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MODELLING AND OPTIMIZATION OF WEAR PARAMETERS  

OF Al 4032 REINFORCED WITH COAL ASH USING TAGUCHI  

AND RSM APPROACH 

The present study aimed to analyze the wear behaviour of composites synthesized by reinforcing Al 4032 with 2, 4, 6 wt.% 

of coal ash using the stir casting technique. Wear testing was performed on the composites at room temperature in the absence 

of lubrication using a pin-on-disc tribometer considering the process parameters as wt.% of reinforcement, speed and load. 

Micro structural characterization using scanning electron microscope (SEM) and energy dispersive X-ray analysis (EDX) was 

performed on the cast composites to ascertain the existence of the reinforcement along with its distribution in the prepared 

composites. The Taguchi L16 orthogonal array was utilized to design experiments to study the significance of the process pa-

rameters on the wear rate. A mathematical model was developed for the wear rate using response surface methodology 

(RSM). 6 wt.% reinforcement, at the speed of 100 rpm and 10 N load were the obtained optimized parameters for the mini-

mum wear rate. Surface plots as well as contour plots were analyzed to understand the consequence of the process parameters 

on the wear rate. The analysis of variance (ANOVA) revealed that speed with 76.10 % was the most prominent parameter fol-

lowed by load and reinforcement with 11.23 and 9.42% respectively.  

Keywords: coal ash, stir casting, mechanical properties, wear rate, Taguchi, RSM, ANOVA 

 

 

INTRODUCTION  

Enhancement of the mechanical properties along 

with better tribological characteristics can be obtained 

by tailor-made materials by reinforcing metal matrices 

with micro-sized particulates, which find applications in 

many verticals of engineering, industry, recreation and 

many more [1-3]. The research on aluminium is in-

creasing because of its distinguished features of low 

cost, light weight and better mechanical properties [4-6] 

along with its ability to be cast with various types of 

reinforcement [7], which have made aluminium a prom-

ising material with high strength and stiffness in various 

structural applications. Few studies have been per-

formed on Al 4032 [2, 8] and by considering its impor-

tance in the automobile industry and other fields [9], it 

was chosen as the matrix material in this study.  

Different types of materials like particulates and  

fibers [7] are employed to reinforce aluminium in order 

to enhance its wear resistance along with its strength. 

Better tribological characteristics were obtained by re-

inforcing aluminium metal matrices with particulates 

when compared with unreinforced aluminium and its 

alloys [10]. Research on aluminium alloys was con-

ducted by reinforcing them with various ceramic parti-

cles and better wear resistance was reported by re-

searchers [11-17]. The uses of hybrid reinforcements 

have also shown a promising increase in mechanical 

and wear characteristics, because of the embodiment of 

hard reinforcements, which contributed to the increase 

in hardness of the composites [18].  

A by-product from thermal power plants is coal ash, 

which was chosen as the reinforcement in the present 

study to investigate its effect on the wear characteristics 

of Al 4032. Some authors have reported the use of ash 

as reinforcement, which enhanced the hardness and me-

chanical properties of composites [19-21]. Reinforcing 

Al 4032 with coal ash reduces the problems associated 

with the disposal of industrial waste from thermal 

power plants, making the environment pollution free as 

well as fabrication of low-density composites at a low 

cost, with better mechanical and wear characteristics. 

There are many methods for fabricating composites 

as reported by authors [22-32].  Stir casting is one of 

the low-cost techniques for fabricating composites with 

better distribution of the reinforcement, leading to  

better strength of composites. Hence, in this study, stir 

casting was used to fabricate composites with coal ash 

as reinforcement.   

The design of experiments (DOE) is an abundantly 

used statistical tool to study the effect of process pa-

rameters on responses with a minimum number of  
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experiments, leading to a reduction in the time and 

costs associated with conducting experiments. Various 

orthogonal arrays proposed by Taguchi have been uti

ized by authors to successfully understand the effect 

of process parameters on responses [33-

experiments was carried out as per the Taguchi L

orthogonal array. Furthermore, RSM was used to develop 

a mathematical model for the wear rate and to optimize the 

process parameters for the minimum wear rate.

