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Abstract Wire electrical discharge machining (WEDM) is a
manufacturing process whereby a desired shape is obtained using
electrical discharges (sparks). WEDM demands high cutting rate
and high quality to improve machining performance for
manufacturing hard materials. The machining performance of
computer-controlled WEDM is directly dependent on spark en-
ergy and pulse frequency parameters including discharge volt-
age, peak current, pulse duration, and charging time. In this pa-
per, a new performance index to measure the effects of spark
energy and pulse frequency on machining performance is pro-
posed. Moreover, the effects of electric process parameters on
performance measures including cutting speed, surface rough-
ness, and white layer thickness are introduced.

Keywords WEDM-CCM - Spark energy - Pulse frequency -
Duty factor - Performance index
1 Introduction

Computer numeric controlled (CNC) wire electrical discharge
machining (WEDM) is among the more widely known and
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applied nontraditional machining processes in industry today.
In this procedure, improvements to the process mechanism and
control have rapidly been taking place. CNC-WEDM can ma-
chine harder, electrically conductive (higher strength, corrosive
and wear resistant, and difficult-to-machine) materials like tool
steel, titanium, metal matrix composites (MMCs), and cemented
carbides [1]. Besides machining electrically conductive work-
pieces, some WEDM work has also been reported on insulating
ceramics and non-conductive materials [2, 3]. With WEDM, it is
also possible to machine complicated shapes that cannot other-
wise be achieved using traditional machining processes, such as
turning, milling, and grinding [4, 5].

Productivity and surface quality are the most important per-
formance parameters in CNC-WEDM. In addition, productivity
controls the overall cost-effectiveness of the machining process,
while quality impacts the functional value of products.
Productivity is expressed as cutting speed, while surface quality
is expressed through surface roughness and white layer thick-
ness. The importance of these performance parameters is relative
and mainly depends on spark energy and pulse frequency param-
eters [6]. Practically, productivity increases with increasing spark
energy (voltage, current, and pulse duration). On the other hand,
surface roughness and white layer thickness would increase with
increasing discharge voltage, current, and pulse width [7, 8].

Several efforts have been made to find the ideal machining
conditions to enhance productivity and achieve high product
quality by increasing the cutting rate and decreasing the surface
roughness [9, 10]. It has been revealed that cutting speed in-
creases as pulse width increases, and surface roughness decreases
as the time between the two pulses decreases. El-Hofy [11] and
Levy and Maggi [12] showed that during WEDM, a thin heat-
affected zone layer of 1 um at 5-pJ spark energy to 25 um at
high spark energy is formed. To attain low surface roughness and
small white layer thickness, low electrical discharge parameters
are required. However, such parameters lower the cutting rate in
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WEDM. This indicates that a high cutting rate with minimum
surface defects is difficult to attain from a single-parameter set-
ting. To achieve efficient machining, mathematical modeling be-
tween WEDM parameters and performance characteristics
should be available to manufacturers. Two kinds of approaches,
theoretical and empirical, are commonly used for WEDM
modeling [13]. Owing to the simplified and unavoidable assump-
tions, the theoretical models yield large errors between the pre-
dicted and experimental results. On the other hand, empirical
models are limited to specific experimental conditions.

Many efforts to improve process performance have been stat-
ed in literature regarding electrothermal concepts. Among these
efforts, theoretical [14—16], numerical [17, 18], or empirical
methods [19, 20] with different performance parameters and
guesstimate results are used to improve the machining process.
As previously mentioned, WEDM efficiency mostly depends on
the generation and distribution of spark energy within the dis-
charge zone [21, 22]. In practice, efficient WEDM control im-
plies variation of spark energy parameters and pulse frequency
parameters, which can be controlled by peak current, pulse-on
time, and pulse-off time. However, it is very difficult to study the
effect of spark energy and pulse frequency individually on ma-
chining performance. This suggests that a high cutting rate with
minimum surface defects is difficult to attain from a single-
parameter setting. For this reason, in this research work, we
proposed a new, simple performance index to study the effect
of spark energy in conjunction with pulse frequency at different
duty factors on machining characteristics to achieve high ma-
chining performance in CNC-WEDM. This can be achieved by
weighing the spark energy using the duty factor.

