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Abstract: High performance lightweight structures made of metal matrix composites (MMCs) are
in demand for application in variety of industries such as aircraft, spacecraft, automobile, marine,
sports equipment, etc. However, uniform distribution of the reinforcement phase to improve the
mechanical properties and quality of MMCs has been the challenge for the manufacturing industries.
Hence, researchers are focusing on the development of traditional low-cost method of producing
metal matrix composites. In the view of above facts, an attempt is made to study the processing and
characterization of Si-Al alloy reinforced with zirconium dioxide particulate composites in this paper.
Hence, this paper concentrates on experimentally identifying the effect of stir cast and spray forming
processing techniques followed by hot pressing on micro hardness, compressive strength, and tensile
strength using Taguchi’s design of experiments for aluminum silicon matrix alloy reinforced with
zirconium dioxide particulates. From the extensive experimentation on aluminum and silicon rein-
forced with the ZrO2 powder particulates, it was observed that there was an improvement in selected
mechanical properties as the percentage of ZrO2 increased with 13 wt.% of silicon under spray form-
ing processing technique compared to stir cast composites. This may be due to uniform distribution
homogenous dispersion, larger work hardening rate, and structure of dislocation tangles around the
ZrO2 particulates that occurred during spray forming processing technique. Further, results obtained
from the interaction plot, contour plot, main effects plot, and analysis of variance (ANOVA) proved
to be successful for identifying the optimum processing parameters for Si-Al alloy reinforced with
zirconium dioxide particulate composites. Further, this paper also discusses wear study using pin
on disc wear testing apparatus on spray forming processed aluminum and silicon (13.0 wt.%) alloy
reinforced with the ZrO2 powder particulates based on Taguchi’s design of experiments followed
by second order model generation for wear using response surface methodology. Finally, electrode
wear study of spray forming processed aluminum and silicon alloy reinforced with the ZrO2 powder
particulates using electric discharge machining by varying peak current (A), pulse on time (µs), and
pulse off time (µs) using brass, copper, and graphite as electrode material based on L27orthogonal
array. The understanding gained from the design of experiments in this paper can be used to develop
future guidelines for processing and characterization of Si-Al alloy reinforced with zirconium dioxide
particulate composites.

Keywords: Si-Al alloy reinforced with zirconium dioxide particulate composites; characterization;
design of experiments; orthogonal array; wear
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1. Introduction

