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ABSTRACT

The present paper presents a study of the optinalestion of wire electric discharge machining
conditions for CK45 steel. Response surface metlogggd RSM) has been utilized to analyze and
determine the optimal parameters setting in the WHDr CK45 steel. The process performance
criteria such as material removal rate, tool weste,r and surface roughness were evaluated.
Feeding speed, duty factor, water pressure, witsida and wire speed, have been considered the
main factors affecting WEDM performance. RSM waspkayed for developing experimental
models. Analysis of variance test has also beemedaout to check the adequacy of the developed
models. The results of the present work reveal ttiefeeding speed and duty factor are the most
vital factors controlling the metal removal rateaiét pressure has been found to have a sensible
effect of MRR especially at a higher feeding spdadther, the minimum tool wear rate has been
obtained at the parametric combination of low fagdipeed and low duty factor. In general, it has
been found that the increase of water pressure, tefrsion and wire speed decreases tool wear. It
has also been clarified that the increase of wargsibn and wire speed leads to a relatively
insignificant change in surface quality.
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1. INTRODUCTION D5 tool steel in the wire electrical discharge

Electrical discharge machining (EDM) is one of Machining process. During their —experiments,
the non traditional machining processes which hasParameters such as open circuit voltage, pulse
been widely used to produce dies and molds. It is duration, wire speed and dllelectrlc fluid pressure
also used for finishing parts for aerospace andWere changed to explore _the|r effect on the surface
automotive industry and surgical components [1]. roughness and m_etallurglcal structure. They used
This technique developed in the late 1940s [2] wher OPtical and scanning electron microscopy, surface
the process is based on removing material fronria pa "oughness and microhardness tests to study the
by means of a series of repeated electrical digelsar characteristics of the machined specimens. They
between tool called the electrode and the workepiec found that the intensity of the process energy does
in the presence of a dielectric fluid [3]. Wire affect the amount (_)f recast a_md surface roug_hmess_a
Electrical discharge machining (WEDM) uses the We_II as microcracking, the_ wire speed and dielectri
same fundamental principles of material removal asfluid pressure not seeming to have much of an
EDM, but uses a traveling, small-diameter wire as influence.
the electrode. The wire travels from a supply spool Wire electric discharge machining induced a new
through the workpiece, and on to a take-up spool. phase in Ti-46Al-2Cr (in at.%) intermetallic alloy

investigation of the machining characteristics ¢8)A by Qin et al, [5]. They observed that a new phaas w
found to be neither Ti© nor ALO; but well
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consistent with FCC structure titanium hydride with mathematically modeled by using the nonlinear
the lattice parameter of 4.49-4.50 A’. Further, the regression analysis method. The optimal search for
new phase exists in the wire-EDM cut alloy surface machining parameters for the objective of maximum
layer limiting to about 70 mm thick, much deeper MRR and minimum SR was performed. Based on the
than the wire-EDM induced recast layer thickness of experimental confirmation it was observed that the
2-3 mm. On processing, vacuum annealing at 400-material removal rate increased by 1.58 times and
600 °C, has been proposed to remove this hydridesurface roughness was decreased by 1.11 times.
induced by wire-EDM. In addition, they showed that  gharif and Noordin [14] established empirical
the wire-EDM induced microcracks extensively rejation of machining responses using the response
happened on the EDM-cut surface and penetratedsyrface methodology technique while machining Ti-
into matrix up to 10-30 mm. 6246 workpiece by adding SiC powder in the
Modeling in WEDM helps to get a better dielectric. The results show that MRR, tool wead a
understanding of the complex process [6-8]. The surface quality are greatly influenced by the aotrre
modeling was first introduced by Jeswani using voltage, and pulse on-time, and the surface rowgghne
dimensional analysis to predict the tool wear. Afte is highly influenced by the presence of SiC addgiv

that, various methods were introduced to prediet th RSM technique has also been applied to optimize
output of EDM process [9]. In addition, the modglin  the input of WEDM parameters of Inconel 601 by
of the WEDM process by means of mathematical Hewidy el al. [15]. They reported that the analysiis
techniques has also been applied to effectivebteel  the response parameters using RSM technique had
the large number of process variables to the @iffer  the advantage of explaining the effect of each
performance of the process. working parameter on the value of the resultant
A semi empirical model of surface finish [10], response parameter.
MRR and tool wear [11] for various materials have  The published literature indicates that little