EXPERIMENTATION PROCEDURE 

Composite synthesis  

Al 4032 was procured from a leading supplier 

and was cut in to small pieces so as to feed it easily into 

the crucible and its chemical composition is given in 

Table 1.  
 

TABLE 1. Composition of Al 4032 

Element Al Si Cu Mg

wt.% 83.78 13.2 1.0 1.1

 
TABLE 2. Composition of coal ash 

Element O Al Si K 

wt.% 50.63 18.1 26.28 1.08 

 

Fig. 2. SEM micrographs of Al 4032 and composites with 2, 4, 6 wt.% of coa

a) 

c) Al 4032
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ized by authors to successfully understand the effect  

-38]. The design of 

experiments was carried out as per the Taguchi L16  

l array. Furthermore, RSM was used to develop 

a mathematical model for the wear rate and to optimize the 

process parameters for the minimum wear rate. 

 

Al 4032 was procured from a leading supplier  

and was cut in to small pieces so as to feed it easily into  

the crucible and its chemical composition is given in 

Mg Ni Fe 

1.1 0.9 0.02 

 Ti Fe 

 1.06 2.86 

Fig. 1. SEM image of coal ash 

Coal ash was collected from a thermal power plant 

and sieved to obtain reinforcement of an average size 

less than or equal to 50 µm. The chemical composition 

of the coal ash is given in Table 2. An SEM micrograph 

of coal ash is shown in Figure 1 and the particulars of 

the material are given in Table 3.

 
TABLE 3. Particulars of coal ash 

Reinforcement 
Average grain size

[µm] 

Coal ash 50 

 

   
 

   
SEM micrographs of Al 4032 and composites with 2, 4, 6 wt.% of coal ash (a-d) 

b) 

d) 

Al 4032 Al 4032+ 2 

Al 4032+ 4 wt.% of CA Al 4032+ 6 wt.% of CA

 CA 

 CA 

 

Coal ash was collected from a thermal power plant 

and sieved to obtain reinforcement of an average size 

µm. The chemical composition 

the coal ash is given in Table 2. An SEM micrograph 

of coal ash is shown in Figure 1 and the particulars of 

the material are given in Table 3.  

rain size Density 

[g/cm3] 
[wt.%] 

1.032 2,4,6 

 

 

+ 2 wt.% of CA 

+ 6 wt.% of CA 

 CA 
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The stir casting technique was chosen to fabricate 

the composites. A muffle furnace with a heating range 

of 1100°C was chosen for the fabrication and it was 

kept in the vertical position. A stirrer with provision for 

varying its height was made to stir the liquid metal at 

the required heights. The coal ash that was used as the 

reinforcement was collected from the power plant at 

stage 10 of the electro static precipitator, where it was 

in the state of fine powder. This reinforcement could 

not be incorporated into Al 4032 at its melting tempera-

ture of nearly 700°C, because of its impermeable  

nature. Hence, various castings were prepared by in-

creasing the temperature of the furnace gradually and 

finally at the temperature of 900°C, the reinforcement 

started to embed in the molten metal, until which, it 

could be observed on the surface of the molten metal. 

The furnace was preheated for 30 minutes at a tempera-

ture of 900°C [39]. Al 4032 was cut in to pieces and the 

required proportion of it was introduced in to a crucible 

made of graphite already in the furnace and the system 

was maintained at 900°C. The reinforcement was pre 

heated to 250°C to eliminate moisture contained in it 

and was transferred to the crucible in the required wt.%. 