Modern composite materials have evolved due to the persistent demands of mod-
ern technology for high performance materials working under adverse conditions. The
processing of composite materials began in the early 1980s, with the development of fiber
reinforced plastics (FRP), and advanced into more challenging field of materials such as
metallic matrix composites (MMCs) and ceramic matrix composites (CMCs) about three
decades ago. Researchers have fabricated aluminum metal matrix composites reinforced
with zirconium dioxide and graphite using the stir casting technique. They concluded
that zirconium dioxide weight percentage, micro hardness, and compressive strength in-
creased [1]. Aluminum nanocomposites reinforced with zirconium dioxide particulates
were fabricated using solution combustion technique. It was concluded that increase in
ZrO2 wt.% caused an increase in hardness of the composite. Further, oxidation, micro
cutting, and thermal softening were found to be predominant wear mechanisms during
sliding wear conditions [2]. Alumina metal matrix composite with 5, 10, 15 wt.% of zirconia
as a reinforced material was manufactured using powder metallurgy technique. They con-
cluded that incorporation of ultra-nano zirconia particulates into aluminum matrix leads to
increase in mechanical and electrical properties of aluminum metal matrix composite [3].
Studies have concentrated on physical, mechanical, and tribological characterization of
Al6061 alloy reinforced with nano-sized zirconium dioxide particulates fabricated using
liquid metallurgy technique. They concluded that in all MMCs, the wear rate increased as
the sliding distance and applied stress increased [4]. Ti-ZrO2 nanocomposites were pro-
duced through the powder metallurgical route. It was observed that the “relative density
increased with increase in weight fraction of ZrO2 particulates”. Further, they concluded
that “increasing amount of ZrO2 promoted high hardness in the composite” [5]. Ref. [6] in
their research work fabricated Al6061/ZrO2 composites using the stir casting technique.
They found continuous passive layer deposition on the surface of 3 wt.% ZrO2 during
“immersion in NaCl and the insulated nature of ZrO2 ceramic particulates” resulted in
“high corrosion resistance for prolonged immersion time”. Ref. [7], in their experiment,
fabricated aluminum-based metal matrix composite using the stir casting process. They also
studied about tribological behavior of the MMCs and performed dry sliding wear test using
pin-on-disc method. They suggested that addition of ZrO2 improves the characteristics of
MMC, and the weight percentage can be optimized to improve the behavior of the material
for specific applications requiring high strength and wear behavior. Ref. [8] fabricated
MMCs with zircon reinforcement using stir casting and squeeze casting. They observed
that “abrasive wear resistance of the composite was found to improve significantly with
increase in amount of zircon as well as a decrease in the size of zircon particle”. In this
experiment, fabrication of zirconia-dispersed aluminum alloy metal matrix composites
was produced by stir casting with Aluminum-based composites with varying amounts
of 0, 3, 6, 9, and 12 wt.% of zirconia particulates. They observed that the fabricated alu-
minum LM6 with 12 wt.% of ZrO2 composite showed a better wear rate and efficiency
in performance [9]. Ref. [10] conducted their research on Al6061-zirconium dioxide par-
ticulate composites, produced by liquid metallurgy technique with different (2, 4, 6, 8,
10) wt.% of reinforcements. They observed that 2 wt.% of ZrO2 showed reasonably high
strength and hardness when compared to matrix alloy. Al6061-ZrO2 wt.% composites
were manufactured through stir casting technique for 0, 3, 6, 9, and 12 wt.% of zirconium
dioxide. They observed that the hardness increased with addition of ZrO2 up to 9% wt.%
and decreased with addition of 12 wt.% of ZrO2 as reinforcements. Further the optimum
value of BHN was obtained at 9 wt.% of zirconia [11]. In an experiment, fabrication of
aluminum reinforced by aluminum nitride, silicon nitride, and zirconium dioxide boride
particulates was conducted varying wt.% using the stir casting method. They observed an
increase in strength and hardness of the composite [12]. The purpose of this research was
to determine the wear behavior of aluminum hybrid metal matrix composites fabricated
using the squeeze casting technique. During processing, zirconium dioxide (6 wt.%) and
graphite (3 wt.%), respectively, were added as reinforcements. They suggested that squeeze
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casting process input parameters such as squeeze pressure, molten metal temperature, and
die temperature had a major effect on wear behavior of composites followed by weight per-
centage [13]. Ref. [14] used RSM for Al7075 reinforced with 3 wt.%, 6 wt.%, 9 wt.% silicon
carbide particulates, and 1 wt.% of molybdenum disulfide. Through RSM, it was found
that Al7075 + 9% SiC + 1% MoS2 gave the optimum tensile strength and hardness values.
In an experiment, Al-Al2O3 MMCs were machined using EDM using L9 orthogonal array.
It was observed that MRR decreases with increase in volume fraction of reinforcements
due to decrease in electrical conductivity [15]. In a study, electrode wear model of electric
discharge drilling was developed. From the model generated, the electrode wear can be
effectively used as wear estimation models during experimentation [16]. Anotherstudy
focused on wear study of tungsten electrodes during electro discharge drilling of stainless
steel by varying process input parameters. They concluded that electrode wear increases as
the current limiting resistance decreases [17]. In their research, they observed that material
deposit at the edges of electrode resulted in increase of electrode mass. “The volume
and number of applications of composite materials have grown steadily, penetrating and
conquering new markets relentlessly”. Currently, material scientists around the world are
engaged in the synthesis of new class of composite materials and processes that improve
the mechanical properties and quality of products. Therefore, the influence of weight
percentage of zirconium dioxide particulate and different process parameters during spray
forming on the microstructure and mechanical property of Si-Al alloy reinforced with zir-
conium dioxide particulate composites has been investigated in the present paper. Finally,
electrode wear analysis during EDM of Si-Al (13 wt.% Si) alloy reinforced with zirconium
dioxide particulate composites will be investigated.

