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Abstract
Microelectrical discharge milling (µED-milling) possesses good processing capability to fabricate intricate shapes in any
electrically conductive material. In the present work, an experimental study is carried out to investigate machinability and
surface characteristics of titanium (Ti) grade 2 alloy, stainless steel 304 (SS304) and copper (Cu) undergoing microelectrical
discharge milling (µED-milling) process. Voltage, feed rate (FR) and tool rotation speed (TRS) are the process parameters
that are varied during machining. The response measures chosen for evaluating machinability performance are material
removal rate (MRR) and tool wear rate (TWR). After performing µED-milling, topography of the fabricated microslots is
characterized by optical microscopy, scanning electron microscopy and surface roughness (Ra) analysis, whereas material
composition analysis is carried out by X-ray diffraction and energy-dispersive X-ray techniques. It is found that Cu exhibits
higher MRR than Ti and SS304, whereas SS304 exhibits higher TWR than Ti and Cu at all the chosen parametric conditions.
The most significant parameter affectingMRR and TWR as ascertained by analysis of variance is FR, followed by voltage and
TRS. Surface morphology of the microchannels fabricated by µED-milling reveals that globule formation and redeposition
phenomenon is profound in case of Cu and SS304. In contrast, Ti grade 2 exhibits better surface morphology in terms of less
globule formation, microvoids, redeposition layer and lower Ra as compared to Cu and SS304.
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1 Introduction

Component miniaturization is the present buzzing topic
trending with technological improvement in aerospace,
biomedical engineering, electronics, military application,
etc. The emergence of microsystems enhanced the qual-
ity of life by improving health care and economic growth,
thus grabbing the attention of the commercial industries [1].
Among several manufacturing techniques that are available
to fabricate miniaturized products, microelectrical discharge
machining (µEDM) is a prominent and reliable process for
machining hard materials which are difficult to machine by
conventional machining processes [2].µEDMhas the ability
to process any electrically conductive material regardless of
their hardness and can generate intricate shapes with good
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surface finish [3, 4]. In this process, material is removed
by melting and evaporation due to repetitive discharges
occurring between tool and workpiece electrode which are
immersed in a dielectric medium [5]. With the advent of
µEDM over the years, several variants of µEDM have
evolved, among which microelectrical discharge milling
(µED-milling) is particularly used for machining complex
three-dimensional (3D) microfeatures [6]. µED-milling can
cut complex shapes with a simple cylindrical tool, and unlike
sinkingµEDM, it avoids manufacturing of sophisticated tool
for attaining intricate 3D profiles [7]. But, it endures few lim-
itations in the form of tool electrode wear and lowmachining
efficiency [8]. Tool wear is an inherent phenomenon of any
electrical discharge machining (EDM) variant, which results
in dimensional inaccuracy that cannot be eliminated com-
pletely [9]. Researchers have conducted various studies over
the years to overcome these limitations. A detailed review of
the tool wear compensation strategies implemented in µED-
milling has been reported by Kar and Patowari [10].
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Table 1 Physical properties of
workpiece materials Material Electrical

resistivity (�-cm)
Thermal
conductivity
(W/m-K)

Melting
temperature (°C)

Specific heat
capacity (J/g-°C)

Titanium grade 2 5.2×10−5 16.4 1665 0.523

Stainless steel 304 7.2×10−5 16.2 1400–1450 0.5

Copper 1.7×10−6 385 1083 0.385

In µEDM, the pulse energy required in the machining
gap to fabricate microparts is less, as material is removed
in the range of subgrain size (0.1–10 µm) [11]. Supply of
such lower pulse energy can be fulfilled by the resistance
capacitance (RC)-type generator [12]. Other than discharge
energy, tool rotation speed (TRS), feed rate (FR), layer thick-
ness, etc., also play vital roles in µED-milling. Mehfuz and
Ali [1] found capacitance and voltage individually influ-
ence material removal rate (MRR), maximum peak-to-valley
roughness height (Ry), average surface roughness (Ra) and
electrode wear ratio (EWR), whereas FR influences MRR
only in µED-milling of beryllium–copper (Be–Cu) work-
piece with tungsten tool electrode. Karthikeyan et al. [13]
examined the effect of energy, TRS, FR and aspect ratio
on MRR and tool wear rate (TWR) in µED-milling of EN
24 workpiece with tungsten tool electrode. MRR and TWR
increased with an increment in energy (500–2000 µJ) and
TRS (100–800 rpm) but decreased in case of FR and aspect
ratio exceeding 45 µm/s and 1.5, respectively. In another
study, Karthikeyan et al. [14] found TRS and energy to be the
most influential parameters for maximizing MRR and min-
imizing TWR, respectively. In simultaneous optimization of
maximizing MRR and minimizing TWR, FR was found to
have the maximum influence. Chiou et al. [15] investigated
the effect of applying silver (Ag) and copper (Cu) coating
on tungsten carbide (WC) tool electrode in µED-milling
of high-speed steel alloy. The coated electrodes improved
surface roughness (Ra) and MRR, wherein lowest SR and
highest MRR were achieved by WC-coated Ag and WC-
coated Cu electrodes, respectively. WC electrode exhibited
lowest tool wear owing to its superior melting temperature
as compared to Ag and Cu. Kuriachen and Mathew [16]
observed that capacitance and FR were the most influencing
factors in µED-milling of Ti–6Al–4V byWC tool electrode.
They found a redundant effect on MRR and TWR after a
certain value of voltage (115 V). In case of TRS, the rise
in MRR was slow after a critical level (1000 rpm) due to
the generation of unproductive sparks. A non-uniform recast
layer was witnessed on the machined surface owing to the
resolidification phenomenon of melted material. Kuriachen
and Mathew [17] also examined the effect of SiC powder
suspended in dielectric on machining of Ti–6Al–4V with
WC tool electrode. Low TWR and high MRR were simul-
taneously attained for 5 g/L powder concentration (lowest),

