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INTRODUCTION

The wire electrical discharge machining (WEDM) is a
non-traditional manufacturing method which is preferred
basically for mold, and gear production. It is widely used in
the manufacturing of parts for the military, aerospace, elec-
tronics, jewelry, automotive industry, and surgical compo-
nents with ferrous and non-ferrous engineering materials
[1-4]. This manufacturing process can be successfully used
to product electrically conductive materials regardless of
their hardness, shape, and toughness [5, 6].

In the WEDM, the material is processed in the form of
thermoelectric energy (spark form). The WEDM method is
based on the principle of machining by electron arc bom-
bardment with brass or molybdenum alloy wire that pro-
ceed without touching the fixed workpiece in the dielectric
fluid. For each spark, the ionization, and deionization of the
dielectric fluid take place for about 10* - 10 seconds [7,
8]. The area around of sparks heats up to 10.000 - 20.000°C,
and the dielectric fluid around this area evaporates, and
then this causes to increased pressure. In addition, a small
amount of workpiece, and electrode material melts, and
evaporates, causing small craters to form on the surface.
The chip is cooled, and removed from the workpiece by
dielectric fluid [8-12]. This process eliminates mechanical
stresses, and vibration problems during processing due to
the lack of direct contact between the electrode, and the
workpiece. In this electrothermal process, the crater size,
and microstructure formed on the surface of the material
varies with table feedrate, wire speed, pulse on time, pulse
space, dielectric fluid pressure etc. parameters [13, 14]. A
schematic view of the operation of the WEDM is shown in
Fig. 2b.

Ferritic ductile cast iron (GGG-40) is a type of cast iron
commonly used in the automotive industry to produce
gear, crankshafts, drive axle housing, and differential car-
rier. GGG-40 has a structure composed of spherical graph-
ite regions as a second phase in the ferrite matrix. Owing
to this soft microstructure, it has good castability, and
machinability, high toughness, good wear, and heat resis-
tance [15-18]. GGG-40 compared to other cast iron, and
steel castings; It has superior properties such as excellent
castability, low melting point, heat treatment compatibility,
better surface quality, and weight-strength ratio [19-21].
Although the machinability of GGG-40 is good, WEDM,
and EDM methods are used for complex geometric parts.

In the existing literature, there are studies on the machin-
ing of GGG-40 cast iron, and different materials by WEDM.
Ozdemir and Ozek [16] investigated the effect of discharge
voltage, discharge current, and wire speed parameters on
surface quality, and cutting speed using a WEDM machine
with brass wire on GGG-40 cast iron in their work. They
have modeled the results using regression analysis method.
Chiang, Chang [15] investigated the changing surface
topology, and microstructure using RSM (response surface

methodology) of GGG-40 cast iron by EDM (electric dis-
charge machining) method. Tosun, Cogun [14] determined
the effect of pulse on time, discharge voltage, wire speed,
and dielectric fluid pressure cutting parameters on the sur-
face roughness of AISI 4140 steel using ANOVA (analysis
of variance) by WEDM (brass wire) method. Li, Guo [22]
studied the effect of discharge energy level on surface rough-
ness, microhardness, and EDS (energy-dispersive X-ray
spectroscopy) spectra by machined the Inconel 718 with
WEDM (brass wire) method. Tosun, Cogun [23] studied
the effect of kerf, and material removal rate using Taguchi,
and ANOVA methods on machining AISI 4140 steel with
pulse on time, discharge voltage, wire speed, and dielectric
fluid pressure cutting parameters by WEDM (brass wire)
method. Koklu [24] investigated the effect of the kerf, and
surface roughness on Al7 475-T7 351 alloy with machin-
ing with pulse on time, table feedrate, and wire speed cut-
ting parameters using the Gray-Based Taguchi method by
the WEDM (brass wire). Azam, Jahanzaib [25] has mod-
eled the effect of pulse on time, pulse space, discharge cur-
rent, and wire speed on the cutting speed on HSLA (high
strength low alloy) steel alloy using the ANOVA method
with the WEDM (molybdenum wire) process. Azam et al.
[26], in their other WEDM study, examined the surface of
the material cut by EDS method, and observed the remains
of the molybdenum material. As the melting temperature
of the molybdenum wire was higher than that of the brass
wire, they concluded that molybdenum was not transferred
by diffusion to the cutting surface. Goswami, Kumar [27],
has examined the effect of pulse on time, pulse space, and
peak current cutting parameters on material removal rate,
and surface roughness on Nimonic-80A alloy using SEM
images, and ANOVA method with WEDM process. As a
result, they observed that higher pulse on time, and peak
current to caused increased discharge energy in other words
stronger arc bombardment, and consequently increased
material removal rate, but reduced surface quality. They
achieved the best surface quality at the lowest selected pulse
on time, and peak current, and highest pulse space value
[27].

