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Abstract - Electro chemical discharge machining (ECDM)
or Electro chemical spark machining (ECSM) or
Electrochemical anode machining (ECAM) or Spark assisted
chemical machining (SACM) is one of the non-conventional
machining process. This process is predominantly used for
machining electrically non conducting materials. ECDM is a
hybrid process combination of both Electrical discharge
machining (EDM) and Electro-chemical machining (ECM) the
electrical discharge during machining results in major
material removal while the chemical action results in minute
material removal which helps in obtaining better surface
finish. An attempt has been made to develop a finite element
simulation model to evaluate material removal rate (MRR) in
case of quart and the results are compared with the
experimental results available to validate the model.
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1. INTRODUCTION

Electro chemical discharge machining (ECDM) or Electro
chemical spark machining (ECSM) or Electrochemical anode
machining (ECAM) or Spark assisted chemical machining
(SACM) is one of the non-conventional machining process.
This process is predominantly used for machining
electrically non conducting materials. ECDM is a hybrid
process combination of both Electrical discharge machining
(EDM) and Electro-chemical machining (ECM) the electrical
discharge during machining results in major material
removal while the chemical action results in minute material
removal which helps in obtaining better surface finish. This
process was first reported in 1968 and since then lot of
research has been done to develop this process and this
research is still going on till the present day to increase its
industrial and commercial viability. ECDM involves the
complex phenomenon of spark discharge whose mechanism
is still not completely explained. One of the most positive
point about this type of machining is that it can easily cut
hard to machine and high hardness material easily. Tool
wear during machining is also minimal as tool never really
comes in contact with the workpiece. As the voltage is
applied across the gap between the electrode and the
workpiece the formation of bubbles initiates near the tip of
the work piece and as the voltage applied increases a
constant bubble film is formed near tool tip and as the
voltage is further increased the voltage becomes just enough
to create a spark discharge in the vapour region and thus

increasing the local temperature instantaneously and thus
causing the material on the workpiece to melt and vaporise.
The voltage at which the spark discharge takes place is called
the critical voltage and this voltage is dependent on several
other parameters. This complex phenomenon involves
several input parameters such as applied voltage, inter
electrode gap, type of electrolyte used, concentration of
electrolyte used, electrode material, workpiece material,
feed rate, current etc. Various output parameters of the
interest are mostly Material removal rate (MMR), Surface
roughness, form accuracy, heat affected zones etc. several
authors have tried to correlate various parameters to
increase the process capability. ECDM is mostly used in
producing microchannel, micro holes and engraving on hard
to machine materials. One of the reasons why the ECDM
process is still not used in industry is because it is still under
developmental phase and lot of work is still needed to be
done to make this refine this process and make it more
efficient.

Although the sparking phenomenon is not fully understood
many attempts have been made by several authors. Basak
and Ghosh [1] attempted to develop a theoretical model for
spark discharge phenomenon they considered it kind of a
switching phenomenon and considered inductance of the
circuit as an important parameter. Bhattacharyya et al. [2]
studied various process parameters that influence the
material removal rate (MRR) such as voltage and electrolyte
concentration they also studied various tool shapes that
influence the generation of spark and found that a flat tip
with some taper gives the stable arc. Jain and Chak [3]
attempted to perform trepanning on alumina and glass with
ECDM and reported a decrease in MRR with an increase in
depth. Jain and Priyadarshini [4] investigated the machining
of the microchannel in quartz and studied the influence of
voltage on, the width, depth and heat affected zones on
microchannel and found that as the voltage increases the
MRR increases the width of channel increases, the width of
HAZ increases and depth becomes non-uniform. Nguyen et
al. [5] studied the effect of electrolyte level and feed rate on
spark generation and spark stability while machining quartz
and found that low electrolyte level increases the thermal
energy as the resistance to the spark decreases current
increases. Jawalkar et al. [6] studied the effect of various
parameters on MRR while machining optical glass. Paul and
Hiremath [7] attempted to use mixed electrolyte and studied
the effect of voltage and duty factor on MRR and found out
that micro-feature generation is difficult with mixed
electrolyte then with NaOH alone.
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Several authors have tried to correlate different parameters
to predict MRR using various tools such as finite element
analysis [8], Taguchi [9], response surface [10], fuzzy logic
[11] and artificial neural network [12] every tool gives result
considering some of the assumptions and no theory is
completely generalized and widely accepted till present.
Bhondwe et al. [13] carried out FEA two-dimensional
thermal analysis and predicted MRR and compared the
results with the previous experimental work to validate the
mathematical model. Wei et al. [14] gave the finite element
model for discharge regime where most of the metal removal
takes place Jain et al. [8] developed the relationship between
thermal conductivity and electrolyte concentration and then
developed their finite element model. Paul and Korah [15]
simulated the finite element model for pulsed spark and
compared its result with normal spark and compared their
MRR and maximum temperatures. Goud and Sharma [16]
developed a finite element thermal model considering heat
generation in three-dimensional Gaussian spark region and
predicted MRR on silica glass and alumina, these results
were then compared with the result available from the
experiment and found to be in agreement.

