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The investigation on material removal by thermal erosion of discrete spark and vaporization in wire elec-
trical discharge turning process was made to understand the crater size variation on turned components.
In this study the modelling is done to establish the relationship between dependent and independent
variables through Buckingham’s Pi-theorem, to predict the variations of crater diameter depending on
physical and thermal properties, subsequently the dimensional model was validated by conducting
experiments on wire-electrical discharge turning process for two distinct density variant materials such
as Aluminium 6061 and INCONEL 718 super alloys. The density, enthalpy of vaporization, radius of spark,
specific heat and other quantities effect on crater diameter have been discussed in this research paper.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of 2022 International Confer-
ence on Recent Advances in Engineering Materials.
1. Introduction

Wire electrical discharge turning (WEDT) process is considered
under the categories of nontraditional machining process in which
the erosion of material takes place by an electrical discharge
between an electrode and work piece, produces an electric spark.
Hence it removes unwanted materials from the component in
the form of debris, here only electrically conductive materials
can be machined with this process [1]. While machining with
Wire-EDT processes the materials removed by means of electric
spark generated between the inter-electrode gaps thereby it cre-
ates a small crater on the surface of the work piece which leads
the higher surface roughness. Therefore, it is essential to achieve
a good surface finish after machining, that can be achieved by min-
imizing the diameter of the crater which is formed during turning.

Abimannan & Samuel [2] have reported the finite element anal-
ysis on the formation of crater under WEDT process. According to
the investigation data, it was found that by increasing discharge
energy the crater diameter increases, which leads to rougher work
piece surface. Discharge energy can be minimized by increasing
the servo feed, spindle speed and servo voltage. Also, author stim-
ulated the crater diameter by using finite element method with
different plasma flushing efficiency. Here, it was observed that
the crater diameter estimated is nearly matched with experimental
value at 3% of plasma flushing efficiency. Jun et al. [3] investigate
the surface integrity and roundness during electrical discharge
turning of brass components as a result, good surface finish and
roundness could be achieved in the WEDT process. The macro-
ridges, surface craters, recast layers, and heat-affected zones were
observed, and their sizes were estimated using the SEM. Sachin
et al. [4] studied the dimensional analysis, formulating a mathe-
matical model in terms of Pi terms using Buckingham’s Pi-
theorem between independent and dependent parameters. In
order to minimize the error between the experimental values
and computed values obtained from a mathematical model. Man-
gesh and Tatwawadi [5] have developed a directional analysis
model by using Buckingham’s Pi theorem. The results disclose that
the cutting condition and the turning parameters have significant
effects on the material removal rate (MRR) and the power con-
ng wire

https://doi.org/10.1016/j.matpr.2022.05.508
mailto:bellubbisadashiv@gmail.com
https://doi.org/10.1016/j.matpr.2022.05.508
http://www.sciencedirect.com/science/journal/22147853
http://www.elsevier.com/locate/matpr
https://doi.org/10.1016/j.matpr.2022.05.508


Table 2
Process parameters and their levels [6,13].

Parameters Levels

L1 L2 L3

Rotational speed (rpm) 150 250 –
Pulse on time (ls) 108 116 124
Pulse off time (ls) 24 32 40
Servo voltage (V) 18 36 54
Wire feed rate (m/min) 2 4 6
Flushing Pressure (bar) 1.8 2.0 2.2

Table 3
Fixed factors and their magnitude.

Factors Value

Peak voltage(V) 11
Wire Tension (daN) 06
Servo Feed (mu) 2150
Peak current (A) 12
Wire material Zinc coated brass (250 lm)
Dielectric fluid De-ionized water

Fig. 1. Experimental setup of WEDT [6].
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sumption (PC), while the machining tool and the lubricant have the
least impact. The developed dimensional analysis models can be
used for selecting the best set of input parameters which improve
MRR and reduce power consumption [9].

The current research paper formulates the mathematical model,
to predict the factors which influence the crater size; this has been
modelled by considering physical and thermal properties of the
process to bring out the relationship between the crater size and
independent quantities using Buckingham’s Pi theorem. The prop-
erties have been taken in to account based on the literature, the
properties are diameter of crater (D), specific heat capacity (Cp),
heat flux (q(r)), discharge energy (E), radius of spark (R), erosion
energy (Ee), time (t), constant fraction of total power (Fc), dis-
charge time (te), convective heat transfer co-efficient (hc), initial
or ambient temperature (T0), enthalpy of vaporization (Hv), tem-
perature at melting condition (Tm), discharge current (I), temper-
ature at boiling condition (Tb), thermal conductivity (k),
discharge voltage (u(t)), latent heat of melting (Lm), latent heat
of vaporization (Lv) and density of the material(q).

