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Abstract: An axisymmetric three-dimensional thermo-physical model for the electrical discharge machining of titanium alloy was
developed using finite element method. To efficiently predict the temperature distribution and the material removal rate, the model
considers some realistic parameters such as the plasma channel radius based on discharge current and discharge duration, the latent
heat of melting and evaporation, the percentage of discharge energy transferred to the workpiece and Gaussian distribution of heat
flux. Numerical simulation of the single spark discharge of titanium alloy machining in electric discharge machining process was
carried out using software ANSYS. The effect of various process parameters on temperature distributions along the radius of the
workpiece was reported. Finally, the model was validated through EDM experiments, showing that it can efficiently predict material

removal rate.
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1 Introduction

Titanium alloys are widely used in many industrial
and commercial applications such as aerospace, chemical,
automotive, medical and sporting goods industries and in
many corrosive environments [1—4] because of titanium
alloys’ excellent properties such as a shock resistance,
high specific strength, high temperature strength and
exceptional corrosion resistance. However, titanium
alloys are difficult to machine using the traditional
machining techniques due to their high spring-back
characteristics, high chemical reactivity and low
heat-conduction coefficient, which leads to rapid tool
wear during machining of titanium alloys, in turn
increases the manufacturing cost [5—6].

The electrical discharge machining (EDM) process
is the most popular among the non-conventional
machining processes. The erosion process of EDM is that
the discharge sparks in gap generate enough heat to melt
and even vaporize some of the material on the surface of
workpiece, so any difficult-to-cut material can be cut in

EDM as long as the material can conduct
electricity. However, the complex nature of the process
involves simultaneous interaction of thermal, mechanical,
chemical and electrical phenomena, which makes
process model very difficult. Thus, many researchers
have focused their attention on the titanium alloy
machining in EDM process by experiments; however,
few theoretical analysis of the erosion mechanism of
titanium alloy in EDM process was involved [7-9].

In this work, an attempt has been made to study the
erosion mechanisms of titanium alloy in EDM process
through temperature distribution. According to the
important factors of the EDM process such as conduction,
convection, thermal properties of material with
temperature, the latent heat of melting and evaporation,
the percentage of discharge energy transferred to the
workpiece, the thermal property of titanium alloy, the
plasma channel radius and Gaussian distribution of heat
flux based on discharge duration, ANSYS version 12.0
has been used to develop and calculate a numerical

model of the EDM process.
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2 Thermal model of EDM process

The EDM process can be described as the thermal
process, as shown in Fig. 1. Material is heated up by the
action of high energy electrical sparks. The spark melts
and vaporizes a small area on the electrode surface. At
the end of the pulse on-time, a small amount of molten
material is ejected from the surface, producing craters on
the workpiece surface. The EDM process involves
interaction of thermal, mechanical,
chemical and electromagnetism phenomena, which
makes process model very difficult, so the following
assumptions are made to simplify the model.

1) The model is developed for a single spark; 2)
Heat transfer is mainly by conduction and convection.
Radiation heat losses are neglected; 3) The material over
the melting point is removed completely after the end of
spark discharge; 4) EDM spark channel is considered a
uniform cylindrical column; 5) Work piece materials are
homogeneous and isotropic in nature, and thermal
properties of the material are temperature dependent for
temperatures below 800 °C, they are kept constant when
temperatures are over this value.

simultaneous

Conduction

Fig. 1 Thermal model of EDM process

2.1 Governing equation and boundary conditions

The governing partial differential equation
considering boundary conditions for the temperature
distribution in a cylindrical coordinate system is
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where 7 and z are the coordinates of cylindrical work

domain; 7 is temperature; a is the thermal diffusivity of
the material which can be written as a=k/(pc,), p is the
average material density, ¢, is the average specific heat
capacity, and k is the thermal conductivity.