Table 2 Variable and fixed process parameters

Variable parameters with their levels

Parameter Level Values

Voltage (V) 3 80, 130, 180

Feed rate (µm/s) 3 5, 12.5, 20

Tool rotation speed (rpm) 3 500, 1250, 2000

Fixed parameters

Parameter Values

Workpiece Cu, SS304, Ti grade 2

Tool electrode Tungsten 515 µm diameter

Polarity Tool (–), workpiece (+)

Capacitance 104 pF

Layer thickness 50 µm

Length of cut 104 µm

No. of layers 20 (10 to-and-fro layers each)

Dielectric fluid Hydrocarbon oil

0.1 µF capacitance (medium) and 115 V voltage (medium).
Machined surfaces at the two ends of the microslots were
exposed to microholes and microcracks due to frequent
change in the temperature at the ends. Jafferson et al. [18]
examined the effect of non-electrical factors such as layer
thickness, FR and TRS on MRR, TWR and EWR in µED-
milling of stainless steel (SS)with tungsten tool electrode. To
achieve maximumMRR and minimum TWR, higher TRS of
2500 rpmandFRof 100mm/minwere recommended.Unune
and Mali [19] found an increase in MRR and decrease in
frontal electrode wear with the use of low-frequency work-
piece vibration while fabricating microchannels on Inconel
718 by µED-milling.

Besides the process parameters, the combination of tool
andworkpiecematerial also plays amajor role inmachinabil-
ity performance of aµEDMprocess [20]. Typically, the wear
resistance of tool electrode should be higher andmust remove
maximum material with minimum self-erosion [21]. Evalu-
ation of surface morphology is also important as it plays a
significant role in applicability of the products in several key
engineering applications. The surface morphology is depen-
dent on process parameters, type of dielectric and material
properties (tool electrode and workpiece). D’Urso et al. [22]
proposed a method of surface study by evaluating peaks and
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Table 3 Taguchi L9 orthogonal array and result of response measures

Exp. no. Voltage (V) Feed rate (µm/s) Tool rotation speed (rpm) MRR×104 (µm3/s) TWR×103 (µm3/s)

Cu SS Ti Cu SS Ti

1 80 5 500 6.12 3.73 4.44 2.23 4.55 3.38

2 80 12.5 1250 15.62 6.26 9.71 4.35 7.19 6.13

3 80 20 2000 28.72 11.80 15.21 7.85 11.74 10.99

4 130 5 1250 11.19 4.72 6.55 3.29 5.63 4.72

5 130 12.5 2000 23.57 9.68 11.58 6.90 10.26 9.33

6 130 20 500 31.00 11.45 16.02 8.61 11.22 10.00

7 180 5 2000 16.03 7.18 8.80 4.94 7.16 6.40

8 180 12.5 500 25.02 10.53 12.22 7.49 9.34 8.87

9 180 20 1250 38.06 17.03 18.42 11.31 15.01 13.81

valleys distribution, and shape after performingµED-milling
on steel and ceramic materials. Properties like thermal diffu-
sivity, boiling point, thermal conductivity and melting point
play vital role in erosion by discrete sparks, which ultimately
affect surfacemorphology of thematerial undergoing erosion
by µEDM [23]. Feng et al. [24] found that specific heat and
thermal conductivity played vital roles in the extent of weld
pool depth due to spark. They observed surface morphol-
ogy of Ti–6Al–4V to be of superior quality as compared to
SUS316 and SKH59, due to the formation of shallow craters
in Ti–6Al–4V. Higher specific heat capacity and lower ther-
mal conductivitywere accounted for the formation of shallow
craters in Ti–6Al–4V.

From the literature, it can be inferred that µED-milling is
still a newpracticewhich is yet to be standardized for all engi-
neering materials. Moreover, achieving a stable condition of
µED-milling is a daunting task. Several electrical and non-
electrical parameters play important role in achieving a stable
µED-milling condition for a combination of tool electrode
and workpiece material. In addition, electrical and thermal
properties of the materials also play a significant part in
determining the ease of machinability inµED-milling. In the
present day, focus is mostly on micromachining of biomedi-
cal materials such as stainless steel, Ti and its corresponding
alloys. The capability of µED-milling to fabricate complex
microfeatures in any conductive material makes it obligatory
to investigate machinability of such materials using µED-
milling. An in-depth analysis regarding machinability study
of Ti grade 2 and SS304 using µED-milling and study of
their surface morphology is still lacking in the present sce-
nario. It is also important to know their surface characteristics
as surface performance will directly affect reliability of any
component manufactured by µED-milling of these materi-
als [25]. Thus, a comparative analysis of machinability on
three different materials such as Cu, SS304 and Ti grade 2
usingµED-milling is carried out in this study. The study also
exhibits the prospect of µED-milling on different materials
based on their electrical and thermal properties, which holds

significant influence on the performance of any µEDM vari-
ant.

