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Abstract. The main purpose of this research is to examine the outcomes of process parameters of Wire Electro-
discharge Machining over the tapered workpieces of Titanium Alloy (Ti6Al-4V). Taper angle, current and pulse-
off time are considered as the controllable factors effecting the response variables. Each sample has been cut
with varying sets of machine controllable parameters to assess their effect on response variables; kerf width,
wire wear, Material Removal Rate and surface roughness. Analysis of variances is applied, and mean Reponses
are determined to recognize and compare the most influencing parameters over the response variables for the
WEDM Process. Regression model for the response variables are also developed using which optimized WEDM
process parameters are determined for the optimal response variables. It can be concluded that varying thickness
of materials due to tapered cross section affects all the four-response variable, while, current and pulse-off time
along with their interactions have high impact over the response variables.

1 Introduction

Wire electro-discharge machining (WEDM), wire-cut or
wire-cutting process is a variant of electro discharge machin-
ing (EDM) that erodes the material using electrical discharge
(sparks). In this process, a thin conductive wire electrode,
moving between two spools, is fed to the thick material plates
immersed into a dielectric medium (see Fig. 1) (El-Hofy,
2005).

During the WEDM process, electrode wire is winded from
a fresh pool towards the other pool with a constant speed
along the vertical direction while maintaining tension be-
tween the pools. The wire is fed perpendicular to the face
of the workpiece where, the feed of the wire inside the work-
piece is controlled thorough the movements of wire or ta-
ble using the CNC contouring (see Fig. 1). In WEDM, the
material of the electrode wire is usually copper, tungsten or
brass (Asgar and Singholi, 2018). Ionized water is used as
a dielectric medium during the WEDM process which shield
the workpiece and tool. Rapid DC pulses are generated and
repeated in thousands of time per second. At a certain volt-

Figure 1. Illustration of Wire EDM Process.
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age fluid becomes ionized and sparks are generated between
the winding wire the and workpiece material, erodes the ma-
terials from the workpiece. Deionized water is constantly
sprayed on the workpiece with the help of nozzles to flush
out the chips. Since the WEDM process is based on electro-
discharge technique, hence the workpiece materials must be
a conductor (Asghar, 2005). However, new researches also
proposed WEDM of low conductive workpieces, such as
polycrystalline diamond (PCD), ceramics and cermet (El-
Hofy, 2005).

There are number of parameters through which the
WEDM process is controlled, amongst which core param-
eters are; material of workpiece, material of wire, dielectric
medium, pulse on time, pulse off time, wire tension, wire
feed, peak current, thickness of workpiece or length of wire
exposed to workpiece (Jameson, 2001).

WEDM is used to cut plates as thick as 300 mm, which are
difficult to machine using the traditional machining methods
(Jameson, 2001). After CNC machines application of wire
Electric Discharge Machining (WEDM) are widespread as
they are being used to manufacture parts which have complex
silhouette and contours. Major applications of the WEMD
is the precision tools manufacturing, where punches, die
plates and other tool components are cut using this process.
Complex and large thickness sheet metals and composites
are cut using the WEDM process in the aerospace industry.
Whereas, precision and micro cutting processes are also per-
formed using the WEDM process in the industry. It is being
utilized in advanced technologies such as medical and aero-
nautical domains that deal with great precision and accuracy
(Ho et al., 2004). Researchers applied various techniques to
study the effects of process parameters and optimize the out-
come of the WEDM process. A comprehensive literature re-
view is presented below.

Huang and Liau (2003) performed a research to analyse
the impact of pulse on/off time, feed-rate, wire tension and
dielectric pressure over the MRR and surface roughness of
Inconel (SKD-11) while cutting it through the wire EDM.
Gauri and Chakraborty (2009) applied Taguchi Method to
study the effect of pulse-on time, wire tension, delay time,
wire feed speed and ignition current intensity over the sur-
face finish, MRR and wire wear of various materials. Raksiri
and Chatchaikulsiri (2010) analysed and optimized the cut-
ting thickness error by using feed rate and the servo voltage
as process parameters for the WEDM of Inconel (SKD-11).
Somashekhar et al. (2012) worked on the range of capaci-
tance, gap voltage, and federate by using similar experimen-
tal setup and evaluated their influence over the MRR and sur-
face roughness over Aluminium Alloy. Durairaja et al. (2013)
observed the response of pulse on/off time and voltage on the
kerf width and surface roughness of stainless steel (SS304)
by utilizing the multi-objective grey relational grade method-
ology. Liao et al. (2014) developed analytical models af-
ter preforming experiments using wire of Inconel (SKD11)
and discussed the effect of pulse on/off time on kerf width,

