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A series of experiments were carried out to drill deep micro-holes, using Electrical Discharge Machining (EDM) with different
concentrations of carbon powder/dielectric fluid mixture into, and varying machining parameters such as elecrode rotation speed
and dielectric fluid spray pressure. Four dielectric fluid concentrations, three electrode rotation speeds, and three dielectric fluid
spray pressure settings were tested; the resulting holes were investigated with respect to their average radial overcut and surface
roughness (R,) values. Study results indicate that as carbon powder concentrations, dielectric fluid spray pressure and electrode
rotation speeds are increased, ARO values increased while R, values are observed to decrease. It was determined that
improvements in R, and ARO values may be attained by the right configuration of machining parameters and the selection of the
appropriate mixtures of carbon powder with dielectric fluid.
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Izvedena je bila vrsta eksperimentov vrtanja globokih mikroizvrtin s pomoc¢jo EDM in razlicne koncentracije prahu ogljika,
primeSanega dielektri¢ni tekoCini pri spreminjanju parametrov obdelave, vklju¢no s hitrostjo vrtenja elektrode in tlaka curka
dielektri¢ne tekocCine. PreizkuSene so bile $tiri koncentracije dielektri¢ne tekocine, tri hitrosti vrtenja elektrode in trije razli¢ni
tlaki curka dielektri¢ne raztopine; nastale luknje so bile preiskovane glede na povprecni radij preseka in vrednosti hrapavosti
povrsine (R,). Rezultati kaZejo, da naraScanje koncentracije prahu ogljika, tlak curka tekocine in hitrost rotacije elektrode
povecuje vrednosti ARO, medtem ko se vrednost R, zmanjsSuje. Bilo je ugotovljeno, da je mogoce izbolSanje vrednosti R, in
ARO mogoce doseci s konfiguracijo parametrov obdelave in z izbiro primerne koli¢ine prahu ogljika, ki je primeSan dielektri¢ni
tekocini.

Kljucne besede: AISI 420 nerjavno jeklo, vrtanje globokih mikroizvrtin, obdelava z elektroerozijo, profil luknje, hrapavost
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1 INTRODUCTION

In recent years, the use of Electrical Discharge Ma-
chining (EDM) for drilling small diameter holes in very
hard materials has gathered momentum, as the materials
used in newly developed systems exhibit advanced
mechanical properties and conventional drilling methods
fall short in such materials. In EDM, there is no direct
contact between the drilling tool and the workpiece, a
significant benefit which eliminates the problems
associated with physical contact.'-®* The EDM method is
based on principles of thermal and electrical conductivity
whereby small regions on the workpiece surface are
removed by melting and vaporization. EDM systems
allow the drilling of specific diameter holes provided that
the material is electrically conductive.” The EDM me-
thod is used for applications such as machine assembly
points, fuel injection spray nozzles and aircraft engine
cooling holes. EDM hole drilling has found applications
at both the macroscale and microscale, with good surface
quality and acceptable tapering.'°
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Due to electrode wear and lateral erosion, EDM holes
exhibit some, albeit a small, amount of tapering. This is a
complication for the EDM industry to overcome.
Research is being conducted into reducing the tapering,
and disparities between hole entry and exit diameters are
reported to have been reduced to acceptable levels.!'
Additionally, it has been reported that the problem may
be surmounted with the use of coating on the tool elec-
trode.!>!3 The parameters used for EDM hole drilling
have a significant effect on hole tapering and surface
roughness.!*!¢ Rotation of the electrode has enhanced
hole drilling performance in EDM operations.!”!'8 The
type of dielectric fluid and the manner in which it is
applied have improved the process.!*?° In addition to the
tapering of the holes in EDM hole drilling, the surface
roughness of hole walls is also of importance. It has been
reported that the electrode plunge action is facilitated by
rotational movement, and that surface roughness is
simultabneously improved.?! Various types of electrodes
are used in EDM and by changing their polarization, the
surface roughness of holes have been reported to be
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reduced.?? It is also reported that ancillary equipment can
achieve significant enhancements in surface roughness.?
In EDM hole drilling in tandem with grinding, improved
surface roughness results have been achieved.?* Addi-
tionally, system hybridization has been implemented
resulting in the process duration being decreased while
quality has been enhanced.?