2. Experimentation

Buckingham Pi model was examined by conducting the WEDT
experiments on aluminium and INCONEL 718, nickel-based super-
alloy. The thermal properties and mechanical properties are shown
in Table 1. The controlled machining parameters and fixed factors
are given in Table 2 and Table 3. Taguchi experimental design
detailed in reference [6,10,13–15]. Taguchi design reduces number
of experiments and hence, cost and time required for the experi-
mentation [16–17].

Based on the L18 Taguchi’s orthogonal array experiments were per-
formed. The work piece surface was polished using a belt grinding
machine before the machining process. The work piece was held on
the WEDT machine using a turning setup as shown in Fig. 1 [6]. Dur-
ing experiments, work piece is rotated closer to the wire electrode in
the dielectric environment. Due to the electric discharge between the
electrodes, small quantity of material is removed from work piece.
Subsequently, the crater size was evaluated by using scanning electron
microscopy (SEM) to compare the obtained results with the analyti-
cally modelled mathematical equation from Buckingham Pi theorem.

3. Nondimensionalization

The formulation of a dimensional mathematical model is an
important step to predict the crater variation on turned compo-
nents while machining with WEDT process. In order to analyze
the crater size the physical and thermal quantities to be identified
and is listed in Table 4. The relationship amongst the quantities of
crater diameter which is affecting the machined surface is formu-
lated using dimensional analysis. Therefore, Buckingham’s dimen-
sional analysis has been used in this work and it expressed a
functional relationship of inputs and output response in the form
of a mathematical model [5,7]. This theory is highly significant
while defining the dimensionless terms and it is an interdisci-
Table 1
Thermal and mechanical properties of aluminium and INCONEL 718 [12].

Properties Aluminium INCONEL 718

Thermal Conductivity, K(W/m-K) 205 11.4
Melting Temperature, T (K) 933.3 1609
Specific Heat, C(J/kg K) 904 435
Density, q (kg/m3) 2700 8190
Young’s Modulus, E (GPa) 69 205
Hardness-Brinell (BHN) 99–101 250–410

2

plinary field of work, which defines the independent variables to
analyze output response [4].

The modelling of dimensional analysis by Buckingham’s Pi-
theorem was considered, valid dependent and independent quan-
tities with the magnitudes of the base units. In this work, our inter-
est is on crater diameter (D), it is a dependent variable, and also
this quantity determines the crater size in a well-defined physical
process. The formulated dependent and independent quantities are
given in equation (1) and (2) in the form of non-homogeneous and
homogeneous equation, respectively. However, the fifteen non-
dimensional Pi terms have formed by considering a total number
of variables and total numbers of fundamental dimensions from
Table 4. The obtained Pi groups have given in equation (3), further-
more, the non-dimensional Pi terms have been evaluated accord-
ing to Buckingham Pi theorem and also coefficients were
calculated by taking dimensional homogeneity into account.
Finally, the Pi groups have been evaluated and present in Table 5,
thereafter the mathematical model has been derived from the Pi
groups and represents in equation (20). Consequently, the effects



Table 5
Formulation of Pi terms for independent variables.

Sl.No Pi terms

01 p1 ¼ Ra1Hvb1qc1Cpd1uðtÞe1Dp1 ¼ R�1Hv0q0Cp0uðtÞ0D p1=DR
02 p2 ¼ Ra2Hvb2qc2Cpd2u tð Þe2qðrÞp2 ¼ R0Hv�3=2q�1Cp0u tð Þ0qðrÞ p2 ¼ qðrÞ