2 Analysis of EDM pulse generator
2.1 Cycle energy

CNC wire electrical discharge machining (CNC-WEDM)),
sometimes informally also referred to as spark machining, spark
eroding, burning, wire burning, or wire erosion, is a manufactur-
ing process whereby a desired shape is obtained using electrical
discharges (sparks), while the NC table can make X-Y move-
ments (Fig. 1a, b). Material is removed from the workpiece by a
series of rapidly repeating current discharges between the wire
electrode and the workpiece, separated by a dielectric liquid, and
is subject to electric voltage (Fig. 2a, b) [23].

Figure 3 illustrates the WEDM machine components and a
detailed description of the pulse generator used in WEDM. In
a pulse generator, the capacitor is charged from a DC source
(V,,). As long as the voltage in the capacitor does not reach the
breakdown voltage of the dielectric medium under machining
conditions (74¢), the capacitor (C) continues to charge. Once
breakdown voltage (V) is reached, the capacitor starts
discharging and a spark is established between the tool and
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workpiece, leading to machining. Such discharge continues as
long as the spark can be sustained. Once the voltage becomes
too low (V4" to sustain the spark, capacitor charging would
continue, as shown in Fig. 4 [11].

During an electrical discharge, the voltage and current im-
pulses vary with time. Electric impulses are determined with
the following values: discharge voltage (V;), pulse duration
(7o), pulse-off time (7,g), pulse cycle time (7;), discharge
current (IP), pulse frequency (F), and duty factor (DF). The
most important WEDM parameters are spark energy and duty
factor. The spark energy determines the chip size, and it is the
value of electrical energy per one spark, which can be
expressed by Eq. (1).

E;=Vygx1IP X Ton (1)

According to Eq. (1), spark energy is influenced by the
discharge voltage, discharge current, and pulse duration. The
discharge voltage depends on the paired wire electrode and
workpiece materials [24]. The discharge current and pulse
duration control the spark intensity (Fig. 5a, b). The spark
energy determines the spark size and, hence, the chip size.
High spark intensity leads to long sparks, thus increasing the
cutting speed and chip size but decreasing the surface finish as
shown in Fig. 5a [25].

The other most important parameter associated with electri-
cal parameters and that significantly influences WEDM perfor-
mance is pulse frequency (F) or duty factor (DF). The duty
factor determines the weight and number of pulses (Egs. 2
and 3). The duty factor is a percentage of the ratio of pulse
duration to total cycle time. In machines with duty factor set-
tings, the pulse interval is set indirectly by setting the pulse
duration and duty factor. Pulse frequency is used to set the pulse
interval on some machines and to determine the number of
chips per second.

le/(Ton+Toff) (2)
DF = Ton/(Ton + Tot) = Ton X F (3)

Selecting a spark microsecond cycle time depends on
workpiece thickness, flushing condition, and required surface
quality. High pulse frequency leads to short sparks and, hence,
decreased chip size (Fig. 5b). This condition is consequently
recommended to improve surface finish. Low pulse frequency
leads to long sparks and, hence, increased chip size (Fig. 5a),
so it is recommended for increasing cutting speed [26].

2.2 Cutting speed

The molten crater can be assumed to have hemispherical
shape with a radius r that forms due to a single spark
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(Fig. 5a). Hence, volume removal (VR) in a single spark can From Egs. (3) and (9), we get the following:
be expressed as follows [11]:

CSaE; x F (10)

VR =277 /3 (4)

Material removal in a single spark is proportional to spark
energy. Thus,

VR o E, (5)

The material removal rate is the ratio of material removed
in a single spark to cycle time. Thus,

MRR = VR/T, (6)
Te=Ton+ Torr (7)
MRR 0 £,/ (T + Tor)

MRR = CS x w x b (8)

where CS is the cutting speed, w is the kerf width, and b is
the workpiece depth.