Wire wear rate, cutting rate, and wire failure frequency,
kerf size, and surface quality are the most significant fac-
tors in the WEDM process [23, 27]. These factors are
affected by the processing parameters. For each material
or group of materials, optimization of these parameters is
required; Otherwise, surface quality defects, and product
errors may occur. In this study, the effects of different cut-
ting parameters (table feedrate, pulse on time, pulse space)
on surface roughness, and process time using the WEDM
machine with molybdenum wire have been investigated.
Molybdenum wire is preferred because; owing to molyb-
denum wire has a high melting temperature, low thermal
expansion coefficient, and chemical stability, the diffu-
sion to the cutting surface is low, does not contaminate the
surface, and consequently has an effect of increasing the
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surface quality [28, 29]. In addition, since the molybdenum
wire has high wear resistance, it is not single-use such as a
brass wire, and can be used numbers of times by wrapping
itin a drum [25, 26, 30]. For this reason, molybdenum wire
is preferred instead of brass wire. As a result, this study
contributes to the literature by determining the optimum
processing parameters of GGG-40 ferritic ductile cast iron
in terms of surface quality and process time with the advan-
tages of molybdenum wire in the WEDM process.

EXPERIMENTAL PROCESS

In experimental work, ferritic ductile cast iron (GGG-
40), which is widely used in the industry as workpiece, was
used. No heat treatment has been applied to the material.
The chemical composition of the material is given in Table

Table 1. Chemical Composition of GGG-40 (DIN) Ferritic
Ductile Cast Iron Alloy

Alloy Element Fe C  Si
Wt. %

Mn P S Mg
Base 3.40 275 0.25 0.04 0.015 0.025

Table 2. Mechanical Properties of GGG-40 (DIN) Ferritic
Ductile Cast Iron Alloy

Tensile Strength (N/mm?) 400
Yield Strength (N/mm?) 250
Elongation (%) 15
Brinell hardness (BHN) 120-180
Modulus of Elasticity (kN/mm?) 169

1, and the mechanical properties in Table 2. The micro-
graph of ferritic ductile cast iron is shown in Fig. 1. When
the micrographs are examined, it is seen that the structure
of the cast GGG-40 is composed of ferrite, and graphite
spheres.

Samples were machined on Hightech DK-7732 CNC
WEDM machine. On the machine, 0.18 mm Guangming
Molybdenum wire was used as WEDM wire, emulsion of
pure water, and WEDM Coolant JR3A Ointment (1/30-40
kg/kg at ratio, JR3A/pure water) was used as dielectric cool-
ant fluid. In machines using molybdenum wire, the wire is
wrapped around a drum, used repeatedly, and wire speed
is dependent on the revolutions per minute of drum. The
wire speed has kept constant, and the drum speed has 1600
rpm. The dielectric fluid circulation pressure has kept at
a constant 1 bar level. The samples were machined using

Figure 1. The Micrograph of Ferritic Ductile Cast Iron
(GGG-40) x200 Magnification.

: Wire movement

@

Figure 2. a) Experimental Set Up, b) Schematic View of Machining Process, ¢) Surface Roughness Measurement Direction.
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different cutting parameters (table feedrate, pulse on time,
and pulse space). Cutting parameter levels are shown in
Table 3. Cutting parameters were determined with refer-
ence to similar studies in the literature [25, 26, 31, 32]. The
levels of cutting parameters were selected by conducting
pilot experiments.

