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Abstract
Owing to its non-conducting nature, Through Glass Vias (TGV) is a new paradigm to reduce the losses in high-frequency 
transmission systems. However, due to brittleness and non-conducting nature, micro-machining of glass is challenging. In 
the backdrop of limitations of the existing processes, Electro-chemical Discharge Machining (ECDM) is an evolutionary 
micro-machining process for brittle and non-conducting materials, like glass. ECDM is a hybrid of electro-chemical and 
electro-discharge processes. During machining in ECDM, poor flushing coupled with poor replenishment of electrolyte 
deteriorates the Energy Utilization Behavior (EUB), particularly in hydrodynamic regime. Therefore, the present article 
deals with a novel approach (using a magnetic stirrer) of Temperature-assisted ECDM (termed as T-ECDM) to improve the 
energy utilization behavior in the micro-machining of borosilicate glass. The T-ECDM approach has the capability to control 
the temperature and stirring rate of the electrolyte. The Machining Rate (MR) as well as Aspect Ratio (AR) of micro-hole 
are considered as the desirable performance indicator, while Tool Wear Ratio (TWR) and Heat-Affected Zone (HAZ) are 
considered undesirable performance indicator of EUB. The experimental investigation indicated the improvement in Overall 
Energy Utilization Index (OEUI) by T-ECDM as compared to ECDM. The morphological, composition analysis, and surface 
profiles of micro-hole witnessed the improved flushing and etching in T-ECDM than ECDM that resulted in better surface 
finish of the micro-hole. It implies better energy utilization behavior in terms of surface characteristics also.
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List of symbols
ECDM	� Electro-chemical discharge machining
T-ECDM	� Temperature-assisted ECDM
TGV	� Through glass vias
TSV	� Through silicon vias
MEMS	� Micro-electro-mechanical system
EUB	� Energy utilization behavior
MR	� Machining rate
AR	� Aspect ratio
TWR​	� Tool wear rate
HAZ	� Heat-affected zone
OEUI	� Overall energy utilization Index
LBM	� Laser beam machining
USM	� Ultra sonic machining
AJM	� Abrasive jet machining
DC	� Direct current
ECC	� Electro-chemical cell
FESEM	� Field emission scanning electron microscope
EDS	� Energy-dispersive spectroscopy
ρb	� Gas bubble density
ρl	� Electrolyte density
�	� Contact angle (mean) between electrode and 

bubble.

R	� Bubble radius
Vb	� Bubble volume
σ	� Surface tension at the interface of bubble with 

electrolyte
∅	� Receding angle
�	� Advancing angle
Rs	� Spark radius
Te	� Electrolyte temperature
Pe	� Partition energy
k	� Electrical conductivity
K	� Thermal conductivity
�	� Temperature coefficient
�	� Density of the workpiece
Cp	� Specific heat (at constant pressure)
EG	� Energy generated

1  Introduction

Scalability is the major challenge for on-chip interconnects, 
for which Through Silicon Vias (TSV) is a promising solu-
tion [1]. However, due to semiconductor nature of silicon, 
TSV results in huge losses in high-frequency transmission 
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systems [2]. Therefore, due to non-conducting nature, trans-
parency, and chemical inertness, TGV is a new paradigm 
for radio frequency-based Micro-ElectroMechanical Sys-
tems (MEMS) to reduce the losses in the 5G wireless trans-
mission systems [3]. TGV is prepared by micro-machining 
the holes in the glass substrate, which is challenging due to 
brittleness and non-conducting nature of the glass. In the 
current scenario to realize the industrial objective, intel-
lectuals and researchers are trying non-conventional micro-
machining processes. In non-conventional processes, Laser 
Beam Machining (LBM) requires expensive equipment and 
uses thermal energy that creates micro-cracks that limit 
the industrial applicability. Mechanical energy-based pro-
cesses such as Ultrasonic Machining (USM) and Abrasive 
Jet Machining (AJM) are capable of micro-machining the 
hard and brittle materials irrespective of their conductive 
nature [4], but results into poor AR of micro-hole. Although 
chemical-based machining processes produce detailed 
micro-profiles with good surface finish on several materi-
als, low-dimensional accuracy, low AR, and poor MR are 
the demerits of chemical-based process. Kura Fuji and Suda 
proposed the idea of ECDM in 1968 as a novel hybrid pro-
duction technique that encompasses the characteristics of 
ECM and EDM to get over these limitations [5]. ECDM 
process has meticulously machined several advanced materi-
als like (i) glass, (ii) composites [6], (iv) ceramics [7], (vi) 
E-glass–fiber–epoxy composite material [8], (vii) silicon 
wafer [9], and (viii) Zirconium oxide [10]. In the past few 
decades, ECDM has emerged into a favorable option for the 
u-machining of glass [11]. ECDM is an evolutionary pro-
cess that is being used on brittle and hard materials for the 
applications in MEMS and Micro-fluidic devices [12]. Arab 
et al. [13] experimentally demonstrated the fabrication of 
TGV using ECDM process. ECDM has been attempted for 
the fabrication of micro-products from electrically non-con-
ductive materials [14]. Low initial investment and compact 
size are some of the favorable features of this technology 

that make it attractive toward micro-fabrication industry. The 
schematic of ECDM along with tool–energy interaction is 
demonstrated in Fig. 1; the negative and positive ends of the 
DC power source are connected, respectively, to the tool and 
the auxiliary electrode. The state of electrolyte level, work 
piece, and auxiliary electrode is shown in Fig. 1a.

