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In this study, we optimize the wire electro-discharge machining (WEDM) parameters in zirconia (ZrO2Þ
ceramic particulates-¯lled Al7075 alloy composite by using the Taguchi-combined Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) method. The Al7075 alloy composite was syn-
thesized via the stir casting route by the addition of 10wt.% of ZrO2 particulates. Scanning electron
microscopy (SEM) was used to analyze the microstructure of fabricated composite. Experimental work
was executed as per the L9(3

3Þ orthogonal array design by considering three input machining para-
meters like pulse current (IpÞ, pulse on-time (TonÞ and pulse o®-time (ToffÞ, respectively. The material
removal rate (MRR) and surface roughness (SR) were chosen as the output responses for machining of
the developed composite. The signal-to-noise (S/N) ratio was employed to determine the optimum levels
of machining parameters for the output responses. Moreover, analysis of variance (ANOVA) was used to
¯nd the signi¯cant contribution of parameters. The main e®ect plot explored that Ip of 25 A, Ton of
115�s and Toff of 60�s were identi¯ed as the optimum levels of machining parameters which provide the
maximum MRR (0.36757 g/min) and minimum SR (3.826�m) for the proposed composite during the
WEDMprocess. ANOVA results revealed that Ip was the most dominant factor regardingMRR and SR
followed by Ton with contributions of 74.05% and 14.48%, respectively.
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1. Introduction

Nowadays, the scope for new materials in the current

innovative production industries has resulted in the

potential growth of novel materials that have unique

characteristics for practical use. The metal matrix

composites (MMCs) are gaining more signi¯cance

owing to their enhanced mechanical properties than

the unreinforced alloys for assorted speci¯c applica-

tions in aerospace, automotive and nuclear indus-

tries.1,2 Aluminum matrix composites (AMCs) are

most favorable due to their unique speci¯cations such

as high strength, good elastic modulus, high hardness

and better wear resistance.3 Generally, AMCs are

developed through various techniques like powder

metallurgy, stir casting, compo-casting, in¯ltration

and spray deposition method. Among them, stir

casting method is the most opted route for fabrication

of AMCs due to its bene¯ts like simplicity, cost ef-

fectiveness, mass production ability and achievement

of uniform particles distribution by stirring action.4

The inclusion of hard ceramic particles as the rein-

forcement made these composites di±cult to machine

using the conventional metal removing process. As a

result, those composites have limited applications like

in the small production of only speci¯c components.

Alternatively, the unconventional machining pro-

cesses have prolonged their signi¯cance for the ma-

chining of MMCs.5 However, the unconventional

machining processes involve more economic equip-

ment and intricate shapes to be machined in the

components with high tolerance and precision.6,7

Among the various unconventional machining pro-

cesses, wire electro-discharge machining (WEDM)

process has been a universally well-known e±cient

and economical method used to machine complicate

shapes in the materials.8,9 During the WEDM pro-

cess, the metal is eroded by producing a sequence of

electric sparks between the electrode and workpiece.10

Hence, the WEDM process is suitable for machining

of MMCs for developing complex geometries with a

better dimensional accuracy. Discharge current,

voltage, pulse duration, wire tension, wire speed

and dielectric °uid are the in°uencing variables in

the WEDM process, whereas the metal removal

rate (MRR), surface roughness (SR) and kerf width

(KÞ are selected as the output variables for mea-

suring the performance of machinability.11,12 To gain

the knowledge on machinability of MMCs, several

researchers investigated the e®ect of various input

parameters on the responses during the WEDM

process.13–21 Liu et al.13 described the WEDM of

Al2O3 particulates-reinforced AA6061 composites by

considering various input parameters, namely cur-

rent, pulse on-time (TonÞ and pulse o®-time (ToffÞ.
They reported that applied current was the predom-

inant factor for enhancing the MRR. Rao14 optimized

the WEDM process parameters based on multiple

quality characteristics for the machining of Al7075/

SiC MMCs. They revealed that particle size and pulse

on-time are the most impacting parameters, followed

by wire tension. Mahapatra and Patnaik15 attempted

to determine the optimum machining parameters,

viz. current, pulse duration, wire speed, wire tension

and dielectric °ow, for MRR and SR using the

Taguchi method. They concluded that higher MRR

and lower SR were achieved by moderate setting of

the current and duration of pulse. Bobbili et al.16

studied the WEDM process of AA7075 by using brass

electrode and found that the maximum current and

higher pulse on-time enhanced the craters on the

cutting surface, thus resulting in an increased SR.

