Ó Indian Academy of Sciences

Sådhanå (2021)46:69
https://doi.org/10.1007/s12046-021-01595-3

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

A study on machining performance of wire electric discharge grinding
(WEDG) process during machining of tungsten alloy micro-tools
MANOJ KUMAR1,*

and P S SATSANGI2

1

Department of Production and Industrial Engineering, Punjab Engineering College (Deemed to be University),
Chandigarh 160012, India
2
Department of Mechanical Engineering, Punjab Engineering College (Deemed to be University),
Chandigarh 160012, India
e-mail: mnjbrd.02@gmail.com; pssatsangi@yahoo.com
MS received 17 July 2020; revised 14 January 2021; accepted 26 February 2021
Abstract. In this experimental study, tungsten alloy micro-tools of high aspect ratio are machined through
wire electric discharge grinding (WEDG) method using the step machining technique on a hybrid micro-electrodischarge machine to achieve high productivity and ﬁnish. Tungsten alloy micro-tools are widely used in the
fabrication of miniature products. The precise and economical machining of the tungsten material with an
optimum level of accuracy and surface properties is a challenge because of its exceptional characteristics like
hot hardness, high strength, low wear, and corrosion rate. The material removal rate (MRR) and surface
roughness (Ra) responses are studied during machining of micro-tools, selecting the variability of applied
voltage, circuit capacitance, and spindle speed during machining for a constant-aspect-ratio micro-tool. Both
voltage and capacitance are found to be inﬂuencing parameters for MRR and surface roughness. Higher voltage
and capacitance values tend to increase MRR and roughness values on the machined micro-tool. Further, the
parametric conditions are also identiﬁed for higher MRRs and lower surface roughness (Ra) values after
employing the hybrid Taguchi design of experimentation methodology. Surface topography of the machined
surface studied by energy-dispersive spectroscopy (EDS) reveals the presence of pyrolytic carbon and oxygen
elements. Field emission scanning electron microscopy (FESEM) images show a little waviness across the
machined surface. A mathematical model is developed to evaluate the correlation among governing parameters
for machining response and validated by conﬁrmation experiments. The machining procedure can be further
developed to fabricate more predominant ﬂuted micro-tools for difﬁcult-to-machine tungsten material.
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1. Introduction
Micro-manufacturing is one of the most important technologies in realizing miniaturization, which is required
increasingly in the modern world, to meet the demand for
micro-parts and components in micro-electro-mechanical
systems/micro-electro-optical–mechanical
systems
(MEMS/MOEMS) applications [1, 2]. Electric discharge
machining (EDM) is a controlled micro-machining process
of an electrically conductive material through an electrically conductive 3D shaped tool or wire electrode using
pulsed electrical current within a dielectric medium [3].
Wire EDM can machine hard-to-machine complex materials like tool steel, titanium, including superalloys like
Inconel and composite material, carbide, silicon wafers,
ceramics, and polycrystalline diamond having electrical
*For correspondence

