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Abstract

Micromachining of glass has gained importance due to numerous applications of glass in microfluidics, optics, electronics, and
biotechnology industry. Electrochemical discharge machining (ECDM) is an emerging nontraditional process which has the
potential for micromachining of glass with minimal surface damages. Material removal during the machining of glass by ECDM
involves thermal machining by electrical discharges between the tool and the gas film. The energy of these discharges is
influenced by the gas film characteristics and affects the machining results. In this study, a combined approach of finite element
simulation and experimentation is used to study the ECDM process to understand the impact of gas film characteristics on the
overcut in machining. The multiphase simulation setup incorporates a combined electrochemical system of glass and electrolyte.
The changes in the gas film characteristics due to the variations in the level of electrolyte and the corresponding changes in the
overcut are studied. It was observed that the gas film thickness increased with an increase in the level of electrolyte and the gas
film stability showed an opposite trend. This resulted in an increase in the overcut in the machining with the increase in the level

of electrolyte. This trend observed in the simulation was validated with experimentation.

Keywords ECDM - Finite element simulation - Gas film - Glass - Micromachining - Overcut

1 Introduction

Advanced materials such as engineering ceramics offer higher
stiffness, higher strength, as well as better chemical resistance
and electrical resistance compared to metals [1]. Glass exhibits
additional advantages like better optical visuality and biocom-
patibility. A plethora of microscale applications using glass is
emerging in several fields such as microfluidics and drug de-
livery [2]. Effective micromachining of glass is critical for the
microscale applications of glass. Glass being a hard and brittle
material, machining of glass by traditional methods faces con-
siderable machinability challenges such as excessive tool wear
and surface damages in the glass. Existing nontraditional
micromachining technologies suitable for glass machining like
abrasive machining, ultrasonic machining, chemical etching,
and laser machining have several limitations such as surface
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cracks, poor surface finish, low productivity, low aspect ratio
machining, and in some cases, even safety hazards [3].
Electrochemical discharge machining (ECDM) has the po-
tential to overcome some of these limitations to achieve mi-
croscale features such as holes and slots [4, 5] and deep hole
drilling [6]. ECDM is primarily a thermal machining process
occurring in an electrochemical cell. In ECDM, a direct cur-
rent (DC) voltage is applied across electrodes that leads to the
formation of hydrogen gas bubbles by electrolysis at the cath-
ode. These bubbles grow and coalesce to form gas insulation
of the tool eventually. When the gradual increase of the ap-
plied reaches a critical level, this gas film breaks down sud-
denly and causes high energy discharges. These discharges
further heat up the electrolyte near the cathode forming vapors
which further increase the thickness of the gas film as illus-
trated in Fig. 1. In an experimental study demonstrating the
capability of machining complex structures in Pyrex glass by
ECDM, it was reported that optimum combinations of both
pulse voltage and tool rotational rate will realize better ma-
chining accuracy [4]. In another study, by reducing the con-
centration of the electrolyte used, deep hole drilling with an
aspect ratio over 10 was achieved in glass by ECDM [6]. Yet,
another experimental investigation revealed that thicker gas
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Fig. 1 Schematic of the gas film
formation in the ECDM process
(showing electrolyte near tool)
where Vy, V,, and V, are voltages
applied to the electrochemical cell
such that V; < V, < V., where V, is
the critical voltage at which gas
film is formed
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film causes higher energy discharges across the glass surface
and affects the material removal in glass [7]. It was determined
that in addition to the lower concentration of electrolyte, a
lower level of electrolyte above the top surface of the work-
piece also contributes to machining holes with minimal over-
cut and taper. As compared to ECDM with DC, the pulsed
electrochemical discharge machining (PECDM) results in
smaller hole diameter and smaller heat-affected zone (HAZ)
[8]. The citations mentioned above obviously do not represent
the extensive experimental studies performed in this field.
However, they adequately demonstrate the potential of the
ECDM process in glass machining. In addition to the experi-
mental efforts, several attempts have been made to understand
the ECDM process by simulation studies.

