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 A B S T R A C T 

Dual reinforcement in composite materials leads to the betterment of 
properties. In the present research, zircon is added from a range of 0 wt. % to 
12 wt. % in the steps of 3 wt. % by maintaining constant 3 wt. % graphite 
powder in addition to the aluminum alloy (LM13) matrix. Reinforcements 
are preheated at 250°C to remove moisture content and are dispersed in the 
molten aluminum alloy (LM13) by stir casting process where copper chills 
are kept at one end of the mold to enable unidirectional solidification. Wear 
properties are evaluated using pin on disc experiment. Design of the 
experiment (DOE) is done using Taguchi’s (L25) orthogonal array to assess 
the effect of (a) applied load (b) sliding speed (c) track radius/sliding 
distance (d) zircon content on wear loss/volume loss, coefficient of friction 
(COF)and wear rate. It is observed that wear rate and wear loss are 
proportional to the applied load, sliding speed and track radius COF is 
inversely proportional to the same. Wear rate decreases with the addition of 
zircon up to 9 wt. % and then increases at 12 wt. %. Statistical analysis is 
done using Minitab software where SN ratio, probability, ANOVA, and a 
regression model are analyzed. Obtained experimental wear properties are 
validated using artificial neural networks (ANN) by training the neurons 
where good agreement is obtained (R2= 0.98). Present research encapsulates 
the effect of different wear parameters like applied load, sliding speed, and 
sliding distance on the wear rate of LM13/zircon/C (hybrid metal matrix 
composites), and experimental wear results are correlated with artificial 
neural network (ANN) by training the algorithm. 
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1. INTRODUCTION 
 
Composite is a heterogeneous combination of 
different materials to obtain desirable properties. 

This includes a) physical properties, b) thermal 
properties and c) mechanical properties [1]. The 
main components of physical properties may 
include density, mass, and volume. Components of 
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thermal properties are thermal conductivity, 
thermal resistance, and coefficient of friction. 
Major components of mechanical properties 
include tensile strength, hardness, impact strength, 
wear resistance, etc. Material science engineering 
is responsible to take care of all the properties 
discussed. The present discussion embraces on 
mechanical properties of the material. There are 
many ways to improve the mechanical property, 
i.e. adding reinforcements [1], heat-treating the 
material surface [2], material processing methods 
[3]. Composite is the emerging area of research 
where most of the application is based on 
composites because of its high stiffness to weight 
ratio [4]. Recent advancements show the following 
conclusions on composite i.e dual reinforced 
composites provide better properties than single 
reinforced [5], equal distribution of 
reinforcements [6], cooling of molten composite 
changes the phase of the grains in the composite 
which improves properties [7], aluminum alloy 
(LM13) is considered a matrix material because of 
its better properties like castability, noncorrosive, 
low melting point [8], graphite is preferred as the 
reinforcement due to its lubricative property to the 
composite [9], but the percentage of addition of 
graphite is the crucial factor for the composite. 
According to works of literature 2-3 wt. % of 
graphite is preferred because it forms tribo-layers 
[10] which lubricates the contacting surfaces are 
reduces wear. The major disadvantage with the 
addition of graphite particles is their mechanical 
properties [11]. The addition of graphite to 
aluminum alloy increases wear resistance and 
decreases the mechanical properties [12]. Hence 
another reinforcement is added to improve the 
property of the composite [13]. The preferred 
reinforcement must have high compressive 
strength and load-bearing capacity with the 
combination of matrix [14]. So ceramic 
reinforcements are selected as additional 
reinforcement with graphite. Coarse is selected 
because it reduces the friction between the 
contacting surfaces than fine structure 
reinforcements [6]. The grain structure of the 
ceramic reinforcement. The other disadvantage 
with ceramic reinforcements is the lack of 
wettability with the matrix [15]. So reinforcements 
are preheated to around 200-250 deg Celsius and 
cooled after which is added to the matrix to enable 
mixing with the matrix [16]. The most traditional 
method used to process/ fabricate the composite is 
stir casting process [3]. A graphite stirrer is used to 
mix the matrix and reinforcements by rotating the 