2. Experimental

Si-Al alloy matrix with 10 wt.%, 11 wt.%, 12 wt.%, and 13 wt.% silicon reinforced with
0 wt.%, 5 wt.%, 10 wt.%, and 15 wt.% of ZrO2 particulates of mean diameter 25 µm (Table 1)
were processed through spray forming techniques and stir casting. Figure 1 shows the SEM
image of Si-Al alloy matrix reinforced with ZrO2 particulates.

In stir casting, the pouring temperature is kept at 700–710 ◦C, stirring rate is 200 rpm
to produce 50 mm diameter cylindrical bars. Figure 2 shows the stir casting set up. In the
spray forming technique, Si-Al alloy matrix with 10 wt. %, 11 wt.%, 12 wt.%, and 13 wt.%
silicon is heated in an induction furnace for 850 ◦C where nitrogen is used as inert gas.
The ZrO2 particulates then enter through atomization chamber at a pressure of 4.5 MPa,
holding time of 30 min, and flight distance of 400 mm in the form of droplets and get
sprayed to molten form of Si-Al alloy matrix and becomesolidified. Figure 3 shows the
spray forming set up.

Then, the specimens were hot pressed for eight hours temperature of 480 ◦C and a
pressure of 55 Mpa using a hydraulic hot press machine. Figure 3 illustrates the hydraulic
hot press machine.

Table 1. Chemical composition of zirconium dioxide reinforced with aluminum silicon alloy.

Elements Wt.%

Si 10.0 to 13.0

Fe 0.18

Mn 0.005

Mg 0.006

Zn 0.017

Pb 0.004

ZrO2 0 to 15.0

Al Balance
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Figure 3. Hydraulic hot press machine.

The Matsuzawa micro-hardness testing machine is used for measuring Vickers hard-
ness of the Si-Al-ZrO2 composite specimens where average micro hardness of the five
readings of the composite specimen wastaken. The compressive strength (MPa) along
with tensile strength (MPa) of the specimen were measured as per ASTM E8, employing
Universal Testing Machine (Instron 3366) where average tensile and compressive strength
of the three readings were taken. Figures 4 and 5 illustrate the specimens used for research
as per ASTM standards.



J. Compos. Sci. 2022, 6, 323 5 of 21

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 5 of 22 
 

 

 

Figure 3. Hydraulic hot press machine. 

 

Figure 4. Compression test sample. 

 

Figure 5. Tensile test samples. 

The Taguchi’s design of experiments method is the statistical tool used to optimize 

the processing conditions by formulating the experimental layout by using the software 

known as MINITAB 15 [18–23].The S/N ratio characteristic (the larger the better) is given 

in Equation (1).  

2

1 1
log

S

N n y

 
   

 
  (1) 

where n is the number of observations and y is the observed data. In the present work, 

Taguchi L32orthogonal array is employed to identify the optimal processing conditions. 

The factors and levels chosen for the experiments are summarized in Table 2. 

  

Figure 4. Compression test sample.

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 5 of 22 
 

 

 

Figure 3. Hydraulic hot press machine. 

 

Figure 4. Compression test sample. 

 

Figure 5. Tensile test samples. 

The Taguchi’s design of experiments method is the statistical tool used to optimize 

the processing conditions by formulating the experimental layout by using the software 

known as MINITAB 15 [18–23].The S/N ratio characteristic (the larger the better) is given 

in Equation (1).  

2

1 1
log

S

N n y

 
   

 
  (1) 

where n is the number of observations and y is the observed data. In the present work, 

Taguchi L32orthogonal array is employed to identify the optimal processing conditions. 

The factors and levels chosen for the experiments are summarized in Table 2. 

  

Figure 5. Tensile test samples.

The Taguchi’s design of experiments method is the statistical tool used to optimize
the processing conditions by formulating the experimental layout by using the software
known as MINITAB 15 [18–23]. The S/N ratio characteristic (the larger the better) is given
in Equation (1).

