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Abstract
The ultrasonic-assisted electrochemical discharge machining (UAECDM) process uses thermal, chemical, and ultrasonic energy
together during the machining process. The energy produced from the discharge is used in the work material to produce micro-
feature, but the entire energy is not used solely for material removal. Hence, it also affects the tool electrode wear (TEW) along
with the material removal rate (MRR). An attempt has been made in this article to investigate the effect of process parameters
related to the UAECDM process performance. From the experimental results, it was found that the ultrasonic vibrational
amplitude influences the MRR and TEW most compared to other process parameters such as pulse on time (Ton), electrolyte
concentration, and applied voltage. In addition, mathematical models are developed using dimensional analysis to predict TEW
and MRR. It is based on process parameters affecting TEW and MRR, including the tool electrode and work material’s thermal-
physical properties. The results obtained from the mathematical models are quite similar to experimental results, and it has been
found that the models can be used for further process’s effects on performance characteristics.

Keywords Dimensional analysis . MRR .Modeling . TEW .UAECDM

1 Introduction

Ultrasound is a physical wave that propagates at frequencies
higher than 20 kHz, i.e., above the human audible sound.
Hence, it is suitable for various applications, namely medical,
joining, and machining. Ultrasonic vibrations are provided to
machine hard and brittle materials as direct input in the ma-
chining process, such as the ultrasonic machining (USM) pro-
cess. As shown in Fig. 1, the USM facility comprises an ul-
trasonic generator, transducer, and horn. These units are
coupled in sequence to provide high amplitude at the horn
end. The tool is mounted at the horn end to utilize the maxi-
mum vibrational energy for the machining. The power inten-
sity that passes through the cross-sectional area of the tool
depends on both ultrasonic frequency and amplitude. But,

high aspect ratio is difficult to reach during the USM process
and is usually associated with low MRR [1, 2].

Ultrasonic vibrations can also be used to assist various
conventional and non-conventional processes during machin-
ing. The literature reveals that the integration of ultrasonic
vibrations with conventional machining reduces the forces
required, and also increases the product quality. Pujana et al.
investigated the ultrasonic vibration’s effect during the ma-
chining in Ti6Al4V alloy. During the ultrasonic-assisted dril-
ling (UAD) process, the same chip geometry was observed
with the formation of the null burr. Due to the strain-softening
effect, the feed forces decreased by 10–20%. The temperature
at the tooltip, however, increases compared to traditional dril-
ling [3]. During the ultrasonic-assisted milling process, Ni
et al. developed an analytical model for evaluating the contact
rate between tool and work material. It was observed that the
cutting forces decreased by 35% due to the intermittent cutting
effect. Surface quality of the finished product also improved
during machining of the Ti6Al4V alloy [4]. Lofti et al. ana-
lyzed the ultrasonic vibration’s effect in the tool chip contact
friction by simulation and experimentation. It was found that
the coefficient of friction and contact length decreases due to
intermittent contact of the vibrated tool because of the thermal
conduction time reduced at the interface of the tool chips [5].
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Ultrasonic vibrations can also be used for performance im-
provement of various non-conventional machining processes.
Kremer et al. introduced the concept of ultrasonic vibrations in
the electric discharge machining (EDM) process to enhance
slurry circulation and debris evacuation from the machining
zone by high-frequency pumping action [6]. Yue et al. devel-
oped a FEM-based theoretical model to predict drilled hole
profile and heat-effected zone boundary, and recast layer
thickness for with and without ultrasonic-assisted laser.
Deeper holes with minimal recast layer could be drilled with
ultrasonic laser-assisted (USL) because the molten metal pres-
sure and flow velocity are high, and the vapor point of the
material has been modified [7]. During the ECDM process,
Han et al. provided the electrolyte with ultrasonic vibrations to
enhance the process performance. It was found that machining
depth increased due to adequate electrolyte flow in the work-
ing gap, which provides gas film stability and improves the
drilled hole surface quality [8]. It has been found from the
literature that with the assistance of sonication, the perfor-
mance of both conventional and non-conventional machining
processes enhances.

The ECDM process is a hybrid non-conventional machin-
ing process to machine hard and brittle material [9]. It utilizes
the thermal as well as chemical energy during the process [10,
11]. Thermal energy is produced at the tooltip due to break-
down of gas film formed during electrolysis, and chemical
energy is generated by the flow of ions in an alkali electrolyte
solution [12]. During the ECDM process, the tool electrode is
immersed, and both anode and work materials are submerged
in the electrolytic solution (Fig. 3a). The electrolysis process
begins when the pulsed DC power supply is connected to the
terminal of both the electrodes [13]. The generation, nucle-
ation, and gas bubbles departure occur during the electrolysis

process. The coalescence of these gas bubbles begins to form
a film of gas over the surface of the tool electrode [14]. Due to
the breaking down of gas film around the periphery of the tool
electrode, the sparks initiate [15]. These discharges produced
high thermal energy in the working gap, which melts and
evaporates the work material [16]. A certain amount of energy
produced is also transferred to the tool electrode, which affects
the shape and size of the tool electrode, which refers to the
TEW. It is interesting to note that the process performance of
the ultrasonic-assisted electrochemical discharge machining
(UAECDM) process is improved by controlling the discharge
energy. Elhami et al. observed that, due to electrolyte replen-
ishment from the working gap, the output performance in-
creases with the sonicated tool electrode in the ECDM pro-
cess. The surface cracks with low material removal rate
(MRR) was found at a high amplitude of vibration due to large
and dense current pulse generation at the hole entrance [17].
Rathore et al. introduced the sonicated tool electrode to en-
hance response characteristics during the ECDM process at
higher applied voltage. It has been reported that the MRR
increases, and the HOC decreases during the UAECDM pro-
cess due to the reduction in thickness of gas film [18]. There
are only a few publications available for the UAECDM pro-
cess. The UAECDM process is still under investigation.