Ramabalan et al.17 presented the e®ects of reinforce-

ment content on MRR during the WEDM process of

composites of AA7075 ¯lled with TiB2 particulates.

They concluded that the minimum MRR was

obtained by the TiB2-reinforced AA7075 composites

due to the addition of hard reinforcements that im-

proved the hardness. Udaya Prakash et al.18 studied

the WEDM parameters for the machining of hybrid

composite using Taguchi technique and reported that

the voltage is the most impacting factor for enhancing

the MRR. From the analysis of variance (ANOVA)

results, they found that gap voltage and pulse on-

time are the most impacting parameters on the

responses. Sreeraj et al.19 employed the WEDM pro-

cess for AA6351/rutile composite by considering the

e®ect of various parameters, namely, current, voltage

and wire speed, on SR and kerf width. They reported

that current was the signi¯cant factor concerning SR

followed by voltage and wire feed rate, respectively.

Lenin et al.20 studied the WEDM parameters of Al-

LM25/°y ash/B4C hybrid composites fabricated

through stir casting technique. They reported that

the gap voltage and pulse on-time were the most

decisive factors for SR and volume removal rate

(VRR). Kumar et al.21 investigated the WEDM be-

havior of hybrid Al6061 composites reinforced with
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silicon carbide, graphite and iron oxide, respectively.

They observed that an increase in pulse current and

pulse on-time increases the MRR due to rapid and re-

petitive spark developed during the machining process.

In this study, we describe the impact of WEDM

machining parameters viz. pulse current (IpÞ, Ton and

Toff on the MRR and SR during the machining of

10-wt.% zirconia (ZrO2Þ-reinforced Al7075 alloy

composite fabricated by the stir casting method.

Taguchi-combined Technique for Order Preference

by Similarity to Ideal Solution (TOPSIS) method was

applied to ¯nd out the optimal levels of machining

parameters for the multiple-objective responses.

At last, ANOVA was carried out to determine the

signi¯cance of parameters for the responses.

2. Experimental Details

2.1. Fabrication of composite

In this study, Al7075 alloy was considered as a matrix

element which was procured from the Coimbatore

metal mart and ZrO2 was selected as the reinforce-

ment elements which were purchased from Loba

Chemie, Mumbai. The elements composition (in wt.%)

of Al7075 alloy is as follows: Zn: 5.4, Mg: 2.42, Cu:

1.42, Fe: 0.42, Cr: 0.21, Si: 0.13, Mn: 0.12, Ti: 0.11

and Al: remaining. The reason for selecting Al7075

alloy is its uniqueness of properties like high strength-

to-weight ratio, better thermal properties and natural

aging characteristics which have more importance in

the aerospace and automotive industries. The basis

for choosing ZrO2 is that the particles acquired good

hardness as well as better corrosion and wear resis-

tance. The composite was produced through the stir

casting route. Initially, 0.9 kg of Al7075 alloy rod was

kept in a crucible made of graphite and it was melted

at 850�C using electrical furnace.22 To improve the

wettability, 0.1 kg (10wt.%) of ZrO2 particles were

preheated at a temperature of 200�C using mu®le

furnace. The preheated ZrO2 (10wt.%) reinforcement

particles were introduced manually into the molten

metal of Al alloy. After that, the stirrer was used

to stir the composite slurry at 280 rpm for 10min.23

Finally, the composite mixture was transferred into a

metallic mold and solidi¯ed at room temperature.

The microstructure of the fabricated composite was

observed by scanning electron microscopy (SEM;

VEGA3 TESCAN, Czech Republic). Figure 1 dis-

plays the SEM image of the developed composite and

the presence of ZrO2 particulates over the matrix

alloy is evident in the ¯gure.

2.2. Design of experiments

From the earlier researches, it was found that a set of

process parameters strongly in°uenced the WEDM

performance including MRR and SR. Therefore, three

process parameters, namely, Ip, Ton and Toff , were

suggested as the input machining parameters. The

preferred machining factors with their levels are

presented in Table 1. As per the selection of the

parameters and their levels, L9 (3
3Þ orthogonal array

was formulated for the experimental trials.

