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Abstract Inconel 718 is one of the most widely used super
alloys in industries like oil and gas, aerospace and automobile.
However, properties like poor thermal conductivity and work
hardening tendency make it difficult to machine, using a con-
ventional machining approach. EDM is one of the effective
and efficient ways of machining this exotic material.
However, the material removal rate (MRR) is very low. In
an attempt to enhance the performance of EDM, an arc ma-
chining module has been integrated into the existing EDM
system and the compound process is named hybrid electrical
discharge and arc machining (HEDAM). Due to the high ther-
mal intensity of the sparks/arcs imparted by this process, the
material removal rate is elevated.

To understand this process better, a comparative thermal
modelling between HEDAM and EDM has been presented
in this article. Firstly, a thermal analysis is performed for the
EDM and HEDAM processes to understand their respective
erosion efficiencies. Finally, the numerical simulation for
MRR of both EDM and HEDAM is presented. Unlike other
EDM models, in this simulation, the thermophysical proper-
ties of the material were considered to be temperature-
dependent and the latent heat of fusion was incorporated into
the modelling process. A comparative analysis was also per-
formed, which showed that incorporating such variables in-
creases the accuracy of the obtained results. The study re-
vealed that the spark radius in HEDAM is larger in size and
more stable. Consequently, this resulted in HEDAM to have

about three times more erosion efficiency compared to con-
ventional EDM.

Keywords EDM .Hybridmachining . Simulation . Erosion
efficiency . Spark radius

1 Introduction

Inconel 718, a nickel-based alloy with superior strength and
thermal-resistant properties, is often used in the aerospace and
the oil and gas industries. It is one of the most difficult mate-
rials to machine conventionally, being associated with shorter
tool life and severe metallurgical damage to the workpiece [1].
This is mainly due to its work-hardening effects, which causes
the cutting forces to rise progressively as the machining pro-
cess prolongs. In addition, its poor thermal conductivity leads
most of the heat generated to dissipate onto the cutting tool,
which further accelerates the wear of the tool material [2]. All
these contribute to a short tool life [3].

To avoid the drawbacks of conventional machining, non-
contact machining processes like EDM is more frequently
being used for the machining of Inconel 718 [4]. EDM
removes material through spark erosion, with negligible cut-
ting force. However, the material removal rate (MRR) associ-
ated with EDM is still very low compared to other mechanical
machining processes. Due to this fact, the conventional EDM
process is not able to fulfil the increasing demands of today’s
fast-moving manufacturing industry. To resolve this issue, a
Hybrid Electrical Discharge and Arc Machining (HEDAM)
process has been developed, which is a combination of
EDM and arc machining process. Since HEDAM is a new
process, its material removal mechanism is not entirely com-
prehensible. Fortunately, HEDAM is a thermal machining
process like the EDM and EDMmodels are usually described
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based on the thermomechanical process. Thus, the basic prin-
ciples of EDM modelling can be considered for HEDAM
modelling as well. However, most of the EDM models, in-
cluding that by Somashekhar et al. [5], Yadav et al. [6] and
Allen et al. [7], considered the thermophysical properties for
the workpiece to be invariant and ignored the latent heat of
fusion. Others, like Tilili et al. [8], considered the effects of
temperature-dependent material properties but disregarded the
impact of the latent heat of fusion. In reality, the
thermophysical properties of materials vary with temperature.
This, along with the latent heat of fusion, can affect the sim-
ulation results greatly.

Based on the abovementioned issues, an attempt has been
made in this paper to model the MRR of EDM and HEDAM,
by considering temperature-dependent material properties and
the latent heat of fusion. Firstly, a thermal analysis is proposed
for the EDM and the HEDAM processes, based on the
Calorimetry equations, to understand their respective erosion
efficiencies. Finally, the numerical simulations of the EDM
and the HEDAM processes are presented to understand the
difference in spark radius size in these two processes.
Furthermore, to validate the statement that the temperature
dependence of the material properties influence the accuracy
of the model, a comparative simulation analysis was also per-
formed with different combinations of temperature-dependent
material properties and latent heat of fusion variable. For the
numerical analysis, the thermal analysis features of the com-
mercially available software, ANSYS APDL, were used. The
results showed a significant improvement in the accuracies of
these models.

