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1. INTRODUCTION
The increasing demand for miniature products raises the 

requirement for micro tool electrodes which can sustain high 
machining temperatures and have enough strength that it will 
avoid bending or breaking during the non-contact machining 
operation1. Examples of such micro-features might include 
miniature holes for fiber optics, biomedical filters, micro 
nozzles utilized in jet engines, and micro molds or dies for 
either micro optics or microfluidic devices2.

Generally, electro-discharge machining (EDM) and 
electrochemical machining (ECM) processes are widely used 
for precision machining operations. During the machining, 
in-situ tool fabrication is most widely used to avoid tool 
misalignment to other substrates and eliminate run-out errors3. 
There is various literature on micro tool fabrication using 
µ-EDM and µ-ECM. Some of the notable works are elaborated 
on in the succeeding section. 

The µ-EDM operation is prominently used to fabricate 
the micro-electrode4.  Lim5, et al. investigated the sacrificial 
approach to fabricate the high aspect ratio (HAR) of tool rods. 
De-ionized (DI) water is utilized as a dielectric and tungsten 
is employed as a tool material with Ø 0.5 mm. Since the 
EDM process is a non-contact machining method, hence it is 
an easy and feasible way to obtain the HAR tool. They used 
three different shapes and sizes of sacrificial electrodes. In 
the first type, they used a stationary block which is simple in 
the process.  In the second approach, a rotating disk is used 
having a thickness of 0.5 mm and the speed of the rotating disk 
is approximately 90 rpm. At last, they implemented the wire 

electro-discharge grinding (WEDG) method having a wire 
speed of approx. 3-5 mm/s and wire diameter of 0.07 mm. They 
revealed that rotating sacrificial disk methods exhibit the best 
approach to fabricating the HAR tool electrode followed by the 
stationary sacrificial block and WEDM method. The stationary 
block methods showed high tool taperness and uneven 
diameters whereas WEDM depicts high surface roughness of 
the finished micro tool electrode. Han6, et al. fabricated a micro 
tool with tungsten carbide (WC) and super fine powder sintered 
WC (SWC). They concluded that SWC is capable to fabricate 
micro-electrodes of diameter 2.8 µm whereas WC attains 4 µm 
diameter respectively through WEDG methods.  Zhang7, et al. 
concluded that negative polarity of the machining improves the 
surface finish of the micro-electrode as compared to positive 
polarity while machining through tangential feed WEDG 
(TF-WEDG). However, it shows certain limitations such as 
thermal stress, micro-cracks, formation of white layer and 
surface roughness as well as low machining rate (compared to 
the ECM process) that restrict the researcher to implement this 
process for the fabrication of the tool8. 

On the other hand, µ-ECM methods are also used by the 
researcher to fabricate the micro-electrode tool of HAR in the 
presence of electrolyte solutions. Patro9, et al. fabricated a 
micro tool with an average of Ø60 µm and an aspect ratio of 
75 with high carbon steel. They used a 5 % NaCl solution and 
implemented a FEM-based numerical simulation to evaluate 
the shape of the tool electrode. Further, they reveal that the most 
suitable voltage to produce a micro tool was 4V DC showing 
high reproducibility and precise controllability. In addition, 
they observed a black (passive) film formed over the tool 
surface during the machining which helped to make the tool 
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ABSTRACT

