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Abstract
The current research aims to optimize wire electric discharge machining parameters with multi-objectives while machin-
ing contemporary titanium alloy. Wire electric discharge machining analysis was conducted by varying the key machin-
ing parameters, viz. pulse ON time, pulse OFF time, voltage and wire feed rate. Based on preferred parameters, Taguchi 
orthogonal array is designed and the optimal parameter combination for minimal surface roughness and material removal 
rate is identified. Results reveal that material removal rate increases with increase in pulse ON time and surface roughness 
found to be minimized with increase voltage and wire feed rate. Multi-objective optimization was carried through Technique 
for Order of Preference by Similarity to Ideal Solution methodology that helps in attaining optimal combination that results 
in maximum material removal rate (2.84  mm3/min) and minimum surface roughness (2.43 μm). Traces of deterioration and 
deep crater were observed over the machined surface when machining parameters like voltage and pulse ON time are high.
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Introduction

Titanium-based alloys recently perceived interest in trans-
port industries due to their unique properties such as better 
strength, high fracture toughness, low thermal conductivity, 
high oxidation and corrosion resistance (Li et al. 2019; Lu 
et al. 2019). Among the available titanium alloys, Ti-6242 
(6Al-2Sn-4Zr-2Mo) alloy has high strength-to-weight ratio 
compared to steel; this fact made them a favourable mate-
rial for high-temperature aerospace application (Guo et al. 
2012; Xiao et al. 2018). These alloys are mostly used to 
develop super plastic formed parts and also used as casing 

material for automotive and aerospace components, viz. 
exhaust nozzles, engine disc and turbine blades (Ahmadnia 
et al. 2019; Liu and Chen 2019). Whatsoever, high toughness 
and high strength of these alloys make it difficult to machine 
and shape them to a specified size and shape. This fact act 
as a major barrier for extensive application of this alloy in 
terms of high machining cost (Shi et al. 2016; Varote and 
Joshi 2017).

Machining of these alloys by conventional machining 
approach has several problems such as galling and smearing 
along cutting edges of tool and these facts result in rapid fail-
ure (damage) of cutting tools. Ti alloys are known for poor 
thermal conductivity and owing to this factor heat devel-
oped during conventional machining, viz. turning, milling 
remains focused near the cutting zone that leads to cutting 
tool failure (Sartori et al. 2018; Touazine et al. 2019). Like-
wise, high-speed machining of Ti-based alloys is not pos-
sible since the upper speed limit is 350 surface feet/min and 
above this range, several damages will occur over the surface 
of metal layers. Further increase in cutting speed results in 
surface damages. Hence, there is a need of alternate machin-
ing process to reduce the machining cost (Ezilarasan and 
Velayudham 2013; Singh and Pandey 2013). In recent days, 
some researchers adopt unconventional machining pro-
cess, viz. abrasive water jet machining and wire electrical 
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discharge machining (WEDM) in order to reduce the usage 
of high expensive conventional machining process and to 
reduce material waste. However, equipment cost and work-
piece height are major limitations for these unconventional 
machining techniques. Based on this perspective, WEDM 
was considered a better option for machining Ti-based alloys 
(Bisaria and Shandilya 2020; Jahan and Alavi 2019; Khos-
ravifar et al. 2018).

WEDM process works based on electro thermal ero-
sion process that assists to machine the complex dimension 
components such as gears, dies and press tools. Conversely, 
WEDM processes have limitations in machining Ti-based 
alloy. Herein, debris produced near machining gap was 
difficult to remove which made them unsteady during the 
machining process. These Ti-based alloys have low ther-
mal conductivity that forms recast layer-based problems. In 
some cases, melting and re-solidification of material form 
thin coating over material surface and this fact alters the 
unique properties of materials. Further, heat-affected zone 
over the material surface will also decrease the machinabil-
ity of Ti-based alloys. Based on these evidence, there is a 
need of hour to explore the machinability of Ti-based alloys 
(Mahapatra and Amar 2006; Mouralova et al. 2018; Sarkar 
et al. 2008).