2.3. WEDM process of composite

The experimental work was carried out on an ECO-

CUT CNC WEDM machine displayed in Fig. 2.

A brass wire of 0.25-mm diameter was used as an

Fig. 1. SEM image of 10-wt.% ZrO2–Al7075 alloy composite.

Table 1. Machining parameters and their levels.

Levels

Notation Machining parameter Unit 1 2 3

Ip Pulse current A 25 50 75

Ton Pulse on-time �s 115 130 145
Toff Pulse o®-time �s 20 40 60
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electrode and deionized water was used as a dielectric

°uid. The brass wire was typically alloyed with cop-

per (63–65%) and zinc (35–37%). Earlier studies

stated that the addition of zinc enhances the cutting

performance and speed compared to copper wire.24

During experimental trials, square specimens of

dimensions 10mm� 10mm were machined with a

length of 30mm. Figure 3 illustrates the photographic

view of machined composite specimens. An L9 (33Þ
array was formulated as a work plan layout of the

WEDM process.

During the research, the performance of WEDM is

evaluated by two important responses, i.e. MRR and

SR. A total number of nine trials were performed

according to the formulated work layout of Table 2.

MRR was estimated by the ratio of weights before

and after machining under an elapsed time. The fol-

lowing equation was applied to calculate the MRR25:

MRR ¼ Wi �Wf

Tm

g=min; ð1Þ

whereWi andWf are the initial and ¯nal weights of the

workpiece (g), and Tm is the machining time (min).

The SR value was estimated on each machined

surface of the composite at di®erent places by using

Mitutoyo Talysurf SJ-210 surface roughness tester.

The average SR value was used to perform the sta-

tistical analysis. The experimental parameters and

their corresponding output responses are provided in

Table 2.

3. Methodologies and Implementations

3.1. Taguchi method

Signal-to-noise (S/N) ratio was used to obtain the

optimum levels of machining parameters for the de-

sired output results in Taguchi analysis. Typically,

three types of responses have been feasible to evaluate

the S/N ratio such as larger-the-better, nominal-the-

better and smaller-the-better.26 In this research, we

are in need of higher MRR with lower SR. Therefore,

larger-the-better was preferred for MRR and smaller-

the-better was selected for SR. The following equa-

tions are used to compute the S/N ratios of output

responses:

S=N ratio ¼ �10log10ð1=nÞ
Xn
k¼1

1

Y 2
ij

; ð2Þ

S=N ratio ¼ �10log10ð1=nÞ
Xn
k¼1

Y 2
ij; ð3Þ

where n is the number of factors, Yij denotes the re-

sponse, where i ¼ 1; 2; 3; . . . ;n and j ¼ 1; 2; 3; . . . ; k.

The estimated responses and their calculated S/N

ratios are given in Table 3. ANOVA technique is

employed to observe the e®ects of factors on the

responses under investigation.27 Here, ANOVA was

Fig. 2. ECOCUT CNC WEDM machine.

Fig. 3. Machined Al7075 alloy–10-wt.% ZrO2 composite.

Table 2. L9 orthogonal array of input parameters and
output responses.

Exp.
no.

Pulse
current,
Ip (A)

Pulse
on-time,
Ton (�s)

Pulse
o®-time,
Toff (�s)

MRR
(g/min)

SR
(�m)

1 25 115 20 0.28460 2.853
2 25 130 40 0.32542 3.641
3 25 145 60 0.36757 3.826
4 50 115 40 0.26420 3.582
5 50 130 60 0.31286 4.358
6 50 145 20 0.34262 4.657
7 75 115 60 0.24139 3.157
8 75 130 20 0.30453 5.214
9 75 145 40 0.32780 5.014
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applied to determine the importance of parameters such

as Ip, Ton and Toff for MRR and SR and also to estimate

the percentage contributions of those parameters.

