Al-SiCp based composite were 

investigated. Experimental data and models are generated and analyzed based on a three-factors-five-level central 

composite design (CCD) and analysis of variance (ANOVA). The empirical models developed for wear rate and 

coefficient of friction (COF) considering the pre-processing parameters adequately predicts the Al-SiCp properties with 

the silicon carbide reinforcement (wt%) fraction emerged as the most influencing factor. The goal of the optimization 

process is to minimize both wear rate and COF. For wear rate, SRF at 44.49 % contribution had the most influence 

on wear rate, while SOT and PT had 0.65 % and 1.03 % influence on wear rate respectively. For COF, SRF also 

showed highest influence of 35.48 % on COF, while SOT and PT had 0.047% and 2.66% influence on COF 

respectively. From the optimization analysis, the set of conditions that simultaneously optimizes both wear rate and 

COF are 10% SiC weight (SW), 1234°C surface oxidation temperature (SOT), and 376.2°C preheat temperature (PT). 

The resulting responses at this optimized condition are minimum wear rate of 0.11 mm
3
/m and COF of 0.11 with a 

confidence and desirability level of 1.  

Keywords: Aluminium-silicon carbide composite, surface oxidation, preheat temperature, central composite design. 

 

1 INTRODUCTION 

Conventional monolithic aluminium alloys fail to meet the rising demand for high performance structural applications 

due to their low strength and low wear resistance properties (Moses et al., 2016). In the last few decades, the use of 

ceramic particles in the strengthening of aluminium has been gaining significant popularity (Alten et al., 2019). 

Ceramic particulates like SiC, B4C, TiC, WC, ZrO2 and Al2O3 are the commonly used reinforcements to fabricate 

aluminium matrix composites, (AMCs), (Nagaral et al., 2016). As a result of its excellent thermal conductivity, good 

corrosion resistance, high modulus and strength, low cost, availability, and suitable compatibility with aluminium 

alloys, silicon carbide (SiC) is the most commonly used ceramic material for composite reinforcement. They have 

emerged the most preferred materials for composite production as indicated in Figure 1 because they are well suited 

for excellent heat and wear resistance applications (Bobic et al., 2010; Adebisi et al., 2016; Odiwo et al., 2021). 

Silicon carbide reinforced aluminium matrix composites (AMCs) have been widely used in automobile and 

aerospace applications for production of engine parts such as piston, connecting rod and brake drum where sliding 

contact is important due to their low density, high strength, high stiffness, good corrosion resistance and high wear 

resistance properties in comparison with monolithic aluminium alloys. Excessive wear of the mating components 

during operation leads to catastrophic failures (Nagaral et al., 2016; Verma & Khvan, 2019).  
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Figure 1: Industrial usage of reinforcement materials (Odiwo et al., 2021) 

 

Many techniques are available for the fabrication of aluminium/silicon carbide particulate composites such as spray 

deposition, powder metallurgy, infiltration technique, squeeze casting and stir casting. However, stir casting is one 

of the most commonly used method to fabricate aluminium matrix composites because of its simplicity, ease of 

production of complex casting, mass production possibility and it is economical (Ramesh et al., 2010). The main 

factors controlling the properties of MMCs fabricated using stir casting techniques include reinforcement distribution, 

wetting of reinforcement by the matrix aluminium alloy, reactivity at the reinforcement / matrix interface and 

porosity in the solidified casting. These factors are directly influenced by the casting processing parameters such as 

processing temperature, stirring time, stirring speed, preheat temperature, blade angle, melt temperature, particle 

feed rate, etc. When these parameters are well controlled, the factors are significantly improved and Al-SiCp 

composites of better properties are produced (Adebisi et al., 2017; Verma & Khvan, 2019; Adediran et al., 2021). 