Modeling is a powerful tool that offers a way to understand
the effects on the output characteristics of various input pro-
cess parameters [19–21]. Various researchers have used the
Buckingham π theorem to model MRR, surface roughness,
etc. during different machining processes. Tsai et al. devel-
oped a semi-empirical model using the Buckingham π theo-
rem to establish the relationship between work material sur-
face finish and various process parameters during the EDM
process [22]. Kumar et al. used the Buckingham theorem to

Fig. 1 Schematics of various
components of the ultrasonic
facility
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develop a model for evaluating the influence of process pa-
rameters on TEW during machining of titanium by USM [23].
Patil et al. developed a mathematical model for the determi-
nation of MRR of metal matrix composites during wire-EDM
using dimensional analysis [24]. A mathematical model is
developed to investigate the hot chamber die casting surface
hardness using the Buckingham π theorem by Singh [25].
Singh and Singh developed a wear model based on the dimen-
sional analysis for functionally graded material by fusion de-
position modeling [26]. Bains et al. investigated the magnetic
field effect during metal matrix composite (MMC) machining
in the EDM process and established a relationship between
process parameters using the Buckingham π theorem [27].
Goel et al. employed the Buckingham’s π theorem to model
the MRR and hole taper for the UA-jet electrochemical
microdrilling process. These models are validated with the
experimental results and found a good agreement with the
statistical models [28]. A predictive model using the
Buckinghamπ theorem is developed byReddy et al. to predict
the MRR during the machining of Hastelloy C276 by the
EDM process [29]. Phate et al. predicted the surface quality
of the aluminum-based alloy during the EDM process by
using dimensional exponential model (Buckingham π theo-
rem) [30]. Using the Buckingham’s π theorem, Mohankumar
et al. developed a semi-empirical model to predict the depth of
cut of metal MMCs during AWJM and is compared to the
regression model and experimental results [31]. The
Buckingham π theorem has been found to be applied to solve
various engineering problems and was found to be effective.
Hence, this technique is suitable for TEW andMRRmodeling
during the UAECDM process.

Information about the influence of ultrasonic vibrations is
not yet revealed during the ECDM process at higher applied
voltage. Aside from that, any information about the

mathematical modeling of TEW does not reveal in the litera-
ture. Therefore, mathematical models need to be developed,
covering all performance aspects of the ECDM process as
well as TEW in a holistic way. This investigation aims to
evaluate the output response (MRR and TEW) as well as
develop their mathematical models too. Experimental results
have also concurred with the established models. The TEW
model is validated with the experimental results with the stain-
less steel tool electrode, and these models also stand for other
materials. The universal models are developed for the TEW
and are in line with the results reported [32].

2 Materials and methods

2.1 Experimental design

2.1.1 Ultrasonic-assisted electrochemical discharge
machining process description

Figures 2 and 3 show the schematic and photographic view of
the indigenous UAECDM facility developed in the Advanced
Manufacturing Laboratory at IIT, Roorkee. The UAECDM
process is the hybrid of electrochemical machining (ECM),
EDM, and USM processes. It utilizes the vibrational energy
along with thermal and chemical energy. The assistance of
ultrasonic vibration with the ECDM process requires equip-
ment such as the ultrasosnic generator, transducer, and horn,
which generate ultrasonic vibrations. The ultrasonic generator
transforms low-frequency electrical signals into an electrical
signal of high frequency. Such electrical high-frequency sig-
nals are fed to the piezoelectric transducer, which transforms
electrical signals into mechanical vibrations. These vibrations
are amplified with the energy-focusing device horn. The tool

Fig. 2 Schematics of the UAECDM facility
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electrode is mounted to the horn end, which leads tool elec-
trode to vibrate at high frequency (26.4 kHz) along the longi-
tudinal axis. The tool electrode vibrations affect the departure
radius of the gas bubble during the electrolysis process, which
controls the formation of the gas film. During the process, the
formation of thin gas film produces high-intensity and high-
frequency discharges and results in material removal from the
work material [33].

2.1.2 Material removal mechanisms during the UAECDM
process

The UAECDM process is a hybridization of three non-
conventional machining processes (ECM, EDM, USM).
This hybrid process has taken advantage of various energy

utilization, i.e., chemical energy, thermal energy, and mechan-
ical energy simultaneously for drilling microholes in the work
material. Figure 4 shows the schematics of ECDM and
UAECDM process mechanisms. During the ECDM process,
the pulsed DC power supply is applied across the tool elec-
trode and auxiliary counter electrode, which initiates the elec-
trolysis process and results in the generation of large-sized
hydrogen gas bubbles from the tool electrode as shown in
Fig. 4b. These large size gas bubbles come closer to each
other, and the coalescence process takes place, which results
in the formation of the thick gas film around the tool electrode,
as shown in Fig. 4c. Due to the availability of potential above
the critical voltage, the breakdown of insulated gas film takes
place and results in the generation of high-intensity and low-
frequency sparks, as shown in Fig. 4d. These sparks remove

Fig. 3 Photographic view of the
UAECDM facility

Fig. 4 Schematics for the ECDM and UAECDM process mechanism
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the material from the work material by melting and evapora-
tion, chemical etching, and thermal erosion. In the UAECDM
process, the process mechanism changed with the introduction
of ultrasonic vibrations to the tool electrode. The translatory
motion of the tool electrode changes the dynamics of the gas
bubble generation. The gas bubble departure radius decreases
with the introduction of ultrasonic vibrations to the tool elec-
trode, which results in the generation of small-sized gas bub-
bles around the tool electrode, as shown in Fig. 4(ii) [18].
These small size gas bubbles coalesce with each other, which
results in the formation of the thin gas film around the tool
electrode (Fig. 4(iii)). Besides that, an ultrasonically vibrated
tool flatten the gas bubbles beneath the tool electrode that
results in the extra thinning of the gas film. Figure 4 (iv) shows
that there is a generation of high-frequency and low-intensity
sparks with the breakdown of thin gas film that increases the
quality characteristics of the drilled microholes.

