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EXPERIMENTAL ANALYSIS OF MICRO-CHANNEL 
FABRICATION ON QUARTZ GLASS USING ECSM 

PROCESS 
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Quartz glass has a wide role in different fields, such as micro-electrochemical 
systems (MEMS) and micro-fluidics equipment. Quartz glass is difficult to machine 
material because it exhibits brittle and non-conducting physical properties. The 
Electrochemical spark machining process (ECSM) is a hybrid method that offers adept 
and cost-effective quartz glass machining rather than other advanced manufacturing 
processes. In this investigation, micro-channels are formed by the Electrochemical spark 
milling process and observed the effects on material removal rate (MRR) and surface 
roughness (Ra) of different levels of input machining parameters like DC voltage, 
electrolyte concentration, duty cycle, and tool rotation. The experiment result shows a 
high material removal rate and low surface roughness through a 370 μm diameter 
copper tool electrode. Observation of the electrophoretic effect on increments in 
electrolyte concentration and its impact on material removal rate is the crucial factor of 
this research work, which has never been reported in previous studies on ECSM. 

Keywords: ECSM; Micro-channels; MRR; Quartz. 

1. Introduction 

The electrochemical spark machining (ECSM) process is a hybrid 
technology with good potential and performance capability in machining non- 
conducting workpieces like quartz glass. Due to transparency, frequency 
stability, chemical and high-temperature resistance, quartz is extensively used in 
micro- electromechanical systems (MEMS), micro-optical electromechanical 
systems, and drug delivery devices [1]. The high percentage of SiO2 in quartz 
glass offers high hardness, better corrosion, and thermal resistance than other 
glass [2]. Although, the high hardness of quartz glass causes poor machining, 
making the need for more study in the context of this material's machining 
characteristics. 

The high hard and brittle nature of quartz glass makes limited 
opportunities for machining in conventional machining methods. The electric 
discharge machining method (EDM) can be used only on electrically conductive 
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workpieces [3]. Different advanced machining methods such as laser beam 
machining (LBM), electron beam machining (EBM), and ion beam machining 
(IBM) can be used in 

 

the machining of quartz glass. Still, the high equipment cost and 
significant power consumption make these machining processes costly 
compared to ECSM [4-5]. 

Different advanced machining methods such as laser beam machining 
(LBM), electron beam machining (EBM), and ion beam machining (IBM) can 
be used in the machining of quartz glass. Still, the high equipment cost and 
significant power consumption make these machining processes costly compared 
to ECSM [4- 5]. Fig. 1 expresses the framework figure of the ECSM process. 
The ECSM technique uses two electrodes. Both electrodes are immersed inside 
the electrolyte solution. A smaller-sized tool electrode is placed over the 
workpiece, and it has negative polarity, and a bigger-sized electrode (auxiliary 
electrode) has positive polarity. These two electrodes are connected with a direct 
current source power supply which creates a potential difference between these 
two electrodes. The potential difference causes hydrogen bubbles to form at both 
types of electrodes. On and over the critical voltage value, hydrogen bubbles 
merge and produce a gas film on both electrodes. This gas film works as a barrier 
between these two electrodes, and at sufficiently high voltage, an electric spark 
produces at negative polarity electrode causes material removal at workpiece [6]. 
Many researchers have performed experiments to investigate the machining of 
quartz glass on ECSM. Material removal rate and surface roughness of the quartz 
glass workpiece depend on the selection of electrolytes, tool material, and input 
machining parameter range in ECSM. Different electrolytes are commonly used 
in the ECSM process, such as NaOH, NaCl, NaNO3, HCl, H2SO4[7]. Mallick et 
al. [8] reported high MRR with NaOH electrolyte during glass machining by 
ECSM. Another reason behind the preference of base electrolyte over-acidic 
electrolyte is the greater surface roughness of the workpiece under acidic 
conditions [9]. Tool electrode material and rotation have a significant role in 
machining on ECSM. Higher charge density on tool electrode is maintained in 
the machining of ECSM by considering a much greater size of positive polarity 
auxiliary electrode compared to tool electrode [10]. 
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Fig. 1. The framework figure of the ECSM process 
 