In ECDM, the hydrogen and Oxygen bubbles are pro-
duced at the cathode and anode, respectively, in an electro-
chemical cell (ECC). The hydrogen gas bubbles come into 
physical touch with one another and then turns into a gas 
film, surrounding the tool [15]. This hydrogen gas film for-
mation takes place through electrochemical process [16] and 
also through Joule heating [17, 18]. The process mechanism 
of ECDM mainly depends on gas film building mechanism. 
In electrolysis, the gas film generation rate accelerates with 
electrolyte conductivity [19], which rises with electrolyte 
temperature. Interestingly, it is reported that in ECDM, gas 
film contains extra elements than just hydrogen [16], par-
ticularly when NaOH or KOH is used as the electrolyte, ions 
of potassium or sodium are observed that can be a crucial 
factor for the behavior of thermal discharges. The hydrogen 
gas film creates insulation in the proximity of tool electrode 
that generates an intensive electric field (10^7 V/m) across 
the film [20] and electrical breakdown of this film causes 
thermal discharges by bombarding a huge number of elec-
trons, resulting into material removal of work material by 
melting [21]. At the same time, due to elevated temperature, 
the chemical etching gets accelerated and causes material 
removal [22]. In u-ECDM, the material removal and qual-
ity characteristics of machined micro-hole are influenced by 
numerous parameters as shown in Fig. 2. Using these param-
eters, literature witnessed the use of numerous algorithms 
and techniques for the parametric optimization of ECDM 
process [23–25] and energy channelization behavior of the 
ECDM process [12].

According to Kulkarni et al. [21], 2%–6% of total energy 
generated (from thermal discharges) in ECDM goes to 

Fig. 1   Schematic diagram of ECDM with tool–work energy interactions
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workpiece and 77%–96% energy goes to the electrolyte. 
In ECDM, micro-machining of hole up to 200–300 um is 
considered under discharge regime and more than 300 um 
is considered under hydrodynamic regime [26, 27]. Accord-
ing to published research [28, 29], in the micro-machining 
of holes, the EUB deteriorates as the hydrodynamic regime 
approaches owing to accumulation of hydrogen bubbles, 
sludge/debris formation, and poor electrolyte replenishment 
in the processing zone. Consequently, the portion of ther-
mal energy utilized toward work piece, electrolyte, and work 
piece also varies with the change of regime, implying the 
variation in the performance characteristics too. In literature 
[12, 30–32], the desirable characteristics (AR and MR) and 
undesirable characteristics (TWR and HAZ) have been used 
to correlate the usage of discharge energy in ECDM process; 
however, a collective investigation (including multiple char-
acteristics) during discharge and hydrodynamic regime is 
missing from the literature. Singh et al. [30] analyzed the 
energy channelization behavior of u-ECDM by incorporat-
ing Magneto Hydro Dynamics (MHD) on Y-SZ ceramics. 
Their study concluded 120% rise in the AR of micro-hole 
owing to MHD. To resolve the problems of ECDM, numer-
ous hybridization techniques are reported in the literature 
[20]. However, it was observed that ECDM process does not 
maintain stability throughout machining due to variation in 
electrolyte temperature during machining and concentration 
gradient in the electrolyte bath. By virtue of this temperature 
gradient and concentration gradient, ECDM process exhibits 

variation in the performance characteristics [33]. Conse-
quently, in literature, ECDM process has been leveled as a 
stochastic process [34]. Therefore, an approach is required 
in the ECDM to improve the EUB while maintaining sta-
ble machining conditions. Based on literature [35, 36] and 
author’s knowledge, heating and stirring of the electrolyte 
are expected to fulfill these requirements. The electrolyte 
temperature and electrolyte stirring are the vital parameters 
toward the productivity and quality features of machined 
geometry in ECDM [35, 36]. However, literature reveals that 
in-depth research is required further in the domain electro-
lyte temperature and electrolyte stirring. Elevated electro-
lyte temperature boosts ECDM production and geometric 
correctness [35], while stirring action in the electrolyte 
improves the surface finish by restricting the formation of 
recast layer [36].

1.1 � Problem formulation and objectives

As discussed above, the total energy generated by the ther-
mal discharges in ECDM goes to the electrolyte, work 
piece, and the tool electrode. However, the literature and 
experimental observations suggest that the portion of energy 
utilized in the micro-machining of hole (in the workpiece) 
deteriorates when regime changes from discharge to hydro-
dynamic. The attributed reasons are accumulation of hydro-
gen bubbles in the proximity of tool electrode, sludge forma-
tion, and poor electrolyte replenishment in the processing 

Fig. 2   Fish bone (Ishikawa) diagram for the performance of ECDM
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zone [28, 29]. To tackle these problems, the present commu-
nication has suggested to incorporate an innovative approach 
(use of magnetic stirrer) in ECDM (termed as T-ECDM), 
having the capability to heat and stir the electrolyte. Sub-
sequently, a comparative experimental investigation of 
T-ECDM with basic-ECDM has been carried out on EUB 
in discharge as well as hydrodynamic regime. In the pre-
sent study, EUB has been quantified in terms of desirable 
characteristics (MR and AR) and undesirable characteristics 
(TWR and HAZ). The morphology, composition, and sur-
face roughness of micro-holes have been presented to sub-
stantiate the EUB. Finally, Overall Energy Utilization Index 
(OEUI) has been depicted with the help of a radar graph.