2.1.3 Process conditions during the experiments

The process parameters that affect the MRR and TEW during
the UAECDM process are Ton, applied voltage, power rating,
and electrolyte concentration. The cause and effect diagram
for the MRR and TEW in the UAECDM process is based on
the literature, as shown in Fig. 5.

The effect of process parameters can be independently an-
alyzed depending on the properties of the tool characteristics,
the work material, and the operating parameters, as given in
Table 3. The relation between the power rating and amplitude
is given in Table 4. In this article, the stainless steel material
and borosilicate glass are selected as a tool electrode and work

material, respectively. Their properties are given in Tables 1
and 2, respectively. A dimensional 50 × 50 × 10-mm graphite
block is chosen as an auxiliary counter electrode. To provide a
voltage between the cathode and anode, a pulsed DC power
supply was used. The experiments were performed with the
NaOH electrolyte solution.

2.2 Measurement techniques

The experiments were performed on the UAECDM facility to
drill holes in the borosilicate glass.MRR and TEWwere taken
as response outcomes. To calculate the MRR, the initial and
final weight were measured with high-precision weighing ma-
chine after Tm machining time. To calculate the MRR, the
formula used is expressed in Eq. 1.

MRR ¼ W i−W f

Tm

� �
ð1Þ

where Wi is the initial weight and Wf is the final weight after
machining and Tm is the machining time.

The tool electrode schematics before and after machining
are shown in Fig. 6. The TEW is measured in terms of volu-
metric wear and the formula used, as expressed in Eq. 2.

Total volumetric TEW

¼ πh r1−r2ð Þ −11r12 þ 2r1r2 þ 3r22ð Þ
6 8r1−5r2ð Þ þ πr22

� �� ΔL ð2Þ

where r1 is tool electrode radius after machining, r2 is tool
electrode radius before machining at the tool electrode bottom
surface, ΔL is the longitudinal tool wear, and h is the height of

Fig. 5 Ishikawa diagram for MRR and TEW
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the tool electrode edge. A tool maker’s microscope (Make:
Nikon MM 400, least count of 1 μm) was used to measure
the longitudinal tool wear length. A digital stereo zoom mi-
croscope was used to capture the tool image.

3Mathematical modeling for output response

The model was mechanistic in the sense that parameters can
be experimentally measured for work material from a few
experiments and then used for HOC, MRR, and TEW predic-
tion over different process parameters for wide range. Using
the UAECDM process, it was used for drilling in borosilicate
glass, where good predictions were obtained at a time using
different parameter estimation. The study reported the effects
of five process parameters (tool material properties, working
material properties, power rating, duty cycle, and applied volt-
age). Table 3 shows different parameters of input and response
outcome used in the experimental study, and Tables 1 and 2
show the properties of borosilicate glass and tool material,
respectively. The relationships have been analyzed, taking
into account the interaction between these variables. In the
case of the ECDM process, the literature reveals various
modeling techniques used to establish relationships between
input and output. The following assumptions are made using
the Buckingham’s π theorem for the UAECDM process while
developing the mathematical model (Table 4):

& Ultrasonic vibration frequency has been fixed throughout
the experiment and is in the range of 26 ± 1 kHz.

& Throughout the experiment, the feed force is also consid-
ered constant.

& The properties of workpiece material were taken as homo-
geneous and isotropic.

& During the experiments, the atmospheric condition re-
mains constant.

& The electrolyte level is assumed to be constant during the
experiment.

In the present article, the dimensional analysis is used to
develop the relationship between controlling machining pa-
rameters and MRR, HOC, and TEW. The dimensional analy-
sis is based on the Buckingham’s π theorem. The dimensional
analysis has proved to be a successful approach to the gener-
ation of analytical equations with a number of variables [35].
The dimensional analysis is now the theory by which the
effect of variables can be lowered through some physical
equations [36]. According to the theorem, the system with
“n” quantities having “m” fundamental dimensions; then, the
variables can be organized in independent dimensionless pa-
rameters of “n–m”. The process parameters related to MRR
and TEW for the UAECDM process are given in Tables 5 and
6, respectively, along with their respective dimensional units.
The process variables selected in the UAECDM process are
applied voltage, power rating, electrolyte concentration, and
Ton, whereas the working material’s specific heat, melting
point, and density, and peak current during the process are
taken as the constant parameters.

The present system comprises five fundamental dimen-
sions (mass (M), length (L), time (T), charge (Q), and temper-
ature (θ)) and nine variables for characteristics of performance
output (MRR). As per the Buckingham π theorem, for the
development of a model, there is a requirement to select the
non-repeating and repeating variables. The number of vari-
ables to repeat should be equal to fundamental dimensions.

Therefore, in the present scenario, the five repeating vari-
ables are selected as follows: peak current, specific heat, melt-
ing point, density, and Ton, while the non-repeating variables
are chosen, power rating, applied voltage, electrolytes concen-
tration, and one dependent variable, which may be MRR for
different cases.

3.1 Mathematical modeling for predicting MRR (M)
during UAECDM process

The process parameters affecting the MRR (A) during the
UAECDM process can be expressed in Eq. 3.