3.2. TOPSIS method

TOPSIS approach was introduced by Hwang and

Yoon in 1995, which is extensively employed to ¯nd

out the optimum parameters for multiple response

characteristics.28 The main objective of this approach

is that it is applied to determine the best alternative

from the ideal solution. The maximization of bene¯t

criterion and minimization of cost criterion are

obtained by positive ideal solution. The minimization

of bene¯t criterion and maximization of cost criterion

are obtained by negative ideal solution. The optimum

alternative is closer to the positive ideal solution and

farthest from the negative ideal solution. The following

steps are to be followed under the TOPSIS method:

Step 1. The ¯rst step is to determine the normalized

decision matrix. The normalized value rij is

evaluated by using

rij ¼ xij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm
i�1

x2
ij

s
;

i ¼ 1; 2; . . . ;m and j ¼ 1; 2; . . . ;n: ð4Þ
Step 2. Here, the weighted normalized decision

matrix is computed. It was obtained by using

vij ¼ rij � wj; i ¼ 1; 2; . . . ;m and

j ¼ 1; 2; . . . ;n; ð5Þ
where wj is the weight of the jth criterion andPn

j¼1 wj ¼ 0:5. Table 4 shows the calculated

normalized matrix and the weighted normal-

ized matrix.

Step 3. In this step, the positive (A�Þ and negative

(A�Þ ideal solutions are determined as follows:

A� ¼ fðmax
i

vijjj 2 CbÞ; ðmin
i
vijjj 2 CcÞg

¼ fv�
j jj ¼ 1; 2; . . . ;mg; ð6Þ

A� ¼ fðmin
i
vijjj 2 CbÞ; ðmax

i
vijjj 2 CcÞg

¼ fv�
j jj ¼ 1; 2; . . . ;mg; ð7Þ

where max vij denotes the maximum value of

normalized weight matrix and min vij is the

minimum value of normalized weight matrix.

Table 5 presents the obtained positive and

negative ideal solutions.

Step 4. To ¯nd the separation measures individu-

ally, alternative positive and negative ideal

solutions are computed by using the fol-

lowing equations:

S �
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm
j¼1

ðvij � v�
j Þ2; j ¼ 1; 2; . . . ;m

vuut ;

ð8Þ

Table 3. Output responses and their S/N ratios.

Output responses S/N ratios

Exp. no. MRR (g/min) SR (�m) MRR (dB) SR (dB)

1 0.28460 2.853 �10.9153 �9.10604
2 0.32542 3.641 �9.75110 �11.2244
3 0.36757 3.826 �8.69320 �11.6549
4 0.26420 3.582 �11.5613 �11.0825
5 0.31286 4.358 �10.0930 �12.7857
6 0.34262 4.657 �9.30370 �13.3621
7 0.24139 3.157 �12.3456 �9.98549
8 0.30453 5.214 �10.3274 �14.3434
9 0.32780 5.014 �9.68780 �14.0037

Table 4. Normalized matrix and weighted normalized
matrix.

Normalized
decision matrix

(rijÞ

Weighted normalized
decision matrix

(vijÞ

Exp. no. MRR SR MRR SR

1 0.30591 0.231518 0.152955 0.115759
2 0.349786 0.295464 0.174893 0.147732
3 0.395092 0.310476 0.197546 0.155238
4 0.283982 0.290676 0.141991 0.145338
5 0.336286 0.353648 0.168143 0.176824
6 0.368274 0.377911 0.184137 0.188956
7 0.259464 0.256188 0.129732 0.128094
8 0.327332 0.423111 0.163666 0.211556
9 0.352344 0.406881 0.176172 0.203441

Table 5. Positive and negative
ideal solutions.

Response MRR SR

A� 0.197546 0.115759
A� 0.129732 0.211556

WEDM Machining of 10-Wt.% ZrO2-reinforced Al Alloy Composite: MRR and SR Evaluation
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S�
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm
j¼1

ðvij � v�
j Þ2; j ¼ 1; 2; . . . ;m

vuut :

ð9Þ
Step 5. Finally, we need to estimate the relative

closeness (RC) value from the separation

measures of the ideal solutions. The relative

closeness is obtained from

RC �
i ¼

S�
i

S �
i þ S�

i

; i ¼ 1; 2; . . . ;m: ð10Þ

Table 6 shows the separation measures of the ideal

solutions and the relative closeness values with their

ranks.

Figure 4 displays the rank plot for relative

closeness value versus the experiment number.

According to Fig. 4, the order of relative closeness

values is 2–3–1–5–7–6–4–9–8. It was clearly found

that experiment number 3 has obtained the highest

relative closeness which recommends the combination

of machining parameters nearer to their optimum

levels.