2 Materials andMethods

A tabletop-type µEDM machine setup (Model: Hyper 15,
Make: SynergyNano System,Mumbai, India) is used to con-
duct the experiments. Tungsten rod of 515 µm in diameter is
used as tool electrode due to its higher electrical erosion resis-
tance property [26]. Biocompatible materials such as SS304
and Ti grade 2 along with readily used Cu are taken as work-
piece. Some of their physical properties which possess the
potential to play significant role in µED-milling are enlisted
in Table 1 [27–29].

Pilot experiments are conducted to ascertain the effec-
tive process parameters and their corresponding levels in
establishing µED-milling process on the selected workpiece
materials. By preliminary experimentation, it is observed
that capacitance plays a decisive role in stabilizing the
milling process. Significant inefficiency ofµED-milling pro-
cess is observed while lowering the capacitance value. So,
capacitance is kept fixed at 104 pF throughout the final exper-
imentation. It is also observed that negative polarity of tool
electrode results inmore removal ofmaterial fromworkpiece
as compared to the positive polarity of tool. As a result, polar-
ity is also kept fixed (tool: negative; workpiece: positive)
throughout the experimentation. Hydrocarbon oil is used as
dielectric medium, and jet flushing is applied to evacuate
the debris from the machining zone. Substantial variation of
machinability is observed with the change of voltage, FR
and TRS without destabilizing the process. So voltage, FR
and TRS are chosen as the process parameters for investi-
gation. The experimental condition consisting of fixed and
variable process parameters with their corresponding levels
is depicted in Table 2. Based on the selected levels of pro-
cess parameters, a Taguchi L9 orthogonal array is formulated
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Fig. 1 Microchannels fabricated
by µED-milling on a Ti grade 2,
b SS304 and c Cu

and experiments are conducted based on the combination of
process parameters as shown in Table 3.

Experiments are performed based on layer by layer
machining strategy of µED-milling. Layer thickness (depth
of cut) of 50 µm is applied in each ‘to-and-fro’ layer. The
dimensional inaccuracy caused inmachining one ‘to’ layer is
neutralized by the subsequent machining of one ‘fro’ layer.
Length of machining is kept sufficiently large at 104 µm,
so that the tool tip is able to regain its original shape at the
end of machining each ‘to’ or ‘fro’ layer. Thus, ‘to-and-fro’
motion of tool coupled with ample machining length of 104

µm compensates the dimensional inaccuracy caused by the
tool wear in µED-milling.

The response parameters TWR and MRR are calculated
by determining the volumetric removal of material from tool
electrode and workpiece, respectively. Calculation of MRR
is based on determining the average depth, average width
of milling slot and machining time as given in Eq. (1). The
depth of the milling slots is measured by electrical contact
of the tool electrode on the slots with respect to a fixed ref-
erence point. The width of the slots is measured by optical
microscopy. TWR is calculated by determining the radius of
tool electrode, length of eroded tool and machining time, as
given in Eq. (2). The eroded length of tool is also measured
by electrical contact to a fixed point before and after machin-
ing. The microchannels fabricated by µED-milling process
on the threeworkpieces: Ti grade 2, SS304 andCu, are shown
in Fig. 1.

MRR � depthaverage × widthaverage × length

machining time
(1)

TWR � πr2 × h

machining time
(2)

where ‘r’ denotes radius of the tool electrode and ‘h’ denotes
the eroded length.

3 Results and Discussion

3.1 Effect of Process Parameters

The results of MRR and TWR are depicted in Table 3. The
voltage at which the current flows through the inter-electrode
gap to initialize spark is called breakdown voltage. Mean
effect plot to depict the effect of voltage onMRR of the three
materials is shown in Fig. 2a. Irrespective of the different
type of materials used, MRR increases with an increment in
voltage in all the cases. The discharge energy for RC pulse
circuit is the product of voltage (V ) and capacitance (C) as
expressed in Eq. (3) [30]:

Discharge energy � 1

2
CV 2 (3)

As capacitance is kept constant at 104 pF throughout the
experimentation, an increase in voltage leads to an incre-
ment in discharge energy of the process. With the increase in
energy per discharge, the amount of charge released during
discharge increases, subsequently resulting in more num-
ber of ions moving with higher velocity [13]. This leads to
high pressure and temperature in plasma channel facilitating
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Fig. 2 Effect of a voltage on
MRR, b voltage on TWR, c feed
rate on MRR, d feed rate on
TWR, e tool rotation speed on
MRR and f tool rotation speed
on TWR

higher MRR. The trend of MRR against voltage for all the
materials is MRRCu >MRRTi >MRRSS304.