spark frequency, and surface roughness. Welling (2014) and
Klocke et al. (2014) optimized the WEDM process param-
eters for maximum MRR and minimum surface roughness
for Inconel 718 and claims that these parameters are di-
rectly affected by the process input parameters. Mahapatra
et al. (2006), Sandeep (2013) and Lodhi and Agarwal (2014)
used the Taguchi method and Genetic algorithm to optimize
the MRR and surface roughness by controlling the pulse fre-
quency, discharge current, wire tension, wire speed and di-
electric flow rate for the Tool Steel. Dongre et al. (2015)
and Joshi et al. (2017) used almost same investigation as
that of Gauri and Chakraborty (2009), to optimize of cur-
rent, pulse-on time, workpiece geometry for the WEDM of
silicon. They aim of the study is to retain higher MRR for
the lower chip thickness for the chip manufacturing. Okada
et al. (2015) analysed and optimized the wire breakage and
kerf width during the wire EDM of SKD11 using the compu-
tational fluid dynamic (CFD) technique. Kamei et al. (2016)
presented another trend in WEDM, which is frequency and
vibration of wire during the WEDM of SKD-11. They deter-
mined the effects of wire deflection, wire tension and posi-
tion of the work piece on the frequency and vibration of the
wire by using a high-speed camera. Takayama et al. (2016)
improved the productivity of WEDM process of SKD-11 by
employing a closed loop system, by optimizing the surface
finish, the cutting precision of workpiece and wire break fre-
quency. Babu and Soni (2017) applied Taguchi method to op-
timize the process parameter for the optimal surface rough-
ness during the WEDM of Inconel 625 material. Rajmohan
and Kumar (2017) performed the multi-variable optimization
of pulse-on/off time, wire speed, wire tension and current for
the optimal values of kerf width, MRR and surface rough-
ness of duplex stainless steel (DSS). Conde et al. (2018) used
multivariable optimization technique by altering the height of
work samples, dielectric pressure and pulse-off time for the
WEDM of steel (D2) for improved wire lag and concavity
effect.

Saini and Verma (2014) performed multi-variable opti-
mization for the Titanium Alloy (Ti-6Al-4V), employing the
Taguchi method to determine the effects of dielectric conduc-
tivity, pulse width, time between pulses, maximum feed rate,
servo control mean voltage, wire feed over the material re-
moval rate. Reddy et al. (2015) performed the analysis of kerf
width in the research by replacing Titanium with Aluminium
Alloy HE30. Majumder and Maity (2017) applied the multi-
response optimization for WEDM process parameters of Ni-
Ti shape memory alloy using Taguchi Method. They studied
the response of pulse-on time, pulse-off time, wire feed, wire
tension over the cutting speed, kerf width, surface roughness.
Optimal process parameters are obtained for the favourable
cutting speed, kerf width and surface roughness. Abhinesh
et al. (2014) also worked for the titanium alloys and stud-
ied the results of MRR and wire wear by changing the wire
material. Kumar and Singh (2018) extended the research by
changing the speed capacitance and electrode ratio of the
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wire cut for the same Titanium Alloy. Magabe et al. (2019)
applied Taguchi experimental design to evaluate the effects
of spark gap voltage, pulse on time, pulse off time, wire feed
rate during the WEDM of Nickel Titanium Alloy (Ni55.8Ti)
over the material removal rate and surface finish.

