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Abstract
In this paper, theDie-Sinker Electrical Discharge Texturing (DSEDT) is utilized tomachine closed cell
titanium foamusing pure brass tool electrode. Discharge time, current and discharge voltage were
taken as input factors. By varying these input factors, discharge energy generated in between the tool
andworkpiece gets altered. Therefore, the influence of discharge energy on the average crater
diameter, re-solidified layer thickness and chemical alteration ofmachined surface are analysed. The
stochastic nature ofDSEDTprocess is studied usingmicroscopic images and energy dispersive x-ray
spectroscopy profiles. Throughmicrographs it is perceived, increase in the discharge energy from
5.12 J to 10.13 J, leads to an increase in average crater diameter from29.26 to 66.29 μmrespectively. It
is observed that combined effect of crater overlap phenomena and re-solidification ofmaterial seals
the cells in a foammaterial. Aminimum re-solidified layer thickness of 44.29 μmis achieved. The
machined surface of closed cell titanium foam shows significant rise in carbon, copper and zinc
elements owing to the disintegration of the dielectric liquid and tool electrode during spark erosion.
The study onDSEDTof closed cell titanium foam revealed the possibility to create surfaces with
uniform crater diameter and establish titanium carbide on themachined surface.

1. Introduction

Process induced surfaces are generated on components top layer to improve its lubrication, heat transfer
characteristics, bio-compatibility and polarity characteristics. The use of light inweightmaterials are adopted in
aviation and automotive industries owed to the stringent requirements to reduce fuel consumption andminimal
carbon footprints. By 2030, the use of lightweightmaterials in aerospace and automotive industry is expected to
rise up to 85%and 70% respectively [1].Metal foams can be used tomeet the sudden rise in demand for
lightweightmaterials in both industries.Metal foams are classified as open cell foam composed of
interconnected pores and closed foam contains isolated pores which are not interconnected. Service life can be
enhanced by altering the surface ofmetal foam components. Surfacemodification ofmetal foams through
traditionalmachining techniques is not recommended as the cutting force exerted by the tool upon foam
workpiecemay damage or collapse the cellular arrangement owed to smearing effect. Non-traditional
machining techniques using laser, electrolytic processing, chemical etching and Electrical DischargeMachining
(EDM) are themost frequently adopted in industry’s tomachinemetal foams.However, the protrusions left by
laser, poor control of electrolytic process and uneven texture surface produced by etchants have limited the use
of these techniques. EDM is increasingly being used in industries tomachinemetallic foams since the force
produced in EDM is trivial and the texture produced on themachined surface do not contain directional
properties. Die-Sinker Electrical Discharge Texturing (DSEDT), a subtractivemachiningmethod that works on
the principle of EDM is employed to generate randomand isotropic textures on electrically conductivematerial
regardless of their hardness. In aDSEDTprocess, texturing is achieved by giving the least depth of cut to the
workpiece which leads to texturing instead ofmachining. Use ofmetal foams as sandwich design panels offer
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better protection against wear alongwith high stiffness as compare to bare foam. The existing foampreparation
methods have limitation in achieving uniformpore geometry due to lack in control overmanufacturing route
(poor gas dispersion, etc). In this study closed poremetal foam is chosen asworkpiecematerial. Closed pore
foam is featuredwith non-uniformpore shapeswhich are not interconnected. Uniformpore geometry onmetal
foam components is desired as it can act as oil reservoirs or lubrication pockets. DuringDSEDTof closed pore
metal foam, each pulse discharge produces a crater on themachined surface. As the spark discharge continues
numerous individual craters alongwith overlapping craters are produced on themachined surface. As a result,
randomand isotropic craters are established on themachined surfacewhich can act as oil reservoirs. The
schematic representation of surfaces produced throughDSEDT is presented infigure 1.

The initial work on texturing by EDMwas attempted to creatematt-finish on rollmill to reduce the adhesion
of sheetmetal to the roller surface [1]. Koshy andTovey developed textures on rake face of cutting tools to
promote lubricant retention duringmachining [2]. Harcuba et alused EDT to establish textures on orthopedic
implants and stated that the EDT surface offered better biocompatibility [3]. Jithin et al for thefirst time revealed
the possibility of using EDMas an alternate cost-effective technique to improve thewettability of SS 304 alloy
through texturing [4]. He et al producedmicro/nano textured surface through EDMwhich can be used for anti-
fouling application [5].