qHv
3=2

03 p3 ¼ Ra3Hvb3qc3Cpd3uðtÞe3Ep3 ¼ R�3Hv�1q�1Cp0uðtÞ0E p3= E
R3Hvq

04 p4 ¼ Ra4Hvb4qc4Cpd4uðtÞe4Eep4 ¼ R�3Hv�1q�1Cp0uðtÞ0Ee p4 ¼ Ee
R3Hvq

05
p5 ¼ Ra5Hvb5qc5Cpd5uðtÞe5tp5 ¼ R�1Hv1=2q0Cp0uðtÞ0t p5 ¼ tHv

1=2

R

06
p6 ¼ Ra6Hvb6qc6Cpd6uðtÞe6Fcp6 ¼ R0Hv0q0Cp0uðtÞ0Fc p6 ¼ Fc

07 p7 ¼ Ra7Hvb7qc7Cpd7uðtÞe7tep7 ¼ R�1Hv1=2q0Cp0uðtÞ0te p7 ¼ teHv
1=2

R

08 p8 ¼ Ra8Hvb8qc8Cpd8uðtÞe8hcp8 ¼ R0Hv�1=2q�1Cp�1uðtÞ0hc p8 ¼ hc

Hv
1=2qcp

09 p9 ¼ Ra9Hvb9qc9Cpd9uðtÞe9T0p9 ¼ R0Hv�1q0Cp1uðtÞ0T0 p9 ¼ Tocp
Hv

10 p10 ¼ Ra10Hvb10qc10Cpd10uðtÞe10Tmp10 ¼ R0Hv�1q0Cp1uðtÞ0Tm p10 ¼ Tmcp
Hv

11 p11 ¼ Ra11Hvb11qc11Cpd11uðtÞe11Ip11 ¼ R�2Hvb�3=2q�1Cp0uðtÞ1I p11 ¼ u tð ÞI
R2Hv

3=2
q

12 p12 ¼ Ra12Hvb12qc12Cpd12uðtÞe12Tbp12 ¼ R0Hv�1q0Cp1uðtÞ0Tb p12 ¼ Tbcp
Hv

13 p13 ¼ Ra13Hvb13qc13Cpd13uðtÞe13kp13 ¼ R�1Hv�1=2q�1Cp�1uðtÞ0k p13 ¼ k
RHv

1=2q cp

14 p14 ¼ Ra14Hvb14qc14Cpd14u tð Þe14Lmp14 ¼ R0Hv�1q0Cp0uðtÞ0Lm p14 ¼ Lm
Hv

15 p15 ¼ Ra15Hvb15qc15Cpd15uðtÞe15Lvp15 ¼ R0Hv�1q0Cp0uðtÞ0Lv p15 ¼ Lv
Hv

Table 4
List of Physical and Thermal quantities.

Sl.No Quantities Symbol Units Dimensions

01 Diameter of crater D nm L
02 Specific heat capacity Cp J/kg oc L2T-2h-1

03 Heat flux q(r) W/m2 MT�3

04 Discharge energy E J ML2T�2

05 Radius of spark R lm L
06 Erosion energy Ee J ML2T�2

07 Time t min T
08 Constant fraction of total power Fc Constant –
09 Discharge time te ls T
10 Convective heat transfer co-efficient hc W/m2 oc MT-3h-1

11 Initial or ambient temperature T0 oc h1

12 Enthalpy of vaporization Hv J/kg L2T�2

13 Temperature at melting condition Tm oc h1

14 Discharge current I A QT�1

15 Temperature at boiling condition Tb oc h1

16 Thermal conductivity K W/moc MLT-3h-1

17 Discharge voltage u(t) V ML2T-2Q-1

18 Latent heat of melting Lm J/kg L2T�2

19 Latent heat of vaporization Lv J/kg L2T�2

20 Density of material q kg/m3 ML-3
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of thermal quantities and physical quantities on crater diameter by
considering individual parameters in each Pi terms, have been
reported in Table 6.

D¼ f Cp;q rð Þ; E; R; Ee;t; Fc; te;hc; T0; Hv; Tm; I; Tb;k; u tð Þ; Lm; Lv; q
� �

ð1Þ
f D; Cp;q rð Þ; E;R; Ee;t; Fc; te;hc; T0; Hv; Tm; I; Tb;k; u tð Þ;�

Lm; Lv; qÞ ¼ 0 ð2Þ
The total number of quantities identified in the process: n = 20.
The total number of fundamental dimensions involved: m = 5.
The reduced non-dimensional parameter = n-m = 15 Pi terms,

P1 to P15.

