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Abstract

The enhancement of the surface quality measures is still attracting great research attentions in electrical discharge machining. In
the present investigation, an analysis was made to improve the surface performance measures in EDM process with different tool
electrodes such as titanium, copper, and graphite electrodes under dielectric medium mixed with micro size titanium particles.
The surface roughness, hardness, white layer thickness, crack formation, and surface topography were considered as surface
quality measures. From the experimental investigation, it has been observed that surface hardness could be improved signifi-
cantly with titanium powder-mixed dielectric medium due to its ability of changing conductivity of machining zone with copper
tool electrode. The electrical and thermal conductivity of tool electrode and powder materials can strongly affect the quality of the

machined surface in EDM process.

Keywords EDM - PMEDM - POWDER - SR -HV - WLT

1 Introduction

Electrical discharge machining (EDM) utilizes the thermal
energy by the electrical discharge sparks in EDM process
which impacts continuously and periodically on the machined
surface [1]. The materials from work piece and tool electrode
are melted and evaporated continuously during machining
process. The resolidified particles are ejected from the ma-
chining zone by allowing the pressurized dielectric medium
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across it for the proper deionization [2]. It can also affect the
thermal and electrical conductivity of the plasma produced
during the machining zone. The characteristics of the dielec-
tric medium can affect the craters, micro-cracks, and white
layer thickness [3]. The quality of the surface layer was
assessed by the criteria including surface roughness (R,), hard-
ness (HV), average white layer thickness (WLT), heat-
affected zone (HAZ), and micro-crack density (MCD) [4]. If
the surface quality is not better means, it needs to be fine
processed again [5—7]. This has led to a significant increase
in machining costs and wear of the tool material. Hence, the
improving surface layer quality in the EDM process is still a
matter of concern [8].

The surface quality in EDM process can be influenced by
many factors including electrical parameters, electrode mate-
rials, workpiece materials, and dielectric fluid [9, 10]. The
various factors such as current (I), pulse-on time (7,), and
pulse-off time (7o) considerably affect the surface quality in
EDM process. The depth of the recast layer can also be affect-
ed by these parameters. It is very difficult to improve the
surface quality by adjusting electrical parameters in EDM
process. It is also highly tedious to remove the white layer
on the machining surface after EDM process. However, the
depth can be reduced to improve the surface quality. The
different tool electrodes and polarity can also influence the
surface performance measures in EDM process due to its
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Fig. 1 Experimental arrangement
of PMEDM process

(i) Schematic arrangement

electrical resistivity, thermal conductivity, and melting tem-
peratures of the tool electrodes [11, 12]. The surface quality of
the machined workpiece is also affected by tool wear rate
(TWR) which is strongly influenced by the specific gravity,
tensile strength, electrical conductivity, and melting tempera-
ture of electrode materials [13—16]. Copper tool electrode can
provide the better surface topography of machined surface in
EDM process compared with iron, brass, and copper-tungsten
tool electrode due to its conductive characteristics [17]. The
crater size over the machined surface using copper electrode
was smaller 3 times and 2.6 times than as that of iron and brass
tool electrodes, respectively. It was observed that the Cu elec-
trode could produce better surface quality measures with low-
er WLT than zinc and brass electrode on machining Ti-5Al-
2.5Sn alloy [18]. The coated electrodes could alter the surface
morphology of machined specimens in EDM and wire EDM
process [19, 20]. The electrode material characteristics includ-
ing density, melting temperature, and thermal conductivity
have a significant influence on EDM machining efficiency.
The water-diluted dielectric fluid will produce higher produc-
tivity than the oil dielectric fluid in EDM process with lower
surface quality [21, 22]. More oxygen and hydrogen atoms
have been penetrated into the surface layer of machined AISI
304 steel using EDM with under diluted dielectric fluid. The
crater size is mainly influenced by the factors including pulse-
on time, pulse power, and radius of plasma channel [23, 24].
The factors such as resistivity, conductivity, energy distribu-
tion in plasma channel, and electrode surface have a signifi-
cant influence on the formation process of crater on the ma-
chined surface [25]. The lower hardness of machined AISI
H13 in EDM process with copper electrode was observed
due to the higher white layer thickness [26]. The craters are