been established by employing dimensional analysis.qt,dies have been reported for the optimization of
Using the design of experiment method, the processprocess parameters in WEDM for CK45 steel. El-
parameter viz. peak current, pulse duration, etectr Taweel [16] investigated the correlation of process
polarity and material properties are identified.eTh parameters in die sinking EDM of CK45 steel with
final results show that the average error between t al_cyu—_Si—TiC composite electrode produced using
experime_nt_ and prediction was less than 10% for powder metallurgy technique and evaluated MRR
surface finish model and less than 20% for MRR. ang TWR. It has been found that such electrodes are
However, the relations between tool wear and more sensitive to peak current and on-time than
discharge time under different electric polarite ar conventional electrodes. To achieve maximum MRR
seen to have inverse effect. and minimum TWR, the process parameters are
Chiang et al. [12] presented an approach for optimized, and experimental verification were found
optimization of theNVEDM process of AlI203 to be in good agreement. However, it has not been
particle reinforced material (6061 alloy) with found that there is no available result of the WEDM
multiple performance characteristics based on theprocess of this material. Therefore, it is impematio
grey relational analysis and Taguchi technique. Thedevelop a suitable technology guideline for optimum
response table and response graph for each level o'WEDM of CK45 steel. So the aim of the present
the machining parameters are obtained from the greyinvestigation is to develop models for correlatthg
relational grade, and the optimal levels of maefgni  inter-relationships of various wire electrical
parameters. In their study, the machining pararagter discharge machining (WEDM) parameters of CK45
namely the cutting radius of working piece, the on- steel such as feeding speed (Fs), duty factorvipg,
time of discharging, the off-time of discharginget tension (T) , wire speed (Ws) and water pressuye (P
arc on-time of discharging, the arc off-time of on the metal removal rate (MRR), tool wear rate
discharging, the servo voltage, the wire feed and (TWR) and surface roughness (SR).
water flow are optimized with considerations of
multiple performance, such as the removal rate and2' EXPERIMENTAL DETAILS
surface roughness. 2.1. Experimental Procedure and Measurements

El-Taweel [13] studied the effect and In the present study, MRR, TWR and SR have
optimization of machining parameters on the malteria been considered for evaluating the machining
removal rate (MRR) and surface roughness (SR) inperformance. MRR, TWR and SR are correlated with
the WEDM process ofsome Al-Cu-TiC-Si P/M input machining parameters such Feeding Speed (Fs),
composite. The settings of machining parametersDuty Factor (D), Wire Tension (T), Wire Speed (Ws)
were determined by using Taguchi experimental and Water Pressure (P). There has been a rapid
design method. The variation of MRR and surface growth in the development of harder and more
roughness with machining parameters was difficult to machine metals and alloys during thastl
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five decades [1]. The experiments were conducted on  t: machining time (min) .

a W-B30J.S C.N.C wire electrical discharge machine  The roughness average JJRor each specimen

(Taiwan). Figure 1 shows the used experimental setyas measured by surface roughness tester (Mitutoye,

up. Japan, Surftest-402). Each surface roughness value
The wire electrode material used in the WEDM was obtained by averaging four measurements. The

process was made from Brass-CuzZn37 with diameterinstrument is adjusted to the following conditions