Limited research have been conducted for the Titanium
Alloy (Ti-6Al-4V), specially with diversified response vari-
ables. It was revealed that most of the researches are con-
ducted on straight cross section surfaces with constant pro-
files. Almost no research has been performed on varying pro-
file. Whereas, varying profile is considered important for ma-
chining intricate parts in car manufacturing, aeronautical ap-
plications, machine tools and medical tools. Due to the need
of industry, tapered workpieces of Titanium alloy (Ti6Al-4V)
with varying profile have been considered in this research.
Hence the effect of taper angle has also been discussed over
the outcomes of wire EDM of the Titanium alloy to address
the industrial need. In most of the literate cited above, one or
two response variables, such as surface finish with MRR or
any other combinations are analysed using the experimental
techniques. Whereas, four essential response variables (kerf
width, surface roughness, wire wear and MRR) during the
WEDM process are considered. The effects of core process
parameters on these variables are analysed in this research.
Dependency of response variables on each other are also
discussed in detail. Using the experimental data, analytical
models for the four response variables are developed, relat-
ing the process parameters with the variables, which can be
further used to predict the four outcomes with the provided
taper angle, current and pulse-off time. Process parameters
are also optimized using the analytical models to obtain the
favourable response outcomes.

2 Experimental approach

Main outcome of this research is to investigate the effect of
WEDM process for the three types of tapered workpieces. To
conduct the research and analysis, sequential methodology
and components are discussed in detail.

CHMER CW-43CF CNC EDM wire cut has been used to
carry out the experiments in this study. The configuration of
the wire cut machine is such that it has maximum range of
500 mm× 350 mm× 200 mm along its x, y and z axis.

Titanium alloy (Ti6Al-4V) has been considered as a main
material due to its hardness and ample applications in
aerospace and tool manufacturing industry (see Table 1).
This alloy has good strength to weight ratio when compar-
ing with steels and nickel-based alloys (Peters et al., 2003).
Pure Titanium and Ti-6Al-4V (grade 5) are widely used for
implantation in human body as bones, due to its exceptional
mechanical properties, thin layer of oxides, smaller elastic
modulus and low density.

To conduct the WEDM experiments, three tapered work-
pieces each of angles 30, 45 and 60◦ are machined (see

Table 1. Applications, mechanical and physical properties of metal
alloys

Physical Properties Titanium – Ti6Al-4V

Chemical composition (%) Al (6.0),
V (4.0),
C (0.08),
N (0.05),
O (0.2),
H (0.0125),
Fe (0.3),
Ti (remaining)

Density (kgm−3) 4429
Hardness (BHN) 334
Ultimate Tensile Strength (MPa) 950
Modulus of Elasticity (GPa) 113.8
Poisson’s Ratio 0.34
Shear Modulus (GPa) 44
Specific Heat Capacity (J (g◦C)−1) 0.526
Thermal Conductivity (W(mK)−1) 6.7
Melting Point (◦C) 1604–1660

Table 2. Controllable factors, levels, and values.

Symbol Factor Unit Levels

1 2 3

A Taper Angle (Angle) Degree 30 45 60
C Current Ampere 5 10 –
POT Pulse-off time Micro Second 20 40 –

Fig. 3). These three tapered workpieces are duplicated for the
accuracy of results. Hence total six workpieces are prepared.

One set of three workpieces are cut with the current of 5 A
at two different settings of pulse-off times of 20 and 40 µs,
whereas replicated workpiece set are cut with the 10 A of
current at the two pulse-off times. Each of the workpiece
is grinded and finished up to the dimensions mentioned in
the Fig. 2. Whereas, replicated workpieces are marked with
numbers for the purpose of identification.

In this research; taper angle, current and pulse off time
(POT) are selected as the controllable factors, since these pa-
rameters or factors are found to have significant influence
over the response variables. Few parameters are set as con-
stant to focus on the response of the three selected param-
eters and their interaction on four response variables; kerf
width (mm), surface roughness (µm), material removal rate
(mm3 min−1), and wire wear (percentage). Hence control-
lable factors used in the research are shown in the Table 2
along with their levels and values.

Diameter of wire (0.25 mm) is not changed due to the
limitation of machine is OEM recommendations. Pulse-on
and pulse-off times are related with each other, since pulse-
off time is taken as controllable parameters, hence pulse-on
time is taken as 25 µs. Due to the change of taper angle in
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Figure 2. Dimensions (in mm) of tapered workpieces, (a) 30◦ tapered workpiece, (b) 45◦ tapered workpiece, (c) 60◦ tapered workpiece,
(d) side view of tapered workpieces.

