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Abstract

Electrical discharge machining or Wire electrical discharge machining have proven to be an alternate mean for machining non-
conducting materials to a certain extent. Application of assisting electrode over the surface of the non-conducting material plays an im-
portant role in successful machining. A numerical model is formulated to understand the effect of assisting electrode and its thickness on
material removal characteristics. The modelling is carried out for a 2-D axis-symmetric geometry using Finite element and Finite volume
method. The work piece is subjected to a Gaussian distribution of heat flux through an assisting electrode layer. The thermal analysis
show satisfactory results for machining of non-conducting materials by wire electrical discharge machining process. An increase in the
assisting electrode thickness has resulted in higher heat dissipation rate along the radial direction as compared to the vertical depth. The
developed solver has been validated with the experimental and numerical results of previous literature.
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1. Introduction

The Electrical discharge machining (EDM) / Wire electrical
discharge machining (WEDM) are electro-thermal method of
machining electrically conductive materials. It is a non-contact
type of machining technique for complex and diverse shapes,
performed using a relatively softer tool, where an intense
amount of heat is focused onto a small part of the work piece.
The EDM/WEDM process essentially involves generation of
intense plasma between the tool and the work piece due to the
generated potential difference. It is responsible for heating the
work piece material at that localized position. When the tem-
perature of the heat exposed region exceeds the melting point
of the work piece material, the material gets removed either by
evaporation or under the influence of the dielectric fluid. A
recent advancement in the field of EDM/WEDM is the ability
to machine Non-conducting materials (NCM) with the incor-
poration of an Assisting electrode (AE) layer [1]. Numerous
works have been performed considering various NCM, AE
materials and input conditions [2-4].

The knowledge of the actual working mechanism inside the
EDM/WEDM process is still at large under rated. Various
numerical works have been reported to analyse the actual
working mechanics. Such models help predict the actual
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working mechanism of the machining process. Snoeys and
Dijck [5], Beck [6] and Jilani and Pandey [7] considered a
disk type heat source in their analysis for thermal loading con-
dition. Dibitonto et al. [8] and Patel et al. [9] numerically
modelled the cathode/anode erosion phenomena by using a
single point heat source. It was observed that the point heat
source model agrees with the experimentally obtained results
to a better extent. For any simulation process, it is of utmost
importance to understand the actual heat transfer mechanism
and the condition to which the system is subjected. Dibitonto
et al. [8] performed a series of experiments to identify the total
fraction of heat energy that has been transferred to the work
piece. It has been observed that only a normalised percentage
of 18.3 % of the total heat is supplied to the work piece. This
value of percentage of transferred heat to the work piece has
widely been used by many researchers in various numerical
models of machining process in EDM/WEDM [10-13].

Yeo et al. [14] critically analyzed and compared various
numerical models [5-8, 15] and found that the model proposed
by Dibitonto et al. [8] agrees best with the experimentally
obtained values. The factor of the total discharge energy
(Thermal energy) that reaches the work piece is a very impor-
tant criteria in the numerical formulations [16]. Singh [17] has
experimentally analysed the energy distribution in EDM proc-
ess and concluded that the pulse duration and supplied current
are the two important criteria that relates to the fraction of
energy reaching the work piece. Haong et al. [18] observed
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Fig. 1. Schematic of (a) 3-D model of a WEDM system along with its; (b) 2-D representation.

that the fraction of net thermal energy responsible for actual
material removal is in the range of 8 — 12 % of the total dis-
charge energy. However, this depends on the tool material,
work piece material and the nature of the polarity. A relation-
ship was established by Wuyi et al. [19] from the work of
Singh [17] to investigate the total fraction of energy trans-
ferred to the work piece as a function of current and pulse on
time. The results obtained were found much closer to the ex-
perimental work of Dibitonto et al. [8]. The Finite element
method (FEM) [12, 13, 19, 20], the Finite difference method
(FDM) [21, 22] and the Finite volume method (FVM) [23, 24]
has been adopted to calculate the temperature distribution, the
Material removal rate (MRR) and the surface finish (R,). The
analyses show a closer agreement with the experimental data.