0.25mm. during measurement; measuring length (50mm),

The workpiewce material used in these Measuring speed (Orbm/s) and sampling length
experiments was CK45 steel with dimensions 8x8xg (0.8mm).
mnt. Table 1 shows the chemical composition of 2.2 Experimental Design
CK45 steel. The selection of this material was made  Response surface methodology (RSM) is an

taking into account its wide range of applicatioms  interaction of mathematical and statistical techei
military and automotive industries [17]. It can be for modelling and optimizing the response variable
classified as a difficult-to-cut material, not stiite o gels involving quantitative independent variables
for traditional machining. During machining, [15-19]. In the present work, the range of the fiegd
commercial de-ionized water was circulated as the speed (Fs), duty factor (D), wire tension (T), wire
dielectric fluid with side flushing technique. The speed (Ws) and water pressure (P) settings have bee
machining time for each experiment was variable and gg|ected after performing some pilot experiments.
related to the machining conditions and fixed aActyal and coded values of the input process
parameters which are listed in Table 2. These werepgrameters have been listed in Table 3. Experiments
chosen through reviews of experience, literature haye peen carried out according to the experimental
surveys [8-14], and some preliminary investigations  pjan based on central composite rotatable second
order design (CCD) [17-19]. The Design of
experiment matrix showing actual values of the tnpu
process parameters is shown in Table 4.

3. MATHEMATICAL MODELLING

Through the use of the design of experiments and
applying regression analysis, the modelling of the
desired response to several independent variahtes c
be gained [17]. If all variables are assumed to be
Fig. 1 The used experimental set up measurable, the quadratic response surface model of
Y, can be written as follows:

The specimen and wire were weighted before and
after machining using a digital balance (Sartorius, v, =bo+.§b| X, + f_b”_ X; Xj*.i b X2=¢ @)
type 1712, 0.00019). i=1 j>i i=1

The metal removal rate was specified using the ~ WhereY, is the corresponding response function
following equation: (or response surface);, Xz Xs....Xx are coded
values of the machining process parameterseand
the fitting error of theuy, observations. In this study,

MRR =——2 for four variables under consideration (Fs, D, Ts W
' 1) and P), a second order polynomial regression model,
Where, called quadratic model, is proposed.
We: specimen weight before machining (g). The coefficienty, is the free term, the coefficients
W . ) o b are the linear terms, the coefficieri§ are the
"'2: specimen weight after machining (g). interaction terms and the coefficients are the
t: machining time (min). quadratic terms. Using the results presented ieBab
3 and 4, the full form of the derived models can be

The tool wear rate was specified using following
equation: presented.
Based on Eq. (3), the effect of input parameters
(Table 4) on values of metal removal rate, tool wea
TWR =—= ) rate and surface roughness has been evaluated by
computing the values of various constants using
Table 4. The mathematical models of metal removal
Where, rate (MRR), tool wear rate (TWR), and surface

T,: wire weight before machining (g). roughness (SR), can be expressed as fallows:
T wire weight before machining (g).
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MRR=0.1223-0.011118)%0.19026%-4.28903E-
3X5-0.036323%+7.14864E-3XX ,+5.68595E-
4X;X4+3.01735E-3%X 5+8.05E-
3X,X5+0.026750%X 5+7.1E-4%X5-

3.15866E-3%,-X?,-1.10665E-3%;

TWR =

0.18-0.011195X1+0.017165X2-7.5164E-

(4)

3X3-0.087888X5-0.021776X1X2-3.78253E-
4X1X3+1.5486E-3X1X5-3.5E-3X2X3+5E-
33X2X4-2E-4X3X5+4.2713
E-3X21+0.26101X22+5.37609E-
4X23+0.01744X25

®)

SR=9.99333+1.7298X1-10.9628X2-0.23586X3-
3.359E-3X4-4.07745X5-1.76764X1X2-
0.04526X1X3-0.2548X1X5
+0.41X2X3+2.15625E-3X2X4+5.275X2X5-
0.03X3X5+0.04786X21-3.1961X22

+8.88623E-3X23+0.47216X25

(6)

The adequacy of the provided models is checked
by analysis of variance (ANOVA). It can be noted
that there are some terms omitted from the equation
These terms are non-significant terms according to
the ANOVA of the models.

4. RESULTS AND DISCUSSION

4.1. Effect of Machining Parameters on MRR

Metal removal rate in the WEDM process is a
vital and significant factor due to its effect dmet
industrial economy. Based on the RSM model, Fig 2
shows the effect of feeding speed on MRR at various
duty factors, while keeping the other parameters at
centre level. Figure 2 reflects that MRR increaaes
the feeding speed of the wire increases. This tresul
has been attributed to the increase of the consumed
applied current which leads to the increases in the
rate of the heat energy and hence in the rate of
melting and evaporation [15].