stirrer with rpm of 500-600 rpm [17]. Due to the 
vortex flow of the matrix, reinforcements are 
mixed uniformly which avoids any air pockets 
from being trapping which forms voids and pores 
after cooling [18]. The optimum combination of 
matrix and reinforcement decides the wear rate 
which can be examined using an optical 
microscope for achieving negligible pores, voids in 
the composite [17]. Chill casting or cryo casting is 
the advanced type of casting technique that 
enables the unidirectional solidification of the 
molten composite when the said is poured into the 
mold [19]. Wear is the progressive loss of materials 
in contact when the surfaces are sliding [20]. The 
parameters that influence the wear rate are a) 
applied load, b) sliding speed, c) sliding distance 
and d) wt.% of reinforcements [21]. A 
mathematical model is developed to undergo 
analysis of variance (ANOVA) which is used to 
study the effects of different parameters like 
applied load, sliding speed, and sliding distance on 
wear rate, COF [22]. Empirical relation is 
established to study wear rate using statistical 
regression analysis and analysis of variance 
(ANOVA) [23], addition of graphite to copper/SiC 
composite decreases wear rate and uniform 
graphite layer on the worn surface is observed in 
microstructural studies [24]. Taguchi method is 
used to decrease the number of experiments and 
decides the optimum value by using L9 orthogonal 
vector for wear testing condition variables [25], 
the addition of graphite flakes to the matrix erodes 
the matrix material and leads to the formation of 
graphite holes which intern, move along with 
counterpart movement during wear [26], wear is a 
function of load, temperature, and percentage 
weight of reinforcement [27], SiC and ZiSiO4. 
Combination of reinforcements contributes to 
decreasing in wear and can be applied to the 
marine industry and marine environment [28]. 
During initial condition of lesser speed of the pin, 
wear is abrasive and then turned to be 
delaminating at higher speeds [29], thick and 
stable tribo layers are formed on the graphite 
aluminum composite and its hardness increases 
for higher loads and speed [10]. There are many 
predictive model available for the dry sliding wear 
behavior. Generally the most preferred way of 
obtaining the predictive solution by providing the 
input and target values is by training the algorithm 
using artificial neural networks [30]. The neurons 
are trained by considering the different 
parameters like number of epochs, number of 
neurons to be trained, algorithm used for training 
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accuracy of the predicted result is obtained by 
varying the discussed parameter [11]. In this case, 
ceramic (zircon) and lubricating agent (graphite)-
reinforced composite is fabricated using chill 
casting technique and evaluated for dry sliding 
wear experimentally using pin on disc 
experimental set up. Effect of copper chill and 
zircon content is studied in the wear analysis by 
varying different wear parameters like load, sliding 
speed, and sliding distance by applying Taguchi’s 
method for optimization (design of experiments) 
by applying L25 orthogonal array using MINITAB 
15 statistical software. Experimental results are 
validated using an artificial neural network by 
training the algorithm. Predicted values are 
obtained by providing input and target values to 
the network. 
 
 
2. EXPERIMENTAL PROCEDURE 
 
2.1 Fabrication of composite 
 
LM13, a light metal alloy is used as a metal 
matrix, ceramic ZrSiO4 (1 micron) and carbon in 
the form of graphite powder are used as 
reinforcements to the composite prepared using 
the stir casting technique. Stir casting induces 

the vortex flow which enables the thorough 
mixing of reinforcements into the molten LM13 
alloy. LM13 is selected because of its castability 
and ductile nature with 13 wt% of silicon. Zircon 
of 1 micron is selected because of its high 
compressive strength. Graphite is used in the 
study to improve the properties of 
LM13/zircon/C. Copper chills are used for 
unidirectional solidification of molten liquid 
composite in the mold. Zircon and graphite are 
added in the weight ratio of (0+3), (6+3), (6+3), 
(9+3), (12+3) to the molten LM13 alloy 
respectively. Graphite addition is maintained 
constant to access the effect of zircon. Initially, 
dual reinforcements (zircon + graphite powder) 
are preheated to 200 deg Celsius and added to 
molten LM13 alloy. Molten composite is poured 
into the mold. Specimens of different 
compositions of zircon are obtained as 
discussed. Obtained specimens are machined 
using different machining lathe operations to 
obtain samples of 8 mm diameter and 25 mm 
long cylindrical specimen. The chemical 
composition of LM13 is shown in Table 1. 
Specimens are fabricated using the stir casting 
process to achieve a homogenous mixture. 
Specimens are prepared according to the matrix 
and reinforcements as shown in Table 2.  

 
Table 1. Chemical composition of LM13. 

Elements Zn Mn Si Ni Fe Mn Al 

wt.% 0.5 1.0 12 2.0 0.5 1.0 Bal 

 
Table 2. Specimen preparation composition of LM13, zircon, and carbon. 

Specimen 
number 

Chill 
Aluminum alloy (wt. %) 

(LM13) 
Zircon (wt. %) Carbon (wt. %) 

1 Copper 97 0 3 

2 94 3 3 

3 91 6 3 

4 88 9 3 

5 85 12 3 

2.2 Wear experiment 
 
Pin on disc wear test is done for the samples using 
Pin on disc tribometer experimentation set up 
(CMS pin on disc wear testing machine). Test 
samples of 8 mm diameter and 25 mm length 
dimension are cleaned and polished by different 
grit sizes of emery paper. Test steel disc surfaces 
are cleaned with acetone. Initially, the steel disc 
surface is cleaned using ethanol to remove debris if 
present. The specimen is pressed against the steel 

disc using an attachment that is supported by an 
arm and lever with an incremental loaded weight. 
Specimens are weighed before the testing and after 
the testing using a four decimal accuracy weighing 
machine to obtain the higher accuracy of the 
balance (YK Scientific instruments). This is done to 
calculate the weight loss which results in loss of 
density of specimen due to wear. The testing 
parameters of the dry sliding wear test include a) 
zircon content, b) applied load, c) sliding speed and 
d) sliding distance. Taguchi’s method is selected for 
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the optimization study of the composite and by 
considering these parameters, wear rate, COF and 
wear loss are evaluated for the different 
combinations of wear parameters. The 
microstructural analysis is done on the specimen to 
understand the distribution of the matrix and 
reinforcement phases and to analyze the quality of 
the casting. 
 