S
N

= − log
1
n

(
∑

1
y2

)
(1)

where n is the number of observations and y is the observed data. In the present work,
Taguchi L32orthogonal array is employed to identify the optimal processing conditions.
The factors and levels chosen for the experiments are summarized in Table 2.

Table 2. Selected levels and factors.

Levels (A)
Processing Technique

(B)
Silicon (wt.%)

(C)
Zirconium Dioxide (wt.%)

1 Stir cast 10 0

2 Spray forming 11 5

3 Stir cast 12 10

4 Spray forming 13 15

Two body wear tests were carried out using a pin-on-disc wear testing machine as
shown in Figure 6. The pin material was Si-Al (13 wt.%) alloy reinforced with zirconium
dioxide particulate composites. Wear rate was characterized as the ratio of loss of mass of
workpiece specimen. Aluminum silicon (13 wt.% Si) alloy reinforced with 5, 10, and 15 wt.%
ZrO2 particulate under various parameters such as load (N) andsliding speed (m/s) based
on Taguchi’s design of experiments are illustrated in Table 3, followed by mathematical
model using response surface methodology (Table 4). Microstructural analysis on worn
specimens was conducted using atrinocular inverted metallurgical microscope.

The electric discharge machining experiments on Si-Al (13 wt.%) alloy reinforced with
zirconium dioxide particulate composites (cylindrical specimen size of 20 mm thickness,
20 mm dia) with 5 mm dia copper, brass, and graphite electrodes (Figure 7) were carried
out using V3525, VM Engineers electric discharge machine as shown in Figure 8.

In the present study of electric discharge machining operation, five parameters, elec-
trode material, peak current (A), pulse on time (µs), pulse off time (µs), and ZrO2 (wt.%)
were identified for machining a 5 mm depth hole. Each parameter was investigated at three
levels to study the non-linearity effect of the process parameters. The identified control
factors and their levels for TDOE are given in Table 5.
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Figure 6. Experimental setup of pin-on-disc wear tester.

Table 3. Selected levels and factors (TDOE).

Levels
(A)

Zirconium Dioxide
(wt.%)

(B)
Load
(N)

(C)
Sliding Speed

(m/s)

1 5 19.62 1.67

2 10 39.24 2.51

3 15 58.86 3.35

Table 4. Selected levels and factors (RSM).

Levels
(A)

Zirconium Dioxide
(wt.%)

(B)
Load
(N)

(C)
Sliding Speed

(m/s)

1 5 19.62 1.67

2 15 58.86 3.35
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Table 5. Selected levels and factors (TDOE).

Levels
(A)

Electrode
Material

(B)
Peak Current

(A)

(C)
Pulse on Time

(µs)

(D)
Pulse off Time

(µs)

(E)
SiC

(wt.%)

1 Brass 8 100 50 5

2 Copper 10 200 100 10

3 Graphite 12 300 150 15

3. Results and Discussions

Aluminum-silicon matrix alloy reinforced with zirconium dioxide particulates was-
manufactured using stir casting and spray forming processing techniques followed by hot
press to improve its micro hardness, compressive strength and tensile strength, wear, and
machinability, based on Taguchi’s design of experiments followed by response surface
methodology. Results of the experimentation are discussed in the following subsections.

3.1. Micro Hardness

Figure 9 illustrates the experimentally determined micro hardness values for stir
casted and spray formed composites with increasing weight percentages of silicon and
ZrO2 particulates. From the graph, it can be seen that for stir casted and spray formed
composites, the micro hardness value increased linearly up to 10 wt.% of ZrO2 particulates
before starting to decrease. This tendency was consistently seen as the weight percentages
of silicon and ZrO2 increased. As a result of ZrO2 particulates acting as a barrier to dis-
location movement in aluminum matrix, it is apparent that, as the number of hard ZrO2
particulates increases, the hardness of the Al matrix increases. Therefore, the density of dis-
locations and barriers will increase as ZrO2 particle numbers increase. Furthermore, when
compared to stir casting processes, in the spray forming technique, consistent distribution
and homogenous dispersion of ZrO2 articles leads in an increase in micro hardness values.
Thus, we conclude that Al alloy matrix, (13 wt.% Si) reinforced with 10 wt.% of ZrO2
particulates using the spray forming technique is the optimum parameter for obtaining
larger micro hardness value in the composite.
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Figure 10 illustrates the micro hardness interaction plot obtained from Taguchi’s
design of experiments for stir cast and spray formed Si-Al alloy matrix reinforced with
ZrO2 particulates for 13 wt.% Si. From the interaction plot, similar observations are obtained
for stir cast and spray formed composites.
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Figure 10. Micro hardness interaction plot at different processing techniques of Si-Al alloy matrix
reinforced with ZrO2 particulates for 13 wt.% Si.