2 � Materials and methods

In this communication, the setup of T-ECDM facil-
ity (Fig. 3) was designed in the laboratory of Advanced 
Manufacturing Processes (AMP), IIT Roorkee. This setup 
includes a DC pulsed power source, magnetic stirrer with 
hot plate, temperature controller and thermocouple, micro 
tool electrode, auxiliary electrode (Anode), pressurized 
feeding system (work fixture), and crystallizing dish (made 
of borosilicate glass). The Digital temperature controller 
(i-therm, AI-7482) along with a thermocouple controls the 

electrolyte temperature. Additionally, the stirring action 
in electrolyte helped in transferring the electrolyte heat 
(due to thermal discharges) to the ambience by virtue of 
convection. Consequently, a stable electrolyte temperature 
was maintained. The auxiliary electrode and tool electrode 
were connected to the power source’s positive terminal and 
negative terminal, respectively. The discharge behavior 
during machining was recorded in a Digital Storage Oscil-
loscope (DSO). In the domain of micro-machining, the use 
of magnetic stirrer with ECDM is a novel approach in the 
present study. The function of magnetic stirrer (with hot 
plate) is to control the electrolyte temperature and stir the 
electrolyte. In magnetic stirrer, the function of hot plate 
is to heat up the electrolyte and rotating magnetic bead 
(by virtue of rotating magnetic field) stirs the electrolyte. 
Due to good performance in ECDM, aqueous NaOH was 
preferred as the electrolyte [32]. Borosilicate glass has 
been chosen as the workpiece owing to its tremendous 
applications at micro-level. The chemical and mechani-
cal properties of borosilicate glass were considered from 
the literature [37]. A dedicated pressurized work feeding 
system has been used to hold and feed the workpiece. The 
rationale of using the pressurized feeding system is to keep 
the minimal consistent working gap (nearly nil) through-
out the machining process, which lowers performance 
variance.

Fig. 3   Schematic diagram of T-ECDM setup
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Based upon the preliminary investigation, the follow-
ing Table 1 lists the study’s methodological parameters, in 

which variable parameter is only machining time that deter-
mines the machining depth and transforms the regime from 
discharge to hydrodynamic that changes the energy utiliza-
tion behavior of the ECDM process. The layout of the study 
is demonstrated in Fig. 4.

The layout of this experimental investigation has been 
demonstrated in Fig. 4. First, by keeping in view TGV appli-
cation, the micro-holes were machined in borosilicate glass, 
followed by dimensional analysis in stereo zoom microscope 
(Make: Nikon, Model: SMZ745T) and dial gauge (Mitutoyo, 
Model: 2109S-10P) and then analysis of EUB in terms of 
desirable (MR and AR) and undesirable (HAZ and TWR) 
characteristics. Subsequently, characterization of the micro-
holes was carried out in FESEM with EDS (Carl Zeiss, 
Gemini1, make: Germany) and profilometer (RTEC instru-
ments) to substantiate the response outcomes.

The following subsection performs a comparative study 
of T-ECDM with basic-ECDM in terms of tool bubble 

Table 1   Process parameters of ECDM

Parameters/materials Value

Work piece material Borosilicate glass
Electrolyte NaOH (15% by weight)
Electrolyte temperature (TS-

ECDM)
55 ℃

Electrolyte stirring (TS-ECDM) 600 rpm
Applied voltage 45 V
Tool immersion depth 2 mm
Tool electrode Steel [pointed cylindrical (diam-

eter = 500 um)]
Inter electrode gap (IEG) 43 mm
Auxiliary anode SS 304 ring, diameter = 120 mm
Machining time (s) 30, 60, 90, 120, 150, 180

Fig. 4   Layout of the experimental investigation
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interaction under various forces and its consequences on 
the discharge behavior and process mechanism.

2.1 � Process mechanism of T‑ECDM as compared 
to basic‑ECDM

In ECDM, the application of voltage across cathode and 
anode forms an ECC. According to the following equations, 
electrochemical reactions lead to the production of H2 and 
O2 bubbles [38]:

The H2 gas bubbles get into physical contact with each 
other and form a large gas bubble through coalescence, sub-
sequently transforming into hydrogen gas film in the vicinity 
of cathode [15]. Wuthrich et al. applied statistical method to 
analyze the gas film thickness using percolation theory [39]. 
The gas film stability significantly affects the productivity as 
well as geometric characteristics of the machined geometry. 
A more stable gas film generates uniform discharges that 
increase the energy utilization behavior of the process. Since 
ECDM is a complex process, hence the following assump-
tions are made for the sake of simplification.

1.	 The bubbles are typically held in place by the electrode 
surface due to surface tension.

2.	 The effect of normal inertia force (Fni) and tangential 
inertia Force (Fti) on the gas bubble is neglected.

3.	 Through the coalescence of bubbles with similar proper-
ties, gas film has been formed.

Figure 5 depicts a schematic representation of the bub-
ble created at the electrode surface. In stagnant condition, 
owing to density difference between gas and liquid, H2 bub-
ble experiences buoyancy force (Fb) and surface tension 
force (FS) due to bubble properties.

The buoyancy force and surface tension in the vertical 
direction can be modeled by the following Equations [40].