Adebisi and Ndaliman (2015) studied the influence of process parameters (reinforcement fraction, stirring speed, 

processing temperature and processing time) on wear and density properties of AA6061-SiCp composites produced 

using stir casting. Stirring speed and processing time are reported as the most influential parameters and were able to 

obtain a wear mass loss as low as 1 x 10
-3
g and density value achieved as high as 2.780g/mm

3
 using the optimum 

parametric combination of 14 wt.% reinforcement fraction, 460 rpm stirring speed, 820 °C processing temperature 

and 150 seconds processing time. Umanath et al., (2013) studied the wear behavior of Al6061/SiC/Al2O3 hybrid metal 

matrix composites with volume fraction, applied load, rotational speed and counter-face hardness as the process 

parameters. Among the four parameters, volume fraction and counter-face hardness had the most influence on 

reduction of wear rate of the hybrid composites. Rana et al., (2017) developed a mathematical model to study the 

influence of process parameters (casting temperature, stirrer speed, and weight percent of reinforcement) on hardness 

of AA5083/Nano-SiC composite fabricated by stir casting.  Optimum hardness of 19.4 HBN was obtained using the 

optimized process parameters 2wt.% of nano-SiC, 760 °C casting temperature and 550 rpm stirrer speed generated 

from the model. 

The common practice of evaluating material integrity is done by studying one factor at a time. Such practice is 

unable to evaluate the material effectively since the study did not include the interactions amongst the factors. 

Whether the interaction effect is significant or not, each of the factors contribute to material integrity. Along these 

lines, it is important to utilize the design of experiments (DOE) in the investigation because of its capacity in estimating 

the connections between the factors (Ahmad et al., 2020). Central composite design (CCD) of response surface 

methodology (RSM) is a very efficient method in reducing the number of experiments with a large number of factors 

and levels. It provides high quality predictions in studying linear, quadratic and interaction effects of factors 

influencing a response. CCD is also capable of achieving the optimum conditions required to attain the best 

characteristic properties (Montgomery, 2013; Myers et al., 2016). 

Therefore, the aim of this study is to investigate the influence of particle pre-processing parameters surface 

oxidation and preheat temperature of varying SiCp addition on the tribological properties of Al-SiCp composites.  

 

2 EXPERIMENTAL DETAILS 

2.1 Materials and Method 

AA6061 aluminium alloy used as the matrix was produced using stir casting method and the composition of the as-

cast alloy is given in Table 1. Silicon carbide (SiCp) powder of 76 µm was employed to reinforce the aluminium alloy. 

The properties of the matrix aluminium (AA6061) alloy and the silicon carbide (SiCp) powder are highlighted in Table 

2. 
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Table 1: Composition of as-cast AA6061 alloy 

Si Cu Mn Mg Cr Zn Ti Al 

0.62 0.22 0.03 0.84 0.22 0.10 0.10 Balance 

 

 

Table 2: Properties of AA6061 alloy and SiCp (Adebisi et al., 2017) 

Property Unit AA6061 SiCp 

Density g/cm
3
 2.7 3.22 

Melting point °C 660 2973 

Coefficient of thermal expansion µm/m°C 23.4 4 

Thermal conductivity W/mK 166 126 

Young’s modulus GPa 70 410 

 

SiC particles (SiCp) were exposed to surface oxidation and preheating pretreatment operations prior to composite 

production. For the surface oxidation pretreatment, the SiCp are heated to temperatures above 1000 °C so that thin 

layer of silica (SiO2) is formed on its surface. SiO2 layer acts as a barrier preventing the direct contact between SiCp 

and aluminium alloy during composite production (Khalid et al., 2013). The SiCp samples to be oxidized were 

weighed in alumina crucible using the 0.0001g precision weighing balance and then placed in an electric resistance 

furnace already set to the temperature required for surface oxidation. Five samples of the measured SiCp were 

pretreated at high temperature of 1100 °C, 1150 °C, 1200 °C, 1250 °C and 1300 °C respectively. The furnace was set 

to heat the samples at a heating rate of 10 °C/min. After attainment of the desired temperatures, SiCp samples were 

held at each temperature for 2hrs and then allowed to cool in air (Vantrinh et al., 2018 and Lee et al., 2020). 