Tool wear is inevitable in µED-milling process, which
occurs primarily due to impingement of high-density elec-
trons. Further, thermal effect and microstructural imperfec-
tions of the tool material also contribute to tool wear [31].
Mean effect plot to depict the effect of voltage on TWR is
shown in Fig. 2b. Similar to MRR, an increase in voltage
leads to higher TWR in all the materials due to the rise in
discharge energy. The trend of TWR against voltage for all
the materials is TWRSS304 >TWRTi >TWRCu.

FR in µED-milling regulates the time necessary for the
tool electrode to maintain the inter-electrode gap after each
consecutive discharge. Mean effect plot to depict the effect
of FR on MRR of the three materials is shown in Fig. 2c.
In all the three materials, MRR increases with an increase
in FR. FR affects the total machining time as an increase in
FR rises the speed of retraction and forwardmovement of the
electrode after encountering a short circuit. Thus, a higher FR
lessens the idle time or non-sparking time and consequently
increases the MRR [32]. The trend of MRR against FR for
all the materials is MRRCu >MRRTi >MRRSS304.

Mean effect plot to depict the effect of FR on TWR is
shown in Fig. 2d. In all the materials, it is observed that
TWR increases with an increment in FR. With an increase
in FR, the tool positions itself quickly with its closest point
of the workpiece leading to faster electron emission from the
tool electrode. Also, the debris get trapped as they do not
get sufficient time to flush away, causing secondary spark
with the tool leading to higher tool wear [1]. The trend of
TWR against FR for all the materials is TWRSS304 >TWRTi

>TWRCu.
Rotation of the tool electrode produces a centrifugal force

and agitation effect which assist in regulating the dielectric
fluid and flushing away of the debris from the machining
zone [16, 33]. Mean effect plot to depict the effect of TRS
on MRR of the three materials is shown in Fig. 2e. In each
of the materials, MRR increases steadily with an increase in
TRS. The spin stability imparted on tool by rotation prevents
short circuiting by compensating force of shock wave and
enhancing normal discharge [13]. With the increase in TRS,
the number of normal discharge increases leading to higher
MRR. The trend of MRR against TRS for all the materials is
MRRCu >MRRTi >MRRSS304.
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Table 4 ANOVA of response measures

1. Copper

1.1 Material removal rate (MRR)

Source DOF Sum of square Mean square F ratio p value Contribution (%)

Voltage 2 137.141 68.571 31.45 0.031 16.32

FR 2 692.610 346.305 158.85 0.006 82.40

TRS 2 6.411 3.205 1.47 0.405 0.76

Error 2 4.360 2.180 – – 0.52

Total 8 840.522 – – – 100

R2 � 99.48%, R2(adj) � 97.93%

1.2 Tool wear rate (TWR)

Voltage 2 14.4671 7.2336 12.75 0.073 21.95

FR 2 49.9954 24.9977 44.06 0.022 75.85

TRS 2 0.3156 0.1578 0.28 0.782 0.48

Error 2 1.1348 0.5674 – – 1.72

Total 8 65.9129 – – – 100

R2 � 98.28%, R2(adj) � 93.11%

2. Stainless steel 304

2.1 Material removal rate (MRR)

Voltage 2 29.214 14.6071 5.60 0.152 21.21

FR 2 101.681 50.8407 19.48 0.049 73.83

TRS 2 1.601 0.8006 0.31 0.765 1.16

Error 2 5.219 2.6095 – – 3.80

Total 8 137.716 – – – 100

R2 � 96.21%, R2(adj) � 84.84%

2.2 Tool wear rate (TWR)

Voltage 2 10.794 5.397 3.35 0.230 12.27

FR 2 71.127 35.564 22.10 0.043 80.85

TRS 2 2.838 1.419 0.88 0.531 3.22

Error 2 3.218 1.609 – – 3.66

Total 8 87.978 – – – 100

R2 � 96.34%, R2(adj) � 85.37%

3. Titanium grade 2

3.1 Material removal rate (MRR)

Voltage 2 16.943 8.4717 280.52 0.004 10.13

FR 2 148.803 74.4015 2463.64 0.000 88.95

TRS 2 1.482 0.7411 24.54 0.039 0.88

Error 2 0.060 0.0302 – – 0.04

Total 8 167.289 – – – 100

R2 � 99.96%, R2(adj) � 99.86%
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Table 4 continued

3.2 Tool wear rate (TWR)

Voltage 2 12.387 6.194 4.68 0.176 14.24

FR 2 68.614 34.307 25.91 0.037 78.87

TRS 2 3.342 1.671 1.26 0.442 3.85

Error 2 2.649 1.324 – – 3.04

Total 8 86.992 – – – 100

R2 � 96.96%, R2(adj) � 87.82%

DOF degree of freedom

Mean effect plot to depict the effect of TRS on TWR is
shown in Fig. 2f. TWR increases with an increase in TRS for
all the materials due to improved flushing action at higher
speed. Due to rotation, spark position keeps changing by
not allowing the discharge energy to concentrate at a point
and results in the formation of smaller-sized craters on the
machined surface. An increase in speed can be correlated
with an increase in frequency in a conventional circuit facili-
tatingmaterial removal from tool electrode [32]. The trend of
TWRagainst TRS for all thematerials is TWRSS304 >TWRTi