conductivity irrespective of their physical properties [4, 5].
Precisely machined micro-tools help to create micro-features in such materials using the EDM process and therefore are in industrial demand. lEDM process is a low-cost
alternative to earlier existing expensive and complex processes like LIGA, CVD, forming, etc. for the preparation of
cylindrical micro-tools. A preliminary amount of surface
ﬁnish can be achieved by the EDM process. However,
higher surface ﬁnish can be generated by secondary processes like AFM, lapping, or variants of the EDM process.
Parthiban et al [6] fabricated the tungsten carbide tool
and optimized the input factors like open-circuit and servo
voltage, number of passes, pulse-off time, and peak current
for response parameters, i.e., material removal rate (MRR),
surface roughness (SR), and circularity utilizing TOPSIS
technique (the technique of order preference by similarity
to ideal solution). The study shows that for rough
machining the peak current, pulse-off current, servo
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voltage, and open-circuit voltage are most major parameters. However, for ﬁne machining the pulse current, number
of passes, open-circuit voltage, and servo voltage are signiﬁcant. Rees et al [7] compared the surface ﬁnish obtained
by lWEDM and lWEDG processes on the material having
94% tungsten carbide and 6% cobalt. The results show that
for single-step, lWEDM has a better surface ﬁnish. However, after performing the follow-up trim cut and low discharge energy, the surface ﬁnish obtained in lWEDG is
better than lWEDM. The effects of ﬁve process parameters, spindle speed (rpm), ﬂushing pressure (bar), pulse-off
time (ls), voltage (V), and pulse-on time (ls) have been
studied. The conducted experimental study shows that only
pulse-off time and open-circuit voltage have statistically
signiﬁcant effects on SR. Nourbakhsh et al [8] considered
the inﬂuence of input factors like injection pressure, pulse
width, voltage, wire tension, pulse current, and time
between pulses, servo reference mean voltage on machining characteristics like surface integrity, wire rupture, and
cutting speed for titanium alloy. It was concluded that wire
breakage is effected by the electrical parameters of the
process, and cutting speed is affected by peak current, the
time between two pulses, and pulse width. For SR, wire
tension, peak current, and pulse width are signiﬁcant
parameters. Morgan [9] performed the experimentation on
tungsten material through wire electric discharge grinding
(WEDG) for straightness and SR with high aspect ratios.
The statistical data shows that straightness is independent
of the voltage, capacitance, and feed rate, but as the length
of the shaft increases, straightness error increases. A high
SR variation was observed.
Rao et al [10] studied the outcome of WEDM on heavy
alloys. The experiments conducted showed that spark-on
time, peak current, and gap voltage, all, have a signiﬁcant
impact on both SR and MRR but differ in optimum levels.
Servo feed rate and pulse-off time also have a signiﬁcant
effect, and the white layer observed in heavy metals is
thicker than in the light metals. Maher et al [4] employed
the ANFIS software for modeling the machining process
and generated the relations between the input parameters
like pulse-on time, wire tension, and peak current for the
response parameters. The main objective of the study was
to improve the WEDM performance by lowering the SR
value and heat-affected zone. The peak current and pulseon time were found to be the most signiﬁcant parameters
affecting the response parameters. ANFIS model is accurate
for the prediction within a 5% error. Periyanan et al [11]
optimized the input parameters voltage, capacitance, and
feed rate for the MRR in the WEDG process for tungsten
material. Taguchi design of experiments (L27 orthogonal
array (OA)) and Pareto ANOVA techniques are used and it
is found that the MRR increases with the rise in the voltage,
capacitance, and feed rate. Also, high voltage, capacitance,
and average feed rate could be preferred for efﬁcient MRR.
Fleischer et al [12] proposed a new EDM application for
the fabrication of the milling tool at a micro-level. The
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smallest commercial conventional tool, available in the size
of 100 lm of WC, was chosen to compare with the fabricated EDM tool. A round geometry was selected for better
torsional and tear resilience. By setting the optimal input
parameters, i.e. voltage 80 V, stray capacitance, and feed
rate of 2 lm, the SR of 60 nm was achieved. Masuzawa
et al [13] proposed a method for better surface ﬁnish of
micro-pins fabricated by the WEDG process. Diamond
powder was used as a slurry with epoxy resin by varying
the feed rate, and the inﬂuence of various factors was
studied. Tungsten carbide workpiece material and a brass
wire of 0.1 mm were used for experimentation. The SR of
18 nm and a reduction in crater size were observed after the
process. Tong et al [14] analyzed the machining of the
conical surface by the geometrical model using line segment WEDG. They reported that errors were controlled
within 10% range. Parthiban et al [15] optimized the MRR
for the tungsten electrode during WEDG and observed high
dimensional variation at lower speed compared with higher
speed through microscopic images. Kumar and Singh [16]
claimed the effective removal of debris from the machining
zone during the drilling process using the special tool
(pathways generated on the periphery of electrode fabricated by WEDG process). The surface characteristics are
essential criteria for the performance of material [17].
From the past research, it is evident that machined microtools of high aspect ratio made of wear-resistant material
like tungsten and its alloy are not readily commercially
available. WEDG is one of the processes to obtain the
cylindrical micro-tools economically, but surface integrity
is still a challenge. The micro-tools obtained are best suited
for the generation of complex micro-features on advanced
materials, which otherwise are not possible by parent fabrication processes such as casting, sintering, or additive
manufacturing. Fewer attempts have been taken in this
direction. In this study the micro-tool of tungsten alloy
material is obtained, and the effect of input parameters is
studied for response parameters along with surface integrity. Further, analysis has been done on the surface changes
during thermal discharge action to understand the process
behavior.