A review of previous research in the simulation of
ECDM shows that material removal is simulated by dif-
ferent approaches. One of the approaches was to apply
heat flux directly on the glass surface over a ring-shaped
area that corresponds to the tool diameter to predict the
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material removal rate (MRR) [9]. Another study had
approached the simulation by applying the plasma tem-
perature on the glass surface over the area that corre-
sponds to the plasma discharge diameter to predict the
drilling depth and heat-affected zone [10]. In a yet another
study, the heat of single discharge was applied in the form
of Gaussian distribution [11]. From the material removal
simulated by a single spark, the total MRR is predicted by
considering the frequency of discharges [12]. An efficien-
cy factor is often included in these calculations to account
for the heat absorbed by the electrolyte near the cathode.
However, in all these ECDM simulations, the heat flux
has been applied directly on the surface of the glass with-
out considering the electrolyte in the system, even though
the experimental studies strongly suggest that the gas film
influences the machining performance in ECDM [13]. For
example, an experimental study of gas film in ECDM
revealed the effect of surfactants in reducing the gas film
thickness which resulted in improved accuracy of

Fig. 2 Schematic for the ECDM
setup volume space modeled for
simulation and the governing
equations considering
conservation of mass,
momentum, and energy. (Phase
change modeling in the equation
is not shown because of space
limitation). These boundary
conditions and governing
equations are explained in Table 1
and Section 2.2, respectively
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Fig. 3 Mesh applied to the
system of electrolyte and glass
with fine meshing at the
boundaries

boundary walls

J
1
!
1
)
I
]
I
|
1
1
1
1
I
1
1
1
1
¥
1
v

machining [14]. Another study focused on the tool prop-
erties by using side-insulated tool to achieve a thin gas
film [15]. However, due to the stochastic nature of the
ECDM process, it is very difficult to observe and analyze
the role of gas film in ECDM by experimentation alone.

In this study, the finite element method is used for the
simulation of the ECDM process to understand the impact of
gas film characteristics on the overcut. The multiphase simu-
lation setup incorporates a combined electrochemical system
of glass and electrolyte. The changes in the gas film charac-
teristics due to the variations in the level of and the corre-
sponding changes in the overcut are studied as described in
Section 2.

2 Simulation studies
2.1 System description and boundary conditions
Simulation of ECDM was performed by 2-dimensional axi-

symmetric modeling of the electrolyte and the glass substrate
below it. The system geometry and boundary conditions are

ELECTROLYTE

"“‘~~-_~_ Fine meshing atthe =

Adaptive -hexahedral 2
fine meshing
considered in
electrolyte domain
for accuracy of multi-
phase simulation

\> Fine meshing

shown in Fig. 2 and Table 1, respectively. The electrolyte is
meshed, considering fine meshing layers at the wall bound-
aries as shown in Fig. 3 to capture the boundary layer accu-
rately. The thickness of the fine mesh is less than the thickness
of the theoretical boundary layer. Additionally, an adaptive
mesh is applied near the surface of the tool where the phase
change of electrolyte to vapor is expected. The material prop-
erties used in the simulation are given in Tables 2, 3, 4, and 5
[16]. The simulation conditions used are given in Table 6.

Properties of electrolyte and vapors used in the simulation
are as presented in Tables 2, 3, 4, and 5.

2.2 Governing equations
2.2.1 Fluid flow and heat transfer in electrolyte

The model for turbulent fluid conditions can be represented as
given in Eq. (1) [17].

1) — . .
o (avpy) +V. (anVVV) = Mmy=Ny| (1)

Table 1 Boundary conditions

applied to the finite element Boundary

Thermal boundary conditions, value

system as shown in Fig. 2

Anode (outer) wall
Glass (outer) wall
Glass bottom

T m oo QW >

Axis

Cathode (tool) wall (excluding bottom)

Electrolyte-air boundary
Glass-electrolyte boundary
Tool bottom surface

Insulation and no flow, u=0; A =0
Insulation and no flow, u=0; A =0
Insulation, 7 =0

Insulation, 2 =0

Convection and radiation, 2 = 115; €= 0.95
Thermally coupled wall, wall thickness = 0
Heat flux = (Vl/area of spark)

Axis of revolution
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Table2  Temperature dependence of the density of the electrolyte
Temperature
277 287 298 309.2 314.8 3259 337 348.1 359.2 3703
Density (kg/m®) 1000 999.75 998.02 995.1 993.18 988.7 983.38 977.29 970.56 963.33
Table 3  Temperature dependence of the heat capacity of the electrolyte
Temperature
277 287 297 307 317 327 337 347 357 367
Heat capacity (J/kg/K) 4217.6 4181.8 4181.4 4178.4 4178.5 4180.6 4184.3 4189.5 4196.3 4205

Conservation equations of mass, momentum, and energy
given in Egs. (2—4) [17] were used to govern the fluid flow
and heat transfer in the electrolyte.