4. Results and Discussion

4.1. Analysis of machining parameters
for MRR

Table 7 depicts the mean S/N ratio of MRR. In the

table, the e®ects of parameters on the response are

observed by the delta values. The largest delta value

is represented as rank 1. The mean value of the S/N

ratio for MRR is �10.2976 dB. From Table 7, it can

be noticed that pulse on-time was the most signi¯cant

factor for MRR, followed by pulse current. MRR

increases due to increase in current and pulse on-time.

The reason could be that an increase in Ip and Ton

creates longer spark duration which develops more

heat on the workpiece, thus improving the MRR.

Figure 5 displays the main e®ect plot for the

mean S/N ratio of MRR with respect to machining

parameters at each level. From Fig. 5, it can be

understood that the optimum levels of machining

Fig. 4. Rank plot for relative closeness.

Table 6. Separation measures and relative closeness
values with their ranks.

Separation measures Relative closeness

Exp. no. S �
i S�

i (RC�
i Þ Rank

1 0.044591 0.098571 0.688528 2
2 0.039184 0.078186 0.666147 3
3 0.039479 0.088150 0.690673 1
4 0.062939 0.067343 0.516904 5
5 0.067775 0.051785 0.433131 7
6 0.074415 0.058912 0.441864 6
7 0.068927 0.083462 0.547693 4
8 0.101611 0.033934 0.250352 9
9 0.090249 0.047144 0.343131 8

Table 7. Response table for the mean S/N ratio of MRR.

Levels

Parameter 1 2 3 Delta Rank

Ip �9:787 �10:319 �10:787 1 2

Ton �11:607 �10:057 �9:228 2.379 1
Toff �10:182 �10:333 �10:377 0.195 3

Mean S/N ratio of MRR ¼ �10:2976

Fig. 5. Main e®ect plot for the mean S/N ratio of MRR.
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parameters for obtaining the maximum MRR are: Ip
at level 1 (25 A), Ton at level 3 (145�s) and Toff at

level 1 (20�s), respectively.

ANOVA result for MRR is shown in Table 8. It can

be explored that the percentage of contribution of each

parameter is estimated by the ratio of sum of squares

(SS) to the total sum of squares (TSS). According to

the table, the F -ratios of Ton(F ¼ 85:66) and Ip
(F ¼ 14:85) were greater than that of Toff , which

ensures that those factors have a statistical in°uence

on MRR. It was also found that Ton and Ip are the

most dominant factors regarding MRR with con-

tributions of 84.13% and 14.58%, respectively. Toff was

a less signi¯cant factor with a contribution of 0.29%

only. Similar observations were reported by Alduroobi

et al.29 during the WEDM process of AISI 1045 steel.

The R2 and adj.-R2 values of 99.02% and 96.07% are

very close to each other, which indicated that the de-

sign was able to predict with high accuracy. Figure 6

shows the probability graph for MRR; it revealed that

the response values are placed on a straight line, which

means that the residuals are uniformly scattered for

the proposed model.

4.2. Analysis of machining parameters
for SR

Table 9 depicted the mean S/N ratio for SR. In the

table, a higher delta value is represented as rank 1,

which indicates the most signi¯cant factor. The mean

S/N ratio for SR is �11.9498 dB. From Table 9, it is

revealed that pulse on-time is the chief control factor

for SR, followed by pulse current. The SR value of

machined composite mainly depends on the applied

current and pulse on-time during machining. The

increase in Ip and pulse duration increases the SR due

to more spark energy producing larger craters over

the machined surface of the composite.19

Figure 7 illustrates the main e®ect plot for the

mean S/N ratio of SR with respect to WEDM ma-

chining parameters. From the ¯gure, it is observed

that the optimum levels of machining parameters

for minimum SR are as follows: Ip at level 1 (25 A),

Ton at level 1 (115 �s) and Toff at level 3 (60�s),

respectively.

ANOVA result for SR is presented in Table 10.

From the table, the F -ratios of pulse on-time

(F ¼ 13:46) and pulse current (F ¼ 7:20) were

Table 8. Analysis of variance for MRR.

Source DoFs Seq. SS Adj. SS Adj. MS F -ratio p (%)

Ip 2 0.0018061 0.0018061 0.0009030 14.85 14.58

Ton 2 0.0104174 0.0104174 0.0052087 85.66 84.13

Toff 2 0.0000359 0.0000359 0.0000180 0.30 0.29

—Error 2 0.0001216 0.0001216 0.0000608 — 0.98

Total 8 0.0123811 — — — —
S ¼ 0:00779768; R2 ¼ 99:02%; and adj.-R2 ¼ 96:07%.