(1)At Cathode ∶ 4H2O + 4e− → 2H2 + 4(OH)−

(2)At Anode ∶ 4(OH)− → 2H2O + O2 + 4e−

Sum ∶ 2H2O → 2H2 + O2

(3)Fb =
(

�l − �b
)

gVb

(4)Vb =
�R3

3
(1 + cos�)2(2 − sin�)

(5)Fsx = −d�
�(� − ∅)

�2 − (� − ∅)2
[sin� + sin∅]

where �b and �l represent the gas bubble density and elec-
trolyte density, respectively. � is the contact angle (mean) 
between electrode and bubble, having values for oxygen 
and hydrogen bubbles as 50 and 43°, respectively. R and 
Vb are the bubble radius and bubble volume, respectively. 
σ represents the surface tension at the interface of bubble 
with electrolyte; ( ∅) and ( �) are the receding and advancing 
angles, respectively, owing to asymmetrical growth of the 
gas bubble. These angles can be expressed as follows: ∅ = 
γ − Δγ and � = γ + Δγ with Δγ < 10°. d represents the gas 
bubble diameter with the electrode surface. In T-ECDM, the 
electrolyte temperature percolates the surface tension of the 
electrolyte that in turn determines the departures of the gas 
bubble. The surface tension of NaOH electrolyte decreases 
with the increase of temperature [41] and reaches zero at 
critical temperature. The surface tension of electrolyte with 
its temperature can be related as follows [42]:

Here,  � i s  a  constant  having a  value of 
2.1 × 10−7JK−1mol−2∕3 , V is the molar volume, and Tc is the 
critical temperature. From Eqs. 5, 6, and 7, the force on the 
gas bubble due to surface tension can be related as follows:

(6)d = 2R sin �

(7)� =
�(Tc − T)

V2∕3

Fig. 5   Forces on H2 gas bubble in T-ECDM
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From the above equation, enhancement in the electrolyte 
temperature will result in the reduction of surface tension 
force. By balancing the force conditions in the vertical direc-
tion by Eqs. 9, 10 can be estimated for departure radius.

According to Eq. (10), the bubble departure radius will 
shrink as the electrolyte temperature rises. Consequently, 
the coalescence of tiny bubbles generates a thin stable gas 
film [43]. The critical voltage similarly declines owing to 
decrease in gas film thickness [39]. The present study has 
also witnessed (experimentally) the reduction in critical volt-
age by 1 V owing to rise in electrolyte temperature, imply-
ing the reduction of bubble departure radius according to 
Eq. (10). Literature reveals that a stable and uniform gas film 
generates uniform consistent thermal discharge [44], which 
enhances the energy utilization behavior of the ECDM.

As discussed earlier, electrolysis generates hydrogen 
bubbles and gas film in the vicinity of the tool electrode 
in ECDM. Whenever applied voltage surpasses the critical 
voltage, thermal discharges happen from gas film break-
down that starts in the areas with the strongest electric fields 
[40]. The electrical phenomenon including voltage/current 
characteristics has been to use to understand the discharge 
mechanism of ECDM process [45, 46]. The energy interac-
tion through thermal discharges with the work piece results 
in melting and elevated temperature electrolyte etching. This 
paradigm changes as micro-machining progresses into deep 
micro-hole due to the accumulation of sludge and ineffective 
replenishment of electrolyte toward tool electrode tip [12]. 
The integration of temperature assistance and electrolyte 
stirring in T-ECDM can do away with these problems (elec-
trolyte replenishment and sludge formation in the machin-
ing zone) by assisting positively in the micro-machining. 
The process mechanism of basic-ECDM and T-ECDM is 
depicted in Fig. 6a and b, respectively. The low-temperature 
electrolyte generates large hydrogen bubbles (according to 
Eq. 10) that hampers the electrolyte replenishment in the 
processing zone [47]. Moreover, high-viscosity electrolyte 
(at low temperature) causes inadequate flushing of machined 
products out of the machining region in ECDM (at low tem-
perature) [48]. As a result, major thermal discharges take 
place at the entrance of micro-hole (Fig. 6a), resulting in 
the thermal damage of the workpiece [49], i.e., rise of HAZ 
and reduction of AR. On contrary, at elevated temperature 

(8)Fsx = −2R sin �
k(Tc − T)

V2∕3

�(� − ∅)

�2 − (� − ∅)2
[sin� + sin∅]

(9)
∑

Fx = 0 → FB = Fsx

(10)

R =

√

6.sin� .k(Tc − T).(� − ∅).[sin� + sin∅]
(

�l − �b
)

.V2∕3.
[

�2 − (� − ∅)2
]

.g.(1 + cos�)2.(2 − cos�)

of electrolyte in T-ECDM, the production of smaller bubbles 
takes place that generate a stable gas film [43]. Moreover, 
stray bubbles are drifted away from the entrance of micro 
geometry by virtue of electrolyte stirring and reduced elec-
trolyte viscosity (at elevated temperature) enhances the pen-
etration capability of electrolyte in the machining area that 
enhances the electrolyte replenishment. Furthermore, low-
viscosity electrolyte also facilitates the ejection of sludge 
from the working zone [48]. Consequently, fresh electro-
lyte replenishment takes place in the machining area that 
facilitates the removal of sludge due to electrolyte stirring 
by virtue of scavenging effect [50], as shown in Fig. 6b. As a 
result, thermal discharges take place from the tool electrode 
bottom that enhances the hole depth instead of entrance 
diameter. Consequently, the energy utilization behavior 
improves in T-ECDM. The above discussion implies that 
in T-ECDM, the removal of material will involve melting, 
chemical etching at elevated temperature, and ejection of 
material via electrolyte stirring. To substantiate the out-
comes, a comparative experimental investigation (in terms 
of EUB) of T-ECDM with normal ECDM has been carried 
out in this study.