Machining of NCM using EDM/WEDM [1] is a very new
concept and the area is still in its initial phase. Hou et al. [25]
adopted the double layer model structure to simulate the tem-
perature distribution and the corresponding thermal stresses in
WEDM. The addition of a conductive layer increases the cra-
ter volume which in turn relates to a higher MRR. In the pre-
sent work, the thermal energy equation has been solved for a
2-D model of the work piece. The governing equation is dis-
cretized using FVM and the developed solver is validated
against the experimental results of previous work. An FEM
based commercial solver COMSOL multiphysics is utilized in
the validation process. The model is formulated to identify the
temperature distribution profile that has been developed dur-
ing the machining of NCM in WEDM. The details of the
model formulation and the obtained results are presented in
this article followed by the conclusion.

2. Formulations and geometry

Schematics of a 3-D system for WEDM have been shown
in Fig. 1(a). Assuming, no heat transfer in z-direction, 2-D

domain of the same system can be considered in xy-plane (Fig.

1(b)). The left, the right and the bottom boundaries are far
away from the heat affected zone and are in contact with the
dielectric fluid. Due to very small size of the plasma channel,
without any bulk motion of the surrounding fluid near these
walls, the fluid will be maintained almost at constant tempera-
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Fig. 2. Schematic of the 2-D Cartesian computational domain.

ture of T Hence, all these boundaries, except the top one are
at isothermal condition, 7-7;. The top boundary of the 2-D
domain, closer to the plasma channel is considered convective
in nature (Fig. 1(b)). In order to reduce the computational
effort, the 2-D domain considered for this study is much
smaller than the actual system, and is represented by dotted
lines in Fig. 1(b). The computational domain is a subsystem of
the actual 2-D system located at the top. Hence, except the top,
all other boundaries are assumed at thermally symmetric con-
dition (Fig. 2). In the vicinity of the plasma channel, the top
boundary is subjected to a heat flux of ¢”. For computational
ease, the system is further simplified by considering a line of
symmetry through the vertical centerline and only the right
hand side is taken into account for computation.

For application in a 2-D system in Cartesian coordinates,
general heat conduction physics is represented by Eq. (1). The
thermo-physical properties like the density (p), specific heat
(¢,), and the thermal conductivity (k), are taken independent of
temperature. In practical scenario, removal of materials is
mainly by heating and erosion of sections exposed to the in-
tense plasma. The actual removal occurs once the work piece
material is above the melting point of the material.
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In actual machining scenario, the heat flux ¢ supplied to
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Fig. 3. Schematic of (a) 2-D discretised space; (b) control volume; (c)
2-D discretised space after time .

the work piece surface follows a Gaussian distribution (Fig. 2).

This is a major constituent in numerical simulation of WEDM
process. It helps to overcome the major setbacks associated
with previous work involving point [8] and uniformly distrib-
uted heat source [5]. Therefore, a Gaussian distribution of heat
flux is followed in the present work, and is given by [9, 12].

2

q"(x)=gq, exp{—4.5(x/Rﬁ) } )

where R, is the plasma channel radius and ¢, is the maximum
heat flux [26], expressed as

_45TFVI
2 7R;

©)

where F,, V and [ are the fraction of heat transferred to work
piece, discharge voltage and the supplied current.
Numerically, establishing a proper sparking zone on the
surface of the work piece is an essential criterion to ensure a
proper simulation process. Generally, the duration of the pulse
is very small, mostly in order of micro seconds. Therefore, the
experimental measurement of spark radius is practically im-
possible. The current work utilizes the relationship proposed
by Ikai and Hashigushi [27] to calculate the spark radius, and
is given by Eq. (4). This relationship (Eq. (4)) has been found

to have more realistic application compared to others [11].
R, =(2.04e—3)1"*1)" 4

where ¢, is the pulse on time in ps.