Bui et alused silver suspendeddielectricmedium inEDMand established textured surfaceswhich offered
better antibacterial property [6].Wang et alusedEDMtogetherwith electro deposition to create surface that
showed super hydrophobic property [7]. Assessing themachinability of titanium foamusing EDMprocess and
evaluating the surface produced is theneedof the hour for an industry, as the processwitnessmarks/texture has
direct influence on theuseful life of the component.Many investigators have strived to grasp thewitnessmarks left
over by EDMtechnologywhilemachining a variety ofworkpiecematerials. Klink et al attempted to evaluate the
cratermorphologyproduced on tool steelmaterial byusing dissimilar power generators [8]. Authors proposed
that the EDMpower generators available today can generatewidened and shallowcrater profiles. The influenceof
EDMprocess parameters such as tool polarity, voltage, current andpulse time oncrater formationduring
machining nickel-titaniummaterial andGH4169nickel-based alloy [9, 10]were explored. The authors proposed a
hypothesis that the crater diameterwidens for highermagnitudes of process parameters. By increasing the
magnitude of pulse time, current andvoltage, the discharge energy upsurgewhichproduces enlarged anddeeper
crater that aids for enhanced hydrophobicity of EDMmachined surface [9, 11–13]. Also, a reduction in crater
overlap onEDMmachinedTi6Al4V surface is noticedwhile using transesterified bio-oil as dielectric [14] and25%
normalwatermixeddielectric liquid [15]. Authors have studied the influenceof EDMprocess variables on re-
solidified layer thickness (RLT) formedonmaterials such asNi-Ti alloy [11], Nickel based alloy [12], Ti-5Al-2.5Sn
[16], Ti6Al4V [14, 17] andAl-Mg–Ti alloy [18]. The chemical alteration onEDMmachined surfaces [19, 20]were
also assessed onTi6Al4V [21], Cu-Ni-TiN [22] and green compactedTiC/Cumaterials [23].

The existing literature articulates that little work is published in EDTofmetals, EDM formachining open
foammaterials, surfacemodification, RLT, and chemical alteration onmachined surface ofmaterials ranging
from steel to titanium alloys. Yet the EDTof closed foam, particularly titanium foam and its consequences are
not revealed in detail. Energymonitoring is imperative in everymanufacturingmethod.Owing to the stochastic
nature of EDMprocess, among the total energy supplied, only a portion of energy exists in the discharge gap

Figure 1.DSEDTonCTF.
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[24]. However, the literature lacks quantifying the actual energy (or discharge energy) available in the discharge
gap. EDT is achieved through formation of crater which is reliant on the energy available in the discharge gap.
Titanium foams are ultra-lightmaterials which are exclusively used in sound absorption, electron shielding and
filters for aerospace application. In this study, the energy produced and the consequences ofmodifying the
surface of closed pore titanium foam (CTF)duringDSEDT are envisaged.

2.Materials andmethods

Adie-sinker EDMmachine (Electronica smart ZNC) as shown infigure 2(a) is used formachining. CTF (99.87%
pure confirmed bywet analysis)with 21% specific gravity [25] is taken asworkpiece
(100 mm× 100 mm× 2 mm) and a brass (f 8 mm) is selected as tool electrode. The erosion of CTF took place
inside a reservoir filledwith hydrocarbon based dielectric liquid (ELEKTROL supplied byM/s. Electronica India
Pvt Ltd). Among the various EDMprocess variables, discharge time (td), current (ip), discharge voltage (vg), duty
factor, anti-arc sensitivity, polarity and dielectric flushing pressure shows dominant effect on themachinability
of workpiecematerial [26]. Preliminary trials are conducted to identify the significant input parameter
conditions. The process parameters td, ip and vg can be varied from1 to 2000 μs; 0 to 60 A and 0 to 300 V
respectively. To avoid rapid tool wear, the increasing discharge duration beyond 200 μs and current above 12 A
was not selected. Furthermore, bymachining tool connected to anode polarity andwork piece to cathode
polarity, tool wears severely. Consequently, experiments are conductedwith cathode tool polarity and anode
workpiece polarity. In this work, tomodify the surface of CTF, themachine settings for experimentation are
limited tofinishmachining regime. The selectedworkpiece is composed of closed cell and through the
micrograph of SEM the average cell size is obtained as 5 μm.The setup utilized for experimentation and the

Figure 2.Experimentation details.
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chosenworkpiece are presented in figure 2. In this work, td, ip and vd are chosen as input factors. The surface
produced byDSEDT is owed to the numerous random sparks occur between the electrodes. Discharge energy,
topography, thickness of re-solidified layer (RCLT) and chemical alteration ofmachined surface are considered
as outcomes. Dielectric flushing pressure, anti-arc sensitivity and duty factor aremaintained constant at
1.5 kg cm−2, 3 and Level 3 respectively. The input process variables are varied at four levels such as td - 50 μs,
100 μs, 150 μs, 200 μs; ip - 6 A, 8 A, 10 A, 12 A and vg - 30 V, 45 V, 60 V, 75 V.