2 Experimental setup

2.1 Machine tool

The experiments were performed on a especially devel-
oped multipurpose machine tool work table size of
250 mm × 350 mm and an axis travel capability of
(X, Y, Z) 200 mm × 300 mm × 300 mm. In addition,
the machine tool has an electrode guiding arrangement
to minimise the wobbling of electrode during operation.
The study uses the experimental setup shown in Fig. 1.

2.2 Workpiece and electrode material composition
and machining parameters

The workpiece and tool materials selected for the study is
Inconel 718 and copper tungsten (CuW) respectively. The
properties of the workpiece and electrode materials are given
in Table 1, while the machining parameters for the experi-
ments are displayed in Table 2.

2.3 Working principle

The working principle of the circuit is illustrated in Fig. 2. A
simple circuit diagram occupies the part (a) of the figure. The
diodes ensure that current from the DC supply does not flow
into the pulsed power supply and vice versa. Initially, the
process begins with conventional EDM, where machining
takes place during the ton (on time) and ceases during the toff

Fig. 1 Experimental setup for HEDAM (a) Collet-Electrode-Guide arrangement (b) Tool electrode and workpiece arrangement
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(off time). Subsequently, when the DC power supply is turned
on, an additional current is supplied to the system.

Ideally, in reference to the circuit in Fig. 2a, an
equalised voltage arrangement, assuming ideal diodes,
will cause the current from each of the power sources
to add. However, in reality, a voltage drop will be ex-
perienced across the diodes, which may not always
cause the desired addition of current. In this paper, the
diodes were considered to be ideal, and hence, the cur-
rent output was its direct consequence.

The voltages of the constant DC power supply (VDC)
and the pulsed power supply (VPDC) were equalised
(VDC = VPDC). This will ensure that both the diodes
(D1 and D2) in the circuit are in forward biased condi-
tion. Hence, during the ton, the current from the pulsed
power supply (IPDC) adds to the current from the DC
power supply (IDC), causing the electric arc to appear in
the plasma channel. However, during toff, D2 gets re-
versed biased causing no current to flow through it.
Hence, the system draws current only through D1 from
DC power supply. The current profile of HEDAM is
shown in part (b) of Fig. 2.

In HEDAM, the high current density generates high
temperature and pressure inside the plasma channel,
which melts the workpiece material rapidly. In addition,
the high-pressure flushing and high rotational speed of
the electrode aid to break the plasma channel continu-
ously through deionisation, resulting in the cycle to be-
gin anew.

3 Thermophysical properties of workpiece materials

The thermophysical properties of a material like melting tem-
perature (Tm), thermal conductivity, specific heat capacity
(Cp) and latent heat of fusion (Lf) play a decisive role in the
thermal machining process by influencing its machinability.
However, it is difficult to find temperature-dependent data for
different materials over a wide range of temperatures, espe-
cially in the case of alloys. Thus, the temperature-dependent
material properties used in the modelling were compiled from
multiple sources. For example, the thermal conductivity data
as shown in Fig. 3 was acquired from the works of Sweet et al.
[9] and Ahn et al. [10]. On the other hand, the specific heat
data, as shown in Fig. 4, was collected from the Ahn et al.
[10], Basak et al. [11] and Brooks et al. [12].

Another important material property is the latent heat
of fusion (Lf), which is defined as the amount of ther-
mal energy (Q) absorbed during the phase change from
solid to liquid of 1 kg of the material. The consumption
of the latent heat takes places over a certain range of
temperature: usually referred to as the solidus-liquidus
zone. For Inconel 718, the Lf is 227,000 J/kg and this
energy is distributed to the system within solidus
(1528 K) to liquidus (1610 K) temperature zone [13].
Since it is distributed over a range, it can be considered
as a secondary specific heat, henceforth referred to as
the specific latent heat capacity and it is the amount of
energy required for phase change per unit temperature
in the solidus-liquidus zone. Figure 4 shows both the
specific heat capacity and the specific latent heat capac-
ity. The summation of these two (specific heat capacity
and specific latent heat capacity) is the apparent specific
heat capacity and this merged entity has been used in
the simulations to account for the latent heat of fusion.