Figure 3. Titanium alloy workpieces cut with 30, 45, 60◦ tapper
angle. (a) Cut workpieces, (b) Dimensions of slots.

workpieces, feed rate is kept constant 20 mmmin−1 to not
change the relative velocity between the workpiece and the
wire. Servo voltage (65 V), wire tension (12 N) and dielec-
tric medium (ionized water) are also kept constant to limit
the research. Flushing pressure is the discharge pressure of
the dielectric flushing over the machining area to remove the
eroded particles from the working zone, which is also kept at
2 Lh−1.

Based on the controllable factors/parameters (shown in Ta-
ble 2), total twelve experiments have been designed, which
are replicated to eliminate the biasness in the results. Since
the workpieces has been taken from same source, hence there
is no need of blocking in the experiment. On each of the
six blanks, four slots of 10 mm are generated through the
WEDM. These four slots on each workpiece are generated
by varying two levels of current (5 and 10 A) and two levels
of pulse-off time (20 and 40 µs). The response variables for
the experiments are shown in Table 3, along with the units
and measurements technique.

For each response variable, analysis of Variance (ANOVA)
on the data is applied and the mean response variables are
evaluated. Main hypothesis suggests that the mean response
variables obtained by varying different factors or their inter-

Figure 4. Kerf width of slot generated at 3 mm along the width at
45◦ taper angle Titanium Alloy workpieces (Cut with pulse-off time
of 20 µs and 10 A).

actions are same to each other. That is, there is no influence
of the factors or their interactions exists on the response vari-
ables. Whereas, alternate hypothesis suggest that the means
of response variable are different for variations in the control-
lable factors or their interactions. Alternate hypothesis sug-
gests that since the means are different, hence the factors or
their interactions have significant influence over the response
variable.

Firstly, analysis on kerf width is carried out, through mi-
croscopic photography on MM 500-T MTI corporation mi-
croscope, with digital camera DCM 310 attached to it. The
snapshots were captured at different distances from the edge
along the width of the workpiece i.e. at 3, 5, 7 and 10 mm.
Snapshots of kerf width of slots in Titanium Alloys at 45, 60
and 30◦ tapered workpieces are taken. These photographs are
further analysed through Scope Photo 3.0 and the kerf width
are measured for all the workpieces. Each reading is taken
twice; average readings are taken as a final reading and used
for further analysis. Figure 4 shows an enlarge images of kerf
width taken through the microscope.

The tapered blanks are cut along the width and the dotted
lines shown in Fig. 3b, to separate the WEDM cut pieces for
the analysis of surface roughness (Ra). Surface roughness
of the workpiece are analysed using the Meiji EMZ-8TR-
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Table 3. Response variable used in the research.

Symbol Reponses Variable Unit Measuring Technique

KW Kerf Width Mm Measured at four distance (3, 5, 7 and 10 mm) along the width of the workpieces
using stereo microscope.

SR Surface Roughness µm Measured using the roughness meter.
MRR Material Removal Rate mm3 min−1 Volume of material removed in unit time
WW Wire Wear Percentage Ratio of loss in weight of wire after machining to weight of wire before machining

PBH Zoom Stereo Microscope with the magnification range
of 10 to 45×. Surface roughness with high precision of each
slot is measured using the ConturoMatic T2 Surface rough-
ness meter which can measure up to 250 mm× 320 mm of
workpiece with a resolution of 0.033 µm. Surface roughness
(Ra) on each slot of workpiece is measured at three places for
studying the effect of varying thickness. Continuous surface
roughness is measured at the 10 %, 50 % and 100 % height
of the WEDM slotted surface on each slot separately. Mean
surface roughness in millimetres is determined by taking the
mean of average surface roughness measured at the three
heights of the WEDM slotted surface.

MRR is the change in mass of workpiece before and af-
ter the WEDM cutting per unit machining time. Following
relationships is used to determine the MRR of the WEDM
process;

MRR=1m/ρ · Tm (1)

Where, 1m is the change in mass of the workpiece, ρ is the
density of material and Tm be the WEDM machining time.