Heat distribution factor ‘F,’” is another important aspect in
numerical simulation of WEDM. It gives the fraction of the
total amount of heat energy that is supplied to the work piece
for actual machining purpose. Wuyi et al. [19] established a
Gaussian process regression (GPR) model to calculate F. as a
factor of 7 and #,,, represented as

F. =5.672+0.27131"% (5)

This relationship gives results, relatively closer to experi-
mental data [8]; and serves as an effective means to evaluate
the fraction of heat transferred to work piece for various con-
ditions. MRR and R, can be associated with the crater volume
obtained after every spark. Therefore, the crater shape that is
produced at the end of every discharge is a very important
criteria to calculate the nature of the surface finish and the
overall MRR. A good number of works have been reported to
identify the geometry of the crater. Numerically, the shape has
been assumed to be hemispherical in nature [8]. Joshi [12]
observed the crater cavity to be in the form of a shallow bowl
with leading side on the radial direction. The relation for crater
volume (mm”) is represented as [19]

V.= %anH (6)

where R. and H are the crater radius and the depth of the crater,
respectively.

Depending upon the obtained crater volume (), a theoreti-
cal MRR (mm’/min) can be represented as [8]

60V

Low T oy

MRR = 7

where #,, and ¢, are the pulse on and off in ps.

Furthermore, the associated surface finish was numerically
calculated by Salonitis et al. [28]. Mathematically, the R, can
be expressed in terms of crater radius R, and depth H as [28],

R, =l[l+&J H. ®)

In the current work, thermal analysis of a WEDM process
has been presented for application in electrically NCM. The
FVM and the FEM has been used to discretise the governing
equation (Eq. (1)). The developed FVM and the commercially
available FEM solvers have been used to evaluate various
cases of machining NCM. Following the approach of the
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Table 1. Numerical validation of the FEM and FVM solver used in the present study.

Parameters MRR (mm*/min) R, (um)
Sl i i i
N I 1 oy Dibitonto et al. [8] Joshi and Present numerical Dibitonto et al. [8] Present numerical
0. Pande [12] results results
@A) | (us) | (ns)
Exp. data | Num. results | Num. results FEM FVM Exp. data Num. results FEM FVM
1| 234 5.6 1 0.3 13.82 12.13 4.15 4.58 1 8.28 8.97 9.79
2 | 283 7.5 1.3 1.6 17.26 16.36 335 6.52 13 9.89 9.87 13.64
3| 3.67 13 24 3.1 21.78 20.36 6.64 8.45 1.7 12.94 14.52 1443
4 53 18 24 8.4 35.58 34.49 13.35 18.35 2 16.76 19.27 20.18
5 8.5 24 24 232 63.79 62.86 32.61 39.34 32 23.51 25.99 26.26
6 10 32 24 32 77.18 76.37 44.19 54.0 35 26.50 31.25 32.81
7| 128 42 32 50.5 100.33 96.68 71.29 81.45 4 33.05 39.39 41.62
B 60 T T
I A Experimental data [8] I . 1
150F A Numerical data [8] 1 50F 2 Ilixpernmer;;al dat;l (8] .
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Fig. 4. Current A variation of (a) MRR with supplied current; (b) R, with supplied current.

FVM [29], Eq. (1) is first integrated over a discrete time At
and volume AV. With reference to Figs. 3(a) and (b), the dis-
crete form of Eq. (1) with explicit approach becomes

+] n Atk n n n
T =T +W(TE — 2T, +T;)
Atk ©)
t——— (17 2T + T}
pc, (Ay)z ( N P N )

where the variables with suffix P are the volume averaged
values at the centre of the discrete control volume (Fig. 3(b)),
and those with suffixes £, W, N and S are the same at its east,
west, north and south neighboring nodes, respectively. The
used scheme in the above discretization is an explicit one, the
stability criterion for the same is [29]

-1

2a 2a

(&) (&)

(10)

Solution of Eq. (9) gives a temporal distribution of tempera-
ture inside the considered domain (Fig. 2). Initially, the mate-
rial is assumed to be at the surrounding temperature of 7. The
present work also follows a standard FEM formulation [12]

for a 2-D geometry. In order to capture a proper material re-
moval, the considered grid is refined near the NI -corner (Fig.
3(c)) of the domain. The numerical simulation has been car-
ried out with the assumption that both toll and work piece are
homogenous and isotropic in nature, mode of heat transfer is
by conduction with 100 % plasma efficiency. Further, the
model is formulated for a single spark discharge only.