There are only few researches reported concerning the 
possibility of WEDM process over Ti-based alloys. Further, 
there is a demanding necessity for optimizing the machin-
ing parameters of WEDM. Advancement in soft computing 
technique results in the formation of various optimization 
technique that includes artificial neural networks, genetic 
algorithm, ant colony algorithm, grey relation analysis, tech-
nique for order of preference by similarity to ideal solution 
(TOPSIS) and response surface methodology (Huu-Phan 
et al. 2019; Huu et al. 2019; Nguyen et al. 2020). Among the 
available methodology, TOPSIS-based technique was widely 
preferred by the researchers to solve difficult problems in a 
minimal duration of time. Pulse ON time (TON), pulse OFF 
time (TOFF), servo voltage (V), peak current (PC), wire 
tension (WT), wire feed rate (WFR), pulse peak voltage and 
water pressure are the common available machining param-
eters for WEDM process (Gopal et al. 2018; Kavimani et al. 
2019a, b). There are only few researches that are done based 
on WEDM of titanium-based alloys. Sivaprakasam and co-
workers adopted genetic algorithm-based response surface 
methodology to investigate the micro-machining behav-
iour of Ti-6Al-4V alloy (Sivaprakasam et al. 2014). They 

investigated the influence of machining parameters, viz. 
voltage, capacitance and feed rate over output response, viz. 
Kerf width, material removal rate (MRR) and surface rough-
ness (Ra). Results revel that voltage and feed rate are the 
most influencing parameter for MRR. Taguchi method was 
utilized by Rupesh et al. to optimize the WEDM parameter 
of pure Ti (Chalisgaonkar and Kumar 2013). The adopted 
input parameters are TON, TOFF, V, WT, WFR and PC and 
studied its influence over Ra and observed that TON is the 
major influence parameter for output response. Mustufa et al. 
adopted multi-objective genetic algorithm to understand the 
machinability behaviour of Ni-Ti alloy. The selected param-
eters are discharge voltage, capacitance and electrode mate-
rial, viz. brass, Tungsten as the input parameter; tool wear 
rate and MRR as the output response. It was observed that 
brass-based electrode material exhibits minimal tool wear 
(Abidi et al. 2018).

Based on a clear-cut literature survey, TON, TOFF, WFR, 
and V are the most influencing parameters for WEDM. 
There are only few literatures based on WEDM studies on 
Ti-based alloy and machinability behaviour (WEDM stud-
ies) of Ti-6242 alloy was not yet reported from the avail-
able literatures. Based on this evidence, an attempt has been 
made to explore the WEDM characteristics of Ti-6242 alloy 
by adopting TOPSIS technique to determine the optimal val-
ues of process parameters and SEM topography analysis has 
been performed to study the machined surface.

Experimental Details

The material composition of Ti-6242 alloy is given in 
Table 1. Grade 6Al 2Sn 4Zr 2Mo titanium alloy is a near 
alpha phase alloy that has been developed to sustain the 
mechanical strength and corrosion resistance at elevated 
temperature used in engineering application up to 811K. In 
this study, Ti-6Al-2Sn-4Zr-2Mo is machined by CNC wire 
electro discharge machining and samples were prepared in 
the dimension of 10*10*5 mm as suitable for measuring 
surface roughness. The experiments were performed on a 
high precision EXETEK EX40, WEDM machine with brass 
of diameter 0.25 mm as the wire material was majorly pre-
ferred as the tool electrode. De-ionized water was used as 
dielectric fluid for experiment and acts as a carrier agent for 
debris produced during WEDM. The machine specification 
of WEDM is given in Table 2.

Table 1  Material composition of Ti-6Al-2Sn-4Zr-2Mo alloy

Ti Al Sn Zr Mo Fe O Si C N H

83.785–87.24 83.785–87.24 1.8–2.2 3.6–4.4 1.8–2.2 0.25
(max)

0.15
(max)

0.060–0.10 0.050(max) 0.050(max) 0.015(max)
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Influence of input process parameter of WEDM was ana-
lysed at various levels. The machining factors and their para-
metric range were chosen based on literature and experience 
which are given in Table 3. After machining, the sample 
piece was taken to analyse MRR and surface roughness. 
The MRR was calculated by using the equation given below 
(Urtekin 2015).

where F is the cutting speed (mm/min), Dw is the width 
of cut (mm) and T is the thickness of the workpiece (mm).

Mitutoyo SJ-310 surface roughness measuring device was 
used to measure the average surface roughness of WEDM 
machined samples. The measurement was done with three 
repetitions at a range of 5 mm from prime, centre and bottom 
of the machined surface and its average was taken for study.

