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Abstract The present paper identifies the different process
parameters that effect the cutting speed and surface rough-
ness in wire electrical discharge machining of Titanium-6-
2-4-2 (HSTR aerospace alloy), which is so far not reported
in the literature. It also identifies optimal process parameter
combination for simultaneous optimization of cutting speed
and surface roughness to be presented as a guideline for
machining of Titanium-6-2-4-2. Box–Behnken design and
response surface methodology are used to plan and analyse
the experiments. Six control factors viz. Pulse on time, pulse
off time, peak current, spark gap set voltage, wire feed,
and wire tension are chosen as process parameters to study
the performance of the process in terms of cutting speed
and surface roughness. The recommended optimal parameter
combinations have been verified by conducting confirmation
experiments.
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1 Introduction

Titanium and its alloys possess many superior properties
such as chemical inertness, high strength and stiffness at ele-
vated temperatures, high specific strength, oxidation resis-
tance, and corrosion resistance. These properties have led to
their wide and diversified range of applications in aerospace,
automobile, chemical plants, refineries, surgical implants and
marine applications. However, titanium alloys are suscepti-
ble to work hardening during machining, which impairs their
machinability [1]. Hence these are referred to as “difficult
to machine” materials. Although conventional machining of
Ti and its alloys requires forces slightly greater than those
needed to machine steel, it is more difficult due to the fol-
lowing reasons:

1. Titanium is poor conductor of heat (thirteen times less
conductive than Aluminum). Therefore, the heat gener-
ated by cutting action does not dissipate rapidly and most
of the heat is concentrated on tool cutting edge and face.
Moreover, these alloys have a strong alloying tendency
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with the tool materials at tool operating temperatures.
This leads to processes like galling, welding, and smear-
ing along with rapid destruction of cutting tool [2].

2. In machining, due to large shearing angle, thin chips
come into contact with a relatively small area on tool
face and exert large forces on a small area. These larger
forces, coupled with friction developed by the chips as
these pass over the cutting area, result in larger increase
in heat over a small localized portion of cutting tool. This
leads to shorter tool life. Thus, with increase in cutting
speed, tool life drastically decreases [3].

3. Titanium is more “springy” than steel, i.e. work piece
tends to move away from tool unless heavy cuts are main-
tained. Slender parts tend to deflect under tool pressure
and it can cause chatter, tool rubbing and hence lead to
tolerance problems [3].

4. High-speed machining of titanium alloys is only possible
while performing light finishing cuts. Titanium has an
upper speed limit, i.e. 300–350 surface feet per minute,
beyond which the tool turns red [4].

5. During machining Ti 6-2-4-2 with Tungsten Carbide
inserts with a rake angle of 10◦, deformation of metal
increases with increase in speed. The depth of the
deformed layer and extent of deformation depends upon
cutting parameters such as cutting speed, tool geometry,
etc. [5].

Therefore, there is a crucial need for reliable and cost-
effective machining processes for titanium alloys. Many
researchers have been searching for effective methods to
machine titanium alloys by conventional and non-
conventional machining processes [6].

Wire Electric Discharge Machining (WEDM) is found to
be an extremely potential electro thermal process in the field
of machining of conductive materials and is widely used in
manufacturing of cam wheels, stators for stepper motors,
press tools, dies, etc. It is a thermoelectric process which
erodes materials from work piece by a series of discrete
sparks between the work and the tool electrode immersed
in a dielectric medium. These electrical discharges melt and

vaporize small amounts of work material, which are then
ejected and flushed away by the dielectric. The success of a
manufacturing process depends upon the selection of appro-
priate process parameters which in turn play a significant
role in ensuring quality of the product to reduce the manu-
facturing cost and to increase productivity [7]. In general, the
data of machining parameters provided by the machine tool
manufacturers do not meet the operator requirements and
sometimes even do not provide efficient guidelines to man-
ufacturing engineers [8]. The selection of optimum machin-
ing parameter combinations for obtaining higher cutting effi-
ciency and other dimensional accuracy characteristics is a
challenging task in WEDM due to the presence of large num-
ber of process variables and complicated stochastic process
mechanism. Performance of WEDM is dependent upon a
number of control factors such as pulse on time, pulse off
time, servo voltage, and peak current, etc. A slight variation
in these process parameters may influence the process in a
complex way [7]. Hence, there is a need to find out optimum
parameter settings to achieve maximum process yield crite-
ria such as maximization of cutting speed for different class
of materials.

Ti 6-2-4-2 is used in the manufacturing of engine ducts,
exhausts nozzles, fans, automotive valves, gas turbine blades
as well as engine discs [9]. The catalogue supplied by the
manufacturer with WEDM machine does not recommend
any parameter setting for machining of Ti 6-2-4-2 material.
In the present paper, an attempt is made for multi objective
optimization of process parameters of WEDM to optimize the
cutting speed and surface roughness for rough cut using Box–
Behnken designs and response surface methodology. Table 1
shows the chemical composition of Ti 6-2-4-2 material used
for experiment work and Table 2 illustrates its mechanical
properties.

