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In this study, the TiB2 & ZrO2 incorporated A356 based hybrid composites were fabricated via stir casting method and also
the wear parameters such as wear rate (WR) and coefficient of friction (COF) were optimized using Taguchi-Grey Relational
Approach (GRA). It was found that 10 N of load, 2 m/s of Sliding velocity, 1500 m of sliding distance and reinforcement of
0.5%TiB2+ 2.5%ZrO2 nano particle as the optimal conditions to acquire the minimum WR and COF. The uniform dispersion
of nano particles in the matrix alloy was found out with microscopic examination. Analysis of variance results revealed load
and incorporation of nano particles as the factors that have dominant influence on WR and COF respectively in that order.
Significant improvement in wear resistance rate was obtained with the addition of TiB2 and the COF prominently got reduced
with the reinforcement of increased wt% of ZrO2.
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Introduction

The usage of MMCs (Metal Matrix Composites) in

automotive and transportation industry is expanding

fast now-a-days. Modern industries are focusing mainly

on replacement of steel and other commercial materials

with MMCs. Due to excellent properties like high wear

resistance, strength, ductility and less weight, MMCs

receive attention for usage by the automotive industry

[1]. AMCs (Aluminum Matrix Composites) are becoming

popular as they are inexpensive and have the advantage

of high strength to weight ratio. A356 Aluminum alloys

are widely used in automobile industry for production

of automotive parts like oil pans, pump bodies, machine

and truck chassis parts etc. Due to widespread appli-

cations, wear and frictional resistance of A356 aluminum

alloy requires further investigation for improvement.

[2-3]. Casting method and mechanical alloying are the

two common methods adopted for AMC fabrication.

Among them, liquid metallurgy techniques such as

pressure infiltration, stir casting and spray deposition

are widely used [4-5]. Chidozie et al. [6] studied effects

of age hardening on AMC and also optimized the

hardening parameters of A356/Cow horn particulate

composite that was specifically made for brake drum

applications. Based on the research, it was stated that

Response surface methodology could be used for

optimizing the parameters of annealing and age hardening

processes.

Donanta Dhaneswara et al. [7] investigated the

mechanical properties of Nano SiC reinforced A356

aluminum alloy developed with modified stir casting

process. The improved results obtained from the com-

posite were 176.1Mpa of Tensile strength and material

elongation of 6.92%. The wear resistance and hardness

of the composite increased with the addition of Nano

SiC to A356 Aluminum alloy. Sathish et al. [8] analysed

the wear behavior of Aluminum 7075 reinforced with

SiC using Taguchi approach. For performing the experi-

ments 1 m/s, 2 m/s and 3 m/s were chosen as sliding

velocities for the sliding distances of 1000 m, 1400 m

and 1800 m respectively. Based on the investigation,

sliding distance was found to be the highly influenc-

ing parameter on wear rate. The influence of sliding

distance was 45.64% on wear rate which was a higher

value compared to reinforcement and sliding velocity.

Satyanarayana et al. [9] studied the effect of tribological

parameters on friction response of A356 aluminum

alloy with graphite/granite particle reinforcement. It

was found from the study that coefficient of friction of

reinforced A356 alloy decreased with increase in

reinforcement but the coefficient of friction increased

with the rise in sliding time. As per the ANOVA

analysis, sliding time was the highest contributing

factor with a contribution of 48.51% and load held the

second position with 21.93% of contribution. 

Akbari et al. [10] studied the tensile and fracture

behavior of Nano/Micro TiB2 particle reinforced A356
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alloy. The report stated that rise of porosity was observed

with high volume fraction of reinforcement and reduced

particle size. High toughness was observed in A356 com-

posite at the volume fraction of 1.5% of TiB2. Titanium

diboride (TiB2) is a commonly used ceramic material

for obtaining high strength, hardness and corrosion

resistance. It is widely used in erosive, abrasive and

highly corrosive applications. Compared to other ceramic

particles, TiB2 can be easily reinforced in liquid alu-

minum. TiB2 acts as a strengthening agent of AMCs

[11-13]. Addition of Zirconia (ZrO2) is another common

reinforcement material for AMCs. Girisha et al. [14]

studied the material behavior of Al356 with zirconium

oxide as reinforcement. Improvement in hardness and

wear resistance with the reinforcement of Zirconium

oxide nano particle was reported. Satish Babu Boppana

et al. [15] studied and characterized nano graphene and

ZrO2 reinforced Al6061 AMCs. Improved material

strength and percentage of elongation were noted with

the addition of ZrO2 in the base alloy of Al 6061.