M ¼ f V ; T on;Ec;P; I ;Cs; Tm; ρð Þ ð3Þ
where M is the MRR, Ton is a pulse on time, V is the applied
voltage, Ec is electrolyte concentration, P is power rating, I is

Table 2 Properties of tool electrode (stainless steel)

Property Unit Value

Specific heat (σ) J/kg K 510

Hardness HRA 54

Density (ρ) kg m−3 8030

Linear expansion coefficient (α) Κ−1 4.5 × 10–6

Melting point °C 1426

Thermal conductivity λ Wm−1 K−1 26

Table 1 Work material properties

Properties Unit Value

Thermal expansion coefficient (ISO 7991) cm/cm/°K 3.3 × 10−6

Density g/cm3 2.23

Lower annealing temperature °C 510

Upper annealing temperature °C 560
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peak current,Cs is the specific heat of the work material, Tm is
work material’s melting point, and ρ is work material’s den-
sity. The selected non-repeating variables are power rating
(P), applied voltage (V), electrolyte concentration (Ec), and
material removal rate (M). Process parameters for the groups
π1, π2, π3, and π4 can be expressed as follows:

π1 ¼ M Ia1 ;Cs
b1 ; Tm

c1 ; ρd1 ; T on
e1

� � ð4Þ
π2 ¼ P Ia2 ;Cs

b2 ; Tm
c2 ; ρd2 ; T on

e2
� � ð5Þ

π3 ¼ V Ia3 ;Cs
b3 ; Tm

c3 ; ρd3 ; Ton
e3

� � ð6Þ
π4 ¼ Ec Ia4 ;Cs

b4 ; Tm
c4 ; ρd4 ; Ton

e4
� � ð7Þ

where i = 1, 2, 3, and 4 are the subscript for Eqs. 4, 5, 6, and 7,
respectively. ai is the exponent of peak current (I), bi is the
exponent of specific heat (Cs), ci is the exponent of melting
point (Tm), di is the exponent of work material density (ρ), ei is
the exponent of Ton. The ultimate exponent of every funda-
mental dimension was obtained by substituting each
quantity’s dimensions and equating to zero since the π are
dimensionless groups.

π1 ¼ MT−1� �
QT−1� �a1 L2T−2θ−1

� �b1 θð Þc1 ML−3
� �d1 Tð Þe1

M 0L0T0Q0θ0
� � ¼ MT−1� �

QT−1� �a1 L2T−2θ−1
� �b1 θð Þc1 ML−3

� �d1 Tð Þe1

ð8Þ

Fig. 6 Schematics of tool
electrode before and after
machining

Table 3 Input process parameters’ and response outcome

Input parameters Levels Response outcomes

Electrolyte concentration (%) 10 15 20 25 30 MRR (mg/min)

Pulse on time (Ton)(ms) 50 66 75 80 83 TEW(mm3)

Applied voltage (V) 62 66 70 74 78

Power rating (%) 0 5 10 15 20

Constants

Tool Ø 600-μm solid cylindrical (SS 304)

Work material 1300-μm-thickness Borosilicate glass

Table 4 Amplitude
produced at the tip of the
horn at different power
ratings [34]

Power rating (%) Amplitude (μm)

0 5

5 7

10 8

15 10

20 12

25 14

30 17
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Here,
M : 1 + d1 = 0, L : 2b1 − 3d1 = 0, T : − 1 − a1 − 2b1 + e1 = 0,
Q : a1 = 0, θ : − b1 + c1 = 0

Solving, we get

a1 = 0, b1 = − 1.5, c1 = − 1.5, d1 = − 1, e1 = − 2

thus

π1 ¼ M
Cs

1:5Tm
1:5ρTon

2 ð9Þ

Similarly, we get:

π2 ¼ ML2T−3� �
QT−1� �a2 L2T−2θ−1

� �b2 θð Þc2 ML−3
� �d2 Tð Þe2

M0L0T 0Q0θ0
� � ¼ ML2T−3� �

QT−1� �a2 L2T−2θ−1
� �b2 θð Þc2 ML−3

� �d2 Tð Þe2

ð10Þ

π2 ¼ P
Cs

2:5Tm
2:5ρTon

2 ð11Þ

π3 ¼ ML2T−2Q−1� �
QT−1� �a3 L2T−2θ−1

� �b3 θð Þc3 ML−3
� �d3 Tð Þe3

M 0L0T0Q0θ0
� � ¼ ML2T−2Q−1� �

QT−1� �a3 L2T−2θ−1
� �b3 θð Þc3 ML−3

� �d3 Tð Þe3

ð12Þ

π3 ¼ VI
Cs

2:5Tm
2:5ρTon

2 ð13Þ

π4 ¼ ML−3
� �

QT−1� �a4 L2T−2θ−1
� �b4 θð Þc4 ML−3

� �d4 Tð Þe4
M0L0T0Q0θ0
� � ¼ ML−3

� �
QT−1� �a4 L2T−2θ−1

� �b4 θð Þc4 ML−3
� �d4 Tð Þe4

ð14Þ

π4 ¼ Ec

ρ
ð15Þ

The dimensionless parameters are obtained for the MRR
are as follows:

Table 6 Process parameters and
their dimensional units for TEW Parameters Dimensional unit Unit Symbol Values

Variables

Power rating ML2T−3 Watt P

Pulse on time T Millisecond Ton
Electrolyte concentration ML−3 kg/m3 Ec

Applied voltage ML2T−2Q−1 Volt V

Constant

Specific heat of the tool J/kg °K L2T−2θ−1 Cst 510

Peak current Ampere QT−1 I 3

Melting point of the tool Kelvin θ Tmt 1699.15

Thermal conductivity of tool Watt/mK MLT−3θ−1 k 26

Electrical conductivity of tool S/m M−1L−3T1Q2 σ 1.45 × 106

Density of tool kg/m3 ML−3 ρt 8030

Response characteristic

TEW mm3 L3 W

Table 5 Process parameters and
their dimensional units for
UAECDM process

Parameters Dimensional unit Unit Symbol Values

Variable

Power rating ML2T−3 Watt P

Electrolyte concentration ML−3 kg/m3 Ec
Pulse on time T Millisecond Ton
Applied voltage ML2T−2Q−1 Volt V

Constant

Density ρ kg/m3 ML−3 2230

Specific heat Cs J/kg °K L2T−2θ−1 800

Melting point Tm Kelvin θ 1093.15

Peak current I Ampere QT−1 3

Response characteristic

MRR mg/min MT−1 M
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π1 ¼ M
Cs

1:5Tm
1:5ρTon

2, π2 ¼ P
Cs

2:5Tm
2:5ρTon

2, π3 ¼ VI
Cs

2:5Tm
2:5ρTon

2 ,

π4 ¼ Ec
ρ

The final relationship for MRR is assumed as follows:

f π1;π2 π3;π4ð Þ ¼ 0

π1 = f(π2 π3, π4 ) or
M

Cs
1:5Tm

1:5ρTon
2 ¼ f P

Cs
2:5Tm

2:5ρTon
2

� �
VI

Cs
2:5Tm

2:5ρTon
2

� �
Ec
ρ

� �n o

Experimentally, it was found that sonication (tool electrode
amplitude) has an important effect on MRR (M) for mathe-
matical equation formulation.