Figure 11 clearly shows that wt.% of ZrO2 particulates increase from 10 wt.% to 15 wt.%
and silicon from 12 wt.% to 13 wt.% resulted in the highest value of micro hardness.

From the main effects graphs (Figure 12) for micro hardness, the optimum processing
conditions for obtaining maximum micro hardness can be established at: processing technique
(A): spray forming, silicon wt.% (B): 13 wt.%, zirconium dioxide wt.% (C): 10 wt.%.

From analysis of variance (ANOVA), we obtained through Taguchi DOE the percentage
contribution (P%) of various selected parameters (Table 6) for micro hardness. Hence,
for zirconium dioxide (P% = 62.82%), silicon (P% = 22.06%), and processing technique
(P% = 14.18%). Hence, from ANOVA, it can be concluded that zirconium dioxide had
the highest contribution towards micro hardness. Figure 13 shows the images of micro
hardness test specimens.
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Figure 12. Main effects plot for micro hardness.

Table 6. ANOVA for SN ratios.

Source DF Seq SS Adj SS Adj MS F P P (%)

(A) Processing technique 1 23.39 23.39 23.39 174.9 0.00 14.18

(B) Silicon (wt.%) 3 109.1 109.1 36.38 272.0 0.00 22.06

(C) Zirconium dioxide (wt.%) 3 310.8 310.8 103.61 774.7 0.00 62.82

AXB 3 0.754 0.754 0.251 1.88 0.20 0.16

AXC 3 1.704 1.704 0.568 4.25 0.04 0.35

BXC 9 6.368 6.368 0.708 5.29 0.01 0.43

Residual error 9 1.204 1.204 0.134

Total 31 453.4

3.2. Compressive Strength

Figure 14 illustrates the effect of ZrO2 wt.% and silicon wt.% on the compressive strength
during spray forming and stir casting. From the figure, it was observed that addition of up to
5 wt.% ZrO2 to aluminum-silicon alloy increases the compressive strength of the composite
due to dispersive strengthening mechanism which prevents dislocation movement.
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Figure 14. Compressivestrength (0.05% error) experimental plot at different processing techniques of
Si-Al alloy matrix reinforced with ZrO2 particulates for (a) 10% (b) 11% (c) 12% (d) 13 wt.% Si.

From Figure 15 (compressive strength interaction plot), it can be observed that 5 wt.%
of ZrO2 particulates resulted in maximum compression strength value while processing
under spray forming technique.

Figure 16 shows the contour plot of compressive strength at zirconium dioxide–silicon
planes of Si-Al alloy matrix reinforced with ZrO2 particulates manufactured under spray
forming processing techniques. From the contour plot, maximum compressive strength
value results from increase of ZrO2 particulates from 1.75 wt.% to 6 wt.% and silicon from
11.5 wt.% to 13 wt.%.

From the main effects plot in Figure 17 for compressive strength, the optimum pro-
cessing conditions for the compressive strength can be established at: processing technique
(A): spray forming, silicon wt.% (B): 13 wt.%, zirconium dioxide wt.% (C): 5 wt.%.
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Figure 17. Main effects plot for (a) means and (b) SN ratio for compressive strength.

Table 7 shows the ANOVA results for compressive strength. Hence, from ANOVA for
percentage of contribution (P%), it can be seen that zirconium dioxide 50.0%, silicon 9.9%,
and processing technique 39.3%. Figure 18 illustrates the images of compressive strength
test specimens.
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Table 7. ANOVA for SN ratios.