3 � Results and discussion

In this investigation, experiments are conducted to create 
micro-holes in the borosilicate glass for the purpose of TGV, 
which are required in the applications of radio frequency-
based MEMS [3]. In the micro-machining of holes, the anal-
ysis was carried out to compare the EUB of basic-ECD with 
T-ECDM during discharge and hydrodynamic regime. In 
discharge regime, thermal discharges dominate the machin-
ing rate [27] and in hydrodynamic regime, etching rate 
dominates the machining rate. The machined micro-holes 
along with the state of thermal discharges are demonstrated 
in Fig. 7, which shows that in discharge regime, high fre-
quency and uniform thermal discharges take place in ECDM 
as well as T-ECDM, resulting in the formation of uniform 
micro-hole with low entrance diameter. However, hydrody-
namic regime exhibits non-uniform and inconsistent thermal 
discharges, resulting in the formation of non-uniform micro-
holes with large entrance diameter.

The non-uniform thermal discharges are observed 
after 60 s and 90 s of machining time in basic-ECDM and 
T-ECDM, respectively. In T-ECDM, the elevated electro-
lyte temperature enhances the electrolyte conductivity [19], 
which accelarates the electrolysis process. As a result, the 
intensity of thermal discharges gets increased, which has 
been justified through numerical modeling. The high-inten-
sity thermal discharges result into higher material removal 
[51].
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3.1 � Numerical model for the thermal analysis 
of machining zone

The objective of thermal analysis is to analyze the machin-
ing zone, influenced by the thermal discharges at elevated 

electrolyte temperature in T-ECDM process. In basic-
ECDM, the electrolyte temperature was assumed equal to 
room temperature (30 ℃) and in T-ECDM, the electrolyte 
temperature was controlled at 55 ℃. Since, ECDM is a 
complicated micro-machining process, its mathematical 

Fig. 6   Process mechanism of T-ECDM as compared to ECDM



350	 Journal of Applied Electrochemistry (2024) 54:341–360

1 3

modeling needs some pertinent assumptions [13]. Based 
on the geometry of machined surface, Literature witnessed 
that Gaussian distribution represents the actual shape for a 
growing spark as compared to uniform distribution [21]. The 
heat flux follows the Gaussian distribution given by Eq. (11).

where Pe is the partition energy, r indicates the radial dis-
tance, Rs is the spark radius, V represents voltage, and I (cir-
cuit current) is modeled as a function of electrical conduc-
tivity [52] and electrolyte temperature [53]. Partition energy 
is considered as 10%. Owing to spark energy, a 3D govern-
ing equation for transient temperature distribution (assumed 
to be axisymmetric) in the work piece is given by Eq. (12)

where � is the density of the workpiece and Cp and K are 
the specific heat (at constant pressure) and thermal con-
ductivity, respectively. The initial and boundary conditions 
were considered from the literature [34]. At time (t) = 0, the 

(11)q
r
=

4.45P
e
VI

𝜋R2
s

exp

{

−4.5
(

r
2

R2
s

)}

, r < R
s

(12)1

r

(

r
�T

�r

)

+
�2T

�z2
=

�Cp

K

�2T

�t2

temperature of whole domain of the workpiece is assumed 
to have the electrolyte temperature (Te). As shown in Fig. 8a, 
the Gaussian heat flux is applied on the top surface where 
spark occurs and rest surface is employed with the following 
boundary conditions:

where h is the heat transfer coefficient taken as 10000 W/
m2K, the same value of heat transfer coefficient has been 
considered in another study also [54]. Since the tempera-
ture gradient across all other boundaries is insignificant as 
compared to top surface, these boundaries (Sr and Sb) are 
assumed to be insulated. This assumption is made on the 
account of a very short spark duration and given by Eq. (10).

The meshed model (physics controlled, extremely fine) 
of borosilicate Glass is shown in Fig. 8b, for which, thermal 

(13)−k

(

𝜕T

𝜕z

)

= h
(

T − T0
)

If r > Rs

qr If r ≤ Rs

(14)�T

�n
= 0 at t ≥ 0

Fig. 7   Micro-holes along with discharge characteristics at different machining times (Tm/c)
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analysis was executed in COMSOL Multiphysics 6.0. 
The temperature distribution of processing zone in basic-
ECDM and T-ECDM has been demonstrated in Fig. 8c and 
d, respectively. The highest temperature in the processing 
zone is 1840 K and 2030 K in basic-ECDM and T-ECDM, 
respectively. Consequently, material removal rate by ther-
mal discharges (i.e., melting) remains higher in T-ECDM 
than basic-ECDM. Moreover, higher processing tempera-
ture elevates the electrolyte temperature, which accelerates 
the etching process and consequently, material removal. 
Therefore, material removal rate will be higher in T-ECDM 
than basic-ECDM. Jordan et  al. [55] also reported the 
increase in material removal with electrolyte temperature 
in electro-machining.

3.2 � Discharge and hydrodynamic regimes

This section deals with identifying and analyzing the 
discharge and hydrodynamic regimes in ECDM and 
T-ECDM. In ECDM, micro-machining of hole up to 300 
um is considered under discharge regime and more than 
300 um is considered under hydrodynamic regime [26, 

27]. The hole depth with respect to machine time has been 
demonstrated in Fig. 9. This figure witnessed the transi-
tion from discharge to hydrodynamic regime at 47 s and 
35 s in ECDM and T-ECDM, respectively, i.e., T-ECDM 
achieves hydrodynamic regime faster. It is also observed 
that at each point of machining time, hole depth remains 
higher in T-ECDM as compared to ECDM. As demon-
strated in Figs. 7 and 8, the comparatively uniform fre-
quent and high-intensity thermal discharges cause higher 
material removal in T-ECDM than basic-ECDM. At the 
same time, owing to higher electrolyte temperature, the 
material removal by chemical etching also remains higher 
in T-ECDM as compared to basic-ECDM, according to the 
following equation [56].

