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Abstract

Application of external magnetic field in electrical discharge machining is one of the methods to increase this process capability
and decrease its limitations. In the present study, a single discharge in magnetic field-assisted electrical discharge machining has
simulated using finite element method in order to obtain the temperature distribution and generated crater dimensions on the
workpiece surface. A new mathematical model for plasma channel radius was also developed and used at simulation stage.
Regarding good agreement between recast layer thickness obtained by numerical and experimental methods with maximum error
of 8.8%, the effects of applying external magnetic fields on plasma flushing efficiency and recast layer thickness were found
numerically and experimentally. Also the influences of pulse current and pulse on-time on dimensions of generated craters at
magnetic field-assisted EDM were studied numerically. The results showed the positive effects of application of external

magnetic field in EDM process on increasing plasma flushing efficiency and decreasing recast layer thickness.

Keywords Electrical discharge machining - External magnetic field - Numerical analysis - Mathematical modeling

Plasma flushing efficiency - Recast layer thickness

1 Introduction

Several investigators studied application of magnetic field in
finishing process in order to decrease surface roughness (SR)
in recent decade [1-3]. Also some investigators applied mag-
netic field around gap distances at electrical discharge machin-
ing (EDM) for solving the EDM restrictions [4].

Bruijn et al. [5] studied magnetic ficld-assisted EDM
(MEDM) process in 1978, firstly. Application of magnetic
field in EDM process causes better debris flushing from gap
distance, reduction of gap pollution, decreasing the number of
abnormal pulses, and increasing the machining performance
[6, 7]. Lin et al. [8] compared discharge waves, material re-
moval rate (MRR), tool wear rate (TWR), surface roughness,
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and surface integrity obtained by EDM and magnetic field-
assisted EDM processes and resulted that due to improving
debris removal from machining gap and reducing gap pollu-
tion by applying magnetic field, the MEDM process leads to
lower abnormal pulses like arc, more MRR, and lower surface
roughness but a little more TWR. Lin et al. [9] compared
EDM and MEDM processes. According their results, the
MEDM process leads to better machining stability. They
found that lower micro-cracks with thinner recast layer are
created at workpiece surface in the case of MEDM process.
Govindan et al. [10] studied the material removal at single
discharge of dry EDM process along with magnetic field,
numerically and experimentally. They investigated the influ-
ences of process inputs containing pulse current, voltage,
magnetic field intensity, and pulse on-time on crater dimen-
sions generated on workpiece surface experimentally.
According to their results, application of magnetic field in
dry EDM decreases generated crater diameter and increases
crater depth on workpiece surface. Joshi et al. [11] applied an
external magnetic field around gap distance at dry EDM and
resulted that due to increasing the plasma density in this hy-
brid method, the MRR increases up to 130%. They found that
applying magnetic field decreases the overcut at dry EDM
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Fig. 1 The fixture used for applying magnetic field

process. Kao et al. [12] applied external magnetic field around
gap distance of EDM process in machining of small holes and
resulted that with this approach, MRR is increased and TWR
is decreased. Heinz et al. [13] applied an external magnetic
field around gap distance of EDM process in machining of
non-magnetic materials.

In this investigation, a finite element model (FEM) was
developed for a single discharge of MEDM process to inves-
tigate the effects of applying magnetic field around gap dis-
tance on plasma flushing efficiency (PFE) and recast layer
thickness (RLT), experimentally and numerically.

2 Experiments
2.1 Experimental setup

The fixture which was shown at Fig. 1 was designed for
workpiece to apply magnetic field around gap distance of
EDM process. Also Fig. 2 shows the spark machine
(CHARMILLES ROBOFORM 200) with fixture for applying
magnetic field which was used in this investigation.

Fig. 2 Spark machine with
special fixture for applying
magnetic field around gap
distance which was used at
MEDM process
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The fixture material was plastic while four neodymium
permanent magnets with intensity of 1.3 T and dimensions
of 25 x 20 x 10 mm were located at their positions at fixture
according to Fig. 1 (the distance between the edge of magnets
with workpiece was considered 2 mm, while magnetic field
intensity at the edge of workpiece was 0.3 T). Also, magnetic
field lines caused by this kind of alignment of magnets around
the gap distance are similar to Fig. 3. Neodymium permanent
magnets have higher magnetic strength with small sizes which
makes the usage of these kinds of magnets expands rapidly.