Table 1 Properties of workpiece and electrode material

Properties Cu Gr (HK-2)  Titanium
Thermal conductivity (W/m.k.) 401 233 15.6
Electrical conductivity (S/em) ~ 5.96x10° 33x10°  2.38x 10
Melting point (°C) 1083 3675 1700
Density (g/Cm’) 8.96 1.811 451
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(ii) Experimental arrangement

spherical in shape and it could be determined by the half size
and depth of the crater [27]. The heat energy will impact the
machined surface more to increase the WLT [28]. The length
and distribution of micro-cracks depend on the thermal con-
ductivity of the workpiece [29]. The surface of machined tita-
nium in EDM using brass electrode with deionized water di-
electric fluid could produce TiO,, Ti,03, Fe,Ti O, TiC, and
Cu;3TiO4 components [30]. The TiC electrode could produce
higher hardness on machining SC45 steel, since it could pro-
duce Tic layer [31]. The surface quality of the machined sur-
face in EDM while machining SKD11 die steel with WC,
WC/CoP/M, and WC/Co electrodes could also produce the
similar results [32-34]. However, making the complex shape
electrodes with such materials is very difficult. The micro-
cracks and voids that appeared in white layer can be reduced
with PMEDM process on machining H13 steel [35] due to the
ability of producing carbide particles. The WLT of machined
surface could be affected by electrode material and nature of
the powder mixed in dielectric fluid in PMEDM process [36].
Tungsten carbide tool electrode could provide lower surface
roughness with higher surface hardness in EDM process [37,
38]. The size of powder material can also modify the depth of
WLT which can change the HV of machined surface in EDM
process. The graphite powder produces larger crater radius
owing to the higher thermal energy of each spark over the
workpiece [39]. The surface hardness of various mold steels
such as D3, H13, and D6 has been significantly improved by
PMEDM using Mn, Al, and Al-Mn powders. The size of the
powder materials can strongly affect HV of machined speci-
mens [40]. A composite layer has been created over the ma-
chined surface due to the penetration of significant amount of
powder materials and thus contributed to significantly im-
prove its mechanical properties [41]. A layer of nitrite was
found over the machined AISI 4140 steel surface with Cu
and graphite electrode, under the mixture of urea and deion-
ized water [42]. The HV of H13 steel surface after PMEDM
using molybdenum powder has been increased by approxi-
mately 4 times, and many fine alloys have been formed on
machined surfaces such as Fe-Mo, MoxC, and Mo crystalline
phases detected [43]. Al,O3; powder mixed in dielectric solu-
tion has contributed to improve MRR, SR, and HV of the
machining surface after EDM [44]. WLT is approximately
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Fig. 2 Crater distribution on machined surface in EDM

equal to that of traditional EDM; particle adhesion and micro-
scopic cracks are significantly reduced compared to that in
EDM. The effectiveness of powders such as Al, SiC, and
Al,O5-mixed dielectric fluid could modify the various quality
measures of material removal rate (MRR), TWR, and over
cutin an efficient manner [45-48]. It was found that the size
of the powders mixed with dielectric medium can further alter
the effectiveness of the PMEDM process.

From the detailed investigation, it was inferred that only
very few research attention was provided to study the effects
of tool electrodes, size, and materials of the powders on per-
formance measures in PMEDM process. In the present study,
a research endeavor has been made to analyze the effect of the
influence micron size powders and the electrode materials on
the machined surface quality measures topography, micro-
cracks, particles, WLT, R,, and HV such as using EDM and
PMEDM process.

2 Materials and methods

SKD61 die steel specimens with sample size of 45 x 27 x
10 mm were selected for the present study. This type of steel
is normally utilized to make hot stamping dies with complex
shapes for the manufacturing applications. The machining
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Fig. 3 Crater distribution on machined surface in PMEDM
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experiments have been performed using AG40L electrical
discharge machine (Sodick, USA) as shown in Fig. 1. The
EDM drilling experiments have been performed to make 50-
mm blind holes over the specimens. The titanium powder
particles have been chosen based on the electrical and thermal
conductivity. The particles with average size of 45 um were
mixed with HD-11 oil dielectric fluid under the powder con-
centration of 4 g/l. The copper (Cu), graphite (Gr), and titani-
um (Ti) tool electrodes have been utilized with diameter of
22 mm based on the diverse nature of electrical and thermal
conductivity as shown in Table 1. The experimental investi-
gations have been conducted under constant input process
parameter combinations of discharge current (/=6A), peak
voltage (U= 50 V), pulse-on time (7, = 20 us), pulse-off time
(To=57 us), and flushing pressure (Pr= 10 1/min) with pos-
itive polarity tool electrode that is positive. The surface rough-
ness (R,), hardness (HV), and surface topography have been
chosen as performance quality measures in both EDM and
PMEDM process. The surface roughness of machined speci-
mens was measured using a strain gauge transducer contact
Mitutoyo SJ-310 surface roughness tester with cutoff length
0.8 mm. The HV was measured using Indenta Met 1106 mod-
el micro-hardness tester (Buehler, USA) with applied load of
0.5 kg. The average white layer thickness has been computed
as reported by Muthuramalingam [49]. The surface
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Fig. 4 Particle adhesion with machined surface in EDM
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topography of machined surface was evaluated using an
Axiovert 40MAT model optical microscopy (OPM) apparatus
(Carl Zeiss, Germany) and scanning electron microscope
(SEM).