In order to assess the amount of wire utilized during cut-
ting of each metal at various parameters and angles, the
weight of wire before and after the WEDM cutting during
each of the experiment is measured through an electronic
physical balance having least count up to 0.0001 kg.

3 Analysis of reponses

Experiments are conducted to measure the change in kerf
width, surface roughness, MRR and wire wear with respect
to the change in tapper angle, current and pulse-off time. Re-
sponse variables measured for the controllable factors are
input into the statistical analysis software Minitab and the
design of experiment tool of the software has been used to
evaluate the results.

3.1 Analysis of kerf width

Figure 5 presents the kerf width along the length of cut
achieved through the WEDM with the different combinations
of the process parameters. Highest kerf widths are seen in the
workpieces with the taper angles of 30◦. It is due to the least
surface area of the Titanium alloy work piece exposed to the
wire cut erosion. Due to high amount of current (5 and 10 A),

erosion intensity is high within the smaller exposed area with
30◦ taper angle, causing the erosion of substantial number of
particles within the region resulting in higher kerf widths.
Kerf widths are also fluctuating along the length of the work-
piece due to the pulse-off time frequency. Lower kerf widths
are seen in the workpieces having the taper angles of 45 and
60◦. Considering the same reason, the kerf width should de-
crease along the length of the workpiece due to the distribu-
tion of erosion, whereas, it slightly increases. It is due to the
large exposed surface area to the erosion along the length,
where the heat generated in the region cause the low surface
finish and large kerf width due to lower thermal conductivity
of Titanium alloy.

Table 4 shows the analysis of variance (ANOVA) results
obtained through the experimental data. It shows that taper
angle is the only significant factor influencing the kerf width
with the P -value less than 5 % for the 95 % confidence in-
teval. Current and pulse-off time are not significant factors,
whereas, the interaction of factors do not have significant im-
pact over the kerf width in Titanium.

Figure 6 shows the variation of mean kerf width with the
contraollable factors. It shows that the mean kerf width de-
creases with the increase in the taper angle. It is due to the in-
crease in exposed surface in errosion zone and distribution of
errosion intensity over it. ANOVA suggests that the effects of
current and pulse-off time are insignificant (P -values> 5 %).
Referring to the Table 5, no significant impact of interactions
of factors are seen.

3.2 Analysis of surface roughness

Table 5 presents the ANOVA for the surface roughness in
Titanium Alloy workpiece, which shows that the only sig-
nificant factor influencing the surface roughness is the inter-
action of taper angle and current (P -value< 0.05). Although
minute but insignificant effect of taper angle and current indi-
vidually is also present over the surface roughness of WEDM
sample of Titanium (Ti6Al-4V).

Figures 7 and 8 show the effect of factors and their in-
teractions over the surface roughness during the WEDM of
titanium workpiece.

Figure 7 shows that the mean surface roughness has in-
significant influence of process parameters as evident by the
Table 5. Figure 8 shows that the interaction effect of taper
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Figure 5. Effect of controllable factors over the kerf width along the length of workpiece.

Table 4. Analysis of variance for the kerf width.

Source Degree of Freedom Adjusted Sum of Squares Mean Sum of Squares F -Value P -Value

Taper Angle (A) 2 0.0430108 0.0215054 66.40 0.000
Current (C) 1 0.0012768 0.0012768 3.94 0.070
Pulse-off Time (POT) 1 0.0012262 0.0012262 3.79 0.075
Angle×Current 2 0.0003728 0.0001864 0.58 0.577
Angle×POT 2 0.0008424 0.0004212 1.30 0.308
Current×POT 1 0.0000509 0.0000509 0.16 0.699
Angle×Current×POT 2 0.0000859 0.0000429 0.13 0.877
Error 12 0.0038866 0.0003239

Total 23

Figure 6. Main effect plots of mean kerf width. Figure 7. Main effect plots of mean surface roughness.
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Table 5. Analysis of variance for surface roughness.

