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ABSTRACT

In this research work the thermal modeling of a nonconductive Silicon carbide Ceramic matrix composite (CMC) machined by Die Sinking
Electric Discharge Machining (EDM) has been done. Though SiC is a non-conductive material but the presence of CNT makes it a conductive
material which can be machined with EDM. The modeling procedure carried out by considering some realistic approach like Gaussian heat
Flux, Specific Discharge Energy, Variable Latent heat etc. For this analysis a 2D continuum has been designed as work domain. By simulating
the work domain model by a Finite Element Analysis (FEA) Software (COMSOL), material removal rate (MRR) has been estimated with
variable thermal properties. Parametric analysis of effect of Variable Specific heat on MRR by considering different current, Voltage and Pulse-
On time has been performed. The effect of different input parameters (peak current and Pulse-on time) on Crater geometry has been done. A
new concept of Specific discharge energy has been introduced during modelling to make it a more realistic model which can also be used as
electrode support for electrochemical energy devices as Polymer Electrolyte Membrane Fuel Cells on Li-ion battery. Desirability analysis has
been done to get an optimize set of input parameters for I= 3A, V=30V, Ton= 75 s for machining ceramic matrix composite by EDM. The
optimized MRR at this setting is 7.25 mm?3/min whereas PFE is 87%. The experimental analysis has been also performed to strengthen the
thermal and mathematical modelling.
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1. INTRODUCTION

Electrical discharge machining (EDM) is a highly effective
method for producing complicated moulds and machining
hard materials. A voltage is applied between two electrodes,
the instrument and the work piece, which are tightly spaced
within a liquid dielectric medium. When this voltage is applied,
an electric spark discharge occurs between the electrodes,
causing enough heat to melt and even vaporise the machined
workpiece material. During the discharge phase, a plasma
channel forms between the anode and cathode, allowing
electrons and ions to pass into it, displace the dielectric fluid,
and induce a significant volume of pressure on the work piece
surface, preventing the molten substance from flowing. As the
spark collapses, the abrupt release of pressure causes a violent
ejection of the liquid and vaporised material from the
workpiece floor, the gushing of the dielectric to fill the vacuum,
and the forming of small craters at material removal sites.

The primary fundamental phenomenon causing material
removal in the EDM phase is the electric discharges produced
between the tool and the workpiece. The substance removal
process is a result of the fusion of two processes (Dibitonto et
al. [1];Schumacher [2]; Shuvra Das et al. [3]). The first is
thermal in nature, caused by electric discharges that generate
high energy densities of approximately 1017 W/m2 (Ekmekci
et al. [4]), resulting in the rapid melting and even evaporation
of material. The second form is hydrodynamic erosion, which
occurs as a result of the gas bubble collapsing and expelling a
portion of the molten liquid. Dibitonto et al. [1] quantified this
expelled fraction experimentally using a parameter called
plasma flushing quality (PFE).
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Earlier published works mostly used computational models
(Snoeys and Van Dijck [5]; Van Dijck and Dutre [6]; Beck [7,
8]; Jilani and Pandey [9, 10]; Erden and Kaftanoglu [11];
Lhiaubet and Meyer [12]; Lhiaubet et al. [13]; Pandey and
Jilani [14]; Dibitonto et al. [1]; Patel et al. [15]). These models
allowed prediction of the temperature distribution chart,
material removal rate (MRR), and shape of the crater on the
machined workpiece. These experiments used a variety of
different types of thermal loading. Snoeys and Van Dijck [5],
Beck [7], Jilani and Pandey [10] all used a constant-radius disc
heat source. Dibitonto et al. [1] simulated cathode erosion
using a point heat source and a decreased plasma radius during
the discharge. The majority of the authors cited above believe
that 50% of heat power (Fc=0.5) is transmitted to the
workpiece; only Dibitonto et al. [1] believed it was equivalent
to 18.3% at the cathode. In the majority of these experiments,
the thermal properties of machined material is assumed to be
stable. At the end of the discharge, the crater's morphology and
volume is determined using the isothermal curve that separates
the liquid and solid portions of the workpiece material.
SIC/CNT has an excellent electrical and thermal conductivity
due to which it can be used as electrode support for
electrochemical energy devices as Polymer Electrolyte
Membrane Fuel Cells on Li-ion battery [14,15]. Yeo et al. [16]
conducted a thorough analysis and review of prior models, and
they were found to be inconsistent with experimental findings.
As a conclusion, he demonstrated that the model established
by DiBitonto et al. [1] has the strongest agreement with
experimental data. Recently published papers (Shuvra Das et
al. [3]; Kansal et al. [17]; Marafona and Chousal [18]; Ghanem
et al. [19]; Salah, N.B et al. [20, 21]; Bhondwe et al. [22];
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Vinod Yadav et al. [23]) have advanced the field of
computational simulation of the EDM method. The
assumptions of these experiments have been significantly
changed. In both of these experiments, the Gaussian form of
the heat flux distribution was assumed, as was the
temperature-dependent evolution of the thermal properties of
machined material. The value of the power fraction
transmitted to the workpiece continues to be a source of
contention. Shuvra Das et al. [3], Ghanem et al. [19], and Salah
etal. [20, 21] recommended an 18% value, while Vinod Yadav
et al. [23] recommended an 8% value. Marafona and Chousal
[18] assume that the fraction of energy transmitted to the
workpiece is 50%. According to Kansal et al. [17] and
Bhondwe et al. [22], the powder fraction (Fc) is dependent on
the dielectric fluid used.