Preheating of oxidized-SiCp at temperatures relatively much lower than the oxidation temperatures is a process 

performed to assist in obtaining increased wettability between the molten aluminium alloy and the oxidized-SiCp 

during composite production. After weighing the oxidized-SiCp samples, the graphite crucible was placed in the 

electric resistance furnace and heated to temperature of 300 °C, 350 °C, 400 °C, 450 °C and 500 °C based on the 

experimental requirement in the central composite design matrix. After reaching the required temperature, sample 

were allowed to homogenize for 30 minutes in the furnace and then added into the molten alloy. 

Melting of the AA6061 alloy was achieved using the copular furnace. The dross (solid mass of impurities floating 

on molten metal) formed was skimmed off to obtain higher purity of the AA6061 alloy. Afterwards, the oxidized-

SiCp were preheated at the required temperature (300 °C, 350 °C, 400 °C, 450 °C or 500 °C) for 30 minutes and 

then carefully added into the vortex of the molten alloy created mechanical stirring. The mixture was maintained at 

a temperature of about 710 °C and further stirred for 2 minutes at a stirring speed of 500 rpm using a stainless steel 

stirrer before being poured into the Ø20 mm by 110 mm prepared cylindrical sand mold. The weight fraction of the 

SiCp was distributed over 5 levels with 0 and 10 % as the minimum and maximum (i.e. 0, 2.5, 5, 7.5 and 10 %). This 

process is conducted for each of the experimental runs considering the process parameters as suggested by the design 

plan. After casting, the AA6061/oxidized-SiCp composite test specimen were prepared for wear measurement. 

 

2.2 Wear and Friction Test  

The wear and friction property of the test samples was tested using a ball-on-disk tribometer according to ASTM 

G99-95 standard. After machining the as-cast composite samples to Ø15 mm x 5 mm dimension, the samples were 

subjected to metallographic grinding up to P600 grit, cleaned with acetone, dried and weighed using analytical 

balance with the precision of 0.0001 g. During the wear test, a stainless steel ball of 6 mm diameter was used to as a 

static partner over a 5 mm radius on the surface of the rotating samples. The load, sliding speed and sliding distance 

of 8 N, 10 cm/s and 30 m respectively were applied at room temperature, relative humidity of 55 % and a test 

duration of 30 minutes for all the samples. The value coefficient of friction was automatically generated by the ball-

on-disk tribometer during the wear test. After the wear test, the samples were cleaned using acetone, dried and 

weighed. The wear rats was calculated from the weight loss data obtained using the equation below: 

𝑤𝑟 = 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠
𝑠𝑙𝑖𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒⁄       (1) 

2.3 Experimental Design 

The experiments were planned based on CCD method in Design Expert 10 software. It utilized 3-factor-5-level design 

scheme as shown in Table 3. The factors are SiC reinforcement fraction (SRF), surface oxidation temperature (SOT), 

and preheat temperature (PT). 

 

Table 3: Factors and levels for the CCD experimental design plan 

FACTOR SYMBOL   LEVEL  

-2 -1 0 1 2 

SiC reinforcement fraction (SRF) wt.% 0 2.5 5 7.5 10 

Surface oxidation temperature (SOT) °C 1100 1150 1200 1250 1300 

Preheat temperature (PT) °C 300 350 400 450 500 
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The CCD experimental design plan consist of 2
k
 + 2k + 6 runs, where k = 3; that is, the number of input factors. The 

design has 8 factorial points (2
k
), 6-star points (2k) and 6 central runs to make up a total of 20 experimental runs, 

i.e. 2
3
 + 2(3) + 6 = 8+6+6 = 20 runs. The experimental run involving only the as-cast AA6061 alloy is excluded 

from the design since the alloy did not require pretreated SiC reinforcement particles. The experimental outcome is 

presented in Table 4. 