A full factorial experiments (L64) is conducted by varying these input variables. For every combination of
input process variables, the voltage and current waveforms (pulses) produced in the discharge gap is captured
using a 4-channel oscilloscopewith 5Giga samples/s sampling rate. AHP9100 voltage probe andTektronix
A622 probe are used to record instantaneous voltage (u (t)) and instantaneous current (i (t)) respectively. Each
pulse train data is captured for duration of 400milliseconds with one lakh data points. A snapshot of pulse train
recorded duringmachining is presented infigure 3.Using the acquired pulse train data, the discharge energy (E)
is calculated using below expression [24, 27]

( ) ( ) ( )ò=E u t i t dt 1
t

0

e

where te—discharge time (or) effectivemachining time. The impact of input variables onE is investigated. The
influence ofE on topography,RCLT, chemical alteration,micro hardness, contact angle and surface roughness
ofmachined componentwere also analyzed. For every combination of process variables, themicrographs of
machined surfaces are captured at three distinct locales using SEM. Energy dispersive spectroscopy (EDS)
profiles are used to reveal the chemical alteration built-up on theCTFmachined surfaces by the EDMprocess.
The surface roughness andmicro-hardness of themachined surfaces are assessed usingMarSurf GD120 surface
roughness tester and ShimadzuHMVVickers hardness tester respectively. By changing the input variables, theE
produced in the gap differs which alters the erosion phenomena discussed in subsequent sections.

3. Results

The influence of input factors (td, ip, vg) on discharge energy (E) is given in table 1. For each combination of input
factors, experiments are conducted three times, and itsmean value is presented in table 1. It is perceived that
discharge energy increases with increase in td and ip levels. For same ip and vg, as the td goes up, the discharge
energy acquired in the gap upsurges. By increasing the td and ip values, the energy for single pulse growswhich
results in higher discharge energy as shown infigure 4.However, forfixed duty factor, by raising the td
magnitudes, a reduction in the frequency of pulses is noticed that caused lowerE in the gap.

The drip in pulse frequency is perceived from the pulse train picked up for ip - 8 A, vg - 45 V and different td is
shown infigure 5.During experimentation, the ip is varied at 6, 8, 10 and 12 A. For all td and vg, by raising the
magnitude of ip, negligible variation in currentmagnitudes generated in gap is witnessed. This ismainly
attributed to the duty factor which is kept at level 3 (lower). The pulse duty factor varies the pulse off time in steps

Figure 3.Typical voltage and current waveform captured for td-50 μs, ip−6 A and vg−60 V.
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[ELECTRONICATechnologymanual]. Though themagnitude of ip grows from6 A to 12 A as input,
approximately 2 A to 3 A current is produced as output. The drop in currentmagnitude for varying ip settings
can be perceived from single current pulse picked up for td - 50 μs, vg - 45 V and different ip values as shown in
figure 6. This brings about reduction in discharge energy for changing td and vg settings. It is witnessed from the
above discussion that, by changing the input process variables the discharge energy (E) gets altered.

On the other hand, themachined surface of CTF gets altered due to deposition of recast layer (RCLT) and
chemically as well owed to the pyrolysis effect ofDSEDT.However, the diameter of crater,RCLT and
metallurgical altered surface produced are dependent on the E produced in the spark gap. Therefore, the impact
ofE on the diameter of crater is analyzedfirst.

The consequence of varying E on topography ofmachinedCTF surface is assessed using SEM captured at
three distinct locations. It is perceived from figure 7, themachined surface of CTF contains crater and re-
solidifiedmoltenmaterial completely filling the pore which existed on the surface prior tomachining. From
the SEM images, the diameter of crater is evaluated using the Image J software and its average value (Cd.avg) is
presented in figure 7. By varying the E from 5.12 J–9.53 J (low to high), themachined CTF containsCd.avg

increasing from 29.26 μm–66.29 μm. Formation of crater on the CTF can be understood through thematerial
removalmechanism of EDMprocess. In EDM, as the discharge begins and ends,material removal happens on
both tool andworkpiece (electrodes). Material removal from the electrodes occurs owed tomelt and
evaporation of electrodes by transformation of kinetic energy of ions and electrons into thermal energy. For a
given E, as the discharge originates, the ions and electrons acquire kinetic energy and impinge upon the
surface of electrodes causingmelt, evaporation of electrodes and dielectric liquid as well that aids in formation
of plasma surrounded by a compressed vapour bubble. As the discharge remains, owed to continuousmelting
and evaporation of electrodes and dielectric liquid, the plasma diameter and compressed vapour bubble
grows. However the growth of the vapour bubble is restricted by the inertia of the surrounding dielectric
liquid that leads to rise in pressure within the vapour bubble. At the end of discharge, the violent collapse of
the plasma and vapour bubble causes the superheatedmolten liquid from the electrodes to expel into the
dielectric liquid leaving a cavity or crater on the electrodes [28, 29]. The size of the crater formed is dependent

Table 1. Significance of td, ip, vg onE.