Experiments were performed in RSM design. The thick-
ness of sample has been selected 7 mm. This thickness has
been chosen by considering the feasibility of the experi-
mental parameters, and the applicability of surface rough-
ness measurements. Likewise, the cutting length has been
chosen to be 5 mm. The experimental set up, and schematic
view of the machining process are shown in Fig. 2a, and
2b. Process times were recorded throughout the experi-
ments. Surface roughness values were measured with Mahr
Perthometer M1. The cut-off length (A) of 0.8mm, and

Table 3. Level of Cutting Parameters

Cutting Parameters Symbol Levell Level2 Level 3

-1 0 +1
Table Feedrate (mm/min) A 1 2.5 5
Pulse on Time (ps) B 16 32 64
Pulse Space (ps) C 4.5 5.25 6

Table 4. Design of RSM Matrix and Results

traverse length (L) of 5.6mm were used in measurements
according to ISO 4288. The surface roughness measure-
ment directions on the cutting surfaces are shown in Fig.
2c. For the most consistent measurements, the measure-
ment direction is chosen as the diagonal line of the cutting
area.

RESPONSE SURFACE METHODOLOGY

Response Surface Methodology (RSM) is a collection
of mathematical, and statistical techniques useful for the
modelling, and analysis of problems in which a response
of interest is influenced by several variables, and the objec-
tive is to optimize this response [33-35]. There is a loss in
productivity, and quality due to wire breakage. In order to
minimize these losses, a comprehensive pilot study should
be conducted to select the range of process parameters,
and their combination. The RSM is one of the most effec-
tive statistical, and mathematical methods that are useful
for modelling, and analyze the interactive, and quadratic
effects between the variables [36-39]. The main purpose of
this technique is to optimize the response surface affected
by various processing parameters. RSM has been applied
to develop mathematical models in the form of multiple
regression equations for the quality features of the WEDM
process. The solution of multiple response problems is
evaluated in two stages as modeling, and optimization after

Process Parameters

Responses

Experiment Run B

C

Surface Roughness Process Time

Table feedrate Pulse on time Pulse space Ra (um) (s/mm?)

(mm/min) (us) (us)
E01 1 -1 0 5.248 1.88
E 02 0 0 0 5.779 3.45
E03 1 0 -1 6.592 1.77
E 04 -1 -1 0 3.804 8.37
E05 0 1 7.003 3.46
E 06 0 1 -1 7.688 3.42
E 07 1 0 1 6.053 1.64
E 08 0 -1 -1 4.807 3.43
E 09 0 0 0 5.782 3.34
E10 0 0 0 5.795 3.24
E11 1 1 0 7.740 1.75
E12 0 0 0 5.764 3.68
E13 -1 0 -1 5.626 7.95
E14 -1 1 0 6.945 7.67
E15 0 0 0 5.756 3.51
E16 0 -1 1 4.278 3.42
E17 -1 0 1 5.074 8.06
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data is obtained. When describing the problem, proper-
ties that are considered input variables (X, i=1, 2, ..., k),
and response variables (Y, j=1, 2, ..., ) were used. In order
to develop regression equations related to various quality
features of the WEDM process, the second-order response
surface is assumed as follows:

y=4+ Z]k.:lﬂ,-xj +2; ey
+2f_12jﬂjxixj +¢

In Eq. (1); y response variable, S, B, ... .., unknown
regression parameters or regression coefficients; x (i = 1,

Surface Roughness Ra

2 A: Table feedrate (mm)

Surface Roughness Ra

C: Pulse space

2, .., k), x(j = 1,2, ..., k) input or independent process
parameters, and ¢ is Random error [40].