The completed mixture was stirred at 200-300 rpm by 

adjusting the height of the stirrer such that spilling of 

the material was avoided. The process of stirring was 

performed for 3-5 minutes depending upon the wt.% of 

coal ash.  Magnesium in the required proportions was 

added to increase adhesion between the matrix and rein-

forcement material. Degassing tablets and coverall 

fluxes were used to remove entrapped gases and to 

eliminate to a reaction of the heated metal with atmos-

pheric air. The slag formed on the top of the metal be-

cause of reaction of the escaped gases with ambient air 

was removed periodically. The final mixture was 

poured into a permanent cast iron mould, pre heated to 

a temperature of 450°C and the castings were prepared. 

These castings were cut as per the required dimensions.  

SEM and XRD analyses were conducted on the pre-

pared samples after following standard procedure to 

ensure the distribution and presence of reinforcement 

and are shown in Figures 2(a-d), 3 and 4.  Spot EDX 

was performed on the cast composites to ensure the 

presence of reinforcement and the results are shown in 

Figures 3 and 4. 

Vickers micro hardness test  

This test is dedicated for finding the surface hard-

ness of the specimens. From each composite produced 

with various wt. % (0, 2, 4, 6) of reinforcement, one 

sample was selected for testing. The surface of the se-

lected samples was grinded with emery papers and fur-

ther polished on a polishing machine to make the sur-

faces highly polished for testing in a Vickers micro 

hardness testing machine as per ASTM E10-07 stan-

dards. Each sample was loaded with 200 g and applied 

for a dwell time of 15 s. Five random locations were 

selected by maintaining a minimum distance between 

the locations and the test was conducted to obtain the 

average value of hardness. 

 

 
Fig. 3. EDX of composite  with 2 wt.% of coal ash 

 
Fig. 4. EDX spectrum of composite with 2 wt.  % of coal ash 

DOE and wear test 

Wear samples of 25x5x5 mm were prepared from 

the cast composites with the required wt. % of coal ash 

to conduct wear tests as per G99 standards. 

Based on the literature survey, the reinforcement 

(wt. %), speed (rpm) and load (N) were identified as the 

prominent factors. Hence, the control factors considered 

along with their considered levels are given in Table 4.  

 
TABLE 4. Control factors and their levels 

Control factors Unit 
Level 

1 2 3 4 

Reinforcement [wt.%] 0 2 4 6 

Speed [rpm] 100 300 500 700 

Load [N] 10 20 30 40 

 

Taguchi L16 OA was utilized for the design of ex-

periments so as to decrease the time and expenditure 

associated with experimentation. The wear test was per-

formed on the prepared samples under dry conditions at 

room temperature using a pin-on-disc tribometer with  

a disk made from EN 32 steel with a sliding distance of 
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1.5 inches. The experiment was conducted under the 

conditions as per the orthogonal array for 3600 s and 

the amount of thickness lost was recorded to calculate 

the wear rate. The experimental conditions and corre-

sponding wear rate are shown in Table 5.  

 
TABLE 5. Experimental conditions and wear rate 

Input  

parameters     

Output  

parameters 

Experiment 

number 

Reinforce-

ment [wt.%] 

Speed 

[rpm] 

Load 

[N] 

Wear rate 

[µm/s] 

1 0 100 10 1.180 

2 0 300 20 1.666 

3 0 500 30 2.373 

4 0 700 40 3.420 

5 2 100 20 1.231 

6 2 300 10 1.300 

7 2 500 40 2.623 

8 2 700 30 3.010 

9 4 100 30 1.105 

10 4 300 40 1.600 

11 4 500 10 1.800 

12 4 700 20 2.312 

13 6 100 40 1.210 

14 6 300 30 1.423 

15 6 500 20 1.814 

16 6 700 10 2.161 

RESULTS AND DISCUSSIONS 

EDX analysis 

EDX analysis was carried out on the produced com-

posites to identify the presence of the coal ash particles. 

Figures 3 and 4 show the EDX of composite with 2% 

wt. of coal ash. The reinforced particles are clearly visi-

ble in the EDX as shown in Figure 3 and the high peaks 

of silicon in Figure 4 signify the presence of CA  

particles.  