Tool electrode material should have good conductivity with high 
stiffness to sustain its original shape under loading conditions. Commonly used 
tool electrode materials are SS, tungsten carbide, copper, etc., in ECSM. The 
copper tool provides a better material removal rate and a good surface finish in 
machining quartz glass workpieces using the ECSM process [11]. Tool electrode 
rotation significantly affects the machining outputs such as material removal rate 
and surface finish on ECSM. Material removal rate and dimensional 
accuracy are 
enhanced due to more homogenous dispersed discharge energy in tool electrode 
rotation during machining on ECSM [12,13]. Zheng et al. [14] observed in their 
experiment that reduced groove width is formed on the higher tool rotation speed 
in the ECSM milling process due to thinner film formation of electrolyte on the 
elevated rate of tool rotation. The applied DC voltage straight impacts the 
material removal and surface roughness in ECSM. Sarkar et al. [15] concluded in 
their study that Among all input machining parameters of the ECSM process, 
the effect of applied voltage plays dominating role on material removal, over cut 
than other process parameters. Higher material removal rate is obtained at 
elevated voltage because of the transmission of high discharge energy. In 
rectified DC supply voltage, consistency of thermal energy in machining zone 
causes over-cut phenomena. Pulse voltage supply permits the cooling condition 
in the pulse off time, which reduces the over-cut in the machining zone [16]. 
Sundaram et al. [17] conducted an experimental analysis of the ECSM drilling 
process with a glass fiber epoxy reinforced composite workpiece. After 
experiments, they found the effect of duty cycle and electrolyte concentration on 
the heat-affected zone (HAZ) over the workpiece. Thinner gas thickness is 
formed at a low duty cycle value, resulting in low discharge energy and HAZ. 

Lowering the duty cycle of pulse ECDM results in thinner gas films and 
longer gas film formation times, which in turn lower sparking energy and 
frequency. Smaller hole diameters and lower HAZ are the effects of this, 
particularly for low-duty cycles. There is a duty cycle and electrolyte level 
combination that works best. Moreover, a higher electrolyte content will result 
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in a smaller hole diameter at low duty cycle and a higher HAZ. Nguyen et al. 
[18] reported that in the ECSM milling process of quartz workpiece with a low 
concentration of electrolyte, greater thermal energy is generated in the 
machining zone due to low resistance between tool electrode and workpiece. For 
getting high depth microchannels (depth greater or equal to 500μm), a multi-
pass milling operation is used [19]. Multi-pass milling operation requires a high 
duty cycle supply with a greater value of electrolyte concentration. Getting 
machining with an excellent surface finish of the workpiece is still needed for 
more study in ECSM. Oza et al. [20,21] performed a wire electrochemical spark 
machining process (W- ECSM) with a quartz workpiece and reported a better 
surface finish with a zinc layered brass wire electrode. An additional advantage 
of using zinc coating is enhancing strength against wire breakage. Some 
researchers worked with abrasive particles electrolytes to improve the surface 
finish in the ECSM process. Electrolyte with SiC abrasive particles enhances the 
surface finish of the workpiece in W- ECSM because abrasive particles in 
electrolyte raise the value of critical voltage, results lower spark energy and 
micro-cracks in machining [22]. Ladeesh and Manu 
[23] investigated machining parameters effects in machining of borosilicate 
glass through grinding aided electrochemical discharge engraving. The authors 
concluded that tool feed rate is the most significant factor in channel overcut and 
voltage is the prime machining input parameter which effects the surface 
roughness of channel. Singh et al. [24] focused their study towards effect on 
electrolyte nature on fume generation. They observed that fume mass 
concentration is increased with enhancement in electrolyte concentration. Guo 
et al. [25] and Goud et al. [26] perform research to improve the machining 
quality in ECSM. Above mentioned  
review study of previous research shows a need for more experimental 
investigation and modelling approach in the machining area of ECSM to get 
desired results of material removal and surface finish. To improve the surface 
finish and material removal rate of quartz workpiece, copper material is used for 
tool electrode and auxiliary electrode in present experimental work on ECSM. 
Quartz workpiece is broadly used in the scratch-free touch screen of 
smartphones, micro electro- mechanical systems (MEMS), and drug delivery 
systems. Quartz workpiece has high hardness and brittleness, which causes poor 
machinability in conventional machining processes[27]. These limitations make 
more importance of experimental and modelling analysis of ECSM processes. 

2. Workpiece Material and Experimental Setup 

Experimental work was executed on a self-developed setup of ECSM. 
There are mainly machining unit and power supply unit in this setup. Fig.2 
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demonstrates the developed ECSM setup. 
 