2.3 Statistical analysis 
 
L25 orthogonal array is selected to statistically 
analyze the effect of load on tribological behavior of 
the prepared composite. Experimental 
observations are transformed into the signal to 
noise (S/N) ratio. Figure 4 (a) represents the SN 
ratio for wear rate and applied load. The difference 
in the SN ratio value decides the delta value of the 
wear factor. This delta value indicates the effects of 
wear factors on wear parameters. A higher delta 
value indicates a higher effect of the wear factor on 
the wear parameter. Optimum values for wear rate 
are obtained by considering “smaller is better” in 
Taguchi’s method because minimum wear rate is 
desired for analysis. It is observed that, as load 
increases wear rate increases. 
 
2.4 ANN (Artificial neural networks) 
 
As neurons serve as the basic element in the 
human brain, the same way neurons in ANN serve 
as the basic element. These neurons process the 
input signals and process the information and 
provide the appropriate output. Applying ANN to 
the input and output values is a significant 
criterion that decides the accuracy of predictive 
value [34]. The effectiveness of the output 
depends on the training of the neutral network 
using the algorithm. The network is multilayer 
which has multiple inputs and outputs [35].  
 

3. RESULTS AND DISCUSSION: 
 
3.1 Design of experiment 
 
This article of work aims to study the overall 
property of the composite with different 
combinations of reinforcements as per Taguchi’s 
method. The orthogonal array is selected such that 
the degree of freedom of the orthogonal array 
should be greater than or equal to the sum of wear 
parameters. L25 orthogonal array. Dry sliding 
wear characteristics are analyzed to measure the 
wear rate, coefficient of friction, wear loss. The 
effect of wear factors like applied load, sliding 
speed, sliding distance/track radius, and 
reinforcement (zircon) content on wear 
parameters like wear loss, coefficient of friction 
(COF), and wear rate are analyzed. Each wear 
factor is analyzed separately by considering the 
L25 orthogonal array. The optimum combination 
of zircon content and wear factor for the minimal 
wear behavior is evaluated. SN ratio, probability 
plot, ANOVA, 3D Surface plot, and 2D contour plots 
are plotted against different wear factors and wear 
parameters. The plotted results are analyzed in 
detail to study the effect of different wear factors 
on different wear parameters.  
 
3.2 Effect of Applied load 
 
Figure 1(a), (b), (c) shows the effect of applied load 
on wear rate, wear loss, and coefficient of friction 
respectively. Load of 30 N, 40 N, 50 N, 60 N, and 70 
N is applied on the pin by maintaining constant 
sliding speed (400 rpm) for 3 minutes and a track 
radius of 30mm.L25 orthogonal array is applied 
using Taguchi’s method to optimize the experiment 
and evaluate the best combination wear affecting 
parameters. Table 3 shows Taguchi’s design for 
applied load and zircon content. 

 Table 3. Taguchi’s design for applied load and zircon content. 

Factors /Levels L1 L2 L3 L4 L5 

Factor 1 - zircon content (wt. %) 0 3 6 9 12 

Factor 2-  applied load (N) 30 40 50 60 70 

It is observed that the load applied on the pin 
against the disc is a significant factor for wear rate 
and coefficient of friction. The load applied on the 
pin against the disc increases latter of which is 
rotating at a constant speed and a constant track 
radius (sliding distance). Wear loss and wear rate 
increases and COF decreases, with the application 

of load on a pin against the rotating disc as shown 
in Figure 1(a) - 1(c). This increase in wear results 
in plastic deformation and delamination of the 
material layer occurs. At lower loads, the wear rate 
is lower/mild wear and when the load is increased 
gradually with an increment of 10 N, the wear rate 
significantly increases. The composite materials 
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turn from mild wear to severe wear as load 
increases. Maximum wear occurs at 70 N load on 
the pin. The nature of the wear is observed in the 
microstructural analysis of the worn surfaces of 
the specimen. It is seen that at lower loads, 
abrasion is significant and at higher loads, 
delamination is significant as shown in Figure 9. By 
observing the presence of grooves in the 
microstructure image of the worn surface, the 
extent of wear can be analyzed. If the grooves are 
deeper the wear is dominant. Deeper grooves are 
observed at higher loads because applied stresses 
are larger than the fracture stresses of the material 
at higher loads. Wear rate decreases with an 
increase in reinforcement till 9 wt.% and then it 
increases. This is due to the presence of 
dislocations formed between the matrix and 