Cutting trial td ip vg E Cutting trial td ip vg E

1 30 5.123 33 30 5.891

2 6 45 5.484 34 6 45 5.929

3 60 7.486 35 60 6.823

4 75 8.641 36 75 9.263

5 50 30 5.541 37 30 6.118

6 8 45 5.617 38 8 45 6.676

7 60 6.635 39 60 7.148

8 75 8.649 40 75 9.191

9 30 5.781 41 150 30 6.988

10 10 45 5.880 42 10 45 7.025

11 60 6.831 43 60 7.403

12 75 8.973 44 75 9.439

13 30 6.594 45 30 7.801

14 12 45 7.055 46 12 45 8.185

15 60 7.797 47 60 8.605

16 75 9.314 48 75 9.767

17 30 6.949 49 30 6.504

18 6 45 5.435 50 6 45 4.992

19 60 7.609 51 60 7.143

20 75 9.162 52 75 9.324

21 30 6.205 53 200 30 6.261

22 8 45 5.518 54 8 45 7.010

23 60 6.886 55 60 7.210

24 75 9.160 56 75 9.638

25 100 30 6.703 57 30 7.062

26 10 45 6.928 58 10 45 7.226

27 60 7.818 59 60 7.751

28 75 9.387 60 75 9.534

29 30 7.670 61 30 8.084

30 12 45 8.059 62 12 45 9.019

31 60 8.556 63 60 8.861

32 75 9.453 64 75 10.127
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on the growth of plasma diameter. In this study the workpiece is connected to anode polarity, hence the effect
of electrons is considered. At largermagnitudes of E, the density of electrons grows subsequently themelting
and evaporation of electrodes that results in increased plasma diameter and vapour bubble [30]. At the end of

Figure 4. Impact of td, ip, vg on E.

Figure 5.Voltage waveform acquired for ip - 6 A and vg - 60 V for varying td.
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discharge, the abrupt burst of plasma and vapour bubble ejects themolten liquid beneath the discharge
vicinity forming larger size crater on the surface of workpiece. Through SEM images it is perceived, as the E
raises, themachined surface of CTF contains random individual craters alongwith overlapping craters.
Uniform crater diameter is observed on surfacesmachined with E at 5.12 J, 6.64 J, 7.01 J, 9.16 J and 9.53 J. This
shows that, DSEDT can be used for generating craters having uniformdiameter which can act as lubrication
pockets onmachined surface. However crater overlapping, debris accumulationwithin the crater and
spherical globules are also observed on the surfacesmachined with varying Emagnitudes. Owing to the
continuous erosion and stochastic nature of EDMprocess, crater overlap is noticed. However, the workpiece
contains closed cells, when the spark erosion occurs in region close to or upon the cell, thismight result in
crater overlap phenomenon. Also, the accumulation of debris into the crater is noticed on surfacesmachined
with E at 5.62 J, 6.64 J, 7.01 J and 9.53 J. In addition to the explanation given earlier, when the E grows, owing
to the increased intensity of electro-thermal heating, the diameter of the compressed vapour bubble grows
andmore heat transfers into the workpiece by conduction [31]. This resulted in a larger crater diameter
formed onmachined surface. The un-ejectedmeltedmaterial re-deposit back on to the adjacent regions and
seals the cells of CTF, which is noticed in figure 7.

Further analysis is carried out to understand the influence ofE onRCLT and possible chemical alteration of
CTFmachined surface. Figure 8 presents the SEMmicrograph revealing the re-solidified layer ofmachined
workpiece for differentE. AtE - 5.12 J, owing to less intense E, smaller amount ofmaterial getsmelted and the
un-ejectedmeltedmaterial deposit onto the adjacent regions. This resulted in lowerRCLT (44.29 μm) as shown
infigure 8(a). In this study, theworkpiece ismaintained at anode polarity. DuringDSEDTmachining, for fixed
inter electrode gap, the energy distribution to anodeworkpiece is higher compared to that of cathode in
hydrocarbon based dielectric. Also the heat transfer within theworkpiece ismostly by conduction [31]. In EDM,
thematerial removal efficiency or plasmaflushing efficiency (PFE) is defined as the ratio of ejected tomelted
volume. It is reported in the literatures that the experimentallymeasured PFE ranges from1–10% [32]. At higher
magnitudes ofE (10.13 J), more volume ofmoltenmaterial is generated compared to that formedwith 5.12 J.
Owed to the stochastic nature of EDMprocess crater overlap phenomena exist on themachined surface. The
combined effect of poorPFE, crater overlap phenomena and stochastic nature of EDMprocess attributed to
form thicker non-uniformRCLT (110.71 μm) on themachined surface as shown infigure 8(j). At lowerE
magnitudes theRCLT appears to be uniformwhereas it becomes uneven as the E grows.