This article investigates the feasibility of producing an in-situ micro tool rod using micro-electrochemical spark 
machining (µ-ECSM) technology. The study included the examination of both electrical factors (such as voltage and 
duty factor) and non-electrical factors (such as electrolyte concentration and spindle speed) as the input parameters 
for the machining process. The responses measured in the study were the reduction in tool diameter and the surface 
roughness of the micro tool produced. The potassium hydroxide solution is used as a working fluid. The results 
indicate that voltage is the most crucial factor that influences micro tool fabrication. The utmost reduction in tool 
diameter, measuring 279.5 µm, occurred when utilizing machining parameters of 35V, 30%, 4 wt.%, and 600 rpm. 
Meanwhile, the lowest surface roughness for the micro tool was 3.42 µm, achieved with machining parameters of 35V, 
10%, 4 wt.%, and 600 rpm.  Additionally, the impact of machining settings on the micro tool electrode is covered.
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surface smooth and bright. Jain10, et al. reported the fabrication 
of a micro tool with an average diameter of 80 µm using steel 
wire with an initial diameter of 1000 µm. They used H2SO4 of 
0.1M as an electrolyte solution, a pulsed DC voltage of 6V, 
and a copper rod of diameter 1300 µm as a cathode. They also 
observed the black-brownish precipitate which they declare 
Fe(OH)2 formed during the fabrication process.  Similarly, 
Das11, et al. fabricated a cylindrical micro tool of tungsten 
having Ø 50 µm and a length of 800 µm in the presence of a 
3M concentration of KOH electrolyte solution. They obtained 
the smooth surface finish at voltage 18V, pulse on time 1400 ns, 
and frequency 500 kHz applied for 15 minutes. They use the 
ECM turning operation for the development of the micro tool 
electrode. The µ-ECM process also depicts other significant 
factor such as producing burr-free surface without thermal 
as well as mechanical stress, micro-cracks and redeposits 
surfaces. However, it is difficult to fabricate the required tool 
diameter with this process12-13.

In order to short out the above limitation of both the 
processes i.e. EDM and ECM, and develop the micro-tool, the 
hybrid machining process is used i.e. micro electrochemical 
spark machining method. It operates on the principle of both 
EDM and ECM processes simultaneously14-15. The suitability 
of the micro electrochemical spark method to fabricate in-situ 
micro tool fabrication is still not explored.  Hence, the objective 
of this article is to studies the viability of the µ-ECSM method 
to develop the in-situ micro tool rod for the application of 
micro-machining operations. Further, examine the effect of 
different input parameters on the fabrication of the tool by 
considering the reduced tool diameter and surface roughness 
of the fabricated tool as responses.

1.1 Principle Of µ-Ecsm Process
Figure 1 shows the working principle of the µ-ECSM 

process. Two electrodes i.e. anode and cathode are used to 
perform the machining operation similar to the parent process 
i.e EDM and ECM process16-17. The power source employed 
for the machining operation is the pulse DC power. Mostly, the 
tool electrode is made a cathode while the auxiliary electrode 
acts as an anode during the machining of non-conductive 
material18. When the potential difference is applied across 
the tool and auxiliary electrode, the hydrogen gas bubbles 
are produced which coalesce to form a thin passivation layer 
across the tool19. The oxygen bubbles formed at the anode20. 

At critical voltage, the passivation film rupture and discharge 
of sparks occur. Due to this spark energy, the work-piece kept 
near the tool tip melted and vaporized21-22.  

2. EXPERIMENTATION
A tungsten rod of Ø 500 µm is used as a tool. The physical 

properties of the tool i.e. melting point 3370 °C, electrical 
resistivity 5.65 × 10−6 ohm-cm, specific heat capacitance  
0.134 J/g °C, and thermal conductivity 163.3 W/mK23-24. The 
Energy-dispersive X-ray spectroscopy (EDS) confirms the 
chemical composition of the tool. A rectangular block of high-
speed steel (HSS) having the dimension of 50 mm x 10 mm x 
30 mm is used as a cathode. A micro tool rod is made using a 
custom-built µ-ECSM system (as shown in Fig. 2).

Initially, the tool (tungsten) rod surface is cleaned by using 
an acetone bath through ultra-sonication for 10 min. Then, the 
tool rod is dried and clamped in the micro collet tightly. The 
tungsten tool rod is made anode. High-speed steel is made 
cathode (i.e. auxiliary electrode). Its surfaces are cleaned by 
grinding operation to maintain per-pendicularity and flatness 
within 0.005 mm. Next, the same has been clamped inside 
the chamber and dialled to maintain is parallel to the tool 
(tungsten) rod and connected to the negative terminal. The 
side flat surface of the auxiliary electrode is maintained an 
approximately 30 µm inter-electrode gap with the tool rod. For 
maintaining this micro gap, initially, the tool rod is made to 
touch the cathode’s flat surface before retracting 30µm away 
from the cathode’s surface with the help of a controller12, 25.  

Figure 1. Schematic illustration of the ECSM configuration.

Figure 2. In-house developed µ-ECSM setup.