SEM analysis 

SEM analysis was carried out on the composites as 

well as on Al 4032 to study the influence of the  

reinforcement on grain structure and is shown in  

Figure 2(a-d). Figure 2a corresponds to Al 4032 and  

Figure 2(b-d) corresponds to the composites with 2, 4,  

6 wt.% of coal ash and which reveals the presence of 

the reinforcement in the matrix material. There were 

chances for the formation of brittle phases like Al-Ti 

and Al-Fe, but the proportion of these phases was very 

low as the maximum amount of coal ash considered 

was 6 wt.%. Moreover, this addition increased the 

hardness of the composite, though did not increase the 

brittleness, which can be observed from the mechanical 

properties. Furthermore, the presence of the reinforce-

ment created additional nucleation near the rein- 

forcement and the average size of the grains was 

reduced with the increase in wt.% of the reinforcement. 

The average grain size was measured using ImageJ 

software and is shown in Table 6. The presence of the 

reinforcement can also be observed from the change in 

the morphology of the grains. Uniform distribution of 

the reinforcement was observed as shown in Figure 2d, 

which resulted in enhanced strength of the composites. 

 
TABLE 6. Average grain size of composites 

S.No Matrix Reinforcement wt.% 
Average grain size of 

matrix phase [µm] 

1 Al Nil 0 42.06 

2 Al coal ash 2 34.15 

3 Al coal ash 4 32.32 

4 Al coal ash 6 30.77 

Vickers micro hardness test 

This test was conducted on prepared composite 

specimens to examine the surface hardness of the pro-

duced composites and the average value for five loca-

tions is shown in Table 7. The values of the micro 

hardness have increased with the increase in wt.% of 

the reinforcement. The increase in hardness was attrib-

uted to the decrease in spacing between the coal ash 

particles with the increase in its wt.%. The improve-

ment in the hardness with the wt.% of reinforcement is 

presented in the Figure 5. The increase in the hardness 

of the composites was attributed to the addition of hard 

coal ash reinforcement with a high silicon content to the 

ductile matrix material. In addition to this, refinement 

of the grains and reduction in the grain size of the  

matrix material because of the incorporation of coal ash 

led to improvement in the strength of the composites, 

by enhancing the surface area-to-volume ratio of the 

grains, thereby increasing the resistance to dislocations.  

 
TABLE 7. Results of Vickers hardness test 

S.No  Matrix Reinforcement wt. %  HV 

1 Al Nil 0 80.96 

2 Al coal ash 2 83.89 

3 Al coal ash 4 85.68 

4 Al coal ash 6 91.79 

 

 
Fig. 5. Variation in Vickers micro hardness (HV) with respect to rein-

forcement 
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Statistical analysis 

The Taguchi method was adopted to design the ex-

periments and study the optimal combination of input 

parameters on the response. The Taguchi method uses 

the Signal-to-Noise ratio (S/N) as an objective function 

to analyze the results. In the present study the smaller 

the better characteristic was chosen to optimize the 

wear rate. 

Analysis of factors 

In order to analyze the consequence of individual 

factors on the wear rate, the S/N values for all the ex-

periments are needed, which were calculated by means 

of the statistical software Minitab. The lower the better 

characteristic was employed to calculate the S/N, as the 

objective was to minimize the wear rate.  

The influence of the factors in the order of their  

effect on the wear rate can be studied from the delta  

values obtained from the response tables as shown in 

Tables 8 and 9. From these response Tables, it was ob-

served that speed with the highest rank is the major in-

fluencing factor on the wear rate, followed by load and 

reinforcement.  