Optimization in material research is much needed to

optimize the fabrication parameters as well as mass

fraction levels of reinforcements. Both single objective

and multi objective level optimization methods are

commonly used in material research. PCA, TOPSIS, GRG

and GRA are the dominating optimization techniques

used in recent researches [16-20].

Based on the past researches, it was noticed that

new A356 AMCs with enhanced wear and frictional

behaviour are required for automobile sector. Normally,

the main objectives were to improve the hardness and

strength of the AMCs. Since A356 is widely used in

automobile sector and the components mostly involve

moving and sliding movements, study of its wear

resistance and frictional behaviour is essential. This

research is aimed to fabricate new A356 aluminum

alloy composite by reinforcing TiB2 and ZrO2 through

stir casting method and also to optimize the process

parameters. Based on their strong, malleable and ductile

properties, TiB2 and ZrO2 are selected as reinforcements.

Nano reinforcement was preferred as it provides better

tribological performance of AMCs [10, 21-22]. For

performing optimization, load, sliding velocity, sliding

distance and combined mass fraction of TiB2 and ZrO2

were selected as input parameters. Wear rate and COF

were considered as output parameters.

Materials & Methods

Work material
In this work, A356 aluminum alloy is used as matrix

material with the composition of Al: 92.16%, Si: 6.989%,

Fe: 0.161%, Cu: 0.025%, Mn: 0.055%, Mg: 0.371%,

Cr: 0.028%, Ni: 0.060% and others 0.151%. TiB2 and

ZrO2 are used as reinforcements with the average

particle size of 80 nm. The SEM images of nano parti-

cles are shown in Fig. 1. The combined mass fraction

of TiB2 and ZrO2 with different weight percentages are

used for the composites’ fabrication.

The hybrid composites were fabricated via bottom

pouring stir casting machine with vacuum die casting

attachment. Two fin blade stirrers were used for mixing

of reinforcement particles (TiB2 and ZrO2) with the

matrix material (A356 alloy) [21]. Three diverse com-

bined mass fractions of TiB2 and ZrO2 were used to

produce hybrid MMCs as mentioned in Table 1. Firstly

the A356 alloy was converted to molten stage with the

help of electrical induction heating system in a graphite

crucible at 750 oC in the inert atmosphere of nitrogen

gas. For attainment of better turbulence, the mechanical

stirring system was introduced in the molten metal at a

constant speed of 500 rpm. Moreover good wettability

was achieved by adding 1 wt.% of Mg and stirred

properly. The mixing of TiB2 and ZrO2 particles along

with base molten metal was completed in an optimized

manner. Lastly, the composite slurry was poured into

the graphite coated die made of steel. It is obvious

from SEM microscopic images (Fig. 2) that TiB2 &

ZrO2 nano particles are uniformly dispersed in the

matrix alloy. Next, the hardness of the hybrid composite

specimen was assessed using micro Vickers hardness

tester with a pay load of 1 kg. The hardness values of

Fig. 1. SEM images reinforcements: (a) TiB2 and (b) ZrO2.
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A356/TiB2-ZrO2 composites were 62 Hv, 64 Hv and

68Hv for A356 Al alloy with 0.5% TiB2 + 2.5%ZrO2,

1.5% TiB2 + 1.5%ZrO2 and 2.5% TiB2 + 0.5%ZrO2

respectively.

