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Abstract To allow very high turbine inlet gas tempera-
tures, film cooling holes are widely applied in gas tur-
bine engines. Owing to the requirements of high machin-
ing efficiency and surface quality, the fabrication of film
cooling holes in difficult-to-machine materials is ex-
tremely difficult. A tubular electrode electro-discharge
high-speed drilling/electrochemical machining (ECM) in
situ combined process has been proposed for this task. In
this approach, electro-discharge machining (EDM) is ef-
ficiently employed to form the holes, following which
the recast layer thereby generated is removed from the
machined surface by electrochemical dissolution. In this
study, a tubular electrode and a specially designed flush-
ing device are used, with internal and side flushing being
performed at the same time so that EDM and ECM can
be combined in situ. The performance of the technique is
investigated on a nickel-based superalloy. To achieve the
best performance, the ideal values of EDM parameters
(peak current, pulse duration, and pulse interval) are de-
termined. The ECM is employed to remove the rough

surface produced by the EDM. Compared with EDM
alone, it is found that the EDM/ECM in situ combined
process improves the surface quality of the holes and
removes the recast layer. It is confirmed that the com-
bined process is suitable for producing film cooling holes
without a recast layer.

Keywords Electro-dischargemachining . Electrochemical
machining . EDM/ECMcombined process . Nickel-based
superalloy . Film cooling hole . Recast layer

1 Introduction

In the aerospace industry, there is an increasingly wide
range of applications for small-size, high-precision, and
high-quality products and components in which large
numbers of microscopic and small holes are drilled [1].
For example, in the case of aero-engines, film cooling
allows gas turbines to operate at higher turbine firing
temperatures and efficiencies and with a longer service
life [2]. The technology necessary for this relies upon
the use of large numbers of very small film cooling holes,
distributed in a variety of ways on the surface of the
relevant engine component (e.g., a turbine blade or vane).
However, such components are made from high-strength,
high-hardness, and difficult-to-machine materials, and
therefore it has proved difficult to use conventional pro-
cesses to machine the holes [3]. Hence, attention has in-
creasingly been focused on nontraditional processes for
producing film cooling holes with high efficiency and
surface quality.

Electro-discharge machining (EDM) has become the
predominant processing technology for film cooling
holes, owing to its unique advantages [4, 5]. As an
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electro-thermal technique, EDM can be used to machine
any conductive material, including superalloys and other
difficult-to-machine materials, effectively and accurately
[6–8]. In addition, because there is no direct contact be-
tween workpiece and tool electrode, EDM does not pro-
duce mechanical stress and is suitable for the fabrication
of microstructures [9, 10]. In spite of these advantages,
however, EDM, owing to its thermal processing mecha-
nism, suffers from the significant drawback that the proc-
essed surface is covered with thermally damaged layers
composed of a recast layer and heat-affected zones [11,
12]. In particular, voids, cracks, and thermal stress within
the recast layer decrease the material’s resistance to fa-
tigue and corrosion [13], with detrimental effects on the
component’s mechanical properties, particularly under
extreme working conditions [14]. Therefore, it is desir-
able that a method be found for machining film cooling
holes without recast layers, which is not possible with
the use of EDM alone.

There have been a number of investigations of machin-
ing of surfaces using EDM in combination with other
techniques. McGeough et al. [15] performed a theoretical
and experimental investigation to improve surface quality
using a hybrid machine combining EDM and electro-
chemical machining (ECM). Kurita and Hattori [16] in-
vestigated the use of ECM lapping to obtain a smooth
surface after EDM shaping. Chung et al. [17] focusing
on a micro-EDM hole surface finishing process based on
electrochemical dissolution using deionized water, studied
the effects of finishing conditions on surface roughness.
Ramasawmy et al. [18] investigated the effects of electro-
chemical polishing parameters on EDM surfaces. Zeng
et al. [19] performed an experimental study of micro-
EDM/mic ro -ECM combined mi l l i ng fo r th ree -
dimensional micro-structures and found that EDM surface

defects could be completely removed by micro-ECM
milling.