With four process parameters at three levels, L27 orthog-
onal array is chosen as per Taguchi method to minimize the 
experiment numbers and to determine the optimum level of 
each process parameter.

Results and Discussion

The obtained results were converted into signal-to-noise 
ratios and the mean value for each level of all the control 
factors was calculated. The experimental results and cor-
responding S/N ratio were given in Table 4. In this research, 

(1)Material Removal Rate = F × Dw × T mm3∕min

maximum MRR and minimum surface roughness are con-
sidered as a better result; thus, the larger the better S/N ratio 
is used for MRR and the smaller the better S/N ratio is used 
for surface roughness. Then mean table and main effect plot 
for surface roughness and material removal rate are plotted.

Effect of WEDM Factors on Material Removal Rate

The effect of each parameter over MRR can be seen in 
Fig. 1 and Table 5. The relationship between all these oper-
ating parameters and response (MRR) is shown in Fig. 2. 
In Figs. 1 and 2, it can be visualized that increase in TON 
and decrease in TOFF increase MRR. As TON increases, 
the sparking time gets increased which helps to increase 
the material removal that leads to higher MRR. Decrease in 
TOFF leads to increased sparking time and reduced idle time 
which results in higher MRR (Bisaria and Shandilya 2019).

It is elucidated that MRR gets improved as servo voltage 
increased due to higher spark energy. So, MRR is found to 
be increasing as voltage value increases as a result of rise 
in spark energy across electrode gap. Speeding up the WFR 
leads to increase in MRR initially and it reduces the MRR 
for further increase. In general, increase in WFR leads to 
wire breakage and reduces the machining time and sparking 
time which leads to lower MRR.

In Fig. 2, it was found that increase in V and TOFF leads 
to increased MRR. Increase in V helps to rise in spark 
energy which helps to penetrate the material easily that 
leads to increase in material removal rate. Interaction effect 
of each parameter over the MRR is also given in Fig. 2a–d 
for further understandings. The optimal levels of process 
parameter of WEDM for attaining maximum MRR are spark 
time TON 6 (µs), TOFF 6 (µs), voltage 50 (V) and WFR 4 
(mm/min). The interaction plot for MRR is depicted in Fig. 3 
where each plot exhibits the interaction between four differ-
ent machining parameters like TON, TOFF, V and WFR. 
This infers the influence of one factor is dependent upon 
another factor.

All the parameters like TON, TOFF, V and WFR are 
found as significant over MRR as given in ANOVA for MRR 
Table 6 (since P-value < 0.05). V contributes more than 
other parameters of the process (since Seq SS = 0.079151 
value is higher than other process parameters). In this study, 
MRR gradually increased by increasing spark time and V, 

Table 2  Machine specification

Job size acceptable 400 × 500 × 200 mm

Max taper cutting angle ± 30° on 50 mm job
Wire diameter 0.25 mm
Wire material Brass
Max wire spool capacity 6 kg
Max cutting speed 120 mm/min
Axis controls available X, Y, U, V
Flushing rate 12 lpm
Dielectric medium De-ionized water
Wire tension 0.2–1.25 kg
Dielectric temperature 22–25 °C

Table 3  WEDM parameters and 
their values at different levels

S. No Factor Unit Notation Levels

L1 L2 L3

1 TON µs A 4 5 6
2 TOFF µs B 6 8 10
3 V V C 50 65 80
4 WFR m/min D 2 4 6
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Table 4  Experimental plan and 
signal to noise ratio of samples

Run Input parameter Output response S/N ratio

TON
(µs)

TOFF
(µs)

Voltage
(V)

WFR
(m/min)

MRR
(mm3/min)

Ra
(µm)