One factor affecting machining performance in EDM
is the conductive powder mixed with the dielectric fluid.
Thanks to the conducting particulate, EDM processing,
including hole drilling, is improved. The presence of
conductive particulates not only improves hole drilling
performance, but also has positive effects on hole taper-
ing and hole surface roughness.?*-2 However, despite the
existence of several studies concerning hole drilling
using powder-mixed dielectric fluids, the benefits and
drawbacks of the method have yet to be established.

This study focuses on carbon (C) powder mixed with
the dielectric fluid, as well as two specific EDM para-
meters, and attempts to determine their effect on hole
profile and surface roughness. In a survey of the litera-
ture, no studies have been identified targeting hole pro-
file and surface roughness properties of the EDM
micro-hole drilling method using either classical or
powder-mixed EDM in AISI 420 material; this study
attempts to fill the gap.

2 EXPERIMENTAL SETUP

For machining, a Furkan brand EEI M50A model
EDM machine was used. A custom attachment was

B

s 3
Motor rotation
electrode

Figure 1: Custom attachment to enable electrode rotation
Slika 1: Prilagoditev, ki omogoca vrtenje elektrode
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Figure 2: Experiment set-up
Slika 2: Eksperimentalni sestav

mounted on the EDM tool head to allow for the rotation
of the electrode at various min~' (revolutions per minute)
speeds and to provide for the dielectric fluid to be
delivered through the tool, at the required pressure, to the
area to be machined on the workpiece. The attachment is
shown in Figure 1; the EDM machine and the testing
set-up are shown in Figure 2.

Single-hole brass pipe with diameter of 0.5 mm was
used as tool electrode; AISI 420 stainless steel, common-
ly utilized in the manufacturing industry as hot work tool
steel and also used for turbine blade construction, was
selected as the workpiece; distilled water in pure form as
well as distilled water mixed with carbon powder at three
concentrations (2 g/L, 4 g/LL and 8 g/L) were used as
dielectric fluids. The chemical composition of AISI 420
is presented in Table 1 and the workpiece, electrode and
carbon powder physical characteristics in Table 2. Table
3 shows the machining parameters used in the testing.

Table 1: Chemical composition of the AISI 420 material in mass
fractions, (w/%)

Tabela 1: Kemijska sestava materiala AISI 420, v masnih deleZih

(w/%)
C Mn Si P S Cr
0.1 1.00 1.00 0.04 0.030 12.0

The average radial overcut value is determined by
taking the sum of the individual measurements of the
hole diameter along the depth of the hole (Figure 3),
averaging the sum, subtracting the result from the tool
electrode diameter d., and dividing by 2:

r(d1+d2+d3+d4+d5+d6+d7J J 1

7 |

ARO(um) = D

2

The surface roughness values were measured using a
Mitutoyo Surftest SJ-210. The values were determined
through an arithmetical averaging of several readings for
each hole.

Materiali in tehnologije / Materials and technology 50 (2016) 5, 667-675



V. YILMAZ: INVESTIGATION OF HOLE PROFILES IN DEEP MICRO-HOLE DRILLING OF AISI 420 ...

Table 2: Workpiece, electrode and carbon powder physical characteristics

Tabela 2: Fizikalne znacilnosti obdelovanca, elektrode in prahu ogljika

Material Density (gr/cm?) Sp (?acfl)ggigfeat Electrical resistivity ’l;?flrtr;%]\,\(fz;)rgdﬁ;_ Melting point (°C)
AISI 420 7.75 460 (J/kg K) 55 (u€2-cm) 24.9 1450
Brass 8.25 0.380 (J/g °C) 6.39 (uQ-cm) 159 900