The experiments are performed by considering the 
approach of one parameter at one time14. The investigations take 
into account various machining parameters such as voltage, 
duty factor, electrolyte concentration, and spindle speed3. The 
trial experiments are used to select these input parameters and 
their respective ranges. The potassium hydroxide electrolyte 
solution is used as a working fluid12. The other machining 
parameters are presented in Table 1.

3. FABRICATION OF MICRO-ELECTRODES
An illustration of the method for making micro tools is 

shown in Fig. 3, in which reverse polarity is applied across the 
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machining cell. A passive film forming across the tool electrode 
leads to creating potential differences among the anode 
and cathode and finally resulted in the discharge of sparks. 
The energy produced by the spark causes the melting and 
vaporization of the tool. Simultaneously, the electrochemical 
reaction leads to the chemical etching of the anode surface 
which shrinks the irregularities and surface roughness formed 
by the spark erosion26. The possible electrochemical reactions 
involved during tool fabrication operation between tool 
electrode and electrolyte solution are shown in Eqn. (1-3)

At anode:  (dissolution)          (1)
At cathode:                     (2)
In solution:             (3)

To investigate the capability of the µ-ECSM process 
for micro tool fabrication, the reduction in tool diameter and 
surface roughness of the fabricated tool is analyzed. Based on 
experimental Table 2, all the experiments were carried out. To 
monitor the machining process, the digital microscope (Make: 
Dinolite) is integrated with the setup which helps to visualize 
the process of machining. The machining duration (180 sec), 
and inter-electrode gap (30µm) are maintained uniformly for 
all the experiments.

4. RESULTS AND DISCUSSION
The fabricated tool is initially cleaned with distilled water 

to get rid of the debris particles sticking to the tool’s surface. 
The tool was dried in an oven at 60 °C for 30 min to eliminate 
the moisture from the surface. Then the diameter of the tool is 
measured by using a FESEM image through Image J software. 
The average of measured five diameter readings is recorded 
and considered as the final reduced diameter. 

Table 1. Machining parameters for tool fabrication

Machining parameters Levels
Voltage (V) 25-45V
Duty factor (DF) 10 - 30 %
Electrolyte concentration (EC) 4 to 12 wt%
Spindle speed (S) 200 to 1000 rpm
Pulse frequency 10 kHz
Electrolyte KOH
Inter electrode gap 30 µm
Cross feed 40 mm/min

Figure 3.  Schematic diagram for fabrication of micro rod 
through µ-ECSM process (a) at the beginning of the 
process and (b) fabricated micro tool rod.

Figure 4.  Illustration for measuring the diameter of a fabricated 
microtool.

All the diameters are measured up to 1000 µm (from the 
tip of the tool) of the tool length to maintain uniformity in the 
reading. The details of the diameter measuring methodology 
are depicted in Fig. 4.

4.1 Tool Diameter Reduction Rate
The average diameter of the fabricated tool is recorded and 

presented in Table 2. Using this data, the reduction in average 
tool diameter for the different input parameters is analyzed 
(Fig. 5 (a-d)). It has been noted that by raising the voltage from 
25V to 40V, the average tool diameter is significantly reduced 
from 384 µm to 337 µm. The shape of the fabricated tool is 
almost cylindrical with a minute deviation along the axial 
length (up to 1000 µm).

However on further increment in the voltage (at 45V) 
tends to the formation of a conical shape of the tool electrode 
(as observed from the FESEM image Fig. 6).  This can be 
explained by the fact that when the voltage rises, bubble 
formation rate accelerates which enhances the spark intensity27 
and material being removed mainly by sparking and erosion 
up to 45V. On further increase in the voltage 45V, the chemical 
action is more dominating as compared to the spark erosion, 
resulting in conical shape tool formation14,17. Since, the 
diameter of the conical shape electrode has a large deviation, 
hence calculating the accurate average reduced diameter of the 
fabricated tool is quite difficult. Hence, in figure 6, the reduced 
diameter of the fabricated tool at 45 V is not considered.

In Fig. 7, the average diameter of the reduced tool 
fabricated at different duty factors ranges from 10 % to 30 %. 
However, above the 20 % duty factor, a drastic reduction in the 
average tool diameter is observed.