Fig. 6. Probability plot for MRR.

Table 9. Response table for the mean S/N ratio of SR.

Levels

Parameter 1 2 3 Delta Rank

Ip �10:66 �12:41 �12:78 2.12 2

Ton �10:06 �12:78 �13:01 2.95 1
Toff �12:27 �12:10 �11:48 0.80 3

Mean S/N ratio of SR ¼ �11:9498

Fig. 7. Main e®ect plot for the mean S/N ratio of SR.

WEDM Machining of 10-Wt.% ZrO2-reinforced Al Alloy Composite: MRR and SR Evaluation
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greater than that of pulse o®-time, which ensures that

those factors are statistically signi¯cant for SR. It was

also revealed that Ton and Ip are the most impacting

parameters for SR with the contributions of 58.32%

and 31.20%, respectively. Similar results were repor-

ted by Rao and Krishna30 while machining the

Al7075/SiCp metal matrix composites. The pulse o®-

time was a less signi¯cant factor with a contribution

of 6.06% only. The R2 and adj.-R2 values of 95.66%

and 82.65% are very near to each other, which indi-

cates that the model was able to predict with high

accuracy. The probability plot for SR is displayed in

Fig. 8; it shows that the response values are located

on a straight line, which represents that the residuals

are evenly scattered for the planned model.

4.3. Analysis of machining parameters
for relative closeness

Table 11 represents the mean relative closeness at

individual level of the parameters and the average

relative closeness. From the table, the average value

of mean relative closeness is 0.508714. The maximum

delta value of pulse current indicates that it is the

most signi¯cant parameter for multiple responses,

followed by pulse on-time. The reason behind is that

an increase in current enhances the development of

heat generation which leads to an increase in MRR

and SR being achieved.

Figure 9 exhibits the main e®ect plot for the mean

value of relative closeness with respect to machining

parameters. From Fig. 9, it can be clearly explored

that the optimum combination of machining para-

meters for higher MRR with lower SR is attained as

follows: Ip at level 1 (25 A), Ton at level 1 (115�s) and

Toff at level 3 (60�s), respectively.

ANOVA results for relative closeness are depicted

in Table 12. From the table, the F -ratios of Ip
(F ¼ 17:29) and Ton (F ¼ 3:38) were larger than that

of Toff (F ¼ 1:68), which ensured that those factors

statistically in°uenced multiple responses. It has also

been con¯rmed that Ip was the strongest a®ecting

parameter with a contribution of 74.05%, followed by

Ton and Toff with the contributions of 14.48% and

7.18%, respectively. The error contribution was only

Table 10. Analysis of variance for SR.

Source DoFs Seq. SS Adj. SS Adj. MS F -ratio p (%)

Ip 2 1.6889 1.6889 0.8444 7.20 31.20

Ton 2 3.1601 3.1601 1.5801 13.46 58.32
Toff 2 0.3281 0.3281 0.1640 1.40 6.06
Error 2 0.2347 0.2347 0.1174 — 4.33
Total 8 5.4118 — — — —
S ¼ 0:342572; R2 ¼ 95:66%; and adj.-R2 ¼ 82:65%.

Fig. 8. Probability plot for SR.

Table 11. Response table for the mean relative closeness.

Levels

Parameter 1 2 3 Delta Rank

Ip 0.6818 0.4640 0.3804 0.3014 1

Ton 0.5844 0.4499 0.4919 0.1345 2
Toff 0.4602 0.5087 0.5572 0.0969 3

Mean relative closeness value ¼ 0:508714

Fig. 9. Main e®ect plot for the mean relative closeness.
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4.28%. The R2 and adj.-R2 values of 95.72% and

82.87% are very close to each other which shows

that the model has predicted with high accuracy.

Figure 10 depicts the probability plot for relative

closeness; it reveals that the responses are to be found

within a limit, which ensures that the data are regu-

larly disseminated for the created model.

4.4. Contour plot analysis

Figures 11(a)–11(c) display the contour graphs for

relative closeness for the WEDM process parameters.

In Fig. 11(a), the e®ect of Ip and Ton on relative

closeness is demonstrated. It was found that the rel-

ative closeness value regularly decreases with increase

in Ton at a low setting of Ip. However, the maximum

relative closeness value of 0.66 is obtained at the

initial current of 25 A and a pulse on-time of 145 �s.