 
TABLE 8. Response values of means for wear rate 

Level Reinforcement [wt.%] Speed [rpm] Load [N] 

1 2.16 1.182 1.61 

2 2.041 1.497 1.756 

3 1.704 2.152 1.978 

4 1.652 2.726 2.213 

Delta 0.508 1.544 0.603 

Rank 3 1 2 

 
TABLE 9. Response values of S/N for wear rate 

Level Reinforcement [wt.%] Speed [rpm] Load [N] 

1 –6.014 –1.441 –3.879 

2 –5.508 –3.465 –4.673 

3 –4.334 –6.54 –5.252 

4 –4.146 –8.556 –6.199 

Delta 1.868 7.115 2.32 

Rank 3 1 2 

 

The main effect plots are also used to analyze the 

factors and their levels that affect the response. From 

Figures 6 and 7, it was observed that speed has the most 

influencing effect followed by load and reinforcement 

and the optimal parameters obtained for the minimum 

wear rate are level 4 for reinforcement (6 wt.%), level 1 

for speed (100 rpm) and level 1 for load (10 N). It is 

also evident from Figures 6 and 7 that speed was the 

major influencing factor, followed by load and rein-

forcement.  

Speed, being most influencing factor on the wear 

rate, when varied from 100-700 rpm, for all the loads 

between 10-40 N, the wear rate increased for all the 

composites with 0, 2, 4, 6 wt.% of reinforcement and 

the variation in the wear rate with speed is shown in 

Figure 8. It was observed that as speed increases, the 

harder surface of the disc ploughs the surface of the 

specimens to a deeper extent and is evident as shown in 

Figure 9(a-b). The worn surfaces underwent severe 

plastic deformation as the temperature between the rub-

bing surfaces escalates with the increase in speed and 

load because of a surge in friction, leading to the forma-

tion of debris, grooves and finally leading to ploughing 

of the material, as observed in Figure 9(a-b). 

 

  

Fig. 6. Main effect plot for means  

 
Fig. 7. Main effect plot for S/N 

 
Fig. 8. Variation of wear rate [µm/s] with speed [rpm] 
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Fig. 9. Optical microscope micrographs of surfaces after wear test of

a) composite with 2 wt.% of CA at 300 rpm and 10 
site with 4 wt.% of CA at 700 rpm and 20 N

This phenomenon is similar to the observations of 

several researchers. At higher speeds and loads the 

stress concentration increased, which initially removed 

material from the specimen in the form of small part

cles, leading to the formation of cracks. This effect 

 

Fig. 10. Interaction plot for wear rate [µm/s] 

a) 

b) 

ploughing 

ploughing 
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Optical microscope micrographs of surfaces after wear test of:  

% of CA at 300 rpm and 10 N, b) compo-
of CA at 700 rpm and 20 N 

This phenomenon is similar to the observations of 

several researchers. At higher speeds and loads the 

stress concentration increased, which initially removed 

specimen in the form of small parti-

cles, leading to the formation of cracks. This effect 

increased with the increase in speed as well as load, 

ultimately causing delamination along with ploughing 

of the material.  

The parallel lines in the interaction plo

absence of a relation between the variables and non

parallel lines signify the effect of a relation between the 

variables. From Figure 10, it can be seen that there is 

considerable interaction between the reinforcement and 

speed on the wear rate at all ranges of speed. This effect 

was more at high speeds as higher reinforcement wt. % 

tends to offer more resistance to wear as the speed i

creases and finally ploughing took place leading to 

more removal of the material. 

A similar phenomenon took

load, and a significant interaction was observed b

tween the reinforcement and load in Figure 9. The i

teraction between speed and load was insignificant as 

the lines are almost parallel. 

Figure 11(a, c, e) shows 3D surface plots and

10(b, d, f) shows 2D contour plots of the input variables 

on the wear rate. The influence of speed and load on the 

wear rate is shown in Figure 10(a, b). In Figure 10(b), 

the light green colour represents the minimum wear rate 

and the dark green color represents the maximum wear 

rate. The minimum wear rate was observed at low load 

and minimum speed and it increased with the increase 

in load and speed. Figure 10(c, d) shows the influence 

of reinforcement and load on the wear rate. In the Fi

ure 10(d), the blue colour represents the minimum wear 

rate and dark green colour represents the maximum 

wear rate. It was observed that the wear rate has d

creased with the increase in wt.