 

Table 4: Design matrix and responses for oxidized-SiCp reinforced AA6061 matrix composite 

 

 Factors Responses 

Experimental 

Run 

A: SiC 

Reinforcement 

Fraction (wt.%) 

B: Surface 

Oxidation 

Temperature (°C) 

C: Preheat 

Temperature (°C) 

Wear Rate 

(mm
3
/m) 

COF 

(µ) 

1 7.5 1150 350 0.0198 0.670 

2 2.5 1150 350 0.042 0.787 

3 5 1200 400 0.0272 0.713 

4 5 1200 300 0.0321 0.754 

5 5 1200 400 0.0284 0.715 

6 5 1100 400 0.0321 0.748 

7 2.5 1250 350 0.0407 0.766 

8 2.5 1250 450 0.037 0.763 

9 5 1200 400 0.0272 0.698 

10 5 1300 400 0.0309 0.731 

11 5 1200 400 0.0272 0.690 

12 5 1200 400 0.0333 0.762 

13 10 1200 400 0.0111 0.339 

14 7.5 1250 350 0.0173 0.495 

15 5 1200 400 0.0296 0.717 

16 5 1200 500 0.0247 0.679 

17 2.5 1150 450 0.0432 0.768 

18 7.5 1150 450 0.0185 0.629 

19 7.5 1250 450 0.016 0.345 

 

3 RESULTS AND DISCUSSION 

3.1 Characterization of As-cast AA6061 Alloy 

The SEM micrograph of the as-cast AA6061alloy in Figure 2 (a) reveals the structure of the eutectic phase containing 

Mg2Si in α-aluminium matrix. The Mg and Si in the AA6061 alloy are present as a solid solution phase in the grains 

and along the grain-boundaries. The prominent peaks corresponding to aluminium, magnesium and silicon in the 

AA6061 alloy is confirmed by the energy dispersive spectroscopy (EDS) spectra shown in Figure 2 (b). Aluminium is 

observed to have the highest count than other elements present. 

 

         

         (a)                                                                    (b) 

 

Figure 2: (a) SEM micrograph and (b) EDS of as-cast AA6061 alloy 
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3.2 Characterization of As-received and Oxidized-SiCp 

SEM-EDS was utilized for the characterization of the as-received SiCp. The SEM micrograph of the as-received SiCp in 

Figure 3 (a) shows the surface of the powder to be very rough with its edges appearing very sharp. EDS spectra in 

Figure 3 (b) majorly confirmed the presence of silicon and carbon in the particles. When the as-received SiCp is 

compared to the 1100 °C-oxidized-SiCp sample in Figure 4, the surface roughness of the 1100 °C-oxidized-SiCp is 

observed to be significantly lower than that of the former. This reduction in surface roughness can be attributed to 

the thin SiO2 layer formed on the surface of the SiCp during surface oxidation treatment which resulted in surface 

refinement. 

 

          

                           (a)                                                            (b) 

 

Figure 3: (a) SEM micrograph and (b) EDS of as-received 76 µm SiCp  

 

 

 
 

Figure 4: Surface morphology of 1100 °C pre-oxidized SiCp 

 

 

The as-received and 1100 °C-oxidized-SiCp samples were further characterized using X-ray Diffraction (XRD) phase 

analysis. The XRD spectrum in Figure 5 confirmed the presence of SiC phases in the as-received SiC powder analyzed. 

The spectrum shows the extensive distribution of SiC phases between 30° and 80° with high peaks observed at 35.72°, 

53.93°, 57.54° and 60.22° on the 2θ axis.  

From the XRD analysis of the 1100 °C-oxidized-SiCp sample in Figure 6, the presence of silicon dioxide (SiO2) 

coating layer on the SiCp was further confirmed by the SiO2 phases observed at diffraction peaks of 22.20°, 31.04°, 

31.83° and 32.50° along the 2θ axis.  