DEF. SCI. J., VOL. 74, NO. 3, MAY 2024

402

Table 2. Experimental layout and respective response

Applied voltage
(V)

Duty factor
(%)

Electrolyte 
concentration 
(wt.%)

Spindle speed
(rpm)

Tool diameter
(µm)

Surface roughness
(µm)

25

20 4 600

384.44 3.616
30 374.96 5.139
35 371.06 7.09
40 337.56 7.23
45 155.98 8.595

35

10

4 600

386.68 3.416
15 382.6 5.218
20 371.06 5.943
25 294.06 6.331
30 279.5 7.71

35 20

4

600

371.06 4.059
6 249.02 4.616
8 189.48 6.568
10 189.72 9.4
12 120.5 10.994

35 20 4

200 344.26 5.995
400 371.06 5.468
600 377.82 3.616
800 392 5.939
1000 407.96 6.429

Figure 5. Average reduced tool diameter after fabrication with respect to different input machining parameters.
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This can be explained as increasing the duration of the 
power supply, increases the rate of chemical reaction, which 
causes intense sparks across the tool electrode followed by 
chemical dissolution of the tool electrode28. The FESEM image 
(Fig. 7) of the fabricated tool depict all the produced tool are 
nearly cylindrical in shape. The minimum average diameter of 
the fabricated tool is 279.5 µm at 30% duty factor, 35V applied 
voltage, 4 wt.% electrolyte concentration, and 600 rpm spindle 
speed.

On the other hand, increasing the spindle speed from 200 
rpm to 1200 rpm, the tool diameter reduction rate deteriorated 
with the rise in spindle speed at constant machining parameters 
i.e. machining voltage: 35V; DF:20%; and EC:  4 wt.% (Fig. 
9). Since increasing the spindle speed, rises the centrifugal 
force on the bubbles produced near the tool surface. This 
tends to the formation of an unsteady gas film on the tool 
surface and deteriorated the intensity of the sparks discharge. 
Simultaneously, the partial absence of electrolytes over the 
tool reduces the electrochemical dissolution process16. Hence, 
less reduction in tool diameter is observed.

Figure 6.  FESEM image of the fabricated micro tool at applied 
voltage 25V to 45V.

Figure 7.  FESEM image of the fabricated micro tool at applied 
DF: 10 % to 30 %.

In the case of varying the electrolyte concentration 
from 4 wt.% to 6 wt.% significant neck formation occurs at 
the electrolyte and air interference. On further increasing the 
concentration i.e. from 6 wt.% to 12 wt.%, the conical shape 
of the tool is fabricated (as observed in FESEM image Fig. 8).  
Chemical reaction contributes to the reduction of tool diameter 
due to enhancement in chemical etching of the tool14. The 
etch rate increases with an increase in presence of OH- ions, 
which increases with rises in the concentration of KOH in the 
solutions. The sharp reduction in tool diameter is observed in 
8 wt.% and onward concentrations. Hence, electrochemical 
dissolution action becomes prominent along with the discharge 
action and results in a conical shape electrode. In addition, 
the OH- ions enhance with concentration rise which causes a 
higher etch rate29.  As stated in the above section that there 
is a wide deviation in the average tool diameter measurement 
and also an unavailability of the appropriate approach. Hence, 
the average diameter of the fabricated micro tool by varying 
the electrolyte concentration from 8 wt.% to 12 wt.% are not 
considered for the average tool diameter analysis.

Figure 8.  FESEM image of the fabricated micro tool at applied 
EC: 4wt % to 12wt %.

Figure 9.  FESEM image of the fabricated micro tool at applied 
spindle speed: 200 rpm to 1000 rpm.

4.2 Surface Roughness of Tool Diameter for Machining 
Parameters
The surface roughness of the fabricated tool is measured 

through a non-contact profilometer. The axial length of 
1000 µm from the tip of the developed tool is considered 
for measuring surface roughness. The micro tool fabrication 
has been performed by simultaneous action of micro-electro 
discharge and electrochemical dissolution. Due to micro 
discharge, surface defects occur over the tool surface such 
as the formation of the micro crater, voids, melted globules, 
etc. It has been noticed that a raise in voltage (Fig. 10 a), the 
surface roughness shows an increasing trend and it varies from 
3.6 µm to 8.6 µm at constant machining parameters DF: 20%, 
EC: 4 wt. %, S: 600 rpm. With increasing the voltage, the heat 
supplied (P) by discharge increases (Eqn 4 30-31) which directly 
influenced the surface quality of the fabricated tool.