CS = MRR/w x b
CSa Ey/(Ton + Tofr) 9)

2.3 Surface roughness

Surface roughness is the most well-known product quality
issue in WEDM. In WEDM, no two sparks can take place
side-by-side. They occur completely randomly so that over
time, uniform average material removal occurs over the entire
wire electrode contact length. For the sake of simplicity, it is
assumed that sparks occur side-by-side as shown in Fig. 5.
Thus,

Raar (11)

From Egs. (4) and (5)

r= (3VR/27)'* = (3KE,/2m)"/ (12)
Raa (E,)"/? (13)

It is noted from Eq. (13) that surface roughness in-
creases with increasing spark energy [11]. Moreover,

Fig. 2 WEDM discharge sparks

Wire electrode

\ o~ Workpiece

Electrode travel —» Kerf

T Sparing
area 180°

Spark
overcut
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Fig. 3 Detailed description of the pulse generator and machine
components

pulse frequency has considerable effect on surface
roughness (see Fig. 5).

2.4 White layer thickness

During WEDM, the discharge temperature can reach up to
12,000 °C, and metallurgical changes happen in some of the
workpiece surface layers [11]. As such, the zone under the
machined surface can be annealed. Moreover, some molten
material does not get into the dielectric fluid and chills quick-
ly, mainly by heat conduction throughout most of the work-
piece, resulting in a hard surface. The annealed layer depth is
generally proportional to the spark energy used in the cutting
process. It is around 50 um for finish cutting to approximately
200 um for high cutting rates (Fig. 6) [27]. A recast layer
appears in different spark erosion conditions and contains
many pockmarks, globules, cracks, and microcracks.
Researchers have carried out several investigations and noted
that this layer is obvious under all machining conditions [28,
29].

Fig. 4 Analysis of EDM pulse

Sparks

Wire electrode

0

Fig. 5 Chip size and load at different spark energies and pulse
frequencies. a High spark energy with low pulse frequency. b Low
spark energy with high pulse frequency

3 Experimental details
3.1 Experimental setup

The experiments were performed using a computer numerical
control (CNC) Sodick AQ325L WEDM machine tool (Fig. 7).
The wire electrode employed is a wire (Brass wire (60/40)
coated with 5 um of CuZn alloy (30/70)), with 0.2-mm diam-
eter, tensile strength of 875 N/mm?, elongation of 0.2, and
electric conductivity of 20% IACS for machining titanium
alloy grade 5 (Ti6Al4V) under the machining conditions listed
in Table 1.

The machining parameters, including peak current (IP),
pulse width (7,,), and charging time (7,), were selected for
this study based on Egs. (1) and (2) to investigate the effect of

generator

Iq

A 4
A 4
A 4

A 4
-
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Fig. 6 EDM machined surface heat-affected zone

spark energy and pulse frequency parameters on machining
performance, i.e., cutting speed (CS), surface roughness (Ra),
and white layer thickness (WLT). The machining parameter
levels (Table 1) were selected based on previous experiments
with the working range and levels of the WEDM process
parameters by using the one-factor-at-a-time approach. The
other machining parameters were kept constant (main voltage
V, =100V, gap voltage V=20V, wire tension WT =6 N, and
wire speed WS = 3 m/min) as recommended by the machine
maker.

3.2 Specimen preparation

The workpiece material used is titanium alloy grade 5
(Ti6Al4V) with 100 x 100 x 20-mm dimensions, which
was machined into 5 x 5 x 20 mm for each specimen.
The chemical composition of titanium alloy was
achieved by EDX machine as shown in Table 2. The
electrical resistivity and thermal conductivity of titanium
alloy were 17.8 x 107 Q cm and 6.7 W/(m K),
respectively.

Fig. 7 WEDM machine

, fluid system

Table 1  Levels of machining parameters

Machining parameter Symbol Units Levels

1 2 3
Peak current P A 16 17 -
Pulse-on time Ton us 0.2 0.3 04
Pulse-off time Tose us 0.5 0.9 1.3

The samples were ground with 400, 800, 1200, 2000,
and 4000 grit silicon carbide paper and subsequently
polished with 3 and 1 pm diamond suspension liquid,
followed by mirror polishing with 0.05 Alumina suspen-
sion. The samples were then cleaned in an ultrasonic
agitator in acetone at 30 °C for 15 min, carefully rinsed
and cleaned in distilled water, and dried to remove con-
tamination so as to acquire a uniform surface [30].