Experimental setup
The fabricated hybrid composite specimens were

shaped in the form of cylinders with 30 mm diameter

and 300 mm length. The specimens were machined for

dimensions suitable to wear test with 10 mm diameter

and 30 mm length as the middle section of the cylindrical

composites are normally used to assess the wear re-

sistance of the composites [10] and it is shown in Fig.

3. Wear tests were conducted on the basis of L27 OA

design under dry conditions using pin-on-disc apparatus

(Fig. 4) at room temperature in accordance with ASTM

G99-95. The hardness of the disc used in the Pin-on-

Disc machine is 60HRC. The wear test parameters

were selected as per the earlier findings in the literature

and are given in Table 1 [22-27].

The electronic balance of 0.0001 g precision was

used to measure the wear loss of the specimen. Each

sample was cleaned with acetone before and after wear

tests to remove wear debris. The variations in the

weight observed before and after the test provided the

wear loss of the composites through dry sliding, which

was transformed into the volume loss. The wear rate

(WR) was computed using Eq. (1).

(1)

The coefficient of friction (COF) was attained by

using Eq. (2). For the calculation, FT is found from the

load cell fixed in the pin-on-disk apparatus.

(2)

The experimental results are specified in Table 2.

3Volume loss
WR = mm /m

Sliding Distance

T

N

Tangential Force (F )
COF =

Normal Force (F )

Fig. 2. SEM micrographs of cast A356 hybrid composites: a) A356/0.5% TiB2 + 2.5%ZrO2, (b) A356/1.5% TiB2 + 1.5%ZrO2, and (c)
A356/2.5% TiB2+ 0.5%ZrO2.

Table 1. Wear test factors and their range

Parameters Symbol Level 1 Level 2 Level 3

Load (N) A 10 30 50

Sliding velocity (m/s) B 2 3 4

Sliding Distance (m) C 500 1000 1500

Combined mass fraction of TiB2−ZrO2% D 0.5% TiB2+ 2.5%ZrO2 1.5% TiB2+ 1.5%ZrO2 2.5% TiB2+ 0.5%ZrO2
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Results & Discussion

Single Objective Optimization:
This work is intended for finding optimum factor

levels that provide minimum WR and COF. Therefore

lower the better is desired and the expression for

computing signal to noise ratio is given by Eq. (3).

(3)

Here, n = No. of observations in this study, y = ex-

perimental result.

The mean and S/N ratio plot was achieved by using

Minitab19 software.

Analysis of Wear rate (WR) and coefficient of

friction (COF)

The mean and SN ratio plots for wear rate (WR) are

provided in Fig. 5 and 6. The WR increased with an

increase in both load and sliding velocity, apparently

2

1

1
S/N = -10 log 

n

i

i

y
n



 
 
 


Fig. 3. Specimens for Wear test.

Fig. 4. Experimental setup for wear test.

Table 2. Experimental results

Exp. 
No.

Load
 (N)

Sliding 
Velocity

m/s

Distance 
(m)

Combined 
mass fraction of 
TiB2−ZrO2%

WR
(mm3/m)

COF

1 10 2 500 1 0.004929 0.0132

2 10 2 1000 2 0.002296 0.042

3 10 2 1500 3 0.001456 0.07145

4 10 3 500 3 0.002781 0.048

5 10 3 1000 1 0.003333 0.0197

6 10 3 1500 2 0.002271 0.06

7 10 4 500 2 0.003777 0.031

8 10 4 1000 3 0.002555 0.061

9 10 4 1500 1 0.003765 0.025

10 30 2 500 2 0.005259 0.043

11 30 2 1000 3 0.003555 0.063

12 30 2 1500 1 0.003975 0.038

13 30 3 500 1 0.00633 0.021

14 30 3 1000 2 0.00437 0.049

15 30 3 1500 3 0.003135 0.067

16 30 4 500 3 0.005037 0.056

17 30 4 1000 1 0.00637 0.026

18 30 4 1500 2 0.003629 0.06

19 50 2 500 3 0.005703 0.074

20 50 2 1000 1 0.007481 0.043

21 50 2 1500 2 0.004716 0.059

22 50 3 500 2 0.007407 0.05

23 50 3 1000 3 0.006703 0.0814

24 50 3 1500 1 0.006543 0.048

25 50 4 500 1 0.010666 0.029

26 50 4 1000 2 0.008259 0.061

27 50 4 1500 3 0.005395 0.0996
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owing to growth in the deformation of the matrix by