2. Experimental study
2.1 Experimental setup
All the experimentations were conducted on a hybrid DT110 micro-EDM machine having a resolution of 0.1 lm.
WEDG is an adaptation of the EDM process for speciﬁc
applications. In the WEDG process the workpiece rotates
along with the linear movement of the wire tool, and this
allows components to reduce in size diametrically to produce the micro-cylindrical tool. The WEDG process and
setup used, as shown in ﬁgure 1, is similar to turning
operation on a lathe using a moving wire [9]. A tungsten
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Figure 1. Micro-wire electric discharge grinding setup (DT-110 hybrid EDM).

workpiece is kept perpendicularly in the mandrel, which
revolves around Z-axis at desired rpm through servomotors;
it can feed vertically downward slowly. The wire, rotated
through the pulley system maintaining, the desired tension
with control in the X- & Y-direction, is made to move close
to the work surface. The wire is for one-time use and travels
with constant velocity. Each discharge from the wire wears
out the conductive coating of zinc and thus reduces its
effectiveness. The process can be used to produce microtools through an economical route, which has been studied
by several researchers.
The zinc-coated brass wire is of the non-reusable type
and selected for better machining characteristics over
ordinary wires [18, 19]. RC type of power supply is
attached. The arrangement is kept in a tank ﬁlled with
dielectric ﬂuid operated by a ﬂuid pump for proper ﬂushing
during machining. There is a constant feed of dielectric
ﬂuid circulated through the pump.

2.2 Workpiece material
Tungsten material (widely used in microﬁlters, microﬂuidics, micro-tools, and microelectrodes) is a potential
component for a fusion reactor and others due to the
exceptional properties possessed, such as hot hardness, high
strength, and wear resistance [20–23]. The tungsten alloy
material used is composed of tungsten, carbon, and oxygen
element. The other properties of tungsten alloy are shown
in table 1.

2.3 Experimental methodology
After performing a sufﬁcient number of trial experiments
and keeping the constraints of the machine in mind three
input parameters were selected, namely voltage, capacitance, and spindle speed, to ﬁnd optimized value for the
MRR and the SR (Ra) as response parameters. The value of
each level is set in a manner such that successive levels are
set at equal intervals of respective parameters [24]. The
range of input factors was selected to avoid the wire
breakage problem.
Each input parameter is selected at three levels, so the
total number of experiments is 33=27. Considering the
complexity of the process, L9 OA is used in which only
selected experiments have to be performed out of the total
of 27 experiments. Two sets of experiments have been done
to avoid any chances of random errors, and their average is
taken for analysis. To optimize and analyze these nine
experiments, L9 OA has been used. L9 OA table has been
made using MINITAB software, as per input parameters
with level shown in table 2, along with response parameters. A suitable NC program is generated to machine 500
lm tungsten wire for 6 mm length to achieve a diameter of
around 200 lm, producing a high-aspect-ratio micro-tool,
taking care of step machining, keeping other parameters
constant, as shown in table 3.
A ﬁne zinc-coated brass wire is deployed as the tool
material having a 150 lm diameter. In the present study,
voltage, capacitance, and spindle speed parameters are
selected as variables through experimental knowledge.
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Table 1. Properties of tungsten alloy.
Density (g/
cm3)
15.67

Melting point
(°C)

Boiling point
(°C)

2679

Thermal coeff.
(K–1)

5761

Max. compressive strength
(MPa)

5.8910-6

6026

Heat of fusion (kJ/
kg)
493

Table 2. Input factors and their levels.
Parameters
Voltage
Capacitance
Spindle speed

Units
(V)
Capacitance step no.
(value in nF)
(rpm)

Table 3. An experimental condition during machining.
Workpiece
Machining length
Feed rate
Cathode (tool)
Dielectric ﬂuid
Polarity

Tungsten alloy (length 30 mm)
6 mm
0.5 mm/min
Zinc-coated brass wire
Diel 7500IN
Straight

Level 2

Level 3

130
6
(400 nF)
1500

100
5
(100 nF)
1000

80
4
(10 nF)
500

during machining, as shown by Eq. 2 [27]. The SR (Ra)
was calculated using a contact type surftest tester Mitutoyo
SJ-400 and precision vise used to hold the samples. Average of three values was taken as the ﬁnal reading.
MRR ¼

Voltage is an essential factor in deciding the essential
discharge in the process. The circuit capacitance factor also
constitutes another parameter that governs input energy
during the WEDG processes. Variable discharge energy can
be obtained by suitably selecting the values of voltage (V)
and capacitance (C) given by the following relation shown
by Eq. 1 [25]:
1
E ¼ CV 2 :
2

Level 1

ð1Þ

Further, at lower feed rate, more contact time available
leads to sticking of wire with workpiece, which ultimately
proceeds to wire breakage after retraction. Therefore, the
spindle speed range for experimentation was identiﬁed
based on the wire breakage problem observed above a
certain rpm value.