>TWRCu.
The trend of the materials in descending order of MRR

against all the process parameters is MRRCu >MRRTi

>MRRSS304. The thermal conductivity and electrical con-
ductivity of Cu are far superior to SS304 and Ti grade 2.
The higher electrical conductivity helps in quick initiation
of spark in Cu as compared to SS304 and Ti grade 2. In
traditional EDM, MRR decreases with an increase in ther-
mal conductivity as heat dissipates faster with the increase
in thermal conductivity of materials. Following this princi-
ple, Cu should have undergone lower wear than SS304 and
Ti grade 2, but the use of very short nanopulses in µED-
milling hinders the thermal conductivity to play any role as
machining occurs rapidly within very short span of time.
Elsewhere, the thermal conductivity of Ti grade 2 is almost
similar to SS304 but MRR of Ti grade 2 is higher than SS304
in all the experiments. This trend can be attributed to a higher
electrical conductivity of Ti grade 2, facilitating faster spark
generation as compared to SS304. In case of TWR, the trend
of the materials in descending order is TWRSS304 >TWRTi

>TWRCu against all the process parameters. The high melt-
ing point and positive polarity of tool electrode allow lower
wear from tool as compared to the workpiece. The ease of
spark formation in Cuwith less short circuiting facilitates the
traverse feed of the tool with less delay, leading to less tool
wear. The difference of melting point temperature between
workpiece and tool electrode also leads to easy erosion of
workpiece with lower tool wear [34]. Thus, Cu workpiece
bearing lower melting point as compared to SS304 and Ti
grade 2 incurs lower TWR. The electrical conductivity of
SS304 being lower than that of Ti grade 2 causes higher

amount of delay in sparking (in SS304) and allows sufficient
time for melting of tool material. Such higher delay in spark-
ing leads to higher TWR in SS304 than Ti grade 2.

3.2 Analysis of Variance (ANOVA)

ANOVA is a statistical tool used to evaluate the signifi-
cance of each process parameter in the response measures.
The results of ANOVA for MRR and TWR are depicted in
Table 4. In MRR and TWR models of all the materials, FR
is the highest contributing factor followed by voltage and
TRS. The contribution of error is lower than all the process
parameters in most of the cases, with highest error of 3.80%
occurring in MRR model of SS304 material. The errors can
be attributed to the setup errors related to clamping of tool
electrode and workpiece. The measurement error related to
depth determination by electrical contact of tool electrode
also contributes toward overall error. The MRR model of
SS304 bears the lowest correlation coefficient (R2) value of
96.21% and adjusted correlation coefficient (R2(adj)) value
of 84.84%, respectively. Such high R2 and R2(adj) values
indicate better significance of the MRR and TWR models
[35].

3.3 Confirmation Experiment

Confirmation test is performed at optimumparametric setting
of response measures for all the materials. In case of TWR,
the optimum setting of TWR for all the materials (voltage at
80 V, FR at 5 µm/s and TRS at 500 rpm) is included in the
main experiment (experiment number 1). So, confirmation
experiment is not required for TWR. In case of MRR, the
optimum parametric combination of voltage at 180 V, FR at
20 µm/s and TRS at 2000 rpm is not included in main exper-
iment. So, confirmation test for MRR is conducted for all
the materials. The result of predicted and confirmation test at
optimum condition of MRR is depicted in Table 5. Deviation
of 1.31%, 4.62% and 1.18% is obtained between the con-
firmation experiment and predicted results of MRR in Cu,
SS304 and Ti grade 2 alloy, respectively. Such low deviation
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Table 5 Predicted and
confirmation experiment result
at optimum condition

Sr. no. Material Response Optimum
condition

Result Deviation (%)

Predicted Experiment

1 Cu MRR×104

(µm3/s)
Voltage 180 V;
FR 20 µm/s;
TRS 2000 rpm

38.3352 38.8456 1.31

2 SS304 16.2519 17.0398 4.62

3 Ti grade 2 18.6799 18.9023 1.18

justifies the applicability of Taguchi method in optimizing
process parameters of µED-milling process.