It is necessary to mention that the shape, dimensions, mag-
netic field intensity, and the number and position of magnets at
MEDM process were determined by performing exploratory
tests regarding the obtaining of the maximum MRR as output
parameter.

2.2 Experimental procedure

In this study, the influence of application of magnetic
field in EDM process on PFE and generated RLT on
machined surface was investigated by selecting pulse
current and pulse on-time as input parameters of EDM
and MEDM processes because of their importance [14],
(each one in four levels) and performing 16 experiments
for each process (according to full factorial method) and
comparing the results of MEDM with EDM process.

Regarding some exploratory experiments which were
performed and reviewing other studies [15], the vari-
ables and fixed input parameter levels were determined
according to Table 1. The time of each experiment was
considered 10 min and a new tool electrode was used
for each experiment.

Recording different types of MEDM process pulses was
done by employing a Hitachi VC-6524 oscilloscope.
Counting the number of normal pulses was done by using
the written MATLAB code.

ROBOFORM 200
v Q\'\A\\M\ufs‘mm °
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Fig. 3 Magnetic field lines induced by the alignment of magnets around
the gap distance

A CP2245-Sartorius digital balance with 0.1-mg resolution
was used to measure the workpiece weight before and after
machining process.

The machined surface by MEDM process was cut trans-
versely; then, the metallographic and etching operations were
done, in order to measure the created RLT on machined sur-
face by using a VEGA\\TESCAN scanning electron micros-
copy. The RLT was measured in 20 different points and their
average considered as the RLT.

2.3 Experimental materials

AISI H13 tool steel has high tension strength (1400—1750 N/
mm?) which leads to high malleability of this steel. High
toughness and resistance against wear, thermal cracking, fa-
tigue, and corrosion are other key properties of H13 tool steel.
This steel keeps its hardness up to 425 °C and the tools
manufactured from this steels can work up to 540 °C [16].
Cylindrical H13 hot work tool steel, 10 mm in diameter and
20 mm in height, with grinded and polished surfaces was
selected as workpiece materials.

Table 1  The input parameters of this study and their levels

Parameter Level

Peak current (A) 4,8,16,32

Pulse on-time (us) 6.4, 12.8, 50, 100

Pulse interval (s) 6.4

Open-circuit voltage (V) 200

Gap distance (pm) 50

Polarity Positive

Flushing type Normal submerged on Oil Flux

ELF as dielectric

The tool material in this study was copper with 99% purity.
In this process, the tool was cylinder with 14 mm in diameter
and 40 mm in height which was manufactured by turning
operation.

3 Finite element simulation
3.1 Mathematical principles

The differential equation for heat transfer during each dis-
charge of MEDM process without term of internal heat gen-
eration is according to Eq. 1 [17]:

or _,[1o(ory o (o "
pee or ror\ or 0z \ 0z

where p is workpiece density, & is thermal conductivity coef-
ficient of the workpiece, C,, is specific heat capacity, ¢ is time,
T is temperature, and » and z are coordinate axis as shown in
Fig. 4. Equation 1 is the base of thermal modeling to achieve
the heat distribution during each discharge of MEDM process.

The considered domain for applying boundary conditions
of workpiece during pulse on-time of MEDM process is
showed in Fig. 4. These boundary conditions are according
to Egs. 2 and 3.

The boundary conditions of boundaries 3 and 4:

a_T_ hf(T_To) for r>R (2)
oz | qr) for r<R
The boundary conditions of boundaries 1, 2, and 5:
oT

k—=0 3
0z G)

where g(r) is the quantity of heat flux entering to the work-
piece and tool and R is the plasma channel radius.
The initial temperature of electrodes can be taken as equal
as the temperature 7 which is environment temperature.
The following assumptions also have been considered:

*  Only one spark occurs for one discharge.