C powder 2.25 - 12.2 (u2-m) 100 3527

Table 3: Machining parameters

Tabela 3: Obdelovalni parametri

Discharge current (/) (A) 6

Pulse duration (On-time) (us) 200

Pulse interval (Off-time) (us) 100

Electrode rotational speed (min~!) 100, 200, 400

Dielectric spray pressure (bar) 20, 40, 80

Polarity Electrode (+), Workpiece (-)

Dielectric Fluid Pure distilled water, pure distilled water with carbon powder
Workpiece AISI 420

Electrode Brass

Processing depth (mm) 20

Electrode diameter (mm) 0.5

3 RESULTS AND DISCUSSION

Using EDM, micro-holes with a diameter of 0.5 mm
and depth of 20 mm were drilled into AISI 420 steel
workpiece using four dielectric fluid concentrations
(pure distilled water, and distilled water with carbon
powder concentrations of 2 g/L, 4 g/L, and 8 g/L), three
electrode rotation speeds (100 min~!, 200 min~' and
400 min™"), three spray pressure settings for the dielectric
fluid (20 bar, 40 bar, and 80 bar), with constant discharge
current (6 A), pulse duration (200 ps) and pulse interval
(100 ps). The effects of the machining parameters on the
ARO values for hole profile and surface roughness have
been investigated. Sample drillings are presented in
Figure 4.

The study was designed to test the dielectric fluid
mixes against dielectric fluid pressure and electrode rota-
tion speed. Test numbers in the following description are
described in Table 3: Four groups of dielectric fluid

d (entry)

d1
d 2
da
da

Figure 3: Measurements along hole profile
Slika 3: Meritve vzdolz profila izvrtine
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were used for testing (Di-0: pure distilled water with no
powder mix, Di-1: distilled water with 2 g/L. carbon
powder mix, Di-2: with 4 g/l mix, Di-3: with 8 g/L.
mix). Three separate powder mixes were subjected to
three groups of tests (A, B, and C), with three tests in
each test group (1, 2, and 3). For the three test groups,
the pressure setting of the dielectric fluid was varied (A:
20 bar, B: 40 bar and C: 80 bar). For each individual test
within a test group, the electrode rotation speed was
varied (1: 100 min™!, 2: 200 min! and 3: 400 min-'). For
each individual test, the average radial overcut (ARO)

Hole Entry

Hole Exit

Figure 4: Sample drillings
Slika 4: Vzor¢ne izvrtine
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Table 4: Test organization and results
Tabela 4: Zasnova preizkusov in rezultati

Di-0 Di-1 Di-2 Di-3
e Distilled water with Distilled water with Distilled water with
Pure distilled water
(no powder mix) carbon carbon carbon
p (2 g/L) (4 g/L) (8 g/L)
Test fll) 1§c}ectrlc Electrode Avez;a%e Surface Avega%e Surface Avezir'agie Surface Avezir'a%e Surface
PR
(bar) (min™") (um) R,y (um) (um) R, (um) (um) R, (um) (um) Ry (um)
A-1 100 42 3.25 62 2.46 77 2.14 81 1.92
A-2 20 200 48 2.98 65 2.24 79 2.06 88 1.87
A-3 400 51 2.79 77 2.06 84 1.92 93 1.75
B-1 100 53 3.04 71 2.35 82 2.05 92 1.85
B-2 40 200 59 2.82 78 2.18 86 1.95 98 1.82
B-3 400 64 2.70 83 2.02 94 1.85 104 1.63
C-1 100 65 2.66 86 2.26 91 1.92 101 1.81
C-2 80 200 72 2.62 88 2.11 94 1.88 105 1.74
C-3 400 76 2.51 94 1.96 102 1.73 112 1.68

and surface roughness (R,) values were recorded. Results
of the tests are presented in Table 4.