3. Results and discussion

From actual experimental scenario, actual MRR and R, is
influenced by several criteria other than the input parameters.
Factors such as the flushing efficiency of plasma, formation of
the recast layer, the ignition and sparking delay and the dielec-
tric fluid falls into this category. Thus, the real time scenario is
very difficult to be realized in numerical simulation. In order
to overcome the problem of simulating these factors and to
simplify our domain, a single spark per pulse is considered for
computation in the 2-D axis-symmetric plane. The solver de-
veloped using FEM and FVM is validated with the experi-
mental and numerical data of Dibitonto et al. [8] and Joshi and
Pande [12], respectively. A 2-D axis symmetric Cartesian
domain of size 0.5 mm x 0.5 mm is discretised using FVM
into 500 x 500 Control volumes (CV). With the boundary
conditions described in the previous sections, a Gaussian heat
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flux of ¢ "(x) (Eq. (2)) is supplied on the North boundary over
a length of R, (Eq. (4)) (Fig. 2). For the purpose of validation,
AISI W1 tool steel (7, = 1535 °C) having the thermal con-
ductivity k = 56.1 W/m'K, the density p = 7545 kg/m’ and the
specific heat ¢, = 575 J/kg'K has been considered with refer-
ence to Dibitonto et al. [8]. The work piece is assumed to be in
contact with a fluid with temperature 7, = 25 °C and heat
transfer coefficient h = 20 W/m*K. A voltage of 25 V is used
for various cases of /, #,, and t,; as shown in Table 1. The
same is further solved using FEM under the same machining
conditions as mentioned in Dibitonto et al. [8]. A comparison
of the MRR and R, are summarized in Table 1, for the present
results and the available literature.

It has been observed that the present numerical results of
MRR are much closer to the experimental data of Dibitonto et
al. [8] compared to their numerically simulated results. With
minimum values of error compared to the numerical results of
Joshi and Pande [12], present solvers give better accuracy in
the MRR value (Table 1). During the FEM analysis, a triangu-
lar mesh with 138850 numbers of elements, with varying size,
has been considered. The grid size at the NW-comer is refined
to capture the formation of the crater with greater accuracy.
Similarly, the FVM analysis has also adopted a uniformly
distributed grid of size 500x500. Though a closer value of
MRR has been observed between the FEM and the FVM
solver, the FEM results are found to yield minimum error with
the experimental data [8]. It has also been observed that the
deviation of the obtained values of R, is well within the appre-
ciable range compared to the theoretical data laid out by Dibi-
tonto et al. [8]. Fig. 4(a) shows a comparative analysis of the
variation of MRR with the supplied current, for the cases
shown in Table 1. At constant voltage, with increase in current,
the rate of material removal increases. This shows the direct
dependence of overall machining process as a function of
current. The variations of R, with the supplied current for the
considered cases are presented in Fig. 4(b). The results ob-
tained using FEM analysis shows a better agreement with the
experimental data compared to the FVM results. Fig. 5 shows
a contour of temporal distribution of temperature, along with
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Fig. 5. (a) Temporal distribution of temperature during machining using WEDM; (b) the geometry of the crater profile.

the geometry of the formed crater, for the case no. 7 (Table 1).