4 Thermal analysis model

Erosion efficiency of a thermal process is defined as the per-
centage of input energy that ultimately goes towards the ero-
sion of the material. Singh et al. [14] and Wong et al. [15]
showed that the erosion efficiency of EDM is usually a very
small percentage of the total amount of supplied energy. On
the other hand, HEDAM is associated with even higher dis-
charge energy in the machining gap compared to conventional
EDM. Hence, to evaluate the erosion efficiencies of EDM and
HEDAM, thermal energy analyses have been carried out. In
both the cases, an erosion efficiency parameter was used and
the energy equation was considered up to the melting point
(the higher bound of the solidus-liquidus zone) of Inconel 718
(1610 K), as the erosion mechanism in EDM is mostly due to
the phenomenon of melt-splashing at high energy [15].

Table 2 Machining parameters of HEDAM

Parameters HEDAM Unit

Current from the DC power supply (IDC) 50, 80, 110, 140 A

Current from the pulsed power supply (IPDC) 35 A

Voltage of DC power supply (VDC) 60 V

Peak voltage of pulsed power supply (VPDC) 60 V

Pulse on time of pulsed power supply (ton) 20 μs

Pulse off time of pulsed power supply (toff) 20 μs

Flushing pressure 8 MPa

Rotational speed 2000 rpm

Workpiece polarity Positive –

Table 1 Composition of workpiece material and tool electrode

Workpiece material Inconel 718

Composition (wt.%) 51% Ni; 20% Fe 18% Cr;
6% Nb; 4% Mo; 1% Ti

Tool material Copper, Tungsten

Composition (wt.%) 25% Cu; 75% W
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& Energy supplied for erosion through an EDM process =

EEDM � tm � ton
ton þ toff

� VPDC � IPDC

� �
ð1Þ

& Energy supplied for erosion through a HEDAM process =

EHEDAM � tm

� VDC � IDCð Þ þ ton
ton þ toff

� VPDC � IPDC

� �� �
ð2Þ

As the energy equation was considered from the room tem-
perature to the melting point of the material,

Energy required for erosion ¼ m ∫
T0

Tm

CpdTþ L f

 !
ð3Þ

where EEDM is the erosion efficiency of EDM, EHEDAM is the
erosion efficiency of HEDAM, tm is the machining time, m is
the mass eroded, Tm is the melting temperature of Inconel 718,
T0 is the room temperature, Lf is the latent heat of fusion and
Cp is the specific heat capacity.

Since the supplied energy is equal to the energy received,
Eqs. (1) and (3) can be equated for the EDM to solve for
EEDM. Similarly, Eqs. (2) and (3) can be equated to solve for
EHEDAM.

5 Numerical analysis model

EDM is a repetitive and randomly distributed spark ma-
chining process where electric spark occurs in the gap
between the electrode and workpiece. In HEDAM, there
is a continuous flow of current. However, there is a
variation in the amplitude of the total current, as can
be seen in Fig. 2, which makes the process more com-
plex. To understand the HEDAM process better, a nu-
merical simulation based model has been developed. In
addi t ion , the effec t o f tempera ture -dependent
thermophysical properties of the workpiece and the la-
tent heat of fusion has been considered in this proposed
model. The following assumptions are made to make
the problem mathematically feasible:

& As there was a variation of current in HEDAM due to its
pulsed current profile, the process is modelled with mul-
tiple load steps.

& Thermal properties of workpiece material are functions of
temperature and the analysis is considered as transient.

& The density and shape of the mesh elements are not affect-
ed by the thermal expansion.

& The workpiece material is isotropic and homogenous.
& Heat transfer to electrode surface is dissipated only by

conduction.
& Radiation and convective heat losses are negligible.

Figure 2 Schematic circuit (a) and output current profile (b) for
HEDAM
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Fig. 3 Compilation of data for the thermal conductivity of Inconel 718
with temperature [9, 10]

0

500

1000

1500

2000

2500

3000

3500

4000

0 500 1000 1500 2000

H
ea

t 
C

ap
ac

it
y 

(J
/ K

g 
K

)

Temperature (K)

Specific Heat Capacity

Specific Latent Heat Capacity

Apparent Specific Heat Capacity

Fig. 4 Compilation of data for the heat capacity of Inconel 718 with
temperature [10–12]

2732 Int J Adv Manuf Technol (2018) 94:2729–2737



& The heat flux of the both EDM and HEDAM behave as an
ideal Gaussian distribution.