Source DF Seq
SS

Adj
SS

Adj
MS F P P (%)

(A) Processing technique 1 3.726 3.726 3.726 410.7 0.00 39.3

(B) Silicon (wt.%) 3 2.827 2.827 0.9425 103.8 0.00 9.9

(C) Zirconium dioxide (wt.%) 3 16.01 16.01 5.3395 588.5 0.00 50.0

AXB 3 0.005 0.005 0.0017 0.20 0.89 0.02

AXC 3 0.017 0.017 0.0058 0.64 0.60 0.05

BXC 9 0.570 0.570 0.0633 6.98 0.00 0.61

Residual error 9 0.081 0.081 0.0090

Total 31 23.24
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particulates for 13 wt.% Si.

3.3. Tensile Strength

Figure 19 shows the tensile test results of Si-Al alloys reinforced with ZrO2 powder
particulates (0 wt.%, 5.0 wt.%, 10.0 wt.%, 15.0 wt.%). The result reveals that the tensile strength
of the composite increases with increase in the ZrO2 particle wt.%. However, for spray forming
processed composites, 15 wt.% of ZrO2 particulates and 13 wt.% silicon the tensile strength
value increased to 139.87 MPa. This may be due to larger strain hardening, dislocation tangles,
homogenous distribution of particulates, grain refinement, and plastic incongruity.
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From Figure 20, it was observed that 15 wt.% of ZrO2 gave the maximum tensile
strength value under the spray forming processing technique and silicon (13 wt.%) resulted
in maximum tensile strength value under the spray forming technique. Figure 21 illustrates
Tensile strength contour plot at zirconium dioxide–silicon planes.
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From the main effects plot Figure 22 for tensile strength, the optimum processing
conditions for the tensile strength can be established at processing technique (A): spray
forming, silicon wt.% (B): 13 wt.%, zirconium dioxide wt.% (C): 15 wt.%.
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Table 8 shows the P% for tensile strength. Hence, P% for tensile strength was zir-
conium dioxide 23.74%, silicon 17.07%, and processing technique 57.33%. Hence, from
the ANOVA results we can conclude that the processing technique gave the maximum
contribution towards compressive strength. Figure 23 shows the images of tensile strength
test specimens.

Table 8. ANOVA for SN ratios.

Source DF Seq
SS

Adj
SS

Adj
MS F P P (%)

(A) Processing technique 1 30.52 30.52 30.52 296.1 0.000 57.33

(B) Silicon (wt.%) 3 27.26 27.26 9.088 88.1 0.000 17.07

(C) Zirconium dioxide (wt.%) 3 37.86 37.85 12.61 122.4 0.000 23.74

AXB 3 0.126 0.126 0.042 0.41 0.750 0.08

AXC 3 0.367 0.366 0.122 1.19 0.369 0.29

BXC 9 7.178 7.177 0.797 7.74 0.003 1.49

Residual error 9 0.928 0.927 0.103

Total 31 104.25
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Figure 23. Tensilestrength test specimens of spray forming processing techniques of Si-Al alloy matrix
reinforced with (a) 0% (b) 5% (c) 10% (d) 15% ZrO2 particulates for 13 wt.% Si.

Figure 24a–c shows the SEM images of the fracture surface of Si-Al-ZrO2 (5, 10,
15 wt.%) composites. From Figure 25a for Si-Al-ZrO2 (5 wt.%) composite, it is observed that
ZrO2 particulates resulted in multiple crack propagation, whereas in the case of Si-Al-ZrO2
(10, 15 wt.%) composite, shown in Figure 25b,c, ZrO2 particle distribution is greater which
results in reduction in crack and void formation.
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Figure 25. Microstructural changes of Si-Al (13 wt.% Si) (a) ZrO2 (5 wt.%), load (19.62 N), and sliding
speed (1.67 m/s); (b) ZrO2 (10 wt.%), load (19.62 N), and sliding speed (1.67 m/s); (c) ZrO2 (15 wt.%),
load (19.62 N), and sliding speed (1.67 m/s).
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3.4. Wear