 



Odiwo et al. (2023): International Journal of Engineering Materials and Manufacture, 8(1), 1-12 

6 

 

Figure 5: XRD spectrum of as-received SiCp 

 

 

Figure 6: XRD spectrum of 1100 °C-oxidized-SiCp 

 

 

3.3 Mathematical Model Development 

For model development, the mathematical relationship between the response and the input factors is expressed by 

the second order polynomial in eqn 2: 

From the equation, Y represents the response, Xi and Xj are the equation value of the factors, β0 is the constant, 

βi, βj and βij are linear, interaction and quadratic end coefficient respectively, and k is the number of the factors. The 

experimental results generated after conducting the runs were analyzed using analysis of variance (ANOVA) to 

confirm the adequacy and validity of the developed model considering the significant model terms. The adequacy 

and validity is ascertain by confirming the significant terms with p values < 0.05 while model terms with p values > 

0.05 are considered insignificant (Di Lio et al., 2020: Adediran et al., 2021).  

 

𝑌 =  𝛽0 + ∑ 𝛽𝑖

𝑘

𝑖=1

𝑋𝑖 + ∑ 𝛽𝑖𝑖

𝑘

𝑖=1

𝑋𝑖
2 + ∑ ∑ 𝛽𝑖𝑗

𝑘

𝑗≥1

𝑘

𝑖=1

𝑋𝑖𝑋𝑗+ ∈                                                     (2) 
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3.4 Model for Wear Rate 

Fit summary statistics of the model for wear rate is shown in Table 5. The fit summary presents the models to fit 

experimental data into appropriate model equations which can be first order or linear, second order or quadratic 

and cubic. From the table, the suggested polynomial for wear rate with F-value of 23.29 at p-value ≤ 0.0001 is 

significant and quadratic. 

Table 5: Fit summary statistics for wear rate 

 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

(Prob > F) 
 

Mean 30238.63 1 30238.63    

Linear 4443.25 3 1481.08 39.91 < 0.0001  

2FI 22.89 3 7.63 0.17 0.9136  

Quadratic 472.83 3 157.61 23.29 0.0001 Suggested 

Cubic 25.42 4 6.35 0.90 0.5295 Aliased 

Residual 35.49 5 7.10    

Total 35238.51 19 1854.66    

 

Analysis of variance (ANOVA) for wear rate carried out at 5 % significance level is presented in Table 6. It is observed 

from the table that the model is significant with a p-value of 0.0001 which is less than 0.05 and F-value of 141.07. 

Values of Prob > F less than 0.0500 indicate model terms are significant. In this case, A, B, C and A
2
 are statistically 

significant model terms since their p-values are less than 0.05, while, AB and B
2
 are insignificant terms retained in the 

ANOVA because they help in reducing the model terms of the input factors (A, B & C) to their present p-value. Other 

model terms AC, BC and C
2
 were removed for model reduction. Furthermore, the p-value of the lack of fit which 

corresponds to 0.6647 is greater than 0.05 indicating that the lack of fit is non-significant which is desirable for model 

adequacy.  

Table 6: Analysis of variance for wear rate 

 

Source 
Sum of 

Squares 
Df 

Mean 

Square 

F 

Value 

p-value 

(Prob > F) 
 

Model 4929.99 6 821.66 141.07 < 0.0001 significant 

A-SiC reinforcement fraction 2224.60 1 2224.60 381.94 < 0.0001  

B-Surface oxidation temp 32.50 1 32.50 5.58 0.0359  

C-Preheat temp 51.51 1 51.51 8.84 0.0116  

AB 15.42 1 15.42 2.65 0.1297  

A
2
 440.56 1 440.56 75.64 < 0.0001  

B
2
 17.77 1 17.77 3.05 0.1062  

Residual 69.89 12 5.82    

Lack of Fit 34.40 7 4.91 0.69 0.6829 not significant 

Pure Error 35.49 5 7.10    

Cor Total 4999.88 18     

 

Also, the difference between the predicted R
2
 (0.9532) and adjusted R

2
 (0.9790) of the model is less than 0.2, which 

establishes the reasonable agreement required for model adequacy. The model equation developed for the prediction 

of wear rate for any given level of each of the process parameters in the experiment is presented in equations 3. 

