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Abstract. The non-traditional machining process is highly recommended for machining difﬁcult-to-cut
materials with increased hardness, toughness, work hardening effect, and poor thermal diffusivity, etc. Wire
electrical discharge machining (Wire-EDM) is one of the above said processes used to machine material which
are electrically conductive. One of the variants of Wire-EDM process is wire electrical discharge hybrid turning
(WEDHT) process, in which, the work material is made to rotate during material removal resulting in cylindrical
components manufacturing. This process follows the principle of sparking and erosion for material removal with
moving wire as a tool electrode. In the present study, WEDHT process is performed on Ti-6Al-4V alloy, which
has applications in the areas of biomedical, marine, chemical, aerospace, etc. 27 experiments are performed
using diffusion annealed zinc coated brass wire as the tool electrode by varying servo feed, pulse ON time and
wire feed rate at three different levels to study the surface quality and material removal as the output performances. Atomic force microscopy (AFM) technique gives a 3D proﬁle of the machined surface and measures the
surface roughness. These measured 3D results are validated once again in 2D surface proﬁle meter. The factor
effects of all three input parameters are analyzed individually and analysis of variance (ANOVA) for all the
performance responses are studied to know the most contributing factor in deciding the surface roughness (SR)
and material removal, respectively. The regression analysis is performed for the response measures and the
model parameters are analysed for goodness of ﬁt using residual plot. Pulse ON time contributes more in
deciding the SR and material removal rate (MRR) of the component followed by servo feed and wire feed rate.
The interaction effects of the parameters are found to be insigniﬁcant.
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1. Introduction
Wire electrical discharge machining (Wire-EDM) has
become an essential process to fabricate components on
electrically conductive material especially on difﬁcult-tocut materials like nickel-based alloy, cobalt-based alloy,
tool steels, titanium alloys, etc. The components with
complex geometry, intricate shapes can be easily machined
out through this technique which is very tough through
conventional machining processes [1]. Wire-EDM, a
thermo-electric process removes material through sparking
and erosion by producing electric sparks generated due to a
potential difference between the tool electrode and work
component. These sparks generate higher temperature,
which is sufﬁcient for material removal on the work
*For correspondence