& The ambient temperature is room temperature (298 K).

5.1 Governing equations

Discharge phenomenon in both EDM and HEDAM are
modelled by considering the heating of the workpiece by an
incident heat flux. Fourier heat conduction equation which is
applicable for the transient and non-linear thermal analysis has
also been considered. The differential equation governing the
heat conduction in an axisymmetrical solid surface is given by
[16]:

ρCp
dT
dt

¼ 1

r
d
dr

Kr
dT
dr

� �
þ d

dz
K
dT
dz

� �
ð4Þ

where ρ is the density, Cp is the specific heat, K is the thermal
conductivity of the work material, T is the temperature, t is the
time, and r and z are coordinate axes.

Kansal et al. [17] have shown that Eq. (4) can be re-written
in a matrix form as follows:

Cg

� �
T˙ G
� 	þ KG½ � TGf g ¼ Q˙ G

� 	 ð5Þ

where Cg = global capacitance (specific heat) matrix,
[KG] = global conductivity matrix, Q̇Gf g = global heat flux
vector, {TG} = global temperature vector, and TG

˙f g = time
derivative of {TG}.

Commercially available numerical simulation solver
ANSYS Mechanical APDL has been used to solve Eq. (5).

5.2 Heat flux model

Many researchers, including Yadav et al. [6], Weingärtner
et al. [18] and Patel et al. [19], have reported that for the
thermal machining processes like EDM, the heat flux can be
closely approximated by a Gaussian function, as illustrated in
Fig. 5. Furthermore, this model has also been applied for the
heat flux in the striking arc machining process [20] and even
for arc welding process [21].

Gaussian curve model within a deviation of − 3σ to + 3σ
region can be expressed as follows for a random variable r:
[18]

Q rð Þ ¼ 3ffiffiffiffiffiffiffi
2Π

p
R
e−4:5

r2

R2 ð6Þ

where Q(r) is used to express the intensity of heat imparted to
the workpiece.

For EDM and HEDAM, at r = 0,Q(r) =Q0; whereQ0 is the
maximum heat intensity.

Hence, Eq. (6) can be written as:

Q rð Þ ¼ Q0 e −4:5r2=R2ð Þ ð7Þ

For a circular area, the heat flux in Eq. (7) could be
integrated as follows to find incident energy on the
workpiece:

E ¼ ∫Q rð ÞdA ¼ ∫R0Q rð Þ2πrdr ¼ 0:2191πQ0R
2d ð8Þ

Since the energy supplied is equal to energy received, Eq.
(8) can be equated to the energy supplied per unit time for
EDM and HEDAM, which is:

E ¼ ηVI ð9Þ

where ƞ is the fraction of heat input that is imparted to the
workpiece and R is the spark radius. The parameter ƞ should
not be confused with EEDM or EHEDAM, which are the erosion
efficiency parameters. V and I represent the voltage and the
current at the respective load step, which contribute to the
input energy.

Therefore,

ηVI ¼ 0:2191πQ0R
2

or;Q0 ¼
4:5ηVI
πR2

ð10Þ

By substituting Eq. 10 in Eq. 7, Eq. 11 can be obtained:

Q rð Þ ¼ 4:5ηVI
πR2 e−4:5

r2

R2 ð11Þ

This has been used as heat flux function in these
analyses.

In HEDAM, an ƞ value of 0.25 can be considered as pro-
posed by Zhang et al. [22]. For EDM, varying ƞ values that
changes with current was considered as proposed by Singh
and Shukla [14].

zz

Fig. 5 Gaussian heat distribution of the heat source
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5.3 Spark radius model

An empirical formula was modelled for EDM and
HEDAM spark radius. Little data was available regard-
ing arc diameter in the existing literature. Recently,
Zhang et al. [22] mentioned that the diameter of the
arc burning in the air freely can be described based
on the following formula:

D ¼ 260� I0:5 μmð Þ
where D is the diameter of the arc, in micrometres and
I is the discharge current, in amperes.