3. Results
The experimentations were performed as per the L9 OA
suggested by Taguchi design [26]. MRR was calculated
using the weight difference method. The difference of
weight in tungsten alloys material before and after
machining was calculated and divided by the time taken

Wb  Wa
t

ð2Þ

where Wb is initial weight (mass) of tungsten alloy material
(mg), Wa is ﬁnal weight (mass) of tungsten alloy material
after machining (mg), t is time utilized in machining (min)
and MRR is material removal rate (mg/min).

4. Discussion
After performing experiments, the acquired results as in
table 4 were processed for analysis and machining surface
characterizations. The following studies have been conducted to understand the machining performance of tungsten alloy material through WEDG process.

4.1 ANOVA table for MRR and SR
The response values were utilized to generate the ANOVA
table to identify the signiﬁcance of input parameters during
the machining of micro-tool by the WEDG process. Table 5
shows the F-value and percentage contribution of the input
parameter in the performance of the process. The MINITAB 18.0 software was utilized to generate the ANOVA
table. From table 5 it is clear that capacitance is the most
signiﬁcant parameter with 72.28% contribution, and voltage is a signiﬁcant parameter with a 16.78% contribution
for MRR. Similarly voltage is the most signiﬁcant parameter with 64.06% contribution, and capacitance is the
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Table 4. Response values for material removal rate (MRR) and SR (Ra).

Experiment no.
1
2
3
4
5
6
7
8
9

Voltage
(V)
130
130
130
100
100
100
80
80
80

Capacitance
(step no.)

Spindle speed
(rpm)

6
5
4
6
5
4
6
5
4

1500
1000
500
1000
500
1500
500
1500
1000

Mean MRR
(mg/min)
0.49850
0.29120
0.06400
0.34160
0.18250
0.09847
0.21560
0.17841
0.05942

S/N ratio for MRR

Mean
Ra (lm)

–6.04
–10.71
–23.87
–9.32
–14.77
–20.13
–13.32
–14.97
–24.52

S/N ratio for SR

3.70
2.96
2.31
2.97
2.63
2.06
2.07
1.99
2.79

–11.36
–9.42
–7.27
–8.39
–9.45
–6.27
–6.31
–5.97
–8.91

Table 5. ANOVA table for MRR and surface roughness.
Analysis of material removal rate (MRR)
Input parameters

DOF

Adj. SS

Adj. MS

F-value

Voltage
Capacitance
Spindle speed
Error
Total

2
2
2
2
8

0.0269
0.1159
0.0175
0.0047
0.1651

0.0134
0.0579
0.0087
0.0023

5.61
24.16
3.66

signiﬁcant parameter with 21.34% contribution to SR during the machining of micro-tool.

Cont. (%)
16.78
72.28
10.94
100

Analysis of surface roughness (SR)
Adj. SS

Adj. MS

F-value

0.7630
0.2606
0.1798
1.3382
2.5415

0.3814
0.1303
0.0898
0.6690

0.57
0.19
0.13

Cont. (%)
64.06
21.34
14.60
100

causes material removal along with the formation of discharge pits with concave and convex shapes. These pits are
known as craters and give rise to the unevenness of the
surface, which reﬂects as higher SR.

4.2 Effect of voltage on MRR and SR
The effect of applied voltage on MRR in the machining of
micro-tool is shown in ﬁgure 2a. Here, with a rise in
applied voltage the MRR increases. The MRR found is the
lowest at 80 V and highest at 130 V. This can be understood
with Eq. 1; the more is the voltage more will be the input
energy available in the spark zone to heat the workpiece,
consequently melting and vaporizing the material. Furthermore high input voltage across electrodes results in
rapid drifting of the electrons, resulting in material
removal. It can be also explained that at higher levels of
parameter setting, the high-intensity electric ﬁeld set up in a
high-energy regime, the dielectric medium surrounding the
sparking zone breaks down, even at the wide gap between
electrodes. Here high energy is propagated to the machining area at a higher value of applied voltage, which aids in
the melting and vaporizing of the material. Further, some
molten material is ﬂushed away under the action of
dielectric. Hence SR value increases with a rise in the
applied voltage, as shown in ﬁgure 3a. The erosion of the
material also depends on the effects of heat concentration.
The instantaneous rise in temperature during machining