Conservation of mass

J _

= (pn) +V-(p¥m) = 0 2)
Conservation of momentum

5 B o - T

5 (pmvm> + V. (pmvmvm) =-Vp+V. (/Lm (va + va)> (3)
Conservation of energy

5 n

EZk:l (cwpihi) = V.(kettVT) (4)

where v is the vapor phase, «, is the vapor volume fraction,
pv 1s the vapor density, V, is the vapor phase velocity, and m
and m are the rates of mass transfer due to evaporation and
condensation, respectively. « is the volume fraction of phase
k, pm that is equal to Y ;~;.p; is the density of multiphase fluid

i %i-Pi-Vi

phases, vy, that is equal to 2 5 is the velocity of multiphase

m

fluid (mass averaged velocity), /. is the standard state enthal-
py of phase k, k. that is equal to ) ,«;.k; is the effective
conductivity of multiphase fluid, j,, that is equal to D ;«;.u;
is the viscosity of multiphase fluid phases, and T is the tem-
perature of the multiphase fluid.

Table 4 Temperature dependence of the viscosity of the electrolyte

The Wilcox k-w turbulence model, shown in Eq. (1), also
considers the effect of viscosity and shear stress at very high
temperatures near the wall region. The variations in density,
viscosity, and heat capacity of the fluid with respect to the
temperature are considered as shown in Tables 2, 3, and 4.
This aids in simulating the changes in buoyancy and the nat-
ural convective flow.

A two-phase fluid system (liquid and gas) is simulated to
incorporate the evaporation of the electrolyte during the pro-
cess as outlined in Fig. 4. In such a multiphase system, each
mesh element has access to the properties of both the liquid
electrolyte and the vapors. These properties are triggered by
the standard state enthalpy of the element. The difference in
the values of the standard state enthalpy of the vapor phase
and that of the liquid phase is equal to the latent heat of evap-
oration. When the standard state enthalpy of the vapor is
reached within a mesh element, the electrolyte in that partic-
ular mesh element changes phase from a liquid electrolyte to
vapor. In this way, the multiphase simulation setup helps sim-
ulate the gas film formation.

The heat flux in ECDM which affects the gas film forma-
tion and the overcut is the cumulative result of the random
discharges happening in the system. The random distribution
of sparks, their energy, and their frequency are input into the
system using a user-defined function (UDF). Heat flux is ap-
plied periodically for a number of time steps corresponding to
the mean discharge frequency. The discharge location is pick-
ed randomly by UDF, and the heat flux is given over the
circular area corresponding to the discharge radius. The heat

Temperature
277 287 297 307 317 327 337 347 357 367
Viscosity (kg/m/s x 107%) 1792.1 1307.7 1005 800.7 656 549.4 468.8 406.1 363.5 316.5
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Table 5 Material properties of electrolyte, vapor, and glass

Parameter Value
Thermal conductivity of water (W/m/K) 0.6
Standard state enthalpy of water (J/kg/mol) 0

Thermal conductivity of vapor (W/m/K) 0.02
Density of vapor (kg/m®) 0.5542
Specific heat of vapor (J/kg/K) 2014
Viscosity of vapor (kg/m/s) 1.34x10°

Standard state enthalpy of water (J/kg/mol) 40.8
Convective heat transfer at the air boundary (Wm*/K) 115

Density of glass (kg/m®) 2230
Specific heat of glass (J/kg/K) 830
Thermal conductivity of glass (W/m/K) 1.14

flux can be calculated as shown in Eq. (5), where the radius of
discharge (Rgischarge) 1S given by Ikai and Hashiguchi [18]
model as shown in Eq. (6)

Vciitical X Ldi
Heat flux (W-m?) = —-cftcal = Zdischaree 5)
TR
discharge
0.43 0.44
Rdischarge =2040 x [ X tdischarge on time ( 6)

where Vyiica 1 the critical voltage (V), Lgischarge 1S the mean
discharge current (A), Zgischarge on time 1S the mean discharge on
time (s), and Rgischarge 18 the radius of discharge (m).