The associated initial and boundary conditions for
governing partial differential equation are

Initial condition: t =0, T =T,
Boundary condition : ¢ >0, — k(g—e =q(t), 0<r<R(t);
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2.2 Plasma channel radius

The plasma channel radius, the size of heat flux on
the workpiece surface, is an important factor in the
model of the EDM process. The shape and evolution of
the plasma channel radius have been studied by many
authors. In practice, it is extremely difficult to
experimentally measure spark radius due to a very short
pulse duration of the order of few microseconds. Some
researchers considered the plasma channel radius is time
dependent, others considered the plasma channel radius
is time and current dependent. IKAI and HASHIGUCHI
[10] derived a semi-empirical equation of spark radius
termed as “equivalent heat input radius” which is
assumed as a function of the duration of the spark, #(us),
and the current, /(A). It is more realistic compared with
the other approaches.

R(1)=0.002 04>+ 2

2.3 Heat input to workpiece

It has been reported that the isothermal curves
obtained for EDM thermal model can be approximated
by Gaussian distribution. YADAV et al [11] reported a
heat flux equation for EDM considering the Gaussian
distribution. To simply the simulation, since the Gaussian
curve does not mathematically become =zero until
infinity, it is necessary to select some finite large value of
its argument to represent the bottom of the crater.
Usually six-times of o(—30, +30) is taken for dropping
the response to 0.25% of its initial value, i.e., 99.75% of
the value between r=u—3¢ and r=u+30. The profile of a
three-dimensional crater can be obtained by rotating the
Gaussian curve around the vertical axis [12].
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where 7 is the percentage of discharge energy transferred
to the workpiece; U is the discharge voltage; [ is the
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discharge current. Energy distribution (#) is an important
factor in this equation as it governs the fraction of energy
lost to cathode. DIBITONTO et al [13] predicted that
about 8% of the total heat supplied is absorbed by anode
and about 18% is absorbed by cathode. SHANKAR et al
[14] calculated that 40%—45% of the heat input is
absorbed by the workpiece. XIA et al [15] discovered
that the energy distribution to anode and cathode is about
40% and 25%, respectively. In this simulation, the value
of # of 0.3 has been chosen to estimate its effect on the
MRR.

2.4 Latent heat of melting and evaporation

The temperature of the plasma channel was in the
range of 8 000—10 000 K and decreased slowly with time
in EDM process, and workpiece was heated above the
melting point. The phase change process required an
energy input in order to keep temperature constant. Thus,
the effect of latent heat was considered to make the
model more realistic. Therefore, phase change was dealt
with in the form of enthalpy instead of specific heat
capacity of material. The quantity of energy change was
equal to the quantity of enthalpy change.

The energy required to melt and vaporize the
cathode material per unit volume can be estimated, as
given in Eq. (4):

]-;‘ﬂ
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where c,(?) is specific heat capacity of workpiece: L, and
L, are the latent heat of melting and evaporation
respectively; H,, and H, are the total absorbed heat of
melting and evaporation.

2.5 Material flushing efficient

In the EDM, a small amount of molten material is
ejected from the surface at the end of the pulse duration.
JILANLI et al [16] found that, if the assumption is used
that all of the molten material is effectively ejected, the
values of material removal rates predicted are higher
than the experimentally measured ones. DIBITONTO et
al [13] found that material flushing coefficient increases
with the increase of the current and discharge duration.
PEREZ et al [17] found that for a certain EDM regime,
the crater represents about 35% of the total molten
volume. Thus, a proper material flushing coefficient of
the material removal becomes critical. The material
flushing coefficient value is 15%.

2.6 Thermo-physical properties of Ti—-6Al-4V
The thermo-physical properties of Ti—6Al-4V are
as follows [18]: density, p=4 500 kg/m’; specific heat

capacity, ¢,(f)=505—624 J/(kg°C) in the range of
300—-800 °C; thermal conductivity, &=7.4—16.5 W/(m-°C)
in the range of 300—800 °C; ambient temperature, 7p=25
°C; melting point temperature, 7,,=1 660 °C; boiling or
vaporization temperature, 7,=3 260 °C; latent heat of
fusion or melting, L,=392 klJ/kg; latent heat of
vaporization, L,=8 750 kJ/kg.

2.7 Solution of thermal model

The model of the EDM process was carried out
using ANSYS software. A quarter of axisymmetric
three-dimensional model was created with a dimension
of 60 pm % 60 um x 60 pm. A non-uniformly distributed
finite element mesh with elements mapped towards the
heat-affected regions was meshed, with a total number of
up to 32 000 elements (Fig. 2).