3.3 Measurements

Cutting speed was recorded directly from the WEDM
machine tool monitor. The average cutting speed was
calculated from the three data points recorded under
the same conditions. The surface roughness was mea-
sured with a stylus-based profilometer (Mitutoyo SJ-
201, 99.6% accuracy). The average surface roughness
was calculated for three different measurements under
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Table 2  Chemical compositions of titanium alloy (grade 5) OToff=0.5 AToff=0.9 EToff=13 Constant energy line
4.00 — :
. Lo I )
Element Al \% Fe (0] C Ti Vo [ i \
3.50 | : \m/ : o |
i og g SV OAZ
Weight, wt (%) 565 393 013 011 008  90.1 . s = 27 15 20 A=
=3.00 e 23 ot ”A il
E B & 3 - =k &
Easo b w2iis B a3l @« “m .-*S
z 2,58 § 5‘ AZ EAN -
O ('\l 1 1 ('\l |7 o 1 f'\ ﬂ' 1 1 <r
2.00 - Sl lo g S ! ‘o S ! S
Il v I O gA T g g ! ! g
the same conditions with a roughness width cutoff of 150 - E:E cm S g E
L. = 0.8 mm based on standard ISO 4287:1997. The a:
average white layer thickness was calculated from three 100 50 0 % 110 130 150
measurements using an image processing program ELi)

(ImageJ).

Fig. 8 Influence of spark energy parameters on cutting speed

4 Results, analysis, and discussion
3.4 Surface characterization I ySIS, 1Scusst
A total of 18 sets of data were selected to study the effect of
spark energy parameters and pulse frequency on machining
performance, as demonstrated in Table 3.

Microscopic surface examinations after each grinding
and finishing step were carried out using Olympus
BX 61 light optical microscopy (OM). A scanning
electron microscope (SEM) equipped with energy-
dispersive X-ray spectroscopy (EDS) (Hitachi tabletop
microscope TM3030) was used to examine the surface
microstructural and topographical characteristics and
white layer thickness of the machined part.

4.1 Cutting speed analysis

Figure 8 represents the effect of the spark energy parameters
(IP, T,n, and T, on cutting speed. As Fig. 8 indicates, an
increase of peak current and pulse duration leads to higher
cutting speed. The same conclusion can be drawn from the

Table 3 Measured CS (mm/min), Ra (um), and WLT (um) at different machining conditions

Machining parameters Performance factors Performance outcomes
IP(A) Ton(us) Tog(ps) Eg (W) DF (%) EDFindex CS (mm/min) Ra (um) WLT (um)
1 2 3 avg 1 2 3 avg 1 2 3 avg
16 0.2 0.5 64 28.6 1829 14 135 1.5 142 22 22 229 223 616 475 607 5.66
0.9 64 18.2 1164 137 1.3 14 136 22 211 215 215 628 523 338 496
1.3 64 133 853 133 1.18 1.2 124 219 211 198 209 527 352 425 435
0.3 0.5 96 37.5 3600 221 215 238 225 263 274 269 269 993 11.78 8.56 10.09
0.9 96 25.0 2400 1.82 192 1.53 1.76 2.55 241 251 249 7.02 8 7.56 7.53
13 96 18.8 1800 1.37 157 1.69 154 238 231 228 232 6.02 558 677 6.12
04 0.5 128 444 5689 341 328 36 343 298 321 299 3.06 16.6 16.19 1625 16.35
0.9 128 30.8 3938 273 292 29 285 289 284 285 286 1225 1232 13.37 12.65
1.3 128 23.5 3012 233 259 252 248 276 259 271 269 11.1 10.65 1144 11.06
17 0.2 0.5 68 28.6 1943 1.67 157 1.69 164 233 228 232 231 773 6.08 598 6.60
0.9 68 18.2 1236 146 137 1.5 144 229 218 22 222 643 532 537 571
1.3 68 133 907 136 145 14 140 232 209 209 217 556 507 496 520
0.3 0.5 102 37.5 3825 26 254 25 255 286 282 278 282 11.09 12.68 10.68 11.48
0.9 102 25.0 2550 222 239 231 231 27 263 266 266 1033 11.72 9.78 10.61
13 102 18.8 1913 197 19 198 195 24 245 252 246 873 932 785 8.63
0.4 0.5 136 444 6044 373 392 39 385 334 314 327 325 2057 1938 19.86 19.94
0.9 136 30.8 4185 329 3.1 333 324 299 289 289 292 14 17.58 1547 15.68
1.3 136 23.5 3200 271 259 268 266 2.69 278 275 274 1348 13.01 11.65 12.71
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Fig. 9 Influence of cycle frequency on cutting speed