Compared with the preceding examples emphasizing surface
finishing, in this study, a greater importance is attached to effi-
ciency and the absence of a recast layer. Previous studies have
shown that ECM, owing to benefits such as the absence of
residual stress, cracks, and heat-affected zones [20, 21], is an
effectivemethod for improving the quality of surfaces generated
by EDM [22, 23]. Hence, for film cooling holes, a hybrid pro-
cess combining EDM and ECM is promising, since during the
combined machining, the benefits of these two processes are
appropriately employed and defects are mitigated [24, 25]. In
previous research, the primary focus has been on micrometer-
scale structures, using fine cylindrical electrodes [26], whereas
this study aims to machine film cooling holes without recast
layers using a tubular electrode, especially for diameters greater
than 0.5 mm. To achieve this aim, a combined EDM/ECM
drilling system, using a specially designed electrolyte flow de-
vice, is employed. In this way, the combined processes can be
performed sequentially on the same machine tool with the same
tool electrode at the same workstation. Because the need for
frequent substitution of fresh electrodes is thereby avoided, the
efficiency is greatly improved. The principle of the combined
machining principle is discussed, and the effects of the EDM
and ECM parameters are identified.

2 Experimental details

2.1 Machine tool

The in situ combined EDM and ECM drilling processes
were performed on a multi-process machine tool. A sche-
matic diagram of the experimental equipment is shown in
Fig. 1. The drilling system comprises a power supply

Fig 1 EDM and ECM in situ combined drilling system
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unit, a dielectric circulation system, and a machining
cell. The pulsed and DC power generated by the power
supply unit can be sequentially applied between the tool
electrode and the workpiece by the power control unit.
The tubular electrode is fixed in the machining head and
rotates with the spindle. In the dielectric circulation sys-
tem, dielectric fluid is provided via the rotating tubular
electrode to perform internal flushing. In addition, a spe-
cial electrolyte flow device allows side flushing with
electrolyte. With this design, the entire experiment can
be carried out on the same machine tool with the same
tool electrode without the need to re-clamp the electrode
and workpiece.

2.2 Materials

Nickel-based superalloys are difficult to machine, but are ex-
tensively used in the aerospace industry because of their high
rigidity and their good temperature, corrosion, and wear resis-
tance. DZ125L, as a typical nickel-based direction detection
coagulation superalloy, is widely used in turbine blades. In
this study, experiments were conducted on a DZ125L super-
alloy plate of 3 mm thickness as the workpiece. In these ex-
periments, all the holes have been drilled through the work-
piece; thus, the depth of the machined holes could be consid-
ered as the thickness of the workpiece, 3 mm. The chemical
composition of this workpiece is shown in Table 1. A brass
tube was selected as the tool electrode.

2.3 Working fluid flushing device

The working fluid flushing device comprises an elec-
trode guide, an electrolyte fairing, and a silicone seal
gasket, as shown in Fig. 2. The electrolyte fairing is
fixed on the electrode guide, such that a chamber is
formed between them, and the tubular electrode passes
through the interior of the device. During EDM, as the
dielectric work fluid, the deionized water is supplied
into the whole machining region from the inside of
the tubular electrode, whereas during ECM, as the
conducting medium, the electrolyte is flushed into the
lateral machining gap through the fluid channel and
downward along the side wall of the electrode guide
and tubular electrode, as shown in the dotted line of
Fig. 2. Using this device, internal and side flushing
can be performed at the same time. It is thereby

possible for EDM and ECM to be combined in situ to
fabricate film cooling holes.

2.4 Principle and machining procedures

The principle of the EDM/ECM in situ combined pro-
cessing is shown in Fig. 3. In this process, tubular elec-
trode electro-discharge high-speed drilling and ECM are
carried out in sequence. During EDM, the pulse gener-
ator is switched on, and the rotating tubular electrode
moves toward the workpiece. Meanwhile, deionized wa-
ter, as the dielectric fluid, is supplied to the machining
region via the inside of the pipe electrode to enable
high-speed EDM drilling. Following this, the tubular
electrode stays at the same position, while the flushing
device is fed toward the workpiece, with sodium nitrate
solution flowing into the side gap. For a high material
removal rate, DC power, instead of pulsed power, is
applied to the inter-electrode gap, thereby enabling
ECM to corrode and dissolve the recast layer formed
by EDM. With this approach, tubular electrode electro-

Table 1 Chemical composition of DZ125L alloy (wt%)

Composition C Cr Co W Mo Ta Al Ni

0.07–0.12 6.50–7.50 11.50–12.50 4.70–5.20 1.00–2.00 6.50–7.50 5.60–6.20 Remainder

Fig 2 Working fluid flushing device
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discharge high-speed drilling and ECM are combined in
situ to perform high-speed drilling without recast layers.