3.1 Examination of the results obtained for surface
roughness (R,)

Variations in R, values in response to machining
parameters and the concentration of carbon powder used
in the dielectric fluid are presented graphically in Fig-
ures S and 6. A fundamental goal of EDM processing in
manufacturing is to achieve low surface roughness (R,)
values. While having a direct relationship with the
machining parameters, R, values are also influenced by
factors such as the workpiece itself, the type of dielectric
fluid used, the dielectric application method and the type
of electrode used.! 7293031

Figures 5 and 6 show the R, values obtained for.
Figure 5 indicates that as the electrode rotation speed is
increased, the R, values decrease across all tests. This is
a welcome outcome in terms of the overall industry goal
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Figure 5: Electrode rotation speed vs. R, (constant spray pressure at
20 bar)

Slika 5: Odvisnost hitrosti vrtenja elektrode od hrapavosti R, (kon-
stanten tlak curka 20 bar)

670

of obtaining lower R, values in general. A preliminary
explanation offered for the decrease observed in R,
values is the easier electrode plunge action due to its
rotation. Note that during testing, as the rotation speed
was increased, the drilling duration was observed to
decrease.

In tests conducted using the pure distilled water
dielectric fluid (column Di-0) at 20 bar pressure (test
group A), the R, value decreased by 8% (from 3.25 um
to 2.98 um) as the electrode rotation speed was increased
from 100 min~! to 200 min!, the R, value decreasing by
another 6% (from 2.98 um to 2.79 um) as electrode
rotation speed increased from 200 min~! to 400 min™
(corresponding to surface roughness results for indivi-
dual tests A-1, A-2, and A-3, under column Di-0). For
tests conducted with dielectric fluid of distilled water
mixed with 2 g/L carbon powder (column Di-1) at 20 bar
pressure (test group A), the decreases were 9 % and 8 %,
for rotation speed increases from 100 min~' to 200 min™!,
and from 200 min~' to 400 min™!, respectively (corres-
ponding to surface roughness results for individual tests
A-1, A-2, and A-3, under column Di-1). For the same

35
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Figure 6: Dielectric pressure vs. R, (constant rotation of 100 min™")
Slika 6: Odvisnost tlaka dielektri¢ne tekocine od hrapavosti povrSine
R, (pri konstanti hitrosti vrtenja 100 min!)
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test group (A) conducted with dielectric fluid mixed with
4 g/L carbon powder (column Di-2), the decreases were
4 9% and 7 %, respectively (results for individual tests
A-1, A-2, and A-3, under column Di-2). For the corres-
ponding tests conducted with dielectric fluid mixed with
8 g/L carbon powder (column Di-3), the decreases were
3 % and 6 % (results for individual tests A-1, A-2, and
A-3, under column Di-3).

When the same set of tests were repeated using 40
bar pressure, the observed decreases in R, values were as
follows: 7 % and 4 % (B-1, B-2 and B-3 under Di-0),
7 % and 7 % (B-1, B-2 and B-3 under Di-1), 5 % and
5 % (B-1, B-2 and B-3 under Di-2), and 2 % and 10 %
(B-1, B-2 and B-3 under Di-3). For tests at 80 bar
pressure, the observed decreases in R, values were as
follows: 2 % and 4 % (C-1, C-2 and C-3 under Di-0),
7 % and 7 % (C-1, C-2 and C-3 under Di-1), 2 % and
8 % (C-1, C-2 and C-3 under Di-2), and 4 % and 3 %
(C-1, C-2 and C-3 under Di-3).