           (4)
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where, V, I, and R in the above equation depict machining 
voltage, mean current and inter-electrode resistance. At higher 
used voltage i.e. 45V, roughness is observed to be 8.6 µm. 
Since, at this voltage more power is available for machining 
operation as compared to other used voltages32-33.

Similar, increasing trends are also observed for the duty 
factor (DF) as presented in Fig. 10(b). The SR varies from 3.4 
µm to 7.7 µm when varying the DF from 10 % to 30 % at 
constant machining parameters V: 35V, EC: 4 wt.%, S: 600 
rpm. Increasing the DF, the duration of sparks formation is for 
longer periods as compared to lower DF32. This causes severe 
surface defects over the surface of the tool. At lower DF, the 
availability of the power at the machining zone is less for 
higher DF, hence minimum SR is observed at lower DF. 

Figure 10. Average surface roughness of fabricated tool surface at different input machining parameters.

Figure 11. (a, c) 3D surface profile and (b,d) contour curve of fabricated tool.

With increasing the electrolyte concentration, the inter-
electrode resistance decreases. Hence, more power is developed 
across the tool electrode 33. This tends to develop high-intensity 
sparks across the tool which create the surface defect over the 
tool surface and rises the surface roughness 29. Figure 10 (c) 
depicts the measured surface roughness (SR) of the fabricated 
tool for different electrolyte concentrations varying from 4 
wt. % to 12 wt. % (at constant machining parameters voltage: 
35 V, DF: 20%, and spindle speed: 600 rpm). The SR varies 
from 4.1 µm (at 4 wt. %) to 10.9 µm (at 12 wt. %) in the used 
machining ranges. 

In the case of increasing the spindle speed, the SR 
initially decreases up to a certain speed and after that, it starts 
increasing (Fig.10(d)). Similar observations were reported by 
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another researcher also34-35. In used machining parameters, 
the SR decreases to 3.6 µm at 600 rpm and then increases to 
6.4 µm at constant machining parameters i.e. voltage: 35 V, 
DF: 20 %, and concentration: 4 wt.%. This can be elaborated 
as increasing the spindle speed to 600 rpm, the discharge of 
spark is concentrated mainly at the tip of the tool electrode 
and minimizing the occurrence of side sparks. This helps to 
reduce the surface defects (caused mainly due to spark erosion) 
over the fabricated tool. On further (above 600 rpm) increment 
in tool rotation speed the SR increases significantly. This may 
be due to an increase in centrifugal force which restricts the 
adhering of the gas bubbles uniformly on the tool surface. This 
leads to the formation of unsteady discharge across the tool 
electrode and results in a defective surface36.

The 3D surface profile and contour curve is also captured 
and few of them are presented in Fig. 11, obtained at machining 
parameters (a,b) 25V, DF: 20 %, EC: 4wt% and S :600rpm; 
(c,d) 35V, DF: 10 %, EC: 4wt% and S :600rpm.

5. CONCLUSIONS
• When the machining voltage exceeded 40V, the fabricated 

micro tools exhibited a conical shape, with all other 
parameters held constant, including duty factor (20%), 
electrolyte concentration (4 wt%), and spindle speed 
(600rpm)

• In the present selected ranges of parameters, the duty 
factor and spindle speed variation do not lead to the 
formation of conical-shaped tools while maintaining the 
other parameters at constant levels i.e. V:35V, EC:4wt%, 
S:600 rpm, and V:35V, EC:4 wt%, DF:20 %

• The surface roughness of the fabricated tool ranged from 
3.4 µm to 11 µm. However, the lowest surface roughness 
was observed at parameter settings of V:35V, EC:4wt%, 
DF:10%, and S:600rpm

• As the electrolyte concentration increases, it promotes 
greater electrochemical dissolution of the tool electrode, 
accompanied by the discharge of intense sparks around 
the tool. This process results in the formation of 
microelectrodes with a conical shape and a rough surface

• Increasing the spindle speed beyond 600 rpm increases the 
surface roughness due to inconsistent gas film formation.
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