For electrically conducting materials, the generated spark
between the tool and the work piece is the prime source of
energy for material removal. The spark generates a zone of
intense plasma with high thermal energy. The thermal energy
so produced heats the work-piece at the NW- comer (0 < x <
R,, y = 1) and the rise in temperature will initially be experi-
enced at location (x = 0, y = /) (Fig. 2). The thermal energy
accumulated on the solid surface is dissipated in all the direc-
tions by mode of thermal conduction. Due to homogenous
distribution of thermo-physical properties of the considered
system, a thermal font propagates radially in all the directions,
at a uniform rate. In the present analysis, consideration is
given to a pulsatile heat source having temporal non-uniform
behaviour. The ¢,, and ¢,; time are selected in such a way that,
the rate at which the thermal energy dissipate, must be less
than the rate of its accumulation over the work piece. Due to
higher rate of accumulation over the rate of diffusion, the
sparking zone reaches a temperature well above the melting
point of the material. The molten material so formed gets re-
moved from the work piece due to evaporation and plasma
flushing. The present work considers a 100 % plasma flushing
efficiency of the system. Material removed over time by this
phenomenon during EDM/WEDM process results in forma-
tion of a crater.

Having validated the adopted solvers, the study has been
further extended to analyse an electrically non-conducting
material using WEDM process. Establishment of an initial
intermitted electric spark requires an electrically conducting
work piece. In the present scenario, a thin layer of conducting
material is applied over the work piece to start the sparking
process. Such layers of conducting materials are called AE.
The use of AE helps in the initial spark formation while ma-
chining non-conducting materials. It is also expected that the
presence of a highly conducting layer will affect the MRR and
the surface finish of the end product. The present work con-
siders alumina (Al,05) and copper (Cu) as the work piece and
the AE material, respectively. The material removal process is
simulated numerically considering the thermal analysis of the
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Fig. 6. Variation of (a) MRR (mm*/min); (b) R, (um); (c) crater profile parameters (R. and H) with AE thickness.

system. The results obtained from the numerical solution are
used to evaluate the MRR and the surface finish. In practical
scenario, there are numerous input factors that affect the per-
formance parameters in EDM/WEDM, viz., the current, the
voltage, the pulse type, the pulse on-off time, the work piece
clamping positions, the nature, type and strength of dielectric
fluid, the material of the electrode, etc. In the present study,
the MRR and the surface finish of the end product is consid-
ered only to be affected by the current, voltage and pulse on-
off time. The presence of AE is a deciding parameter in this
process. Hence, a system with and without AE are taken into
account for the study. It has been found that the thickness of
the AE is also one of the affecting parameters of MRR. There-
fore, identification of a proper AE thickness in WEDM is very
important.

With work piece material considered as alumina (k = 27
W/m'K, p =3900 kg/m’, ¢, =900 J/kg'K and T = 2057 °C)
and AE material as copper (k = 400 W/m'K, p = 8700 kg/m’
and ¢, = 385 J/kgK), a typical working condition has been
simulated to verify the optimum AE thickness. Considering an
AE layer with thickness varying from 0 nm to 1000 nm, the
operating condition has been set to: voltage V= 60 V, current
I1=2 A and pulse on and off time of 10 ps each, respectively.
The dimension of the work piece and the operating boundary
conditions are kept same as the earlier study. While calculat-
ing the MRR of the work piece material, it has been noted that
with increase in thickness of the AE, the MRR increases up to
a limiting value of 520 nm (Fig. 6(a)). Beyond this value, a
reduction in the MRR has been observed. However, with in-
crease in AE thickness, the surface roughness (R,) decreases
(Fig. 6(b)). Fig. 6(c) shows the variation of crater radius and
the depth of the crater profile with increase in AE thickness.