Normally, EDM processing results in craters being
formed on the surface of the workpiece due to spark
discharges, the presence of craters increasing the surface
roughness. The decrease in surface roughness values
observed here, in relation to increased rotational speeds
of the electrode, is a significant outcome, as it proves
that electrode rotation improves the process. The expla-
nation for this outcome is that increased electrode rota-
tion speeds reduce the force with which spark discharge
occurs, as rotation of the electrode hinders the direct
flow of spark to a single spot on the workpiece. Instead
of a single spot, the spark is relayed to an area on the
surface of the workpiece. As the spark is spread on the
workpiece, crater depth is reduced, resulting in shallower
craters.>”101830° Ag R, values are directly related to the
presence of craters on the workpiece, craters with less
depth mean improved (lower) R, values.

In addition to the electrode rotation speed, the study
also looked at the effects of dielectric fluid spray pres-
sure on surface roughness (Figure 6). It was observed
that R, values decreased as the dielectric fluid spray pres-
sure was increased. For tests conducted with the elec-
trode rotation speed kept constant at 100 min~! and using
pure distilled water dielectric fluid (individual tests A-1,
B-1 and C-1 under column Di-0), increasing the spray
pressure from 20 bar to 40 bar resulted in the R, value
decreasing by 6 %; increasing the spray pressure from 40
bar to 80 bar resulted in the R, value decreasing by
another 12 %. When the same tests were repeated for
dielectric fluid concentration with 2 g/L. carbon, the
decreases were 4 % and 4 % (individual tests A-1, B-1
and C-1 under column Di-1); for dielectric fluid con-
centration with 4 g/L. carbon, the results were 4 % and
6 % (same individual tests under column Di-2); and for
dielectric fluid concentration with 8 g/L carbon, the
results were 4 % and 2 % (same individual tests under
column Di-3), respectively.
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The decrease in R, values as a result of the increase in
dielectric fluid spray pressure is also a significant
outcome for the study. It is interpreted that as the spray
pressure is increased, the spark gap is flushed clean to a
greater degree, allowing debris to be removed faster. By
faster flushing, a continuous supply of clean dielectric
fluid is maintained. This prevents the debris buildup
from contributing to unwanted spark discharges, result-
ing in less damage to the workpiece surface. Controlling
the spark discharge is very important to obtain the
desired R, values.!-192031 A gpark gap region cluttered
with debris also impedes the plunging action of the elec-
trode, causing larger craters to be formed when the
electrode’s movement is obstructed; increasing the
dielectric fluid spray pressure curtails this problem.

Another factor that affected R, values was the carbon
powder mixture (Figures 5 and 6). In test A-1 with
dielectric fluid spray pressure of 20 bar and electrode
rotation speed of 100 min!, conducted using distilled
water with carbon powder at 2 g/L concentration (Di-1),
R, values were observed to decrease by 24 % compared
to the same test conducted with pure distilled water (A-1
under Di-0).For the same test conducted using distilled
water with carbon powder at 4 g/L concentration (Di-2),
R, values were observed to decrease by 34 % compared
to the test with pure distilled water (A-1 under Di-0).
When using distilled water with carbon powder mixed in
at 8 g/L concentration (Di-3), R, values were observed to
decrease by 41 % compared to the same test conducted
with pure distilled water (A-1 under Di-0). In test A-2
with electrode rotation speed of 200 min™!, the observed
decreases in R, values were 25 %, 30 % and 37 %,
respectively, for Di-1, Di-2, and Di-3, when compared to
the R, value for Di-0. In test A-3 with electrode rotation
speed of 400 min~!, the observed decreases in R, values
were 26 %, 31 % and 37 %, respectively, for Di-1, Di-2,
and Di-3, when compared to the R, value for Di-0.

In the case of a dielectric fluid spray pressure of 40
bar with electrode rotation at 100 min' (test B-1), the
observed decreases in R, values were 23 %, 33 % and
39 %, respectively, for Di-1, Di-2, and Di-3, when com-
pared to the R, value for Di-0. In the case of dielectric
fluid spray pressure of 80 bar with electrode rotation at
100 min! (test C-1), the observed decreases in R, values
were 15 %, 28 % and 32 %, respectively, for Di-1, Di-2,
and Di-3, when compared to the R, value for Di-0.