Figure 6. Individual current waveform acquired at td - 50 μs and vg - 45 V for varying ip.
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The impact ofE on chemical alteration ofmachinedwork piece is also analyzed. InDSEDT, spark erosion
occur in-between the electrodes completely engulfed inside a dielectric liquid (a hydrocarbon based liquid).
During spark discharge, amelted pool is generated at the surface of both tool andworkpiece. The dielectric used

Figure 7.Effect ofE onCd.avg.
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in this study is hydrocarbon oil (TechnologyManual,M/s. Electronica smart ZNC) being a chemical compound
of carbon and hydrogen. The localized heating during spark erosion results in decomposition of Cu andZn;
Carbon andTitanium from tool, dielectric liquid andworkpiece respectively. These decomposed elements get
diffused into themolten pool of electrodes. Titanium is a highly reactivematerial at elevated temperatures; the

Figure 8.RCLT ofmachined surface for varying E.
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carbon decomposed fromdielectric liquid reacts with titaniumworkpiece and forms titanium carbide (TiC). At
the end of spark erosion, the gush of dielectric liquid cools rapidly themolten pool containing the dissolved
elementwithin it [11, 28, 33, 34]. Figure 9 shows the area energy dispersive x-ray (EDX) analysis and Energy

Figure 9.EDS profile ofmachinedCTF for varying E.
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Dispersion Spectrum (EDS) revealing the presence of decomposed elements onmachinedworkpiecemeasured
at different E. It is observed that the pyrolytic carbon generated fromdielectricmedium, copper and zincmetals
from tool electrode transfers into theworkpiece surface. AsE increases, the amount of heat produced gives rise

Figure 9. (Continued.)
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to generatemore pyrolytic carbon fromdielectricmedium. TheXRDprofile of surfacemachined atE−7.75 J
reveals the presence of TiC layer as shown infigure 10. The snapshot ofmachined tool is presented infigure 11
revealing the deposition of decomposed carbon from the dielectric liquid. ThroughDSEDT it is noticed that the
surfacewith uniform crater diameter alongwith TiC layer is established.

Further to assess themachined surface, themicro hardness and surface roughness for discharge energy is
assessed. Themicro-hardnessmeasurement and surface roughness aremeasured at three different locations and
is average value is presented infigures 12 and 13 respectively. It is perceived that as theE raises, themicro-
hardness ofmachined surface increases. For a given discharge energy, during spark discharge owed to localized
heating; decomposition of carbon from the dielectric liquid gets diffused into themolten pool of workpiece
surface. At elevated temperatures, titanium is highly reactive; the carbon decomposed fromdielectric liquid
reacts with titaniumworkpiece and forms titanium carbide (TiC). At the end of spark erosion, the rapid flowof

Figure 10.XRDprofile of comparison for CTF.
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Figure 11. Snapshot of tool electrode used formachiningCTF atE−6.64 J.

Figure 12.Effect ofE onmicro-hardness and contact angle.

Figure 13. Significance ofE on surface roughness.
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dielectric liquid solidifies themoltenmaterial containing the dissolved element within it [11, 28, 33]. This
resulted in formation ofRCLT retaining the dissolved elements within. As the E grows,more amount ofRCLT is
formed on themachined surface containing increased amount of carbon content (wt%)which is evident from
the EDSprofiles presented infigure 9. The presence of TiC on themachined surface is evident from theXRD
profile presented infigure 10. Therefore, the increase inRCLT containsmore amount of TiCwhich resulted in
raised hardness at higher discharge energy. Further the contact angle (CA) of themachined surface ismeasured
using sessile dropmethod. It is perceived from figure 12, as E grows theCAofmachined surface shifts from
hydrophilic (CA< 90°) to hydrophobic (CA> 90°). Hydrophilic surfaces offer better liquid retention as
compared to hydrophobic surfaces which repels liquids. In an Industry, special bearings are subjected to loading
and rotationwhich require hardened surfaces to offer better resistance towear alongwith lubricant retention
property. Through this study, it is possible to produce a hardened layer alongwith surface behaving hydrophilic
usingDSEDT process.

The influence of varyingmagnitudes ofE on surface roughness of themachined component is also analysed.
On themachined surface, 2D roughnessmeasurements are carried at three distinct locales and its average value
as taken for the study. AtE of 5.12 J, 7.79 J, 9.53 J, 10.13 J themeasured average roughness (Ra) values are 3.084
μm, 5.293 μm, 6.198 μmand 7.456 μmrespectively. The 2D roughness profiles ofmachined surfaces are
presented infigure 13. It is noticed from the roughness profiles, at lowE, the surface profile is composed of peaks
and valleys of smallermagnitudes that corresponds to uniformRCLT formation that resulted in lower Ra value.
However, the increase inE leads to formation of big sized crater togetherwith non-uniformRCLT lead to larger
magnitudes of surface profiles alongwith varying peaks and valleys. This resulted in surface roughness on the
machined surface.

To understand further, an attempt has beenmade to perceive a relationship between E, Cd.avg andRCLT.
Due to the complexity involved in developing amathematicalmodel forDSEDTprocess, a well-demonstrated
linear regression is adopted. In this study, by taking E is taken as input variable; themodels forCd.avg andRCLT
are expressed in equations (2) and (3) respectively

( )= -C E7.5106 10.687 2d avg.

( )= -RCLT E13.985 29.115 3

TheR squared value forCd.avg andRCLT are 95.71%and 96.61%.However it’s difficult to obtain a
correlation between theE and chemical alteration of themachined surfaces.