(a) Machining Unit of ECSM setup 

This unit has a machining chamber, which is made of acrylic material. 
The corrosion resistance property of acrylic makes it suitable for electrolyte-
filled machining chamber. There were 12V DC supply three stepper motors for 
providing three-axis motion on ECSM setup. The setup is interfaced with a 
computer, and axial movement is controlled by CNC USB controller software. 
This setup uses a copper electrode of 370 μm diameter as a tool electrode. A DC 
motor is used for the rotation of the tool electrode. An auxiliary electrode of 2 
mm diameter made of the copper electrode is used in this experiment. The gap 
between the tool and auxiliary electrodes was maintained at 50mm in all 
experimental observations. The dimension of the quartz glass workpiece was 
50mm x 25mm x 2mm, and a copper electrode of 370μm diameter is used as a 
tool electrode with NaOH electrolyte on ECSM setup. The machining time for 
the present investigation was two minutes with 2.5mm/min tool travel speed. 
Table 1 presents the characteristics of the quartz glass workpiece. 

 
(b) Machining Unit of ECSM setup 

The power supply unit of this setup has the facility to produce a pulse 
voltage DC power supply. In this experimental work, a range of applied voltage 
is 45 V to 55 V. Positive terminal is connected to the auxiliary electrode, and the 
negative terminal is connected to the tool electrode. Table 2 shows the 
specifications of the power supply unit, which is used in the ECSM setup. 

Table 1 
Characteristics of the quartz glass material 

 

Young's modulus 108 GPa 
Density 2.2 gm/cm3 

Softening Temperature 17000C 
Thermal Conductivity 1.38 W/mk 

Table 2 
Specification of power supply unit of ECSM setup 

Pulse Power Supply 
Input Three-phase AC, 415 V, 50 Hz 

Output Voltage 0-300 V 
Output Current Up to 15 amp 
Pulse on Time 50 to 1000000 micro- seconds 
Pulse off Time 50 to 1000000 micro- seconds 

Pulse Rise Time 2 micro-second 
Pulse Fall Time 2 micro-second 
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3. Machining and Methods 

           In the present research paper, MRR and surface roughness are 
investigated during the machining of a Quartz glass workpiece on an 
electrochemical spark milling process using Full Factorial Design of 
experiments. In Full Factorial Design, factors with levels are arranged in such a 
manner that the design of the experiment shows all possible sets of process 
parameter combinations. Full factorial design covers the main effects as well as 
interaction effects. This may result in more effective experimentation and 
enhanced comprehension of the system under this study work. Before 
performing the main experiments, pilot experiments were completed on 
different values of applied voltage, electrolyte concentration, duty cycle, and 
tool rotation. Pilot experiments concluded that below 45 V voltage and 19% 
electrolyte concentration of NaOH, quartz glass cannot be machined on ECSM 
because quartz glass has a high softening temperature, and above 55 V voltage 
and 29% electrolyte concentration, the tool electrode is melted due to high heat 
energy generation. It is found in pilot experiments that tool electrode rotation 
provides better MRR and surface finish in comparison to stationary tool 
electrodes during machining on ECSM. The range of tool electrode rotation is 
selected from 400 RPM to 800 RPM with a duty cycle range of 0.75 to 0.89 
because, under this range, flashing of electrolyte impacts significantly on MRR 
and surface finish with a moderate heat-affected zone over the workpiece. 

Based on pilot experiments, levels of input process parameters were decided. 
Table 3 shows input process parameters with their levels. Table 4 and Table 5 
show the experimental parameters of this research work. Here are four factors 
and three of their levels used in this experimental work. According to the 
expression, levelfactor, a total of eighty-one main experiments are performed. 

              It was reported in pilot experiments that copper tool electrode provides 
a better surface finish on quartz glass workpiece through milling. Due to this 
reason, the copper tool of 370 μm size is used as a tool electrode in this 
investigation. Due to the low stiffness of copper tool material, smaller than 370 
μm diameter cannot be used as a tool electrode. An auxiliary electrode of copper 
2 mm diameter is used in this work. The selection of the same materials of tool 
electrode and auxiliary electrode reduces the tool deposition rate during 
machining on ECSM. The tool electrode was immersed into electrolytes at a 
depth of 1 mm. 

           The quantity of material removed from the workpiece per unit of time 
is known as the material removal rate (MRR). MRR is a crucial performance 
indicator which explains the ECSM process machining production. The input 
process parameters such as voltage, electrolyte concentration, duty cycle and 
tool rotation affect MRR. MRR is calculated by measuring the weight of the 
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workpiece before and after the machining. In this research work, the weight of 
the workpiece is observed through a Denver SI 234 weight machine with an 
accuracy of 0.01 mg. Equation (1) is used for measuring MRR. Every 
measurement was taken three times, and the mean of these was considered a final 
measurement. Micro-channel surface roughness is measured with the Mitutoyo 
Surftest SV-2100 instrument. A digital laser tachometer measures tool rotation 
during the experiment. Here, X is MRR in mg/min, B is the weight in mg of the 
workpiece before machining, A is the weight in mg of the workpiece after 
machining and T is the time in minutes. 