In all of the tests conducted, it was observed that the
carbon powder had a positive effect in decreasing R,
values. The cause is interpreted to be the wider discharge
gap that is possible due to the use of the carbon powder
mix. A wider discharge gap allows sparks to act on a
larger workpiece surface area, leading to craters with less
depth, and in turn, lower R, values. During the hole drill-
ing operation, loose debris from the workpiece increases
the spark discharge between the electrode’s lateral sur-
faces and the workpiece. This in turn leads to high points
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Figure 7: Debris in the spark gap region'$
Slika 7: Drobci v podro&ju reze!$

on the workpiece surface being melted and vaporized (Fig-
ure 7), enabling lower R, values to be attained.?!-26-2832

An additional reason for the observed decrease in R,
values when carbon powder mixes are used is the for-
mation of low-power sparks among the carbon particu-
lates and the workpiece surface. These low-power sparks
cause shallow craters, which improve R, values.?%33

The answer to whether further increasing carbon
powder concentrations would help boost the observed
decreases in R, values was investigated through addition-
al testing not included in this study. In the additional
tests, carbon powder concentrations of 16 g/L and 20 g/L
were used, but did not yield further improvements. Thus
this study has been limited to reporting carbon powder
mixed to an 8 g/L. concentration. The interpretation for
the limit reached in the efficiencies is two-fold: conges-
tion within the electrode, and short circuits created
within the spark gap. This study has demonstrated that
specific carbon powder concentrations are highly effec-
tive on R, and that an optimal carbon powder mix is an
effective path to achieving low R, values.

3.2 Analysis of the findings relating to average radial
overcut (ARO)

The average radial overcut (ARO), an important
parameter in describing the results obtained from EDM
hole drilling operations, is the average difference bet-
ween the diameter of the hole and the diameter of the
electrode. The ARO value provides information on the
hole profile; a lower value indicates that hole diameter is

=== Pure distilled water
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ARO (um)
U o N
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ARO (um)

=== Distilled water+4 g/I C

10 ==3¢=Distilled water+8 g/I C
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Electrode rotational speed (rev/min)

Figure 8: Electrode rotation speed vs. ARO (constant spray pressure at
20 bar)

Slika 8: Odvisnost hitrosti vrtenja elektrode od ARO (pri konstantnem
tlaku curka 20 bar)
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close to the electrode diameter. Figures 8 and 9 present
the ARO values attained in the study in relation to
machining parameters as well as the carbon powder
concentrations used.

The results presented in Figures 8 and 9 indicate that
increases in electrode rotation speed, dielectric fluid
spray pressure and carbon powder concentrations, in-
crease ARO values. In tests conducted using pure
distilled water dielectric fluid (without carbon powder)
(column Di-0) at 20 bar pressure (test group A), the ARO
value increased by 14 % (from 42 ym to 48 um) as
electrode rotation speed was increased from 100 min™' to
200 min~', and the ARO value increased by another 6 %
(from 48um to 51 pm) as electrode rotation speed was
increased from 200 min' to 400 min~' (corresponding to
ARO results for individual tests A-1, A-2, and A-3, under
column Di-0). For tests conducted with dielectric fluid of
distilled water mixed with 2 g/L carbon powder (column
Di-1) at 20 bar pressure (test group A), the increases
were 5 % and 18 %, corresponding to the rotation speed
increase from 100 min~' to 200 min!, and from 200 min~!
to 400 min~', respectively (corresponding to ARO results
for individual tests A-1, A-2, and A-3, under column
Di-1). For the same test group (A) conducted with
dielectric fluid mixed with 4 g/L. carbon powder (column
Di-2), the increases were 3 % and 6 %, respectively
(results for individual tests A-1, A-2, and A-3, under
column Di-2) and for tests conducted with 8 g/ carbon
powder (column Di-3), the increases were 9 % and 6 %
(results for individual tests A-1, A-2, and A-3, under
column Di-3), respectively. Similar increases in ARO
values at all electrode rotation speeds were observed for
test groups B and C, corresponding to dielectric fluid
spray pressures of 40 bar and 80 bar, respectively.