S/N ratio for MRR S/N ratio for Ra

1 4 6 50 2 2.5716 2.4219 8.20407 − 7.68312
2 4 6 65 4 2.6822 2.4826 8.56982 − 7.89814
3 4 6 80 6 2.7635 2.5537 8.82919 − 8.14340
4 4 8 50 4 2.5720 2.4420 8.20542 − 7.75491
5 4 8 65 6 2.6210 2.4510 8.36934 − 7.78687
6 4 8 80 2 2.6530 2.4820 8.47474 − 7.89604
7 4 10 50 6 2.5420 2.3959 8.10351 − 7.58937
8 4 10 65 2 2.5710 2.4254 8.20204 − 7.69567
9 4 10 80 4 2.6820 2.4710 8.56918 − 7.85745
10 5 6 50 2 2.6130 2.4720 8.34279 − 7.86097
11 5 6 65 4 2.6780 2.5620 8.55621 − 8.17158
12 5 6 80 6 2.7650 2.6040 8.83390 − 8.31282
13 5 8 50 4 2.5920 2.4614 8.27270 − 7.82364
14 5 8 65 6 2.6880 2.5112 8.58859 − 7.99763
15 5 8 80 2 2.7260 2.5230 8.71052 − 8.03835
16 5 10 50 6 2.5514 2.4720 8.13557 − 7.86097
17 5 10 65 2 2.6423 2.4610 8.43964 − 7.82223
18 5 10 80 4 2.7428 2.5170 8.76388 − 8.01766
19 6 6 50 2 2.6910 2.4770 8.59827 − 7.87852
20 6 6 65 4 2.7570 2.5460 8.80874 − 8.11717
21 6 6 80 6 2.7940 2.5946 8.92453 − 8.28141
22 6 8 50 4 2.6915 2.5020 8.59989 − 7.96575
23 6 8 65 6 2.6727 2.5330 8.53900 − 8.07270
24 6 8 80 2 2.7636 2.5420 8.82950 − 8.10351
25 6 10 50 6 2.6410 2.4921 8.43537 − 7.93131
26 6 10 65 2 2.6510 2.4928 8.46819 − 7.93375
27 6 10 80 4 2.7640 2.5432 8.83076 − 8.10761

Fig. 1  Main effect plot for MRR 
of Ti alloy
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decreasing the rest time and WFR. Large spark discharge 
time and high voltage which generate high temperature at 
shorter span which melts and vaporizes the metal at high rate 
that increases the MRR.

Effect of WEDM Factors on Surface Roughness

Figure 4 clearly indicates the influence of considered param-
eters over surface roughness and the relation between V, 
WFR, TON and TOFF with surface waviness is shown in 

C5 = 2.4937 + 0.0426389 A − 0.0293222 B + 0.0660222 C + 0.00867222 D

Fig. 5. In Figs. 4 and 5, it can be visualized that increase in 
V and TON results in decrement in surface roughness value. 
Increase in V and TON results in rise in spark energy across 
electrode gap that removes more material and the surface 
becomes rough. Increase in WFR provides the fresh wire 
which crosses over the machining area offers higher energy 
spark that result in formation of craters in the surface (Shan-
dilya et al. 2018) (Table 7).

Higher TOFF gives more time to vanish the molten mate-
rial in the machined surface that avoids the formation of 
re-solidification layer. So the surface finish is high when 
TOFF is fixed as high. Surface roughness can be minimized 
by increasing the TOFF and maintaining low value for other 
parameters. Interaction effect of each parameter over the 

roughness is also given in Fig. 6 for further understandings. 
The optimal level for obtaining minimum surface roughness 
is TON 4 (µs), TOFF 10 (µs), V 50 (V) and WFR 2 (m/min).

ANOVA for surface roughness (Ra) is given in Table 8 
and V is the most significant factor which contributes more 

Table 5  Response table for material removal rate

Level TON TOFF V WFR

1 8.339 8.630 8.322 8.474
2 8.516 8.510 8.505 8.575
3 8.670 8.439 8.752 8.529
Delta 0.279 0.191 0.430 0.101
Rank 2 3 1 4

Fig. 2  3D response surface graph for MRR with a respect to TON and TOFF, b respect to V and WFR, c respect to WFR and TOFF and d 
respect to V and TOFF
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on surface finish of machined component (since Seq SS 
(0.026798) value is higher than other process parameters). 
Herein, servo voltage has the major contribution in influenc-
ing the surface roughness.

Multi‑Objective Optimization Using TOPSIS

In this research, multiple performance characteristics are 
analysed using techniques for order performance by simi-
larity to ideal solution. In this method, multiple perfor-
mance characteristics are converted into ideal coefficients.

Steps in TOPSIS Analysis

Step 1: Determine the objective and pertinent assess-
ment attributes.