material [2]. The tool electrode used is the wire which
moves from the upper guide to lower guide through the
work material. At a nominal and required voltage, the
sparking occurs between the component and the wire
maintaining a spark gap between the two in the presence of
dielectric medium, thus eliminates the possible mechanical
stresses. Because of the increased potential difference, the
dielectric starts to de-ionize making an ionization channel
between the wire and work material. On completion of
pulse ON time, the ionization channel gets collapsed
resulting in material removal on both the wire and the work
piece [3]. The variant of this process is wire electrical
discharge hybrid turning (WEDHT) process. In this process, the cylindrical component is made to rotate with high
accuracy and precision could be easily machined to the
required shape and size. This makes this process a unique
one differing from Wire-EDM process, where the work
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material is held stationery [4]. The wire material used for
material removal is of many types, like, copper, brass,
coated brass wires, molybdenum wires, etc. The wire
material used as an electrode should have increased electrical conductivity and hence utilized copper to serve the
purpose. But due to its poor tensile strength (would break
due to the sudden sparks) and poor ﬂush ability, the usage
of it got reduced which gave a path for the brass wires to
come into the production market. This possesses better
electrical conductivity, with considerable tensile strength,
good ﬂush ability property and more economical among the
industrial community [5]. Another wire which has higher
tensile strength than copper and brass is the molybdenum
wire. But due to its high cost, the industrialists go in search
of an alternative which could replace molybdenum wire for
the higher tensile strength and brass wires for its economic
advantage and that resulted in coated brass wires [6].
The most commonly used coating on the brass wire is
zinc, which has improved properties like increased tensile strength, good ﬂush ability, economically lesser in
cost, reduced wire breakage, etc. The zinc –oxide
material gets deposited on the wire surface during
machining, which prevents the wire from breakage and
short-circuiting during machining [7]. Since EDM based
processes are normally a slow material removal process,
the introduction of coating to the brass wire is found to
be a boon in Wire-EDM and WEDHT process. These
zinc-coated brass wire are used by Dariusz and Stanislaw
[6] during machining of Ti6Al4V alloy in Wire-EDM
process. Based on the results, it is found that zinc coated
brass wires produced 18% more efﬁcient material
removal when compared to uncoated brass wire. Similarly, Kuriakose and Shanmugam [1] analyzed the WireEDM machining of Ti-6Al-4V using zinc-coated brass
wires and found a thick oxide layer on the component
surface. The experiments are carried out using Taguchi’s
experimental design and they reported that as low as the
time between two pulses, the formation of oxides is
found to be very less. And a detailed surface analysis is
performed for the component machined using zinccoated and uncoated brass wires. The results inferred that
the zinc coated brass wire performs better than uncoated
wire. Dabade and Karidkar [3], performed Wire-EDM
machining on Inconel 718 with brass wire coated with
zinc. They adopted Taguchi L8 array of experiments to
ﬁnd out which parameter contributes more in deciding
the roughness and amount of material removed on the
machined component. Based on the experimentation,
they reported that pulse ON time contributes more in
deciding the MRR, SR and dimensional accuracy of the
machined component. In addition to this difﬁcult-to-cut
material, Pramanik and Basak [8] machined aluminum
based metal matrix composites using this zinc coated
brass wires. Taguchi’s design of experiments was used
for experimentation and to analyze the wire electrode
wear pattern. Their results inferred that the wire obtained
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post machining would be no longer circular, becomes
curved at the front and the rear end of the wire with ﬂat
surfaces on the other two sides. In all the above mentioned Wire-EDM process, the wire electrode used is the
plain zinc coated brass wire heated treated in the presence of an oxygen atmosphere after the wire drawing
process. This process forms the zinc oxide layer on the
wire surface, thus prevents the ﬂaking of zinc resulting in
improved productivity at higher cutting speed.
Based on the above review of literature, it is evident that
a very limited number of authors reported usage of zinc
coated brass in Wire-EDM machining process and no
research is carried out in WEDHT process by other
researchers. In this WEDHT study, the diffusion annealed
zinc coated brass wires is used to machine one of the hardto-cut material named, Ti-6Al-4V alloy. The main advantage of diffusion annealed zinc-coated brass wire over plain
zinc-coated brass wire is, in diffusion annealing process,
the zinc coated wires are heat treated in the presence of
inert atmosphere for the diffusion of zinc atoms into the
brass material and copper would diffuse back into the zinc.
This kind of diffusion would result in improved metallurgical and mechanical properties of the wire. The objective
of the present work is to conduct full factorial 27 experiments using diffusion annealed zinc coated brass wire by
varying pulse ON time (TON), servo feed (Sf) and wire feed
rate (Wf) at three different levels to study SR and MRR,
respectively. The factor effects for these input parameters
are analyzed individually and analysis of variance
(ANOVA) is performed at 95% conﬁdence limit to ﬁnd out
the most contributing factor in deciding the responses (SR
and MRR). The statistical model based on regression
analysis for the responses, SR and MRR is analysed to
predict the optimum results.

2. Materials and methods
The experiments are conducted on an in-house fabricated
rotary spindle setup shown in ﬁgures 1 and 2, ﬁxed on a 5-axis
Computer Numerical Control (CNC) Wire-EDM machine.
The work material: Ti-6Al-4V alloy of 10 mm in diameter is
used and wire electrode: diffusion annealed zinc-coated brass
wire of 0.25 mm diameter. The full factorial design of
experiments are carried out with three input parameters varied
at three levels (table 1) and the experiments are conducted in
the presence of dielectrics (de-ionized water). All other
WEDHT input parameters are made as constant and are shown
in table 1. The machined samples are checked and measured
for its 3D surface proﬁles using Atomic force microscopy
(Model: Nanosurf Easyscan proﬁle meter) and 2D proﬁle from
Mahr surf surface proﬁlometer (ISO: 4287-1997). The MRR
of the machined components is calculated by measuring the
sample weights prior and post machining using the formula
given in Equation (1).
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mi  mf
MRR mm = min ¼
Mt  q
3


ð1Þ

where ‘mi’ and ‘mf’ are the sample weights prior and post
machining (gm). ‘Mt’ is the machining time (min) and ‘q’
is the work material density (0.004507 gm/mm3).

3. Results and discussion
The experimental runs are conducted as per the parameters
given in table 1 and the responses like SR and MRR for all
27 experimental runs are found out and tabulated in table 2.
Based on the obtained output results, the inﬂuence of various input parameters on deciding the output responses are
plotted by taking the mean of the outputs obtained at that
particular level of the input parameter and it is discussed in
the forthcoming sections.