Here, m indicates the MRR (mg/hr/unit area) and T is the 
electrolyte temperature.

On the other hand, effective electrolyte replenish-
ment and sludge removal leverages the energy utilization 

(15)m = 3 × 107 exp
(

−
6571.3

T

)

Fig. 8   Meshed model with temperature distribution in the processing zone
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of T-ECDM (Fig. 6). Consequently, hole depth remains 
higher in discharge as well as hydrodynamic regime for 
T-ECDM as compared to basic-ECDM.

The following subsection discusses the comparative 
energy utilization of T-ECDM with basic-ECDM in terms 
of desirable and undesirable characteristics and then quan-
tifies the Energy Utilization Index (EUI) according to the 
following equation:

(16)EUI =
Response characteristics(T - ECDM)

Response characteristics(basic - ECDM)

According to above equation, larger the better (> 1) EUI 
is desirable for desirable characteristics and lower the better 
(< 1) is desirable for undesirable characteristics.

3.3 � EUB in terms of desirable characteristics

In this study, MR and AR are considered as desirable char-
acteristics. The MR and AR symbolize the productivity and 
accuracy of the process. Since larger the better MR and AR 
are desirable, these response characteristics are classified as 
the desirable characteristics and defined as follows:

The cross-sections of the processed micro-holes in 
ECDM and T-ECDM, representing the AR, are shown in 
Fig. 10.

At various machining times, the corresponding values of 
MR and AR of micro-holes are demonstrated in Fig. 11a 
and b), respectively. The MR graph exhibited an exponential 
decrease as transition takes place from discharge to hydro-
dynamic regime, which is also witnessed by [56]. The AR of 
micro-hole exhibited an exponential increase up to a certain 
point and then started saturating. The statistical values per-
taining to the model of MR and AR are tabulated in Table 2 
(Appendix 1). From Fig. 11a and b, it can be inferred that 
the MR and AR remain higher in T-ECDM as compared 

(17)MR =
Hole Depth

Machining time

(

um

s

)

(18)Aspect Ratio (AR) =
Hole Depth (D)

Hole Diameter (d)
Fig. 9   Hole depth versus machining time in ECDM and T-ECDM

Fig. 10   Cross-sectional views representing the AR in ECDM and T-ECDM
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to ECDM. However, MR and AR exhibited a steep decline 
in ECDM as compared to T-ECDM. As micro-machining 
moves into the hydrodynamic domain, the main causes of 
MR reduction and AR saturation are the poor replenishment 
of electrolyte and accumulation of machined by-products 
[57]. Since, electrolyte temperature increases the electrolyte 
conductivity (i.e., reduction in the electrolyte resistance), the 
accelerated electrolysis enhances the generation rate of ions, 
resulting in the improvement of thermal discharges and aug-
mented chemical etching [56]. The amount of heat produced 
in the machining area can be calculated by Eq. (17) [52]:

In Eq. (19), V represents the voltage, Vw is the water 
decomposition potential, Re is the electrolyte resistance 
between electrodes, and Im is the mean current. Energy gen-
erated will increase with the rise in electrolyte temperature 
because electrolyte resistance decreases in an inverse rela-
tionship with electrolyte temperature. Moreover, electrolyte 
temperature also accelerates the etching offered by the elec-
trolyte [56]. Additionally, elevated temperature (55 ℃) and 
stirring action of the electrolyte improves electrolyte replen-
ishment and flushing in the machining zone (demonstrated in 
Fig. 6) of T-ECDM, resulting in the improvement of energy 
utilization toward the hole depth instead of entrance diam-
eter. Consequently, owing to these coupling effects, MR and 
AR of micro-hole remain higher in T-ECDM than ECDM in 
discharge as well as hydrodynamic regime.

Furthermore, EUI in terms of MR and AR remains 
greater than one as well as suggested an increasing function 
with respect to machining time. The increasing trend of EUI 
(during the transformation from discharge to hydrodynamic 
regime) for the desirable characteristics is an indication of 
improved EUB in T-ECDM as compared to basic-ECDM.

(19)q =
(

V − Vw

)

× Im −
[

Re × I2
m

]

3.4 � EUB in terms of undesirable characteristics

This section deals with the energy utilization behavior with 
respect to the undesirable characteristics of the process. 
Since lower the better TWR and HAZ are desirable, these 
response characteristics are classified as undesirable char-
acteristics. The HAZ has been considered as the peripheral 
width of heat-affected zone surrounding the micro-hole and 
TWR has been defined by Eq. (20).

In ECDM, stainless steel is the more suitable material for 
electrode as compared to tungsten carbide [58] and hence, 
stainless steel has been considered for electrode material 
in this study. Longitudinal tool wear represents the varia-
tion in tool length due to machining process. Figure 12 dis-
plays stereo zoom microscope pictures of TWR and HAZ. 
Before machining, the shape of tool tip was conical and after 
machining changed to flat shape due to tool wear. However, 
tool wear was observed almost twice in ECDM as compared 
to T-ECDM. The HAZ of machined micro-hole was also 
significantly higher in ECDM than T-ECDM.