The focus of the present study is to develop a three-
dimensional finite element thermal simulation model with
convective heat transfer taken into account for different
materials and compare the results with the already available
experimental results. To carry out the analysis ANSYS
workbench transient thermal module is used which utilizes
mechanical APDL solver and whose results are largely
acceptable.

The schematic diagram of ECDM is very similar to that of
ECM as shown in Fig-1 tool is made cathode and is immersed
up to 1 mm into the electrolyte. The reactions taking place at
cathode [2] and the anode are as follows.
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Fig- 1: Schematic of basic ECDM machine showing
important components (Goud and Sharma 2017)

At the time of spark discharge, most of the heat is lost in the
evaporation of electrolyte in the form of latent heat of
vaporization and some heatis lost to tool, very small amount
of heat reaches the workpiece [1]. The peak temperatures
produced during an electrical discharge are of the order of
magnitude 104 so formation HAZ is likely to happen as
reported by Yang et al. [18] they studied the effect of

wettability on gas film formation and reported that tungsten
carbide tool has the lowest wear on its edge where the
current density is considered maximum.

2. ASSUMPTIONS

For simplifying the finite element model following major
assumptions are made.

e Material properties of materials are considered
homogeneous and isotropic.

e Thermal conductivity and specific heat capacity are
considered independent of temperature.

e Heat transfer due to radiation is neglected because
the area over which high temperatures are
observed is very small and thus nullifies the effect of
high temperature.

e Heat transfer coefficient at the top surface of the
workpiece is considered around 10000W/m2-K
because at such high temperature the electrolyte
will be boiling thus convective heat transfer falls in
boiling regime.

e The spark region is considered to be of 150um in
radius and heat is supplied in single continuous
spark.

e Only 20% of the total power supplied is considered
to be going into the workpiece in the form of heat.

e Heat supplied to the spark region is considered to
be a Gaussian function.

e The metal removal due to electrochemical action is
not considered in this analysis.

o The formation of recast layers or resettlement of
material is also neglected in this analysis

3. METHODOLOGY

For the purpose of analysis domain of the workpiece
considered is of size 0.6x0.6x0.4mm of sample material which
isimmersed in the electrolyte and spark region is considered
ofabout 300um diameter. The distribution of heat over spark
region is a Gaussian function.
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Here A represents the maximum amplitude and oy and o,
represents the spread of the curve in our case both are
assumed to be equal. The Gaussian equation used in the
analysis is taken from Bhondwe et al. [13].

0 = e {as(2) + ()]

Here A represents the maximum amplitude and oy and o,
represents the spread of the curve in our case both are
assumed to be equal. The Gaussian equation used in the
analysis is taken from Bhondwe et al. [13]. This equation is
used to approximate the heat flux at the time of spark

discharge. Here Va represents the discharge voltage, Iz

represents the discharge current and E represents the
amount of power going in the form of heat to the workpiece
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which is approximated around 20%. Voltage and current
characteristics are derived from [1]. The graphical depiction
of two dimensional Gaussian equation is shown in Fig-2. The

Z axis here represents the heat flux qin W/mz2.

Hoat Nux{W/m2)

Fig-2: Gaussian distribution of heat flux

The thermal conduction equation is used as a governing
equation to solve this problem.

g% @7 | @' _ 147
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This equation is the transient thermal equation without heat
generation here o represents the thermal diffusivity
represented as the ratio of thermal conductivity to volumetric
heat capacity. [t determines how swiftly the heat can transfer
through a material, higher the value of « faster the heat will
transfer.

Where k is the thermal conductivity of workpiece is, F is the

density of the material and ¥ is specific heat capacity of a
material.