reinforcements at higher wt.% of reinforcement 
which intern forms the nucleation of particles and 
results in an increase in wear rate as shown in 
Figure 1(d). Graphite particle plays a crucial role in 
decreasing wear rate by forming tribo-layers 
between the contacting surface which acts as 
lubrication and avoids metal to metal contact, 
which decreases the wear rate. It is to be 
remembered that optimum addition of the 
graphite to the matrix is recommended. If the 
graphite volume in the composite increases, the 
porosity and voids are developed in the composite 
which lowers the mechanical property of the 
composite. Hence wear-resisting property of the 
composite also decreases. It is observed that 9 wt. 
% of zircon and 30 N load provides a minimum 
wear characteristic over other combinations. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 1. (a) Effect of applied load on wear loss, (b) Effect of applied load on COF, (c) Effect of applied load on wear 
rate, (d) Effect of zircon content on the wear rate.  

 

3.2.1 Statistical analysis 
 
Minimum wear rate is observed for the load 30 N 
and 9 wt. % of zircon. SN ratio values of zircon and 
applied load on wear loss, COF, and wear rate are 
shown in Table 2. Figure 2(b) shows the probability 
plot for wear rate indicating predicted results 
shows better agreement i.e. more than 95% with 

obtained results. Figure 2(c) and 2(d) shows the 3D 
contour plot and 2D surface plot respectively for 
applied load and wear rate. Light green color and 
dark green color represent the minimum and 
maximum wear rate respectively. Wear rate 
increases with an increase in load. The surface plot 
indicates that wear rate decreases till the 9 wt. % of 
the zircon and then increases.
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Table 4. S/N ratio of wear parameter. 

Wear parameter Wear loss COF Wear rate 

Level Zircon Applied load Zircon Applied load Zircon Applied load 

1 35.57 40.74 5.752 6.951 39.88 43.85 

2 37.97 40.35 6.727 7.347 41.20 43.59 

3 39.31 39.32 7.295 7.565 42.47 43.37 

4 42.89 38.35 9.523 7.907 48.68 43.10 

5 40.69 37.67 8.621 8.147 44.48 42.81 

Delta 7.32 3.06 3.770 1.196 8.81 1.03 

Rank 1 2 1 2 1 2 

 

  
(a) (b) 

  
(c) (d) 

Fig. 2. (a) SN ratio plot for wear rate, (b) Probability plot for wear rate, (c) 2D contour plot, (d) 3D surface.

 
3.2.2 Regression analysis 
 

Regression correlations have been developed by 
considering the wear rate as the output and zircon 
content as the input for 30 N, 40 N, 50 N, 60 N, 70 
N load. Equations (1), (2), and (3) represents the 
regression equations for wear loss, COF, and wear 
rate respectively. The effect of different 
parameters influencing the wear is studied using 
the analysis of variance (ANOVA) technique by 
considering degrees of freedom (DOF). Two-way 
regression analysis is considered for the analysis 
because the effect of both zircon and applied load 

is studied on the wear parameters I, e wear loss, 
COF, and wear rate. Table 5, 6, and 7 represents 
the ANOVA test results for wear loss, COF, and 
wear rate respectively. Regression studies are 
done by considering the F and P values of the 
sources. It is observed that the zircon content F 
value is higher than the applied load source 
value. Hence zircon content is the influencing 
factor for wear loss, COF, and wear rate. The 
contribution of zircon content gives a significant 
contribution to wear parameters. 
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Wear loss =  0.0103 +  0.000111 Applied load −  0.000706 Zircon (1) 

COF =  0.583 −  0.00148 Applied load −  0.0140 Zircon  (2) 

Wear rate =  0.00881 +  0.000021 Applied load −  0.000446 Zircon (3) 

 
Table 5. Two – way analysis of variance (ANOVA) of wear loss. 

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

Applied load 4 0.0000561 0.0000140 41.97 0.000 

Zircon content 4 0.0002613 0.0000653 195.50 0.000 

Error 16 0.0000053 0.0000003   

Total 24 0.0003227    

 
Table 6. Two – way analysis of variance (ANOVA) of COF. 

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

Applied load 4 0.010510 0.0026275 34.63 0.000 

Zircon content 4 0.104081 0.0260202 342.91 0.000 

Error 16 0.001214 0.0000759   

Total 24 0.115805    

 
Table 7. Two – way analysis of variance (ANOVA) of wear rate. 

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

Applied load 4 0.000024 0.0000006 13.64 0.000 

Zircon content 4 0.0001251 0.0000313 714.19 0.000 

Error 16 0.0000007 0.0000000   

Total 24 0.0001282    

 
Table 8. Taguchi’s design for sliding speed and zircon content. 

Factors /Levels L1 L2 L3 L4 L5 

Factor 1-Zircon Content (wt. %) 0 3 6 9 12 

Factor 2-Sliding speed (rpm) 400 500 600 700 800 

 

3.3 Effect of sliding speed 
 
Sliding speed is the wear factor that influences 
the wear rate of the composite. To study the effect 
of sliding speed on wear behavior L25 an 
orthogonal array is used to optimize the 
experiment. This is done by considering the 2 
factors and 5 levels. Taguchi’s design for the wear 
behavior is shown in Table 8. 
 