2 Literature Review

This section presents the review of literature on machining
of Ti alloys as well as other materials using WEDM. Kuri-

Table 1 Chemical composition of Ti 6-2-4-2

Element Al Sn Zr Mo Si Fe O2 C N2 H2 Ti

Max. weight (%) 6 2 4 6 2 0.13 0.25 0.15 0.08 0.05 0.0125 85.3

Table 2 Mechanical properties at room temperature [9]

Ultimate tensile Yield strength Elongation (%) Hardness Hardness Modulus of Shear strength Shear modulus
strength (MPa) (MPa) at break (Rockwell) (Vickers) elasticity (GPa) (MPa) (GPa)

1,010 1,080 3 34 318 120 45.5 300
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akose and Shunmugam [10] optimized process parameters
of WEDM for machining of Ti-6Al-4V by non-dominated
sorting genetic algorithm. The sorting procedure employed
a fitness assignment scheme which prefers non-dominated
solutions and used a sharing strategy which preserves diver-
sity among the solutions. None of the solution in the pareto-
optimal set was better than any other solution in the set.
Sarkar et al. [6] developed a second-order mathematical
model for surface roughness, dimensional shift, and cut-
ting speed in WEDM of γ-TiAl in trim cutting operation
using response surface methodology. The residual analysis
and experimental results indicated that the proposed models
could adequately describe the performance indicators within
the limits of the factors that are being investigated. Liao
and Yu [11] studied the effect of specific discharge energy
on WEDM characteristics of Ti-6Al-4V and Inconel-718. A
quantitative relation between machining characteristics and
machining parameters is derived. It was observed that two
most significant factors affecting the discharge energy (η)

are discharge-on time (pulse on time) and servo voltage.
Moreover, discharge-on time and work piece height have
a significant effect on machined groove width. Porous and
Zoboruski [12] investigated volumetric efficiency in WEDM
of Ti 6Al4V taking into consideration both process parame-
ters and material properties. A semi-empirical model is devel-
oped to examine variation of WEDM efficiency by using dif-
ferent wire materials, different process parameters by appli-
cation of dimensional analysis. Saha et al. [13] analysed
WEDM of tungsten carbide cobalt composites. Second-order
multi-variable regression model and a feed-forward back-
propagation neural network model are developed to corre-
late input process parameters with the process response para-
meters, namely cutting speed and surface roughness. It was
observed that neural network architecture provided the best
results prediction although the proposed regression model
was adequate and acceptable. Liu et al. [14] studied behav-
iour of wire electric discharge machining of Al2O3 particle
reinforced aluminium alloy 6061. The effect of machining
voltage, current, pulse duration, and electrolyte concentra-
tion on material removal rate was investigated. The results
suggested that for achieving the highest MRR, applied cur-
rent is the most influential among current, pulse duration,
and electrolyte concentration. Khanna and Singh [15] inves-
tigated the effect of process parameters on WEDM of cryo-
genic treated D3 tool steel. The authors established mathe-
matical models to highlight parametric influence on cutting
rate. Taguchi’s L27 array was used for plan of experimen-
tation and analysis of variance was utilized to explore the
effect of process parameters. Shah et al. [16] investigated
seven different machining parameters in addition to varying
the material thickness on the machining responses such as
material removal rate, kerf, and surface roughness of tungsten
carbide samples machined by WEDM. The design of exper-

iments was based on Taguchi orthogonal designs with eight
control factors at three levels. Results showed that material
thickness has little effect on material removal rate and kerf.
Jangra et al. [17] presented the optimization of surface rough-
ness (Ra) and dimensional lag (μm) of WEDM using Taguchi
and Grey Relational Analysis on D3 tool steel. Taguchi’s L18

Orthogonal Array was used to conduct experiments. Sadeghl
et al. [18] discussed effects of process parameters on surface
roughness (Ra) and metal removal rate in WEDM of AISI D5
steel alloy. Regression is used to model the process and Tabu
search algorithm is opted for optimization. It was found that
discharge current and pulse interval are more influential on
MRR and surface roughness than open circuit voltage. Rao
and Pawar discussed development of mathematical models
using response surface modelling for correlating the inter
relationship of various WEDM parameters and responses,
namely machining speed (mm/min) and surface roughness
(Ra). Artificial bee colony (ABC) technique is then applied
to find optimal combination of process parameters to achieve
a maximum cutting speed for a desired value of surface fin-
ish. It was observed that convergence rate of ABC algorithm
is very high and it can be used effectively in the optimization
of multi-variable problems [7,19].

Literature review clearly indicates that a few works are
reported on WEDM of Titanium and its alloys and there is no
study on the WEDM of Ti 6-2-4-2 alloy. As Ti 6-2-4-2 alloy is
used in engineering applications and WEDM is used for their
manufacturing, there is need to optimize process parameters
of WEDM for machining of Ti 6-2-4-2. Thus, in the present
study, an attempt is made to optimize process parameters of
WEDM for machining of same alloy using Response Surface
Methodology, in particular Box–Behnken designs to develop
an empirical relationship between different process parame-
ters namely pulse on time (TON), pulse off time (TOFF), peak
current (IP), spark gap set voltage (SV), wire feed (WF), wire
tension (WT), and output responses, namely cutting speed
(CS) and surface roughness (SR). Here CS denotes average
speed (mm/min) with which wire cut the work piece material
and SR carries its usual meaning and is measured in Ra.