RESULTS AND DISCUSSION

Experimental Results

Variation of the surface roughness measurements
depending on whole cutting parameters are shown in
Table 4 for each combination of experiments. Increasing
the federate, reduces the interaction time between the
wire, and workpiece. This situation causes to increase in
surface roughness. As seen in Fig. 3a, the surface rough-
ness is observed to increase by an average of 10% when

Surface Roughness Ra

54
51

C: Pulse space

B: Pulse on time

45 16

©

Figure 3. 3D Surface Roughness RSM Graphs According to Process Parameters; a) Ra-B-A, b) Ra-C-A, ¢) Ra-C-B.
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Figure 4. Surface Morphology After WEDM: a) E-11 x 250, b) E-04 x500, ¢) E-11 x 500.

evaluated all experiment combinations where other cutting
parameters are kept constant. The pulse on time is the cut-
ting parameter that determines the duration of the electron
bombardment from wire to workpiece. Greater duration of
electron bombardment will cause, greater amount of chip
removal on workpiece surface, and indirectly greater crater
dimensions. This situation also causes to increase in surface
roughness [16, 26].

Fig. 3a, 3b and 3c gives (three-dimensional (3D)
response surfaces) that the influence of the three different
parameters pulse on time, table feedrate and pulse on time
on the performance of parameter surface roughness. Fig. 3a
shows the interaction plot of pulse on time and table fee-
drate. As the graph shows, increasing the pulse on time and
table feedrate causes increase in the surface roughness. The
pulse space is the elapsed waiting time between the elec-
tron bombardments (pulse on time) on the workpiece [16,
26]. During this waiting period, the chip is removed from
the cutting zone on workpiece with the dielectric fluid. The
greater the removal of the chips causes more stable cutting
zone, and the less surface roughness [14, 32]. Fig. 3b shows
the interaction plot of pulse space and table feedrate. As
seen in Fig. 3b, it is understood that the value of Pulse space
and table feedrate does not have a significant effect on sur-
face roughness. Fig. 3¢ shows the interaction plot of pulse
space and pulse on time. It can be seen from Fig. 3c that
surface roughness decreases when pulse space increases
[32]. It is understood from average percent changes in Fig.
3a, 3b and 3c that the cutting parameter, the most effect-
ing parameter for the variation of surface roughness, is the
pulse on time.

Cutting Surface Morphology and Contamination

Based on the results seen in Fig. 3; SEM images of the
cutting surfaces of the 8th, and 16th experiments (E 08,
and E 16) which are the most appropriate, and low-cost in
terms of surface quality, and process times, and the 4th, and
11th experiments (E 04, and E 11) with the highest surface

quality/lowest process time and highest process time/low-
est surface quality were obtained. Fig. 4a, 4b and 4c show
x200, and x500 times magnified SEM images of surfaces
machined with WEDM. After WEDM process, similar to
the studies in the literature, graphite crater filled by debris,
regular, and irregular debries, and craters of various sizes
were formed on surfaces [26, 27]. The spheroidal graphites
shown in Fig. 1 were burned due to the high temperature
created by the electric arc during the WEDM and formed
graphite craters subsequently. Some of the graphite craters
were remaining empty (Fig. 4a, and 4b) but most of them
were filled by molten residues during the pulse space. At
the same time, micro, and deep crater structures caused by
the electric arc are also seen (Fig. 4c). GGG-40 cast iron
does not show microcrack formation under high thermal
effects due to its ductile, tough, and high thermal resistance
structure caused by having high ferrite ratio, and spheroi-
dal graphite [41]. Therefore, no microcrack formation was
observed on the cutting surfaces, regardless of the cutting
parameters, as shown in Fig. 4b and 4c. During the pulse
time, the material surface was eroded, and melted due to
the high electric arc, and the resulting high temperature.
Immediately after the pulse space phase, these melted
materials, and residues formed regular, and irregular debris
heaps (Fig. 4a, and 4b).