4. Conclusions

In this paper, a detailed investigation has been carried out onmodifying the top surface of closed cell titanium
foamduringDSED texturing process. The significance of discharge time, current and discharge voltage on
discharge energy is analysed. The impact of discharge energy on crater diameter, recast layer thickness and
chemical alteration ofmachined surfaces was investigated. The following conclusions have beenmade from the
current work.

It is observed that there is a linear proportionality between the discharge time and current, and the discharge
energy.However, for highermagnitudes of current, the variation in energy is insignificant.

1. The impact of discharge energy on average crater diameter (Cd.avg) is assessed using SEM micrographs. A
range ofCd.avg varying from44.29 μmto 110.71 μmis obtained for varying discharge energy from5.12 J to
10.13 J respectively. Themicrograph ofmachined surface reveals the crater overlap phenomena and the re-
solidifiedmaterial covers the cells present inCTF.

2. The significance of discharge energy on the RCLT formed onmachined CTF surface is assessed. For values of
energy E from5.12 J–10.13 J, theRCLT values vary from44.29 μmto 110.71 μmrespectively.

3. The influence of discharge energy on chemical alteration ofmachined surface are assessed using EDS profiles.
Due to pyrolytic effect, the carbon fromdielectric liquid, copper and zinc from tool electrode gets transferred
tomachined surface. At high discharge energy,more carbon is observed on themachined surface. TheXRD
profile reveals the presence of titanium carbide on themachinedCTF surface.

4. By increasing E from 5.12 J to 10.13 J, the micro-hardness grows from 432HV to 754HV respectively. As the
E grows, the increased carbon (wt%)within theRCLT attributed to raisedmicro-hardness values. Also the
contact angle varies from75.9 to 104.0 degree. The Ra of themachined surface varies from3.084 μmto
7.456 μm.By varying the E, it’s possible to produce a component requiring improved hardness alongwith
hydrophilic or hydrophobic surfaces.
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Through this study onDSEDTofCTF, it’s possible to establish a surface having improved hardness along
with either hydrophilic or hydrophobic behavior by altering the discharge energy. Though the initial cell
topography of CTF gets affected duringDSEDT, yet the proposedwork can be extended tomanufacture special
bearing using porousmaterial that are subjected to loading and rotationwhich require hardened surfaces to
offer better resistance towear alongwith lubricant retention property.

Funding

‘This researchwas funded by ‘Science and Engineering Research Board (SERB)’, Department of Science and
Technology (DST), Government of India vide grant number ECR/2016/001326.

Conflicts of interest

‘The authors declare no conflicts of interest.’

Acknowledgment

The authors express their gratitude to Science and Engineering Research Board (SERB), Department of Science
andTechnology (DST), Government of India, for thefinancial assistance provided for this research under the
file number ECR/2016/001326".

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

ORCID iDs

GiridharanAbimannan https://orcid.org/0000-0001-7049-6687

References

[1] Aspinwall D,WiseM, Stout K,GohT, Zhao F and El-MenshawyM1992 Electrical discharge texturing Int. J.Mach. ToolsManuf. 32
183–93

[2] Harcuba P, Bacakova L, Strasky J, BacakovaM,NovotnaK and JanecekM2012 Surface treatment by electric dischargemachining of
Ti-6Al-4V alloy for potential application in orthopaedics J.Mech. Behav. Biomed.Mater. 7 96–105

[3] Koshy P andTovey J 2011 Performance of electrical discharge textured cutting toolsCIRPAnn.—Manuf. Technol. 60 153–6
[4] Jithin S, BhandarkarUV and Joshi S S 2019 Establishing edm as amethod for inducing hydrophobicity on ss 304 surfacesAdvances in

Micro andNanoManufacturing and Surface Engineering. LectureNotes onMultidisciplinary Industrial Engineering ed
MS Shunmugam andMKanthababu (Springer)p. 731–40 10.1007/978-981-32-9425-7_66

[5] HeZR, Luo S T, LiuC S, Jie XHand LianWQ2019Hierarchicalmicro/nano structure surface fabricated by electrical discharge
machining for anti-fouling application J.Mater. Res. Technol. 8 3878–90

[6] BuiVD,Mwangi JWand Schubert A 2019 Powdermixed electrical dischargemachining for antibacterial coating on titanium implant
surfaces J.Manuf. Process. 44 261–70

[7] WangH,ChiG, Jia Y, Yu F,Wang Z andWangY 2020Anovel combination of electrical dischargemachining and electrodeposition for
superamphiphobicmetallic surface fabricationAppl. Surf. Sci. 504 144285

[8] MatzAM,KammererD, JostN andObwaldK 2016Machining ofmetal foamswith varyingmesostructure usingwire EDM Procedia
CIRP 42 263–7

[9] DepczynskiW,Nowakowski L,Hepner P andMiko E 2017The influence of porosity onmachinability of sintered Fe foamelements
Metalurgija 56 364–6

[10] KlinkA,HolstenMandHensgen L 2017Cratermorphology evaluation of contemporary advanced EDMgenerator technologyCIRP
AnnManuf. Technol. 66 197–200