These values of discharge current and discharge time inter-
val are recorded in the experimentation via current probe and
oscilloscope. An example of these recordings is shown in Fig.
5.

Heat transfer in glass due to heat flux is computed with Eq.

(7 [19]

oT
pC

L +V.(-kVT) =0 (7)

where p is the density, C, is the specific heat capacity, & is
the heat conductivity, and T is the absolute temperature (K).

2.3 Assumptions
The assumptions made during the simulation are given below:

1. The material removal by other possibilities such as chem-
ical reactions and mechanical weathering is deemed neg-
ligible and neglected.

2. Anideal situation of smooth tool surface and the presence
of initial layer of gas film formed by electrolysis are
assumed.

3. The change in surface tension of electrolyte due to the
change in temperature is neglected.

4. Increase in vapor pressure at the top air boundary due to
vaporization is neglected.

3 Simulation results and discussion

The results are discussed in two subsections. In Section 3.1,
the gas film characteristics are studied along with the overcut
in machining for variation in the level of electrolyte.
Section 3.2 discusses the experimental validation for the find-
ings of the gas film characteristics and corresponding overcut
in machining.

3.1 Effect of level of electrolyte on the gas film
formation

Varying levels of electrolyte showed a significant effect on the
gas film thickness, its shape, and stability. When the level of
the electrolyte was increased in the simulation, it resulted in an

Table 6 Simulation conditions
Analysis type

2D axisymmetric thermal transient

Elements used

Pressure velocity coupling algorithm

Time step
Meshing type

Quadrilateral; hexahedral adaptive mesh
Pressure implicit with splitting operator (PISO)
0.001

Mapped mesh with fine mesh at the walls

Convective heat transfer coefficient at air 115

boundary (W/m?/K)
Radiation coefficient

Workpiece material

Thickness of the workpiece (H x L)

Electrolyte domain size (H x L)

Total time of simulation

0.95

Borosilicate glass

1 mm x 10 mm

3 mm % 10 mm; 5 mm x 10 mm; 10 mm x 10 mm for 3 variations

2s
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Fig. 4 Multiphase simulation
methodology

Mesh element
considers properties of
vapor

increase in the thickness of the gas film with a wider spreading
shape at the glass interface, as shown in Fig. 6.
In Fig. 6, the vapor fraction is plotted at the glass interface
in the radial direction for different levels of electrolyte. The
region where the vapor fraction is 1 is considered as the gas
film, and the thickness is calculated accordingly. The contour
plots of vapor fraction are also shown in Fig. 6 where red color
represents the gas film. The spreading shape of the gas film
near the tool bottom and its effect on the gas film thickness at
the glass interface can be observed in these contour plots. This
shape is also an important factor because it indicates the spa-
tial range of the discharges which affect the glass, and thus
affects the overcut in the machining.
This change in the shape of the gas film with variation in
the level of the electrolyte can be explained by studying the
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Fig. 5 Current probe recording of discharge current activity
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hydrodynamic behavior in the electrolytic cell. While study-
ing the hydrodynamic behavior, buoyancy-driven convective
flow formation was observed for all the variations. Formation
of such a convective flow is shown in Fig. 7.

Figure 7 shows the gas film formation using vapor-phase
contours for a 10 mm depth of electrolyte along with the
normalized vector plots of velocity at the time shown by num-
bers in each window. The vector plot shows the onset of the
circular convective flow field, which carries vapors of the
electrolyte along with the flow. Studying the convective vec-
tor plot along with the respective vapor contours a—c, for every
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Fig. 6 Gas film thickness for the variation of the level of electrolyte
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Fig. 7 Gas film formation for a 10 mm depth of electrolyte for 0.1 s, 0.2 s, and 0.3 s. Top, contours of vapors. Bottom, vector plots of the flow within the

electrolytic cell

time step, shows that the height of the gas film is right above
the center of the circular flow field. Therefore, the shape of the
convective flow field is deemed as a controlling factor which
affects the shape and the thickness of the vapor gas film.