Many researchers, including Erden [23] and Shabgard
et al. [24], have proposed an EDM spark radius model,
where the spark radius is dependent not only upon cur-
rent (I) but also upon the pulse on time (ton) and the
voltage (V). Since all the EDM experiments in this pa-
per were conducted at a fixed ton and V, the EDM spark
radius formula was simplified with just current (I) as
the independent variable.

Thus, for both EDM and HEDAM only current was
considered for the empirical spark radius formula, which
is shown below:

R ¼ k � In μmð Þ ð12Þ
where k and n are constants. The values of k and n
depend on the various influencing parameters that affect
EDM and HEDAM, which includes flushing pressure,
voltage and the rotational speed of electrode. The k
and n values were modelled for both the processes in
the numerical simulation and the following spark radius
formulae were obtained.

RHEDAM ¼ 4:5� I0:44 μmð Þ ð13Þ
REDM ¼ 1:3� I0:77 μmð Þ ð14Þ

5.4 Modelling in ANSYS

A 2D axisymmetric model was considered around the z-
axis for both the processes. Therefore, the thickness of
the material was not taken into consideration.

Appropriate boundary conditions as shown in Fig. 6
were selected. Heat flux for each spark was applied on
the surface B, up to the spark radius R using Gaussian
distribution. Since the boundaries C and D are far from
spark radius and the spark has been made to strike for a
short duration, no heat transfer condition was considered
for them. Furthermore, no heat transfer condition was
also considered for boundary A as it is the axis of the
symmetry.

Summary of the boundary conditions is provided below:

6 For boundary B

Up to spark radius, R:

K
dT
dz

¼ Q rð Þ

7 For boundaries A, C and D

dT
dz

¼ 0 and
dT
dr

¼ 0

In ANSYS, a work geometry was constructed by
using mapped meshing technique for transient thermal
analysis, and “Quad 4node 55” was chosen as the ele-
ment type. In every 20 μs, there is a variation in load
current in HEDAM. Hence, the simulation was conduct-
ed for 40 μs with two different load steps. In the case
of EDM, there is also a variation of current in every
20 μs. However, since the current is zero in one of the
load steps (during toff in EDM), only ton load step is
responsible for the erosion. Thus, only one load step
was considered for EDM. After the simulation was con-
ducted in ANSYS, a temperature distribution plot of the
workpiece was produced for both the processes. The
elements with a temperature above 1610 K (melting
temperature of Inconel 718) were killed off, leaving a
crater like the one shown in Fig. 7 below.

Fig. 6 Heat transfer model of the thermal system

2734 Int J Adv Manuf Technol (2018) 94:2729–2737



Crater volume was measured considering it as a part of a
sphere, and thenMRR per minute was calculated based on the
frequency of discharges.

7.1 Removal efficiency

Since EDM is a discontinuous process, the plasma channel
collapses during the toff time, causing a momentary stop in
the melting process. However, the dielectric fluid continues
to flow. Thus, a large proportion of the material molten during
the ton time cools down and re-solidifies. Pandey and Jilani
have shown that only about 20% of the molten material is
effectively removed and contributes to the MRR during
EDM [25]. This parameter is termed as the removal efficiency.
On the other hand, HEDAM is a continuous process, where
the plasma channel continues to be maintained even during
the toff time of the EDM. Thus, it is assumed that little or no re-
solidification occurs. Hence, the removal efficiency term for
HEDAM was considered 100% for simplification. This re-
moval efficiency term should not be confused with the param-
eters ƞ or EEDM/EHEDAM.

8 6. Result and discussion

8.1 Thermal analysis

From Eq. (1) in Section 4, it has been found that at different
current settings and 20-μs pulse duration, the erosion efficien-
cy for EDM (EEDM) corresponds to a value of 0.2%. This
value is slightly higher than the erosion efficiencies proposed
by Singh et al. [14] and Wong et al. [15]. Figure 8 illustrates a
comparison between the experimental MRR of EDM and the
theoretical MRR using the calculated EEDM. Using Eq. (2) for
HEDAM, the thermal analysis was carried out for different

current settings of DC power supply, keeping the value of
current from the pulse power supply constant at 35 A. It has
been found that at 0.55% erosion efficiency (EHEDAM), the
thermal analysis MRR values show good correlation with
the experimental results. This can be observed in Fig. 9.