                                                          𝑋𝑋 = 𝐵𝐵−𝐴𝐴
𝑇𝑇                                                       (1) 

 

                                                  (a)                                                                       (b) 
                          Fig. 2. Experimental Setup: (a) ECSM machining setup (b) Power Supply Unit 
 

Table 3 
Input Process Parameters with their levels 

 

Input Process 
Parameters 

Level 

 First Second Third 
Voltage(V) 45 50 55 
Duty Cycle 0.75 0.82 0.89 

Tool Rotation 
(RPM) 

400 600 800 

 
Table 4 

Experimental Constant Parameters 

Tool electrode 370μm diameter copper 
Auxiliary electrode copper 

Workpiece quartz plate 
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                                                                                                                                Table 5 
Experimental Variable Parameters 

  
 

 
 
 
 
 

4. Result and Discussions 
            In this study, Full Factorial Design is considered for performing 

experiments to investigate machining analysis through all possible sets of 
process parameter combinations. To observe the effect of input machining 
parameters on MRR and Surface roughness, curves are plotted in this section in 
which one parameter effect is observed on MRR and Surface roughness keeping 
other input parameters constant. Curves through this approach provide a better 
understanding of the impact of input machining parameters on output machining 
parameters in ECSM. 

4.1.Effect of Different Parameters on MRR 
The impact of voltage is observed on the material removal rate, surface 

roughness, and width of the heat-affected zone in this study. It is investigated 
that MRR is enhanced on increment in the value of the applied voltage at 400 
RPM, 29% electrolyte concentration, and 0.75 duty cycle. Since spark intensity 
increases as increases in voltage, which creates an increment in the melting of the 
workpiece. The tool travel speed is constant at 2.5 mm/min. DC pulse voltage 
power supply is used in this study. The low voltage causes low thermal energy, 
so no material removal was reported on the Quartz workpiece below 45 V. In 
Fig. 3., MRR increases as the applied voltage enhanced. From 45 V to 50 V, 
MRR is enhanced by 41.66%, and in the range of 50V to 55 V, MRR is increased 
by 58.33%. MRR has a sharp increment in the domain of 50V to 55V compared 
to 45V to 50V due to high thermal energy generation in the range of 50V to 55V. 

Electrolyte NaOH 
Machining Time 2 min 
Tool travel rate 2.5mm/min 

Variable Parameters 
 

Voltage 45V,50V,55V 
Duty Cycle 0.75, 0.82,0.89 

Tool Rotation 400RPM,600RPM,800RPM 
Electrolyte Concentration 19wt%,24wt%,29wt% 
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Fig. 3. Variation of MRR (mg/min) with different Applied DC Voltage 
 

Fig. 4 displays the effect of tool rotation on MRR with input machining 
conditions 50 V, 29% electrolyte concentration, and 0.75 duty cycle. This study 
observed that MRR is enhanced by 36.36% with increments in tool rotation in 
the range of 400 RPM to 600 RPM. The increment in MRR enhances the 
electrolyte flashing with increased tool rotation in the machining zone. Flashing 
of electrolytes improves ECSM performance and MRR. On increment tool 
rotation from 600 rpm to 800 RPM, MRR is decreased by 20% in this particular 
region. In the 600 RPM to 800 RPM region, the high speed of tool rotation 
reduces the stability of sparking caused by low MRR. MRR is reported 0.55 
mg/min,0.75 mg/min, and 0.60 mg/min at 400 RPM,600 RPM, and 800 RPM, 
respectively. 
 

Fig. 4. Variation of MRR (mg/min) with different tool rotations 
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Fig. 5. Variation of MRR (mg/min) with the different duty cycle 

 
 

Fig. 5 shows the duty cycle's effect on MRR with input machining 
conditions 50 V, 29% electrolyte concentration, and 400 RPM in the ECSM 
process. There are two ranges in this figure. In the first region, from 0.75 to 0.82 
duty cycle, MRR is increased because of enhancing discharge energy. This is 
because more discharge energy facilitates the melting mechanism of the 
workpiece. In the second region, from 0.82 to 0.89 duty cycle, MRR is decreased 
as the duty cycle increases because the time of evaporation of the melting 
material of the workpiece in the machining zone is lower than the 0.89 duty 
cycle compared to the 0.82 duty cycle. So in the first region, discharge energy 
acts as a dominating factor, whereas in the second region, time for evaporating 
the melting workpiece is a dominating factor for MRR. 
 