The literature on thermal convective flow reports that the
shape of the flow pattern depends on the intensity of the con-
vective flow [20]. This intensity can be studied using the non-
dimensional Nusselt number, which is the ratio of convective
heat transfer to conductive heat transfer in the system. The
Nusselt number in Fig. 8 shows an increase with an increase
in the level of electrolyte. This explains that as the level of
electrolyte increases, the convective heat transfer becomes
more dominant. As a result, a unique shape of convective flow

N w ©w N

a =3 a o

=] o o o
T T T T

Nusselt number (Nu)
N
o
o

3mm S5mm 10mm
Depth of electrolyte

Fig. 8 Nusselt number plot for the variation in the level of electrolyte

is observed for each variation. Figure 9 shows the velocity
vector plot for each level of electrolyte. It can be observed
that as the intensity of the convective flow increased, the ra-
dius of the flow field also increased. This unique shape of the
convective flow field for each variation defines the gas film
spread at the bottom. Therefore, the spread of the gas film
increased for an increasing level of electrolyte as shown in
Fig. 8.

Another aspect which can affect the overcut in machining
is the stability of the gas film shape. The literature study yields
that the Reynolds number value greater than 2000 produces
instability in shear flows [21]. The percentage of the number
of nodes on the gas film boundary with a value higher than
2000 is considered as the predicting factor for the stability of
the gas film. An increase in the level of electrolyte also
showed an increase in the percentage of nodes with the
Reynolds number value higher than 2000 (Fig. 10), which
indicates an increase in the instability of the gas film shape.
Therefore, it is clear that the gas film becomes thicker and
more unstable as the level of electrolyte increased.

3.2 Effect of the level of electrolyte on the overcut
in machining

Figure 11 shows contours of gas film and the glass melts for
different levels of electrolyte at the end of 2 s of machining.
The overcut in machining is calculated as the difference be-
tween the radial crater radius and the radius of the tool. It can
be seen that a higher level of electrolyte produced a thicker gas

@ Springer
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3mm level of electrolyte

10mm level of electrolyte

—————

Fig. 9 Vector plot of velocity of electrolyte with variation in the level of electrolyte

film, which, as a result, produced more radial overcut in the
workpiece. Additionally, it can be observed that the depth of
cut is higher for lower gas film thickness, which is more suit-
able for through-hole machining with low taper. Section 4
details the experimental validation performed for the findings
in this simulation study.

4 Experimental validation

ECDM experiments were carried out using an in-house-built
experimental system shown in Fig. 12.

35
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Fig. 10 Average Reynolds number at the gas film boundary for variation
in the level of electrolyte
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A hollow ring (5-mm-thick tool steel block with an internal
diameter of 20 mm) and a tungsten rod (diameter 300 pm) were
used as anode and cathode, respectively. Sodium hydroxide
(NaOH) electrolyte was used with 1 M concentration. The
ECDM machining experiments were performed for 2 s on
200-pum-thick borosilicate glass using different experimental
conditions listed in Table 7. A current probe (Tektronix
TCP2020) is used to record discharge on-off times and dis-
charge current after the onset of sparks. The critical voltage
for each experimentation is recorded. The energy of discharge
is calculated as given in Eq. (9). Each experiment was repeated
five times to mitigate the experimental uncertainties. Table 7
shows the respective critical voltage, the average current value,
and the spark on time for respective electrolyte concentration.

4.1 Optical verification of gas film thickness

Figure 13 shows the trend of gas film thickness from experi-
mental observations with respect to the variation in the level of
electrolyte. The increase in gas film thickness with an increase
in the level of electrolyte observed in these experimental re-
sults validates similar trends revealed by simulation (Fig. 6).

4.2 Verification of overcut predictions

Profiles of the craters formed in the experimentation were
plotted using a profilometer. These experimental crater pro-
files and the simulated crater contours were compared by
superimposing them as shown in Fig. 14.