Table 1, Chemical composition for CK45 steel (wt%)

C Si Mn P S Cr Mo Ni
0.4771 0.2105 0.628 0.0104 0.01111 0.1079 0.0436 788.0
Al Co Cu V W Sn Fe
0.0073 0.0073 0.1896 0.003% <0.0050  0.01p3 98.p3
Table 2, EDM machining conditions
Working condition Value
Workpiece material CK45 steel
Tool (+) Polarity
Wire material Brass Cuzn37
Feeding speed (mm/min) 1.7-4.9
Pulse-on time (us) 1-9
Pulse-off time (us) 9
Wire tension (g 800-2400
Wire speed (m/s) 5-15
Water pressure (M) 1-3
Wire diameter (mm) 0.25
Peak current Automatically selectdd
Dielectric fluid De-ionized water
Table 3, Coded and actual values of the input parameters
Levels
Input parameters Symbol X X 0 ] "
Feeding speed (Fs), mm/min X1 1.7 25 3.3 4.1 4.9
Duty factor (D) Xs 0.1 0.2 0.3 0.4 0.5
Wire tension (T), ¢f X3 800 1200 1600 2000 240¢
Wire speed (Ws), m/s X4 5 7.5 10 12.5 15
Water pressure (P), MPa Xs 1 15 2 2.5 3
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Table 4, Experimental design matrix and experimental tssul

Input process parameters Experimentaresults

= FeEng Wire - Water

No. n?%?ren(ijﬁ Duty factor| ten;flon, er?n?geed pr,?,,ségre' MRR. g/min gm?n' E%‘
1 2.5 0.2 7.5 1200 2.5 0.0391 0.0260 2.3
2 4.1 0.2 7.5 1200 1.5 0.0453 0.0440 2.4
3 25 0.4 7.5 1200 .1.5 0.0685 0.0470 2.5
4 4.1 0.4 7.5 1200 2.5 0.0735 0.0510 2.7
5 25 0.2 125 1200 15 0.0371 0.0360 2.8
6 4.1 0.2 125 1200 2.5 0.0426 0.0450 2
7 2.5 0.4 125 1200 2.5 0.0698 0.0480 2.5
8 4.1 0.4 125 1200 1.5 0.0739 0.0510 2.6
9 2.5 0.2 7.5 2000 1.5 0.0347 0.0340 2.7
10 4.1 0.2 7.5 2000 2.5 0.0650 0.0460 2.8
11 25 0.4 7.5 2000 2.5 0.0601 0.0490 3.3
12 4.1 0.4 7.5 2000 15 0.0755 0.0520 2.5
13 25 0.2 125 2000 2.5 0.0374 0.0410 2.7
14 4.1 0.2 125 2000 15 0.0569 0.0430 2.8
15 2.5 0.4 125 2000 1.5 0.0474 0.0470 2.6
16 4.1 0.4 125 2000 2.5 0.0943 0.0490 2.5
17 1.7 0.3 10 1600 2 0.0423 0.0270 1.9
18 4.9 0.3 10 1600 2 0.0743 0.0460 4.9
19 3.3 0.1 10 1600 2 0.0284 0.0240 2.5
20 3.3 0.5 10 1600 2 0.0943 0.0480 2.2
21 3.3 0.3 5 1600 2 0.0619 0.0410 3.2
22 3.3 0.3 15 1600 2 0.0701 0.0280 2.2
23 3.3 0.3 10 800 2 0.0609 0.0310 3.5
24 3.3 0.3 10 2400 2 0.0758 0.0380 2.1
25 3.3 0.3 10 1600 1 0.0615 0.0460 3.4
26 3.3 0.3 10 1600 3 0.0705 0.0250 2.5
27 3.3 0.3 10 1600 2 0.0659 0.0270 2.4
28 3.3 0.3 10 1600 2 0.0653 0.0280 2.4
29 3.3 0.3 10 1600 2 0.0655 0.0270 2.5
30 3.3 0.3 10 1600 2 0.0639 0.0270 2.4
31 3.3 0.3 10 1600 2 0.0645 0.0290 2.4
32 3.3 0.3 10 1600 2 0.0652 0.0270 2.5