2.5 Machining conditions

The machining process is carried out in two stages, compris-
ing EDM drilling and ECM finishing. In the first stage, a
micro-hole is drilled by EDM with machining parameters as
given in Table 2. In section 3.1, the different machining pa-
rameters for EDM have been tried. Deionized water with con-
ductivity 0.55 μS/cm is used as the dielectric fluid for EDM.
The effects of different machining parameters on machining
performance in terms of material removal rate (MRR), aver-
age diameter, taper angle, and recast layer are examined.
Among them, the difference value of the diameter is consid-
ered as the result of taper angle. Besides, the recast layer is
examined metallographically. After cutting, polishing, and
etching, cross sections of the recast layer were analyzed under
a metallographic microscope. Bymeans of OLYMPUSmicro-
scope GX71 which has the function of measurement, the
thickness of recast layer could be measured. And the maximal
thickness is examined as the results of recast layer, because
only the maximal recast thicknesses produced in EDM are
removed in the ECM process, can the surface which is free
of recast layer be obtained finally. In the second stage, ECM,
using a low-concentration electrolyte and the parameters listed
in Table 3, is employed to finish the surface produced by
EDM. The same tool electrode with a diameter of 500 μm is

used in both stages, without being re-clamped. The final sur-
faces are compared with those produced by EDM alone.

3 Experimental results and discussion

3.1 Electrical discharge drilling process

In this section, there are two objectives to achieve. On one
hand, the ideal machining performance including MRR,
average diameter, taper angle, recast layer are expected
to obtain. On the other hand, the effects of single param-
eter on all machining performances including the MRR,
average diameter, taper angle, recast layer are also ana-
lyzed, respectively. It is expected that the regular pattern
found and shown in this section could be used to guide
the subsequent research.

3.1.1 Effects of peak current on machining performance

The machining results using various peak currents are
plotted in Fig. 4. The other machining parameters are
set at a pulse duration of 12 μs and pulse interval of
24 μs. The figure reveals that the MRR and the thick-
ness of recast layer show an upward trend with increas-
ing peak current. Additionally, with increasing peak cur-
rent, the average diameter rises to 593.5 μm and then
decreases, while the taper angle decreases and then in-
creases, with the minimum taper angle being obtained at
a peak current of 12 A. Through a compromise among

(a) EDM process (b) ECM process

Fig 3 a, b EDM/ECM in situ
combined processing

Table 2 Experimental parameters for EDM

Machining parameter Value

Pulse voltage 80 V

Pulse duration Ton 8, 12, 16, 20 μs

Pulse interval Toff 12, 24, 36, 48 μs

Peak current 8, 12, 16, 20 A

Diameter of electrode 500 μm

Working fluid Deionized water

Fluid inlet pressure 4 MPa

Table 3 Process parameters for ECM

Parameter Value

Voltage 15, 30, 45 V

Machining time 15, 30, 45, 60 s

Diameter of electrode 500 μm

Working fluid Sodium nitrate solution

Fluid inlet pressure 2 MPa
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all these factors, the ideal value of the peak current is
found to be 12 A. Figure 5 shows entrance-side scan-
ning electron microscope (SEM) images of micro-holes
for different peak currents.

3.1.2 Effects of pulse duration on machining performance

Figure 6 shows the effects of pulse duration Ton on machining
performance in terms of MRR, thickness of recast layer, average

Fig. 4 a–d Effects of peak
current on machining
performance

(a) (b)

(c) (d)

Fig. 5 SEM images of holes
machined with different values of
peak current: a 8 A, b 12 A, c
16 A, d 20 A
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diameter, and taper angle. The other machining parameters are
set at a peak current of 12 A and pulse interval of 24 μs. It can be
seen from Fig. 6a that there is an upward trend in MRR until
Ton=16 μs, after which it falls sharply. The average diameter,

plotted in Fig. 6c, shows a similar trend. This is because the pulse
on-time is the effective machining time in each pulse cycle, and
so an increase in pulse duration will inevitably increase theMRR
and average diameter. However, a longer pulse duration can

Fig. 6 a–d Effects of pulse
duration on machining
performance

(a)

(c) (d)

(b)Fig. 7 SEM images of holes
machined with different values of
the pulse duration: a 8 μs, b
12 μs, c 16 μs, d 20 μs
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result in arcing andmachining instability. Thus, the removal rates
in the frontal and lateral gaps decrease. Therefore, a long pulse
on-time is not appropriate for good performance of EDM. The
thickness of the recast layer steadily increases with increasing
Ton, as shown in Fig. 6b. This is due to the fact that for each
spark, a longer pulse duration supplies more energy, which re-
sults in a broader and deeper recast layer. At the same time, with
increasing pulse duration, the taper angle falls to a minimum
value and then increases steadily. Hence, there should be a suit-
able value of Ton that gives a highMRR, small diameter and taper
angle, and a thin recast layer. It turns out that to obtain the best
performance, Ton should be set at 12 μs. Figure 7 shows
entrance-side SEM images of micro-holes for different pulse
durations.