In Fig. 14, the red thick profile shows a simulated crater
shape and the blue dotted line shows the experimental profile
of the machining. For all the experimental runs, the simulation
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Fig. 11 Comparison of the gas
film thickness and the glass melt
contours

Fig. 12 Schematic of the
experimental setup (left) and
illustration of the different levels
of electrolyte (right)

Table 7 Experimental parameters

Electrolyte

Current

Tool holder

3mm gas film contour
Smm gas film contour
10mm gas film contour
3mm glass melt contour
5mm glass melt contour
10mm glass melt contour

Variations used for level

of electrolyte

— connected to Electrolyte I 3mm
scilloscope
(discharge current, and | je— DYNA MITE
discharge on-off time 2400 (for 3
measurement) . axis movement)
Tool (150um Electrofyte o
radius Tungsten)
(Cathode) | Glass |
Anod Level of
node
electrolyte
(Circularring |/ O )y | )f - Electrolyte omm
with 20mm T
inner
diameter)
Electrolyte Workpiece
[Glass |
Experimental parameters Values
Electrolyte Sodium hydroxide
Cathode Tungsten microtool (150 pm) radius
Anode Hollow stainless steel ring of 20 mm diameter and 20 mm height

Time of machining
Concentration of electrolyte
Levels of electrolyte
Average critical voltage
Workpiece

2s
1M

(a) 3 mm, (b) 5 mm, (c) 10 mm from the glass surface

(a)39.4V, (b)40.7V, (c)43.1V
Borosilicate glass (1 mm thickness)
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Fig. 13 Optical validation of the
increasing trend of gas film
thickness with an increase in the
level of electrolyte

3mm level of electrolyte
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and experimental contours were compared to check the radial
overcut and depth of cut of machining. The radial overcut in
the machining is calculated as the difference between the radi-
us of the machined crater and the radius of the tool. Figure 15
shows the radial overcut values for the various levels of

Images of tool

TOOL GAS
FILM

Images of gas film

x
. A"' '

ELECTROLYTE

electrolyte for simulated and experimented craters. The trend
ofincrease in overcut with an increase in the level of electrolyte
was observed in both simulation and experimental results. The
variations in the overcut predictions made by the simulations
are within 12% to 23% of the experimental results.

20
10 [~

0
-10 [
-20 |

Depth of crater (um)

| |

-300 -200 -100

0 100 200 300

Distance on workpiece from center of tool (um)

Fig. 14 Comparison of the simulated and experimented craters
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Fig. 15 Comparison of the
simulated and experimented
overcut in the machining
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Experimentation

Figure 16 shows cross sections of through holes machined
for each level of electrolyte. It was observed that the entry
diameters are larger for a higher level of electrolyte due to
the wider spreading shape of the gas film. Also, more tapered
holes were observed for a higher level of electrolyte.

As evident from the simulation results of Fig. 11, the
depth of cut is more for the lower level of electrolyte with
less entry diameter. This finding is supported by the cross
sections of the through hole from Fig. 16, and it verifies that
the lower level of electrolyte is more suitable for through
hole machining.

5 Conclusion

A first attempt using a multiphase finite element simulation
was performed to understand the impact of gas film

5 fnm
Level of electrolyte

characteristics on the overcut in the electrochemical discharge
machining process. The multiphase simulation setup incorpo-
rates a combined electrochemical system of glass and electro-
lyte. The changes in the gas film characteristics due to the
variations in the level of and the corresponding changes in
the overcut are studied. Simulations revealed that as the level
of electrolyte increases, the convective heat transfer becomes
more dominant and the shape of the convective flow field
affects the shape and the thickness of the gas film. The simu-
lated depth of cut was found to be higher for lower gas film
thickness, which is more suitable for through-hole machining
with low taper. It was observed that the gas film thickness
increased with an increase in the level of electrolyte and the
gas film stability showed an opposite trend. This resulted in an
increase in the overcut in the machining with the increase in
the level of electrolyte. This trend observed in the simulation
was validated with experimentation.

3mm level of electrolyte 5mm level of electrolyte 10mm level of electrolyte

Fig. 16 Cross sections of through hole machining for the 3 mm, 5 mm, and 10 mm levels of electrolyte
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