applied load. It decreases moderately with increasing

distance and lower WR is observed at the reinforcement

of 2.5% TiB2. Optimal WR is attained at the load of

10N, sliding velocity of 2 m/s, distance of 1500 m and

reinforcement of 2.5% TiB2 + 0.5%ZrO2. Analysis of

Variance was used to attain the parameters influence to

WR and COF and given in Table 5 [28-30]. It is

evident from Table 3 and Table 5 that load has greater

influence (61.54%) on WR followed by reinforcement

of TiB2 + ZrO2 particles (14.53%), Sliding distance

(13.68%) and sliding velocity (5.13%). It can be

noticed from the results that the addition of TiB2 has a

significant influence on increasing wear resistance rate

[10]. Higher hardness value is attained for 2.5% TiB2

composition compared to other combinations. This is

due to increase of nano reinforcement in the matrix.

The presence of hard particles at nano size offer more

resistance to plastic deformation and hence high

hardness is witnessed. Reduction in reinforcement size

results in considerable raise in the surface area.

Moreover reinforcements in the form of nanoparticles

that are suspended in the lubricant formulations can

penetrate the small gaps between two surfaces and

change the tribological properties of the AMCs [31-32]

The mean and SN ratio plot for coefficient of friction

(COF) are provided in Fig. 7 and 8. The COF increased

with the increase of load and sliding distance. No

significant change was observed in COF with respect

to sliding velocity. It is evident that the COF get reduced

with the increase in the wt.% of ZrO2 in all these Al

hybrid composites. This is because of the presence of

evenly distributed ZrO2 particles and the characteristic

strength of the ceramic. This result agrees well with the

Fig. 5. Mean effect plot for WR.

Fig. 6. S/N ratio plot for WR.

Table 3. Mean response -Wear Rate

Level A B C D

1 0.003018 0.004374 0.005765 0.005932

2 0.004629 0.004764 0.004991 0.004665

3 0.006986 0.005495 0.003876 0.004036

Delta 0.003968 0.001120 0.001889 0.001897

Rank 1 4 3 2

Fig. 7. Mean effect plot for COF.

Fig. 8. S/N ratio plot for COF.

Table 4. Mean response - COF

Level A B C D

1 0.04126 0.04963 0.04058 0.02921

2 0.04700 0.04934 0.04957 0.05056

3 0.06056 0.04984 0.05867 0.06905

Delta 0.01929 0.00050 0.01809 0.03984

Rank 2 4 3 1
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findings of Naguib G. Yakoub 2020 [22]. Minimum

COF was observed at load 10 N, sliding velocity 2 m/s,

distance 500 m and reinforcement of 0.5% TiB2 +

2.5%ZrO2. Reinforcement of TiB2 + ZrO2 particles has

exhibited dominant influence (65.48%) on COF followed

by applied load (16.17%) and sliding distance (13.48%)

as observed in Mean response of Table 4 and analysis

of variance of Table 5.

Analysis of Variance

The preferred second order quadratic models for WR

and COF are denoted in Eq. (4) and (5). The ANOVA

outcomes of WR and COF are shown in Table 6 and 7

respectively. The consistency of the models is acknowl-

edged with better R2 Value [33-34]. Predicted R2 and

Adj. R2 values point out better outcomes with high

precision. According to ANOVA study, for WR, R2 =

97.51%, R2 (adj) = 94.60% and R2 (Pre) = 87.71%.