[11] FengCC, Li L, ZhangC S, ZhengGM, Bai X andNiu ZW2019 Surface characteristics and hydrophobicity of Ni-Ti alloy through
magneticmixed electrical dischargemachiningMaterials 12 388

[12] ChenX, Zhou J,WangK andXuY 2022 Experimental research on single-pulse discharge cratermorphology in SEAMMater.Manuf.
Processes 37 664–73

[13] Bartkowiak T,MendakM,MrozekK andWieczorowskiM2020Analysis of surfacemicrogeometry created by electric discharge
machiningMaterials 13 3830

[14] Das S, Paul S andDoloi B 2021Assessment of the impacts of bio-dielectrics on the textural features and recast-layers of EDM surfaces
Mater.Manuf. Processes 36 245–55

[15] MuthuramalingamT2019 Effect of diluted dielectricmediumon spark energy in green EDMprocess using TGRA approach J. Clean.
Prod. 230 117894

[16] BhaumikMandMaityK 2019 Effect of electrodematerials on different EDMaspects of titanium alloy Silicon 11 187–96
[17] Philip J T, KumarD,Mathew J andKuriachen B 2020 Experimental investigations on the tribological performance of electric discharge

alloyed Ti–6Al–4V at 200–600 °C J. Tribol. 142 061702

15

Phys. Scr. 100 (2025) 055007 Adithya et al

https://orcid.org/0000-0001-7049-6687
https://orcid.org/0000-0001-7049-6687
https://orcid.org/0000-0001-7049-6687
https://orcid.org/0000-0001-7049-6687
https://doi.org/10.1016/0890-6955(92)90077-T
https://doi.org/10.1016/0890-6955(92)90077-T
https://doi.org/10.1016/0890-6955(92)90077-T
https://doi.org/10.1016/0890-6955(92)90077-T
https://doi.org/10.1016/j.jmbbm.2011.07.001
https://doi.org/10.1016/j.jmbbm.2011.07.001
https://doi.org/10.1016/j.jmbbm.2011.07.001
https://doi.org/10.1016/j.cirp.2011.03.104
https://doi.org/10.1016/j.cirp.2011.03.104
https://doi.org/10.1016/j.cirp.2011.03.104
https://doi.org/10.1007/978-981-32-9425-7_66
https://doi.org/10.1016/j.jmrt.2019.06.051
https://doi.org/10.1016/j.jmrt.2019.06.051
https://doi.org/10.1016/j.jmrt.2019.06.051
https://doi.org/10.1016/j.jmapro.2019.05.032
https://doi.org/10.1016/j.jmapro.2019.05.032
https://doi.org/10.1016/j.jmapro.2019.05.032
https://doi.org/10.1016/j.apsusc.2019.144285
https://doi.org/10.1016/j.procir.2016.02.283
https://doi.org/10.1016/j.procir.2016.02.283
https://doi.org/10.1016/j.procir.2016.02.283
https://doi.org/10.1016/j.cirp.2017.04.137
https://doi.org/10.1016/j.cirp.2017.04.137
https://doi.org/10.1016/j.cirp.2017.04.137
https://doi.org/10.3390/ma12030388
https://doi.org/10.1080/10426914.2021.1954191
https://doi.org/10.1080/10426914.2021.1954191
https://doi.org/10.1080/10426914.2021.1954191
https://doi.org/10.3390/ma13173830
https://doi.org/10.1080/10426914.2020.1832678
https://doi.org/10.1080/10426914.2020.1832678
https://doi.org/10.1080/10426914.2020.1832678
https://doi.org/10.1016/j.jclepro.2019.117894
https://doi.org/10.1007/s12633-018-9844-x
https://doi.org/10.1007/s12633-018-9844-x
https://doi.org/10.1007/s12633-018-9844-x
https://doi.org/10.1115/1.4046016


[18] Omer E andGovK 2020The effect ofmagnesium content on drilling of Al-Mg-Ti alloy by hole electrical dischargemachining process
Proc. Inst.Mech. Eng. B J. Eng.Manuf. 235 125–33

[19] Sureshkumar S, Varol T, Canakci A, KumaranT S andUthayakumarM2021A review on the performance of thematerials by surface
modification through EDM Int. J. LightweightMaterManuf. 4 127–44

[20] Kishi R andYan J 2020 Electrical discharge/electrochemical hybridmachining based on the samemachine and tool electrode J.Micro.
Nano-Manuf. 8 010906

[21] Maddu J, Karrolla B, Vuppala S and Shaik RU2021 Formation and optimization of electrical discharge coatings using conventional
electrodesEnergies. 14 5691

[22] SaodaenR, Janmanee P andRodchanarowanA 2021Characteristics of ternarymetal (Cu-Ni-TiN) electrodes used in an electrical
dischargemachining processMetals 11 694

[23] DasA andMisra J P 2016Modelling and parametric optimisation of deposited layer thickness in electric discharge coating process Int.
J. Surf. Sci. 10 253–71