cutting speed equation (10) presented in Sect. 2.2. Moreover,
Fig. 8 shows that pulse duration has a great effect on cutting
speed followed by peak current. In addition, pulse-off time has
a considerable effect on speed as shown in Fig. 9. The spark
discharge energy obtained from Eq. (1) increases with the in-
crease of discharge current and pulse duration. But, at the same
spark energy level (constant energy line represented by a
dashed line in Fig. 8), the cutting speed decreases with increas-
ing pulse-off time. Increasing pulse-off time leads to decreasing
pulse frequency at the same energy levels; hence, the cutting
speed decreases as shown in Fig. 9.

From Egs. (1) and (2) and Figs. 8 and 9, both the pulse
frequency and spark energy affect the cutting speed. However,
it is very difficult to study the effect of each one individually
on cutting speed. Therefore, a new performance index is pro-
posed in this study to merge the effect of pulse frequency with
spark energy. This can be done by normalizing the spark en-
ergy parameters by multiplying the spark energy with the duty
factor (E, x DF).

Figure 10 displays the change in cutting speed at different
performance index levels. According to Fig. 10, cutting speed
increases linearly with the increase in the new performance
index. When the discharge energy parameters (Vy, IP, and/or

4.00
350 |- CS =0.0005(E;xDF) + 0.8056
- R2=10.9315 e
o .-
— 3.00 - °. Wire rupture
E ° limit
£ 250 | ° . ]
2.00 | o—F
50 k- .
PO e e
o
100 1 1 1 1 L
500 1500 2500 3500 4500 5500 6500
E.<DF

Fig. 10 Experimental influence of weighted spark energy on the cutting
speed

Table 4 ANOVA table for cutting speed

Source DF Sum of squares Mean square F-ratio p value
Es x DF 1 9.8929 9.8929 217.63 0.000
Residual error 16 0.7273 0.0455

Total 17 10.6202

T,,,) and/or the duty factor change, the new performance index
changes accordingly. Figure 10 also shows the wire rupture
limit based on the new performance index.

A regression technique was employed to understand the
effect of the performance index on cutting speed, surface
roughness, and white layer thickness. From the regression
models, one can obtain the relationship between the criterion
variable and the predictive variable. The linear regression,
correlation coefficient, and coefficient of determination are
all related. Based on some assumptions, each one provides
different types of information. The coefficient of determina-
tion represents the correlation coefficient’s squares. The cor-
relation coefficient indicates whether or not the two variables
move in the same or opposite directions and the degree of
linear association. So, the regression technique along with
the coefficient of determination was used to obtain the rela-
tionship of the criterion variable (cutting speed, surface rough-
ness, and white layer thickness) and the predictive variable
(performance index).

Table 4 represents the statistical analysis and effects of
performance index on cutting speed. According to ANOVA,
at 95% confidence level (p < 0.05) when p is less than 0.05,
the performance index significantly affects cutting speed.

The empirical equation is presented as follows:

CS = 0.8056 + 0.0005(E; x DF) (14)

Equation (14) indicates that cutting speed increases
with increasing performance index. The analytical rela-
tionship between cutting speed and the new performance
index has a high coefficient of determination

@Toff=0.5 EToff=0.9 ©Toff=1.3 - Constant energy line

340 [ [ [ [ [
1 1 1 1 1
1 1 1 1
320 N T ;0
<! 1< 5 <! < < ' <
3.00 ciic £ =i oo S:‘ ‘:
I I 2 I I [ I
Eaof =il 5 =i @= =W e
S g 2 2o g B T
& 260 EXENEE .- i TS 27 12
wo| i1 7 cBéz iz
- Il Il Q I Il ] ]
sals 59 15 L
2.20 [—g = I = 1=
' P R
200 I L 1 I 1 L
50 70 90 110 130 150
E, (1)

Fig. 11 Influence of spark energy parameters on surface roughness
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Fig. 12 Influence of cycle frequency on surface roughness

(R*> = 0.93). The coefficient of determination is a mea-
sure of how well an analytical model is likely to predict
future outcomes. This correlation coefficient is calculat-
ed by dividing the covariance of two variables by their
standard deviations. The predicted R? value (93.2%) and
adjusted R? value (92.7%) match the experimental re-
sults. The adjusted R* determines the amount of devia-
tion about the mean that is described by the model [31].