In addition to the electrode rotation speed, the study
also looked at the effects of dielectric fluid spray pres-
sure on ARO values. It was observed that ARO values
increased as dielectric fluid spray pressure was in-
creased. For tests conducted with the electrode rotation
speed kept constant at 100 min~' and using dielectric
fluid of pure distilled water (individual tests A-1, B-1
and C-1 under column Di-0), increasing the spray
pressure from 20 bar to 40 bar resulted in the ARO value
increasing by 26 %; increasing the spray pressure from

120
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== Distilled water+2 g/I C
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=== Distilled water+4 g/I C
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Figure 9: Dielectric pressure vs. ARO (constant rotation of 100 min~")
Slika 9: Odvisnost med dielektri¢nim tlakom in ARO (konstantna
hitrost rotacije 100 min~!)
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40 bar to 80 bar resulted in the ARO value increasing by
another 23 %. When the same tests were repeated for
dielectric fluid concentration with 2 g/L. carbon, the
increases were 15 % and 21 % (individual tests A-1, B-1
and C-1 under column Di-1); for the dielectric fluid
concentration of 4 g/L. carbon, the results were 6 % and
11 % (same individual tests under column Di-2); and for
dielectric fluid concentration of 8 g/L. carbon, the results
were 14 % and 10 % (same individual tests under
column Di-3).

It is argued that better flushing of the machining area
with increased circulation speed of the dielectric fluid
and a more effective spark discharge, explain the in-
crease in ARO values as electrode rotation speed and
dielectric fluid spray pressures are increased. With faster
flushing of the spark gap, the molten debris is better
removed from the region, which leads to uninterrupted
spark discharges.!>7:1632 With uninterrupted spark dis-
charges, continuous arcing between the electrode lateral
surfaces and cavity walls increases ARO values (depicted
in Figure 10).

In EDM operations, debris inside the cavity may
impede spark discharges, leading to a nonuniform hole
profile in terms of diameter; large scale craters may also
be formed.!-*333* In this study, fluctuations in the hole
profile were prevented by the use of electrode rotation
and dielectric fluid spray through the electrode itself.
Through the selection of machining parameters, the
creation of large depressions in the cavity were pre-
vented; however, a certain increase in ARO values could
not be avoided. This phenomena is related to electrode
insulation, a current research topic with recent citations
in literature, which requires further development, as
research has demonstrated that insulating the lateral
surfaces of the electrode helps to prevent increases in the
ARO values.

Another factor that affected ARO values was the use
of the carbon powder. In the A-1 test with dielectric fluid
spray pressure of 20 bar and electrode rotation speed of
100 min~', conducted using distilled water with carbon
powder at 2 g/LL concentration (A-1 under Di-1), ARO
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Figure 10: Increase in ARO values
Slika 10: Povecanje vrednosti ARO
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values were observed to increase by 48 % compared to
the same test conducted with pure distilled water (A-1
under Di-0). For the same test conducted using distilled
water with carbon powder at 4 g/L. concentration (A-1
under Di-2), ARO values were observed to increase by
83 % compared to the same test conducted with pure
distilled water (A-1 under Di-0).When using distilled
water with carbon powder at 8 g/L. concentration (A-1
under Di-3), ARO values were observed to increase by
93 % compared to the same test conducted with pure
distilled water (A-1 under Di-0). In test A-2 with elec-
trode rotation speed of 200 min~', the observed increases
in ARO values were 35 %, 65 % and 83 %, respectively,
for Di-1, Di-2, and Di-3, compared to the ARO value for
Di-0. In test A-3 with electrode rotation speed of 400
min~!, the observed increases in ARO values were 51 %,
65 % and 82 %, respectively, for Di-1, Di-2, and Di-3,
compared to the R, value for Di-0.