 

1
𝑤𝑒𝑎𝑟 𝑟𝑎𝑡𝑒⁄  =  − 429.02212 −  16.52776 𝑥 𝑆𝑅𝐹 +  0.76392 𝑥 𝑆𝑂𝑇 +  0.03588 𝑥 𝑃𝑇 +  0.01110 𝑥 𝑆𝑅𝐹 𝑥 𝑆𝑂𝑇 +

 0.94905 𝑥 𝑆𝑅𝐹2 −  3.29557𝐸 − 004 𝑥 𝑆𝑂𝑇2
         (3) 

 

Equation 4 is used to identify the relative impact of the processing parameters by comparing their coefficients. From 

the equation, it is concluded that the process parameter with the most influence on wear rate is SiC reinforcement 

fraction (SRF). SRF had 44.49 % influence on wear rate, while SOT and PT had 0.65 % and 1.03 % influence on 

wear rate respectively. 

1
𝑤𝑒𝑎𝑟 𝑟𝑎𝑡𝑒⁄ =  +35.18630 + 15.72190 𝑥 𝐴 + 1.42521 𝑥 𝐵 + 1.79422 𝑥 𝐶 + 1.38812 𝑥 𝐴𝐵 + 5.93159 𝑥 𝐴2  −

0.82389 𝑥 𝐵2
            (4) 
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3.4.1 Influence of Pre-processing Parameters on Wear Rate 

From the 3-D surface and 2-D contour plots in Figure 7 (a) and (b), the influence of SRF & SOT on wear rate is 

illustrated. The lowest wear rate was observed at 10 % silicon carbide weight and 1300 °C surface oxidation 

temperature. Wear rate decreased with increasing SiC reinforcement fraction (Jafari et al., 2018) at all surface 

oxidation temperatures. At constant silicon carbide weight, the wear rate at high surface oxidation temperature is 

lower than those at low oxidation temperature. This implies that silicon carbide weight imposes more influence on 

the wear resistance property of the composites than surface oxidation temperature as described using equation 4. 

 

(a)                                                                                 (b) 

Figure 7: (a) 3-D surface plot, and (b) 2-D contour plot showing the variation of wear rate with silicon carbide 

reinforcement fraction and surface oxidation temperature 

 

3.5 Model for Coefficient of Friction (µ) 

Fit summary statistics of the model for coefficient of friction is shown in Table 7. From the table, the suggested 

quadratic polynomial for coefficient of friction has F-value of 3.54 at significant p-value of ≤ 0.0612. Analysis of 

variance (ANOVA) for coefficient of friction carried out at 5 % significance level is presented in Table 8. From the 

table, it is observed that the model is significant with a p-value of 0.0001 which is less than 0.05 and F-value of 

42.42. A, C, AB, A
2
 and A

2
B are statistically significant model terms since their p-values are less than 0.05, while, B is 

an insignificant model term. Other model terms AC, BC, B
2
 and C

2
 were removed for model reduction. Furthermore, 

the p-value of the lack of fit which corresponds to 0.1561 is greater than 0.05 indicating that the lack of fit is non-

significant which is desirable for model adequacy. Also, the difference between the predicted R
2
 (0.8179) and adjusted 

R
2
 (0.9325) of the model is less than 0.2, which establishes a reasonable agreement as required for model adequacy. 

 

Table 7: Fit summary statistics for coefficient of friction 

Source Sum of Squares df Mean Square F Value p-value (Prob >F)  

Mean 8.58 1 8.58    

Linear 0.25 3 0.082 16.13 < 0.0001  

2FI 0.028 3 9.362E-003 2.34 0.1244  

Quadratic 0.026 3 8.646E-003 3.54 0.0612 Suggested 

Cubic 0.019 4 4.713E-003 7.54 0.0240 Aliased 

Residual 3.127E-003 5 6.254E-004    

Total 8.90 19 0.47    

 

  Equation 5 is the model equation developed for the prediction of coefficient of friction (µ) for any given level of 

each of the process parameters in the experiment. The relative impact of processing parameters on coefficient of 

friction is identified by comparing their coefficients using equation 6. From the equation, it is concluded that the 

process parameter with the most influence on COF is silicon carbide reinforcement fraction (SRF). SRF had 35.48 % 

influence on COF, while SOT and PT had 0.047 % and 2.66 % influence on COF respectively. 