increased with the increase in load. The minimum wear

rate was observed at 6 wt.% of coal ash at a load of 

10 N and maximum rate of wear was observed at 

0 wt.% of coal ash at 40 N.  

cracks 

 

increased with the increase in speed as well as load, 

ultimately causing delamination along with ploughing 

The parallel lines in the interaction plot indicate the 

absence of a relation between the variables and non-

parallel lines signify the effect of a relation between the 

variables. From Figure 10, it can be seen that there is 

considerable interaction between the reinforcement and 

rate at all ranges of speed. This effect 

was more at high speeds as higher reinforcement wt. % 

tends to offer more resistance to wear as the speed in-

creases and finally ploughing took place leading to 

 

A similar phenomenon took place with respect to 

load, and a significant interaction was observed be-

tween the reinforcement and load in Figure 9. The in-

teraction between speed and load was insignificant as 

Figure 11(a, c, e) shows 3D surface plots and Figure 

10(b, d, f) shows 2D contour plots of the input variables 

on the wear rate. The influence of speed and load on the 

wear rate is shown in Figure 10(a, b). In Figure 10(b), 

the light green colour represents the minimum wear rate 

lor represents the maximum wear 

rate. The minimum wear rate was observed at low load 

and minimum speed and it increased with the increase 

in load and speed. Figure 10(c, d) shows the influence 

of reinforcement and load on the wear rate. In the Fig-

, the blue colour represents the minimum wear 

rate and dark green colour represents the maximum 

wear rate. It was observed that the wear rate has de-

reased with the increase in wt.% of reinforcement and 

increased with the increase in load. The minimum wear 

rate was observed at 6 wt.% of coal ash at a load of  

10 N and maximum rate of wear was observed at  
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a) 

c) 

e) 

Fig. 11. 3D surface plots (a, c, e), 2D contour plots

The effect of reinforcement and speed on the wear 

rate is shown in Figure 11(e, f). In Figure 11(f), the 

light green colour represents the minimum wear rate 

and the dark green colour represents the maximum wear 

rate. It was observed that the wear rate decreased with 

the increase in wt.% of reinforcement and increased 

with the increase in speed. The minimum wear rate was 

observed at 6% wt of coal ash at 100 rpm and the 

maximum wear rate was observed at 0 wt.% of coal ash 

at 700 rpm. 

ANOVA analysis 

ANOVA was performed to analyze the significance 

of the input variables on the wear rate. Table 10 shows 

the results, indicating speed with 76.10% as the most 

prominent parameter followed by load and reinforc
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 b) 

 d) 

 f) 

, 2D contour plots (b, d, f) 

The effect of reinforcement and speed on the wear 

rate is shown in Figure 11(e, f). In Figure 11(f), the 

light green colour represents the minimum wear rate 

een colour represents the maximum wear 

rate. It was observed that the wear rate decreased with 

the increase in wt.% of reinforcement and increased 

with the increase in speed. The minimum wear rate was 

observed at 6% wt of coal ash at 100 rpm and the 

m wear rate was observed at 0 wt.% of coal ash 

ANOVA was performed to analyze the significance 

of the input variables on the wear rate. Table 10 shows 

the results, indicating speed with 76.10% as the most 

owed by load and reinforce-

ment with 11.23% and 9.42% respectively, with an 

R-Sq value of 98.70%. For 95% CI, the effect of square 

and 2-way interaction were insignificant as observed 

in Table 10.  