Fig. 5 show x50, and x100 times magnified SEM
images of surfaces machined with WEDM. From these
images, the effect of changing the cutting parameters on
the surface quality can be understood. Fig. 5a and 5b
show the formation of small, and shallow debris on cut-
ting surfaces with the best surface quality. The reason of
these are low table feedrate, and short duration arc bom-
bardment. On the contrary, it is seen that larger, deep,
and rough debries are formed in Fig. 5c and 5d. From
Fig. 5a, 5b, 5¢ and 5d, it is understood that the increase
of table feedrate, and pulse on time caused the surface
roughness to increase by creating larger peaks, and pits
on the cutting surface.
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Figure 5. Surface Morphology After WEDM: a) E-04 x 50, b) E-04 x100, ¢) E-11 x 50, d) E-11 x 100, e) E-08 x 100, f)

E-16 x 100.

Compared to Fig. 5b, 5e and 5f, the similarity of
debris sizes are remarkable. From this, it is understood
that the surface qualities of these three cutting surfaces
are approximately the same. The same pulse on time,
different table feedrate, and pulse space values were
used in experiment 08, 04, and 16 (Fig. 3). Based on
this, it can be said that the pulse on time parameter is
the most effective parameter on the surface quality. In
experiment 04, and 16 only the table feedrate is differ-
ent value (Fig. 3). This indicates that the table feedrate
effects surface quality less than pulse on time (Fig. 5b,
and 5f). In experiment 08, and 16 only the pulse space
parameter has changed, and the surface roughness val-
ues are very close to each other (Fig. 3). From this, it is
understood that the pulse space parameter is the least
effective parameter on the surface quality (Fig. 5e and
5f).

Analysis of Surface Roughness

According to a three-level Box-Behnken design com-
bined with response surface methodology. Total 17 experi-
ments were performed and the average values of Surface
Roughness Ra (um) and Process Time (s/mm2) are pre-
sented in Table 4. The resulting data needs to be checked
for the fists of the models. The model proficiency check

includes the importance of the regression model and
the lack of fit test. For this purpose, Analysis of Variance
(ANOVA) for quadratic model is performed.

The variance analysis according to the surface rough-
ness results of RSM models were shown in Table 5. The
model is demonstrated statistically significant due to the
fact that the p value is less than 0.05. It also displays the
value of R*statistic and adjusted R?-statistic. The R Squared
(R?) is defined as the ratio of the variability described by
the model to total variability in actual data. And, this is
used as an indicator of goodness of fit. The closer R* gets to
one, the better the model matches the measured data. The
value of R? for the model is calculated as 0.9982, shows that
99.82% of the variation for surface roughness is attributed
to process parameters and the variation which cannot be
explained by the model is 0.18%. This is a definition of the
general ability and accuracy of the polynomial model. The
predicted R-Squared and adjusted R-squared have close
compliance with values 0.9635 and 0.9958 respectively. The
ratio of 70.1130 of adequate precision shows an adequate
signal.

The empirical relation of RA in terms of actual factors
is obtained as follows. The developed second-order for sur-
face roughness (RA) is shown in Eq. (2).
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Table 5. ANOVA Table for Surface Roughness

Source Sum of Squares df Mean Square  F-value p-value
Model 18.82 9 2.09 408.99 < 0.0001 significant
A-Table feedrate 1.90 1 1.90 372.35 < 0.0001
B-Pulse on time  14.98 1 14.98 2929.15 < 0.0001
C-Pulse space 0.6383 1 0.6383 124.86 < 0.0001
AB 0.0819 1 0.0819 16.02 0.0052
AC 0.0001 1 0.0001 0.0218 0.8869
BC 0.0073 1 0.0073 1.43 0.2712
A? 0.0450 1 0.0450 8.81 0.0209
B? 0.4461 1 0.4461 87.26 < 0.0001
c? 0.0037 1 0.0037 0.7243 0.4229
Residual 0.0358 7 0.0051
Lack of Fit 0.0348 3 0.0116 49.07 0.0013 significant
Pure Error 0.0009 4 0.0002
Cor Total 18.85 16
Std. Dev. 0.0715 R? 0.998151
Mean 5.87 Adjusted R? 0.995774
C.V. % 122 Predicted R* 0.963489
Adeq Precision  70.11301
Perturbation Predicted vs. Actual Normal Plot of Residual
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Figure 6. a) Perturbation Plot on Material Removal Rate for GGG-40 Work Piece, b) RSM Versus Experimental Predicted
Surface Roughness, ¢) Residuals Plot for Surface Roughness.

