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Abstract.Wire electric discharge machining (WEDM) is one of the foremost methods which has been utilized
for machining hard-to-cut materials like Titanium alloys. However, there is a need to optimize their important
operating parameters to achieve maximum material removal rate (MRR). The present paper investigates the
effect of control factors like current, pulse on time (Ton), pulse off time (Toff) onMRR of machining of Ti-6Al-4V
alloy. The study showed that, increase in current from 2 A to 6 A results in a significant increase in MRR by
93.27% and increase in Ton from 20ms to 35ms improved the MRR by 7.98%, beyond which there was no
improvement of MRR. The increase in Toff showed a counterproductive effect. Increase in Toff from 10ms to
30ms showed an almost linear decrease inMRR by 52.77%.Morphological study of themachined surface showed
that cut surface consists of recast layer on whichmicrocracks were present, and revealed the presence of globules,
ridge-structured formations of recast layers and voids. In addition, a regression model was developed to predict
the MRR with respect to the control factors, which showed a good prediction with an R2 value of 99.67%.
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1 Introduction

Titanium and its alloys are extensively used in automobile,
petrochemical, aerospace, biomedical, and many other
engineering domains due to their attractive mechanical
properties such as, superior strength to weight ratio, high
corrosion resistance, and their ability to maintain these
properties at elevated temperatures [1]. However, their low
modulus of elasticity, low thermal conductivity and high
chemical reactivity result in large workpiece deflections,
drastic cutting temperatures, and significant tool wear
rates during machining [2]. Furthermore, their ability to
maintain strength at elevated temperatures causes severe
work hardening, resulting in extremely high machining
forces and vibration related complications such as spring-
back and chatter, thus making it difficult to machine using
conventional machining techniques [3]. Non-conventional
machining techniques provide a better solution while
machining such hard materials, but few techniques like
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Abrasive Water Jet Machining, Electro Chemical Machin-
ing, Laser Beam Machining, and Ultrasonic Machining
have concerns related to environmental safety during the
disposal of chemicals and limitations of affordability to
achieve high levels of surface finish [4]. Thus, Wire Electro
Discharge Machining (WEDM) is preferred for machining
titanium alloys over other machining techniques [5].

InWEDMprocess, the material is eroded by conversion
of electrical energy into thermal energy in the form of spark
[6]. The material erosion is made possible by generating
recurrent controlled sparks between an electrode (wire)
and a work piece to affect only the surface of workpiece.
These sparks produce intense heat generating temperature
ranging from 8000 °C to 12000 °C. Whenever sparking
takes place, a small amount of material is either evaporated
or eroded at a minuscule level and flushed away from the
work piece by a stream of fluid dielectric medium, which is
generally deionized water [6]. While machining using
WEDM, a series of input control parameters (process
parameters) like pulse on time (Ton), pulse off time (Toff),
wire speed, wire feed rate, wire tension, discharge current,
voltage, and dielectric flow rate can be varied to achieve
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Fig. 1. Experimental setup.
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desired output characteristics [7,8]. Ton is the discharge
time duration, whereas, pulseToff is the time duration of no
discharge in between each Ton [6]. Wire speed, feed rate,
and tension are related to the movement and fixturing of
the cutting wire. The current and voltage measure the
amount of power spent in discharge machining. The
dielectric fluid acts as a coolant preventing excess heat
buildup in the work piece, thus reducing one of the
difficulties faced during machining hard materials [6].

Optimization of WEDM process parameters is critical
to arrive at the required machining performance character-
istics. Different optimization techniques such as, Grey
Relational Analysis [9], Principle Component Analysis [10],
Taguchi method [11,12], Response Surface Methodology
(RSM) [13–16], etc., and also combinations of these have
been employed to analyzeWEDM performance of titanium
alloys. The purpose of RSM is to determine the optimum
value of the variables at which a particular operation can be
performed so as to satisfy certain requirements of output.
However, in other optimization methods, many of the
times, the optimal values estimated from the mathematical
analysis are unrealistic since there is a possibility that the
determined combination of process parameters is absent in
the machine under consideration [13]. Therefore, RSM has
been chosen as the optimization technique in this study.

The influence of wire electrode materials and the
dielectric fluidmedia are important topics of research in the
field of WEDM [6]. Materials such as, aluminum, brass,
copper, graphite, tungsten carbide, steel, etc., have been
employed for the WEDM of titanium alloys [13,17–19]. It
has been found that, infusion of copper on graphite [18] and
coating zinc on brass [13] results in an improvement in the
material removal rate (MRR) of titanium alloys. However,
much lesser attention has been paid to the applicability and
performance of molybdenum electrode wires on theWEDM
of titanium alloys, and their relationship with the operating
parameters [20,21]. With regard to the dielectric fluid
media, oil and water have been investigated, and water has
been found to exhibit higher stability and lower amount of
electrode wear rate compared to oil [22]. In the present
study, molybdenum was chosen as the electrode material
with deionized water being used as the dielectric fluid
medium.