Many authors have been considered the constant thermal
properties for the thermal analysis. Numerical study of Metal
matrix composite (MMC) or Ceramic matrix composite has
not been significantly performed. Least work has been done to
show the Effect of Specific Discharge Energy (SDE) for
removing material by EDM. The combined effect of SDE &
Latent heat on the material erosion process has not been
performed till now. The present work has been focused on the
numerical modeling of the SiC (6vol% of CNT) machined by
EDM. For this analysis Gaussian heat flux has been taken as
heat source. A comparison study of MRR for experimental
results and varying thermal properties has been done.

1.1 INTRODUCTION TO SPECIFIC DISCHARGE
ENERGY

A novel technique The specific discharge energy (SDE) of
a wire electrical discharge machining process is defined as the
actual energy needed to extract a unit volume of a specific
material. As shown, current forecasting methods are
insufficient to satisfy the needs of EDM processes, and a new
approach for predicting EDM efficiency with sufficient
precision and cost is warranted. Liao [27] pioneered the idea
of specific discharge energy (SDE) in wire-cut electric
discharge machining (WEDM) in order to demonstrate the
relationship between material properties and EDM efficiency.
Liao simplifies the complex interaction between material
properties and efficiency by computing the SDE of a variety
of materials.

SDE offers a quantitative and straightforward method for
describing the properties of materials and assists in effectively
estimating the efficiency of different materials. Materials with
comparable SDE have been shown to perform similarly under
the same conditions, while materials with a lower SDE appear
to be extracted more quickly but perform poorly. The theory is
validated and applied to the optimization of parameters for
various materials in WEDM [28]. However, despite the fact
that SDE offers special advantages in wire-EDM, acquiring its
worth is difficult. According to Liao's research, not all energy
transmitted to the workpiece is used to erode the substance
[27]. Thus, an additional L18 mixed orthogonal Taguchi
quality design tool must be used to determine the proportion
of total energy currently used for metal removal under
different circumstances, necessitating an extraordinary
amount of work and effectively impeding further
implementation of SDE. Indeed, the EDM mechanism can be
thought of as a single spark compounded by the discharge
frequency. The energy transmitted in the heat influenced
region during the previous pulse, which Liao ignores, has a
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direct effect on the subsequent pulse. But for the energy
dissipated in the tens of micrometres deep heat-affected region
over the course of an EDM phase, the actual energy needed to
extract the substance is the overall energy spread on the
surface. To obtain the SDE value more precisely and
effectively, this analysis establishes a computational approach
based on the simulation model. The equivalent temperature
and proportion of energy distribution have been considered
concurrently in this analysis. SDE can be defined
mathematically as the ratio of material removal energy to
material removal volume. Finally, the numerical value of SDE
was validated by comparing it to experimental data.

2. EXPERIMENTS
2.1 EXPERIMENTAL SET-UP

The SMART ZNC Die Sinking EDM machine has been
used for machining the SiC/CNT Ceramic matrix Composite.
Commercial grade EDM oil (specific gravity 0.763, flash point
94°C) has been used as dielectric fluid. The Flushing Pressure
has been considered at 10Kgf/cm?. In the Present Study SiC
Ceramic has been reinforced with 6% Carbon Nano tube Nano
particle by Powder Metallurgy Process. The Electrical
Conductivity has been reached about 119 S/m which is
sufficient to machine the ceramic matrix by EDM.

Figl (a) SiC/6% wt
(b) Cu-W Tool Electrode

CNT Ceramic Composite after P/M

(c) Die Sinking EDM Machine Set-Up (d) SiC/CNT Composite
Machining

after

2.2 EXPERIMENTAL METHODOLOGY

In order to study the effects of EDM on Ceramic matrix
Material Removal Rate (MRR) has been calculated
experimentally. In this present study Peak Current and
Pulse On time has been varied by keeping Voltage (30V)
Duty Cycle (9%) and Pulse-off time (10pS). The Peak
current ‘I’ varied as five level (14, 24, 3A, 4A, 5A) and
Pulse-On time ‘Ton” as three level (25uS, 50 pS, 75 uS).
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Table-1 shows the list of Parameters required for
machining the SiC/CNT Ceramic machining by EDM.

Table 1 Process Parameters of EDM

Variable Parameters and their Levels

SI.LNo. Pulse Current (A) Pulse-On time (LS)
1 1 25
2 2 50
3 3 75
4 4
5 5
Fixed Parameters and their Values
1 Pulse-Off time 1018
2 Voltage 30V
3 Di-electric type EDM OQil
4 Polarity Positive
5 Flushing Type Normal Submerged

The work piece materials in this investigation has been
chosen cylindrical in shape with 10mm diameter and 5mm
thickness, whereas tool electrode (CuW) is also considered as
cylindrical shape of 2mm diameter. Table-2 shows some of the
physical properties of tool electrodes necessary for machining
SiC/CNT.