Fig. 2 Three-dimensional meshed model

The governing equation with boundary conditions
mentioned above is solved by finite element method to
predict the temperature distribution with the heat flux at
the spark location and the discharge duration as the total
time step. Figure 3 shows typical temperature contour for
work material titanium alloy (Ti—6Al-4V) under
machining conditions: current 0.84 A, and discharge
duration 100 ps.

3 Parametric analysis of thermal model

3.1 Effect of current and pulse duration

The curve of the temperature distribution along
radius of the center of discharge spot has been depicted
for different values of current (0.11, 0.21, 0.42 and 0.84
A) and pulse duration (10, 20, 50 and 100 ps), as shown
in Fig. 4. From Fig. 4, it is shown that the heat affected
area goes on increasing with increase in current and
pulse duration, while the maximal temperature does not
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have the same trend. The reason is that the heat flux goes
on decreasing with increase in current and pulse duration
due to the plasma channel expanding. The larger the
current and pulse duration are, the greater the plasma
channel radius is. The larger the plasma channel radius is,
the greater the area heated is.

6000
n—/=0.84 A, =100 ps
e — /=042 A, =50 s
5000 A—[=0.21 A, =20 ps
v—[=0.11 A, =10 us

Temperature/°C
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S
=
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Fig. 4 Effect of current and pulse duration on temperature

distribution

3.2 Heat input to workpiece

In Fig. 5, the temperature distribution along radial
of the center of discharge spot is depicted, with different
values of heat input to workpiece by adjusting the
percentage of discharge energy. From Fig. 5, it is shown
that the temperature at the center of discharge spot goes
on increasing with increase in the percentage of
discharge energy transferred to the workpiece. This is
because the larger the percentage of energy is, the greater
the heat transferred to the workpiece is.

3.3 Latent heat of melting and evaporation
In Fig. 6, temperature distribution along radius of
the discharge spot was depicted with/without considering

the latent heat of melting and evaporation. From Fig. 6, it
is shown that the temperature considering the latent heat
of melting and evaporation is lower than that without
considering the latent heat of melting and evaporation.
The reason is that the phase change needs additional heat
energy to change from solid to liquid and from liquid to
gas in despite of the temperature keeping constant.
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Fig. 5 Effect of percentage of energy on temperature
distribution
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Fig. 6 Effect of phase change on temperature distribution
4 Experiment

follows:
micro-EDM  machine tool;
electrode, red copper electrode; workpieces, Ti—6Al-4V
plates of 1 mm-thick; working fluid, special EDM
kerosene; polarity, negative polarity; servo voltage, 150
V. Figure 7 shows the SEM image of a hole machined
under the following machine settings: current 0.84 A and
discharge duration 100 ps.

The experiment conditions are as

equipment, multi-axis

Aiming to experiment conditions, the corresponding
numerical simulation was carried out to prove the
reliability of the model through MRR both theoretically
and experimentally.
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Fig. 7 SEM image of hole

From Table 1, the value of simulated MRR is higher
than the experimental one. The main reason is that the
value of simulated MRR is simply calculated by a
volume of the single discharge using total machining
time, considering the molten material ejected from the
surface at the end of the pulse duration, and without
considering the complex interaction of different physical
phenomena.

Table 1 Comparison of predicted results

Current/ Pulse on- Pulse off- MRR/(mm’ min ")

A time/us  time/Us  Experiment  Simulation
0.11 10 5 0.066 0.062
0.21 20 20 0.109 0.120
0.42 50 5 0.509 0.380
0.84 100 20 1.19 0.95

5 Conclusions

1) An axisymmetric three-dimensional thermal
model for the titanium alloy machining was developed
using finite element method. Numerical analysis of the
single spark discharge in electric discharge machining
titanium alloy process was simulated by ANSYS version
12.0.

2) Some realistic parameters such as the latent heat
of melting and evaporation, spark radius equation based
on discharge current and discharge duration, the plasma
channel radius and Gaussian distribution of heat flux, the
percentage of discharge energy transferred to the
workpiece have made our model closer to actual process
conditions.

3) It was found that the MRR value predicted by our
model is closer to the experimental result, indicating a
worthwhile theoretical foundation for mechanism of
material removal in EDM machining.
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