Numerous studies have been conducted to study the
output performance characteristics such as, slot width
(also called kerf width), MRR, and surface roughness (SR),
with variations of the major process parameters of WEDM
[23,24]. Also, specifically researchers have focused on
machining of titanium alloys with WEDM by studying the
effect of individual control parameters on the output
response characteristics. Among the various parameters
that have been investigated, the Ton, Toff and peak current
have received the maximum interest, and their relation-
ships with the material removal rate and surface roughness
have been the center of focus [25,26]. With regard to the
objective of WEDM performance optimization, investi-
gators have worked on single-response optimization as well
as multi-response characteristic optimization techniques
using Taguchi’s utility and modified utility concepts
[27,28]. The findings of these studies have revealed that
lower peak currents and higher durations of Ton lead to a
reduction in the SR, whereas the influence of peak currents
on MRR was negligible [29,30]. Other studies have shown
that the duration of Ton and pulse current are highly
influential factors affecting the MRR [31,32].

Machining of titanium alloys is a challenging arena, and
WEDM has shown immense potential in this direction.
However, the literature shows that there is more scope for
understanding the effects of various process parameters of
WEDM on the machining performance of titanium alloys.
Specifically, the usage of molybdenum wires as the
electrode material in combination with deionized water
as the fluid medium, and the utilization of RSM in
investigating the optimum input process parameters
remains to be investigated. Furthermore, very few studies
have conducted surface characterization of titanium alloys
machined using WEDM and have analyzed the microlevel
impact on the machined surface [33], which invariably
plays a key part in the structural integrity of the material.
Therefore, the core objective of the present study is to
investigate the optimum values of the three important
WEDM input control factors [34–41], i.e., peak current,
durations of Ton and Toff, for maximizing MRR using
molybdenum wire as wire electrode material, while
machining Ti-6Al-4V sheet metal through the utilization
of optimization techniques like analysis of variance
(ANOVA), regression analysis and RSM. Additionally,
scanning electron microscopy will be used to perform
surface characterization and a morphological analysis of
the resulting machined surface of the titanium alloy.

2 Material and methodology

2.1 Experimental setup and workpiece

The machining operation were carried out on Concord
CNC Wire-EDM machine (Fig. 1) with table size 320mm
� 400mm at Manipal Institute of Technology (MIT)
machine tools laboratory, MIT, Manipal Academy of
Higher Education, Manipal, India. For the current study,
Ti-6Al-4V alloy with dimension 150mm� 50mm� 2mm
is considered as the work material. Initially, the titanium
plate is cut into a slab of the required dimensions (Fig. 2),



Fig. 2. Wire-EDM machined test samples.

Table 1. Material composition of Ti-6Al-4V.

Chemical composition Ti Al V Fe C Cr Cu

Percentage 89.54 5.60 4.50 0.23 0.01 0.03 0.09

Table 2. Wire-EDM variable control factors.

Parameters Unit Level 1 Level 2 Level 3

Toff ms 10 20 30
Ton ms 20 35 50
Current A 2 4 6
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then machining is carried out by changing some of the
process parameters for a length of 10mm for each trail.
Reusable single strandmolybdenummetal wire of diameter
0.18mm is used as wire-electrode and dielectric fluid
consisting of cleanser gel, de-ionized water is used for
machining of test samples. Thematerial composition of this
alloy is presented in Table 1.

2.2 Design of experiments and surface
characterization

The wire EDM involves range of control factors such asTon,
Toff, peak current, wire tension, dielectric fluid composition
and its supply pressure, servo voltage, wire speed which
influence the machining performance viz., MRR. Based on
the results of earlier experiments by the authors [34,35] on
differentmaterials using this experimental set up few critical
parameters are chosen to determine their influence on the
response. It is critical to choose appropriate settings toget the
desired or optimum machining performance. In this study,
three important control factorsTon,Toff andpeak current are
varied in each experiment. The wire speed and tension,
dielectric fluid composition and its supply pressure and
voltage were set constant throughout the study. For the
purpose of optimum utilization of the resources the experi-
mentsaredesignedusingcentralcompositedesignofresponse
surface method. Table 2 shows the variable control factors
with values set for the present investigation and Table 3
presents the experimental plan. Material removal rate is
basically functionofvolumeremovedbymachiningtime.The
machining time (Tm) of each slot is taken fromtheWireEDM
displaydevice.Amountofmaterial removed isdeterminedby
weight loss method i.e., difference in weights of test sample
before and after machining. Surface morphology of cut
surface is studied using scanning electronmicroscope (Make:
Zeiss) and Mitutoyo Inverted metallurgical microscope
(Model: IM 7000) is used to study the surface morphology
of cut surfaces at different magnification.
3 Results and discussion

3.1 Effect of Ton, Toff and current on MRR

Experiments are conducted as per the plan shown in
Table 4 and the MRR obtained corresponding to each trial
is analyzed by computing the average effect of each process



Table 3. Experimental plan.