3.4 Surface Characterization

3.4.1 Spheroidization and Globule Formation

In µED-milling, the discharge points change rapidly due to
the simultaneous action of tool rotation and movement in
lateral axis. The ejection speed and direction of molten mate-
rial removed from the workpiece depend on TRS, dielectric
flow rate and flushing direction [36]. The high surface ten-
sion and its characteristic nature to decrease surface energy
along with quenching action of the dielectric medium lead to
balling effect or spheroidization of the ejected molten mate-
rials [37, 38]. The spheroidization effect gives rise to the
formation of non-crystalline spherical particles called glob-
ules. The formation of spheroids can also be attributed to the
absence of oxides on particle surface as both the electrodes
are submerged in liquid dielectric [13]. The molten material
removed from the parent material forms granules of different
sizes. Depending on the amount of gases released during dis-
charge and nucleation point of cooling, the globules may be
either solid or hollow. The SEMmicrographs shown in Fig. 3
illustrate the spheroidization effect and formation of glob-
ules in different materials and their dependence on voltage,
FR and TRS. During rotation, the spark gap changes con-
stantly and the spark gets destroyed or dispersed before the
completion of discharge. Such unsettled sparks result in the
formation of shallow and elongated cavities.With an increase
in TRS, the emitted particles eject out of the melt zone at
higher speed due to superior stirring action of tool electrode.
Such high-speed ejection splits the particle jet to form finer
particles of random size. The dominance of this effect in all
the materials (see Fig. 3) increases with an increase in TRS
(500 rpm < 1250 rpm < 2000 rpm). Moreover, the globules
are subjected to centrifugal and viscous forces imparted by
rotation of the tool electrode. The viscous force disperses the
globules from the tool by imparting angular velocity,whereas
the centrifugal force drives them toward cold surface of the
stationary workpiece. This phenomenon results in resolidifi-
cation of ejectedmoltenmaterial in the cavitywith pronounce
effect on the vicinity of cavity edge. The combination of both
forces crashes the globules into spherical patterns. With an

increment in voltage, the discharge energy increases, which
in turn produces more number of globules with a rise in their
size. This phenomenon is evident from Fig. 3, wherein supe-
rior globule formation in case of all the materials is clearly
depicted at the use of 180 V as compared to lower voltage
of 130 V and 80 V. Similar observation was also reported by
Unune andMali [19] in fabricatingmicrochannels on Inconel
718 using µED-milling.

Among all the materials, Ti grade 2 shows minimum
spheroidization effect due to proper flushing away of the
debris.As the specific heat capacity ofTi is higher thanSS304
and Cu, highest discharge energy is required to melt Ti and
the resultant weld pool is smallest among all the materials
[24]. Furthermore, unlike Cu, lower thermal conductivity of
Ti restricts transmission of the energy to surrounding parts
of the workpiece. As a result, the discharge sparks cause less
penetration in its surface and result in formation of shallow
craters. The origination of these shallow craters facilitates
easy flushing away of the debris with negligible globule
formation. Furthermore, resolidified layer is observed in
machined cavity of all the materials, with pronounce resolid-
ification occurring at higher parametric condition of voltage,
FR and TRS. To further illustrate the formation of globules
and resolidification, the characteristics of crater at different
parametric condition for all the three materials are analyzed
in the subsequent subsection.

3.4.2 Crater Characteristics and Redeposition

In µED-milling, stirring action of rotated tool creates over-
lapping craters which lead to the formation of globules of
varying sizes [13]. Occurrence of sparks in immediate suc-
cession and adjacent to one another is the principal factor
responsible for the formation of overlapping craters. The
spark gap between the electrodes at a particular point varies
due to the incorporation of rotational motion of the tool.
This variation in spark gap either disperses or breaks the
spark prior to its complete discharge, resulting in forma-
tion of shallow and elongated craters. The resultant craters
improve the surface finish of tool andworkpiecewhich shows
the usefulness of simultaneous sparking. Figure 4 shows the
distribution of craters at different parametric conditions of
µED-milling on Cu, SS304 and Ti grade 2 alloy. Size of the
craters is mainly dependent on the discharge energy [39].
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Fig. 3 SEM micrographs
showing globule formation in
machined cavity at different
parametric condition of
µED-milling
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With an increase in voltage, the crater sizes are seen to
increase due to the discharge of higher energy. Similar finding
has also been reported by Jahan et al. [40] while machining
Ti–6Al–4V using µEDM. In Cu and SS304, the globule for-
mation increases with an increment in voltage which can be
attributed to partial/incomplete evaporation of molten mate-

rial. During dispersion of one spark, rotation of tool can
generate a successive new spark in close proximity of the
previous spark, causing overlap of multiple sparks on same
part of theworkpiece. The overlapped craters form the source
for bigger size globules by assimilating molten metal from
the individual craters. But heavier assimilated pool of molten
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metal often forms redeposition layer without forming glob-
ule. This phenomenon is visible in Cu and SS304, wherein
more pronounced effect of globule formation is seen in case
of machining with higher values of process parameters (see
Fig. 4). On the contrary, Ti grade 2 shows overlapping craters
but globule formation is minimum or negligible. This can be
attributed to the formation of shallow craters in Ti grade 2 as
compared to Cu and SS304, which facilitates easy flushing
away of debris.