When the pulse on-time started to increase, the

relative closeness improved gradually during ma-

chining. It was also understood that the minimum

relative closeness of 0.26 was attained at the middle

level of pulse on-time of 130�s and at higher level of

current of 75A.

Table 12. Analysis of variance for relative closeness.

Source DoFs Seq. SS Adj. SS Adj. MS F -ratio p (%)

Ip 2 0.145265 0.145265 0.072633 17.29 74.05

Ton 2 0.028409 0.028409 0.014204 3.38 14.48
Toff 2 0.014090 0.014090 0.007045 1.68 7.18
Error 2 0.008401 0.008401 0.004201 — 4.28
Total 8 0.196164 — — — —

S ¼ 0:0648116; R2 ¼ 95:72%; and adj.-R2 ¼ 82:87%.

Fig. 10. Probability plot for relative closeness.

(a)

(b)

(c)

Fig. 11. Contour plots for relative closeness: (a) Ip versus
Ton, (b) Ip versus Toff and (c) Ton versus Toff .
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Figure 11(b) reveals the e®ect of Ip and Toff on

relative closeness. From the ¯gure, it can be explored

that the maximum relative closeness value of 0.66 is

achieved by the initial level of Ip (25 A) at any level of

Toff . The reason is that pulse o®-time is a less signif-

icant factor than the others; hence it did not a®ect the

responses. The minimum relative closeness value of

0.26 was achieved by the high-level current of 75 A

and middle-level pulse o®-time of 30�s.

Figure 11(c) shows the responses of relative

closeness value with respect to Ton and Toff . It was

found that the maximum value of relative closeness of

0.66 was achieved at the moderate levels of pulse on-

time of 130�s and pulse o®-time of 40�s. However,

the middle level of pulse on-time of 130�s gradually

decreases the relative closeness value due to signi¯-

cant e®ects of parameter conditions on the responses.

By comparing Ton and Toff with respect to response

characteristics, Ton was the most dominant parameter

as well as Toff has an insigni¯cant e®ect on the

responses.

5. Conclusions

The following are the conclusions of this study:

. In this research work, the composite of Al7075 alloy

reinforced with 10-wt.% ZrO2 particles was e®ec-

tively synthesized via stir casting route and the

WEDM process was studied.

. The SEM micrograph reveals that the ZrO2 parti-

culates are uniformly distributed in the Al7075

alloy matrix.

. Taguchi-combined TOPSIS method was e±ciently

employed to select the optimum levels of WEDM

parameters such as Ip, Ton and Toff for MRR and SR.

. From the S/N ratio analysis, the higher MRR is

obtained at: Ip: 25 A, Ton: 145�s and Toff : 20 �s.

Similarly, the lower SR is attained at: Ip: 25 A, Ton:

115�s and Toff : 60�s.

. From the TOPSIS approach, the optimum values

of WEDM parameters are: Ip: 25 A, Ton: 115�s

and Toff : 60�s, which result in higher MRR with

lower SR.

. ANOVA result reveals that Ip is the most signi¯-

cant factor for MRR and SR with a contribution of

74.05%, followed by Ton with a contribution of

14.48%. Toff is a less signi¯cant parameter with a

contribution of only 7.18%.

. This research work is very useful for the production

of Al7075–10-wt.% ZrO2 particulate composite re-

lated to automotive and aerospace components

through the WEDM process.

References

1. A. Manna and B. Bhattacharyya, Int. J. Adv. Manuf.
Technol. 28 (2006) 67.

2. A. Kumar, T. Soota and J. Kumar, J. Ind. Eng. Int. 14
(2018) 821.

3. T. Bera and S. K. Acharya, Iran. J. Sci. Technol.
Trans. Mech. Eng. 43 (2017) 273.

4. P. Raveendran, S. V. Alagarsamy, M. Ravichandran
and M. Meignanamoorthy, Surf. Rev. Lett. 28 (2021)
2150021.

5. D. Satishkumar, M. Kanthababu, V. Vajjiravelu,
R. Anburaj, S. N. Thirumalai and H. Arul, Int. J. Adv.
Manuf. Technol. 56 (2011) 975.