Fig. 6(c) shows a decrease in the depth of the carter with in-
crease in the AE thickness, which is expected to affect the
overall Machining time (M7). Therefore to evaluate the same,
the current scenario is assumed for machining of alumina over
a length of L using WEDM process. For a duration of single
pulse, the velocity of propagation of the tool (Wire) can be
expressed as

v, = an
t, +lnﬁ

where c; is a constant or a function which takes into account
the various factors that affects the overall machinability like
the tension of the wire, spark gap, flushing efficiency, wire
weat, dielectric fluid strength etc. The total machining time for
removal of material over a length L can be given as

(12)

where ¢, is another constant or a function that takes into ac-
count various factors that affects the overall machining proc-
ess. Combining the above two equation gives

oL(t, +t
MTZ _ (on of]) ) (13)
cH
For a particular experimental case, length L and the pulse
duration ¢,, and t,; will always remain fixed. Therefore Eq.
(13) can be modified to have

MTZaL.
H

(14)

Copper being a good conductor, application of a thin layer
over the Al,O; work piece facilitates higher dissipation of
thermal energy due to higher span in radial direction, during
the machining process. However, in the direction of machin-
ing depth, the flow of thermal energy is obstructed by the
Al,0; material with lesser thermal conductivity. Theoretically,
with increase in AE thickness, the heat transfer surface area
inside the AE increases in the radial direction. Thus, the crater
radius increases with increase in AE thickness. This ultimately
reduces the crater depth as more amount of heat has been dis-
sipated in the radial direction. It has been observed that the
overall machining time (MT;) is inversely proportional to the
crater depth (Eq. (14)). Therefore, with increase in AE thick-
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Table 2. Effect of AE on the MRR and R, of machining non-conducting materials in WEDM.

Case | v | 1 0 o Without AE With AE
No. M | @A) | (us) ps) R. H MRR R, R. H MRR R,
(mm) (mm) (mm’/min) (um) (mm) (mm) (mm®/min) (um)
1 5 10 10 0.0125 0.0083 6.11 11.84 0.0135 0.0071 6.09 4.03
2 25 25 0.0163 0.0100 5.01 16.79 0.0168 0.0086 4.55 5.47
3 4 10 10 0.0172 0.0106 14.74 14.81 0.0187 0.0097 15.97 5.45
4 40 25 25 0.0236 0.0141 14.76 21.68 0.0248 0.0130 15.05 7.81
5 6 10 10 0.0205 0.0119 23.69 16.51 0.0223 0.0111 26.10 6.24
6 25 25 0.0288 0.0164 25.70 24.51 0.0304 0.0155 26.94 9.18
7 8 10 10 0.0234 0.0128 32.92 17.65 0.0252 0.0121 36.29 6.79
8 25 25 0.0331 0.0181 37.36 26.49 0.0349 0.0173 39.57 10.13
9 5 10 10 0.0149 0.0109 11.32 12.79 0.0167 0.0099 12.99 5.02
10 25 25 0.0202 0.0142 10.89 18.57 0.0217 0.0130 11.49 7.13
11 4 10 10 0.0196 0.0131 23.84 15.72 0.0220 0.0123 27.93 6.34
12 60 25 25 0.0276 0.0182 26.13 23.33 0.0297 0.0172 28.63 9.36
13 6 10 10 0.0231 0.0144 36.25 17.42 0.0256 0.0137 42.16 7.12
14 25 25 0.0330 0.0204 41.97 26.10 0.0354 0.0196 46.13 10.66
15 8 10 10 0.0261 0.0152 48.73 18.56 0.0286 0.0146 56.07 7.65
16 25 25 0.0375 0.0220 58.17 28.03 0.0399 0.0213 63.79 11.58
17 2 10 10 0.0165 0.0126 16.12 13.34 0.0190 0.0117 19.89 5.61
18 25 25 0.0228 0.0171 16.67 19.54 0.0249 0.0160 18.68 8.14
19 4 10 10 0.0213 0.0148 31.63 16.29 0.0241 0.0140 38.51 6.91
20 %0 25 25 0.0303 0.0209 36.22 24.28 0.0330 0.0201 41.1 10.32
21 6 10 10 0.0249 0.0160 46.66 17.98 0.0278 0.0153 55.76 7.67
22 25 25 0.0358 0.0231 55.76 27.07 0.0386 0.0224 62.83 11.61
23 g 10 10 0.0278 0.0169 61.55 19.12 0.0308 0.0162 72.46 8.22
24 25 25 0.0403 0.0247 75.56 28.99 0.0432 0.0240 84.24 12.51
25 2 10 10 0.0187 0.0150 24.63 13.94 0.0229 0.0147 36.26 6.46
26 25 25 0.0263 0.0210 27.37 20.75 0.0297 0.0199 33.03 9.35
27 4 10 10 0.0235 0.0171 4427 17.01 0.0274 0.0164 58.08 7.57
28 120 25 25 0.0338 0.0247 53.21 2548 0.0377 0.0242 64.74 11.68
29 6 10 10 0.0271 0.0182 63.13 18.71 0.0310 0.0176 79.97 8.34
30 25 25 0.0394 0.0268 78.37 28.26 0.0430 0.0260 90.66 12.81
31 8 10 10 0.0302 0.0190 81.62 19.86 0.0339 0.0185 99.38 8.89
32 25 25 0.0441 0.0282 103.3 30.16 0.0476 0.0276 117.60 13.72