4.3 Effect of capacitance on MRR and SR
The effect of capacitance on MRR in the WEDG process is
shown in ﬁgure 2b. Here, MRR increases with an increase
in the capacitance value. From ﬁgure 2b, it is evident that
MRR is directly related to capacitance. The MRR is highest
for capacitance step 6 and lowest for step 4 as depicted in
Eq. 1. More the value of capacitance more the input energy
available across the tool and workpiece interface. For SR
the response value increases with an increase in the
capacitance value, as shown in ﬁgure 3b. When capacitance
value increases, more electric charge (energy) is available
to remove the material from a workpiece. Thus, the SR
value increases at a higher value of capacitance.

4.4 Effect of spindle speed on MRR and SR
The effect of spindle speed on MRR in the WEDG process,
keeping other parameters ﬁxed, is shown in ﬁgure 2c The
spindle speeds considered for the experiments were 500, 1000,
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Figure 2. Main effect plot for MRR.

Figure 3. Main effect plot for surface roughness.

and 1500 rpm. Lower MRR is obtained at a lower value of
spindle speed because of poor ﬂushing at lower rpm; however,
as the spindle speed increases, better ﬂushing leads to improved
MRR. For SR, with an increase in the spindle speed, roughness
value ﬁrst increases then decreases, as shown in ﬁgure 3c. At
higher spindle speed the crest formed may ﬂatten the waviness
formed across the machined surface, which lowers the roughness value. A slight waviness can be seen in ﬁgures 4 and 5, at
higher spindle speed due to effective material removal.

4.5 Surface morphology
The machined surface was analyzed by SEM images, and
some interesting results about the surface were observed.
There was waviness formed across the length of the
machined surface, as shown in ﬁgure 4a. This might be due
to the difference in synchronization between the MRR and
feed rate of the tungsten material. These images show a
magniﬁed view for experiment number 8 at voltage 80 V,
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Figure 4. Morphology of machined micro-tool by FESEM images (for 80 V voltage, 100 nF capacitance, 1500 rpm spindle speed):
(a) overall view of micro-tool; (b) different surface defects; (c) difference between machined and parent material; (d) magniﬁed view of
micro-globule.

capacitance step 5 (100 nF), and a spindle speed of 1500
rpm. The magniﬁcation level was 1809 with a scale of 300
lm. The microstructure of the electrode shows that, at the
very ﬁne level of magniﬁcation, there is an accumulation of
material across the machined surface of the electrode, and
this might be the reason for the higher value of SR. The
machined surface depicts the accumulation of material in
the form of micro-globules. This leads to the formation of
an uneven surface in the form of micro-holes and craters.
This might be because of inappropriate ﬂushing across the
machining zone. Figure 4c shows the surface changes
between parent surface and under machining action with
narrow micro-cracks across the edge of machined microtool. Figure 4d depicts an enlarged view of the microglobule, which is spherical. The ﬂute and waviness can be
beneﬁcial in electro-discharge drilling using micro-tools, as
this will generate the centrifuging and ﬂushing action
during the micro-machining. Further, ﬁgure 5 shows the

process capability of WEDG process to produce highaspect-ratio micro-tools.
Further, surface topography was studied by energy-dispersive spectroscopy (EDS). The EDS test was conducted
to analyze the inclusion of foreign material on the
machined surface. Figures 6 and 7 present the graphs for
counts per second per electron-volt (cps/eV) against electron volt (eV) for the tungsten alloy composition of different elements. Tungsten (W), carbon (C), and oxygen
(O) are the main elements of the workpiece and are present
at 94.04%, 1.33%, and 4.63% (by wt%), respectively.
However, the composition of the workpiece varied to
58.42%, 14.42%, and 27.16%, respectively, after machining. The presence of carbon and oxygen elements increases
after machining. This is due to pyrolysis phenomena. At
higher temperatures during machining the hydrocarbonbased dielectric Diel 7500IN might break down, and some
of the particles might get included on the machined surface.
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Figure 5. Process capability of lWEDG process (for 80 V voltage, 100 nF capacitance, 1500 rpm spindle speed): (a) high-aspect-ratio
micro-tool and (b) magniﬁed view of micro-tool tip.