Fig. 6 Variation of MRR (mg/min) with the different electrolyte concentrations 
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It can be seen in Fig. 6 that MRR decreases with an increment of 
electrolyte concentration. There is a high interionic attraction at higher 
concentrations of strong electrolytes due to a large number of ions in a definite 
volume. Numbers of ions with opposite charge neighbour each ion. On 
application of potential, both types of ions move in opposite directions. Since 
they are in solvent position so due to the motion of these opposite natures' ions, 
friction is produced in between layers of respective ions. This friction causes a 
low speed of ions, results in low conductance. Hence MRR is decreased with 
increment of electrolyte concentration due to the low conductance of electrolytes. 
This effect is called as Electrophoretic effect. Fig.7 shows the Electrophoretic 
effect.  
 

 
Fig. 7 Electrophoretic effect 

 
4.2. Effect of Different Parameters on Surface Roughness 
It is observed that surface roughness is reduced on raise in the applied 

voltage value at 400 RPM, 29% electrolyte concentration, and 0.75 duty cycle. 
Due to its high melting point temperature, the quartz glass workpiece requires 
high heat energy for machining operation through ECSM. At 45 V, surface 
roughness is maximum because a sufficient amount of heat is not transmitted to 
the quartz glass workpiece due to low applied voltage, resulting in rough surface 
formation of micro-channels. An adequate amount of heat is transferred on the 
machining surface on increments in voltage from 50 V to 55 V, causing smooth 
channel formation. Fig.8 shows surface roughness (SR) values of 3.48 µm,2.74 
µm, and 2.54 µm on applied voltage 45 V, 50 V, and 55 V, respectively. 
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Fig. 8 Variation of SR (µm) with different Applied DC Voltage 
 

 
Fig. 9. Variation of SR (µm) with different tool rotations 

 
Fig. 9 shows the effect of tool rotation on surface roughness (SR) with 

input machining conditions 50 V, 29% electrolyte concentration, and 0.75 duty 
cycle. Electrolyte flashing and spark stability play an important role in deciding 
the workpiece's surface finish in ECSM. On increment of tool rotation from 400 
RPM to 600 RPM, electrolyte flashing is improved, resulting in better chemical 
action on the machining surface, causing low surface roughness at 600 RPM. On 
increment tool rotation from 600 RPM to 800 RPM, surface roughness is 
increased by 50.8% because, in this region, spark stability is highly reduced due 
to high tool rotation speed. Lack of stability in the spark causes low discharge 
energy transfer towards the machining zone, increasing surface roughness. In 
this region, lack of stability in spark plays a dominant role over electrolyte 
flashing. Surface roughness (SR) values are 2.74 µm, 2.32 µm, and 3.50 µm on 
400 RPM, 600 RPM and 800 RPM, respectively. 

Fig. 10 shows the duty cycle's impact on surface roughness (SR) with 
input machining conditions 50 V, 29% electrolyte concentration, and 400 RPM 
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in the ECSM process. There are two ranges in this figure. In the first region, from 
0.75 to 

0.82 duty cycle, surface roughness (SR) is increased by 24.81% because 
of high discharge energy on the machining zone, which improves MRR but 
damages the workpiece's surface finish through the heat-effected zone. From 
0.82 to 0.89 duty cycle, surface roughness (SR) is decreased because the time of 
evaporation of the melting material of the workpiece in the machining zone is 
lower at 0.89 duty cycle, resulting in lower cavity formation in the micro-
channel. Surface roughness (SR) values are 2.74 µm, 3.42 µm and 2.94 µm 
on 0.75 duty cycle,0.82 duty cycle, and 0.89 duty cycle, respectively. 
 