Quartz
Thermal conductivity(W/mK) 1.4
Spark radius(um) 150
Fraction of energy transferred 0.2
Melting temperature(K) 1943
Initial temperature (K) 295
Convective coefficient (W/m2-K) 10000
Heat capacity(]/kg-K) 733
Density (kg/m3) 2650

Table-1: Values taken for analysis
3.1 Boundary conditions
Following boundary conditions and initial conditions are

applied also shown in Fig-3.

1. Thesidewalls and bottom surface are assumed to be
adiabatic i.e.no heat transfer take place through
these walls.

aT dT daT
E == D. E'__'l. == U. E == U
2. The top surface is losing heat through convective
heat transfer.
Ge = h(T-Ty)

3. Inthe region of spark Gaussian heat flux is applied
to the external load.

4. The initial temperature of the workpiece and the
surrounding is considered same 295K.

4.5EV,], 8
0= ey (a5 (D)

Ge = (T =Tp)

dT_o
=

Fig-3: Boundary conditions applied to the workpiece

3.2 Meshing

Finite elementanalysis is performed in ANSYS 16 commercial
package. For discretizing the domain ANSYS meshing tool is
used. Tetrahedron elements are selected for meshing with
patch conforming algorithm. This type of mesh is suitable for
conduction heat transfer analysis. It can be seen in Figure 4
that the area where heat flux is applied is refined to capture
results more accurately.

No. of No. of Maximum Temp.  Mesh sensitivity
Nodes.  Elements.(e (K) AT fAe
15120 1)0183 2091.6 -
28533 19619 2352 0.02759
65984 46441 2367 0.00055
111812 79446 2380 0.00042
216889 155681 2393 0.00017
353281 256305 2403 0.00010
501252 365900 2408 0.00004
1333557 984251 2409.5 0.00000

Table-2: Mesh sensitivity table

The Table-2 shows that as the no. of elements and nodes
keeps on increasing the difference between the temperature
decreases and thus this point is considered as the best
selection of no. of nodes. The data in the table is represented
in graphical form in Fig-6.
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Fig-4: Cross-section view of meshed workpiece refined at
the spark region.
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spark region.

Refinement of the mesh is done only where the resolution of
results is required or only in that area where the results are
of interest.
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Fig-6: Variation of max. Temperature with no. of elements.

4. RESULTS AND DISCUSSIONS

The result of the analysis carried out show that very high
temperatures exist at the centre of the spark and
temperature gradients are also very high in this region.
These high-temperature gradients are responsible for the
formation of heat affected zones as reported by the author
[4]- The temperature contour plot is shown in Fig-7.
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Fig-7 Temperature distribution obtained from the FEA
thermal analysis for quartz material
For the calculation of the material removal rate contour plots
are obtained with isotemperature curve. The melting point
of material is noted down and an isotemperature curve is
obtained for that material at melting point. This curve data is
extracted from the ANSYS workbench and is fitted with a

295.15 Min
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polynomial curve. A sample calculation for finding material
removal rate is being shown.

Calculation performed for quartz material at 40 volts is
shown.

|

Fig-8: Curve fitting on isotemperature data at melting
point for quartz material at 40V from ANSYS

y =0.037x°

Other terms are neglected because their value is very small
and does not influence the final result.
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Fig- 9: The volume of material removed using curve about
a vertical axis

V= _I':Hx:d}r

Here 0 to r represents the distance along y axis which in
this case is from 0 to 0.00189mm and V represents the
volume

0.00085 v
V= J- T——dy
. 0.037

V= 3.06 %107 mm®

MRR = 22

&

(Here P is the density of material, ts is the single spark
time and Vis volume)
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Fig-10: Comparison of MRR from FEA analysis with MRR
from experimental results [4].

The effect of convective heat transfer is also studied with the
help of simulation and results obtained are compared with
experimental results and previous simulation results. The
trend obtained in these results is similar to previous
simulation results.

5. CONCLUSION

The simulation model presented for the calculation of MRR
of quartz, soda lime glass and alumina agrees with the
experimental observations. The high rate of increase of
temperature and high thermal gradients confirm the
formation of heat affected zones. The predicted MRR is less
than the previous 3D simulation models because the effect of
convection is considered in this model which results in
higher heat loss to atmosphere and thus lower MRR. The
other reason may be not considering the effect of a chemical
reaction and thermodynamic instability in the model. The
model also confirms that as the discharge voltage increases
the maximum temperature also increases which results in an
increase in MRR.
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