M ¼ K Cs
1:5Tm

1:5ρTon
2

� � P
Cs

2:5Tm
2:5ρT on

2

� 	
VI

Cs
2:5Tm

2:5ρTon
2

� 	
Ec

ρ

� 	� �

After rearranging, we get:

M ¼ K
PVIEc

Cs
7=2Tm

7=2ρ2Ton
2

� 	
ð16Þ

where K is the dimensionless constant
Experiments were performed at the different power rating

values to find out the value of K and M. The other process
parameters are maintained at a fixed value that has been se-
lected from the literature. The MRR model developed is
expressed in Eq. 17, and the results of the experiment show
good agreement. The predicted values of MRR were obtained
from the developed model, and the average error is found
1.22%, as shown in Table 8.

M ¼ −8:98� 104P3 þ 1:66� 106P2 þ 1:86� 107P þ 2:73� 109
� � VIEc

Cs
7=2Tm

7=2ρ2T on
2

� 	
ð17Þ

Furthermore, the model is developed for MRR at the dif-
ferent values of applied voltage, Ton, and electrolyte concen-
tration at the optimal value of the power rating (15%). The
results of the experiments are shown in Figs. 6, 7, 8, and 9.

Hence, the models for MRR (M) at different values of applied
voltage, Ton, and electrolyte concentrations are represented in
Eqs. 18, 19, and 20, respectively.

M ¼ −6:75� 105V3 þ 1:19� 108V2−6:43� 109V þ 1:21� 1011
� � PIEc

Cs
7=2Tm

7=2ρ2T on
2

� 	
ð18Þ

M ¼ −1:33� 105Ec
3 þ 3:3� 106Ec

2 þ 4:99� 107Ec þ 4:52� 109
� � PIV

Cs
7=2Tm

7=2ρ2Ton
2

� 	
ð19Þ

M ¼ 5:99� 106Ton
3−8:95� 107T on

2 þ 4:2� 108Ton þ 2:07� 109
� � PIVEc

Cs
7=2Tm

7=2ρ2

� 	
ð20Þ

Fig. 7 Relation between power rating with a TEW and b MRR
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These equations are in agreement with the results of the
experiment, as shown in Table 8. The average error from the
developed model between actual MRR and predicted MRR is
3.21%, 3.27%, and 0.41%, respectively, at different values of
applied voltage, Ton, and electrolyte concentration.

3.2 Mathematical modeling for predicting TEW (W)
during UAECDM process

The different process parameters associated with TEW during
the UAECDM process is expressed in Eq. 21:

W ¼ f V ; Ton;Ec;P; I ;Cst; Tmt; k;σ; ρtð Þ ð21Þ
where W is the TEW, Ton, is a pulse on time; V is the applied
voltage; Ec is electrolyte concentration; P is power rating; I is
peak current; Cst is tool material’s specific heat; Tmt is tool
material’s melting point; k is tool electrode’s thermal conduc-
tivity; σ is tool electrode’s electrical conductivity; and ρt is the
density of the tool material. Expression 21 has 11 variables so

that six dimensionless groups formed to predict the TEW dur-
ing the process. The six non-repeating selected variables are
power rating (P), pulse on time (Ton), applied voltage (V),
electrolyte concentration (Ec), thermal conductivity of the tool
material (σ), and tool electrode wear (W). Process parameters
for the dimensionless groups π1, π2, π3, π4, π5, and π6 can be
expressed as follows:

π1 ¼ W Ia1 ;Cst
b1 ; Tmt

c1 ; ρt
d1 ;σe1

� � ð22Þ
π2 ¼ P Ia2 ;Cst

b2 ; Tmt
c2 ; ρt

d2 ;σe2
� � ð23Þ

π3 ¼ V Ia3 ;Cst
b3 ; Tmt

c3 ; ρt
d3 ;σe3

� � ð24Þ
π4 ¼ Ec Ia4 ;Cst

b4 ; Tmt
c4 ; ρt

d4 ;σe4
� � ð25Þ

π5 ¼ Ton Ia5 ;Cst
b5 ; Tmt

c5 ; ρt
d5 ;σe5

� � ð26Þ
π6 ¼ k Ia6 ;Cst

b6 ; Tmt
c6 ; ρt

d6 ;σe6
� � ð27Þ

where i = 1, 2, 3, 4, 5, and 6 are the subscript for Eqs. 22, 23,
24, 25, 26, and 27, respectively. ai is the exponent of peak

Fig. 8 Relation between applied voltage with a TEW and b MRR

Fig. 9 Relation between electrolyte concentrations with a TEW and b MRR
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current (I), bi is the exponent of specific heat (Cst), ci is the
exponent of melting point (Tmt), di is the exponent of work
material density (ρt), ei is the exponent of Ton. The ultimate
exponent of every fundamental dimension was obtained by

substituting each quantity’s dimensions and equating to zero
since the π are dimensionless groups.