» The workpiece electrode is considered as a semi-infinite
body.

* The thermo-physical properties of workpiece are consid-
ered as independent of temperature.

» The workpiece material is homogenous and isotropic.

* Heat incident on the workpiece is dissipated by conduc-
tion into the workpiece while heat transfer is by convec-
tion at workpiece-dielectric liquid interface.

The generated recast layer is considered to be uniform.

* A part of total discharge energy is transferred to

workpiece.
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Fig. 4 Schematic of thermal
model of MEDM

455 FVI
qr) = Z0 e

[ 45 x ()2

z,
/_ q(r) = hf(T —Tp)
% |j— 3_.r— 4 —_—] ¥ -
R
1 workpiece S
O T2 ]

Because of more precise results obtained by Gaussian heat
distribution in compared with other heat sources [18, 19], it
was applied for heat transfer analysis. Equation 4 demon-
strates the heat flux ¢(r) at radius » [20].

) = e 45 (3) @

P

where Vis the discharge voltage, / is the pulse current, F. is the
part of the total energy transferred to the workpiece, and R is
the plasma channel radius.

The fraction of total energy transferred to the workpiece
was considered 34% [21], 18% [22], 14% [23], and 50%
[17, 24, 25] in different studies about EDM process. In this
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Fig. 5 The schematic of acting forces on plasma channel
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investigation, the relation which was developed by Shabgard
et al. for this purpose [26], (Eq. 5) was used to determine F..

F. = 5.5998 x [ 034! » Ton"#% (5)

In this study, mathematical modeling was used to define the
radius of plasma channel. So regarding Fig. 5 which shows the
schematic of acting forces on plasma channel, a differential
equation was developed for this purpose (Eq. 6).

d_zr _eq eJB; elBg
d¢ 2mdegm  m m
Pin(2rd)  Pow(2rd) ~(2r + 2d) )
m m m

In Eq. 6 which was obtained by balancing of the forces

affecting the plasma channel, f]{ is plasma channel radial
expanding acceleration. All of the terms in the right side of
equations are the plasma channel radial acceleration, where

the phrase of is because of electric field caused by

271rds m
the presence of charged particles within plasma channel. The

13T

E 03T

2 mm

3 mm

Fig. 6 The method of finding the magnetic field intensity at the between
plasma channel and dielectric interface with distance of “7”” from the edge
of the workpiece
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VB,
m
channel caused by charged particles movement within plasma

eﬂnfﬁ‘ is because of applying external

magnetic field around gap distance. The phrase of w is

phrase is because of created magnetic field around plasma

channel. The phrase of

because of the force induced by internal pressure of plasma

Pou(2rd

channel. The T) phrase is because of the force induced by

external pressure of dielectric on plasma channel. The phrase
of W is because of the surface tension at plasma channel
and dielectric interface.

In Eq. 6, r is plasma channel radius, ¢ is pulse on-time, e is
the electrical charge of the electron, ¢ is the charged particles
within plasma channel and is determined by Eq. 7 [27], d is
gap distance, ¢ is vacuum permittivity, m is plasma channel
mass (m=2x 10" kg) [28], ¢ is drift velocity of charged
particles within plasma channel and is determined with Eq. 8
[29], B, is the generated magnetic field around plasma channel
because of movement of charged particles within plasma
channel and is determined by Eq. 9 [27], Bg is the applied
external magnetic field around plasma channel and is deter-
mined with Eq. 10 at plasma channel and dielectric interface
with distance of “r as plasma channel radius” from the edge of
the workpiece (as shown in Fig. 6, and regarding to Thales’s
theorem and considering that the magnetic field intensity at
the edge of the magnets is 1.3 T, at the edge of the workpiece
(located in 2 mm from the edge of the magnets) is 0.3 T and in
the distance of 3 mm from the edge of the magnets is approx-
imately zero). P;, is internal pressure of plasma channel and is
determined with Eq. 11 [30]. P,y is external pressure of di-
electric influenced on plasma channel and is determined with
Eq. 12. v is generated surface tension at plasma channel and
dielectric interface (y=32 x 10> N/m) [31, 32].

g =ne (7)

Fig. 7 Application of FEM at
modeling of a single discharge of
MEDM process

In Eq. 7, n is the number of charged particles within plasma
channel and is defined with Eq. 13 [33].