Moreover, globules resulting from crater are fragmented
into random finer-sized particles by the stirring action of tool
rotation. However, it is not effective in case of coarser glob-
ules as they require higher time for cooling than mixing,
which consequently results in solidification to form redepo-
sition layer. Thus, fragmentation and assimilation of molten
metal are arbitrary processes that occur when tool rotation
is employed as observed in Fig. 4. Redeposition is a general
phenomenon occurring in EDM process due to the sudden
cooling of molten materials. During µED-milling, molten
materials are dispersed toward the edges of microchannel
along the direction of rotation. Such flow of molten material
for a certain distance results in a non-uniform solidifica-
tion and thick layer of deposition at the microchannel edges
as depicted in Fig. 3. The distance of molten material flow
depends on its fluidity and TRS, wherein the fluidity depends
on discharge energy and plasma temperature. Similar to over-
lapped craters, redeposition layer is also seen to overlap one
another due to cooling of one molten layer over another with
slender offset. The effect is pronounced at higher values of
process parameters (voltage, FR and TRS) due to higher flu-
idity of molten material and cooling time. On the contrary,
a less number of overlapped layers are observed at lower
parametric values which signify the presence of less amount
of molten material. Subsequently, the molten material (less
amount) gets easily spread over the surface during cooling
and yields better surface finish. To further apprehend the
redeposition phenomenon in all the materials, an attempt has
been made to investigate recast layer formed on the slots.
For visualizing recast layer, cross section of the samples is
first polished to attain mirror finish and then etched with suit-
able etchant as per thematerial’s requirement. Figure 5 shows
random cross-sectional micrograph of microslot machined at
130 V, 12.5 µm/s and 2000 rpm in three different materials.
Among all the materials, Ti possesses lowest average layer
thickness (7.71 µm) followed by and SS304 (14.05 µm) and
Cu (21.31 µm). The higher recast layer thickness of Cu is
due to its higher thermal conductivity (Table 1), which allows
ease of heat transfer in Cu as compared to the other materials
[25]. However, relatively lower thickness of recast layer in
Ti as compared to SS304 can be attributed to formation of
shallow craters in the former as the thermal conductivity of
both the metals are almost similar. Overall, it has been found
that although redeposition phenomenon and globule forma-

tion occur in all the materials, these are less dominant on Ti
grade 2 as compared to SS304 and Cu.

3.4.3 Milling Marks andMicrovoid Formation

Light milling marks are observed on the microchannels fab-
ricated in each of the three materials (Cu, SS304 and Ti
grade 2) as shown by curved lines in Fig. 6. These marks
are not so prominent as compared to that of microchannels
machined by conventional micromilling process. In case of
each material taken in the present study, the milling marks
shown in Fig. 6 are due to clockwise rotation of tool electrode
and lateral feed of workpiece from right-hand side to left-
hand side.µED-milling is performed by to-and-fro scanning
method to achieve dimensional accuracy. But even this scan-
ning method leaves some marks over the surface depicting
themotion of tool andworkpiece. To obtain surface devoid of
any milling marks, some sort of post-processing technique
must be applied on the microchannels. In addition to the
milling marks, very few microvoids are observed to be scat-
tered across the full length of microchannel in each of the
three materials.

Arbitrary sample area of machined surface depicting
microvoids in Cu, SS304 and Ti grade 2 alloy is shown in
Fig. 6. Microvoids are generally formed due to the develop-
ment of stress in the machined surface. In any EDM process,
globules are generally formeddue to partial/incomplete evap-
oration or recondensation of material. Recondensed material
does not affect the integrity of machined surface, and very
often, the stress concentration occurs in the site of par-
tial/incomplete evaporation of material [41]. In the present
study, a large number of microvoids are observed in Cu and
SS304, which suggest formation of larger-sized globules and
partial/incomplete evaporation of these twomaterials. In case
of Ti grade 2, very less amount of microvoids combined with
the formation of negligible amount of globules indicate that
partial evaporation and recondensation have occurred fewer
times than Cu and SS304. Thus, it can be concluded that Ti
grade 2 alloy exhibits superior surface integrity as compared
to Cu and SS304 in µED-milling.

3.4.4 Surface Roughness

Surface roughness (Ra), also known as center line average
(CLA) or arithmetic average (AA), has been evaluated for the
micromachined specimens by a non-contact 3D surface pro-
filometer (Make: Taylor Hobson). Within a specific length,
Ra is calculated by evaluating the arithmetic average value
of the profile departure from the mean line [35]. Ra has been
obtained at different locations of themicrochannels, and their
mean is taken as the final Ra for the present study. Figure 7a
shows the Ra of L9 experiments of all the materials consid-
ered in the study. 3D surface plot and Ra plot taken at random
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Fig. 5 Cross-sectional micrographs showing recast layer machined at 130 V, 12.5 µm/s and 2000 rpm. a Cu, b SS304 and c Ti grade 2

Fig. 6 Milling marks and
microvoids formation in
µED-milling of different
materials
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position of experiment performed at 130 V, 12.5 µm/s and
2000 rpm forCu, SS304 andTi grade 2with their correspond-
ing Ra values are shown in Fig. 8. The range of average Ra
values is 1.18–1.89 µm for Cu, 1.19–4 µm for SS304 and
0.87–1.97µm for Ti. The higher range of Ra in SS304 is due

to non-uniform discharges leading to uneven distribution of
craters. Mean effect plots depicting the effect of voltage, FR
and TRS on Ra of the three materials are shown in Fig. 7b–d,
respectively. With an increase in voltage, discharge energy
increases,which leads to generationof craters of higher diam-
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Fig. 7 a Surface roughness (Ra)
of L9 experiments, b effect of
voltage on Ra, c effect of FR on
Ra and d effect of TRS on Ra