Table 2 Physical Properties of Electrodes

Physical Properties of Work piece
Density
Melting Point
Thermal Conductivity
Electrical Resistivity

Physical Properties of Tool

Density 8.94(g/cm?3)
Melting point 1065-1083(C)
Thermal conductivity 388(W/m k)
Specific heat 385(J/kg k)

Coefficient of thermal expansion  1.67><1075(1/<C)

Electrical resistance 17.1(nQ cm)

3. NUMERICAL METHODOLOGY

In the present study the thermal modelling of Ceramic
matrix Composite has been conducted with necessary
experimental validation. According to the mechanism of EDM
the modelling can be done by considering the requisite Plasma
diameter along with the appropriate material properties. As
from the previous literature survey it can be inferred the
Gaussian heat flux is the most suitable heat source for
machining by EDM as the temperature distribution inside the
Spark plasma channel is not uniform in nature.

The temperature distribution along the depth of the crater
still depends on time interval and is somewhat similar to the
Gaussian function [13]. This is the reason the geometry shape
of the crater crated after simulation (by taking Gaussian heat
source) resemble to the experimental crater after machining.
Hence in this analysis Gaussian heat flux has been applied to
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the spark radius section. Fig.2 shows the 2D domain for single
spark EDM of ceramic. In the following section all the
technique has been covered and are used for modelling.

3.1 MODELING ASSUMPTION

The numerical model of machining SiC/CNT Ceramic
Composite can be designed by considering the discharge
phenomena, which involves heating of the work piece by the
incident high energy plasma. That incident area is known as
Spark Radius. As the analysis is considered as transient
analysis so the heat flux increases with respect to time. Both
the electrodes has been considered as the isotropic in nature
and subjected to Gaussian heat flux. In the following section
some specific assumption has been considered to simplify the
electro-thermal analysis.

Modeling involves the use of some simplifying assumptions
» Homogeneity of both tool and workpiece electrode.

» Average physical thermal characteristics (Table 1) are
applied across the temperature spectrum.

* Only by the conduction is heat transferred to the surface of
the electrode.

* There is insignificant radiation and convective heat loss.

* A percentage of anode- and cathode-based discharge energy
is stable.

* As a heat source, the Gaussian heat flow is used.

The remainder are lost in the dielectric convection and
radiation. ¢ A fraction of the overall spark energy is disbursed
as heat in the part.

* The quality of flushing shall be considered 100%. The recast
coating on the machined surfaces is not deposited.

+ Flushing efficiency is considered to be 100 %. There is no
deposition of the recast layer on the machined surfaces.

» Temperature analysis is considered to be of transient type.

* The workpiece is free from any type of stress before EDM.

* Only one spark is considered in the analysis.

» The capacitor is fully charged and discharged during the
process.

3.2 GOVERNING EQUATION

In EDM process two types of heat transfer mechanism
occurred which are Conduction & Convection. As the EDM
mechanism starts from Penetrating the Plasma channel in to
the work piece Surface, So Conduction has been considered as
the main mode of heat transfer in EDM. Therefore the Fourier
heat conduction equation (Egn.1) has been solved for the
analysis of the thermal modeling with no internal heat

generation.
o°T
t—7
0z

107 o°T N 10T

aot |or® \ror
where, T is temperature, t is time, and r and z are coordinate
axes. @ is the thermal diffusivity which can be represented by
eqgn. (2)

(1)

2
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3.3 HEAT INPUT TO THE WORK PIECE

In EDM process the electrical energy gets converted to the
thermal energy in form of Plasma which melts the material
from the work piece surface. The total energy of the plasma is
the function of three variables which are Spark radius, Amount
of heat flux and lastly the energy within the gap between
electrodes. The detail of the three parameters of modeling has
been discussed below.

3.3.1 SHAPE AND SIZE OF PLASMA CHANNEL

The critical aspect for a proper numerical simulation of the
EDM mechanism is determining the sparking region where the
heat source must be applied. Since the mathematical model
represents a single pulse, the funnelling radius can hardly be
experimentally determined. There is also an aspect that is very
much lower, i.e. in micro second (uS), depend on the time of
pulse or pulse. The interaction of the spark radius w.r.t with
the current and pulse time suggested by lIkai and Hashigushi
has been used in this present analysis [9].

R(um) = 2.04x 1°* xTon** 3)

where, Risin pm, I in Amp & Ton in LS.

3.3.2 SELECTION OF HEAT SOURCE

For the analysis of the thermal Models of EDM, the heat
source is most essential factor. Many studies have already
been conducted on computational modelling of EDM using
three types of heat sources, namely disc, point, and Gaussian
heat sources [3-11]. Gaussian heat flux has been shown to
coincide with the real case of EDM among the three forms of
heat sources [4, 5, and 6]. As the heat flux that varies with time
in this work, a Gaussian heat source has been used. The heat
flux (q(r)) for a Gaussian heat source is given by Eqgn. (4).

_ 445FVI
[TR?
where F. is the fraction of heat transferred to work piece, V

and | are the discharge voltage and the supplied current
respectively.

a(r) exp<—4.5*(%)2) @

3.3.3 ESTIMATION OF FRACTION OF HEAT

Due to the ultra short pulse length in a single discharge, the
energy transmitted in the form of radiation and convection
may be skipped. The bulk of the energy is thus transported by
heat conduction to the cathode, anode, and dielectric, therefore
a precise calculation of the energy ratio transmitted to the
cathode is essential for reducing thermal model errors. Singh
[31] showed that a portion of energy transmitted to a
workpiece (Fc), which varies with current and pulse durations,
is the result of pulse length, current, polarity of electrodes and
a mixture of workpiece and tool electrodes.