π1 ¼ L3
� �

QT−1� �a1 L2T−2θ−1
� �b1 θð Þc1 ML−3

� �d1 M−1L−3T 1Q2
� �e1

M 0L0T0Q0θ0
� � ¼ L3

� �
QT−1� �a1 L2T−2θ−1

� �b1 θð Þc1 ML−3
� �d1 M−1L−3T1Q2

� �e1 ð28Þ

Here,
M : d1 − e1 = 0, L : 3 + 2b1 − 3d1 − 3e1 = 0, T : − a1 − 2b1 +

e1 = 0, Q : a1 + 2e1 = 0, θ : − b1 + c1 = 0

Solving, we get
a1 = − 2, b1 = 1.5, c1 = 1.5, d1 = 1, e1 = 1

Thus,

π1 ¼ Cst
1:5WTmt

1:5

I2ρtσ
ð29Þ

Similarly, we get:

π2 ¼ ML2T−3� �
QT−1� �a2 L2T−2θ−1

� �b2 θð Þc2 ML−3
� �d2 M−1L−3T1Q2

� �e2
M 0L0T0Q0θ0
� � ¼ ML2T−3� �

QT−1� �a2 L2T−2θ−1
� �b2 θð Þc2 ML−3

� �d2 M−1L−3T1Q2
� �e2 ð30Þ

π2 ¼ P
I1:333 Cst

0:5Tmt
0:5ρt0:333σ0:6667

ð31Þ

π3 ¼ ML2T−2Q−1� �
QT−1� �a3 L2T−2θ−1

� �b3 θð Þc3 ML−3
� �d3 M−1L−3T1Q2

� �e3
M 0L0T 0Q0θ0
� � ¼ ML2T−2Q−1� �

QT−1� �a3 L2T−2θ−1
� �b3 θð Þc3 ML−3

� �d3 M−1L−3T1Q2
� �e3

π3 ¼ Vσ0:667

I0:333Cst
0:5Tmt

0:5ρt0:333

ð32Þ

π4 ¼ ML−3
� �

QT−1� �a4 L2T−2θ−1
� �b4 θð Þc4 ML−3

� �d4 M−1L−3T1Q2
� �e4

M 0L0T0Q0θ0
� � ¼ ML−3

� �
QT−1� �a4 L2T−2θ−1

� �b4 θð Þc4 ML−3
� �d4 M−1L−3T 1Q2

� �e4 ð33Þ

π4 ¼ Ec

ρt
ð34Þ

π5 ¼ Tð Þ QT−1� �a5 L2T−2θ−1
� �b5 θð Þc5 ML−3

� �d5 M−1L−3T 1Q2
� �e5

M 0L0T0Q0θ0
� � ¼ Tð Þ QT−1� �a5 L2T−2θ−1

� �b5 θð Þc5 ML−3
� �d5 M−1L−3T1Q2

� �e5 ð35Þ

π5 ¼ TonCstTmtρt
0:333σ0:333

I0:6667
ð36Þ

π6 ¼ MLT−3θ−1
� �

QT−1� �a6 L2T−2θ−1
� �b6 θð Þc6 ML−3

� �d6 M−1L−3T1Q2
� �e6

M 0L0T0Q0θ0
� � ¼ MLT−3θ−1

� �
QT−1� �a6 L2T−2θ−1

� �b6 θð Þc6 ML−3
� �d6 M−1L−3T 1Q2

� �e6 ð37Þ

π6 ¼ kσ0:333

I0:6667Cstρt0:6667
ð38Þ
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The dimensionless parameters are obtained for the TEW
are as follows:

π1 ¼ Cst
1:5WTmt

1:5

I2ρtσ
;π2

¼ P
I1:333 Cst

0:5Tmt
0:5ρt0:333σ0:6667

;π3

¼ Vσ0:667

I0:333Cst
0:5Tmt

0:5ρt0:333
;π4 ¼ Ec

ρt
π5

¼ TonCstTmtρt
0:333σ0:333

I0:6667
;π6 ¼ kσ0:333

I0:6667Cstρt0:6667

The final relationship for TEW is assumed as follows:

f π1;π2 π3;π4;π5;π6

� � ¼ 0

π1 ¼ f π2 π3;π4;π5;π6ð Þ

Cst
1:5WTmt

1:5

I2ρtσ
¼ f

P
I1:333 Cst

0:5Tmt
0:5ρt0:333σ0:6667

� 	
Vσ0:667

I0:333Cst
0:5Tmt

0:5ρt0:333

� 	
Ec

ρ

� 	
TonCstTmtρt

0:333σ0:333

I0:6667

� 	
kσ0:333

I0:6667Cstρt0:6667

� 	
8>><
>>:

9>>=
>>;

After rearranging, we get:

W ¼ K
PVEckσ

5=3Ton

IρtCst
5=2Tmt

3=2

 !
ð39Þ

Experiments were performed at the different power rating
values to find out the value of K and W. The other process

parameters are maintained at a fixed value that has been se-
lected from the literature. The TEW model developed is
expressed in Eq. 40, and the results of the experiment show
good agreement. The predicted values of TEW were obtained
from the developed model, and the average error is found
1.48%, as shown in Table 7.

W ¼ 3:23� 10−10P3−3:58� 10−9P2−7:89� 10−8P þ 1:77� 10−6
� � VEckσ

5=3Ton

IρtCst
5=2Tmt

3=2

 !
ð40Þ

Further, the model is developed for TEW at the different
values of Ton, applied voltage, and electrolyte concentration at
the optimal value of the power rating (15%). The results of the

experiments are shown in Figs. 7, 8, 9, and 10. Hence, the
models for TEW (W) at different values of applied voltage,
electrolyte concentration, and Ton are represented in Eqs. 16,
17, and 18, respectively.