Furthermore, Fig. 2 shows that MRR also limit (5 m/s), the cutting process becomes non-
increases with the increase of the duty factorsThi uniform and the wire electrode breaks down several
trend is due to the fact that the increase of ity d times because of the increase of the number of
factor means the application of the same heatingdischarge per unit length of wire. This result htso
temperature for a long time [20]. In addition t@tth  been reported by Kinoshita [21] who deduced that
Fig. 2 shows that the effect of the duty factomisre the wire winding speed had almost no effect on the
pronounced than the feeding speed. This increase of the feeding rate.
phenomenon reflects that the increase in peak
current, as a function to the increase of the fegedi
speed, leads to arcing which relatively limits the
discharge number and machining efficiency.

Figure 3 shows the effect of feeding speed on
MRR at various wire speed, it is reflected thatewir
speed generally has almost no effect on the MRR.
However, if the wire speed is reduced to a certain
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Figure 9 shows that the min. TWR has been
achieved at wire tension equals 16Q0vgre speed
equals 12.5 m/s and at water pressure equals 2.
MPa.

In Figs. (7-9), it has also been observed that the
increase of wire speed, wire tension and water
pressure leads to the reduction of the TWR. This
result is due the improvement of the flushing
conditions and the stability of the process. Aftére
speed exceeded 10m/s, wire tension exceeded 200
or and water pressure exceeded 2.5 MPa, it has bee
noticed that TWR starts to increase, which
consequently, implies the presence of arcing.
Obviously, these conditions may lead to vigorous
sparking on the wire surface and the propagation of
wear at the wire surface. It has also been sion an
spark pressure are the two major causes of wire
rupture [23].

Water pressure, MPa 25 Feeding speed, mnmvmin
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4.2. Effect of Machining Parameters on SR

Surface finish produced on machined surface
plays an important role in production. It becomes
more desirable so as to produce a better surfaea wh
hardened materials are machined, requiring no
subsequent polishing. Surface finish is also imgordrt
in case of tools and dies for molding as well as
drawing operations. Surface roughness and
dimensional accuracy of a spark eroded work
material depend on pulse energy, water pressure,
wire tension and wire speed. Furthermore, it cdndd
extended to include wire polarity, wire material,
work piece material and work piece thickness [24].

Figures (10-12) show the relationship between
duty factor and both wire speed and wire tension.
The lowest value (LB) of surface roughness has been
achieved at low duty factor, lowest on-time, lowest
pulse energy, and the higher values of wire tension
and wire speed. The value of surface roughness (Ra)
has reached 1.45 um. It should be noted that wire
vibration usually becomes more serious as wire
tension decreases. This result infers that a fine
surface can be achieved by using stable and large
wire tension and higher wire speed values. Thisdtre
confides with the same trend which has been
obtained by Liao et al. [25].

Figure 10 shows that the best parametric
combination to get the optimum surface roughness
(less than 2pum) has been achieved at low dutyrfacto
and low feeding speed. It should be noted that the
reduction of on time decreases the spark energy. It
spark energy that controls the depth of the digghar
pits, which directly relates to the surface finish
However, the off-time is the pause between disaharg
that allows the debris to solidify and be flushedhga
by the dielectric prior to the next discharge. iBbas
been avoided to increase off-time that can

amatically increase the cutting speed, by allgwin
unit of time.
Furthermore, reducing off-time, can overload the
wire, causing wire breaks and instability of the loy
not allowing enough time to evacuate the debris
before the next discharge [4, 26].