Many analytical models [1, 2, 3, 4, 5] set the proportion of
heat distribution as a fixed value, resulting in lower precision
in predicting the MRR and surface roughness. The regression
model of fc versus pulse current (1) and pulse length (Ton)
represented in Eqn.(5), according to Ming's analysis [26],
resembles the actual case of energy sharing to the work piece
surface.
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f, (%) =5.672+0.2713x | %% T, ¥ 5)

3.3.4 BOUNDARY AND INITIAL CONDITION

The following boundary conditions constrain the system
(Fig.2) by equation 6:

4 45F1T ¥
— IRL T
q(r) E exp(—4.5 (R))

A

|

3

M\ q(r)=h(T-T,)
im o

! i

¢ >

2

Figure 2 Schematic 2D work domain with boundary
Condition

_P

oT(X,z,t)
or

0

—-K aa—T(r, 0,t) ={E, for O<r<R, 0O for R<r<X} ©)
z
T(r,o,t) > T,

where, Ey is the Energy density
To is the room temperature
X is the total width of the work domain
The Initial condition of the system is represented by

T(r,z,0)=T,.

Section 1, 2 & 5 are fully insulated and the heat flux has
been applied within0<r <R,

Eqgn. (7) can be For the Gaussian heat source which has a

finite duration of time period t, the temperature profile can be
obtained using the Laplace transformation as follows by eqn.

(7):
-7 rl

s — ] (7
4Kt' 4Kt +R? )

E R2k1/2 t
_ 0
!t'”(m' +R)

T(r,z,t)= KT

Xexpl

Eqn. (7) has been manipulated in this study for considering
the Latent heat of fusion and specific heat to make it valid for
the phase change of work piece by plasma channel. This can
be done by the following Eqn.-8.

=C+m

m

K' =5é where C' (8)
0

where, K' and C' are the adaptive thermal diffusivity and
adaptive specific heat.
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3.4 LATENT HEAT FOR PHASE CHANGE

The material removal mechanism in EDM mainly involves
two types of mechanism firstly melting and secondly
Vaporization phenomena. However the effect of VVaporization
is negligible due to the significant dynamic pressure of the
plasma channel. This pressure also restricts the effect of
evaporation [31, 32]. The Vaporization effect is directly
proportional to the Latent heat of fusion. Earlier many
researcher neglect the Latent heat effect [6-10]. In this study
to enhance the accuracy of the electro-thermal modeling. The
latent heat of fusion has been considered in this study by
considering all the thermal properties vary according to
temperature. Table-1 represents the variation of Specific heat
and conductivity with respect to temperature increase. The
specific heat Cp has been denoted as Cpetrand the mathematical
formula to estimate the Cperr has been denoted below by

equation-8:

I‘H
Cpeff = Cp + E 9)
where Ly is the workpiece latent heat of melting and AT=T,-
To the temperature difference between melting point
temperature and dielectric temperature.

Table 3 Temperature Dependent [Properties of SiC -6% CNT
Ceramic matrix Composite

*(for addition of 6 vol% CNT in SiC ceramic: LH=990
kJ/kg to be released or absorbed over the temperature
range of solidus temperature Ts=1977 °C to liquidus
temperature Tm=2250°C [32-35] ).
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4. SOLUTION METHODOLOGY

EDM is a complex process which involves many other
mechanisms which makes it difficult to model it by FEM
(Finite Element Method). However FEA makes it possible to
predict the material removal rate from the temperature
distribution profile at the end of single discharge simulation.
For this study COMSOL multi physics Software has been used
for the thermal analysis. Following Flow chart has been
followed for estimating the Erosion rate by numerically.

The Simulation of EDM process involves solving of the
Governing equation (Eqgn.1). In FEA analysis the Newton—
Raphson iterative process has been used to solve Eqgn.(1) at
discrete time points (using automatic time step function)
within the transient system[22, 23]. Egn. (10) is the differential
form of the Governing equation ( Egn.1) which has been
used in FEA analysis.

[Co T3+ [K KT} ={Q,} (10)

where [Cg] is the global capacitance or specific heat matrix,
[Kg] the global conductivity matrix, [Qg] the global heat flux
vector, [1g] the global temperature. The ambient temperature
is specified as the initial (starting) temperature, and subsequent
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temperatures are calculated by iteration. The iterative process
continues until a converged solution has been achieved. The
solution data such as nodal temperature, maximum
temperature, and minimum temperature and all other thermal
properties can be seen in a graphical form which can be used
for further analysis. With appropriate boundary conditions, the
temperature distribution within the workpiece is obtained
(Along the Depth and Radius). From that temperature Profile
the nodes which are above the melting point has been
eliminated and the actual crater obtained. The Volume of the
obtained geometrical shape and Erosion rate can be calculated
from the following equation.