Std order Run Order Blocks Pt Type Current (A) Ton (ms) Toff (ms)

1 1 1 1 2 20 20
2 2 1 1 4 35 20
3 3 1 1 2 50 20
4 4 1 1 6 35 10
5 5 1 1 4 20 30
6 6 1 1 6 20 20
7 7 1 1 4 50 30
8 8 1 1 2 35 30
9 9 1 1 4 35 20
10 10 1 1 6 50 20
11 11 1 1 4 35 20
12 12 1 1 2 35 10
13 13 1 1 6 35 30
14 14 1 1 4 50 10
15 15 1 1 4 20 10

Table 4. Computed values of quality characteristics.

S. No. Current (A) Ton (ms) Toff (ms) MRR (mm3/min)

1 2 20 20 0.931
2 4 35 20 1.675
3 2 50 20 1.071
4 6 35 10 3.027
5 4 20 30 1.118
6 6 20 20 2.040
7 4 50 30 1.115
8 2 35 30 0.722
9 4 50 20 1.704
10 6 50 20 1.930
11 4 35 20 1.680
12 2 35 10 1.600
13 6 35 30 1.360
14 4 50 10 2.388
15 4 20 10 2.124
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parameters at different levels. Figure 3 shows the main
effect plot of different control factors on MRR. From
Figure 3a it is observed that with increase of current from
2A to 6 A there is a significant increase in MRR by 93.27%.
The increasing trend of MRR is due to increased spark
energy at higher current settings [42,43] which led to
intensified material vaporization and melting over the
larger volume and thus resulted in higherMRR [34,35]. The
change in current from 2 A to 4 A, increased the MRR is by
55.96%, but further increase of current from 4 A to 6 A
showed that MRR is increased at lower rate (23.96%). This
indicated that, increase in current by similar magnitude
beyond the peak level reduced the rate of change of MRR.
Further, the effect of Ton on MRR is shown in Figure 3b.
During Ton period, the dielectric fluid gets ionized and spark
discharge occurs between wire electrode and the workpiece.
This results in the localmeltingofmaterial fromtheworkpiece
and evaporation. It is observed from Figure 3b that with
increase in Ton from 20ms to 35ms the MRR is increased by
7.98% and further increase inTon from 35ms to 50ms resulted
marginal decrease of MRR by 2.13% compared to its peak
MRR which was obtained at Ton � 35ms. This is due to the
factthatthesparkenergyisdependentonvoltage,currentand
Ton, therefore longer duration of pulse-on time resulting in
generating the more intense spark which resulted in melting
and vaporization of larger volume of material. But increasing



Fig. 3. The effect of current, Ton and Toff on MRR.

Table 5. ANOVA of MRR.

Source DF Adj SS Adj MS F-Value

Current 1 2.03434 2.03434 593.74
Ton 1 0.01059 0.01059 3.09
Toff 1 2.90806 2.90806 848.75
Current � Ton 1 0.01553 0.01553 4.53
Current � Toff 1 0.15567 0.15567 45.43
Ton � Toff 1 0.01777 0.01777 5.19
Lack-of-Fit 3 0.01665 0.00555 23.09

DF: degrees of freedom, Adj SS: adjusted sum of squares, Adj MS: adjusted mean squares
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theTonduration from35ms to50mshas resulted indecreasing
ofMRRby 2.13%. It is well known that there is an increase in
spark intensity atTon duration of 50ms and its corresponding
discharge of spark energy led to melting of material with
greater volume compared to that ofMRRobtained at shorter
Ton.Since, theToff durationremainssamewhile increasing the
Ton duration in each spark cycle, there is insufficient time
availabletoevacuatethemoltenpool fromthemachiningzone
during themachining cyclewhich leave the part of themolten
pool as recast layer as seen in Figure 10. Hence longer Ton
duration beyond the optimumduration shows the decreasing
trend of MRR.