ness, H decreases and hence, machining time increases. Thus,
a finite increase in AE thickness will affect the overall ma-
chining duration too.

An increase in the AE thickness is observed to increase the
MRR up to 520 nm, beyond which the MRR reduces. It is
expected that as the MRR increases, the overall machining
time (MT;) will always reduce. However, from the above
analysis the perception is not found true for the current sce-
nario. It has also been found that the value of R, is a square
inverse function of R. and a direct function of H (Eq. (8)).
Therefore, an increase in R, and decrease in H with AE thick-
ness will always reduce R,. To incorporate a higher MRR, and
at the same time to ensure an optimum value of surface
roughness and machining time, an optimum AE thickness

needs to be selected. Hence, based on the above understand-
ings, an AE thickness of 260 nm has been considered to per-
form further parametric analysis. With an optimum AE thick-
ness of 260 nm, Table 2 shows the variation of MRR and R,
with and without AE, considering various sets of input pa-
rameters. The initial and the boundary conditions are main-
tained same as the previous study. The input parameters cho-
sen for the study are voltage: 40-120 V, current: 2-8 A, and
pulse on and off time: 10-25 ps. The input parameters are
chosen based on the previous research work and expert opin-
ion.

Addition of a highly conducting layer of metal over the
work piece facilitates greater dissipation of heat in the x-
direction. This increases the size of the machining zone in the
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Fig. 7. Variation of MRR with current at (a) z,, = 10 ps; (b) #,, = 25 ps.
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Fig. 8. Variation of R, with current at (a) #,, = 10 ps; (b) #,, = 25 ps.

x-direction. As the amount of the supplied heat in a particular
case with and without AE is the same, the amount of diffused
thermal energy will be lesser in the y-direction for a case with
AE. The amount of increment of radius of the crater has been
found more than the rate of decrement of the crater depth, for
the case with AE, compared to the case without AE (Table 2).
Hence, the end result is an increase in the crater volume and
finally the MRR. Table 2 shows the comparative values of
MRR and R, for various considered input parameters. A com-
parative plot of MRR with current for different values of the
supplied voltage has been presented in Fig. 7. It can also be
seen from Figs. 7(a) and (b) that the rate of increase in MRR
with AE is much higher at higher voltage for particular pulse
timing and supplied current. Thus it depicts the direct depend-
ence of crater profile and the overall MRR to the amount of
heat being supplied.