4.1 FEM PARAMETERS AND MESHING DETAILS

The Work piece dimension which has to be considered for
the experimental purposehas been modeled as 2D Continuum
of Dimension 300pmX300pm. For the Spark Channel a
selected region has been considered over the work piece
surface according to Egn. (3). The meshing of the Spark
Channel area has been denser w.r.t the other area of the work
piece for proper simulation. Fig.3 shows the meshed domain
of work piece. To Simulate the Process Transient Heat transfer
physics has been applied. In this Section the three Boundary
Conditions which has been discussed in above section has
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been applied to the domain. The Gaussian heat flux has been
applied on the Conduction boundary Zone. Rest of the area on
the work piece surface is being exposed to Convection
boundary Condition. As the bottom surface of the work piece
is far away from the Conduction Zone, so it can be considered
as thermally insulated. All the other selected properties have
been tabulated on Table. 3 & 4.

Algorithm of EDM simulation

‘ Inroduction of Input Parameters

‘ Prediction of Plasma Radius (R)

Heat Flux applied to the Work
piece Surface

Heat Convection applied to the
Surface

‘ Obtain a tempreature Profile

Selecting the nodes whiose tempreature gets higher then
the melting tempreature of the Electrode

‘ Calculate the Spark Radius and VVolume of Crater

[ Estimate the Metal Erosion Rate

Table 4 Details of input parameters for transient time
dependent study

Two-dimensional thermal
transient

Analysis type:

Element used: Four-node 75(axi-symmetric)

Nodes per | 20

element:

Time step: Automatic
Iterative Newton—Raphson
method:

Table 5 Details of Physical parameters used for
simulationsimusimulation

Meshing type: Mapped

Spark radius: 1.8 um

Convective  heat transfer

coefficient:

500(W/m? K)

Work material:

Initial temperature: 20C

FEM domain size: 300 *300 pm
Spark on time: 25,50, 75 |8
Discharge voltage: 50V
Capacitance: 0.1 uF
Electrode material: Cu-W

Figure 3 Mapped meshing of the work piece Domain

42 VALIDATION OF
ANALYTICAL MODELS

FEM MODEL WITH

To strengthen the FEM model of EDM of SiC/CNT
Ceramic matrix Composite, our model has been compared
with the analytical models which has been described in
Section-1. In the first Gaussian model i.e DiBotonto model the
error percentage has been coming above 90%. Similarly in
Joshi model the error percentage reduced to below 90% due to
the effect of Functional Spark Radius and 5% Fractional heat.
In Ming Model the percentage of Error reduced further due to
9% F¢ Table-7 represent the validation of our FEM Model
with the analytical models with different Fraction of heat
percentage. As the minimum error has been obtained from
Ming Model, So for further analysis of MRR & Specific
Discharge Energy F¢ has been considered as 9%.

Table 6 Comparison between various theoretical models and FEM Model

Sl | \Y Ton(S) FEM Theoretical Error
No (A (V) Model Model by (%)
Dibotonto
1 1 30 25 0.71435 9.05386565 92.11
2 1 30 50 0.9508 14.1910448 93.3
3 1 30 75 0.9917244 12.8795377 92.3
4 2 30 25 0.378159 5.82679507 93.51
5 2 30 50 0.301813 5.54803309 94.56

Theoretical Error Theoretical by Error
Model by S. (%) Ming (%)
Joshi
4.20205882 83 1.29881818 45
8.06446141 88.21 1.94915949 51.22
6.1982775 84 2.0401654 51.39
2.53797987 85.1 0.78783125 52
2.11058042 85.7 0.6159449 51
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6 2 30 75 1.029736 10.9036002 90.556 7.10162759 85.5 1.95841765 47.42
7 3 30 25 1.299492 16.3252764 92.04 7.64407059 83 2.35415217 44.8
8 3 30 50 1.118672 13.9834 92 6.58042353 83 2.33056667 52
9 3 30 75 1.097242 17.4165397 93.7 7.83744286 86 2.24890756 51.21
10 4 30 25 1.299492 23.3301975 94.43 7.64407059 83 2.40646667 46
11 4 30 50 1.157247 8.97090698 87.1 9.74113636 88.12 2.15141662 46.21
12 4 30 75 1.70682 13.2311628 87.1 7.79369863 78.1 3.10330909 45
13 5 30 25 1.693277 37.2148791 95.45 7.36207391 77 3.76283778 55
14 5 30 50 1.157247 16.5321 93 5.05789773 77.12 2.46800384 53.11
15 5 30 75 1.70682 15.5165455 89 7.42095652 77 3.71047826 54
20 - FEM Model Crater Radius (um)
0 20 40 60 80 100 120 140
18 | —--a-- Theoretical Model by , 0 ' ' K
~16 - Dibotonto TS 4
(= —— = Theoretical Model by S. Joshi ¢ ~ J 204
= i -
§ 14 =« = Theoretical by Ming l,
012 - ’ ~
E ,I g -40
élo . S == P
@ 8 - _.’ g‘ -60
X6 | oA 5
2 4 - e 8 -80
2 —e— Our FEM Model
il — . — e — —a— DiBotonto Model
0 -——\\ - — — -100 +Jt;sh(i)ﬁ/|nogel o
—&— Ming Model
0.75 1.5 225 15 3 4.5 2.25 45 6.75 1204
Discharge Power (mJ)

4.3 VALIDATION

4.3.1 DETERMINATION OF MRR

In actual practice the MRR of the EDM Process depends on
several factors like frequency of sparks, flushing efficiency,
phase change of electrodes, random behavior of debris
particles, etc. Due to the complex mechanism of EDM it is
critical to estimate the exact numerical simulation. But by
calculating the total crater volume C,, from the temperature
contour plot, the MRR (mm&min) has been estimated by the
following equation.