Ra = + 4.80270 + 0.514399A + 0.130859B Comparison of the effect of all the process parameters at
—0.864557C — 0.002859AB + 0.0034654C the cen.ter point on the RA is displayed ir.1 t.he perturbation

2)  plot (Fig. 6a). From the response graph, it is observed that

—0.002311BC -0.028027A ~0.000654B" the Ra increases with increase in table feedrate and pulse on
+0.052767C* time whereas Ra decreases by increasing pulse space (Fig.

6a). Residuals plots in Fig. 6b also satisfy the measured

values and the predicted values obtained. Straight-line is

showed that errors are normally deployed [42, 43]. It is seen
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Table 6. ANOVA table for Process time

Source Sum of Squares df Mean Square F-value p-value
Model 87.22 9 9.69 289.14 < 0.0001 significant
A-Table feedrate 73.49 1 73.49 2192.54 <0.0001
B-Pulse on time 0.0572 1 0.0572 1.71 0.2326
C-Pulse space 0.0001 1 0.0001 0.0040 0.9516
AB 0.0562 1 0.0562 1.68 0.2365
AC 0.0144 1 0.0144 0.4311 0.5324
BC 0.0006 1 0.0006 0.0166 0.9012
A? 20.26 1 20.26 604.59 <0.0001
B> 0.0138 1 0.0138 0.4108 0.5420
c? 0.0044 1 0.0044 0.1305 0.7285
Residual 0.2346 7 0.0335
Lack of Fit 0.1221 3 0.0407 1.45 0.3545 not significant
Pure Error 0.1125 4 0.0281
Cor Total 87.45 16
Std. Dev. 0.1831 R? 0.9973
Mean 4.12 Adjusted R? 0.9939
C.V. % 4.44 Predicted R? 0.9695
Adeq Precision 46.8746
- Perturbation Predicted vs. Actual Normal Plot of Residuals
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Figure 7. a) Perturbation Plot on Material Removal Rate for GGG-40 Work Piece, b) RSM Versus Experimental Predicted

Process Time, ¢) Residuals Plot for Process Time.

that the residuals have a normal distribution due to being
around a flat line (Fig. 6¢).

Analysis of Process Time

Process time is one of the most important parameters in
terms of energy saving, and costs. In application, also table
feedrate changes as the workpiece thickness changes. As the
thickness of the cutting workpiece increases, the wire will

try to transfer more electrical arc to the area of workpiece,
and at the same time if table feedrate is speed, the wire will
strike the workpiece without producing enough electri-
cal arc. For this reason, in application, the table feedrate is
selected according to the workpiece thickness. When these
are taken into account, the process time is calculated in
terms of the time required per unit area (s/mm?) so that it is
independent of the workpiece thickness.
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Figure 8. 3D Process Time (Pt) RSM Graphs According to Process Parameters; a) Pt-B-A, b) Pt-C-A, c) Pt-C-B.

The variance analysis according to the process time
results of RSM models were shown in Table 6. The model
is demonstrated statistically significant due to the fact that
the p value is less than 0.05. It also displays the value of
R*-statistic and adjusted R*-statistic. The R Squared (R?) is
defined as the ratio of the variability described by the model
to total variability in actual data. And, this is used as an
indicator of goodness of fit. The closer R? gets to one, the
better the model matches the measured data. The value of
R? for the model is calculated as 0.9973, shows that 99.73%
of the variation for process time is attributed to process
parameters and the variation which cannot be explained
by the model is 0.27%. This is a definition of the general

ability and accuracy of the polynomial model. The pre-
dicted R-Squared and adjusted R-squared have close com-
pliance with values 0.9695 and 0.9939 respectively. The ratio
of 46.8746 of adequate precision shows an adequate signal.

The empirical relation of Process time in terms of actual
factors is obtained as follows. The developed second-order
for Process Time (PT) is shown in Eq. (3).