3 Results and discussion

3.1 Influence of micro Ti powder and electrode on
craters of machined surface

When the workpiece material is melted and evaporated by
sparks and cooled rapidly by the dielectric fluid during ma-
chining process, the craters are formed with the shape of
spherical concave. The diameter and depth of the craters de-
pend on the thermal energy of the sparks. As the heat energy
of the spark increases, the diameter and depth of the craters are
also increased. The number of craters depends on the number
of sparks generated per supply cycle.

Figures 2 and 3 show the size and distribution of the craters
over the machined surface in conventional EDM and
PMEDM process using different tool electrodes. The ma-
chined surface has many craters under random distribution
on the machined surface. The tiny craters were observed with
copper electrode both in EDM and PMEDM than Gr and Ti
electrode owing to its electrical conductivity. Nevertheless,
the Ti electrode could produce larger crater size. However,
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Fig. 5 Particle adhesion with machined surface in PMEDM
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the larger number of craters has been observed with Cu elec-
trode than other electrodes owing to the electrical and thermal
conductivity. The higher electrical and thermal conductivity
of the electrode material could affect the dielectric breakdown
of the insulating medium and plasma energy during EDM
process [3, 29]. Since it could increase frequency of discharge
pulses, it could further reduce the arc discharge and short
circuit during the material removal in EDM and PMEDM.

The high thermal conductivity of the electrode causes the
lower heat across the discharge gap between electrode and
workpiece. Hence, it could reduce the thermal energy of elec-
trical sparks. Hence, the applied electrical energy to convert
into thermal energy could split into many sparks with lower
thermal energy per spark [11]. Hence, the lower thermal en-
ergy has produced larger amount of tiny craters. The lower
thermal conductivity of Ti electrode could puncture the sol-
vent than the other electrode [15]. Hence, the larger size of the
craters was observed with Ti electrode. The high thermal con-
ductivity of the electrode material could increase the heat dis-
sipation rate at the discharge gap [10]. When the lower ther-
mal conductivity of electrode material can increase the local
heat, the machined surface appeared with larger craters.
Hence, the high electrical conductivity of the copper electrode
makes crater formation as easier with the lower energy of
sparks [11]. As the higher electrical conductivity could reduce
radius of the plasma channel due to the lower spark energy, it
could produce many tiny sparks [20].
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Fig. 6 Surface roughness comparison of machined surface in EDM and
PMEDM

The heat generated in the discharge gap can be effectively
controlled by electrical conductivity of the dielectric fluid for
improving the quality of the machined surface [13]. Hence,
the nature of the powders mixed in dielectric medium could
also affect the material removal mechanism in EDM process.
As compared with EDM process, the number of craters pro-
duced has been increased significantly with the tiny craters as
shown in Fig. 2. Hence, the lower diameter and depth of the
craters on the machined surface were observed in PMEDM
than conventional EDM process [50]. When Ti powder has
been mixed into dielectric fluid in EDM, the discharge bridge
has been increased. Hence, the number of sparks was signif-
icantly increased, since pulse energy of each electrical dis-
charge is divided into many smaller energy pulses.
Therefore, uniformly distributed tiny craters were observed
over the machined surface. This uniform distribution of tool
electrodes could produce tiny craters with concave shape.
Hence, the lower surface roughness has been observed with
copper electrode in PMEDM process. These craters with con-
cave shape on the machined surface have been facilitated with
the ability to contain lubricant at the surface of workpiece. The
curved top and bottom of the craters could reduce the stress
concentration during the machining process, and the work
ability of parts has been improved.
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3.2 Influence of micro Ti powder and electrode on
particles’ shape and size