6. K. Ponappa, K. S. K. Sasikumar, M. Sambathkumar
and M. Udhayakumar, Surf. Rev. Lett. 26 (2019) 1950071.

7. B. H. Yan, H. C. Tsai, F. Y. Huang and L. C. Lee, Int.
J. Mach. Tools Manuf. 45 (2005) 251.

8. F. Muller and J. Monaghan, Int. J. Mach. Tools
Manuf. 40 (2000) 1351.

9. A. Saha and S. C. Monda, Silicon 11 (2019) 1313.
10. R. K. Garg, K. K. Singh, S. Anish, S. Sharma Vishal,

O. Kuldeep and S. Sharanjit, Int. J. Adv. Manuf.
Technol. 50 (2010) 611.

11. S. V. Alagarsamy, M. Ravichandran, S. Dinesh
Kumar, S. Sakthivelu, M. Meignanamoorthy and C.
Chanakyan, Mater. Today, Proc. 27 (2020) 853.

12. A. Goswami and J. Kumar, Eng. Sci. Technol., Int. J.
17 (2014) 236.

13. J. W. Liu, T. M. Yue and Z. N. Guo, Mater. Manuf.
Process. 24 (2009) 446.

14. T. B. Rao, Adv. Manuf. 4 (2016) 202.
15. S. S. Mahapatra and A. Patnaik, Int. J. Adv. Manuf.

Technol. 34 (2007) 911.
16. R. Bobbili, V. Madhu and A. K. Gogia, Eng. Sci.

Technol., Int. J. 18 (2015) 720.
17. S. Ramabalan, H. B. M. Rajan, I. Dinaharan and S. J.

Vijay, Int. J. Mach. Mach. Mater. 17 (2015) 295.
18. J. Udaya Prakash, S. Jebarose Juliyana, P. Pallavi and

T. V. Moorthy, Mater. Today, Proc. 5 (2018) 7275.
19. P. Sreeraj, S. Thirumalai Kumaran, S. Suresh Kumar,

M. Uthayakumar and M. Pethuraj, Surf. Rev. Lett. 28
(2021) 2050034.

20. N. Lenin et al., Metals 11 (2021) 1105.
21. A. Kumar et al., Adv. Compos. Lett. 29 (2020)

2633366X20963137.
22. A. Baradeswaran and A. Elaya Perumal, Compos.

B, Eng. 56 (2014) 464.
23. K. V. Shivananda Murthy et al., Prog. Nat. Sci.,

Mater. Int. 27 (2017) 474.
24. I. Maher and A. A. D. Sarhan, Int. J. Adv. Manuf.

Technol. 76 (2015) 329.

A. Karthikeyan, S. V. Alagarsamy & C. Ilaiya Perumal

2250008-10



25. S. V. Alagarsamy, P. Raveendran and M. Ravichan-
dran, Silicon 13 (2021) 2529.

26. S. V. Alagarsamy and M. Ravichandran, Mater. Res.
Express 7 (2020) 016557.

27. S. V. Alagarsamy and M. Ravichandran, Ind. Lubr.
Tribol. 71 (2019) 1064.

28. A. V. S. Ram Prasad, K. Ramji, M. Kolli and G. Vamsi
Krishna, J. Adv. Manuf. Syst. 18 (2019) 213.

29. A. A. A. Alduroobi, A. M. Ubaid, M. A. Taw¯q and R. R.
Elias, Int. J. Syst. Assur. Eng. Manag. 11 (2020) 1314.

30. T. B. Rao and A. G. Krishna, Int. J. Adv. Manuf.
Technol. 73 (2014) 299.

WEDM Machining of 10-Wt.% ZrO2-reinforced Al Alloy Composite: MRR and SR Evaluation

2250008-11


	EVALUATION OF MATERIAL REMOVAL RATE AND SURFACE ROUGHNESS IN WIRE ELECTRO-DISCHARGE MACHINING OF 10-WT.% ZrO2-REINFORCED AL ALLOY COMPOSITE
	1. Introduction
	2. Experimental Details
	2.1. Fabrication of composite
	2.2. Design of experiments
	2.3. WEDM process of composite

	3. Methodologies and Implementations
	3.1. Taguchi method
	3.2. TOPSIS method

	4. Results and Discussion
	4.1. Analysis of machining parameters for MRR
	4.2. Analysis of machining parameters for SR
	4.3. Analysis of machining parameters for relative closeness
	4.4. Contour plot analysis

	5. Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 900
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