19:le104 (8)

m
In Eq. 8, V,,, is mean discharge voltage at EDM process.

B, = —
5 2 ©)

In Eq. 9, p is vacuum magnetic permeability.

Br =03 +0.43r
Pin = (ne + n;)kgT—AP

(10)
(11)

In Eq. 11, n, and #; is the number of electrons and ions in
plasma channel, &z is the Boltzmann’s constant, 7 is the tem-
perature of plasma channel temperature (7= 10,000 °C) [34],
and AP is an index to show non-ideality of plasma channel and
is defined with Eq. 14 [35].

Pout:P0+pgh (12)

In Eq. 12, Py is air pressure, p is diclectric density, g is earth
gravity, and / is dielectric height from sparking point up to
dielectric surface.

J
fle = \03 (13)
e ()
In Eq. 13, is current density, T, is the electron temperature,
and m, is the electron mass.
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In Eq. 14, A is the Debye length and is determined by Eq.
15 [36].

7\D _ <80k32T>%
nee

The ABAQUS/CAE which is standard finite element soft-
ware was applied to simulate the MEDM process and imple-
ment a thermal analysis to find the temperature distribution on
machined surface. This software is able to consider the tem-
perature dependent properties of material which increases the
accuracy of finite element model. So the time-dependent prop-
erties of material (conductivity, density, elastic, specific heat,
and latent heat) are used at finite element simulation of EDM
process.

The element type in the finite element analyses was 10
node tetrahedron meshes with the size of 10 mm, approxi-
mately. Also a “dflux” subroutine was written in FORTRAN
compiler to apply the heat flux developing with time during
pulse on-time. The temperature profiles obtained by FEM
analysis was used to calculate the crater dimensions on ma-
chined surface [37]. Also the melting latent heat of workpiece
which has the significant effect on the simulation results was
considered at finite element simulation. Figure 7 shows the
application of FEM at modeling of a single discharge of
MEDM process.

(15)

3.2 Model validation

Comparing experimental recast layer thickness (RLTgxp) and
the numerical recast layer thickness (RLTyy.y,) at various set-
tings was the methodology of validation of numerical analy-
sis, in this investigation. This comparison was shown at
Table 2 and demonstrates good agreement between numerical
and experimental results, with maximum error of 8.8%.
RLTgxp was obtained as mentioned before and RLTy.,,, were
obtained as below.

The efficiency of material removal from workpiece surface
is defined with PFE. PFE is described by Eq. 16 [38].

Ve (EXP
%PFE = 100 x c(EXP)

Vo (FEM) (16)

where PFE is the plasma flushing efficiency, VA(FEM) is the
theoretical melted material volume per pulse, and VA(EXP) is
the experimental removed material volume per pulse.

Equation 17 defines the theoretical volume of crater obtain-
ed by finite element analysis.

Ve(FEM) = % nDCRE (17)
where D¢ and R are the depth and radius of the generated
craters on workpiece surface.

Figure 8 is a sample of temperature distribution profiles
obtained by FEM in line with depth and radius of workpiece
during single discharge of MEDM process and demonstrate
the temperature of different points of workpiece. The isother-
mal points with melting point of workpiece were considered
as boundary of generated craters in line with depth and radius
(depth and radius of craters).

The experimental removed material volume per pulse is

obtained by Eq. 18.

(M1—M»)

Ve(EXP) = o)

(18)
where M, and M, are the workpiece weight before and after
machining, NN is the number of normal pulses during a ma-
chining period, and p is the density of workpiece.
The numerical value of recast layer thickness (RLTyyy,) has
been calculated through Eq. 19:

RLTxum = De—%PFE x D¢ (19)

4 Results and discussion
4.1 Influences of applying magnetic field on PFE

Figure 9a—d shows the influences of applying external mag-
netic field around gap distance of EDM on plasma channel
efficiency in various pulse current and pulse on-times.
According to Fig. 9 which compared the PFE of EDM and
MEDM processes, it is clear that the PFE of MEDM process is
more than EDM in all pulse currents and on-times.