Regression analysis 

A polynomial of the second order was 

sent the wear rate in an un-coded form and is shown as
 

Wear rate(µm/s) = 1.070 - 0.0110

[wt.%] + 0.000436 Speed [rpm

+ 0.00416 Reinforcement [wt.%

[wt.%] + 0.000002 Speed [rpm

0.000225 Load [N]*Load [N] 

ment [wt.%]*Speed [rpm] - 0.00212

[wt.%]*Load [N] + 0.000036 

coal ash using Taguchi and RSM approach 
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ment with 11.23% and 9.42% respectively, with an  

Sq value of 98.70%. For 95% CI, the effect of square 

way interaction were insignificant as observed  

A polynomial of the second order was used to repre-

coded form and is shown as 

0.0110 Reinforcement 

rpm] - 0.0008 Load [N] 

wt.%] *Reinforcement 

rpm] *Speed [rpm] + 

 - 0.000054 Reinforce-

0.00212 Reinforcement 

 Speed [rpm]*Load [N] 
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TABLE 10. ANOVA results 

Source DF Seq SS Adj SS Adj MS F-Value P-Value Contribution 

Reinforcement [wt.%] 1 0.69192 0.10439 0.10439 6.55 0.043 9.42% 

Speed [rpm] 1 5.59259 1.69438 1.69438 106.36 0.000 76.10% 

Load [N]  1 0.82499 0.23717 0.23717 14.89 0.008 11.23% 

Reinforcement [wt.%]*Reinforcement [wt.%] 1 0.00442 0.00442 0.00442 0.28 0.617 0.06% 

Speed [rpm]*Speed [rpm] 1 0.06631 0.06631 0.06631 4.16 0.087 0.90% 

Load [N]*Load [N]  1 0.0081 0.0081 0.0081 0.51 0.503 0.11% 

Reinforcement [wt.%]*Speed [rpm] 1 0.00415 0.00415 0.00415 0.26 0.628 0.06% 

Reinforcement [wt.%]*Load [N] 1 0.01586 0.01586 0.01586 1 0.357 0.22% 

Speed [rpm]*Load [N] 1 0.04482 0.04482 0.04482 2.81 0.144 0.61% 

Error  6 0.09558 0.09558 0.01593 1.30% 

Total    15 7.34874         100.00% 

S = 0.126; R-sq = 98.70%; R-sq(adj) = 96.75% 

DF = degrees of freedom; Seq SS = sequential sums of squares; Adj SS = adjusted sums of squares; Adj MS = adjusted mean squares 
 

All the coefficients with a positive value tend to the 

increase in wear rate and coefficients with a negative 

value tend to decrease the value of the wear rate. It was 

observed from the normal probability plot as shown in 

Figure 12 that residuals are distributed normally along 

the straight line for 95 % CI. Multi response prediction 

was conducted to obtain the optimum parameters for 

the minimum wear rate and is shown in Figure 13.  

It was found that reinforcement of 6 wt.%, at the speed 

of 100 rpm and load of 22.12 N are the optimal parame-

ters for the minimal wear rate. 

 

 
Fig. 12. Normal probability plot 

 
Fig. 13. Results of response optimizer 

CONCLUSIONS 

Wear tests were conducted on the composite fabri-
cated by reinforcing Al 4032 with 2, 4, 6 wt.% of coal 
ash under dry conditions at room temperature as per the 
Taguchi L16 orthogonal array and the following conclu-
sions were drawn: 
1. Composites were successfully fabricated by reinforc-
ing Al 4032 with 2, 4, 6 wt.% of coal ash using the 
stir casting technique. 

2. The presence of coal ash reinforcement in Al 4032 
was confirmed using EDX analysis. 

3. The distribution of the coal ash reinforcement was 
analyzed using SEM micrographs revealing uniform 
distribution of the reinforcement.   

4. The optimal parameters obtained for the minimum 
wear rate from main effect plot were reinforcement 
with 6 wt.%, the speed of 100 rpm and load of 10 N.   

5. ANOVA revealed that speed, with 76.10%, was the 
most prominent parameter, followed by load and re-
inforcement with 11.23% and 9.42%, respectively. 

6. The normal probability plot revealed that residuals 
are distributed normally along the straight line for 
95% CI.  

7. Reinforcement with 6 wt.%, at 100 rpm and 22.12 N 
are the optimal parameters for the minimal wear rate 
as optimized from the response optimizer.    
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