f p1; p2; p3; p4; p5;p6; p7; p8; p9; p10;p11;p12;p13; p14;p15ð Þ ¼ 0

ð3Þ
The Non-dimensional Pi groups are constructed by taking

repeating variables are equal to a number of fundamental dimen-
3

sions and n-m remaining variables. The value of a1, b1, c1, d1, e1
etc is calculated by the principle of dimensional homogeneity.

p1 ¼ Ra1Hvb1qc1Cpd1uðtÞe1D ð4Þ

p2 ¼ Ra2Hvb2qc2Cpd2u tð Þe2qðrÞ ð5Þ

p3 ¼ Ra3Hvb3qc3Cpd3uðtÞe3E ð6Þ

p4 ¼ Ra4Hvb4qc4Cpd4uðtÞe4Ee ð7Þ

p5 ¼ Ra5Hvb5qc5Cpd5uðtÞe5t ð8Þ

p6 ¼ Ra6Hvb6qc6Cpd6uðtÞe6Fc ð9Þ

p7 ¼ Ra7Hvb7qc7Cpd7uðtÞe7te ð10Þ

p8 ¼ Ra8Hvb8qc8Cpd8uðtÞe8hc ð11Þ

http://Sl.No
http://Sl.No


Table 6
Dimensional analysis of crater size variation Note: "[Increase]: ;[Decreases].

Quantity
(Increasing)

Crater Diameter(D)in nm

P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15

Cp ; " " " ;
q(r) "
E "
R " ; ; " " " " ; " " "
Ee "
T "
Fc "
te "
hc "
T0 "
Hv ; ; ; " " ; ; ; ; ; ; ; ;
Tm "
I "
Tb "
K "
u(t) "
Lm "
Lv "
q ; ; ; ; ; ;
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p9 ¼ Ra9Hvb9qc9Cpd9uðtÞe9T0 ð12Þ

p10 ¼ Ra10Hvb10qc10Cpd10uðtÞe10Tm ð13Þ

p11 ¼ Ra11Hvb11qc11Cpd11uðtÞe11I ð14Þ

p12 ¼ Ra12Hvb12qc12Cpd12uðtÞe12Tb ð15Þ

p13 ¼ Ra13Hvb13qc13Cpd13uðtÞe13k ð16Þ

p14 ¼ Ra14Hvb14qc14Cpd14uðtÞe14Lm ð17Þ

p15 ¼ Ra15Hvb15qc15Cpd15uðtÞe15Lv ð18Þ

f p1; p2; p3; p4; p5;p6; p7; p8; p9; p10;p11;p12;p13; p14;p15ð Þ ¼ 0

ð19Þ

f ( D
R

q

qHv
3
2

E
R3Hvq

Ee
R3Hvq

tHv
1
2

R Fc teHv
1
2

R
hc

Hv
1
2qcp

Tocp
Hv

Tmcp
Hv

u tð ÞI
R2Hv

3=2
q

Tbcp
Hv

k
RHv

1=2q cp
Lm
Hv

Lv
Hv
) = 0.

p1 ¼ f p2; p3; p4; p5;p6; p7; p8; p9; p10;p11;p12;p13; p14;p15ð Þ
D
R = f ( q

qHv
3
2

E
R3Hvq

Ee
R3Hvq

tHv
1
2

R Fc teHv
1
2

R
hc

Hv
1
2qcp

Tocp
Hv

Tmcp
Hv

u tð ÞI
R2Hv

3=2
q

Tbcp
Hv

k
RHv

1=2q cp

Lm
Hv

Lv
Hv
) = 0.

D ¼ R ð q

qHv
3
2

E

R3Hvq
Ee

R3Hvq
tHv

1
2

R
Fc

teHv
1
2

R
hc

Hv
1
2qcp

Tocp
Hv

Tmcp
Hv

� u tð ÞI
R2Hv

3=2
q

Tbcp
Hv

k

RHv
1=2q cp

Lm
Hv

Lv
Hv

ð20Þ
4. Results and discussion

4.1. Analysis of an analytical model derived from Buckingham’s Pi
theorem

An attempt has made in the mathematical modelling to analyze
variations of crater diameter with respect to physical and thermal
properties. Table 5 has been shown the obtained Pi terms and
equation (20) had given a mathematical model for crater diameter,
and also the summary of the analytically modelled data results
4