3 Experiment Set Up and Design

The experiments are performed on a four-axis Electronica
Sprintcut 734 CNC Wire cut machine manufactured by Elec-
tronica India Limited, Pune (India). A diffused brass wire of
0.25 mm diameter (Nikunj HH) is used as tool material and
deionized water as dielectric. A rectangular plate of Ti 6-2-4-
2 measuring 200 mm × 200 mm × 20.4 mm is taken as work
piece. A 10 mm × 10 mm rectangular cut is taken on the
work piece. Figure 1 shows the path followed by wire. The
wire enters the work piece at point O (5, 0). It moves along
OABCDO and exits the work piece from O (5, 0). CNC code
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Fig. 1 Work piece profile

for cutting is generated using ELAPT software supplied by
the manufacturer. It is important to mention that wire offset
is set at zero during machining.

In order to compute average cutting speed, instantaneous
cutting speed is noted at a distance of 2.5, 5 and 7.5 mm from
the initiation of cut along a particular axis. This ensures that
data of cutting speed are noted only when the cutting is prop-
erly stabilized. Instantaneous cutting speed data are directly
displayed on the monitor of machine tool and mean of the
readings provides average cutting speed. Surface roughness
of the work piece that is cut from the plate is measured
using portable Surface Roughness tester Mitutoya SJ-301. It
is measured perpendicular to direction of cut at eight places
taken along OABCDO and average of these readings is cho-
sen as SR.

This study utilizes six process parameters viz. TON,
TOFF, IP, SV, WF, and WT which are chosen on the basis
of literature review as well as preliminary study [20]. The
present study considers these parameters at three levels.
Table 3 provides details of these process parameters as well
as other fixed parameters that are used in the present work.
It is important to mention that TON, TOFF as well as WT
values mentioned in the brackets in Table 3 show the actual

settings in μs and g, respectively, whereas the values outside
the brackets indicate the machine control panel settings.

The present work utilizes Box–Behnken experimental
design approach as it plans experiments within identified
search space (assuming α = 1). In WEDM, loss of produc-
tivity occurs due to wire breakage. Thus, if the pilot study is
carried out before actual experiment work, then range of para-
meter combinations, where wire breakage takes place, can be
identified and isolated. Box–Behnken design approach is in
contrast to central composite design which tends to explore
the space beyond the identified search space (Taking α > 1,
depending upon number of independent parameters), where
chances of wire breakage are quite high. Moreover, Box–
Behnken designs are rotatable or nearly rotatable second-
order designs based upon three-level incomplete factorial
designs. Output response (y) in Box–Behnken design can
be modelled as follows [21]:

Y = β0 +
k∑

i=1

βi xi +
k∑

i=1

βi i x2
i +

∑

i< j

βi j xi x j , (1)

where xi , x j , xk is input or independent process parameters,
β0, βi i , βi j is regression coefficients, and ε is random error.

Construction of Box–Behnken design (BBD) for six con-
trol factors is based upon partially balanced incomplete block
designs. The factorial structure for BBD is 23. Each row of
the design matrix (DX) given below involves eight design
points in addition to a row of all factors at central levels. So,
in total, 54 design points are generated [22]. In D(X), A, B,
C, D, E and F refer to six control factors and +1, −1 and
0 depict high, low and zero level of control factors, respec-
tively.

D(X) =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

A B C D E F
±1 ±1 0 ±1 0 0
0 ±1 ±1 0 ±1 0
0 0 ±1 ±1 0 ±1

±1 0 0 ±1 ±1 0
0 ±1 0 0 ±1 ±1

±1 0 ±1 0 0 ±1
0 0 0 0 0 0

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

Table 3 Fixed and control factors with their settings/levels

Control factors Coded factors Levels machine units (actual) Units Fixed factors Description

I II III

TON A 112 (0.7) 115 (0.85) 118 (1.0) μs Wire HH Brass Ø 0.25 mm

TOFF B 48 (22) 52 (30) 56 (38) μs Size of work piece Square, 10 × 10×20.4 mm

IP C 140 170 200 amp Dielectric conductivity 15–20 mho

SV D 35 45 55 volts Servo feed 2,050

WF E 6 8 10 m/min Dielectric pressure 7 kg/cm2

WT F 4 (500) 6 (700) 8 (1,000) g Dielectric temperature 24 ◦C
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Table 4 Design matrix and results for Wire EDM output response

Standard order Run order Control factors Responses

TON TOFF IP SV WF WT CS (mm/min) SR (μm)