Therefore, the new performance index is accurate and can
be used as an index for monitoring, predicting, and controlling
the cutting speed performance measure as well as identifying
the wire rupture limit.

4.2 Surface quality analysis

This section presents the analysis of the effects of the spark
energy and pulse frequency parameters on surface quality.
Figure 11 shows the influence of the spark energy parameters
on surface roughness. From this figure, the pulse duration,
peak current, and pulse-off time affect the surface roughness.
Also, this figure indicates that an increase of discharge power
(IP) and/or discharge duration (7,) results in increased

3.40
320 Ra = 0.0002(E;xDF) +1.9599
- 2=0.9508 .
°
3.00 .
.. Wire rupture
— 280 f o limit
g e .-
= ° ..'..“ [ ]
S 260 |
° .
2.40
b
220 | 4.8 @
°
2.00 . s s . .
500 1500 2500 3500 4500 5500 6500
E.<DF

Fig. 13 Experimental influence of weighted spark energy on the surface
roughness
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Table5 ANOVA table for surface roughness

Source DF Sum of squares Mean square F-ratio p value
Es x DF 1 1.8872 1.8872 309.03 0.000
Residual error 16 0.0977 0.0061

Total 17 1.9849

surface roughness. As the discharge energy increases, the ther-
mal energy concentration on the workpiece increases, which
results in large craters; hence, the surface roughness increases.
The same conclusion can be drawn from the analytical rela-
tionship between surface roughness and discharge energy.
Figure 12 displays the influence of cycle frequency on surface
roughness at different spark energy levels. It is clear from
Fig. 12 that pulse frequency has a small effect on surface

100 pum

D7.4 x1.0k
(a) At high levels of spark energy and duty percent

Ti 0003 A D7.8 x1.0k
(b) At low level of spark energy and duty percent

100 pm

Fig. 14 SEM micrograph at the extreme levels of spark energy and duty
factor. a At high levels of spark energy and duty percent. b At low level of
spark energy and duty percent
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Fig. 15 Influence of spark energy parameters on white layer thickness

roughness. Surface roughness increases with increasing pulse
frequency at the same spark energy level. Also, according to
Figs. 11 and 12, it is hard to analyze the effect of spark energy
and pulse frequency together on surface roughness. Thus, the
proposed performance index can be used to study the effect of
both spark energy and pulse frequency simultaneously.

Figure 13 shows the relation between surface roughness
and the proposed performance index. Surface roughness in-
creases linearly with increasing the proposed performance in-
dex. When the electrical process parameters (IP, 7, and T,)
change, the proposed performance index changes accordingly.
Moreover, the analytical relationship between surface rough-
ness and the proposed performance index has a high coeffi-
cient of determination (R* = 0.951), high adjusted coefficient
of determination (R* = 0.958), and low p value (p < 0.05) as
per Table 5 (ANOVA); hence, the performance index has a
significant effect on surface roughness. By using regression
on the recorded data, the prediction model for surface rough-
ness is expressed as follows:

Ra = 1.9599 + 0.0002(E, x DF) (15)

In Eq. (15), surface roughness increases with increasing
performance index.
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Fig. 16 Influence of cycle frequency on white layer thickness

Fig. 17 Experimental influence of weighted spark energy on the white
layer thickness

Figure 14a, b shows the SEM of two surfaces at two dif-
ferent levels of the proposed performance index. These two
surfaces represent two extreme cases of process conditions
under the highest performance index (Fig. 14a) and the lowest
performance index (Fig. 14b). Bigger craters and more surface
cracks due to larger amounts of molten work material at each
spark erosion can be identified on WEDM surfaces (Fig. 14a).
On the other hand, crater size and number of cracks reduce
drastically on surfaces machined with a low performance in-
dex, as shown in Fig. 14b. Thus, the proposed performance
index is accurate and can be used for monitoring, predicting,
and controlling surface roughness performance measures.