In ECDM and T-ECDM, the behavior of tool wear with 
respect to machining time has been demonstrated in Fig. 13a, 
depicting an exponential rise in the tool wear during the 
transformation from discharge to hydrodynamic regime. 
Moreover, TWR remains highest in ECDM than T-ECDM 
during discharge as well as hydrodynamic regime. The 
statistical values of TWR models are presented in Table 3 
(Appendix 1). During hydrodynamic regime in ECDM, 
bubble accumulation at the entrance of the machining zone 
and sludge formation in machining zone becomes prevalent. 
Additionally, the main causes of the buildup of machined 

(20)TWR =

Longitudnal tool wear

Machining time

(

um

s

)

Fig. 11   Desirable characteristics (MR and AR) with respect to machining time in ECDM and T-ECDM
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byproducts at the tip of tool electrodes are electrolyte evapo-
ration and sludge development, decreasing the active surface 
area [59]. These combined effects result in poor EUB in 
ECDM process, i.e., more energy is utilized in the thermal 
degradation of tool electrode than the machining. As a result, 
TWR starts increasing exponentially. Although TWR also 
increase exponentially in T-ECDM but remains significantly 
lower than ECDM. The attributed reason is the improvement 
of process mechanism due to elevated temperature and stir-
ring of the electrolyte (demonstrated in Fig. 6). Due to the 
improvement in the process mechanism of T-ECDM, more 
discharge energy is utilized in the enhancement of desir-
able characteristics [MR (Fig. 10) and AR (Fig. 11)] instead 
of undesirable characteristics [TWR (Fig. 13a) and HAZ 
(Fig. 13b)]. In basic-ECDM, electrolysis generates thick 
and unstable gas film, which generates non-uniform thermal 

discharges. Additionally, as demonstrated in Fig. 6a, owing 
to poor electrolyte replenishment and sludge accumulation 
in the machining zone of ECDM, major thermal discharges 
take place at the entrance of micro-hole. These combined 
effects increase the HAZ. Conversely, in T-ECDM, tiny bub-
bles generate a thin, uniform, and stable gas film that gener-
ates a uniform thermal discharges [43], which gets concen-
trated by virtue of electrolyte stirring. Also, due to improved 
electrolyte replenishment and flushing in the machining zone 
of T-ECDM, major thermal discharges emanate from the 
tool tip, having minimal influence on the heat-affected zone. 
These coupling effects reduce the HAZ in T-ECDM. Also, 
Fig. 13 infers that the EUI remains lower than the one and 
exhibits a declining trend for TWR as well as HAZ, imply-
ing the reduction in EUB for undesirable characteristics.

 

(a) Tool Electrode Wear (TWR) 

 

(b) Heat Affected Zone (HAZ) 

Fig. 12   The state of undesirable characteristics in ECDM and T-ECDM

Fig. 13   Undesirable characteristics with respect to machining time in ECDM and T-ECDM
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Based upon the outcomes of performance indicators, 
the improvement in EUI for desirable characteristics and 
reduction in EUI for undesirable characteristics imply the 
improvement of process mechanism in T-ECDM with 
respect to ECDM. Furthermore, the overall effect has been 
quantified in terms of OEUI and demonstrated using a radar 
graph in the subsequent section.

3.5 � Overall energy utilization

In this section, OEUI is analyzed with respect to the machin-
ing time as shown in radar graph (Fig. 14). In this figure, 
the input parameters and output responses were normalized 
on 0–1 scale. The applied voltage and Energy Generated 
(EG) in the cell are considered as the input parameters. The 
energy generated is calculated by the following equation:

where V represents voltage, t is the machining time, and I is 
the circuit current. The current I was modeled as a function 
of electrical conductivity [52] and electrolyte temperature 
[53]. Based on experimental conditions, the values of I were 
calculated as 0.27A and 0.30A in ECDM and T-ECDM, 
respectively. The attributed reason for higher current in 
T-ECDM (than ECDM) is the accelerated electrolysis (at 
elevated electrolyte temperature) and accordingly, EG val-
ues were also higher at various machining times (Fig. 14). 

(21)Q = V × I × t

The OEUI has been considered as the output response. 
Based upon the energy utilization behavior of desirable and 
undesirable characteristics, the OEUI has been quantified 
as follows:

In Eq. (20), n1 and n2 are the number of desirable and 
undesirable characteristics. Since, the present study has 
considered equal number of desirable (MR and AR) and 
undesirable characteristics (TWR and HAZ), hence n1 
and  n2 are considered equal to 2. The wi and wj are the 
weights assigned for desirable and undesirable character-
istics based upon the importance. As the current study has 
considered the equal importance for desirable and undesir-
able characteristics, the value of wi and wj has been taken 
as one. The DC and UC represent the normalized values 
of desirable and characteristics, respectively. In Fig. 14, 
the presented values of OEUI remain significantly higher 
for T-ECDM than ECDM in discharge as well as hydrody-
namic regime, implying the improvement in EUB.

3.6 � EUB in terms of surface characteristics

To observe the effects of process mechanism of ECDM and 
T-ECDM on flushing and chemical etching, this section deals 
with the morphological and compositional analyses of the 

(22)OEUI =

n1
∑

i=1

wi × DCi −

n2
∑

j=1

wj × UCj

Fig. 14   Figure showing the 
overall energy utilization behav-
ior with respect to machining 
time
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processed micro-holes using a FESEM with EDS. Subse-
quently, the surface roughness of micro-hole was observed 
using profilometer. The characteristics of micro-hole processed 
in ECDM and T-ECDM are presented in Figs. 15 and 16, 
respectively. Literature reported that chemically etched surface 
will have less concentration of alkali metals in comparison 
with original glass [18]. In case of glass etching by NaOH, 
hydroxyl (OH−) and sodium (Na+) ions diffuse in the bonds 
of silicon oxide glass [12], resulting in material removal by 
electrolyte etching according to Eq. (23) [60].