C,*NOP
MRR = —~Y—— (11

mach

where, C,=Crater Volume (mm?)

NOP=Number of Pulse

Tmach=Machining time in minute

In Table-5 a comparative study of the numerical MRR and

Experimental MRR has been presented. From the results it has
been cleared that at high current i.e 3A least error (about 4%)
has been recorded. Similarly the highest MRR i.e 1.09
mmé3/min has been obtained for the 3A, 50V and 75uS
parameters. The least MRR has been obtained for 1A current,
25uS.

SI.No. 1 Ton(LS) Power MRR Experimental Error
(A) (mJ) (mm¥min)  MRR (%)
(FEM) (mm%/min)

1 1 25 0.75 0.71435 0.21 70.602645
2 2 15 0.9008 0.3 20.668290
3 3 2.25 0.9517244 0.41 68.449209
4 1 50 15 0.98159 0.45 52.671434
5 2 3 0.901813 0.5 50.300351
6 3 45 1.029736 0.71 36.531887
7 1 75 2.25 1.299492 0.78 58.571546
8 2 45 1.118672 0.9 12.598957
9 3 6.75 1.097242 1.05 4.3055223
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4.3.2 DETERMINATION OF SDE

Theoretically MRR is defined as the volume of removed material
in a unit of time. Thus, the product of the MRR and the duration of
the EDM process are the volume of the eroded material, which is
defined by the Equation -12 as follows:

. V x| *Ton
(MRR * (Ton + Toff))

SDE (12)

Table 8 Comparison of SDE between FEM Model and
Experimental Results

) = < )

s 2 q EE § wE qé ol T g

d - ~ < = Q0 e S IS S

5 - & 2% 503 805 &

F A e =z = g = w
1 1 25 o075 142.33 152.04082 -6.82275
2 2 1.5 113.331014 92.857143 1806555
3 3 225 109.469881 86.794425 2071388
4 1 50 1.5 86.2936475 55555556 3562034
5 2 3 65.665495 73.333333  -116771
6 3 4.5 67.0437805 65.633803 2.10307
7 1 75 92925 63.4415072 59.659443 5961498
8 2 4.5 41.6195441 37.619048 9612062
9 3 6.75 58.5884557 51.22449 1256807

In Table-6 the Experimental result of EDM has been
validated with the FEM model. Based on Equation no.12
respective Specific Discharge Energy (SDE) has been
calculated. It can be seen that the least error between the
experimental and theoretical model has been estimated at high
Pulse-On time and high Peak Current. The least error between
theoretical SDE and Experimental SDE recorded as 2.10% at
3A current and 50uS pulse-On time. Similarly the highest SDE
recorded as 142.33 Jmm?® at 1A, 25uS Ton. SDE should be
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constant as a property describing material performance in
EDM [5], irrespective of manufacturing conditions. But as the
numerical model has been established considering some
assumption, the difference between actual machining and
simulated machining cannot be completely disregarded, thus
SDE fluctuation is inevitable [6].

Fig. 5 (a) indicates the comparison between Discharge
power vs SDE. For a single discharge EDM Discharge energy/
power depends on the current & voltage. From Liao study on
wire EDM the Discharge energy ‘E’ can be obtained from the
following equation

200
- —-#—-- Theoretical SDE (J/mm3)
150 - . —B— Experiment SDE (J/mm3)
® .
E \
Ejo .\ TN
2 | AN
w \.—-. »"\
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(%] 5 ./’-’ .\i\\ "
T N
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0

0.751.522515 3 45225456.75
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MRR (mm*3/min)

2 -
«++<M -+ Theoretical MRR (mm3/min)
1.6 - . .
—+— Experimental MRR (mm3/min)
.,
1.2 - : '...
..... n
.
[PTTL Shi m.... o " 0/
08 | _. -
’ [ ] ~
04 - —"
0/‘
0
0.751522515 3 4522545 6.75
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E=V*I*T, (13)

From the trend line of fig.5 (a) of it can be concluded that
with the increase in discharge power the SDE value decreases
due to the high erosion rate. The highest erosion rate can be
recorded at 0.75 Discharge energy. Similarly at high discharge
energy the difference between the theoretical and the
experimental values of SDE decreases (3 mJ onwards). In fig.
5 (b) a comparative study of MRR with Discharge power has
been presented. At high Discharge power highest MRR of 1.09
mm3/min has been estimated. The least error between
experimental and theoretical has been found out at highest
MRR.

5. RESULT ANALYSIS

The FEM model of SiC/CNT Ceramic composite has been
validated with the experimental result in the above section. To
know the effect of parameters (Peak Current, Voltage & Pulse-
On time) on the process parameters (MRR & Crater geometry)
it is necessary to carry out the parametric study. The numerical
model (FEM Model) has been used for the parametric study.
To determine the metal erosion rate it has been necessary to
obtained temperature profile by simulating the work model
using proper boundary condition. The significance of this
parametric study is to understand the quality of how a
parameter affects the MRR of SiC/CNT Ceramic Composite
while working under different machining conditions of EDM.