Likewise for COF, R2 = 97.13% R2 (adj) = 93.78% and

R2 (Pre) = 83.23%. Based on the R2 values, it can be

observed that the experimental order reveals high

confident level of the model with 90% confidence and

significance. Residual plots for WR and COF are dis-

played in Fig. 9 and 10, and reveal that all the results fall

on the mean value. This imply that the test parameters

of this study are dominant ones and at optimum levels.

Table 6. ANOVA-Wear Rate

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

Model 14 0.000114 0.000008 33.51 0.000

Linear 4 0.000109 0.000027 111.87 0.000

A 1 0.000071 0.000071 291.52 0.000

B 1 0.000006 0.000006 23.24 0.000

C 1 0.000016 0.000016 66.10 0.000

D 1 0.000016 0.000016 66.63 0.000

Square 4 0.000002 0.000000 1.85 0.185

A*A 1 0.000001 0.000001 3.44 0.088

B*B 1 0.000000 0.000000 0.72 0.412

C*C 1 0.000000 0.000000 0.72 0.413

D*D 1 0.000001 0.000001 2.51 0.139

2-Way Interaction 6 0.000003 0.000001 2.37 0.096

A*B 1 0.000001 0.000001 3.98 0.069

A*C 1 0.000000 0.000000 1.93 0.190

A*D 1 0.000000 0.000000 0.64 0.440

B*C 1 0.000000 0.000000 0.01 0.937

B*D 1 0.000000 0.000000 0.15 0.702

C*D 1 0.000000 0.000000 1.18 0.299

Error 12 0.000003 0.000000

Total 26 0.000117

Table 5. Analysis of Variance-WR & COF

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

a) Wear rate (WR)

A 2 0.000072 0.000036 101.26 0.000 61.54

B 2 0.000006 0.000003 8.23 0.003 5.13

C 2 0.000016 0.000008 22.94 0.000 13.68

D 2 0.000017 0.000008 23.74 0.000 14.53

Error 18 0.000006 0.000000 5.13

Total 26 0.000117 100.00

b) Coefficient of friction (COF)

A 2 0.001767 0.000883 29.97 0.000 16.17

B 2 0.000001 0.000001 0.02 0.981 0.01

C 2 0.001473 0.000737 24.99 0.000 13.48

D 2 0.007154 0.003577 121.34 0.000 65.48

Error 18 0.000531 0.000029 4.86

Total 26 0.010926 100.00

Table 7. ANOVA-COF

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

Model 14 0.010613 0.000758 29.02 0.000

Linear 4 0.010291 0.002573 98.50 0.000

A 1 0.001675 0.001675 64.14 0.000

B 1 0.000000 0.000000 0.01 0.930

C 1 0.001473 0.001473 56.41 0.000

D 1 0.007142 0.007142 273.43 0.000

Square 4 0.000105 0.000026 1.00 0.444

A*A 1 0.000092 0.000092 3.51 0.086

B*B 1 0.000001 0.000001 0.04 0.854

C*C 1 0.000000 0.000000 0.00 0.978

D*D 1 0.000012 0.000012 0.47 0.508

2-Way Interaction 6 0.000217 0.000036 1.39 0.296

A*B 1 0.000033 0.000033 1.25 0.286

A*C 1 0.000053 0.000053 2.03 0.180

A*D 1 0.000001 0.000001 0.03 0.862

B*C 1 0.000065 0.000065 2.48 0.142

B*D 1 0.000085 0.000085 3.26 0.096

C*D 1 0.000000 0.000000 0.00 0.968

Error 12 0.000313 0.000026

Total 26 0.010926
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WR = 0.00716 + 0.000030 A  0.00080 B  0.000000 C

 0.00219 D + 0.000001 A*A + 0.000171 B*B 

 0.000000 C*C + 0.000319 D*D + 0.000016 A*B

 0.000000 A*C  0.000007 A*D  0.000000 B*C

 0.000064 B*D + 0.000000 C*D (4)

COF = 0.0170  0.000117 A  0.0166 B + 0.000009 C

 + 0.0167 D + 0.000010 A*A + 0.00039 B*B

 + 0.000000 C*C  0.00143 D*D + 0.000095 A*B

 0.000000 A*C  0.000015 A*D + 0.000005 B*C

 + 0.00307 B*D + 0.000000 C*D (5)

Fig. 9. Residual plots for WR.