7 1 112 56 170 55 8 6 0.35 1.69

50 2 115 52 170 45 8 6 0.714 1.79

36 3 115 56 170 45 10 4 0.52 1.86

51 4 115 52 170 45 8 6 0.6271 1.77

29 5 112 52 170 35 10 6 0.635 1.79

41 6 112 52 140 45 8 4 0.554 1.65

40 7 115 56 170 45 10 8 0.556 1.885

2 8 118 48 170 35 8 6 1.355 2.3

23 9 115 52 140 55 8 8 0.547 1.87

48 10 118 52 200 45 8 8 0.925 2.125

12 11 115 56 200 45 6 6 0.547 1.81

49 12 115 52 170 45 8 6 0.722 1.91

32 13 118 52 170 55 10 6 0.698 1.92

30 14 118 52 170 35 10 6 1.1 2.132

39 15 115 48 170 45 10 8 0.896 1.952

25 16 112 52 170 35 6 6 0.647 1.777

31 17 112 52 170 55 10 6 0.45 1.615

9 18 115 48 140 45 6 6 0.925 2.04

4 19 118 56 170 35 8 6 0.874 2.09

13 20 115 48 140 45 10 6 0.92 1.868

45 21 112 52 140 45 8 8 0.538 1.695

17 22 115 52 140 35 8 4 0.815 1.79

19 23 115 52 140 55 8 4 0.58 1.815

24 24 115 52 200 55 8 8 0.61 1.97

8 25 118 56 170 55 8 6 0.518 1.96

47 26 112 52 200 45 8 8 0.562 1.72

38 27 115 56 170 45 6 8 0.563 1.967

14 28 115 56 140 45 10 6 0.512 1.8

46 29 118 52 140 45 8 8 0.839 2.15

21 30 115 52 140 35 8 8 0.848 1.946

43 31 112 52 200 45 8 4 0.577 1.855

16 32 115 56 200 45 10 6 0.592 2.01

6 33 118 48 170 55 8 6 0.906 2.01

34 34 115 56 170 45 6 4 0.556 1.74

44 35 118 52 200 45 8 4 0.916 2.075

28 36 118 52 170 55 6 6 0.74 2.105

20 37 115 52 200 55 8 4 0.6275 1.93

3 38 112 56 170 35 8 6 0.458 1.71

27 39 112 52 170 55 6 6 0.485 1.66

37 40 115 48 170 45 6 8 0.935 2.046

42 41 118 52 140 45 8 4 0.827 1.937

15 42 115 48 200 45 10 6 0.961 1.98

5 43 112 48 170 55 8 6 0.554 1.722

53 44 115 52 170 45 8 6 0.688 1.88

22 45 115 52 200 35 8 8 0.886 1.962

52 46 115 52 170 45 8 6 0.725 2.012
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Table 4 continued

Standard order Run order Control factors Responses

TON TOFF IP SV WF WT CS (mm/min) SR (μm)

35 47 115 48 170 45 10 4 0.904 1.92

33 48 115 48 170 45 6 4 0.96 1.96

54 49 115 52 170 45 8 6 0.72 1.96

26 50 118 52 170 35 6 6 1.054 2.122

1 51 112 48 170 35 8 6 0.82 1.82

10 52 115 56 140 45 6 6 0.563 1.91

11 53 115 48 200 45 6 6 0.974 1.942

18 54 115 52 200 35 8 4 0.761 1.9

Table 4 summarizes various parameter combinations for 54
experiments as well as run order. It is planned to carry out one
replication of each experiment and thus total 108 experiments
are to be conducted.

4 Results and Discussion

Experiments are conducted on Electronica 4 axis Sprintcut-
734 CNC Wire Cut machine. Each time the experiment is per-
formed, a particular set of parameter combination is chosen
and work piece is cut as shown in Fig 1. Table 4 summarizes
the results obtained for 54 experiments with one replication.
The CS and SR, indicated in Table 4, are average of values
obtained in both runs.

Results obtained are analysed using Design Expert 6.0
software and discussed in the following sections and sub
sections as per output response.

5 Effect of Control Factors on Cutting Speed

To identify the effect of control factors on CS, it is desirable
to find goodness of fit of the given data. Quadratic model
for CS is recommended by the Design expert 6.0 software.
Table 5 summarizes analysis of variance (ANOVA) for the
quadratic model at 95 % confidence level.

The above mentioned data indicate that F value of the
model is 242.08 and corresponding P value is less than
0.001. which implies that quadratic model is significant at
95 % confidence level. Moreover, lack of fit of 0.54 implies
that it is not significant relative to pure error. The value of
R2 of 0.9825 indicates that 98.25 % of variation of CS is
attributed to control factors and only 1.75 % of total varia-
tion cannot be explained by the quadratic model. This indi-
cates that the accuracy and general ability of the polynomial
model is good. Moreover, predicted value of R2 of 0.97 is
in reasonable agreement with adjusted R2 of 0.9784, which

depicts a high correlation between observed and predicted
values. Figure 2 shows the normal probability plot of resid-
uals for CS. It clearly indicates that errors are normally dis-
tributed as most of the residuals are clustered around straight
line. It is observed that regression model is fairly well fitted
with observed values. Adequate precision measures signal-
to-noise ratios. A value greater than 4 is desirable. The ratio
of 74.793 indicates an adequate signal which suggests that the
quadratic model can be used to navigate in the design space.
Insignificant terms are eliminated using backward elimina-
tion and the following surface equation in actual factors is
obtained Table 6:

CS = − 24.85563+(0.29637 × TON)+(0.12237 × TOFF)

+ (6.53472E-004 × IP) + (0.1454 × SV)

+ (0.060880 × WT) + (1.52323E-003 × TOFF2)

− (3.15625E-003 × TON × TOFF)

− (1.66667E-003 × TON × SV)

+ (7.84375E-004 × TOFF × SV)

− (1.30312E-003 × SV × WT)

(2)

Equation 2 shows that main effects TON, TOFF, IP, SV,
Two Factor Interaction between TON and TOFF, TON and
SV, TOFF and SV, SV and WT and quadratic function of
TOFF have significant effects on CS and can be used to pre-
dict CS within limits of control factors.