The following set of parametric study has been done for the
analysis:

a) Temperature Profile & Crater formation
b) Influence of Specific heat on MRR
c) Effect of Pulse-On time on MRR

d) Effect of Current on Crater Geometry
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5.1 THE EFFECT OF HEAT FRACTION ON MRR AND
SR

In this study a comparative review was conducted for the
mathematical calculation of MRR and SR. In Figure 4, a
comparison of MRR and SR has been made. The research
indicates that for high the erosion rate needed for macro
machining Fc should be between 7.23% and 9.11%. Likewise,
for micro machining, an Fc of less than 6.2% is recommended.
However, at a higher MRR and SR also rise as well. This can
be accomplished by surface eradication phase of completion.
Similarly, when the MRR is big, the surface finish is poor.

12 7
—— MRR

10

oo

MRR (mmA3/min)
o

6.565 7.313 7.65 7.431 8.092 8.588 7.879 8.708 9.331
Fraction of heat at Cathode (Fc in %)

As a result of Figure 6, it can be inferred that at 6.3 to 6.7%
of 'F' the error between the two versions is between 41 and
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48%. Similarly, the error falls from 45% to 35% in 7.13 to
7.2'F'. 9.2 percent of 'F' has been counted with the least mistake
of 27 percent. As such, itlt can be inferred that when
machining SiC-6% vol CNT for EDM, the recommended
fraction of heat entering the cathode should be between 9.2 and
10.11%. However, the maximum MRR of 9.74mm3min was
obtained using a statistical model at 3A, 7515 and 30 V, and
9% Dc.

5.2 TEMPERATURE
FORMATION

PROFILE & CRATER

Fig.6 shows the result of the temperature contour plots after
Simulation of SIC/CNT wok domain. From the transient
thermal analysis performed, the temperature variation over a
period of time can be obtained. The nodes showing the
temperature more than the melting point (For SiC/CNT the

melting point is around 2242K) were selected and eliminated
from the complete mesh of the work domain for MRR
calculation. In fig. 6 (d) to (i) the selected nodes of maximum
temperature has been eliminated to calculate the volume of
crater. From the figures, it can be seen that the change in
temperature with time for any point on the radial axis has a
similar trend to the case of the vertical axis. For any instance
of time, the temperature is highest at the origin and decreases
gradually with an increase in distance from the center. This is
because the Gaussian heat source, which is closer to real-life
situation, is showing steep temperature gradients within the
spark radius zone. The highest temperature at 3A and 75uS is
8700K, for which the MRR is 1.01mm?3/min. Similarly the
lowest MRR for the rise in 2400K temperature is
0.21mm?/min.

2D tempreature Contour

Plot of si

mulated SIiC/CNT work model

3 A6

o I

<

T

o1

>
= B e ]

5.3 INFLUENCE OF SPECIFIC HEAT ON THE
EROSION RATE

The FE simulation of SiC/CNT has been done to get the
temperature contour. From that contour the numerical MRR
has been calculated according to egn. 11. Fig.7 shows a
comparative study of the three different thermal properties of
numerical MRR and the experimental result. In the first
condition the Specific heat varies directly as the Latent heat
according to equation-9. In second the Cp remains constant and
in third condition C, changes along with thermal conductivity
and Latent heat. Fig.7 (a), (b) & (c) represent the MRR
variation with respect to different input parameters (peak
current, Voltage, Pulse-On time). Fig.7 (a) clearly indicates at
high current (by keeping other parameter as constant) the
numerical value of MRR (C, varying w.rt LH & TH)
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coincides with the experimental results of MRR. The highest
MRR at 5A current is 1.8 mm3/min. Similarly in fig.5 (b) there
is slight deviation in between the third model (C, varying w.r.t
LH & TH) and experimental results but at high Voltage (by
keeping other parameter as constant) the two MRR approaches
each other. In fig.7 (c) with varying Ton the deviation between
the third model and experimental value is more in comparison
to the fig. 7 (a) and (b), but again in high To, 75uS the
numerical MRR and experimental MRR coincide
(1.02mm&/min) with each other.

The reason behind the deviation at the low input parameter
condition is that, during discharge not all the molten metal can
be evacuated at the end of the pulse, which subsequently gets
re-solidified. Therefore, the real crater is to some extent
shallower than the ideally obtained one.
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5.4 EFFECT OF PULSE-ON TIME ON EROSION RATE

From the FEM model of machining of EDM it has been clear that
Pulse-On time is the most significant parameter for machining by
EDM. In fig. 8 (a) & (b) the effect of Pulse-On time on material
erosion rate with varying current and Voltage has been shown. At low
Current (1and 2A) MRR increases with increase in Ton due to the
more Spark On time. But at 3A above 505 MRR suddenly decreases
due to the low Flushing pressure. At 4A and 5A the rate of increment

of MRR also decreases in comparison to the Fig.8 (a) & (b). This
reason leads to deposition of white layer due to reduce in Plasma
flushing efficiency. The highest MRR recorded at 5A, 30V and 75 1S
is 1.70 mm3/min. Similarly the lowest has been calculated for 1A,
30V and 25 LS. In fig. 8 (b) it can be concluded that at high voltage
the deviation between the erosion rate between 50V and 70 V is
approaches towards each other this is due to the more occurrence of
more rate of spark at high voltage.
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5.5 EFFECT OF DISCHARGE CURRENT ON CRATER
DIMENSION