Fig. 10. Residual plots for COF.
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Multi objective Optimization:
The main aim of this work is the minimization of

WR and COF of the fabricated hybrid MMCs using

GRA technique. The composite with minimum WR and

COF will be denoted as optimum, hence the calculation

is based on ‘‘Lower is better’’ theory. As the first step

in this analysis, the experimental results (WR and

COF) are normalized in the range between 0 and 1

with help of Eq. (6) and are presented in Table 8.

(6)

Where Yi
o(k) is original sequence, Yi

*(k) is normalized

sequence 

After normalization, the grey relational coefficient

(GRC) is computed using the below expression.

GRC i(k)

(7)

Where, distinguishing coefficient ζ = 0.5 is mostly

used. The mean value of the GRC is the grey relational

grade (GRG). Consequently, the GRG is expressed in

Eq. (8):

GRG (8)

The GRG denotes the correlation among the reference

order and the comparability order, which is given in

Table 8.

Based on the mean and S/N ratio graphs (Fig. 11 and

12) for GRG, 10 N load (Level 1), 2 m/s Sliding velocity

(Level 1), 1500 m distance (level 3) and reinforcement

of 0.5%TiB2 + 2.5%ZrO2 nano particles (Level 1)

provide the optimal conditions to get the minimum WR

and COF. The mean and analysis of variance of GRG

*
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i i
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Fig. 11. Mean effect plot for GRG.

Table 9. Mean GRG

Level A B C D

1 0.7104 0.6137 0.5993 0.6439

2 0.5957 0.5984 0.5907 0.5851

3 0.4838 0.5779 0.5999 0.5609

Delta 0.2267 0.0357 0.0093 0.0830

Rank 1 3 4 2

Fig. 12. S/N ratio plot for GRG.

Table 8. Estimation value of Normalization, GRC, GRG & Rank

Normalization Deviation GRC
GRG Rank

WR COF WR COF WR COF

0.623 1.000 0.377 0.000 0.570 1.000 0.785 2

0.909 0.667 0.091 0.333 0.846 0.600 0.723 4

1.000 0.326 0.000 0.674 1.000 0.426 0.713 5

0.856 0.597 0.144 0.403 0.777 0.554 0.665 8

0.796 0.925 0.204 0.075 0.710 0.869 0.790 1

0.912 0.458 0.088 0.542 0.850 0.480 0.665 9

0.748 0.794 0.252 0.206 0.665 0.708 0.687 6

0.881 0.447 0.119 0.553 0.807 0.475 0.641 10

0.749 0.863 0.251 0.137 0.666 0.785 0.726 3

0.587 0.655 0.413 0.345 0.548 0.592 0.570 17

0.772 0.424 0.228 0.576 0.687 0.465 0.576 16

0.726 0.713 0.274 0.287 0.646 0.635 0.641 11

0.471 0.910 0.529 0.090 0.486 0.847 0.666 7

0.684 0.586 0.316 0.414 0.612 0.547 0.580 15

0.818 0.377 0.182 0.623 0.733 0.445 0.589 13

0.611 0.505 0.389 0.495 0.563 0.502 0.532 20

0.466 0.852 0.534 0.148 0.484 0.771 0.628 12

0.764 0.458 0.236 0.542 0.679 0.480 0.580 14

0.539 0.296 0.461 0.704 0.520 0.415 0.468 24

0.346 0.655 0.654 0.345 0.433 0.592 0.512 22

0.646 0.470 0.354 0.530 0.586 0.485 0.535 18

0.354 0.574 0.646 0.426 0.436 0.540 0.488 23

0.430 0.211 0.570 0.789 0.467 0.388 0.428 27

0.448 0.597 0.552 0.403 0.475 0.554 0.514 21

0.000 0.817 1.000 0.183 0.333 0.732 0.533 19

0.261 0.447 0.739 0.553 0.404 0.475 0.439 25

0.572 0.000 0.428 1.000 0.539 0.333 0.436 26
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(Table 9 and 10) indicates load as the strongest impact

parameter on dry sliding performance characteristics

with a contribution of 82.22% followed by reinforcement

of TiB2 + ZrO2 particles. The parameters of sliding

velocity and distance have not shown significant effects

on simultaneous optimization of WR and COF.