Figure 13 anticipated that the optimum
elationship between water pressure and feeding
peed has been got at water pressure equals 2 MPa

8nd feeding speed about 2.5 mm/min (low pulse

energy and moderate water pressure). This
phenomenon reflects the stability of the WEDM
action at these conditions. The results obtaingtien
resent work about surface roughness values are
imilar, or less, than that reported by Gokler and

Ozanogu [27] about 1040 steel material when
machined by WEDM.
University, Vol. 33, No. 3, July, 2010 303
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3.50

3.05

SR, um

215

0.5 4.9

3.3

Feeding speed, mm/min

Duty Factor
01 17

Fig. 10Effect of feeding speed on SR at a various
duty factor (T=1600gf, Ws=10m/s, P=2MPa)

3.90

3.05

SR, pm

2.63

4.9

/3.3

25 Feeding speed, mm/min

50 1.7

Fig. 11 Effect of feeding speed on SR at various wire
speed (T=160QgD=0.3, P=2MPa)
5. OPTIMIZATION OF THE PROCESS

The objective of using RSM is not only to
investigate the response over the entire factocespa

3.60

3.25

2.90

SR, pm

2.55

2.20

2400 4.9

3.3

1200 Feeding speed, mm/min

Wire tension, gf 25

Fig. 12 Effect of duty factor on SR at various wire
tension (Fs=3.3mm/min, T=1600gf, P=2MPa)

4.10

3.15

SR, pm

2.20

4.9

2.0 3.3

15 25

Water pressure, MPa Feeding speed, mm/min

1.0 17

Fig.13 Effect of duty factor on SR at various water
pressure (Fs=3.3mm/min, T=1600gf, P=2MPa)

transformed responses [28, 29]. Three responses i.e
MRR, TWR and SR have been optimized
simultaneously using developed models, i.e Egs. (4-

but also to locate the region of interest where the 6) based on composite desirability optimization
response reaches its optimum or near optimal value fechnique. In response to optimization, a meastire o

Derringer and Suich [28] describe a multiple
response method called desirability. It is an etive
method to industry for optimization of multiple

how the solution has satisfied the combined gaals f
all responses must be assured. The optimality
solution is to evaluate the input parameters in

quality characteristic problems. The method makes €XPperiment range for maximizing MRR, minimizing

use of an objective function, D (X), called the
desirability function (utility transfer function)nd

TWR and SR. The numeric values of optimum
conditions and the predicted optimum values of

transforms an estimated response into a scale fredesponses under these conditions are presented in

value (di) called desirability. The desirable rangee
from zero to one (least to most desirable

respectively). One represents the ideal case; zero

Tables 5 and 6.

indicates that one or more responses are outsie th

acceptable limits. Composite desirability is the

weighted geometric mean of the individual

desirabilities for the responses. The factor sgdtin

with maximum total desirability are considered ® b
the optimal parameter conditions. The simultaneoug

Table 5,Constraints of parameters and optimum
values

Parameter ConstraingOptimum valu¢
Feeding speed (Fs),1.7 - 4.9 13.43
Duty factor (D) 0.1-0.5 0.33
Wire tension (T), g 5-15 11.28

Wire speed (Ws), m{$800 - 2400  1646.39

Water pressure (P), MPa 1-3 2.19

objective function is a geometric mean of all
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Table 6, Predicted optimum values of responses

be summarized as follows:
1.

Figure 14 represents the optimized graphs of the

Response Goal Predicted three responses (MRR, TWR and SR) and also the
MRR, g/min|  Maximize 0.072 optimization results. The vertical lines inside the
TWR, g/min Minimize 0.03 cells represent current op_timal parametric settings

SR, um__ Minimize 530 and the horizontal dotted lines represent the otrre
response values. The value of composite desinabilit
(D) was taken as 0. 6911.
Optimal Feeding speed  Duty factor Wire speed Wire tension Waterpressure
2.0 2.0 2.0 2.0 2.0
D Cur 1343 0.33 11.28 1646.3 2.19
0.7466 |0 2.0 2.0 2.0 -2.0 -2,0
MR L~ _] K____ I R Byl I Byt
Maximum - — —
y = 0.0656
d =0.47759
T™W
Minimum
y = 0.0270
d =0.89123
SR
Minimum
y = 2.4452
d=0.77739

Fig. 14 Multi-response optimization results for maximum MRRd minimum TWR and

6. CONCLUSIONS
The results concluded from the present work can for optimum selection of the machining parameters t

Finally, the present work facilitates a guideline

the product designer in WEDM process of CK454

steel.
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