W ¼ 1� 10−9V3−1:25� 10−7V2 þ 2:74� 10−6V þ 7:6� 10−5
� � PEckσ

5=3Ton

IρtCst
5=2Tmt

3=2

 !
ð41Þ

W ¼ 2:87� 10−23Ec
3−5:02� 10−9Ec

2 þ 2:08� 10−7Ec−6:17� 10−7
� � PVkσ

5=3Ton

IρtCst
5=2Tmt

3=2

 !
ð42Þ

W ¼ −7:53� 10−9Ton
3 þ 4:62� 10−8Ton

2−9:68� 10−9Ton þ 7:85� 10−8
� � PVEckσ

5=3

IρtCst
5=2Tmt

3=2

 !
ð43Þ
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These TEW models are validated with the experimental re-
sults with the stainless steel tool electrode, and thesemodels also
stand for other materials. The universal models are developed
for the TEW and are in line with the results reported [32]. These
equations have good agreement with the results of the experi-
ment, as shown in Table 7. The average error between actual
TEW and predicted TEW is 1.1%, 6.92%, and 1.69%, respec-
tively, at different values of Ton, applied voltage, and electrolyte
concentration. Those models can be further used during the
UAECDM process for further investigations on TEW.

4 Results and discussion

For drilling holes in borosilicate glass using the UAECDM
process, the MRR and TEW were taken as output responses.
The various material properties (melting point, specific heat,
and thermal conductivity) are an essential aspect of material
removal during the UAECDM process. The temperature gen-
erated at the machining zone should be above the melting
point. The amount of thermal energy required to raise the
temperature in the machining zone is associated with specific

Fig. 10 Relation between pulse on time with a TEW and b MRR

Table 7 Comparison of TEW with experimental and predicted results

S. no. Applied voltage (V) Power rating (%) Electrolyte conc.
(wt./vol.)

Pulse on time (ms) Actual TEW
(mm3)

Predicted TEW (mm3) Average error (%)

1 62 10 20 3 0.0508 0.0480 1.10
2 66 10 20 3 0.0367 0.0332

3 70 10 20 3 0.0254 0.0271

4 74 10 20 3 0.0310 0.0315

5 78 10 20 3 0.0424 0.0476

6 70 0 20 3 0.0494 0.0493 1.48
7 70 5 20 3 0.0353 0.0362

8 70 10 20 3 0.0254 0.0230

9 70 15 20 3 0.0130 0.0146

10 70 20 20 3 0.0180 0.0158

11 70 10 10 3 0.0135 0.0134 6.92
12 70 10 15 3 0.0192 0.0191

13 70 10 20 3 0.0254 0.0214

14 70 10 25 3 0.0212 0.0201

15 70 10 30 3 0.0175 0.0154

16 70 10 20 1 0.0098 000.01 1.69
17 70 10 20 2 0.0169 0.0171

18 70 10 20 3 0.0254 0.0244

19 70 10 20 4 0.0268 0.0277

20 70 10 20 5 0.0212 0.0228
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heat. The thermal conductivity of work material and the tool
electrode affects the heat transfer rate. The performance char-
acteristics are discussed using experimental and predicted re-
sults. Table 3 shows the process parameters selected for the
experiments. The following section addresses the outcomes
and discussion.

4.1 Effect of power rating on TEW and MRR

The tool electrode often gets worn out at higher thermal ener-
gy in the machining zone along with material removal from
the work material. Therefore, TEW and MRR are considered
output responses. Figure 7 shows the effect of power rating on
the TEW and MRR. Figure 7a and b show that there is a
decrease in TEW and a rise in the MRR, up to a power rating
of 15%. At the same time, the other parameters are maintained
at a fixed value (Ton: 3 ms, applied voltage: 70 V, electrolyte
concentration: 20% wt./vol.). Because of the reduction in the
departure radius of the gas bubble with an increase in the
amplitude of ultrasonic vibrations, the thickness of the gas
film decreases. The thinner gas film produces low-intensity
and high-frequency discharges, which decreases TEW and
increases MRR because the discharge energy is channelized
beneath the tool electrode. The discharge intensity decreases
with the reduction in the gas film thickness. The thermal con-
ductivity of the tool electrode is higher than the work material

that transfers the heat from the machining zone to the environ-
ment or electrolyte, resulting in the decrease in the TEW with
an increase in power rating. But the melting point of the work
material is lower than the tool electrode; hence, the MRR does
not affect by the reduction in thermal energy in the machining
zone. However, with an improvement in the frequency of
discharges, the MRR improves with the improved quality of
the drilled microholes. The predicted results and experimental
results reflect similar TEW and MRR trends, as shown in Fig.
7a, b. Tables 7 and 8 give the actual and predicted TEW and
MRR values from experiments and mathematical models. The
average error was found to be 1.48% and 1.22%, respectively,
between actual and predicted values for TEW and MRR.

4.2 Effect of applied voltage on TEW and MRR

In the UAECDM process, the applied voltage is an essential
parameter, and it defines the amount of discharge energy pro-
duced in the working gap. Figure 8 shows the relation of TEW
and MRR with applied voltage. It was observed that TEW
decreases up to 70 V applied voltage; beyond that, it starts
increasing. With an increase in applied voltage, the thickness
of the gas film increases, generating high-intensity discharges
in the working gap. The higher thermal energy melts the so-
dium and silicon in the machining zone; these molten material
combines and forms a sodium silicate compound [11]. The

Table 8 Comparison of MRR with experimental and predicted results

S. no. Applied voltage (V) Power rating (%) Electrolyte conc.
(wt./vol.)

Pulse on time (ms) Predicted MRR
(mg/min)

Actual MRR
(mg/min)

Average error (%)

1 62 10 20 3 0.774 0.742 3.21
2 66 10 20 3 0.855 0.821

3 70 10 20 3 0.917 0.894

4 74 10 20 3 0.946 0.919

5 78 10 20 3 0.933 0.916

6 70 0 20 3 0.821 0.821 1.22
7 70 5 20 3 0.858 0.858

8 70 10 20 3 0.900 0.894

9 70 15 20 3 0.926 0.912

10 70 20 20 3 0.917 0.884

11 70 10 10 3 0.784 0.788 3.27
12 70 10 15 3 0.836 0.845

13 70 10 20 3 0.869 0.894

14 70 10 25 3 0.866 0.906

15 70 10 30 3 0.814 0.883

16 70 10 20 1 0.801 0.802 0.41
17 70 10 20 2 0.866 0.865

18 70 10 20 3 0.895 0.894

19 70 10 20 4 0.9 0.891

20 70 10 20 5 0.893 0.883
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sodium silicate coating is an insulating material that is depos-
ited over the tooltip that decreases the thermal conductivity at
the tooltip. The deposition coating of the molten glass and
sodium on the tool electrode reduces the TEW at a high tem-
perature can be seen from Fig. 8.