3.1 Input parameter inﬂuence on surface
roughness
The full factorial design of experiments (27 trials) is conducted with varying input parameters and their effect on
surface roughness (SR) is studied and plotted in ﬁgure 3 (a).
For the surface roughness criterion, as low the roughness,
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the better is the surface quality of the machined component.
Hence, from the plot it seen that the lower SR of 2.0087 lm
is obtained at lower TON (08 ls), higher wire feed rate (5
m/min) and lower servo feed (5 mm/min). As the servo feed
keeps increasing, the effective removal of material is not
possible, leaving behind inefﬁcient material removal and
causes poor surface ﬁnish. While at lower servo feed, a
sufﬁcient amount of material gets removed causing effective machining with lesser surface irregularities on the
surface [9]. Apart from effective machining and good surface ﬁnish at lower servo feed, there is a chance for second
discharge on the same locality which is due to the prolonged introduction of wire on the work material surface
and this causes the probability of serious surface burning on
the work material. Also, the increased servo feed causes
enlarged craters on the material surface due to the rotating
work material leading to the poor surface ﬁnish. As the TON
increases, the discharge energy produced for removal of
material has a longer period of spark time with the material.
This result in more amount of sparks generated causing
more irregularities on the component surface which results
in more roughness on the work surface. At the same time as
the wire feed gets increased, the introduction of fresh wire
at the machining zone is found to be more and causes
increased and effective material removal. The wire feed
along with rotating action of the work material helps in
removal of debris particle at the machined zone. Thus

Figure 1. Schematic (CAD model) of the fabricated rotary spindle set-up.
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Figure 2. Rotary spindle mounted on Wire-EDM machine.

Table 1. Input process parameters.
Varying parameters
Pulse ON time (ls)

Wire feed rate (m/min)

Servo feed (mm/min)

08

3

5

11

4

7

14

5

9

preparing the material for the next effective machining
cycle, which would result in good surface ﬁnish at higher
wire feed. Servo feed decides the movement of work
table during machining. Higher the servo feed, more would
be the work table movement with a constant spark gap
throughout the machining process. For surface roughness
criterion, higher servo feed would result in poor surface
quality with better material removal because of the faster
movement of the work table resulting in ineffective
machining. The 3D SR proﬁle of the machined samples is
shown in ﬁgure 4. From the image, it is evident that the
machined surface of the component has lots of peaks and
valleys. For these outputs, the ANOVA is performed to
identify the parametric inﬂuence on a particular response

Constant parameters
Pulse OFF time (TOFF)
Input power
Voltage
Water Pressure
Wire Tension
Servo Voltage
DOC
Machining length
Rotational speed

60 ls
12 A
1V
6 kgf
2100 gf
30 V
0.25 mm
5 mm
120 rpm

[10, 11]. From the results in table 3, is it clearly evident that
TON contributes more (38.92%) in deciding the SR of the
machined component followed by servo feed (25.45%) and
wire feed. The interaction of various input parameters
doesn’t have any inﬂuence in deciding the SR of the
machined component.

3.2 Input parameter inﬂuence on material removal
rate (MRR)
The SR and MRR are opposite in nature, higher the MRR,
more would be the SR on the component. In order to
achieve increased material removal, the TON should be
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Table 2. Output responses for all 27 experimental trials.

Trial

TON
(ls)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

08
08
08
08
08
08
08
08
08
11
11
11
11
11

Wf (m/
min)
3
3
3
4
4
4
5
5
5
3
3
3
4
4

Sf (mm/
min)
5
7
9
5
7
9
5
7
9
5
7
9
5
7

SR
(lm)

MRR (mm3/
min)

3.17
3.58
3.84
2.33
2.79
3.87
2.01
2.40
2.90
3.75
3.84
3.97
2.89
3.38

0.0118
0.0129
0.0134
0.0123
0.0144
0.0146
0.0129
0.0137
0.0147
0.0121
0.0126
0.0140
0.0133
0.0138

Trial

TON
(ls)

15
16
17
18
19
20
21
22
23
24
25
26
27

11
11
11
11
14
14
14
14
14
14
14
14
14

Wf (m/
min)
4
5
5
5
3
3
3
4
4
4
5
5
5

Sf (mm/
min)
9
5
7
9
5
7
9
5
7
9
5
7
9

SR
(lm)

MRR (mm3/
min)

3.89
3.22
3.63
3.72
3.92
3.98
4.22
3.35
3.66
3.99
3.40
4.03
4.00

0.0142
0.0131
0.0137
0.0148
0.0139
0.0145
0.0160
0.0134
0.0144
0.0154
0.0149
0.0157
0.0162

Figure 3. Main effect plots for (a) SR and (b) MRR.

more which in turn causes more surface irregularities on the
work material. The main effects of the input parameters on
the MRR are plotted in ﬁgure 3 (b). The MRR is not only
inﬂuenced by TON, but it is also more sensitive to work
piece rotational speed. As the rotational speed increases,

the discharge state and debris ﬂushing condition get
increased. This ﬂushing of debris at the machining zone
enhances the MRR on the work material. Also, more the
feeding speed and current more would be material removal
[12, 13]. In the present study, the optimal cutting conditions
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Figure 4. 3D roughness proﬁle of the machined sample.