Figure 3(a), (b), (c) shows the effect of applied 
load on wear rate, coefficient of friction, and wear 
loss respectively. The experiment is conducted by 
maintaining a constant 30 N load and track radius 
of 30 mm. Sliding speed is varied from 400 rpm 
to 800 rpm with an increment of 100 rpm. Due to 
the higher sliding speed of the disc, the friction 
between the disc and the pin increases, and 
eventually the oxidation increases between the 
contact surfaces. This results in the formation of 
the tribo-layer. At higher speeds, due to the rise 
in temperature of the contact surfaces, the 

uniform lubrication layer depletes, this is called 
‘thermal softening’ and enables the metal to 
metal contact [33]. At higher speeds, noise is 
observed, this is due to the transition of mild 
wear stage to severe wear stage. The speed at 
which mild wear is transferred to severe wear is 
called ‘critical speed’. Below critical speed strain 
rate is significant and above critical speed, 
friction is significant which further leads to 
delamination of the material. It is observed that 
wear rate and wear loss are proportional to 
sliding speed and inversely proportional to the 
Coefficient of friction (COF). Figure 3 (d) shows 
the effect of sliding speed on wear rate. It is 
observed that the wear rate decreases with an 
increase in zircon content from 3 wt. % till 9 wt. 
%. then it decreases for 12 wt. %. at 400 rpm and 
9 wt. % combination of speed and zircon gives 
better results than other combinations as shown 
in Figure 3 (d). Microstructural studies on the 
worn surface of the contacting surfaces indicate 
the deep groove formation as shown in Figure 11. 
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(a) (b) 

  
(c) (d) 

Fig. 3. (a) Effect of sliding speed on wear loss, (b) Effect of sliding speed on COF, (c) Effect of sliding speed on wear 
rate, (d) Effect of zircon content on wear rate. 

 
3.3.1 Statistical analysis 
 

Experimental results are statistically analyzed 
using MINITAB software. Taguchi’s DOE is 
designed for L25 orthogonal array, SN ratio is 
obtained by considering “smaller is better”. It is 
observed that the wear rate decreases with an 
increase in the sliding speed.  

 
 
Table 9 describes the effect of sliding speed and 
zircon on Wear loss, COF, and wear rate. It is 
observed that zircon content provides a higher 
delta value in all the wear parameters hence the 
zircon effect is significant on wear loss, COF, and 
wear rate. 

 

Table 9. S/N ratio of wear parameter. 

Wear parameter Wear loss COF Wear rate 

Level Zircon Sliding speed Zircon Sliding speed Zircon Sliding speed 

1 36.07 40.74 5.610 6.951 40.21 43.84 

2 38.08 39.92 6.841 7.274 41.22 43.65 

3 39.29 39.31 7.281 7.578 42.66 43.43 

4 42.93 38.71 9.693 7.939 48.46 43.19 

5 40.51 38.21 8.592 8.275 44.64 43.09 

Delta 6.86 2.52 4.083 1.324 8.25 0.75 

Rank 1 2 1 2 1 2 

 

A probability plot is obtained for wear rate 
where probability plot is above 95% 
agreement with obtained results as shown in 
Figure 4(b). 2D contour plot and 3D surface 
plot for sliding speed V/S wear rate are shown 
in Figures 4(c) and 4(d) respectively. Dark 
blue color represents maximum wear and 

dark green color represents minimum wear. It 
is observed that maximum wear occurs for 
lower sliding speed or wear rate is inversely 
proportional to sliding speed. 3D surface plot 
shows that wear decreases with zircon 
content till 9 wt. % then it increases at 12 wt. 
% as shown in Figure 4(d).  
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(a) (b) 

  
(c) (d) 

Fig. 4. (a) SN ratio plot for wear rate, (b) Probability plot for wear rate, (c) 2D contour plot, (d)3D surface plot. 
 

3.3.2 Regression analysis 
 
By considering the wear loss, COF, and wear rate as 
an output parameter and sliding speed & zircon 
content as input parameters, a regression equation 
has been developed and shown in equations (4), (5), 
and (6). Tables 5, 6, and 7 show the effect of wear 
factors like sliding speed and zircon content on wear 
parameters like wear loss, COF and wear rate. Two-
way regression analysis is selected because the 

effect of both sliding speed and zircon content is 
evaluated for wear parameters. By analyzing the 
values obtained for regression and Since the F- value 
of zircon is higher than sliding speed it is concluded 
that zircon content significantly influences the wear 
parameters like wear loss, COF, and wear rate. The 
contribution of zircon and sliding speed to wear 
loss, COF, and wear rate is shown in Table 10, 11, 
and 12. It is observed that zircon content is a 
promising parameter for wear rate. 