The shape, size, and number of particles adhering to the ma-
chined surface affect the surface finish in EDM process [51].
Hence, it is essential to study the formation of particles adher-
ing to the machined surface that can contribute to improve the
surface quality of the product. It could contribute to reduce the
cost of the further finishing process for improving surface
quality. The particles can be irregular in shape such as round,
spherical, and sharp edges as shown in Figs. 4 and 5. The tool
electrode, workpiece material, and titanium powder are melted
and evaporated owing to the thermal energy of electrical
sparks formed across the machining zone. The melted parti-
cles have been quickly cooled by a dielectric fluid. Some of
these particles had been adhered on the machined surface as
white layer (or) recast layer. This layer has been affected by
the external surface tension of the dielectric fluid which could
form the surface of the particles as a radius of circular, spher-
ical, and irregular shape. The electrical and thermal conduc-
tivity of electrode material could affect the melted and evap-
orated particles due to the spark energy [38]. The higher the
conductivity and thermal conductivity could reduce the spark
energy and thus reduce the particle size. The lower particle
size on the machined surface was observed with Cu electrode
in EDM and PMEDM due to its higher thermal and electrical
conductivity than other electrodes. Nevertheless, the Ti elec-
trode could produce larger size of particles as shown in Fig. 5.

Since Ti powder-mixed dielectric fluid could increase the
number of sparks with lower energy spark per pulse, the num-
ber of particles could also be reduced with rounded and spher-
ical shapes. The powder-mixed dielectric fluid could increase
the size of discharge gap. Thus, the chips in the discharge gap
have been pushed out more easily. Therefore, the amount of
the melted and evaporated material was reduced on the ma-
chined surface. However, the higher micro-particles were ob-
served with PMEDM than EDM, since the part of Ti powder
has been deposited and adhered to the machined surface.
These micro-particles have produced the smaller adhesion

{ ﬁ“"\:"“':?ﬂx\_‘:'
Maghp cracks —s . B+

(iii) Ti electrode
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forces as compared with adhesion of spherical particles to the
machined surface. Hence, the micro-particles have been easily
removed from the machined surface.

3.3 Influence of micro Ti powder and electrode on
surface roughness

In EDM process, the surface roughness (R,) is influenced by
crater size and the particles adhering to the machined surface.
The electrical and thermal conductivity of electrode material
and dielectric medium has a significant effect on crater size
and the particle adhesion. The tool electrode with higher con-
ductivity could reduce the surface roughness, since it could
produce uniformly distributed tiny craters and lower particle
adhesion. The similar mechanism could happen with titanium-
mixed dielectric medium in EDM process. Figure 6 shows the
surface roughness comparison of the machined surface in
EDM and PMEDM with different tool electrodes. It was ob-
served that the copper tool electrode could produce lower
surface roughness due to its higher conductivity nature than
other two electrodes. Since the powders can improve the elec-
trical conductivity in the machining zone, the Ti-mixed dielec-
tric fluid could further reduce the surface roughness of the
machined surface in EDM process. Hence, it was proven that
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(i) Cu electrode
Fig. 9 White layer thickness of machined surface after EDM
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the copper tool electrode with Ti powder-mixed dielectric me-
dium could considerably increase the surface finish of the
machined surface in EDM process.

3.4 Influence of micro Ti powder and electrode on
formation micro cracks

The micro-crack formation over the machined surface in con-
ventional EDM and PMEDM process using different tool
electrodes are shown Figs. 7 and 8. The rapid and constant
occurrence of the heating due to the discharge sparks and
quick cooling by the dielectric fluid and some residual stress
is developed over the machined surface of the work piece
material. This creates micro-cracks over the machined surface
using EDM process. The size and number of micro-cracks
depend on the heat energy distribution over the machined
surface. This heat distribution could be determined by the
electrical and thermal conductivity of the electrodes and the
disrupt energy across the insulation of the dielectric fluid.
Therefore, the number and the dimensions of the micro-
cracks can be determined by the tool electrodes and the di-
electric medium. The high thermal conductivity of the elec-
trodes and powders causes the lower impact temperature on
the workpiece surface for reducing the size of the cracks. The

Py

(iii) Ti electrode

(9.27-19.18um)
(iii) Ti electrode

Fig. 10 White layer thickness of machined surface after PMEDM using Ti powder
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Fig. 11 Surface hardness comparison of machined surface in EDM and PMEDM

higher electrical conductivity of the electrode makes the opti-
mal spark formation with higher occurrence of sparks and
lower thermal energy. Hence, the copper tool electrode could
produce higher number of micro-cracks with smaller size over
the machined surface as observed in Fig. 7. However, the
copper and Ti tool electrode could produce larger micro-
cracks as compared with copper tool electrode owing to its
lower electrical conductivity. This concentration of heat with
Ti electrode could produce the local spark discharge at some
points on the electrode locally and cause heat distortion locally
over the machined surface.