have been interpreted in Table 6. Now it is necessary to analyze
and understand the obtained data from the modelling and this
qualitative analysis was made to justify how the real phenomenon
influence on the variation of crater size with the interaction of
independent Pi terms [8]. From equation (20), it was found that
the value of crater diameter varied from four independent vari-
ables such as Cp, R, Hv and q. By increasing Cp, the crater diameter
increases in P9, P10 and P12 because of the rise of temperatures
such as T0, Tm and Tb, respectively. Crater diameter decreases in
P8 and P13 because of density of work-piece and enthalpy of
vaporization. The crater diameter increases with increase in spark
radius due to high energy supplied into the process but crater size
decreases in P3, P4, P11 because of the enthalpy of vaporization
and work piece density. By increasing the enthalpy of vaporization
the crater diameter decreases but at P5 and P7 the crater diameter
increases because of machining time and discharge time respec-
tively. By machining denser material can minimize the crater
diameter because of high density components are compact, mate-
rial toughness and rest of all fifteen variables such as q(r), E, Ee, T,
Fc, te, hc, To, Tm, I, Tb, k, u(t), Lm, Lv are having direct effect on cra-
ter size.
4.2. Validating the analytical modelling with the surface analogy

In order to validate the theoretical model which was derived
from the Buckingham’s Pi-theorem, the experiments have con-
ducted on two distinct density materials such as Aluminium and
INCONEL 718 Nickel based superalloy by using WEDT process,
the investigation was carried out according to the Taguchi’s L18
Orthogonal array experiments, after machining the turned compo-
nents surfaces were examined by using Scanning electron micro-
scopy. Selected experimental trial no. 3 for characterization
because it shown lower surface roughness [13]. From the observa-
tion through SEM, it was found that the crater size is larger on alu-
minium turned part compared to the INCONEL 718 turned part, as
illustrated in the Fig. 1 (a) and (b), respectively. The similar results
have been observed by Jun Qu et al. [3] where crater size is larger
for material having low density, less hard and lowmelting point. In
addition to that, it is also observed that the crater diameter
increases by increasing pulse on time. and by increasing pulse off
time crater diameter decreases.

Table 6 presents the summary of independent quantities on cra-
ter diameter. Crater size is smaller on higher density material



Fig. 2. Surface Micrograph of Aluminium 6061 and INCONEL 718 WEDT
component.

Fig. 3. Mean crater size for Aluminium 6061 and INCONEL 718 WEDT component.
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because of high toughness, a similar observation was made by
Sharma et al [11] while machining with wire ED machining of
INCONEL 706. Fig. 2(a) and (b) shown the crater size information
on machined surface of aluminium and INCONEL 718 respectively.
From this it is observed that work piece, which is having higher
density exhibited lower crater size after machining and it is having
good agreement with the published work. Similarly by increasing
the enthalpy of vaporization the crater size decreases and specific
heat provided an almost neutral effect on crater size and by
increasing spark radius the diameter of the crater increases and
also remaining variables has been shown a direct effect on crater
dimension, that means quantities directly proportional to crater
size or crater diameter. The measured mean crater size for alu-
minium 6061 and INCONEL 718 have shown in Fig. 3. The obtained
means crater size for aluminium 6061 and INCONEL 718 is 2.25 lm
and 1.03 lm respectively.

5. Conclusions

The Buckingham’s Pi-theorem is developed to know the which
physical and thermal properties of the process influences more
on crater size while machining with WEDT process, according to
the Pi theorem and experimental investigations the following con-
clusion are drawn.

1. The specific heat Cp does not have a major role in the growth of
crater diameter; it maintains a neutral effect on the machined
surface.
5

2. The spark radius depends on the supplied current and pulse on
time, suppose increasing the supply current and pulse on time
the spark radius becomes larger so that the crater formed on
the machined surface also large. In order to decrease the crater
size, need to operate under low or medium pulse on time
condition.

3. The enthalpy of vaporization increases with respect to temper-
ature can minimize the crater size.

4. The materials which are having less density (Aluminum 6061)
shown higher crater size on the turned surface compared to
denser material (INCONEL718).

5. The properties such as q(r), E, Ee, T, Fc, te, hc, To, Tm, I, Tb, k, u
(t), Lm, Lv shows a direct effect on the crater size.
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