 

Wear loss =  0.0101 +  0.000008 Sliding speed −  0.000604 Zircon (4) 

COF = 0.605 −  0.000154 Sliding speed −  0.0143 Zircon (5) 

Wear rate =  0.00878 +  0.000002 Sliding speed −  0.000411 Zircon (6) 
 

Table 10. Two – way Analysis of variance (ANOVA) of wear loss. 

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

Sliding speed 4 0.0000310 0.0000078 23.15 0.000 

Zircon content 4 0.0002090 0.0000522 155.79 0.000 

Error 16 0.0000054 0.0000003   

Total 24 0.0002454    
 

Table 11. Two – way analysis of variance (ANOVA) of COF. 

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

Sliding speed 4 0.012200 0.00030501 25.90 0.000 

Zircon content 4 0.114850 0.0287124 243.82 0.000 

Error 16 0.001884 0.0001178   

Total 24 0.128934    
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Table 12. Two – way analysis of variance (ANOVA) of wear rate. 

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

Sliding speed 4 0.0000010 0.0000003 37.30 0.000 

Zircon content 4 0.0001111 0.0000278 714.19 0.000 

Error 16 0.0000007 0.0000000   

Total 24 0.0001123    

3.4 Effect of track radius/sliding distance 
 
Track radius/ sliding distance is another 
important factor that decides the wear behavior 
of the composite. The effect of track radius is 
evaluated for wear rate, COF, and wear loss of 
the composite pin. Load of 30 N is applied on the 
pin, sliding speed of 400 rpm is the wear factor 
maintained constant throughout the 
experiment. The sliding distance is varied in 
terms of 10 mm as track radius. Track radius is 
the radius of the track of the steel disc on which 
the pin is in contact. So as the track radius 
increases sliding distance also increases. The 
sliding distance of the track can be calculated by 
calculating the circumference of the circle, 
hence the sliding distance of the pin is 
calculated by the equation (13).  

Sliding distace =  2 · π · Track radius (7) 
 
It observed that wear rate and wear loss are 
proportional to track radius/sliding distance 
and inversely proportional to COF as shown in 
Figure 5(a), (b) and (c) respectively. Figure 5 (d) 
represents the effect of track radius on wear 
loss, COF, and wear rate respectively for 
different wt.% of zircon. Due to an increase in 
sliding distance, the temperature of the 
contacting surfaces of the metal to metal 
increases which intern results in the softening of 
the metal surface in contact. This phenomenon 
is called ‘thermal softening’. Thermal softening 
results in the failure in the metal surface/ 
delamination of the metal surfaces in contact. It 
is observed that 9wt. % of zircon gives a 
minimum wear rate than other combinations. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 5. (a) Effect of track radius on wear loss, (b) Effect of track radius on COF, (c) Effect of track radius on wear 
rate, (d) Effect of zircon content on wear rate. 
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3.4.1 Statistical analysis 
 
SN ratio of track radius and zircon is shown in 
table 13. SN ratio is evaluated for the effect of 
track radius and zircon on wear loss, COF, and 
wear rate. Since zircon content provides a 
higher delta value hence rank, hence it is 
observed that zircon provides the promising 
factor for wear behavior. Minimum wear rate is 
obtained for track radius 70mm and 9 wt. % of 
zircon respectively as shown in Figure 6(a). A 
probability plot is obtained for wear rate which 
indicates obtained experimental results have 

very good agreement with predicted values of 
wear as shown in Figure 6(b). Light green color 
represents minimum wear and dark green 
represents maximum wear rate which is 
observed in Figure 6(c) which indicates 
maximum wear occurs at 70mm track radius. 
Figure 6(d) represents a 3D surface plot for 
track radius and wear rate which shows that 
wear rate decreases till 9wt. % of zircon and 
then it increases. This is due to the higher 
amount of zircon content which creates the 
dislocations between matrix and reinforcements 
as shown in figure.  

 
Table 13. S/N ratio of wear parameter (track radius and zircon). 

Wear parameter Wear loss COF Wear rate 

Level Zircon Track radius Zircon Track radius Zircon Track radius 

1 36.51 40.74 5.472 6.951 40.12 43.84 

2 38.54 40.49 6.551 7.230 41.21 43.69 

3 40.51 40.09 7.244 7.459 42.77 43.44 

4 43.09 39.68 9.494 7.648 48.48 43.19 

5 41.25 38.89 8.475 7.950 44.58 42.98 

Delta 6.59 1.84 4.022 0.999 8.36 0.86 

Rank 1 2 1 2 1 2 

 

  
(a) (b) 

  
(c) (d) 

Fig. 6. (a) SN ratio plot for wear rate, (b) Probability plot for wear rate, (c) 2D contour plot, (d) 3D surface plot.
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3.4.2 Regression analysis 
 
Equations (8), (9), and (10) and Table 14, 15, 
and 16 show the regression analysis which this 
shows the contributions of zircon and track 

radius contribution for wear behavior. By this 
study, it is observed that the effect of zircon 
content is significant than other factors. It is 
observed that wt. % of zircon affects the wear 
rate predominantly. 