Wear rate of the Si-Al alloy matrix reinforced with ZrO2 particulates composites
under different wear conditions, load (L/N), sliding speed (m/s), and ZrO2 wt.% using
L27orthogonal array to decrease wear was investigated. In the influence of sliding speed
on the wear rate of the 5 wt.%, 10 w.%, 15 wt.% Si-Al (13 wt.% Si) alloy matrix reinforced
with ZrO2 particulates composites, it was observed that wear rate increases with sliding
speed because at higher sliding speed, the temperature increases, which results in thermal
softening, particle pullout, and fracture. It wasalso observed that the abrasive wear rate
decreases with addition of ZrO2 wt.% with minimum particle pullout under all testing
condition. Thus, it can be concluded that addition of the ZrO2 wt.% in theSi-Al alloy matrix
improves its wear resistance. Finally, the influence of load, i.e., 19.62 N on the abrasive
wear rate of Si-Al alloy matrix reinforced with ZrO2 particulates composites resulted in
minimum wear. This may be due to optimum hardness values and particle debonding
in Si-Al alloy matrix reinforced with ZrO2 particulates composites. Figure 26 shows the
microstructural changes for different wt.% ZrO2 particulates under load (19.62 N) and
sliding speed (1.67 m/s). From the main effects plot for SN ratios and means (Figure 27) for
wear, the selection of load (19.62 N), sliding speed (1.67 m/s), and ZrO2 (wt.%) (15 wt.%)
isthe best combination to get lesser wear value for Si-Al alloy matrix reinforced with ZrO2
particulates composites.
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From Table 9 for percentage contribution (P%), it can be seen that ZrO2 (wt.%) and
load (N) had the maximum contribution of about 66.9% and 32.7%. Thus, load (L/N) and
ZrO2 (wt.%) are prominent parameters.

Table 9. Analysis of variance for S/N ratio.

Source DF Seq SS Adj SS Adj MS F P P%

ZrO2 (wt.%) 2 35.2493 35.2493 17.6247 391.29 0.003 66.9

Load (N) 2 17.2316 17.2316 8.6158 191.28 0.005 32.7

Sliding Speed (m/s) 2 0.1903 0.1903 0.0951 2.11 0.321 0.4

Residual Error 2 0.0901 0.091 0.0450

Total 8 52.7613

Further, a second-order model was established for wear using response surface
methodology.

Wear volume (mm3) = 68.1004 − 7.36646A + 0.197738B + 17.2887C + 0.350909A2

− 0.00188929B2 − 2.44795C2 + 0.00637105AB − 0.327381AC − 0.0227537BC + ε
(2)

From the contour plot (Figure 27), we can observe that 10 to 12.5 ZrO2 wt.% and
load of 19.62 N gave the minimum wear value for Si-Al alloy matrix reinforced with ZrO2
particulates composites.

3.5. Electrode Wear

The electrode wear rate (EWR) is the most significant factor in electric discharge ma-
chining of Si-Al alloy matrix reinforced with ZrO2 particulates composites and is considered
electrode material removed from the workpiece under the machining time. The present
study is based on ERW for Si-Al (13 wt.%) alloy matrix reinforced with ZrO2 particulates
composites by electric discharge machining under Taguchi’s L27orthogonal array. Since
the tool and workpiece are regarded as a set of electrodes in EDM, the electrode wear
process is relatively similar to the material removal mechanism. Four different forms of
EDM electrode wear may be distinguished: (a) volumetric, (b) corner, (c) end, and (d) side.
Corner wear has a direct impact on cavity geometry. Maximum wear can be seen. The
corners of the electrodes experienced maximum wear. One of the primary goals in the
electrode design process has always been the reduction of electrode wear. For addressing
electrode wear in EDM, researchers have proposed a number of solutions. The most typical
machining technique suggested by researchers to compensate for tool wear is orbiting
of the electrode with respect to the workpiece. It includes moving the electrode tool in
a planetary motion that produces a powerful flushing action, increasing the precision of
the component and the process efficiency [21–23]. From the experimental investigation
using main effects plot for electrode wear under electric discharge machining of Si-Al
(13 wt.%) alloy matrix reinforced with ZrO2 particulates composites, it was observed that at
maximum peak current of 12 Amps, pulse on time of 300 µs, pulse off time 150 µs, 15 wt.%
ZrO2 particulates using graphite electrode, the electrode wear was affected by the carbon
precipitation from dielectric fluid on the electrode surface. Further, rapid wear on the
electrode edge due to the failure of carbon to precipitate was also observed.