The comparison of the thermal models for EDM and
HEDAM shows that HEDAM has a better erosion efficiency
than that of EDM. In the case of EDM, the discharge is not
continuous due to the pulsating nature of the power supply.
Thus, a spark appears at a time interval of ton, followed by no
spark during toff. On the contrary, in HEDAM, a stable arc is
formed due to the continuous current from the DC power
supply which leads to continuous machining and higher ero-
sion efficiency.

Additionally, Fig. 9 also shows that, for HEDAM at 50 A
current setting, the experimental MRR value is slightly higher
than the theoretical thermal analysis value. This indicates that
HEDAM is more efficient at lower current settings. However,
the efficiency at higher current settings can also be improved
through optimisation of flushing, control systems and the elec-
trode design.

8.2 Numerical analysis

Four different approaches have been carried in the HEDAM
simulation process to validate the feasibility of the developed

Fig. 7 ANSYS-simulated crater for HEDAM with temperature
distribution
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material removal model. In the first approach, all the thermal
properties of the material were considered constant with re-
spect to temperature and the latent heat of fusion was ignored.
Although it is the most common approach, it does not corrob-
orate with the experimental values in Fig. 10 at all.

In the second simulation, specific heat was considered to be
temperature-dependent, while the other thermal properties of
the material remained invariant; the latent heat of fusion was
also ignored. Here, the difference with the experimental MRR
values is lower than the previous case. From Fig. 4, the spe-
cific heat increases when the temperature is increased. Thus,
the ability of the material to store thermal energy increases.
The thermal energy tends to stay more concentrated instead of
being transmitted into the material. The reason for the devia-
tion can be attributed to the fact that thermal conductivity has
been constant with respect to temperature for this simulation.

In the third simulation, the specific heat of the workpiece
was taken to be temperature-dependent, and the latent heat of
fusion was also taken into consideration. A significant amount
of energy is involved in the change of phases and it cannot be
ignored. If ignored, the rise of temperature after the solidus
point becomes faster, causing an increase in the amount of
molten material. In this case, simulation results showed a bet-
ter trend with the experimental results as compared to the
previous cases.

In the final HEDAM simulation, all the thermophysical
properties of the workpiece were assumed to be temperature-
dependent, and the latent heat of fusion was taken into con-
sideration. In this case, the simulation results correlated well
with the experimental results. A possible reason for the slight
difference is due to the lack of temperature-dependent data
above the solidus point (1520 K) for Inconel 718.

Moreover, to compare the spark radius size of HEDAM
with EDM, an EDM simulationwas conducted by considering
temperature-dependent materials properties and the latent heat

of fusion. This correlated well with experimental results. This
can be observed in Fig. 11.

From Eqs. (13) and (14), it has been identified that in
HEDAM, the spark radius is significantly higher than that of
EDM. This is because, in EDM, a spark disappears rapidly
and another spark discharge appears soon after. On the con-
trary, in the HEDAM, a stable arc is generated due to the
continuous DC power supply attached to the EDM pulse pow-
er supply. This results in a larger and stable plasma channel
which influences the erosion efficiency.

9 Conclusions

In this paper, a thermal and numerical analysis modelling has
been carried out for EDM and HEDAM considering
temperature-dependent material properties and the latent heat
of fusion of Inconel 718. Following conclusions can be drawn
from the analysis:
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& A thermal and numerical model has been successfully
developed to evaluate the MRR of EDM and HEDAM.

& From the thermal analysis, it has been found that the
HEDAM has higher erosion efficiency compared to
EDM.

& The simulation results correlated well with the experimen-
tal results when the temperature-dependent material prop-
erties and the latent heat of fusion were considered.

& From spark radius analysis, it has been identified that due
to the stability and bigger size of the spark radius in
HEDAM, it is comparatively more energy efficient
(higher erosion efficiency).
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