C6 = 2.36876 + 0.0331778 A − 0.0246333 B + 0.0385667 C + 0.0172444 D

Step 2: A matrix has to be developed on the basis of all 
accessible data about material’s attributes (decision matrix).
Step 3: Normalized decision matrix,  Rij, can be obtained 
as described below:

where xij is the performance of ith alternative in relation 
to jth attribute, rij stands for normalized value, i = 1…m 
and j-1…n, xij denotes the actual value of the ith value of 
the experiment no. j.
Step 4: Multiplying the normalized decision matrix with 
its associated weights the weighted normalized decision 
matrix is formed as

(2)rij =
xij

�∑m

i=1
x2
ij

j = 1,2,……… ..n

Fig. 3  Interaction plot for MRR

Table 6  Analysis of variance 
for MRR

Source DF Seq SS Adj SS Adj MS F-test P-value Cont.%

TON 2 0.032866 0.032866 0.016433 30.66 0 23.16
TOFF 2 0.015856 0.015856 0.007928 14.79 0 11.17
V 2 0.079151 0.079151 0.039575 73.84 0 55.79
WFR 2 0.004345 0.004345 0.002172 4.05 0.035 3.062
Error 18 0.009647 0.009647 0.000536
Total 26 0.141864
R-Sq = 93.20%R-Sq(adj) = 90.18%
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Fig. 4  Influence of WEDM 
parameters on surface rough-
ness

Fig. 5  3D response surface graph for surface roughness with a respect to TON and TOFF, b respect to TOFF and WFR, c respect to V and WFR 
and d respect to TON and V
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where i = 1….m and j = 1….n. wj denotes the weight of 
the jth attribute.
Step 5: Positive  (V+) and negative  (V-) ideal solutions 
were determined as given

Step 6: Calculate the separation measures - the separa-
tion of each alternative from ideal one. In this step, 

V = Wijrij

(3)
V+ =

∑max

i
vij�j�J.

∑min

i
�jJ�i = 1.2……m

= V+
1
,V+

2
,V+

3
,……… .V+

n

(4)
V− =

∑min

i
vij�j�J.

∑max

i
�jJ�i = 1.2……m

= V−
1
,V−

2
,V−

3
,……… .V−

n

the distances of each alternative from negative ideal 
solution  (Si−) and positive ideal solution (Si +) are cal-
culated

Step 7: In this phase, the comparative proximity of a 
specific option to the optimal solution is expressed as 
follows:

Step 8: Rank preference order: The alternative with the 
highest Closeness Coefficient (CC) is the best choice.

Initially, the responses such as MRR and surface rough-
ness were standardized using Eq. (2) and equal priority is 
given for both MRR and surface roughness while assign-
ing weights. Normalized weighted values were obtained by 
multiplying the weight of the particular response and nor-
malized values. Positive and negative ideal solutions found 

(5)s+
i
=

√∑n

j=1
(vij−vi)2 i = 1,2,…… n

(6)s−
i
=

√∑n

j=1
(vij−vj)2 i = 1,2,…… m

(7)CC =
S−
i

S+
i
− S−

i

Table 7  Response table for Ra

Level TON TOFF V WFR

1 − 7.812 − 8.039 − 7.817 − 7.879
2 − 7.99 − 7.938 − 7.944 − 7.968
3 − 8.044 − 7.868 − 8.084 − 7.997
Delta 0.232 0.17 0.268 0.118
Rank 2 3 1 4

Fig. 6  Interaction plot for surface roughness
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are 0.221124 and 0.259322 for MRR wherein 0.281264 and 
0.232816 for surface roughness. The separation measures 
of each criterion from positive and negative ideal solutions 
are calculated using Eqs. (5) and (6). Further, for all the 
experimented combinations, CC values are computed with 
the aid of Eq. (7) and presented in Table 9. Among the 27 
experiments conducted, the experiment order 18 is found as 
optimal parameter combination for better MRR and minimal 
surface roughness based on the CC values.

The main effect plot is plotted based on the closeness 
coefficient values obtained from the TOPSIS analysis and is 
given as Fig. 7. It clearly illustrates the influence of WEDM 
parameters considered for the current study over closeness 
coefficient values. The optimum level of each parameter for 
good surface finish and MRR while machining Titanium 
alloy is higher pulse ON time, lower pulse OFF time, higher 
voltage and moderate wire feed rate. The optimal level of 
parameters is A3B1C3D2 which can be clearly found from 
the main effect plot. Experiment has been conducted based 
on the optimal solution acquired from TOPSIS analysis; 
MRR of 2.84  mm3/min and Ra of 2.43 μm were achieved 
on WEDM of Ti alloy (Bisaria and Shandilya 2018).