Further, with copper as an electrode, ZrO2 10 wt.%, and minimum peak current(8A),
the wear of the electrode is reduced. Experiments based on Taguchi’s design of experiments,
i.e., L27orthogonal array is used for further analysis of EWR under different machining
conditions of Si-Al alloy matrix reinforced with ZrO2 particulates composites. Figure 28
shows the Variation of EWR (mm3/min) under different machining conditions. Figure 29
shows the interaction plot of EWR (mm3/min) under different machining conditions.
Figure 30a–c shows the microstructural changes of Si-Al alloy matrix reinforced with 5, 10
and 15 wt.% ZrO2 particulates composites respectively under different conditions. Further,
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Figure 31a–c shows the microstructural changes in Brass, Copper and Graphite electrode
materials respectively.
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Change in surface and subsurface properties of the electrode material is found during
machining of Si-Al (13 wt.% Si) alloy matrix reinforced with ZrO2 particulates composites
due to increase in temperature exceeding more than 10,000 ◦C and rapid quenching.

4. Conclusions

Based on processing, mechanical characterization, and machinability study on stir cast
and spray formed Si-Al alloy reinforced with zirconium dioxide particulate composites,
these conclusions can be reached:

• From the results, it was observed that the spray forming technique resulted inincreased
micro hardness due to increased barriers, dislocation density, and uniform dispersion
of ZrO2 particulates. Further increase in ZrO2 particles resulted in decrased compres-
sive strength. Finally, tensile strength of the composite increases with increase in the
ZrO2 particle wt.%. However, for 15 wt.% of ZrO2 particulates and 13 wt.% Si, it can
be seen that tensile strength value increases to 139.87 MPa. This may be due to larger
strain hardening, dislocation tangles, homogenous distribution of particulates, grain
refinement, and plastic incongruity.

• From the results obtained for wear on 5 wt.%, 10 wt.%, 15 wt.% Si-Al alloy matrix
reinforced with ZrO2 particulates composites, it was observed that wear rate increases
with increasing sliding speed. This is because at higher sliding speed, the temperature
increases, resulting in thermal softening, particle pullout, and fracture. It was also
observed that under all test conditions, the wear rate decreased with addition of ZrO2
wt.% with minimum particle pullout. Thus, it can be concluded that addition of the
ZrO2 wt.% in Si-Al (13 wt.% Si) alloy matrix improves its wear resistance. Finally, the
influence of load, i.e., 19.62 N on the abrasive wear rate of Si-Al alloy matrix reinforced
with ZrO2 particulates composites resulted in minimum wear. This may be due to
optimum hardness values and particle debonding in Si-Al alloy matrix reinforced with
ZrO2 particulates composites.

• From the experimental investigation using main effects plot for electrode wear under
electric discharge machining of Si-Al (13 wt.% Si) alloy matrix reinforced with ZrO2
particulates composites, clearly indicates that at maximum peak current of 12 Amps,
pulse on time of 300 µs, pulse off time 150 µs, 15 wt.% ZrO2 particulates using graphite
electrode, the electrode wear gets affected by the carbon sedimentation from the
hydrocarbon rich dielectric fluid on the surface of electrode during sparking. However,
while copper is used as electrode material, electrode wear decreased.
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• Change in surface and subsurface properties of the electrode material is found during
machining of Si-Al (13 wt.% Si) alloy matrix reinforced with ZrO2 particulates composites
due to incraese in temperature exceeding more than 10,000 ◦C and rapid quenching.
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