The powder-mixed dielectric fluid can cause to mod-
ify the discharge bridge. Hence, the released pulse en-

ergy has been divided into many smaller parts of the
pulse energy with uniform distribution on the machined
surface. The higher number of smaller micro-cracks
could appear over the machined surface in PMEDM
process with uniform distribution as shown in Fig. 8.
The lower disrupt energy of Ti-mixed dielectric fluid
creates better formation of sparks with lower heat ener-
gy per spark. The larger micro-cracks could affect the
fatigue condition of the machined surface in EDM pro-
cess. However, the small cracks can increase lubrication
storage capacity on the machined surface of products.
Hence, it has contributed to improve the abrasion resis-
tance of the working surface of products.
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Fig. 14 EDS and XRD analysis
of WLT in EDM with Ti
electrode
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3.5 Influence of micro Ti powder and electrode on
white layer thickness

The white layer thickness (WLT) over the machined surface in
conventional EDM and PMEDM process using different tool
electrodes are shown in Figs. 9 and 10. The white layer (or)
recast layer is formed over the machined surface by resolidi-
fication of melted particles of workpiece, tool electrode, and
the workpiece. This layer is also due to the adhesion of melted
powder and dielectric fluid substances. The depth and nature
of this layer can contribute to the surface quality of the ma-
chined specimens. The electrical and thermal conductivity of
electrode materials and dielectric medium can affect the dis-
tribution and depth of the white layer on the machined surface.
The good thermal conductivity has produced the lower heat in

Al Si s L
4 060 054 108 040

Experimental pattern: M03

Fe Cu
405 7839 153

— CuKa
TiKsum CuKb
— VKsum
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EEYYEEBELE

700 800 900 1000
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20

(b) XRD.analysis

the machined area. Since it has reduced the amount of
resolidified particles, it could reduce the depth of the WLT
in EDM process. The higher electrical conductivity of the
electrode can modify the spark formation during the machin-
ing process. It can also uniformly distribute the more sparks
with lower energy density of sparks on the machined surface.
The WLT of Cu electrode was uniform and smaller in size due
to its higher electrical and thermal conductivity. Nevertheless,
Ti and Gr tool electrode could produce larger depth of WLT
under random size distribution. The smaller depth of white
layer with uniform distribution has been observed with Cu
tool electrode and Ti powder-mixed dielectric medium due
to higher electrical and thermal conductivity of materials as
shown in Fig. 10. The uniformity of the white layer can en-
hance the surface quality and reduce the subsequent finishing
cost.

Fig. 16 EDS and XRD analysis
of WLT in PMEDM with Gr
electrode
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3.6 Influence of micro Ti powder and electrode on
surface hardness

Since the surface hardness (HV) is the top layer of the ma-
chined surface, the white layer has the dominant role on de-
termining surface hardness in EDM process. Figure 11 shows
that the HV of the white layer in EDM with Cu and Gr elec-
trode is smaller than base metal. This is due to the significant
amount penetration of Cu, carbon of electrode, and dielectric
fluid into the white layer. The EDS and XRD analysis of the
machined surface in EDM and PMEDM process using differ-
ent tool electrodes are shown in Figs. 12, 13, 14, 15, 16, and
17. The higher percentages of Cu and C in the white layer
have been found as shown in Figs. 12 and 13. The percentage
of carbon in the white layer with Gr electrode was higher since
the carbon from electrode and dielectric fluid has been pene-
trated into the surface layer. The various components of elec-
trodes, such as Fe, Fe;C, F,C5, Mo0sC,, and VgC-, have also
been observed. However, the lower hardness of the white
layer was observed due to the structure and the composition
of austenite steel in the formed white layer [23]. Nevertheless,
the higher hardness of the white layer was observed with Ti
electrode in PMEDM process. This is due to significant largest
penetration of melted Ti electrode and powder into the ma-
chined surface. Ti from substrate could react with the carbon
cracking from the dielectric fluid and created TiC as shown in
the figures. This has significantly improved the mechanical
properties of the machined surface.

4 Conclusion

In the present study, an investigation was made to analyze the
effects of tool electrodes and powder on the surface perfor-
mance measures in EDM process under dielectric medium
mixed with micro size titanium powders. From the experimen-
tal investigation, the following conclusions have been made.

» The electrical and thermal conductivity of tool electrode
and powder materials can strongly affect the quality of the
machined surface in EDM process.
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(b) XRD analysis

* The copper tool electrode produces better surface finish
with Ti powder-mixed EDM process due to uniformly
distributed tiny craters by higher electrical and thermal
conductivity.

* Tipowder-mixed EDM process creates uniformly distrib-
uted white layer with copper tool electrode and micro-
particles owing to the smaller adhesion forces.

* The hardness of the machined surface can be significantly
improved in PMEDM using Ti powder.
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