Table 3. ANOVA for SR.
Source
TON
Wf
Sf
TON*Wf
TON*Sf
WF*Sf
Error
Total

Degree of freedom (DoF)
2
2
2
4
4
4
8
26

Sum of square (SS)
3.4403
1.5631
2.2504
0.7806
0.2764
0.4034
0.1251
8.8393

Mean square (MS)
1.72015
0.78156
1.12522
0.19515
0.06910
0.10084
0.01564

F-Value

P-Value

110.00
49.98
71.96
12.48
4.42
6.45

0.000
0.000
0.000
0.002
0.035
0.013

%-contribution
38.92
17.68
25.45
8.83
3.12
4.56
1.41
100

Table 4. ANOVA for MRR.
Source
TON
Wf
Sf
TON*Wf
TON*Sf
WF*Sf
Error
Total

Degree of freedom (DoF)
2
2
2
4
4
4
8
26

Sum of square (SS)

Mean square (MS)

F-Value

P-Value

0.000031
0.000005
0.000025
0.000004
0.000004
0.000004
0.000003
0.000076

0.000015
0.000003
0.000013
0.000001
0.000001
0.000001
0.000000

38.38
6.51
31.23
2.27
2.33
2.76

0.000
0.021
0.000
0.150
0.143
0.103

for effective material removal (0.0162 mm3/min) is
obtained at the higher TON (14 ls), lower level of wire feed
rate (5 m/min) and a higher level of servo feed rate (9 mm/
min). The result showed that as high the TON, it creates a
path for the work material to be at the sparking zone
causing more material expelling with higher material
removal rate [14, 15]. Also, as the wire feed gets increased
the introduction of the fresh wire at the machining region

%-contribution
40.78
6.57
32.89
5.26
5.26
5.26
3.94
100

gets increased which results in higher material removal on
the work material. Similar kind of trend is observed in the
present experimental study and the results are plotted. As
for as servo feed is concerned, higher servo feed produces
poor surface quality because of the faster work
table movement during machining and results in increased
material removal. The trend obtained in the graph, conﬁrms
the increased material removal as servo feed increases. For
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these various input parameters, the ANOVA is calculated
and it is tabulated in table 4. The table shows that the TON is
found to be a most inﬂuencing factor (40.78%) that decides
the material removal criterion followed by servo feed
(32.89%). The interaction effect has very least contribution
of 5.26% in deciding the amount of material removed.

4. Statistical modelling using regression
An empirical equation based on regression analysis is
evaluated for each of the responses, surface roughness
and material removal rate to study the parametric
Table 5. Comparison of predicted with experimental results at
optimal level.
SR (lm)
Experimental
Predicted
Error

2.0087
2.4214
17.04%

MRR (mm3/min)
0.0162
0.0158
2.46%

Table 6. Results of the regression analysis for SR.
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effect of input parameters by applying least square
method at 95% conﬁdence level [16, 17]. Using these
prediction equations, the results are compared with the
experimental results. The developed empirical model
able to address 77.74% and 73.46% variance for SR
and MRR respectively. Further the residual plots are
drawn to check the goodness of ﬁt. It is evident from
residual plots that there is no abnormalities in the
predicted model and the developed linear regression
model can be utilised to predict the responses with less
model error. ANOVA for the regression model clearly
indicates the signiﬁcance of the model parameters for
both the responses [18, 19]. The comparison of the
predicted results with the experimental results at the
optimal parameter levels is given in table 5, which
shows the accuracy of 83% and 98.75% for SR and
MRR [20], respectively. The modelled regression
equation, ANOVA analysis, residual plots for the surface roughness and material removal rate criterion is
tabulated in tables 6 and 7.
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Table 7. Results of the regression analysis for MRR.

5. Conclusion
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deciding both the responses followed by servo feed and
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Abbreviations
AFM
Atomic force microscopy
ANOVA Analysis of variance
DoF
Degrees of freedom
EDM
Electrical discharge machining
MRR
Material removal rate
MS
Mean square
SR
Surface roughness
SS
Sum of square
WEDHT Wire electrical discharge hybrid turning
Machining time (min)
Mt
Sf
Servo Feed (mm/min)
Pulse ON time (ls)
TON
Wire feed rate (m/min)
Wf
Sample weight prior machining (gm)
mi
Sample weight post machining (gm)
mf
m/min
Metre per minute
mm/min Millimetre per minute
q
Density (gm/mm3)
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ls
lm

Microseconds
Micrometre
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