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Abstract
In electric discharge drilling (EDD), rapid local heating and cooling of the workpiece surface by means of electric discharges results in 
surface layers (recast, heat affected and base material). In this study, the main workpiece surface texture measures, namely the recast layer 
thickness (RLT) and average surface roughness (Ra) characteristics were investigated for varying machining parameters (discharge cur-
rent and pulse on time). The conducted experiments revealed the strong dependence of surface characteristics on machining parameters.
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Öz
Elektro erozyon ile delik delmede (EEDD), işparçası yüzeyinin elektriksel boşalmalar yoluyla hızlı bir şekilde bölgesel olarak ısıtılması 
ve soğutulması, yüzey katmanlarına (tekrardan katılaşmış, ısıl etkilenmiş ve ana malzeme) neden olur. Bu çalışmada, ana işparçası yüzey 
dokusu, yani tekrardan katılaşmış katman kalınlığı (RLT) ve ortalama yüzey pürüzlülüğü (Ra) özellikleri, farklı işleme parametreleri için 
(boşalım akımı ve vurum süresi) araştırılmıştır. Yapılan deneyler, yüzey özelliklerinin işleme parametrelerine kuvvetle bağımlılığını or-
taya koymuştur.

Anahtar Kelimeler: Elekro erozyon ile delik delme, Tekrardan katılaşmış katman kalınlığı, Ortalama yüzey pürüzlülüğü, Ti6Al4V, Inco-
nel 718, AISI4140

Ӏ. INTRODUCTION
In today’s technology, electric discharge machining (EDM) is one of the non-traditional manufacturing methods used in pro-
duction of hard to machine materials and difficult geometries [1, 2]. EDM is based on the principle of very small volume ma-
terial erosion from the workpiece surface by means of electrical discharges between the conductive electrode and the work-
piece immersed into dielectric liquid. The electrode (tool) is prepared according to the cavity to be formed in the workpiece 
[3]. The electric discharge drilling (EDD) is generally used for drilling starting holes for wire-EDM applications and turbine 
blade cooling holes. A continuously rotating hollow metal electrode flushed by a dielectric fluid removes material by elect-
ric discharges [4-6].

Recently, it has become highly difficult to machine new engineering materials with traditional manufacturing methods that 
have been greatly improved in thermal, chemical and mechanical properties like Ti6Al4V (Ti64) and Inconel 718 (In718) alloys 
widely used in automotive, aviation and aerospace applications owing to their low density and high strength properties [4, 7-9].

In EDM, material removal from the workpiece is accomplished by melting and evaporation phenomena. A solidified re-
gion (recast layer) is formed on the workpiece and electrode surfaces due to rapid cooling of molten materials. As a result, 
changes in terms of chemical composition and hardness are observed at these regions. Besides, there is a thermally affected 
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multi-layered zone beneath these surfaces. Recast layer of 
workpiece has very high hardness and brittle nature. Furt-
hermore, the recast layer, where residual stresses are obser-
ved, contains micro-fractures and micro-craters [10, 11]. 
Another mechanism effective on characteristics of the recast 
layer is the carbon accumulation which increases the hard-
ness of the workpiece surface [12, 13].

In EDM, the recast layer properties vary depend on vari-
ous parameters like discharge current (Id), pulse on time (ton), 
pulse off time (toff), type and characteristics of the dielectric 
liquid, addition of powder into dielectric liquid, application 
mode of the dielectric to the machining medium, electrode 
material and its’ manufacturing method, physical proper-
ties of the workpiece [13]. In Cogun et al. study [12], B4C 
powder added copper and pure copper electrodes, produced 
by powder metallurgy, were used as the electrodes whereas 
SAE1040 steel were used as workpiece. They reported inc-
reasing workpiece recast layer thickness (RLT) with incre-
asing Id and ton. The RLT was measured as 3.4 ± 1.5 μm for 
pure copper powder electrode at Id=3 A and ton=25 μs whe-
reas 9.0 ± 2.1 μm at Id=6 A and ton=50 μs settings. It has been 
reported that the recast layer, defined as ‘Zone A’, contains 
perlite lamellae (ferrite and cementite).

In Hasçalık et al. study [14], Ti64 workpieces were ED-
Med with electrolytic copper electrodes in kerosene dielect-
ric. Experiments were carried out for depth of 5 mm with the 
machining parameters of level 1 (Id=3 A, ton=25 µs) and le-
vel 2 (Id=12 A, ton=50 µs). The RLT of Ti64 machined at Le-
vel 1 was found as 7 μm whereas it is about 12 µm for Level 
2 settings. In Zhang et al. study [15], the recast layer formed 
in water-in-oil (W/O) dielectric were examined by compa-
ring them with those of formed in kerosene and de-ionized 
water. The recast layer formed in W/O yielded larger RLT 
and SR values than that of the other dielectrics.