Figure 3 shows interaction effect of TON and TOFF on
cutting speed. It clearly shows that CS attains a peak value
1.13 mm/min at a higher value of TON (118) and a lower
value of TOFF (48). This is attributed to the fact that a high
value of TON and corresponding lower value of TOFF result
in sparking for longer duration of time and leads to higher
release of spark energy causing faster erosion of material.
Figure 3 also indicates that CS attains a minimum value of
0.416 mm/min at a low value of TON (112) and at a high
value of TOFF (56). This is due to the fact that lower value
of TON with a higher value of TOFF results in impinge-
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Table 5 ANOVA for response surface of reduced quadratic model of cutting speed

Source Sum of squares Degree of freedom Mean square F value P > F

Model 2.0578 10 0.2057 242.0796 <0.0001 Significant

A (TON) 0.7079 1 0.7079 832.8252 <0.0001 Significant

B (TOFF) 0.8441 1 0.8441 993.0152 <0.0001 Significant

C (IP) 0.0092 1 0.0092 10.8506 0.002 Significant

D (SV) 0.4233 1 0.4233 498.0102 <0.0001 Significant

F (WT) 0.0004 1 0.0004 0.5664 0.4558 Not significant

B2 0.0079 1 0.0079 9.3166 0.0039 Significant

AB 0.0114 1 0.0114 13.5003 0.0007 Significant

AD 0.04 1 0.04 47.0553 <0.0001 Significant

BD 0.0078 1 0.0078 9.2641 0.004 Significant

DF 0.0054 1 0.0054 6.39250 0.0152 Significant

Residual 0.0365 43 0.0008

Lack of fit 0.0293 38 0.0007 0.54 0.874 Not significant

Pure error 0.0071 5 0.0014

Cor total 2.0943 53

Fig. 2 Normal probability plot of residuals for cutting speed

Table 6 Model summary statistics for cutting speed

Std. dev. 0.029156 R2 0.982547

Mean 0.724752 Adjusted R2 0.978488

C.V. (%) 4.022871 Predicted R2 0.970066

PRESS 0.062694 Adequate precision 74.7932

ment of spark on the work piece for lesser duration of time
that leads to less amount of release of spark energy causing
slower erosion of metal.

Interaction effect of TON and SV is shown in Fig. 4. It
shows that CS achieves a maximum value of 1.068 mm/min
at a higher value of TON (118) and at a lower value of SV
(35). This is due to the fact that higher value of TON produces
discharge energy for longer duration of time. A lower value

Fig. 3 Interaction effect of pulse on time and pulse off time on cutting
speed

Fig. 4 Interaction effect of pulse on time and spark gap set voltage on
cutting speed

of SV reduces the spark gap. Both factors act synergetically
to produce large discharge energy on the work piece result-
ing into faster erosion of material. At lower value of TON
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Fig. 5 Interaction effect of pulse off time and spark gap set voltage on
cutting speed

(112) and higher value of SV (55), cutting speed is drastically
reduced to 0.4593 mm/min. This is due to the fact that with
lower value of TON (112), discharge is produced for shorter
duration of time and, therefore, small amount of discharge
energy is impinged on the work piece. Higher value of SV
(55) widens the spark gap, therefore reducing the number
of sparks occurring on work piece per unit time. When both
the factors act at these levels, it leads to slower erosion of
material. Hence less cutting speed is achieved.

Figure 5 shows combined effect of TOFF and SV. It shows
that higher cutting speed (0.9298 mm/min) is obtained at
lower level of SV (35) and lower level of TOFF (48). Small
TOFF means less time duration during which current is off,
i.e. more number of discharges per second, which implies
that metal erosion will be more and hence faster cutting
speed results. The variation of CS with smaller value of SV
is attributed to the reasons cited earlier.

Table 5 shows that a weak interaction is also present
between SV and WT. This interaction plays a little part in
contribution to CS as indicated by a smaller F value (6.3925)
and corresponding larger P value (0.01).

Figure 6 shows the effect of main factors on CS. It indi-
cates that main effect of control factors follow the same trend
as illustrated in case of interactions. The main effect of WT
is included in the analysis to obey the principle of hierarchy
although it appears insignificant from the Fig. 6.

6 Effect of Control Factors on Surface Roughness

The fit summary of Design Expert 6.0 recommended that
2FI (two factor interaction) model is statistically significant
for surface roughness analysis. Table 7 presents ANOVA for
2FI model of SR. The associated P value for the model is
lower than 0.05, which indicate that the model is signifi-
cant. Moreover, lack of fit term is not significant as desired.
Table 8 shows that value of R2 and Adjusted R2 are 0.8522 and
0.8260, respectively, which implis that the model provides

Fig. 6 Main effect of control factors at three levels on cutting speed

an excellent relation between control factors and response
(SR). Figure 7 shows the normal probability plot of residu-
als for SR. Most of the residuals are falling on the straight
line, implying that the errors are normally distributed. It
shows that the regression model is fairly well fitted with
the observed values. During preparation of the model non-
significant terms are eliminated by backward elimination.
The main effects of TON, TOFF, IP, SV, WF and WT; inter-
action effects between TON and WT as well as IP and WF are
found to be statistically significant for the analysis. Follow-
ing response surface equation in actual factors is obtained:

S R = 2.28046 + (0.014514 × TON)

− (0.011750 × TOFF)

− (7.54444E-003 × IP − 4.466E-003 × SV)

− (0.19140 × WF) − (0.82790 × WT)

+ (7.35417E-003 × TON × WT)

+ (1.08333E-03 × IP × WF)

(3)