Fig. 10. Variation of SR (µm) with the different duty cycle 
 

Fig. 11 shows that surface roughness (SR) increases with an increment of 
electrolyte concentration from 19% to 24% due to the electrophoretic effect. The 
electrophoretic effect produces low conductance of electrolytes, resulting in a 
lack of discharge energy passing towards the machining zone from the tool 
electrode through the electrolyte. The presence of an insufficient amount of 
discharge energy causes MRR through incomplete melting of the workpiece, 
which produces higher surface roughness. Beyond 24% electrolyte 
concentration, an increment in electrolyte concentration reduces surface 
roughness (SR). In this region, chemical action dominates low electrolyte 
conductance, reducing surface roughness (SR) by 5.80%. Surface roughness (SR) 
values are 1.91 µm, 3.10 µm, and 2.92 µm on 19%, 

24%, and 29% electrolyte concentrations with 50 V, 400 RPM, and 0.89 duty 
cycle. 
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Fig.11 Variation of SR (µm) with the different electrolyte 
 

4.3 Optical Microscope and Scanning Electron Microscope Images 
 

The current research work uses optical microscopes and Scanning 
Electron Microscopy images to understand the machining outputs in micro-
channels fabrication. The optical microscopic images shown in Fig.12 indicate 
heat-affected zones and channel width at different machining conditions. The 
increment in the duty cycle from 75% to 82% causes enhancement in MRR and 
produces a greater width of heat affected zone due to high heat energy impinging 
on the machining zone. Fig. 12 (a) and (b) show these results in which heat 
affected zone width at 75% duty cycle lower than 82% duty cycle. 

Fig. 13 demonstrates the SEM image of the micro-channel on 50V, duty 
cycle 82%, 400 rpm, and 19% electrolyte concentration. There is a circular shape 
tool mark in the starting, which is created due to physical contact between the 
tool and workpiece during sparking. In starting width of the channel is 0.53 mm, 
and at the end of the channel, it is 0.44 mm.  

 
(a) (b) 

Fig. 12: Microscopic Images of microchannels at (a) 50 V, duty cycle 0.82, tool rotation           
400 rpm 

(b) 50 V, duty cycle 0.75, tool rotation 400 rpm, and 29% electrolyte concentration 
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The width of the channel is decreased on moving from right to left along 
the length of the micro-channel because, during machining, tool wear occurs so 
the gap between the workpiece and tool electrode is increased. Heat-affected 
zone width is lesser in 0.75 duty cycle compared to 0.82 at the same other 
machining conditions since at 0.75 duty cycle discharge energy is lesser 
compared to 0.82 duty cycle. 
 

Fig. 13: SEM images of microchannels at 20X on 50 V, duty cycle 82%, tool rotation 400 rpm 
19% electrolyte concentration 

 
5. Conclusions 

 
In this research work, an experimental analysis of micro-channel fabrication 

through ECSM is carried out on a quartz workpiece with a 370 μm copper tool 
electrode to observe the effect of input machining parameters on output 
response. The following conclusions are drawn based on the experimental 
outcomes on material removal rate and surface roughness. 
• 370 μm copper tool electrode is used successfully without wire bending 
problem in this experimental work. 
• At higher supply voltage, discharge energy is larger, resulting in a higher 
melting and material removal rate than at lower voltage. Material removal rate 
enhances 171.42% at 55 V compared to 45 V. 
• The material removal rate is decreased with enhancement in electrolyte 
concentration due to the Electrophoretic effect. On increment electrolyte 
concentration, from 19% to 29%, the conductance of electrolyte is reduced, 
resulting in a 33.33% low material removal rate at 29% electrolyte concentration 
in comparison to 19%. 
• On increment of tool electrode rotation from 400 RPM to 600 RPM, 
material removal rate first increases up to 36.36% due to better flashing of 
electrolyte in machining zone, but beyond 600 rpm tool electrode rotation, 
material removal rate decreases up to 20% due to unstable spark. 
• There are two regions in the variation of material removal rate with duty 
cycle. In the first region, when the duty cycle changes from 75% to 82%, the 
material removal rate increases to 25%. When the second region's duty cycle 
varies from 82% to 89%, the material removal rate decreases up to 50%. In the 
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first region, the material removal rate is enhanced because discharge energy 
increases with enhancement in the duty cycle. The material removal rate 
decreases in the second region due to less evaporation time available for a 
melting material from the machining zone. 
• Quartz glass workpiece has a high melting point temperature. For complete 
material removal through spark phenomena, quartz workpiece requires high heat 
energy. From 45 V to 55 V, the surface roughness (SR) of quartz glass workpiece 
reduces up to 27.01% because, at high voltage, an adequate amount of heat 
energy can transfer towards the workpiece for material removal through melting 
phenomena in ECSM, which improve surface finish. 
• Tool rotation from 400 RPM to 600 RPM reduces the surface roughness by 
15.32% due to better flashing of electrolytes, which enhances chemical action. 
In the second region, spark stability reduces from 600 RPM to 800 RPM, which 
causes uneven material removal through thermal phenomena in ECSM. Uneven 
melting of the workpiece increases surface roughness (SR) up to 50.86% in this 
region. 
• On increment in the duty cycle from 0.75 to 0.82, excess discharge energy 
falls on the machining zone, producing thermal cracks resulting in up to 24.81% 
hike in surface roughness. Further increment in the duty cycle reduces surface 
roughness due to less evaporation time for melted workpiece material in the 
machining zone. In the second region, surface roughness reduces up to 14.03%. 
• On increment electrolyte concentration from 19% to 24%, surface 
roughness increases up to 62.31% due to the electrophoretic effect, but further 
increment reduces surface roughness up to 5.80% in 24% to 29% electrolyte 
concentration region. 
• The experimental results of micro-channel fabrication are significantly 
affected by the applied voltage, electrolyte concentration, and tool rotation. 
• Optical microscope images show a greater width of a heat-affected zone on 
high- duty cycle levels. SEM image indicates micro-channel width decreases 
along the tool travel direction due to tool electrode wear during machining in 
ECSM. 
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Nomenclature 