Surface Topography of Machined Surface by Varying 
Control Parameters

Surface morphology (SEM micrograph) of machined sur-
face with control factor 6 µs pulse on time, 6 µs TOFF, 50 
V voltage and 2 m/min WFR is shown in Fig. 8a–d. For-
mation of surface peak, valley, micro hole, micro crack, 
deterioration, deep crater and large debris are evidenced 
from the machined surface of the sample.

This formation is due to the influence of high TON in 
which the sparking time is high and sparks strike with 
greater force over the period of time on metal surface that 
leads to thermal deformations of metal. These facts initi-
ate the formation of deep surface crater over the machined 
surface [11].

Occurrence of smoother surface is evident from the 
machined surface (Fig. 9a–d). This might be owed to rea-
sonable TON and voltage in which lower energy sparks 

strike over the metal surface uniformly for minimal time 
that leads to formation of smooth surface. Further higher 
TOFF allows dielectric fluid to flush the melted materials 
that make clean and smooth surface. It can be concluded 
that the process parameter at a reduced and moderate input 
method achieves better surface roughness than the process 
parameter at a greater stage.

Table 8  ANOVA for surface 
roughness

Source DF Seq SS Adj SS Adj MS F-test P-value Cont.%

TON 2 0.021698 0.021698 0.010849 52.41 0 31.41
TOFF 2 0.011069 0.011069 0.005535 26.74 0 16.02
V 2 0.026798 0.026798 0.013399 64.73 0 38.80
WFR 2 0.005768 0.005768 0.002884 13.93 0 8.35
Error 18 0.003726 0.003726 0.000207
Total 26 0.06906
R-Sq = 94.60%R-Sq(adj) = 92.21%

Table 9  Estimation of separation measures, CC and ranking order 
obtained from TOPSIS

Experiment 
No

S+ S- CC Rank

1 0.043265 0.033815 0.438705 19
2 0.027424 0.034296 0.555675 10
3 0.0307 0.043111 0.58407 6
4 0.043772 0.030118 0.407609 24
5 0.035285 0.031543 0.471998 16
6 0.032054 0.030274 0.48572 15
7 0.048448 0.038198 0.44085 18
8 0.043453 0.033152 0.432771 22
9 0.026202 0.035722 0.57687 8
10 0.038039 0.027321 0.418008 23
11 0.039107 0.026385 0.402877 25
12 0.040499 0.042681 0.513118 13
13 0.041071 0.027542 0.401411 26
14 0.030222 0.03203 0.514528 12
15 0.027621 0.037669 0.57695 7
16 0.048854 0.02399 0.329335 27
17 0.032113 0.032062 0.499602 14
18 0.025091 0.041174 0.621355 1
19 0.025418 0.036291 0.5881 5
20 0.029517 0.042161 0.588203 4
21 0.038198 0.048448 0.55915 9
22 0.02848 0.033544 0.540819 11
23 0.035333 0.027406 0.436822 21
24 0.028449 0.043621 0.605257 2
25 0.035011 0.027298 0.438107 20
26 0.033467 0.028529 0.46018 17
27 0.028662 0.043643 0.603596 3
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Conclusion

The influence of control parameter and optimization of 
WEDM parameter has been made by adopting TOPSIS 
methodology and the following conclusions are made: 
Incremental order of TON and V with minimal order of 
TOFF and WFR results in enhancement of MRR. The sur-
face quality of the machined surface will be enhanced by 

increasing the TOFF and other parameters have negative 
effect over roughness. Optimum machining parameter for 
achieving high MRR and surface finish at pulse ON time 
6µs, pulse OFF time 6µs, voltage 80V, wire feed rate 4 m/
min. Surface topography of machined surface shows the 
evident of craters, surface peak and debris due to effect of 
control factors.

Fig. 7  Main effect plot for on 
closeness coefficient

Fig. 8  SEM images of 
machined surface at TON = 
6 µs, TOFF = 6 µs, V = 50 V, 
WFR = 2 m/min
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