The morphology and chemical composition of machined 
micro-holes in ECDM and T-ECDM are shown in Figs. 15a 
and 16a, respectively. These figures inferred that as com-
pared to normal ECDM, T-ECDM produces the machined 

(23)2NaOH + SiO2 → Na2SiO3 + H2O

micro-hole with 13.33% and 48.45% reduction in sodium 
and silicon concentration, which implies higher etching rate 
in T-ECDM than ECDM. The attributed reason is the ele-
vated electrolyte temperature (according to Eq. 15) that pro-
motes chemical etching. From morphology of micro-holes, 
it can be observed that owing to higher rate of chemical 
etching and improved flushing in the machining zone, minor 
debris and insignificant molten deposits are observed in the 
machined micro-hole by T-ECDM as compared to ECDM. 
In ECDM, stagnant electrolyte causes the significant deposi-
tion of craters, while stirred electrolyte in T-ECDM reduces 
this deposition [36]. These combined effects of morphologi-
cal and compositional outcomes from micro-holes substanti-
ate the improved chemical etching and flushing in T-ECDM 
as compared to ECDM. Moreover, stirring action in electro-
lyte produces a homogeneous etching effect that generates 
the smooth surface of the micro-hole. Consequently, the sur-
face roughness of micro-hole machined in T-ECDM resulted 

(a) Morphology and composition (b) Surface Roughness 

Fig. 15   Characterization of micro-hole machined in ECDM

(a) Morphology and composition (b) Surface Roughness 

Fig. 16   Characterization of micro-hole machined in T-ECDM
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in lower value than ECDM, observed through profilometer 
(Figs. 15b and 16b). Eventually, it can be concluded that the 
EUB remained better in T-ECDM than ECDM in terms of 
surface characteristics also.

4 � Conclusion

This study has successfully introduced a novel approach in 
ECDM using a magnetic stirrer to control the electrolyte tem-
perature and to stir the electrolyte, which is termed T-ECDM. 
The controlled electrolyte temperature at a high level raises 
the conductivity and lowers the viscosity of the electrolyte. 
In T-ECDM, increased conductivity of electrolyte accelerated 
the electrolysis process and reduction in viscosity enhances 
the electrolyte replenishment in the machining area. Avail-
ability of electrolyte in the machining area coupled with 
stirring action resulted in better scavenging of sludge from 
the machining area, resulting in the improvement of EUB 
in the ECDM process. Comparative experimental investiga-
tion on characteristics witnessed the improvement of EUB in 
T-ECDM than basic-ECDM in following ways:

1.	 For desirable characteristics (i.e., MR and AR), EUI was 
found greater than one and followed an increasing func-
tion with respect to machining time.

2.	 For undesirable characteristics (i.e., TWR and HAZ), 
EUI was found less than one and followed a decreasing 
function with respect to machining time.

3.	 The OEUI was observed significantly higher during dis-
charge as well as hydrodynamic regime.

4.	 The morphological and compositional analyses of the 
machined micro-hole had witnessed the improvement in 
flushing and chemical etching, which resulted in better 
surface finish of the micro-hole.

Based upon the outcome of this study, it can be conjec-
tured that T-ECDM resulted in better EUB as compared 
to basic-ECDM. Furthermore, a controlled electrolyte 
temperature and homogeneous electrolyte concentration 
in the electrolyte bath (due to stirring action) develops 
stable machining conditions. Therefore, T-ECDM can be 
envisioned as a viable option for the micro-machining of 
TGV for radio frequency MEMS, lab on-chip devices, 
etc.

Appendix 1

The statistical values for desirable and undesirable char-
acteristics are tabulated in Tables 2 and 3, respectively  

Table 2   Statistics of models for desirable characteristics

Characteristics MR Characteristics AR

Equation y = A1 × exp(− x/t1) + y0 Equation y = A1 × exp(x/t1) + y0

Plot ECDM TS-ECDM Plot ECDM TS-ECDM

y0 1.189 ± 0.3035 4.279 ± 0.321 y0 0.56463 ± 0.0197 1.18112 ± 0.04788
A1 7.149 ± 0.237 5.690 ± 0.2067 A1 − 0.475 ± 0.15244 − 1.02833 ± 0.05605
t1 144.704 ± 12.134 92.952 ± 14.543 t1 − 34.867 ± 13.1922 − 68.00171 ± 11.989
Red. Chi-Sqr 0.00147 0.00865 Red. Chi-Sqr 5.54347E − 4 5.64765E − 4
R2 (COD) 0.999 0.996 R2 (COD) 0.95166 0.9929
Adj. R2 0.999 0.994 Adj. R2 0.91943 0.98817

Table 3   Statistics of models for undesirable characteristics

Characteristics TWR​ Characteristics HAZ

Equation y = A1 × exp(x/t1) + y0 Equation y = A1 × exp(x/t1) + y0

Plot ECDM TS-ECDM Plot HAZ (ECDM) (TS-ECDM)

y0 0.90395 ± 0.2985 0.21179 ± 0.4173 y0 23.18945 ± 1.108 21.18192 ± 1
A1 0.6937 ± 0.21839 0.65773 ± 0.36597 A1 8.35132 ± 0.71 6.25716 ± 1.0
t1 103.84511 ± 14.87 165.76444 ± 53.94 t1 86.5617 ± 3.00 87.44392 ± 6
Red Chi-Sqr 0.00497 0.00164 Reduced Chi-Sqr 0.1327 0.28989
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