Some attempts have been made to establish mathemati-
cal relationships between the EDM machining parameters 
and the recast layer characteristics. Ramasawmy et al. study 
[16] presented the effect of the EDM machining parame-
ters (Id and ton) on average white layer thickness (AWLT) 
by empirical equations in terms of 3D surface texture amp-
litude and spatial surface texture parameters (Sds). They 
have reported the better prediction of AWLT in use of Sds. 
They revealed that the Id had a dominant effect on dimen-
sion of the craters than the ton and dimensions of the mol-
ten workpiece pool, and eventually the AWLT, can be desc-
ribed by the magnitude of the surface tension.

In Li et al. study [3], white layer thickness (WLT) was mo-
delled and analyzed in terms of different machining parame-
ters (Id=3-6-9 A, ton=32-64-96 µs and toff=64-96-128 µs) by 

using the response surface methodology (RSM) and analysis 
of variance (ANOVA) in die-sinking EDM. They stated that 
the predicted values agreed well with the experimental fin-
dings. They reported that the lower Id=3 A (the most impor-
tant factor affecting WLT) and ton=32 µs and longer toff=128 
µs minimized the WLT. In Banu et al. study [17], empirical 
models were developed for the estimation of material removal 
rate (MRR) and recast layer hardness in micro-EDM. Pola-
rity, flushing, gap voltage, and tool electrode rotational speed 
were identified in the model. A 370-rpm rotational speed and 
at 80-V gap voltage were found as the optimum parameters 
for maximum MRR and minimum recast layer hardness.

The goal of this study is to experimentally investigate 
of the effects of machining parameters on RLT and surface 
roughness (SR) of EDD process for AISI4140 die steel, Ti64 
and In718 alloy workpieces.

ӀӀ. EXPERIMENTAL METHOD
A FURKAN EDM M25A die sinking machine was transfor-
med to a EDD machine by making series of modifications. 
The pulse generator was an isopulse type with 3 kVA ca-
pacity and 80 V open circuit voltage. The experimental se-
tup consists of; i) dielectric tank, ii) dielectric heating and 
temperature control and iii) electrode rotation systems (Fi-
gure 1). Self-made dielectric tank system was designed to 
provide homogenous distribution of added powders into the 
dielectric. Flush mixing of dielectric was provided by means 
of 20 mm diameter copper pipe placed at the bottom of the 
tank with evenly spaced holes (Figure 2). The powder ad-
ded dielectric (PAD) was sucked from the bottom level of 
the tank by means of a gear pump. One of the two branches 
of the pump exit was directed to the copper pipe for PAD 
flush mixing whereas the other was directed to the ceramic 
piston pump (Figure 1) for pressurization of the dielectric to 
be sent to tube electrode center hole to flush the debris away 
from the machining gap. The dielectric heating was provi-
ded by electrical resistances and on-line temperature cont-
rol was done by means of a thermocouple with +/ – 1 ºC ac-
curacy. The rotation of the tube electrode (max. speed=1000 
rpm) was provided by an electric motor.

In the experiments, AISI4140 steel [2], Ti64 [3] and In718 
[4] were used as workpiece materials (Table 1). Workpieces 
were ED drilled by single-hole rotating copper electrodes 
with 2 mm outer diameter. The drilling process was carried 
out for 20 mm depth at the ground interfaces of two overlap-
ping workpiece surfaces by using a simple clamp (Figure 2). 
A ceramic guide was used to correctly align the rotating ele-
ctrode at 1000 rpm speed. The halves of the drilled workpie-
ces are shown in Figure 3. The separated halves facilitated 
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easy surface roughness measurements and microstructure ins-
pections. Tap water dielectric (without any powder addition) 
was flushed at 140 bar through the center hole of the elect-
rode. The machining settings used in the experiments are gi-
ven in Table 2.

The average surface roughness (Ra) values of the machi-
ned holes were found by taking the arithmetic average of three 
measurements (at hole inlet, the middle and the exit sections) 
by using Surcorder SE1200 type portable surface roughness 
measurement device. Optical microscope (Olympus BX43F) 
and Jeol JSM-6360LV scanning electron microscope (SEM) 
were used to determine the RLT of the ED drilled samples af-
ter applying surface cleaning treatments (rough cleaning of 
the surface, sanding, etching and polishing).

Before the surface inspections, acid etching operations 
were performed to samples for better observation. AISI4140 
specimens were acid etched by 2% nitric acid + 98% etha-
nol solution for 1 minute [18], Ti64 samples by 0.5 mol HCl 
+ 0.5 mol H2SO4 solution for 60 minutes [19] and the In718 
samples, by using 50% HCl + 50% methanol solution for 
60 minutes [20]. After etching operations, all samples were 
washed with plenty of ethyl alcohol.