 

µ =  +3.85180 − 1.61768 𝑥 𝑆𝑅𝐹 −  2.43000E − 003 𝑥 𝑆𝑂𝑇 −  4.53750E − 004 𝑥 𝑃𝑇 +  1.37100E −
003 𝑥 𝑆𝑅𝐹 𝑥 𝑆𝑂𝑇 +  0.20929𝑥 𝑆𝑅𝐹2 −  1.80400E − 004 𝑥 𝑆𝑅𝐹2 𝑥 𝑆𝑂𝑇     (5) 

µ =  +0.71 − 0.11 𝑥 𝐴 − 4.25E − 003 𝑥 𝐵 − 0.023 𝑥 𝐶 − 0.054𝑥 𝐴𝐵 − 0.045 𝑥 𝐴2  − 0.056 𝑥 𝐴2𝐵  (6) 
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Table 8: Analysis of variance for coefficient of friction  

Source Sum of Squares Df  Mean Square F Value p-value (Prob > F)  

Model 0.31 6  0.051 42.42 < 0.0001 Significant 

A-SiC reinforcement fraction 0.11 1  0.11 92.22 < 0.0001  

B-Surface oxidation temp 1.445E-004 1  1.445E-004 0.12 0.7351  

C-Preheat temp 8.236E-003 1  8.236E-003 6.83 0.0226  

AB 0.023 1  0.023 19.44 0.0009  

A
2
 0.025 1  0.025 21.07 0.0006  

A
2
B 0.013 1  0.013 10.55 0.0070  

Residual 0.014 12  1.205E-003    

Lack of Fit 0.011 7  1.619E-003 2.59 0.1561 not significant 

Pure Error 3.127E-003 5  6.254E-004    

Cor Total 0.32 18      

 

3.5.1 Influence of Pre-processing Parameters on COF  

From the 3-D surface and 2-D contour plots shown in Figure 8 (a) and (b) respectively, influence of SiC reinforcement 

fraction (SRF) & surface oxidation temperature (SOT) on coefficient of friction (µ) can be observed. The lowest 

coefficient of friction was observed at 10 % silicon carbide weight and 1300 °C surface oxidation temperature. At 

silicon carbide weight above 6.7 % and surface oxidation temperatures above 1150 °C, the coefficient of friction was 

observed to be decreasing. 

 

     

(a)                                                                         (b) 

Figure 8: (a) 3-D surface plot, and (b) 2-D contour plot showing the variation of coefficient of friction with silicon 

carbide weight and surface oxidation temperature 

 

3.6 Surface Characteristics of Worn Samples  

The surface characteristics of worn AA6061/oxidized-SiCp composite samples with the minimum and maximum wear 

rates were investigated with the unreinforced AA6061 alloy using optical microscopy. For the unreinforced AA6061 

alloy shown in Figure 9 (a), the wear scars reveal extensive plastic deformation producing deeper micro-cutting on 

the worn surface indicating adhesive wear. This is attributed to the lack of adequate strength by the alloy to overcome 

the applied load exerted by the static partner (stainless steel ball). Figure 9 (b) shows the AA6061/2.5wt.% oxidized-

SiCp composite (experiment run 17) which had the highest wear loss of all the composite samples tested. From the 

micrograph, it can be observed that the sample has similar wear surface characteristics to the unreinforced AA6061 

alloy but exhibited mild adhesive marks and craters on its worn surface. From the micrograph of AA6061/10wt.% 

oxidized-SiCp composite sample (experiment run 13) which had the least wear rate in Figure 9 (c), it can be observed 

that the sample had continuous scratches on its worn surface suggesting mild abrasive wear with few shallow grooves 

and craters when compared to other samples. This may be attributed to larger quantity of SiCp reinforcement particles 

present in the composite material which may have improved the load bearing strength of the composite, thereby 

reducing its plastic deformation. (Jafari et al., 2018; Vantrinh et al., 2018). 
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                                      (a)                                                                     (b) 