3.1.3 Effects of pulse interval on machining performance

Figure 8 shows the relationship between pulse interval Toff and
machining performance. The other machining parameters are set
at a peak current of 12 A and pulse duration of 12 μs. It is found
that MRR, thickness of recast layer, average diameter, and taper
angle decrease almost linearly with increasing Toff. The pulse
interval can be considered as the period where machining halts
for deionization.With increasing pulse interval, expansion of the
frontal and lateral gaps will slow, resulting in a lowerMRR and a
smaller average diameter. Moreover, it is found that the recast
layer thickness and the taper angle tend to decrease with increas-
ingToff. Thus, to achieve highermachining efficiency, Toff should
be set at a lower value. In contrast, to improve dimensional

accuracy, a higher Toff is appropriate. Therefore, an ideal pulse
interval should be chosen that will provide both a highMRR and
good machining quality, and it turns out that a value of 36 μs is
appropriate. Figure 9 shows entrance-side images of micro-holes
for different pulse intervals.

Overall, the better machining performance can be obtained
with a combination of a 12-μs pulse duration, a 36-μs pulse
interval, and a 12-A peak current, which gives a moderately
high MRR, good dimensional accuracy, and a thin recast layer.
The dimensional accuracy and high surface quality can be seen
in Fig. 10, with a hole diameter of 573.418 μm, and the thin
recast layer (less than 20 μm) can be seen in Fig. 11.

3.2 ECM process

3.2.1 Impacts of machining time and voltage on machining
gap

The machining gap formed after EDM is employed as the
initial gap in the ECM process. The flushing pattern is
changed to lateral, with the salt solution being supplied to
the machining gap. The effects of different machining times
and voltages on expansion of the radial gap are shown in
Fig. 12. It is found that at the same machining voltage, a
longer machining time will result in a bigger radial gap. This
is because a longermachining time allowsmaterial dissolution
to occur to a greater extent, resulting in a larger-diameter mi-
cro-hole.

Fig. 8 a–d Effects of pulse
interval on machining
performance
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It is also found that for a fixed machining time, a higher
machining voltage will result in expansion of the radial gap.
Furthermore, at longer machining times, the trend of expan-
sion is more obvious. The largest radial gap is found to be
180.284 μm at 45 V and 60 s. This behavior results from the
fact that for the same duration, a higher voltage supplies more
energy to dissolve anode material.

Holes machined using different machining parameters
are shown in Fig. 13. The pure EDM process, in which
the parameters are set at a combination of a 12-μs pulse
duration, a 36-μs pulse interval, and a 12-A peak current,
is compared with the EDM and ECM combined process.
Figure 13a shows the result of pure EDM, for which the

hole diameter is 573.418 μm and for which the hole wall
is covered with overlapping discharge craters, producing a
rough surface. When ECM is subsequently carried out to
dissolve the surface produced by EDM, the radial gap
enlarges further. The better-machined results for three dif-
ferent voltages are shown in Fig. 8b–d, respectively. As
shown in Fig. 8b, for 15 V/30 s, the radial gap is slightly
expanded, although the machined surface is still rough.
This can be explained by the fact that the thickness of
the material layer that the electrochemical reaction would
be able to dissolve is smaller than the roughness of the
surface machined by EDM. Therefore, it is difficult to
obtain a hole with better surface quality at a voltage as

(a) (b)

(c) (d)

Fig. 9 SEM images of holes
machined with different values of
the pulse interval: a 12 μs, b
24 μs, c 36 μs, d 48 μs

Fig. 10 SEM image of entrance
and lateral wall
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low as 5 V. For machining voltages of 30 and 40 V, the
radial gap is expanded to 130 and 215 μm, respectively,
and the smoothness of the machined surface is clearly
improved.

In addition, there exist some limitations in the application
for this method. To be exact, there are some obstacles in ma-
chining the holes with micro-diameter. Especially for the hole
diameter smaller than 500 μm, it is difficult to guarantee the
stability of flushing in ECM process, due to the narrow lateral
machining gap. Besides, the tubular electrode with small diam-
eter is very soft and pliable. When the side flushing is
employed in the ECM process, the tubular electrode could
likely be diverted from rotating center and then touch the ma-
chined surface in the narrow gap, which will result in the short
circuit and secondary discharge and affect the surface quality.