The generated thermal energy in the machining zone in-
creases with an increase in applied voltage. The temperature
rise in the machining zone is above the recrystallization tem-
perature and results in a further rise in the TEW. At the same
time, high discharges increase the MRR up to 74-V applied
voltage. The increase in MRR is due to both the increase in
depth of penetration as well as the hole over cut. But at higher
applied voltage, the availability of electrolytes in the machin-
ing zone decreases, causing intermittent discharges and con-
sequently decreases in the TEW and MRR, as shown in Fig.
8a, b. The results obtained for TEW and MRR from experi-
ments have a good agreement with the mathematical models
(Eqs. 41 and 18), as shown in Fig. 8a, b. The actual and
predicted values from experiments and mathematical models
of TEW and MRR are given in Tables 7 and 8. It was found
that the average error for TEW and MRR between actual and
predicted values are 1.1% and 3.21%, respectively.

4.3 Effect of electrolyte concentration on TEW and
MRR

An essential component in the UAECDM process is the elec-
trochemical cell, where electrolyte (NaOH) is the prime ele-
ment. During electrolysis, it provides the conductive path to
the H+ and OH− ions. Consequently, the H+ ions combine and
form hydrogen gas bubbles at the tool electrode. The gas film
around the tool electrode is formed because of the coalescing
of these accumulated hydrogen gas bubbles. Electrolytes con-
centration is an influential parameter that governs the forma-
tion of gas films during the process. Figure 9 shows the rela-
tionship between electrolyte concentration and TEW and
MRR. The TEW and MRR increase with an increase in the
electrolyte concentration, as shown in Fig. 9. Since the specif-
ic conductance rises with an increase in the electrolytes con-
centration. The hydrogen gas bubble generation increases at
high conductance, which enhances the frequency of film for-
mation. Consequently, high-frequency discharges generate,
enhancing the thermal energy in the machining zone, and
contribute to an increase in MRR and TEW. The electrical
conductance and gas bubble departure radius decrease at
higher electrolyte concentrations, resulting in the evolution
of small-sized gas bubbles. Therefore, thin gas film formation
takes place, which reduces the intensity of discharges and
reduces the TEW and MRR, as shown in Fig. 9. Figure 9 a
and b shows the TEW and MRR obtained through experi-
ments following similar trends as the mathematical models
(Eqs. 42 and 19). The actual and predicted values of TEW
and MRR from experiments and mathematical models are

given in Tables 7 and 8. It was found that the average error
for TEW andMRR between actual and predicted is 6.92% and
3.27%, respectively.

4.4 Effect of pulse on time (Ton) on TEW and MRR

During the UAECDM process, the Ton attributes the duration
of the input energy. Longer Ton leads to an increase in thermal
energy at the machining zone, which evaporates the electro-
lyte solution and results in the formation of an inconsistent and
unstable gas film. Henceforth, the performance characteristics
of the UAECDM process deteriorates. Figure 10 shows the
relation between TEW and MRR with Ton during the
UAECDM process. The other process parameters are main-
tained at a fixed value (power rating: 15%, applied voltage:
70 V, electrolyte concentration: 20% wt./vol.). From Fig. 10,
it is observed that TEW and MRR increase up to 4 ms Ton,
after which the trend is reversed. The TEW increases as the
Ton increases from 1 to 4 ms, due to the high thermal energy
available at the tooltip. At higher thermal energy in the ma-
chining zone, the tool material is heated beyond the recrystal-
lization temperature, which results in an increase in TEW. But
higher thermal energy in the machining zone increases the
MRR due to the melting and evaporation of the work material.

High thermal energy reduces the stability of the gas film
due to the evaporation of electrolyte in the machining zone.
Gas film formation is inconsistent due to the lack of electro-
lytes, which reduces the amount of thermal energy in the ma-
chining zone, resulting in decreases in the MRR when the Ton
is above the optimum value. Tables 7 and 8 list the modeling
and experimental results. They indicate that the expected re-
sults match the results of the experiments. The average error
for TEW andMRR between the actual and the predicted value
is 1.69% and 0.41%, respectively.

5 Conclusions

In the present investigation, an indigenous experimental
ECDM facility for machining borosilicate glass was devel-
oped. The critical influencing parameters like power rating,
Ton; applied voltage, and electrolyte concentration were iden-
tified during the UAECDM process. The effect of sonication
has been investigated during the ECDM process.
Mathematical models were developed for predicting MRR
and TEW using the dimensional analysis during the
UAECDM process. Experimental results are validated with
the predicted values from the MRR and TEW mathematical
models. Following a detailed analysis of the predicted and
experimental results for the output performance of the
UAECDM process, the main conclusions are drawn as
follows:
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& The mathematical models developed for the MRR and
TEWduring the UAECDMprocess show good agreement
with the experiment results. For MRR and TEW, the av-
erage error was less than 4% and 7%, respectively.

& During the ECDM process, the introduction of sonication
reduces the gas bubble departure radius, which generates
stable and thin gas films around the tool and results in the
generation of high-frequency and low-intensity dis-
charges, which increases the MRR approx. 12%.

& The TEW for UAECDM has been found to be decreased
by 73% at a 15% power rating for stainless steel in com-
parison with the ECDM process and found to be in line
with other materials.
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