Source Degree of Freedom Adjusted Sum of Squares Mean Sum of Squares F -Value P -Value

Taper Angle (A) 2 0.0001011 0.0000505 3.04 0.085
Current (C) 1 0.0000634 0.0000634 3.81 0.075
Pulse-off Time (POT) 1 0.0000010 0.0000010 0.06 0.807
Angle×Current 2 0.0001398 0.0000699 4.20 0.041
Angle×POT 2 0.0000303 0.0000152 0.91 0.428
Current×POT 1 0.0000150 0.0000150 0.90 0.360
Angle×Current×POT 2 0.0000333 0.0000167 1.00 0.396
Error 12 0.0001995 0.0000166

Total 23

Figure 8. Interaction effect plots of mean surface roughness.

angle and current has significant influence, where mean sur-
face roughness increases with the increase in current in 30
and 60◦ taper workpiece, whereas, it decreases in 45◦ taper
workpiece. It may be due to the constant interaction of ero-
sion area in case of 45◦ taper workpiece, which is not present
in case of other taper workpiece.

3.3 Analysis of Material Removal Rate (MRR)

In contrast to the result of ANOVA obtained for the MRR
in Aluminium and Carbon Steel during the WEDM, the AN-
VOA for the Titanium workpiece is entirely different. Table 6
suggests that all the factors and their interactions have sig-
nificant impact (P -value < 0.05) over the MRR of the work-
piece. Influence of factors in order of increasing F -value are;
current, pulse-off time, taper angle, angle with current, angle
with current and pulse-off time and then current with pulse-
off time.

Figure 9 shows that the MRR decreases with the taper
angle due to the its low thermal conductivity, not forming
a large kerf width and concentrating the heat in erosion zone.
Influence of current is highest (see Table 6 and Fig. 9), that is
increasing the current increases the MRR, whereas MRR de-
creases with increase in pulse-off time. It is due to the reason

Figure 9. Main effect plots of Mean MRR.

that increasing current increases the rate of erosion whereas,
pulse-off time, decreases the erosion rate. Figure 10 shows
the effects of interactions of the factors, it shows that increas-
ing current and decreasing the taper angle simultaneously in-
creases the MRR due to the low erosion exposed area in low
taper angle workpiece and high erosion rate due to high cur-
rent. It can also be seen from the same figure that decreasing
taper angle and increasing pulse-off time decreases the MRR
due to low erosion rate. Whereas, with increased current and
pulse-off time, the MRR decreases since it is drastically de-
pending upon the pulse-off time in Titanium as suggested by
the ANOVA F -value for POT is 118.8.

3.4 Analysis of wire wear

It can be seen from Table 7 that the effect of taper angle,
current, pulse-off time, interaction of taper angle with current
and current with pulse-off time are significant to the wire
wear in descending order.

Figures 11 and 12 show the variation in wire wear with re-
spect to the main factors and their interactions, respectively.
Figures 11 and 12 show that the wire wear increases with
the increase in the taper angle and current and increase with
the simultaneous increase of the both factors (see Fig. 12). It
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Table 6. Analysis of Variance for MRR.

Source Degree of Freedom Adjusted Sum of Squares Mean Sum of Squares F -Value P -Value

Taper Angle (A) 2 57.744 28.872 74.41 0.000
Current (C) 1 160.627 160.627 414.00 0.000
Pulse-off Time (POT) 1 46.093 46.093 118.80 0.000
Angle×Current 2 24.816 12.408 31.98 0.000
Angle×POT 2 8.556 4.278 11.03 0.002
Current×POT 1 3.736 3.736 9.63 0.009
Angle×Current×POT 2 9.169 4.584 11.82 0.001
Error 12 4.656 0.388

Total 23

Table 7. Analysis of Variance for Wire Wear

Source Degree of Freedom Adjusted Sum of Squares Mean Sum of Squares F -Value P -Value

Taper Angle (A) 2 0.469039 0.234519 79.74 0.000
Current (C) 1 0.081550 0.081550 27.73 0.000
Pulse-off Time (POT) 1 0.052697 0.052697 17.92 0.001
Angle×Current 2 0.091892 0.045946 15.62 0.000
Angle×POT 2 0.074858 0.037429 12.73 0.001
Current×POT 1 0.000014 0.000014 0.00 0.945
Angle×Current×POT 2 0.006872 0.003436 1.17 0.344
Error 12 0.035292 0.002941

Total 23

Figure 10. Interaction effect plots of Mean MRR.

is due the low thermal conductivity of Titanium causing the
concentration of heat in erosion zone and cause high wire
wear. It is also due to the high heat zone formed at the higher
taper angle due to large exposed area to the erosion causing
higher temperature in the region and high wear in the wire.
The wire wear decreases with the increase in pulse-off time
as shown in the Fig. 12.