3.2.2 Improvements in surface quality

Figure 14 compares surfaces machined by EDM alone and by
the EDM/ECM in situ combined process. It can be seen from
Fig. 14a that for EDM alone, the machined surface is entirely
covered with a re-solidified layer. It is clear from the magni-
fied image that this layer contains cracks, as well as voids and
metal globules. It is clear from Fig. 14b that when the surface
produced by EDM is further machined by ECM, the surface
roughness is remarkably improved and the whole machined
area also becomes smoother. It can be seen from the magnified
image that surface defects such as cracks, voids, and metal
globules are swept away. This illustrates how the electrochem-
ical reaction occurring on the surface results in material re-
moval by ion dissolution, thereby causing the surface defects
due to EDM to disappear and producing a better surface finish.
It demonstrates that the tubular electrode EDM/ECM in situ
combined process is effective in obtaining a smooth surface.

The improvement in surface quality can also be seen from
Fig. 15, which shows a comparison of three-dimensional to-
pographies for surfaces machined by EDM alone and by EDM
plus ECM. Observation of the initially machined surface in
Fig. 15a reveals that it consists of many humps and craters and
has a high surface roughness. However, after ECM, the sur-
face is significantly improved, as shown in Fig. 15b. The
machined surface is now smooth and regular. This again illus-
trates that after ECM, the surface defects generated by EDM
are entirely dissolved. Finally, the surface is finished and free
of recast layer.

3.2.3 Removal of recast layer

The recast layer was examined metallographically. After cut-
ting, polishing, and etching, cross sections of the recast layer
were analyzed under a metallographic microscope. The results
of combined EDM plus ECM are compared with those of
EDM alone in Fig. 16. It can be seen that after the initial

EDM, the machined surface is entirely covered by a recast
layer that includes many cracks and voids, whereas after fur-
ther ECM, the recast layer has completely vanished. This is in
accord with the previous results on surface quality. After the
EDM drilling, the ECM expands the hole in the radial direc-
tion, whereby the recast layer generated by EDM is removed
and the surface becomes smoother. Hence, these results con-
firm that the EDM/ECM in situ combined process is effective
in producing film cooling holes without a recast layer.

Metal Hole

Recast Layer

Fig. 11 Metallographic microscope image of recast layer

Fig. 12 Expansion of the radial gap for different machining times
and voltages
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4 Conclusions

In this paper, a tubular electrode electro-discharge high-
speed drilling/ECM in situ combined process has been

presented. A tubular electrode and a specially designed
flushing device are used, with internal and side flushing
being performed at the same time so that tubular elec-
trode electro-discharge high-speed drilling and ECM can

(b)(a)

(c) (d)

Fig. 13 SEM cross-sectional
images for different machining
conditions: a EDM alone; b 15 V,
30 s; c 30 V, 30 s; d 45 V, 45 s

Cracks

Voids

Metal Globules

(a) (b)

Void
Metal Globule

Crack

(c) (d)

Fig. 14 Comparison of
machined surfaces: a after EDM;
b after further ECM; c, d
Magnified views of portions of
(a) and (b), respectively
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be combined in situ. The performance of the technique
has been investigated on a nickel-based superalloy. The
following conclusions can be drawn:

1. The experimental investigations of the effects of different
parameters of the EDM process on machining perfor-
mance show that to achieve the best performance, the

Fig. 15 Micrographs and three-dimensional topographies of hole surfaces: a after EDM, b after EDM + ECM

Metal Hole

R ecast
Layer

Crack

Void

Metal Hole

Without Recast

Layer

(a) (b)
Fig. 16 Metallographic
microscope images of cross
sections machined by different
processes: a EDM alone, b EDM
+ ECM
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ideal values of peak current, pulse duration, and pulse
interval are 12 A, 12 μs, and 36 μs, respectively.

2. The experimental results show that ECM could be
employed to remove the rough surface produced by
EDM. It is found that the EDM/ECM in situ com-
bined process improves the surface quality compared
with that produced by EDM alone and removes the
recast layer generated by the latter.

3. It has been shown that the EDM/ECM in situ com-
bined process is a viable approach for the produc-
tion of film cooling holes, especially with diameters
greater than 0.5 mm, without a recast layer. As
shown in Fig. 17, the cross sections of the entire
hole were investigated by metallographic microscop-
ic analysis. The hole was divided into six parts,
with each part being examined independently. It
can be seen that the recast layer is completely re-
moved from the hole by electrochemical dissolution.
This provides further confirmation that film cooling
holes without a recast layer can be drilled by the
EDM/ECM in situ combined process.
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