Validation experiments
The prediction of GRG for dry sliding parameters is

obtained by using Eq. (9) [35-36] and it is presented in

Table 11.

(9)

Optimized results were verified with validation test

(Table 11). At minimum load of 10 N, sliding velocity

of 2 m/s, maximum distance of 1500 m and reinforce-

ment composition of 0.5%TiB2 + 2.5%ZrO2 the outputs

produced were 0.002675 mm3/m WR, 0.021 COF. WR

value is reduced considerably by 45% due to the

addition of 2.5%ZrO2 with A356 alloy [37]. COF value

slightly increased from 0.0132 to 0.021. It can be

observed from the results that the addition of 0.5%TiB2

+ 2.5%ZrO2 has a significant influence on increasing

wear resistance rate and reducing COF. GRG value is

found to have improved from earlier test results, hence

optimal wear parameters for multiple responses could

be achieved by this method. From the Fig. 13, it is

obvious that nanoparticles play a major role in deter-

mining the size of wear debris. This is owing to the

enhancement in the wear resistance of the composites

with addition of ZrO2. EDS examination showed Al,

Si, Oxygen and traces of iron, which confirms the

presence of oxide materials. The existence of oxidized

materials enables the formation of oxide tribolayers

[38-39]. In the case of nano composites too, friction

can produce substances like oxides, but it would be at

molecular level [40]. When friction occurs at nano-

scale, some of the particles get involved in friction in

the interface areas whereas other particles may slide on

the surface without friction (frictionless state) leading

to friction duality [41].

Conclusions

The present study includes fabrication of A356

hybrid composites with the incorporation of TiB2 &

ZrO2 particles in different proportions and also con-

ducting wear tests to optimize the parameters via Taguchi-

GRA approach.

According to GRA, 10N load, 2m/s Sliding velocity,

1500 m distance and reinforcement of 0.5%TiB2 +

1

( )
n

predicted m j m

i

   



  

 

Fig. 13. EDS graph of worn surface at optimal conditions.

Table 10. Analysis of Variance -GRG

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

A 2 0.231186 0.115593 190.81 0.000 82.22

B 2 0.005789 0.002894 4.78 0.022 2.06

C 2 0.000484 0.000242 0.40 0.677 0.17

D 2 0.032817 0.016409 27.09 0.000 11.67

Error 18 0.010904 0.000606 3.88

Total 26 0.281180 100.00

Table 11. Validation examination

Responses
Initial 

parameters

Optimal Parameters

Prediction Experiment

Setting level A1B1C1D1 A1B1C3D1 A1B1C3D1

WR ((mm3/m) 0.004929 -- 0.002675

COF 0.0132 -- 0.021

GRG 0.785 0.776 0.880

Improvement in GRG = 0.095
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2.5%ZrO2 nano particles are the optimal conditions

to acquire minimum WR and COF.

WR of 0.002675 mm3/m and COF of 0.021 are

obtained at optimal conditions and verified via

validation test.

Among the four wear parameters, load has shown

highest impact (61.54%) on WR followed by

reinforcement of TiB2 + ZrO2 particles on the basis

of ANOVA results and found that the addition of

TiB2 imparts significant improvement in wear

resistance rate. 

From ANOVA results, it is learnt that incorporation

of nano particles has the most dominant effect

(65.48%) on COF and also the COF get greatly

reduced when the addition of wt% of ZrO2 increased

further.

It is evident from the microscopic images that TiB2

& ZrO2 particles are evenly dispersed in the matrix

and these hard particles lend increased resistance to

wear.
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