Figure 8 shows the interaction plot of IP with WF. It indi-
cates that with increase in IP, the SR increases. This is because
an increase in peak current (200 A) causes an increase in pulse
discharge energy at the discharge points in the cutting zone.
With increase in discharge energy, larger chunks of material
are removed from work piece surface. It leads to the creation
of large sized micro cavities on the surface, which is asso-
ciated with more surface roughness [23]. With an increase
in wire feed, there is a considerable decrease in the surface
roughness. This is in agreement with the findings of Ramakr-
ishna and Karunamoorthy [24]. Surface roughness reduces
with increase in WF as shown in Fig. 8. Each spark will be
produced between a comparatively fresh piece of wire and
the work piece, thereby producing stable discharge condi-
tions which lead to lower surface roughness. On the contrary,
when the wire feed is less (6 m/min), the same portion of wire
experiences multiple sparks. This causes deformation of the
wire and leads to unstable cutting conditions which increase
the surface roughness.
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Table 7 ANOVA for response surface of reduced 2FI model

Analysis of variance table (Partial sum of squares)

Source Sum of squares Degree of freedom Mean square F value P > F

Model 0.9557 8 0.1195 32.443 <0.0001 Significant

A (TON) 0.7427 1 0.7427 201.6944 <0.0001 Significant

B (TOFF) 0.053 1 0.053 14.3971 0.0004 Significant

C (IP) 0.0272 1 0.0272 7.3872 0.0093 Significant

D (SV) 0.0479 1 0.0479 13.0031 0.0008 Significant

E (WF) 0.005 1 0.005 1.3624 0.2493 Not significant

F (WT) 0.0305 1 0.0305 8.291 0.0061 Significant

AF 0.0156 1 0.0156 4.2299 0.0455 Significant

CE 0.0338 1 0.0338 9.1788 0.004 Significant

Residual 0.1657 45 0.0037

Lack of fit 0.1211 40 0.003 0.3391 0.9767 Not significant

Pure error 0.0446 5 0.0089

Cor total 1.1215 53

Table 8 Model summary statistics for surface roughness

Std. dev. 0.060683 R2 0.852238

Mean 1.904167 Adjusted R2 0.825969

C.V. (%) 3.186844 Predicted R2 0.796831

PRESS 0.227845 Adequate precision 22.48188

Fig. 7 Normal probability plot of residuals for SR

Table 7 indicates that an interaction exists between TON
and SV. This interaction plays a little part as shown by a large
P value (0.045) which is closer to 0.05, i.e. P value at which
a control factor becomes insignificant.

Figure 9 shows the effect of main factors on CS. It indi-
cates that with increase in TON from 112 to 118 and cor-
responding decrease in TOFF from 56 to 48, discharge will
last for a longer duration of time, which leads to high dis-

Fig. 8 Interaction effect of wire feed and peak current on surface
roughness

Fig. 9 Main effects of control factors at three levels on surface rough-
ness

charge energy that will increase the SR due to increase in
depth of craters on work piece surface. The increase in value
of SV from 35 to 55 will widen the spark gap. So less dis-
charge energy is impinged on work piece surface per unit
time which decreases the SR. The effect of IP on SR follows
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the same trend as exhibited by the interaction between WF
and IP.

7 Multi Objective Optimization of Control Factors

There are two different objectives in the present study,
namely cutting speed and surface roughness. Effort is made
to find the machine settings to obtain maximum cutting speed
and minimum surface roughness simultaneously. This multi
objective optimization problem is formulated as multi vari-
able, non-linear optimization problem. The responses CS
and SR have been optimized simultaneously using com-
posite desirability optimization method [25]. It makes use
of an objective function D(X), called desirability function
which transforms an estimated response (yi ) into a an indi-
vidual desirability function (di ) that varies over the range
0 ≤ di ≤ 1. Where di = 1 represents the ideal case, i.e.
response yi at its goal or target. di = 0 if one or more
responses are outside the acceptable limits. There is also a
positive number, weight (wi ) associated with the desirability
function. It indicates the relative importance of an objective
function in multi objective optimization problems. To reflect
the difference in importance of different responses, weights
wi satisfy 0 < wi < 1 and w1 + w2 + . . . wn = 1. The
optimization is accomplished in following steps:

– Obtaining individual desirability (d) for each response;
– combining individual desirabilities to obtain composite

desirability (D) for given weights of CS and SR. Compos-
ite desirability is the weighted geometric mean of indi-
vidual desirability for the responses;

– maximizing the composite desirability and identifying
the optimal parameter combinations.

If it is desirable to maximize a response, the individual desir-
ability is calculated as

di =
{(

0 yi < Li @

(
yi − Li

Ti
− @ 1 yi >Ti

)
Li

)
w Li ≤ yi ≤ Ti

If the target (Ti ) is to minimize a response, the individual
desirability is calculated as

di =
{(

1 yi < Ti @

(
Ui − yi

Ui
− @ 0 yi >Ui

)
Ti

)
w Ti ≤ yi ≤ Ui ,

where Li = lower limit value of response yi , Ui = upper limit
value of response yi .

If the objective for the response is a target value, then
individual desirability is calculated as

di = [(yi − Li )/(Ti − Li )]
w Li ≤ yi ≤ Ti

di = [(Ui − yi )/(Ui − Ti )]
w Ti ≤ yi ≤ Ui

di = 0 if yi < Li

di = 0 if yi > Ui

If the importance is same for each response, the compos-
ite desirability (D) is the geometric mean of all desirability
functions and is given by

D = (d1 × d2 × d3 × · · · × dn)1/n =
(

n∏

i=1

di

)1/n

, (4)

where n = number of responses (n = 2, for the present study).
Equation 4 can be extended to consider the possible dif-

ference in the importance of different responses by assigning
weights to individual response functions.