The effect of discharge current on crater radius and depth is
seen in Fig.9 (a) and (b) while the other parameters are kept
constant (i.e V-30V). The effects on crater size of the most
important parameters modulating the MRR, namely discharge
current and discharge length (spark on-time) (radius and
depth). Since this characteristic is directly proportional to the
size of the crater depth, the results would be crucial in
predicting the efficiency (MRR) of the EDM operation. It also
aids in the comprehension of how a parameter impacts the
MRR when operating under various machining conditions.
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As the discharge current is increased from 1 to 5A, the
Crater Radius graph still indicates an increase due to the higher
amounts of discharge energies emitted during sparking.
However, it's worth noting that the developed crater depth to
radius (d/r) ratio jumps from 0.83 to 0.89. It means that the
crater diameter expands faster than the crater radius, meaning
that the melting boundary moves further into the workpiece as
a result of strong discharge current to prevent molten material
from solidifying again. In other words, as the discharge current
is increased, the water ejection quality improves, with more
material being removed rather than scattered over the work
surface.



5E-07 - 0.0000006 -
4.5E-07 -
.g 4E-07 - E 0.0000005 -
g 33807 7 e = 0.0000004 -
% 3807 | A--ATTTH 5
S 235-8; I s = & 0.0000003 -
] el o ,
£ 15607 - —a— Ton-25,6 2 0.0000002
S 1E-07 ceeaess TON-50L8 O 0.0000001 - ==4=-Ton-50L8
5E'Og i — - — Ton-75.8 0 — m— Ton-75.8
1 2 3 4 5 1 2 3 4 5
Currrent (A) Current (A)
Fig.9 (a) Crater RadiusVs. Current at different Spark On time (b) Crater Depth Vs. Current at different Spark On time

5.6 OPTIMIZATION BY DESIRABILITY ANALYSIS (D)

In this study the input parameters I, Ton, Dc, and V has been
used to express the results of the output responses. Desirability
analyses are carried out in order to refine the input parameters.
A number between 0 and 1 is allocated to each answer. The
consequence is considered completely needless if the value is
0, and the most desirable or optimal condition if the value is 1.
By combining all mean responses, the overall desirability (D)
can be calculated and expressed as follows.

D= [duy )*(d2(y2 ))*........ (dk(yx )]

The aim in this study is to optimise MRR, PFE, and decrease
SR and RIt. Any difference in the input parameters influences
the output response, as seen in Figure 10 of the desirability
analysis. As a result, choosing the right input parameters is
crucial for getting the best output response. To achieve high
MRR & PFE and low RIt, SR, multi-objective optimization
was used to calculate the optimal values of I, VV and Ton. The
optimal values of input parameters can be found by looking at
the Figure's desirability analysis, which also shows the
average desirability value of 0.0774.
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Figure 10 Desirability test of SIC-CNT composite
machining
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Figure 11 SEM image of SiC-6%CNT machined at optimum
condition

A validation test has been also performed using the optimal
set of input parameters for SiC-6 percent CNT composite
machined by EDM, namely 1= 3A, V=30V, and Ton= 75k. It
is evident from Figure 11(a) that the crater formed by EDM
machining resembles a hemispheric cavity. The thickness of
the White film can also be seen on the crater's outer periphery
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rim. The existence of MWCNT structure within the composite
can be seen in the longitudinal grain.

6. CONCLUSION

In this study a nonlinear, transient axi-symmetric model has
been designed to solve the numerical modeling of the

SiC/CNT Ceramic composite machining by Die Sinking EDM.

The numerical analysis has been performed by considering
Specific Discharge Energy & Varying Latent heat. The
numerical model has been verified with the
Theoretical/Analytical models along with the experimental
validation. From the present analysis the following conclusion
can be withdrawn.

e The introduction of Specific Discharge Energy in the
modeling increases the model accuracy.

e The material erosion rate increases when the Specific
discharge energy decreases.

e The Thermal Conductivity and Specific heat values
suddenly increase from 1100K to 2500K.

e By introducing the varying thermal properties
(Thermal Conductivity, Latent heat) the Material
removal rate of numerical modeling becomes closer
to the experiment results.

e In between the three different values of Fraction of
heat to cathode (Fc) 3% and 5% are the most
acceptable range for numerical modeling.

e Atlow current the error between the material removal
rate of numerical modeling and experimental results
is more than at high current.

e At high Voltage the shape of the Crater geometry
gives more realistic value in comparison with the
experimental crater.

e By varying the pulse-On time at different Current
(1A to 5A) and Voltage (30V to 70V) the increase in
Metal removal rate is more during high value of input
parameters.

e For the numerical analysis Ceramic Composite the
peak current and Pulse-On time are the two
significant factors for metal erosion rate.

e The highest removal rate has been obtained in
numerical model at 3A, 75uS and 30 V is
1.09mm3/min whereas in same parametric condition
the experimental results is 1.05mm?%/min.

e At high value of input parameters the error between
the metal removal rate and Specific discharge Energy
reduces.

e The Desirability analysis shows that the optimal
setting for machining SiC-6%vol CNT by Die
sinking Electrical discharge machining is 1 =3A,V =
30V, and Ton = 75 LS is i.e., 7.255 mm®min for
MRR, 87% for Plasma flushing efficiency

This thermal modelling has been proved to be a robust
model which can be used to predict the removal rate of
SiC/CNT composite used for battery and electrode machined
by EDM.
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