Figure 11. Main effect plots of mean wire wear.

Due to the lower thermal conductivity in Titanium (Ta-
ble 1), the heat developed in the erosion region cause the
titanium particle to erode rapidly as compared to the mate-
rial having high thermal conductivity (Aluminium or carbon
steel specially). Hence in Titanium, the erosion is effective
due to concentrated heat and not conducting the heat gener-
ated by the EDM within the metal. Hence accumulated heat
is dissipated during the higher pulse-off time and cause low
wire wear.
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Figure 12. Interaction effect plots of mean wire wear.

4 Regression models for the reponses variables

Based on the response surface analysis of response variable,
regression model of the kerf width, surface roughness, MRR
and wire wear are developed. These regression models relate
the response variables with the controllable factors. It can be
used to predict the value of the response with the change of
input factors. It is to be noted that the coefficients for each
of the factors shows the weightage of the factors over the
response variables. Following equations represent the regres-
sion models for the kerf width (KW), surface roughness (SR),
MRR and wire wear (WW), respectively.

KW = 0.2191+ 0.00842A+ 0.00092C

+ 0.00004POT− 0.000132A2
+ 0.000058C ·POT (2)

SR = 0.0153+ 0.000125A− 0.00113C

− 0.00008POT+ 0.000032A ·C− 0.000032C ·POT (3)
MRR = −21.25+ 0.765A+ 2.849C

+ 0.199POT− 0.00569A2
− 0.0298A ·C

− 0.00487A ·POT− 0.01578C ·POT (4)
WW = 0.602− 0.0297A− 0.0572C

+ 0.0148POT+ 0.00044A2
+ 0.00181A ·C

− 0.00043A ·POT− 0.00003C ·POT (5)

Here, parameter A denotes the taper angle, C is used for cur-
rent and POT for the pulse-off time. The R2 values for the
regression models presented in the Eqs. (2) to (5) are 89.8 %,
68.28 %, 91.49 % and 87.8 %.

Regression models have the effect of main factors, such
as A, C and POT, whereas, it also shows the effect of inter-
action of factors over the response variable, such as; A ·C,
A ·POT and C ·POT. The other interaction of the factors hav-
ing coefficient less than 10−5 are not significant and hence
eliminated from the regression models. It can be seen from
the Eqs. (2)–(5) that the lower coefficients (10−4) represent
lower weightage of parameters over the response variables,
which is also evident from ANOVA of the response variables.

5 Optimization of process parameters

Multi-objective optimization has been applied on the regres-
sion models presented in Eqs. (2) to (5). Response Surface
Methodology (RSM) has been applied to optimize the pro-
cess parameters; current (C) and pulse-off time (POT) for
each of the tapered workpiece. Following objective function
has been defined for the optimal solution.

Optimal current and pulse-off time for the minimum kerf
with, surface roughness and wire wear along with the maxi-
mum MRR of the three taper workpieces are presented in the
Table 8.

z=min[KW(C,POT) SR(C,POT)

−MRR(C,POT) WW(C,POT)] (6)

Here the negative sign with MRR shows that it is to be maxi-
mized. Objective function z, presents the multi-objective op-
timization keeping the taper angle constant for three types
of workpieces. Using the RSM technique, following opti-
mal values of current and pulse-off time are obtained hav-
ing a composite desirability of 0.639, 0.605 and 0.523 for
the three taper workpiece, respectively. Higher the compos-
ite desirability presents the better results but in case of multi-
objective optimization, it is quite difficult since the compos-
ite response surface formed in RSM is not compatible for
all the four outcomes. The optimal solutions are difficult to
obtain complying with the minimization of all the four out-
comes, hence in this case a composite desirability of 0.5 and
may be taken as optimal results. Such similar condition has
also been reported by Simon (2019) in multi-variable opti-
mization using the Genetic Algorithm technique.