Figure 6. EDS graph for parent material.

5. Mathematical models
To develop the relationship of response parameters, i.e.
MRR and SR with governing input variables (i.e. applied
voltage, circuit capacitance, and spindle speed) the multiple
regression models have been developed. The linear mathematical models were developed using MINITAB software
package, excluding the effect of interaction parameters due
to the limitation of selected L9 OA. However, the interaction effect of signiﬁcant parameters voltage and capacitance is included to get the best ﬁt results. The equations

were developed keeping the external parameters such as
ambient temperature, humidity, and other machining constraint ﬁxed. Eqs. 3 and 4 demonstrate the mathematical
equations for MRR and SR, respectively.
The mathematical equation for MRR (mg/min) is given
by (R2 = 96%)
MRR ¼ ð0:8598 þ ð0:002661AÞ þ ð0:139BÞ þ ð0:000104C ÞÞ

ð3Þ
The mathematical equation for SR (lm) is given by (R2 =
98%)
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Figure 7. EDS graph for the machined surface at voltage 80 V, capacitance 100 nF, and spindle speed 1500 rpm.

Table 6. Additivity test.
MRR (mg/min)
Sl.
no.
1
2
3

Voltage
(V)

Capacitance
(steps)

100
110
120

4
5
6

Spindle speed
(rpm)
500
1000
1500

Error
(%)

SR (lm)

Regression
model

Experimental
values

Error
(%)

Regression
model

Experimental
values

0.0143
0.2319
0.4495

0.0132
0.2453
0.4558

7.68
5.45
1.39

2.107
2.707
3.342

2.018
2.608
3.107

SR ¼ ðð0:0072AÞ þ ð0:1380BÞ þ ð0:000246CÞ þ ð0:00178ABÞÞ

ð4Þ
where R2, A, B, and C are the coefﬁcient of determination,
applied voltage (V), circuit capacitance (steps), and spindle
speed (rpm), respectively.

6. Additivity test
The mathematical equations were derived to estimate the
response variables, i.e. MRR and SR, without actually
performing the experiments by analyzing conducted
experiments. It is necessary to validate the derived equations for an intermediate set of process variables. Therefore,
a few trials were conducted to conﬁrm its validity. Table 6
shows the response values for various intermediate combinations of parameters with error percentage when compared with actual experimental values with regression
equations. From table 6 it is evident that the error is less

4.23
3.79
7.57

than 8%, which is a close agreement with experimental
results.

7. Conclusions
A high-aspect-ratio micro-electrode of tungsten alloy
material used for various MEMS/MOEMS applications and
deep micromachining of hard-to-machine materials to
generate complex 3D micro-features as a micro-tool has
been successfully machined by WEDG. An adequate
number of pilot experimentations were conducted to analyze the range of input parameters, i.e. applied voltage,
circuit capacitance, and spindle speed, and their effects on
the MRR and SR along with surface characterization. The
conclusions are summarized based on the experimental
results.
Both MRR and SR of fabricated micro-tool are directly
inﬂuenced by the applied voltage and circuit capacitance.
The higher levels of applied voltage and circuit capacitance
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lead to an increase in MRR. Further, SR value also
increases with a rise in the voltage and capacitance. MRR
increases with an increase in the spindle speed, but SR ﬁrst
increases and then decreases; this may be because of better
ﬂushing action at higher spindle speed. After machining,
the carbon and oxide layer was observed over the machined
surface. This might be because of the decomposition of the
dielectric at a high temperature because of pyrolysis phenomena. After machining, at high temperatures, the surface
gets oxidized due to contact with the atmosphere. The
conﬁrmation experiments reveal that the proposed mathematical model has a close agreement with experimental
results.
However, based on the acquired results obtained from
experiments, analysis, ﬁeld emission scanning electron
microscopy (FESEM), and EDS images, the micro-tools
can be generated by WEDG technique with a considerable
amount of straightness and accuracy on hard-to-machine
tungsten alloy material. Further, an advanced study could
be performed to generate some special proﬁles such as
helical, straight, and intermittent sharp edges to improve
the functionality of the micro-tool; this could be possible
with variant/hybrid machining.
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