 
Wear loss =  0.0117 +  0.000048 Track radius −  0.000599 Zircon (8) 

COF = 0.583 −  0.00120 Track radius −  0.0149 Zircon (9) 

Wear rate =  0.00893 +  0.000017 Track radius −  0.000423 Zircon (10) 

 
Table 14. Two – way analysis of variance (ANOVA) of wear loss. 

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

Track radius 4 0.0000133 0.0000033 43.09 0.0000 

Zircon Content 4 0.0001899 0.0000475 616.90 0.0000 

Error 16 0.0000012 0.0000001   

Total 24 0.0002044    

 
Table 15. Two – way analysis of variance (ANOVA) of COF. 

 
Table 16. Two – way analysis of variance (ANOVA) of wear rate. 

 
 
4. ARTIFICIAL NEURAL NETWORK (ANN) 

 
The neural network has a hidden layer that 
connects input and output layers Figure 7 
shows the feed-forward three-layered 
backpropagation network architecture. By 
training the network with several hidden layers 
and several neurons, the adequate hidden 
neurons are estimated. Eventually, 10 neurons 
are adopted in the 12 hidden layers to train the 
data and 3 neurons are used to predict the wear 
parameters of the composite. Prediction of 
wear output parameters by providing input and 
target values is done by training the neural 
networks. The accuracy of the predicted value 
depends on training [36]. The difference 
between the predicted value and the measured 
value is the error. This error is measured by the 

mean sum of squared errors (MSE). This error 
can be minimized by altering the weights in the 
network. A backpropagation network is used 
for the study, which further improves the 
altered values. A Levenberg-Marquardt 
algorithm is used for training purposes. Neural 
network simulation is done using MATLAB by 
using a neural network library. Wear rate, COF, 
and wear loss represents output neurons 
whereas applied load, different wt.% of zircon 
and track radius/ sliding distance are the 
inputs to the neurons.  

 

 
Fig. 7. Structure of neural network. 

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

Tack radius 4 0.006960 0.0017400 57.50 0.000 

Zircon Content 4 0.119850 0.0299625 990.18  

Error 16 0.000484 0.0000303   

Total 24 0.127294    

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

Track radius 4 0.0000014 0.000003 49.17 0.000 

Zircon Content 4 0.0001138 0.0000284 4068.47 0.000 

Error 16 0.0000001    

Total 24 0.0001153    
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Fig. 8. Comparison of experimental and ANN result. 

 
The network is trained successfully, a 
comparison of ANN value and experimental value 
is shown in Figure 8. Minimum error (less than 
5%) is observed between the ANN value and the 
experimental value. The correlation coefficient of 
the predicted neural network model arrived for 
training, testing, validation, and overall data were 
0.98028, 0.99723, 0.97414, and 0.99723 
respectively. Hence it is observed that an 
established neural network is adequate to predict 
the output with high accuracy. 
 
 
5. MICROSTRUCTURAL ANALYSIS 
 
5.1 Before wear 
 
Microstructural analysis is done for different wt. 
% of zircon SiO4 where the extent of homogenous 
mixing of matrix and reinforcement, pores and 
dislocations at the interface of matrix and 
reinforcements are analyzed. The specimen is 
analyzed with and without Keller’s reagent. 
Figures 9 and 10 illustrate the microstructure 
(FESEM) of copper non-chilled and chilled 
different compositions of HMMCs. It is observed 
that both fine and coarse grains are dispersed in 
the LM13 solution. A homogenous mixture of 
matrix and reinforcement is observed. Figures 9 
and 10 illustrate the microstructure (FESEM) of 
copper non-chilled and chilled different 
compositions of HMMCs. It is observed that both 
fine and coarse grains are dispersed in the LM13 
solution. A homogenous mixture of matrix and 
reinforcement is observed. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

Fig. 9. FESEM images of non-chill end a) as cast, b) 3 
wt. % of zircon, c) 6 wt. % of zircon. d) 9 wt. % of 
zircon, e) 12 wt. % of zircon. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 10. FESEM images of chill end a) as cast, b) 3 wt. 
% of zircon, c) 6 wt. % of zircon. d) 9 wt. % of zircon, 
e) 12 wt. % of zircon.