Results show that the addition of a conducting Cu layer
helps to improve the R, too (Fig. 8). It is due to the same rea-
son for improvement in the MRR value. The R, is an inverse
quadratic function of R, and a linear function of H (Eq. (8)).
An increment in the value of R. affects the R, more compared
to the decrement of H due to its quadratic nature. Hence, the
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change in the value of R, is contributed more by the value of
increment in R’ rather than decrement in the value of H.
Therefore, compared to the cases without AE, the obtained
surface finish is better in the cases with AE. The improvement
in the value of performance parameters are also realized in
actual experimental scenario [30]. During machining using
WEDM, the use of an AE helps in the removal of material
from the work piece by combined effect of melting, evapora-
tion, erosion and spalling rather than by spalling effect alone,
in case of materials with lower thermal conductivity. Hence,
improvement in these parameters are also realized in practical
conditions.

The present work considers a duty factor value of 50 %.
With two sets of pulse timings, 10 ps and 25 ps (Table 2), for
a lower value of current (Cases 1-2, 9-10, 17-18 and 25-26),
the MRR reduces with the use of AE, slightly with increase in
pulse on and off time. However, it follows a reverse trend for
higher values of the amount of current. For a low value of
current (2 A), with lesser value of ¢,, and ¢, time, the overall
heat transferred to the work piece is small. Due to higher
thermal diffusivity of the AE material, the thermal energy
dissipates at a faster rate. Hence, at the end of the single pulse
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Fig. 9. Variation of (a) MRR; (b) R, with current for machining time of 10 ps and 25 ps at voltage setting of 60 V and 120 V.

cycle, lesser amount of the work piece material reaches the
melting point temperature. Thus, for lower value of current, it
shows a lesser MRR for higher value of #,, and #,, time and
vice-versa (Fig. 9(a)). Also, Fig. 9(b) shows the variation of R,
with pulse timing for various current. For a particular set of
conditions, it can be seen that the R, is affected by varying
pulse timing, with larger pulse timing of 25 us, the amount of
material removed also increases. However, in this, the rate of
increment of H is more dominating than the rate of increment
of R,. These results imply to the increase of R, at higher pulse
timing.

4. Conclusions

The present work simulates a scenario of material removal
characteristics during machining of alumina in WEDM proc-
ess using a conductive AE layer. The simulation is formulated
based on the governing heat transfer equations and the rela-
tionships obtained from the empirical data. The developed
solver is initially validated with the experimental data from the
previous work. Current formulations and solvers have been
found more accurate than the previous numerical studies.

An AE over the non-conducting work piece facilitates the
formation of an initial spark. Presence of an AE made of Cu
increases the rate of heat transfer to the work piece. However,
after a critical value of AE thickness, the rate of heat transfer
in the longitudinal direction starts dominating the flow of heat
in the vertical direction. Hence, an increment in the crater
radius and a reduction in the depth of the crater have been
observed with increase in AE thickness. In the present case,
the MRR has been found to have maximum value at an AE
thickness of 520 nm, and further the value of MRR reduces.
Due to decreasing crater depth with increase in AE thickness,
the surface quality and the overall machining time are also
expected to increase. Therefore, in this study, in order to
achieve an optimum R, and better machining time, an AE
thickness of 260 nm has been selected for further study. In-
corporation of an AE in case of non-conducting material
yields a higher MRR value as compared to bare condition. It
has also been found that with increase of supplied voltage and
the current, MRR increases for non-conducting material. In

case of alumina, with Cu as AE, at lower value of current, the
MRR reduces slightly for lesser value of pulse on-off time.
Also, a better surface finish was observed in such material
with an AE on the work piece surface.

Nomenclature

[N : Specific heat (J/kg'K)

F. : Heat distribution factor

h : Heat transfer coefficient (W/m*K)
H : Depth of crater (mm)

1 : Supplied current (A)

k : Thermal conductivity (W/m-K)

L : Machining length (mm)

MT  :Machining time (s)

q” : Heat flux (W/m?)

90 : Maximum heat flux (W/m?)

R, : Crater radius (mm)

p : Density (kg/m®)

T : Temperature (K)

T; : Surrounding boundary temperature (K)
ton : Pulse on time for a single spark (us)
tofr : Pulse off time for a single spark (us)
v : Tool velocity (m/s)

Vv : Voltage (V)

Vv, : Crater volume (mm’)
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