 
ECSM : Electrochemical Spark Machining 
MEMS : Micro-Electrochemical System 
MRR : Material Removal Rate 



 Experimental analysis of micro-channel fabrication on quartz glass using ECSM process     273  

SR : Surface Roughness 
LBM : Laser Beam Machining 
RPM : Rotation per Minute 

 
R E F E R E N C E S 

[1]. V. Mendoza, L. Abelardo, N. Scilletta, M.Bellino, M. Desimone, P. Catalano, "Recent 
advances in micro-electro-mechanical devices for controlled drug release applications 
" Frontiers in Bioengineering and Biotechnology, vol. 8, 2020, pp. 827-837. 

[2]. W. Ling, H. Lee, K. Chin. "Application of electrochemical discharge machining to micro- 
machining of quartz." Advanced Materials Research No. 939, 2014, pp.161-168. 

[3]. A.B. Kumba , P.R.Venkata, “Optimization in wire-cut edm of aluminium hybrid metal 
matrix composite using Taguchi coupled Deng’s similarity based approach”, UPB Sci 
Bull Ser D Mech Eng. vol. 81,2019, pp.169-86. 

[4]. D. Dhupal,S.R. Dixit , S.R. Das, “Optimization of process parameters in laser 
microgrooving of alumina ceramic using genetic algorithm”, UPB Sci. Bull., vol. 
80,2018, pp.163-78. 

[5]. B. Jia , Z. Wang, F. Hu, X. Li, W. Zhao, “Research on multifunctional micro machining 
equipment”, Materials Science Forum, Trans Tech Publications Ltd., vol. 471, 2004, 
pp.37- 42. 

[6]. A. Srivastava, S.Yadav, “ Machining issues on electrochemical spark machining—a 
review”, Materials Today: Proceedings, vol 26, 2020, pp. 2853-2861. 

[7]. R. Wüthrich, V. Fascio, "Machining of non-conducting materials using electrochemical 
discharge phenomenon—an overview." International Journal of Machine Tools and 
Manufacture vol.45, no. 9, 2005, pp. 1095-1108. 

[8]. B. Mallick, M. N. Ali, B. Sarkar, B. Doloi, and B. Bhattacharyya. "Parametric analysis 
of electrochemical discharge micro-machining process during profile generation on 
glass." , 5th International & 26th All India Manufacturing Technology, Design, and 
Research Conference 2014. 

[9]. A. Kulkarni., Electrochemical spark micromachining process. INTECH Open Access 
Publisher;2012. 

[10]. J. Madhavi, S. Hiremath, “Investigation on machining of holes and channels on 
borosilicate and soda lime glass using μ-ECDM setup”. Procedia Technology vol 
25,.2016, pp. 1257- 1264. 

[11]. A.Srivastava, S. Yadav, “Experimental Investigation of Microchannels Fabrication on 
Quartz Glass Using Electrochemical Spark Machining Process”, 11th International 
Conference on Precision, Meso, Micro and Nano Engineering, COPEN 2019. 

[12]. N. Gautam, V. Jain, “Experimental investigations into ECSD process using various tool 
kinematics. International Journal of Machine Tools and Manufacture”, vol. 38, 1998, 
pp. 15- 27. 

[13]. C. Yang, S. Ho, B. Yan, “Micro hole machining of borosilicate glass through 
electrochemical discharge machining (ECDM)”. Key Engineering Materials., vol. 
196, 2001, pp.149-166. 