Based on the optimization of response variables, it can be
seen from Table 8 that the optimal value of current is 10 A
for the 30 and 45◦ taper workpieces, whereas the optimal
current value of 6.2121 A can be used for the 60◦ taper work-
piece. Value of optimal pulse-off time is 20 µs for all the ta-
pered workpiece. It can also be noted that the most optimal
response variables are obtained for the workpiece with 30◦

tapper angle. Whereas, the least optimal values are obtained
for the workpiece with 30◦ tapper angle. Hence it can also
be concluded from the optimization results that it is easier
to control the response variable for the smaller tapper angle
with the most optimal values, whereas, it varies with the in-
crease in tapper angle. It is due to the reason that the area of
erosion increases with the taper angle, which causes the high
heat zone in the area with low thermal conductivity in the
Titanium alloy, resulting in higher kerf width, surface rough-
ness and wire wear.
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Table 8. Optimal factor values for the WEDM cut of titanium (Ti6Al-4V).

Factors For 30◦ Taper For 45◦ Taper For 60◦ Taper

Current (A) 9.998 10 6.464
Pulse-off Time (µs) 20 20 20

Optimal Response Variables

Kerf Width (Min) 0.3792 0.3594 0.2716
Surface Roughness (Min) 0.0096 0.0132 0.0141
MRR (Max) 14.034 13.177 7.125
Wire Wear (Min) 0.1136 0.3079 0.5212

6 Conclusions

In this research effect of change of taper angle of workpiece,
current and pulse-off time over the response variables; kerf
width, surface roughness, MRR and wire wear during the
WEDM cutting of Titanium Alloy Ti6Al-4V has been anal-
ysed. From the analysis of data and results, it can be con-
cluded that;

– Taper angle is only the significant factor influencing
the kerf width, which decreases with the increase in ta-
per angle due to high surface area exposed to the wire
EDM and low thermal conductivity of the Titanium Al-
loy. Due to low thermal conductivity of the Titanium
Alloy, the heat generated during the erosion concen-
trated within the region, causing the larger kerf width
and hence melting of the material.

– There is no single significant factor which influences
the surface roughness, whereas, interaction of taper an-
gle and current is the significant factor. Increase in cur-
rent and taper angle simultaneously increase the surface
roughness within the erosion region in the workpiece
with 30 and 60◦ taper angle whereas it decreases in the
45◦ taper angle.

– Material Removal Rate (MRR) is significantly influ-
enced by taper angle, current and pulse-off time and
their interactions. It decreases with the increase in taper
angle and pulse-off time due to the higher erosion ex-
position area and distribution of erosion over the larger
area. Whereas, it is increased with the increase of cur-
rent due to higher erosion rate at higher current.

– Wire wear is also significantly influenced by all the
main factors and most of the interaction factors. It in-
creases with the increase in taper angle and current since
the erosion is distributed along the larger length of wire,
causing the erosion in wire in the high heat zone formed
due to the low thermal conductivity of the Titanium al-
loy. It decreases with the increase in pulse-off time due
to low erosion in the region.

Regression model for the four-response variable relating the
taper angle, current and pulse-off time are also established,
which is validated through the earlier researcher reported in
the literature. The values for the response variables are eval-
uated from the previous researches and for the same process
parameters, response variables are determined using the de-
veloped regression model. Based on the error between the
response variable value, it can also be concluded that the re-
gression models are accurate and robust in nature. Finally,
optimal current and pulse-off time are determined using the
optimization of regression models for the workpiece with
three different tapered angles. Optimal results suggest that
the current with more than 5 A and constant pulse-off time of
20 µs provide the optimal response variables. Furthermore,
most optimal response variables are observed in the work-
piece with the lowest tapered angle.

Based upon the above-mentioned results it can be con-
cluded that the material properties, such as melting point and
thermal conductivity also plays a key role in selecting the
WEDM process parameter, which are also sensitive to the
taper angle or exposed area to the erosion.
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