Dispersoids are distributed uniformly with matrix 
due to stirring action, less porosity is observed. 
preheating increases the bonding [37]. Grain 
morphology, distribution of reinforcements, and 
interfacial integrity are analyzed. The size of melt 
is reduced and a greater number of nuclei is 
generated. Chilling creates a strong bond between 
matrix and reinforcements which enhances load 
transfer characteristics and it also reduces the 

pullout of particles from the matrix. At higher 
reinforcement addition non-uniform distribution 
is seen as shown in Figure 11(e). At higher 
reinforcement’s i.e 12 wt. % of zircon wettability 
of the particle increases with chilling. The size of 
the grain is reduced due to chilling. Incoherence 
and high-density dislocations are created at the 
interface of matrix and reinforcement. An increase 
in reinforcement leads to an increase in wear 
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resistance and also its grain boundaries. At higher 
reinforcements multidirectional thermal stresses 
induce the movement of dislocations in different 
directions.12wt.% of zircon appears cleavage 
mode of fracture is observed [38]. Rapid 
solidification creates nuclei and results in fine 
grain structure [39]. It is observed that chill end 
composite specimens show better bonding 
between matrix and reinforcement and which is 
responsible for the better properties but at 12 wt. 
% of zircon the dislocations are created at the 
interfaces between the matrix and reinforcements 
which decreases the properties of the composite 
as shown in Figure 11 (e) and 11 (e). 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 11. Optical microscope images of non-chill end 
samples after wear a) as cast, b) 3 wt.% of zircon, c) 6 
wt.% of zircon, d) 9 wt. % of zircon, e) 12 wt. % of 
zircon. 

 
5.2 After wear 

 
Series microstructural analyses are done on the 
worn circular surface of the pin. Many grooves, 
abrasive, and adhesive wear imprints are 
observed on the surface of exposure to wear. 
Figures 11 and 12 show the microstructures of 
worn surfaces of non-chilled and copper chilled 
composite specimens respectively. Minute 
pores are observed as cast due to lack of 
oxidation during processing. Abrasive wear is 
observed which leads to the formation of wear 
debris by the formation of abrasive wear tracks 
and finally results in delamination of the 
surface. From figures 11 and 12, it is seen that 
the microstructure of copper chilled specimens 
provides better wear resistance and fine grains 
are observed with the minimal wear rate and 
agglomeration.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 12. Optical microscope images of chill end 
samples after wear a) as cast, b) 3 wt.% of zircon, c) 6 
wt.% of zircon, d) 9 wt. % of zircon, e) 12 wt. % of 
zircon. 

 
 
6. EDX AND ELEMENTAL ANALYSIS 
 
Figure 13 and Table 17 show the EDX and 
elemental analysis of copper chill end 
respectively, As cast, 9 wt. % of zircon and 12 
wt.% of zircon are considered for the study 
because maximum properties are obtained 9 
wt.% and then properties decreases. It is 
observed that traces of copper is detected at the 
chill end due to copper chill kept during 
processing, aluminum is the promising element 
and silicon is the second promising element in 
all three cases. At 9 wt. % of zircon oxides 
formed is less when compared to 12 wt. % of 
zircon. Retainment of oxygen decreases the 
property of the material which intern creates 
pores in the composite material. Hence 9 wt. % 
of zircon composite yields better properties 
than 12 wt. % of zircon. 
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(a) 
 

 

(b) 
 

 

(c) 

Fig. 13. Chill end of a) as cast b) 9 wt. % of zircon c) 12 wt. % of zircon. 

 
Table 17. Elemental analysis of the copper chill end of (a) as cast, (b) 9 wt.% of zircon, (c) 12 wt.% of zircon. 

As cast 9 wt.% of zircon 12 wt.% of zircon 

Element Weight % Atomic % Element Weight % Atomic % Element Weight % Atomic % 

Al K 81.98 83.57 O K 10.59 16.83 O K 21.69 31.93 

Si K 15.76 15.43 Al K 71.41 67.31 Al K 65.08 56.81 

Cu L 2.38 1.03 Si K 16.86 15.27 Si K 13.07 10.96 

Zircon L -0.13 -0.04 Cu L 2.26 0.91 Cu L 2.30 0.85 

   Zircon L -1.12 -0.31 Zircon L -2.14 -0.55 

Totals 100.00   100.00   100.00  
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7. CONCLUSION  
 
The main results are summarized as follows. 
 
1. DOE (Taguchi’s method, L25 orthogonal array) 

is used to fabricate the casting and quality 
castings can be obtained using the chill casting 
technique in the processing of composite. 

2. Wear rate and wear loss are proportional to 
the applied load, sliding velocity, track radius 
(sliding distance), and increase in dispersoids 
and which are inverse with the coefficient of 
friction. 

3. Wear properties increases up to 9 wt. % of 
zircon /LM13/C, then it decreases due to the 
presence of dislocations formed at the 
intergranular spaces which are observed in 
microstructural analysis. 

4. Statistical tools (MINITAB) and artificial 
neural networks are used to validate and 
correlate the results obtained experimentally 
leading to a good correlation between them.  

5. Microstructural analysis shows the uniform 
distribution of reinforcements with the 
molten metal matrix with negligible 
agglomerations.  

6. The wear surface of the experimented 
specimens is observed under the optical 
microscope to analyze the wear surface 
characteristics. Both adhesive and abrasive 
wear scars are observed with wear tracks and 
wear grooves. It is also observed that the 
quality of castings that are obtained from 
copper chill casting had decreased 
intergranular spaces at the chill end in 
comparison to non-copper chill castings. 
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