Figure 1. Schematic representation of the experimental setup

Table 1. The properties of workpieces
Properties – Unit AISI4140 Ti64 In718
Density – (kg/m3) 7700 4430 8190
Melting temperature – (K) 1684 1933 1617
Specific heat capacity – (J/kg.K) 473 526.3 435
Thermal conductivity – (W/m.K) 42.7 6.7 11.2
Electric conductivity – (ohm-cm) 222 x 10-9 1.78 x 10-4 1.21 x 10-4

Figure 2. The clamp system (specimen mounting)

Figure 3. Drilled workpiece halves: a) AISI4140, b) Ti64, c) 
In718

Table 2. The machining settings used in the experiments
Machining Machining parameters

code Discharge current –I (A)
Pulse on time – 
ton (µs)

Pulse off time(1) – 
toff (µs)

MC1 3 25 50
MC2 8.2 35 16
MC3 12 35 26

1 Duration between two successive pulses (pause time)

ӀӀӀ. RESULTS AND DISCUSSIONS

As seen from Figure 4b, the molten AISI4140 workpiece 
material has flowed around the hole wall. So, the determina-
tion of RLT accurately was in doubt since it was hard to dif-
ferentiate recast layer. The same occurrences were also ob-
served in the Ti64 (Figure 5b) and In718 workpieces. So, the 
flowed layer was removed from the hole walls by surface 
cleaning and etching processes and the RLT of the speci-
mens were determined through the optical microscope ima-
ges. The optical examinations clearly revealed the surface 
layers formed on the AISI4140 surface, namely, recast layer 
(zone A), heat affected zone (zone B) and base metal (zone 
C) (Figure 6).
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Figure 4. AISI4140: a) a drilled workpiece half, b) magnified 
view of selected region

In Figure 7-9, the heat affected zone under the recast la-
yer of AISI4140, Ti64 and In718 workpieces for different 
machining settings are shown clearly.

For the tested settings, RLT values increased with incre-
asing Id and ton (Table 3). The experimental RLT results obta-
ined in this study are in agreement with the findings in [14], 
Cogun et al. [12] and Li et al. [3] studies. Figure 10 reveals 
the increasing Ra values with increasing Id and ton for the tes-
ted workpieces. The lowest Ra values were obtained at MC1 
setting (low energy discharges) whereas the highest values 
were obtained at the MC3 setting (high energy discharges).

Figure 5. Ti64: a) a drilled workpiece half, b) magnified view of 
selected region

Figure 6. The layers of AISI4140: recast layer (zone A), heat affe-
cted zone (zone B), base metal (zone C)

Figure 7. The recast layer seen on the drilled surface of AISI4140 
with MC1 machining setting

Figure 8. The recast layer on the surface of Ti64 at MC2 
machining setting

Figure 9. The recast layer on the surface of In718 at MC3 
machining setting
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Table 3. The RLT values at different machining settings
Workpiece – electrode Machining settings RLT (µm)

Id=3A, ton=25µs, toff=50µs 3.7 ± 1.3
AISI4140 – Cu Id=8.2A, ton=35µs, toff=16µs 4.6 ± 1.4

Id=12A, ton=35µs, toff=26µs 6.2 ± 1.3
Id=3A, ton=25µs, toff=50µs 5.8 ± 1.5

Ti64 – Cu Id=8.2A, ton=35µs, toff=16µs 7.3 ± 1.6
Id=12A, ton=35µs, toff=26µs 9.1 ± 2.0
Id=3A, ton=25µs, toff=50µs 4.1 ± 1.6

In718 – Cu Id=8.2A, ton=35µs, toff=16µs 5.4 ± 1.7
Id=12A, ton=35µs, toff=26µs 7.5 ± 1.2

Figure 10. The average surface roughness (Ra) of the drilled 
workpieces

ӀV. CONCLUSIONS
In this study, the relationships between the recast layer pro-
perties and the machining parameters in electrical discharge 
drilling (EDD) were investigated and the following conclu-
sions were drawn:

For all tested workpiece materials, increasing discharge 
current and pulse on time increased the RLT values. The hi-
ghest RLT values were observed in Ti64 workpieces for all 
experienced machining settings. This is attributed to low 
thermal conductivity of the material causing rapid local hea-
ting and excessive melting of the material.

The lowest average surface roughness (Ra) value was ob-
tained in AISI4140 workpiece at MC1 machining settings 
(low energy discharges). The highest Ra values were obser-
ved for the highest energy pulses (i.e. MC3 settings). Incre-
asing discharge current and pulse on time resulted in deteri-
oration of the surface texture and higher Ra values. Ti64 and 
In718 alloys yielded resembling surface roughness charac-
teristics for the same machining settings.
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