D = (d1
w1 × dw2

2 × · · · × dn
wn )1/n (5)

The factor setting with maximum total desirability is consid-
ered to be optimal parameter combination.

The aim of present study was to optimize parameters for
rough cut planning, so the optimal parameters have been gen-
erated by incrementing weights for CS from 0.4 to 0.9 in steps
of 0.1. Table 9 shows the impact of weights on predicted CS
and SR. In experiment number 1 more priority is given to
minimize SR; therefore, weight (w = 0.6) was chosen for
SR and weight (w = 0.4) was selected for CS. In experiment
number 6, a weight (w = 0.9) is assigned to CS to give it high
priority and weight (w = 0.1) is assigned to SR. Table 9 shows

Table 9 Optimal control factor levels and corresponding predicted responses

Exp. no. Weights Control factors CS (mm/min) CS (mm/min) SR (μm) Desirability

w1 w2 TON TOFF IP SV WF WT Predicted Predicted

1. 0.4 0.6 114.75 48 140 37.8 10 4 0.9798 1.823 0.816

2. 0.5 0.5 116.55 48 140.7 38.4 10 4 1.118 1.902 0.816

3. 0.6 0.4 117.87 48 140.0 36.6 9.8 4 1.255 1.971 0.837

4. 0.7 0.3 117.88 48 145.3 35.0 10 4 1.298 2.007 0.862

5. 0.8 0.2 117.94 48 140 35.0 9.9 5.1 1.3098 2.021 0.897

6. 0.9 0.1 118 48 142.5 35.0 10 7.1 1.349 2.113 0.926
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Table 10 Confirmation experiments and their results

S. no TON TOFF IP SV WF WT Cutting speed (mm/min) Surface roughness (μm)

Predicted Actual Error (%) Predicted Actual Error (%)

1 114.75 48 140 37.8 10 4 0.9798 0.933 −5.01 1.823 1.77 −2.99

2 116.55 48 140.7 38.4 10 4 1.118 1.062 −5.27 1.902 1.831 −3.87

3 117.87 48 140.0 36.6 9.8 4 1.255 1.195 −5.0 1.971 1.891 −4.23

4 117.88 48 145.3 35.0 10 4 1.298 1.253 −3.59 2.007 1.942 −4.01

5 117.94 48 140 35.0 9.9 5.1 1.3098 1.265 −3.47 2.021 1.958 −3.21

6 118 48 142.5 35.0 10 7.1 1.349 1.28 −5.34 2.113 1.996 −5.86

the considerable difference in CS and SR obtained in the two
cases. It is observed that, as the weights given to a particular
response increases, there is considerable improvement in that
response with a corresponding deterioration in performance
of other response functions. Table 9 will provide flexibility
and assist the machine operator to select different parameter
combinations for achievement of CS and SR, according to
the requirements of part drawings. The same methodology
can be further extended for generating optimal input control
factors settings for different requirements of cutting speed
and surface roughness by choosing suitable sets of weights.

Six confirmation experiments with one replication are per-
formed to verify the validity of response surface equations as
they are derived from the regression fits. During confirmatory
experimentation, values of optimal levels of control factors
have been rounded off to nearest machine settings due to
the machine limitations. An average of the values obtained
in the two runs is considered as actual cutting speed and
actual surface roughness. Table 10 shows the results obtained
from confirmatory experiments. It reveals that error between
the experimental (actual) and predicted values for CS and
SR lies within −5.34 to −3.47 % and −2.99 to −5.86 %,
respectively, and confirms reproducibility of the experimen-
tal conclusions.

8 Conclusions

The present paper investigates the effect of process parame-
ters on cutting speed and surface roughness in WEDM of Ti
6-2-4-2 alloy using Box–Behnken designs. It considers six
control factors viz. TON, TOFF, IP, SV, WF and WT at three
levels. Empirical relations are obtained for CS and SR using
regression analysis. Multi objective optimization of CS and
SR is carried out using desirability approach. From the study,
the following conclusions are drawn:

(a) The results of ANOVA and comparison of experimen-
tal results proved that mathematical models of CS and

SR are fairly well fitted with experimental values within
95 % confidence level.

(b) For cutting speed, main effects of TON, TOFF, IP, SV,
Two-Factor Interaction between TON and TOFF, TON
and SV, TOFF and SV, SV and WT and quadratic func-
tion of TOFF play a significant role. Wire tension and
Wire feed have negligible effect on cutting speed. In gen-
eral, cutting speed is found to increase with increase in
TON and decrease in TOFF and SV due to higher dis-
charge energy produced in the machining zone.

(c) Surface roughness is effected by the main effects of
TON, TOFF, IP, SV, WF and WT as well as interaction
effects between TON and WT, IP and WF. Wire feed as
a main effect has little impact on surface roughness but
its interaction with IP shows a considerable influence on
the same.

(d) Weights play a considerable role in the multi- objective
optimization. This is evident from the range of predicted
values which vary from 0.979 to 1.349 mm/min for cut-
ting speed and 1.823–2.113 μm for surface roughness.

(e) Results of optimization provides a reference to machine
tool operator for selection of optimal parameter com-
binations for simultaneous optimization of CS and SR,
depending upon their job requirements.