The effect of Toff on MRR is shown in Figure 3c.
Increase in Toff from 10ms to 30ms has resulted in rapid
decrease of MRR by 52.77%. Increasing Toff from 10ms to
20ms and 20ms to 30ms has resulted in decrease of MRR by
31.22% and 31.54% respectively. During Toff, the supply of
current to electrode is restricted and the dielectric fluid gets
deionized, due to which the sparks are not produced.
Hence, machining does not take place duringToff andMRR
decreased almost linearly with increase in Toff.
3.2 Analysis of variance of Ton, Toff and current

ANOVA is used to analyze the significance of the effect of
Ton, Toff and current on MRR at 95% confidence level. F
critical values for error degree of freedom� 6 is found to be
2.79 from the standard Fisher’s table. Table 5 shows the
ANOVA of the control factors on MRR. It is observed for
F-value of current and Toff is greater than the F critical
values and hence its effect is highly significant. It indicates
that changes in the settings led to greater variation on
MRR. However, the F-value of Ton is less than critical F
value and hence its effect is not significant. In view of
improving the spark frequency and enhancing theMRR, its
settings are advised below 35ms. The interaction effect of
these control parameters on MRR is shown in Figure 4.
Further, the significance of the interaction effects of these
factors are tested by F-test (Tab. 5). The F values of
interaction between Ton and current, Toff and current, Ton
and Toff greater than critical F-values and hence their
interaction effects are highly dependent on settings of each
other process parameters.



Fig. 4. Interaction effect of (a) Ton� current (b) Toff� current (c) Ton�Toff.

Fig. 5. The optimization plot of MRR.
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Table 6. Comparison of predicted and experimental MRR

Trial No. Current
(A)

Ton (ms) Toff
(ms)

Predicted
(mm3/min)

Experimental
(mm3/min)

Error
(%)

1 2 20 10 1.32 1.23 7.42
2 3 25 15 1.58 1.63 3.30
3 4 35 20 1.69 1.53 10.27
4 5 45 25 1.53 1.6 4.57
5 6 50 30 1.20 1.09 9.95
6 6 38.18 10 2.99 2.79 7.04

Fig. 6. Distribution of residuals for the developed multivariable nonlinear regression model.
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3.3 Analysis of interaction effect by response surfaces

Surface responses are generated for analyzing the effect of
variable control factors on MRR. Figure 4a shows the effect
ofTon and current onMRR. It can be seen that a significant
increase on MRR is observed with increasing the Ton and
current. BykeepingTon constant and increasing the current,
MRR is significantly increased and the maximum MRR is
achievedatTon� 35ms andcurrent� 6A.MinimumMRRis
observed at lowest settings ofTon (20ms) and current (2 A).
Figure 4b shows the effect of Toff and current on MRR. It is
observed that MRR can be increased by increasing the
current and decreasing the Toff. At any constant settings of
current, the MRR can be enhanced by decreasing the Toff.
From the study it is found that the maximum MRR is
achieved at Toff � 10ms, current � 6A and also minimum
MRR is obtained at current�2A andToff�30ms. Figure 4c
shows the effect of Toff and Ton on MRR. It is observed that
MRR can be increased by increasing the Ton and decreasing
Toff. By keeping Ton constant and decreasing Toff MRR is
found to be improved. MaximumMRR is achieved atToff�
10ms and Ton � 50ms and minimum MRR is observed at
least value of Ton – 20ms and highest value of Toff � 30ms.

3.4 Optimization of the process parameters

Response surface method is used for optimization of MRR
with the objective function of its maximization. Figure 5



Fig. 7. SEM images of the machined surface showing (a) globule formation at 1000 X, (b), (c) microcracks and ridge formations at
2000 X, and (c) voids at 3000 X magnifications.
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shows the optimization plot for MRR. It is observed that,
the MRR increases with increase in current. The maximum
MRR is seen at settings of 6 A current. Also, the MRR
increases with increase inTon up to 38.18ms, beyond which,
it starts decreasing. Further, it is also observed that,
highest MRR is achieved at lowest setting of Toff � 10ms.
Hence, these settings, i.e., current � 6A, Ton � 38.18ms,
Toff � 10ms are the optimized settings to machine the
Ti-6Al-4V alloy by Concord CNC Wire-EDM machine
using molybdenum electrode. The estimated MRR at these
optimized conditions is 2.85 mm3/min. Considering the
limitations of the setting of the experimental machinery,
the confirmation experiments were carried out at Ton �
40ms instead of optimized pulse on time of 38.18ms. This
yielded the average MRR of 2.74 mm3/min.