PT =+ 11.05677 —0.500836A —0.023220B
+0.689559C +0.002368AB — 0.0039489AC
+0.000638BC +0.594550A° +0.000115B*
-0.057357C*
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Table 7. Optimization of Response Parameters
Optimize value of input parameters
A B E i tal
Response ¢ Predicted value V:l(l[l)leerlmen % error
Table feedrate Pulse on time Pulse space
(mm/min) (us) (us)
Ra 3.766  3.721 1.209
Surface Roughness Ra (um) 1.15 16.02 5.94
Time 7.610  7.55 0.794
. Ra 7.145  7.052 1.318
Process Time (s/mm?) 4.58 55.40 5.94
Time 1.465 1.38 6.159
Ra 4.676  4.589 1.895
Sl.lrface Roughness and Process 3.808 16.00 6.00
Time Time 1.640  1.58 3.797

Comparison of the effect of all the process parameters
at the center point on the process time is displayed in the
perturbation plot (Fig. 7a). When graph is examined, it can
be seen that the increase in the feedrate causes process time
to decrease. However, the effect of pulse on time and pulse
space changes is not significant on the process time. The
relationship between the predicted and the measured val-
ues of the process time is shown in Fig. 7b. Straight-line is
showed that errors are normally deployed [44, 45]. It is seen
that the residuals have a normal distribution due to being
around a flat line (Fig. 7¢).

Fig. 8a, 8b and 8c gives (three-dimensional (3D)
response surfaces) that the influence of the three differ-
ent parameters pulse on time, table feedrate and pulse on
time on the performance of parameter Process time. Fig. 8a
shows the interaction plot of pulse on time and table fee-
drate. When Fig. 8a, 8b and 8c are examined, it is under-
stood that pulse space and pulse on time have no effect
on processing time, but increasing the table federate has a
powerful effect on process time.

Confirmation Experiments

In this study, three estimation tests were performed for
minimum surface roughness, minimum process time and
both. Table 7 shows the %error rates between the measured
surface roughness values and the RSM results. In line with
these results, over 95% agreement was observed between
the estimated values and the measured values [46]. %Error
rate is calculated as in the following equation:

(measured result — predicted result)

%error = %100 (4)

I measured result

Additional experiments with optimized process
parameters not included in the design matrix in Table 4
were conducted to validate the developed model. Actual
and estimated values corresponding to the processing

parameters selected for the confirmation experiments are
shown in Table 7. Error rates between estimated values and
actual values are shown in the “% error” column. It has
been determined that the estimation % error rates are very
low and therefore the estimation performance of the model
is quite satisfactory [25, 45]. As a result, it has been under-
stood that the developed model is reliable and can be used
for ferritic ductile cast iron (GGG-40).

CONCLUSION

This paper was undertaken experimental work and
RSM analysis of machining performance on ferritic duc-
tile cast iron (GGG-40) in WEDM process using differ-
ent cutting parameters. The following conclusions can be
presented:

« WEDM is a sufficient and effective machining method
on the processing of GGG-40 for good surface quality
and dimensional accuracy.

o Experimental studies have shown that the table
feedrate, pulse on time, and pulse space which are
selected as cutting parameters, are quite effective on
the machining performance of ferritic ductile cast
iron (GGG-40).

o It has been understood that the most effective cut-
ting parameter on surface quality is pulse on time. In
addition, the cutting parameter, which effecting the
process time, was only table feedrate.

o As pulse on time, and table feedrate decreased, and
pulse space increased, better surface quality has been
obtained.

» Optimized response parameters were obtained from
RSM analysis: Table feedrate (A) 1.15 mm/min, pulse
on time (B) 16.02 ps and pulse space (C) 5.94 ps
should be chosen for the lowest surface roughness.
A 4.58 mm/min, B 55.44 ps and C 5.94 pus should be
selected for the lowest process time. A 3.80 mm/min,
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B 16 ps and C 6 us should be chosen for optimum
surface roughness and process time.

o Itis obtained that the most effective parameter is table
feedrate in terms of process time.

o The predicted values match the measured values
reasonably well, with R2 of 0.9634 for RA and R2 of
0,9695 for process Time.
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