Fig. 8 Sample roughness plots at 130 V, 12.5 µm/s and 2000 rpm a 3D plot of copper, b Ra plot of copper, c 3D plot of SS304, d Ra plot of SS304,
e 3D plot of Ti grade 2 and f Ra plot of Ti grade 2
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(a) (b)

(c)

Fig. 9 XRD plot of a copper workpiece, b stainless steel 304 workpiece and c titanium grade 2 workpiece

eter [42]. This increase in crater diameter leads to an increase
in Ra of all the materials. Ti exhibits lowest Ra in compari-
son to Cu and SS304 due to the formation of shallow craters
[24]. Elsewhere, no particular trend has been observed for
Ra against FR and TRS. Also, the effect of FR and TRS on
Ra is relatively less as compared to that of voltage.

3.4.5 Material Composition Analysis

XRD analysis of the specimens is carried out to testify the
composition of materials considered in the experiment as
well as to determine the phases formed by µED-milling pro-
cess. XRD plot of Cu, SS304 and Ti grade 2 machined with
tungsten tool is shown in Fig. 9a–c, respectively. In case of
Cuworkpiece, traces of Cu2O are found (see Fig. 9a) in XRD
spectrum along with base material Cu. Traces of Ni3Fe and
FeCr are found in SS304 workpiece (see Fig. 9b), whereas
traces of TiO alongwith basematerial Ti are found inTi grade
2 alloyworkpiece (see Fig. 9c). Thematerial phases obtained
by XRD analysis of the three samples after µED-milling

process validate the properties of the undertaken materials
considered in the present experimental work.

EDX analysis is done to find the material composition of
microchannels and investigate whether there is any transfer
of foreign material in the machined cavities. The spectrum
analysis is conducted for two cases: one in the vicinity of
the edge and the other on a random surface far from edge.
Figure 10 shows the EDX spectrum taken in vicinity of the
edge and on the random surface, and their corresponding
EDX plots with contribution of weight% and atomic % of
elements. In µED-milling with hydrocarbon oil as dielectric
medium, the carbon atoms dissociate fromdielectricmedium
due to the flow of energy. The presence of carbon is observed
on edge vicinity of Ti grade 2 and Cu amounting to 12.95 and
24.74weight%, respectively. Such higher weight% of carbon
can be attributed to redeposition of molten material [13]. A
good amount of tungsten (25.48 wt%) is found on the edge
of SS304 indicating transfer of tool material. Elsewhere, in
Cu and Ti grade 2, tool material is not found in both edge
and random surface.
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Spectrum EDX plot
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Element Weight% Atomic%
C 0.00 0.00
O 24.24 48.93
Ti 75.76 51.07

Total 100 100

Element Weight% Atomic%
C 12.95 29.66
O 17.78 30.57
Ti 69.27 39.77

Total 100 100

Element Weight% Atomic%
Cr 23.38 29.89
Fe 51.15 60.89
W 25.48 9.21

Total 100 100

Element Weight% Atomic%
C 11.82 39.51
O 2.55 6.39
Cu 85.63 54.10

Total 100 100

Element Weight% Atomic%
C 24.74 61.25
O 2.54 4.72
Cu 72.73 34.04

Total 100 100

Element Weight% Atomic%
O 7.62 22.09
Cr 19.07 17.01
Fe 73.31 60.90

Total 100 100

Fig. 10 EDX analysis of machined samples on edge and random surface
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4 Conclusions

µED-milling has been successfully performed on Cu, SS304
and Ti grade 2 alloy. To-and-fro scanning method was uti-
lized to negate the dimensional inaccuracies caused by tool
wear. The following conclusions are drawn from the experi-
mentation:

• MRR of Cu, SS304 and Ti grade 2 alloy increased with
an increase in voltage, FR and TRS. Cu exhibited highest
MRR followed by Ti grade 2 and SS304 at each parametric
condition.

• An increment in voltage, FR and TRS led to an increase
in the TWR of Cu, SS304 and Ti grade 2 alloy. SS304
exhibited highest TWR followed by Ti grade 2 and Cu.

• FromANOVA analysis, FR evolved as the most influential
process parameter for both MRR and TWR, followed by
voltage and TRS.

• Low deviation of 1.31%, 4.62% and 1.18% was observed
between confirmation test and predicted result at optimum
condition of MRR for Cu, SS304 and Ti grade 2 alloy,
respectively.

• XRD analysis depicted that the material phases and ele-
ments pertain with the considered materials of this study.
EDX analysis depicted higher weight% of carbon on the
edge vicinity of Cu andTi grade 2. Elsewhere, the presence
of tungsten found on the edge vicinity of SS304 depicted
transfer of tool material to the workpiece.

• Ti grade 2 exhibited better surface morphology as com-
pared to SS304 and Cu, in terms of lower redeposition
phenomenon, globule formation, stress concentration and
Ra. This can be attributed to effective flushing away of
debris due to the formation of shallow craters in µED-
milling of Ti grade 2.
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tute of Technology Agartala; Production Engineering Department,
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