3.5 Regression modelling of MRR

To establish a relationship between control parameters
namely current (Ic), Ton and Toff with MRR, a regression
model is developed using the data shown in Table 4. The
model is built based on the experiments conducted for the
settings of the control variables in the range: 2 A≥ Ic� 6 A,
20ms≥Ton� 50ms, 10ms≥Toff� 30. Hence, the developed
model is suitable for predicting the MRR within this range.
The predictive model of MRR in wire EDM of Ti-6Al-4V is
given by equation (1) which is developed in this research.
The coefficient of determination (R2) for the developed
model is 99.67%. The predicting accuracy of the regression
model is verified with the experimental data. Table 6 shows
the confirmation of the prediction capability of the
developed model under various operating settings, includ-
ing the optimum operating condition obtained from the
optimization.

MRR ¼ �0:130þ 0:7241Icþ 0:0483Ton
� 0:0421Toff � 0:02525I2c � 0:000410T 2

on

þ 0:000922T 2
off � 0:002077Ic � Ton

� 0:00986Ic � Tof f � 0:000444Ton � T of f ð1Þ
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Residual analysis for the MRR is performed and the
results are shown in Figures 6a–d. From the probability
plot (Fig. 6a), it is observed that the residuals are spread
closely across a line of fit. Outlier residual data sets are not
found which indicate the good correlation between the
predicted and experimental MRR. Figure 6b shows the
scatter plot of residuals over the mean value. It is observed
that there is no formation of clustered regions of residuals
and the residuals are randomly spread across the mean
values. This indicates that the robustness of experimental
study and the results are not biased. Figure 6c shows the
histogram plot of residuals for MRR. It is observed that the
frequency distribution of residuals is symmetrical about
the mean value and forms the bell-shaped structure
indicating the normal distribution of residuals. Figure 6d
shows the residual obtained at different experimental trial
which show that the residuals are randomly scattered
around the mean values. From the residual analysis it is
observed that the residuals follow the conditions of
linearity, heteroscedasticity and normality. Hence the
developed regression model is robust for predicting the
MRR within the range of settings: 2 A ≥ Ic � 6 A, 20ms ≥
Ton � 50ms, 10ms ≥ Toff � 30.
3.6 Analysis of machined surface morphology

Surface characterization of machined Ti-6Al-4V alloy
was carried out by scanning electron microscopy (SEM).
The machined surfaces at 1000� magnification (Fig. 7a)
shows the formation of globules which were intact with
the cut surface. The globules were formed during the
solidification of molten metal when they are exposed with
the dielectric fluid media (deionized water) [44]. Further,
the cut surfaces at higher magnification (2000�)
exhibited the presence of micro-cracks along the ridge-
structured formations [45] as seen from Figures 7b and
7c. The cracks are generated due to rapid cooling of
molten metal during the deionization period. Also, it is
observed that the solidification of the molten metal
resulted in formation of recasts in layered manner, which
then adjoin against each other similar to the tectonic
plates beneath the earth’s crust. Further investigation of
microstructure at magnification of 3000� revealed the
presence of voids as shown in Figure 7d in between the
solidified layer. Similar observations are made by other
researchers [46–48]. Such voids are formed due to the
inflow of vapors within the microscopic gaps between the
molten pool. The average size of such voids was
around 22mm.
4 Conclusions

From the investigation of the effects of peak current, Ton
and Toff on MRR of Ti-6Al-4V using molybdenum
electrode, the following conclusions are drawn. Increase
in peak current from 2 A to 6 A showed a significant
increase inMRRby 93.27%. In case ofTon, an increase from
20ms to 35ms improved the MRR by 7.98%, whereas its
further increase did not show appreciable improvement of
MRR. The increase in Toff showed a counterproductive
effect, i.e., with an increase from 10ms to 30ms, there was a
linear decrease in MRR by 52.77%. Morphological study of
the machined surface showed that cut surface consists of
recast layer on which microcracks were present. In
addition, SEM images also revealed the presence of
globules, ridge-structured formations of recast layer and
voids at the microscopic level. At optimum conditions (Ic�
6A, Ton � 38.18ms, Toff � 10ms), the corresponding MRR
is 2.74 mm3/min. Further, the developed regression model
can predict the MRR with a good prediction accuracy
(R2= 99.67%) within the range: 2 A ≥ Ic� 6 A, 20ms ≥Ton
� 50ms, 10ms ≥ Toff � 30.

Implications and influences

The results derived from the present investigation are
useful for predicting the MRR and choosing the optimum
process parameter settings for machining of Titanium alloy
Ti-6Al-4V in wire-EDM industry. Further, continuing with
the present approach, extensive studies can be carried out
on other important performance characteristics of WEDM
such as surface roughness and kerf width.
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