Table 2 Experimental and

numerical RLT at MEDM process [ (A)  Ton(18)  Vepxp (um’)  Voppy (um’)  PFE%  RLTexp (um)  RLTyuwm (um)  Error%
8 12.8 2689.2455 7484.68 35.93 6.76 7.19 59
16 12.8 6871.81 13,1644 52.2 7.2 6.86 4.9
32 12.8 12,219.44 23912.8 51.1 8.27 7.56 8.5
8 50 15,740.78 42,144 37.35 11.94 12.27 2.6
16 50 38,419.68 74,226.6 51.76 12.5 12.2 24
32 50 79,616.52 141,089 56.43 13.4 12.21 8.8
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Fig. 8 Temperature distribution
in a depth and b radial direction of
workpiece at single discharge of
MEDM (I=8 A, Ty, =50 ps)

Application of magnetic field in EDM has direct impact on the
amount of repulsed molten materials from molten puddle and PFE.

Application of magnetic field leads to better debris removal
from gap distance which leads to decrease in gap pollution.
Fewer number of occurred arc pulses in the case of MEDM
process in comparison with EDM, according to Fig. 10, indi-
cates this issue. Lower gap pollution leads to lower plasma
channel radius and area, which increases the density of
discharged energy. Also application of magnetic field in
EDM process confines the plasma channel development due
to creation of Lorentz force which is acted on plasma channel
according to Eq. 6.

Considering these issues, the plasma channel temperature
and so the pressure and its gradient is increased and consider-
ing bulk boiling mechanism of MRR, the PFE is increased by
application of magnetic field in EDM process.

4.2 Influences of applying magnetic field on the RLT

According to Fig. 11a—d, which compares the amount of gen-
erated RLT on machined surface in different pulse currents
and pulse on-times in MEDM and EDM processes, the
amount of generated RLT is lower in the case of MEDM

Fig. 9 The influences of
application of external magnetic (a)
field in EDM process on the PFE

(b)

in different pulse current in a 60 1 60 1
Ton=6.4us, b T,,=12.8 pus, ¢ 50 1 50 1
Ton=50 us,and d 7,,= 100 us 40 - 40 -
® ®
w 30 - w 30
& WEDM & WEDM
20 - 20
MEDM
10 - o 10 4 OMEDM
0 - 0 -
4 8 16 4 8 16 32
1(A) 1(A)
(c) (d)
80 80 -
60 - 60 -
z& 40 g 40
w - w 4
& WEDM & WEDM
20 - OMEDM 20 - OMEDM
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Fig. 10 Voltage and current
pulsesat /=16 A and 7, =50 ps.
a EDM process and b MEDM
process

process as compared with EDM process in all pulse currents

and pulse on-times.

The PFE is increased by application of magnetic fields
in EDM process, and so the amount of molten materials

Fig. 11 The effects of application
of external magnetic fields in
EDM process on the RLT in
different pulse current in a 7, =
6.4 us,b I, =128 us, ¢ Ty, = 8
50 ps, and d T, =100 pus
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amount of molten material which is re-solidified and at-
tached to machined workpiece and generated recast layer,
is decreased.
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Fig. 12 Created RLT on
workpiece surfaces machined by
a EDM process and b MEDM
process, (/=8 A, T,,=12.8 us)

D1=9.11pm

SEM HV: 10.0 KV
View field: 21.2 un
SEM MAG: 6.00 kx

Also decreasing gap pollution by application of magnetic
fields in EDM process prevents from re-solidification and re-
attaching the big suspended debris in gap distance to ma-
chined surface and decreases the generated RLT.

Figure 12 shows the created RLT on machined surfaces by
EDM and MEDM processes, which was obtained by experi-
ments. The same as Fig. 11, Fig. 12 also shows that the thick-
ness of created recast layer on machined surfaces is lower in

WU: 2/.41 mm

Datc(m/dly): 02/0417

m —
.