 

(c) 

Figure 9: Micrograph wear worn surfaces of (a) AA6061 alloy, (b) AA6061/2.5 wt.% oxidized-SiCp composite and 

(c) AA6061/10 wt.% oxidized-SiCp 

 

4 MULTI-OBJECTIVE OPTIMIZATION (MOO) ANALYSIS  

The two models obtained in equation 3 and 5 can be used to generate points of desirable results in the design region 

for wear rate and COF respectively, since the required process condition for one response is different from the other. 

However, this can be overcome through utilization of multi-objective optimization (MOO), a tool in RSM where 

both responses (wear rate and COF) are simultaneously optimized. For this research, the goal was to minimize both 

wear rate and COF at a specific combination of input factors being considered. Based on the solution analysis in 

Table 9, optimum values of input process parameters is achieved with experiment number 1 and the ramp graph 

showing the details of the input factors and the corresponding responses is shown in Figure 10. From Table 9 and 

Figure 10, the optimum influence of pre-processing parameters on the tribological behaviour of Al-SiCp composites 

obtained from the MOO are 9.907% SiC reinforcement fraction, 1233.993 °C surface oxidation temperature, and 

376.183 °C preheat temperature. The resulting responses at this optimized condition are 0.110 mm
3
/m for wear rate 

and 0.110 for COF with a confidence and desirability level of 1.  

 

Table 9: Optimal solution generated for the response 

Solution 

Number 

SiC Reinforcement   

Fraction 

Surface Oxidation 

Temp. 

Preheat 

Temp. 
Wear Rate 

Coefficient of 

Friction 
Desirability  

1 9.907 1233.993 376.183 0.011 0.110 1.000 Selected 

2 9.997 1227.829 345.497 0.011 0.149 1.000  

3 10.000 1216.667 436.667 0.011 0.183 1.000  

4 9.996 1215.850 476.076 0.011 0.171 1.000  

5 9.867 1210.665 496.646 0.011 0.215 1.000  
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Figure 10: Ramp graph at optimal solution 

 

 

5 CONCLUSIONS 

Based on the results obtained in this research, the following conclusions were drawn: 

1. Optimum condition for reinforcement pre-processing in Al-SiCp composite development was successfully achieved 

using the CCD.  

2. Based on central composite design of RSM, empirical models capable of evaluating the properties wear rate and 

COF under various reinforcement pre-processing parameter conditions were developed. 

3. Analysis of variance (ANOVA) was used test the adequacy of the developed models at 95% confidence level and 

the models were found to be significant and adequate. From the 3-D & 2-D surface plots for wear rate, the 

influence of SRF & SOT on wear rate was analyzed.  

4. The wear rate was observed to decrease with increasing silicon carbide weight at all surface oxidation 

temperatures. At 44.49 %, SRF had the most influence on wear rate, while SOT and PT had 0.65 % and 1.03 % 

influence on wear rate respectively.  

5. For the surface plots showing the influence of SRF & SOT on coefficient of friction, the lowest COF was observed 

at 10% silicon carbide weight and 1300 °C surface oxidation temperature. At silicon carbide weight above 6.7% 

and surface oxidation temperatures above 1150 °C, the coefficient of friction was observed to be decreasing. At 

35.48 %, SRF had highest influence of on COF, while SOT and PT had 0.047 % and 2.66 % influence on COF 

respectively.  

6. From the optimization analysis, the set of conditions that simultaneously optimizes both wear rate and COF was 

found as 9.907% SiC reinforcement fraction (SRF), 1233.993 °C surface oxidation temperature (SOT), and 

376.183 °C preheat temperature (PT). The resulting responses at this optimized condition are 0.110 mm
3
/m for 

wear rate and 0.110 for COF with a confidence and desirability level of 1.  

7. With result, the AA6061/oxidized-SiCp composite with superior wear resistance can be utilized for wear resistant 

applications such as automobile piston. 
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