In the case of dielectric fluid spray pressure of 40 bar,
the observed increases in ARO values were 34 %, 55 %
and 74 % for electrode rotation speed of 100 min' (test
B-1), 32 %, 46 % and 66 % for electrode rotation speed
of 200 min! (test B-2), and 30 %, 47 % and 63 % for
electrode rotation speed of 400 min~' (test B-3), respec-
tively, for Di-1, Di-2, and Di-3, when compared to the
ARO value for Di-0. In the case of dielectric fluid spray
pressure of 80 bars, the observed increases in ARO
values were 32 %, 40 % and 55 % for electrode rotation
speed of 100 min! (test C-1), 22 %, 31 % and 46 % for
electrode rotation speed of 200 min~! (test C-2), and
24 %, 34 % and 47 % for electrode rotation speed of 400
min~' (test C-3), respectively, for Di-1, Di-2, and Di-3,
when compared to the ARO value for Di-0.

At higher dielectric fluid spray pressure, it is ob-
served that the increase in ARO values slows down as the
carbon powder concentration is increased. In the study,
the lowest increase observed for ARO values as a result
of an increase in carbon powder concentration was for
the case of the spray pressure of 80 bar. Indeed, the
increases of 22 %, 31 % and 46 % for test C-2 are the
lowest figures for the study in terms of ARO increases
with carbon powder concentrations. The interpretation
for this surprising finding is that, as spray pressure is
increased, the spark gap is flushed clean to a greater
extent, allowing faster removeal of debris.?*26:32-3* With
faster flushing, a continuous supply of clean dielectric
fluid is provided, preventing the debris from generating
unwanted spark discharges and an excessive rise in the
ARO values. It also results in a decreased machining
duration. An increase in machining duration would have
increased the hole diameter as well as the accompanying
ARO values.

ARO values that increase in tandem with increases in
carbon powder concentrations bring to the fore a funda-
mental problem in EDM hole drilling. Expulsion of
carbon powders through the cavity as a result of
dielectric flushing leads to spark generation between
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electrode lateral surfaces and cavity walls. This has
caused ARO values to increase in an accelerated fashion.
The most significant result achieved in this study has
been the low increases in ARO values observed at high
dielectric fluid spray pressures for increasing powder
concentrations, as decreased machining duration has
positively influenced the ARO values. However, when
the test results are considered in their entirety, it is clear
that increased carbon powder concentrations in turn
increase ARO values. While this outcome may in fact be
exploited in certain applications, it is evident that carbon
powder concentrations have a significant effect on hole
profiles.

4 CONCLUSION

Using EDM, micro-holes with diameter of 0.5 mm
and depth of 20 mm were drilled into an AISI 420 steel
workpiece using four dielectric fluid concentrations,
three electrode rotation speeds, and three dielectric fluid
spray pressure settings. Effects of the machining para-
meters on the ARO values for hole profile and surface
roughness (R,) have been investigated. The results of the
tests are presented below.

Significant reductions in R, values were observed by
mixing carbon powder with the dielectric fluid. As the
carbon powder concentration was increased, R, values
decreased. In the study, R, values were observed to
decrease as electrode rotation speed was increased. As
dielectric fluid spray pressure was increased, R, values
were again observed to decrease.

The study also investigated the hole profile (i.e. ARO
values); as carbon powder concentrations, electrode rota-
tion speeds and the dielectric fluid spray pressure were
increased, ARO values were observed to increase. The
findings were interpreted to be the result of a continuous
spark discharge being enabled. It was determined that R,
and ARO values may be controlled by configuring the
machining parameters and using an optimal mix of
carbon powder with the dielectric fluid.
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