References

1. McGeough, J.A.: Advanced Methods Of Machining. Chapman and
Hall, London (1988)

2. Leigh, E.P.; Schuller, J.K.; Smith, S.: Advanced Machining Tech-
niques on Titanium Rotor Parts. In: 56th annual forum, American
Helicopter Society, Virginia Beach, Virginia, USA (2000)

3. Donachie, M.J.: Titanium: a technical guide, 2nd edn. ASM inter-
national, USA (2000)

4. Yang X.; Liu C.R.: Machining titanium and its alloys. J. Mach. Sci.
Technol. 3, 107–139 (1998)

5. Jeelani, S.: Subsurface plastic deformation in machining 6Al-2Sn-
4Zr-2Mo Titanium alloy. Wear 85, 121–130 (1983)

6. Sarkar, S.; Sekh, M.; Mitra, S.; Bhattacharyya, B.: Modelling and
optimization of wire electrical discharge machining of γ -TiAl in
trim cutting operation. J. Mater. Process. Technol. 205, 376–387
(2008)

123



1476 Arab J Sci Eng (2014) 39:1465–1476

7. Rao, R.V.: Advanced Modelling and Optimization of Manufactur-
ing Processes: International Research And Development. Springer,
London (2010)

8. Mahapatra, S.S.; Patnaik, A.: Parametric optimization of wire
electrical discharge machining (WEDM) process using Taguchi
method. J. Braz. Soc. Mech. Sci. Eng. 28, 422–429 (2006)

9. ASM Material Data Sheet (Aerospace Specification Metals Inc).
http://www.asm.com. 26/12/2008

10. Kuriakose, S.; Shunmugam, M.S.: Multi-objective optimization of
wire-electro-discharge machining process by non-dominated sort-
ing genetic algorithm. J. Mater. Process. Technol. 170, 133–141
(2005)

11. Liao, Y.S.; Yu, Y.P.: Study of specific discharge energy in WEDM
and its application. Int. J. Mach. Tools Manuf. 44, 1373–1380
(2004)

12. Porous, D.; Zaboruski, S.: Semi empirical model of efficiency of
wire electric discharge machining of hard to machine materials. J.
Mater. Process. Technol. 209, 1247–1253 (2009)

13. Saha, P.; Singha, A.; Pal, S.K.: Soft computing models based pre-
diction of cutting speed and surface roughness in wire electro-
discharge machining of tungsten carbide cobalt composite. Int. J.
Adv. Manuf. Technol. 39, 74–84 (2009)

14. Liu, J.W.; Yue, T.M.; Guo, Z.N.: Wire electrochemical discharge
machining of Al2O3 particle reinforced aluminum alloy 6061.
Mater. Manuf. Process. 24, 446–453 (2009)

15. Khanna, R.; Singh, H.: Parametric optimization of cryogenic
treated D-3 for cutting rate in Wire Electrical Discharge Machining.
J. Eng. Sci. Technol. 1, 59–64 (2011)

16. Shah, A.; Mufti, N.A.; Rakwal, D.; Bamberg, E.: Material removal
rate, kerf, and surface roughness of tungsten carbide machined with
wire electrical discharge machining. Int. J. Mater. Eng. Perform.
20, 71–76 (2010)

17. Jangra, K.; Jain, A.; Grover, S.: Optimization of multiple-
machining characteristics in wire electrical discharge machining
of punching die using grey relational analysis. J. Sci. Ind. Res. 69,
606–612 (2010)

18. Sadeghi, M.; Razavi, H.; Esmaeilzadeh, A.; Kolhan, F.: Optimiza-
tion of cutting conditions in WEDM process using regression mod-
elling and Tabu search algorithm. Proc I MechE Part B: J. Eng.
Manuf. 225, 1825–1834 (2011)

19. Rao, R.V.; Pawar, P.J.: Modelling and optimization of process para-
meters of wire electric discharge machining. Procee. IMechE Part
B: J. Eng. Manuf. 223, 1431–1440 (2010)

20. Garg, M.P.; Jain, A.; Bhushan, G.: Investigation of effect of process
parameters in wire-EDM of high temperature Titanium alloy 6-2-
4-2. In: ICAME 2011: Proceedings of 5th International Conference
on advances in Mechanical Engg (NIT Surat, India) 6–8 June, 2011

21. Myer, R.H.; Montgomery, D.C.: Response Surface Methodology.
Wiley, New York (1995)

22. Myers, R.H.; Montgomery, D.: Response Surface Methodology:
Process and Product Optimization Using Designed Experiments,
2nd edn. Wiley, New York (2002)

23. Guitrau, E.B.: The EDM Handbook. Hanser Gardner Publications,
Cincinnati (1997)

24. Ramakrishnan, R.; Karunamoorthy, L.: Modeling and multi
response optimization of Inconel-718 on machining of CNC
WEDM process. J. Mater. Process. Technol. 207, 343–349 (2008)

25. Derringer, G.; Suich, R.: Simultaneous optimization of several
response variables. J. Qual. Technol. 12, 214–219 (1980)

123

http://www.asm.com

	Multi-objective Optimization of Process Parameters in Wire Electric Discharge Machining of Ti-6-2-4-2 Alloy
	Abstract
	1 Introduction
	2 Literature Review
	3 Experiment Set Up and Design
	4 Results and Discussion
	5 Effect of Control Factors on Cutting Speed
	6 Effect of Control Factors on Surface Roughness
	7 Multi Objective Optimization of Control Factors
	8 Conclusions
	References