[14]. Z. Zheng, W. Cheng, F. Huang, B. Yan, “3D micro structuring of Pyrex glass using the 
electrochemical discharge machining process”. Journal of micromechanics and 
microengineering, vol 17, no. 5, 2007, pp. 960-970. 

[15]. B. Sarkar, B. Doloi, B. Bhattacharyya, “Parametric analysis on electro-chemical 
discharge machining of silicon nitride ceramics”, The International Journal of 
Advanced Manufacturing Technology, vol. 28, no.9, 2006, pp. 873-881. 



274                            Srivastava Arpit and Yadav Sanjeev Kumar Singh   

[16]. Z. Zheng ,H. Su ,F Huang, B. Yan, “ The tool geometrical shape and pulse-off time of 
pulse voltage effects in a Pyrex glass electrochemical discharge micro-drilling 
process”. Journal of Micromechanics and Microengineering, vol. 17, no. 2, 2007, pp. 
265-275. 

[17]. M. Sundaram, Y. Chen, K. Rajurkar, “Pulse electrochemical discharge machining of 
glass- fiber epoxy reinforced composite”, CIRP Annals, vol 68, no.9 2019, pp. 169-
172. 

[18]. K. Nguyen, P. Lee, B. Kim, “Experimental investigation of ECDM for fabricating micro 
structures of quartz”, International journal of precision engineering and 
manufacturing, vol 16, no.1, 2015, pp. 5-12. 

[19]. A. Verma, D. Mishra, K. Pawar, P. Dixit, "Investigations into surface topography of 
glass microfeatures formed by pulsed electrochemical discharge milling for 
microsystem applications." Microsystem Technologies, vol. 26, 2020, pp. 2105-2116. 

[20]. A.Oza, A. Kumar, V. Badheka, A. Arora, "Traveling wire electrochemical discharge 
machining (TW-ECDM) of quartz using zinc coated brass wire: investigations on 
material removal rate and kerf width characteristics." Silicon vol.11,2019, pp. 2873-
2884. 

[21]. M. Kumar, O. Rahul, A. Oza, N. Suri, "Experimental investigation of wire-
electrochemical discharge machining (WECDM) performance characteristics for 
quartz material." Silicon, vol. 12, 2020, pp. 2211-2220. 

[22] C. Yang, S. Song, B. Yan, F. Huang, "Improving machining performance of wire 
electrochemical discharge machining by adding SiC abrasive to electrolyte." 
International Journal of Machine Tools and Manufacture vol. 46, no. 15, 2006, pp. 
2044-2050. 

[23] V. Ladeesh, R. Manu, “Machining of fluidic channels on borosilicate glass using 
grinding-aided electrochemical discharge engraving (G-ECDE) and process 
optimization”, Journal of the Brazilian Society of Mechanical Sciences and 
Engineering vol. 40, no.6,.2018, pp.1-19. 

[24] M. Singh, S. Singh, S. Kumar, “Environmental aspects of various electrolytes used in 
electrochemical discharge machining process”. Journal of the Brazilian Society of 
Mechanical Sciences and Engineering, vol. 42, no.8, 2020, pp. 1-10. 

[25] V. Jain., D. Patel, J. Ramkumar, B. Bhattacharyya, B. Doloi, B. Sarkar, P. Ranjan, S. 
Sankar, 

A. Jayal, “Micro-machining: An overview (Part II)”, Journal of Micromanufacturing., 
vol. 5, no.1, 2022; pp. 46-73. 

[26] A. Tyagi, V. Sharma, P. Singh, “Experimental and analytical investigations into wire 
electrochemical micro turning”, Journal of Micromanufacturing, vol.2, no.1, 2019, 
pp. 42- 58. 

[27] A. Srivastava, S. Yadav, "Multi-Objective Optimization of Milling ECSM Process 
Through PCA-Based GRA.", EVERGREEN Joint Journal of Novel Carbon Resource 
Sciences & Green Asia Strategy, vol. 10, no.4, 2023, pp. 2230-2236. 


	1. Introduction
	2. Workpiece Material and Experimental Setup
	(a) Machining Unit of ECSM setup
	(b) Machining Unit of ECSM setup

	3. Machining and Methods
	4. Result and Discussions
	4.1. Effect of Different Parameters on MRR
	4.2. Effect of Different Parameters on Surface Roughness
	4.3 Optical Microscope and Scanning Electron Microscope Images

	5. Conclusions
	Acknowledgements
	Nomenclature