[24] ObwaldK, Schneider S,Hensgen L, Klink A andKlocke F 2017 Experimental investigation of energy distribution in continuous sinking
EDMCIRP J.Manuf. Sci. Technol. 19 36–43

[25] SambaranM,Devesh R andGiridharanA 2022 EDMof titanium foam: electrodewear rate, oversize, andMRRMater.Manuf. Processes
37 825–37

[26] DhakarK, KumarR, Katheria A,Nagdeve L andKumarH 2022 Effect of various dielectric fluids on electric dischargemachining
(EDM): a review J. Braz Soc.Mech. Sci. Eng. 44 487

[27] GiridharanA and SamuelG L 2017Analysis on the effect of discharge energy onmachining characteristics of wire electrical discharge
turning processProc. Inst.Mech. Eng. B J. Eng.Manuf. 230 2064–81

[28] DibitontoDD, Eubank PT, PatelMR andBarrufetMA1989Theoreticalmodels of the electrical dischargemachining process. i. a
simple cathode erosionmodel J. Appl. Phys. 66 4095–103

[29] PatelMR, BarrufetM, Eubank PT andDiBitontoDD1989Theoreticalmodels of the electrical dischargemachining process. II. The
anode erosionmodel J. Appl. Phys. 66 4104–11

[30] DescoeudresD, Ch.H,Walder G and Perez R 2005Time-resolved imaging and spatially-resolved spectroscopy of electrical discharge
machining plasma J. Phys. D: Appl. Phys. 38 4066–73

[31] Zhang Y, Liu Y, Shen Y, Ji R, Li Z andZhengC 2014 Investigation on the influence of dielectrics on thematerial removal characteristics
of EDM J.Mater. Process. Technol. 214 1052–61

[32] Hinduja S andKuniedaM2013Modelling of ECMandEDMprocessesCIRPAnn:Manuf. Technol. 62 775–97
[33] Chen S L, YanBH andHuang FY 1999 Influence of kerosene and distilled water as dielectrics on the electric dischargemachining

characteristics of Ti–6A1–4V J.Mater. Process. Technol. 87 107–11
[34] HolstenM,Koshy P, KlinkA and Schwedt A 2018Anomalous influence of polarity in sink EDMof titanium alloysCIRPAnn. 67 221–4

16

Phys. Scr. 100 (2025) 055007 Adithya et al

https://doi.org/10.1177/0954405420949211
https://doi.org/10.1177/0954405420949211
https://doi.org/10.1177/0954405420949211
https://doi.org/10.1016/j.ijlmm.2020.08.002
https://doi.org/10.1016/j.ijlmm.2020.08.002
https://doi.org/10.1016/j.ijlmm.2020.08.002
https://doi.org/10.1115/1.4046039
https://doi.org/10.3390/en14185691
https://doi.org/10.3390/met11050694
https://doi.org/10.1504/IJSURFSE.2016.076997
https://doi.org/10.1504/IJSURFSE.2016.076997
https://doi.org/10.1504/IJSURFSE.2016.076997
https://doi.org/10.1016/j.cirpj.2017.04.006
https://doi.org/10.1016/j.cirpj.2017.04.006
https://doi.org/10.1016/j.cirpj.2017.04.006
https://doi.org/10.1080/10426914.2021.1981938
https://doi.org/10.1080/10426914.2021.1981938
https://doi.org/10.1080/10426914.2021.1981938
https://doi.org/10.1007/s40430-022-03778-3
https://doi.org/10.1177/0954405415615732
https://doi.org/10.1177/0954405415615732
https://doi.org/10.1177/0954405415615732
https://doi.org/10.1063/1.343994
https://doi.org/10.1063/1.343994
https://doi.org/10.1063/1.343994
https://doi.org/10.1063/1.343995
https://doi.org/10.1063/1.343995
https://doi.org/10.1063/1.343995
https://doi.org/10.1088/0022-3727/38/22/009
https://doi.org/10.1088/0022-3727/38/22/009
https://doi.org/10.1088/0022-3727/38/22/009
https://doi.org/10.1016/j.jmatprotec.2013.12.012
https://doi.org/10.1016/j.jmatprotec.2013.12.012
https://doi.org/10.1016/j.jmatprotec.2013.12.012
https://doi.org/10.1016/j.cirp.2013.05.011
https://doi.org/10.1016/j.cirp.2013.05.011
https://doi.org/10.1016/j.cirp.2013.05.011
https://doi.org/10.1016/S0924-0136(98)00340-9
https://doi.org/10.1016/S0924-0136(98)00340-9
https://doi.org/10.1016/S0924-0136(98)00340-9
https://doi.org/10.1016/j.cirp.2018.04.069
https://doi.org/10.1016/j.cirp.2018.04.069
https://doi.org/10.1016/j.cirp.2018.04.069

	1. Introduction
	2. Materials and methods
	3. Results
	4. Conclusions
	Funding
	Conflicts of interest
	Acknowledgment
	Data availability statement
	References