4.3 White layer thickness analysis

This section introduces the analysis of the effects of spark energy
and pulse frequency parameters on white layer thickness. The
pulse duration has more prominent influence on white layer
thickness than discharge current, but pulse-off time has minor
influence on white layer thickness (Fig. 15). However, white
layer thickness increases as pulse-off time decreases at the same
energy level (the constant energy line is represented by a dashed
line in Fig. 15). Figure 16 indicates the influence of cycle fre-
quency on white layer thickness at different spark energy levels.
White layer thickness increases with increasing pulse frequency,
as per Fig. 16. This is because the increase in pulse frequency
increases the heat generated on the workpiece surface; hence,
the white layer thickness increases. Moreover, according to
Figs. 15 and 16, it is difficult to study the dependence of white

Table 6 ANOVA table for white layer thickness

Source DF Sum of squares Mean square F-ratio p value
Es x DF 1 31453 314.53 19421 0.000
Residual error 16 2591 1.62

Total 17 34045
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layer thickness on spark energy and pulse frequency simulta-
neously. On the other hand, the proposed performance index can
be used to study the effect of both spark energy and pulse fre-
quency on the white layer thickness concurrently.

Figure 17 shows the relation between white layer thickness
and the proposed performance index. The white layer thick-
ness increases linearly with increasing the proposed perfor-
mance index. When the spark energy and frequency parame-
ters (IP, 7, and Tyg) change, the proposed performance index
changes accordingly, leading to a change in white layer thick-
ness. Moreover, the effect of performance index on white
layer thickness is introduced statistically in the ANOVA table
(Table 6). According to ANOVA, at 95% confidence level
(p < 0.05), the performance index has significant effect on
white layer thickness. The empirical equation based on the
regression technique is presented as follows:

A D76 x3.0k 30 um
(a) At high levels of spark energy and pulse frequency
4.35pum
Tcsa A D58 x3.0k  30um

(d) At low levels of spark energy and pulse frequency

Fig. 18 SEM micrograph of the edge at different levels of spark energy
and pulse frequency. a At high levels of spark energy and pulse
frequency. b At low levels of spark energy and pulse frequency

@ Springer

WLT = 1.9531 + 0.0028(E, x DF) (16)

Equation (16) indicates that white layer thickness increases
with increasing performance index. The analytical relation-
ship between white layer thickness and proposed performance
index has a high coefficient of determination (R*>=0.924) and
high adjusted coefficient of determination (R? (adj.) =91.9%).

Metallographic investigations show that there is a recast
layer (white layer) at low and high discharge energies
(Fig. 18). Figure 18 shows the SEM of the edge for two sam-
ples at extreme performance index. Figure 18a shows the
white layer thickness at high performance index, while
Fig. 18b shows the white layer thickness at low performance
index. In principle, increasing discharge energy increases the
performance index, hence increasing recast layer thickness
(Fig. 18). Therefore, the proposed performance index is accu-
rate and can be used for monitoring, predicting, and control-
ling the white layer thickness performance measure as well as
avoiding wire rupture.

5 Conclusion

Based on the previously mentioned analytical and experimen-
tal investigations, the machining performance of CNC-
WEDM is directly dependent on spark energy parameters
(P, V4, and T,) and duty factor parameters (7, and Tyg).
The theoretical analysis and experimental results present good
agreement and high potential to be used in future research to
control and predict CNC-WEDM machining conditions. The
proposed performance index (E; x DF) much more conve-
niently correlates the performance parameters (CS, Ra, and
WLT) with the spark energy and duty factor parameters in
the CNC-WEDM process. By applying the proposed perfor-
mance index (E; x DF), it appears that using a lower spark
setting with higher pulse cycle settings will reduce chip size
and produce better flushing. This could lead to faster cutting
with good surface finish and less wire rupture. Moreover, the
new performance index gives a good indication of the wire
rupture limit.
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