¥ -D1-75um

SCM IIV: 10.0 kV
View field: 21.2 pm
SEM MAG: 6.00 kx

WD: 27.23 mm
Det: SE, BSE
Date(m/dly): 02/04/17

DeL: SE, BSE

4.3 Effects of application of magnetic fields in EDM
process on dimensions of generated craters

Figure 13a—c, which has been obtained by numerical analysis,
shows the dimensions of generated craters on machined sur-
face induced by single discharge of EDM and MEDM at dif-
ferent pulse currents. According to Fig. 13, the depth and
volume of craters at MEDM process is higher than EDM but

the case of MEDM process. radius of craters at MEDM process is smaller than EDM.

Fig. 13 a Depth, b radius, and ¢
volume of generated craters, at (a) (b)
different pulse currents (7, =
6.4 us) in EDM and MEDM 16 1 30
processes 25
12 -
_ . 20
£ £
= 8 - E
8 WEDM g WEDM
4 - OMEDM 10 OMEDM
5
0 - L 0 L
4 8 16 32 4 8 16 32
1(A) 1(A)

(c)

16000 -
= 12000 -
£
=
S 8000
E EEDM
s 4000 OMEDM
o L

1(A)
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Fig. 14 Influence of pulse current ( a ) ( b)
and pulse on-time on a depth, b
radius, and ¢ volume of generated == TON= 6.4 is  =mili=Ton= 12.8 pis @=gm=TON= 6.4 us  e=ili==Ton= 12.8 ps
craters caused by single discharge ~ ~ B ~
of MEDM process 50 @mgpTon= 50 ps @=fi==Ton= 100 us 80 emgpmmTon=50 us  ==fl==Ton= 100 ps

40

Dc (um)

10

0
0

1(A)

Vc (FEM) (um?3)

As mentioned before, plasma channel radius at MEDM pro-
cess is smaller than EDM. This is because of generation of
Lorentz force induced by applied magnetic field around gap
distance of EDM, which confines the plasma channel radius
according to Eq. 6. Also the gap pollution and so the number
of arc pulses is lower in the case of MEDM process according to
Fig. 10, which can also leads to lower plasma channel radius.
Decreasing plasma channel radius by applying magnetic field
around gap distance can lead to lower radius of generated craters.
Considering these facts, it can be concluded that the current
density is increased due to decrease in plasma channel radius
and can lead to higher depth of generated craters.

4.4 Influence of pulse current and pulse on-time
on dimensions of generated craters at MEDM process

Figure 14a—c demonstrates the dimensions of generated cra-
ters on machined surface caused by single discharge of
MEDM process, which was obtained numerically.
According to Fig. 14, the dimensions of generated craters on
machined surface are enhanced by increasing pulse current
and pulse on-times. Higher amount of heat is generated by
single discharge of MEDM process in higher pulse current
and on-time. So the amount of transferred heat to workpiece
and consequently the amount of melted and evaporated

@ Springer
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materials (and so the depth, radius, and volume of created
craters) are enhanced.

5 Conclusion

An electro-thermal model has been proposed for simula-
tion of the MEDM process using finite element method.
Mathematical modeling was also done to achieve the plas-
ma channel radius which has been determined with em-
pirical relations, before. Due to good agreement between
numerical and empirical results of RLT with maximum
error of 8.8%, the proposed finite element model was used
to study the effects of application of magnetic field in
EDM process on dimensions of generated craters, PFE
and RLT. The main results of this investigation are as
follows:

* Application of magnetic field in EDM process leads to a
decrease in radius of generated craters and an increase in
depth and volume of generated craters on machined
surface.

* The depth, radius, and volume of generated craters caused
by single discharge of MEDM process are enhanced by
increasing pulse current and pulse on-time.



Int J Adv Manuf Technol (2019) 102:55-65

65

Applying magnetic field around gap distance of EDM
process increases PFE while decreases the amount of gen-
erated RLT in all pulse currents and pulse on-times.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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