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Abstract

Wire electrical discharge machining (WEDM) is a non-conventional machining process renowned for precision in machin-
ing complex profiles, especially in high-strength and hard materials. This process also found other functions in machining
cylindrical workpieces, known as wire electrical discharge turning (WEDT). The material removal mechanism of this process
is based on electrical discharges, and evaluating the productivity of the continuous process to a great extent depends on
the material removal of individual single discharges. In order to study the influence of rotational speed in material removal
of erosion in cylindrical workpieces, theoretical and experimental studies of each single spark are necessary. This com-
prehensive study delves into the influence of rotational speed in WEDM processes applied to cylindrical workpieces. The
research includes a series of single discharge experiments, and introduces a computational fluid dynamics (CFD) thermal
model. The developed thermal model demonstrates the capability to predict the material removal rate of a single discharge
with an error of 8.6% relative to experimental data. Furthermore, the investigation extends to continuous erosion studies,
analyzing the material removal rate under varying rotational speeds. The overall material removal rate decreases 13% due
to the declining material removal rate of each single discharge. Additionally, a removal efficiency parameter of erosion of
cylindrical workpieces is introduced to provide an evaluation of the process and the influence of crater overlaps. The removal
efficiency for various rotational speeds ranges between 22 and 24%, influenced by the proportion of normal discharges and
the efficiency of crater overlaps.

Keywords Wire electric discharge machining - Thermal model - Simulation - Single discharge - Wire electric discharge
turning - CFD simulation

1 Introduction rooted in generating discharges between the wire and work-

piece in a dielectric medium, which generates craters on

Wire electrical discharge machining (WEDM) is a non-
conventional machining process known for its high pre-
cision and capability to produce complex forms, even in
high-strength, high hardness, and difficult-to-cut materials
[1, 2]. The material removal mechanism in this process is
similar to electrical discharge machining (EDM), which is

< Bahman Azarhoushang
bahman.azarhoushang @tf-pr.uni-freiburg.de

Institute for Advanced Manufacturing (KSF), Furtwangen
University, Tuttlingen, Germany

Department of Microsystems Engineering IMTEK),
University of Freiburg, Freiburg, Germany

Senergie Technologies GmbH, Engen, Germany

the workpiece surface on the microscale. This electro-ther-
mal process involves discrete electrical sparks, creating a
high-temperature plasma channel that erodes the workpiece
material through local melting and vaporization [3]. The
accumulation of successive craters contributes to the gradual
erosion of material. Although thermal energy was applied
to the workpiece for material removal, high-frequency
discharges allow for the fabrication of parts with minimal
thermal damage [4]. Understanding the fundamental proce-
dures of EDM is crucial for pushing productivity bounda-
ries, involving investigations into both continuous erosion
processes and the analysis of single discharges [3]. In this
context, experimental studies have delved into the efficiency
of pulses in continuous WEDM by focusing on the influence
of individual WEDM parameters on material removal during
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single discharges [1, 5]. Given the fundamental role of each
discharge in the process, developing a comprehensive model
for a single discharge is crucial for understanding the process
and parameters that influence the removal rate [1, 3, 6, 7].
The modeling of single discharges in EDM is challeng-
ing due to the incomplete understanding of the underlying
physics. A comprehensive clarification of the EDM process
requires an investigation of various aspects such as ther-
modynamics, electrodynamics, and hydrodynamics [1].
The simulation of the material removal rate (MRR) in the
EDM process typically relies on an electro-thermal model.
Because the material is removed due to the high tempera-
tures during discharge attained in the plasma channel [8].
Since the 1970s, various attempts have been made to simu-
late the single discharge of EDM with different assumptions,
considering the volume of material exceeding the melting
temperature is removed [9]. In most modeling approaches,
the temperature distribution within the workpiece is cal-
culated based on a non-uniform Gaussian distribution of
heat flux [3, 7, 10]. Further developments in thermal mod-
eling include considerations on the efficiency of growth of
discharge radius, the temperature dependence of material
properties, and the latent heat of fusion [11]. Assarzadeh
and Ghoreishi [3] conducted a study on the electro-thermal
simulation and experimental validation of material removal
in EDM. They introduced more realistic conditions such as
a Gaussian-type distribution of spark heat flux, temperature-
dependent material properties, latent heat of melting, and
an expanding plasma channel. The finite element method
(FEM) was employed for simulation to simulate MRR of
the process. Lower confirmation errors in crater radius and
depth were achieved compared to previous thermal models.
Each individual discharge in the EDM process occurs
within a very short period, lasting only a few microsec-
onds. This short duration poses a challenge in constructing
a comprehensive model for predicting material removal
during the process. In the context of WEDM processes,
this duration is further diminished to less than 5 ps type of
generator used. The reduction in pulse on-time contributes
to the complexity of simulating the process, which needs
some considerations [12]. Wang et al. [7, 11] investigated
the crater volume in WEDM through experimental and
numerical study. The thermal model presented, incorporat-
ing a temperature-dependent equation for plasma channel
radius increase, establishes a correlation with actual MRR,
demonstrating deviations below 10%. The assumptions are
based on the radially symmetric crater in the mentioned
model and some other existing models. However, based
on observations, it is noted that this does not accurately
reflect the real shape of a single crater in WEDM. The
actual crater form of single discharges in WEDM is asym-
metric. The craters’ elongation results from the wire geom-
etry’s influence on the process. As the plasma grows, it
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becomes constrained by the wire geometry after reaching
a certain energy level [1]. Incorporating this condition into
a thermal model could lead to an improvement in model
accuracy.

WEDM offers another function by incorporating a rotary
spindle into the machine table for eroding cylindrical parts.
This specific application is wire electrical discharge turn-
ing (WEDT) [13, 14]. Furthermore, the application of this
process also extends to the conditioning of grinding wheels
with electrically conductive bonds, termed wire electric
discharge conditioning (WEDC) [15-17]. In the mentioned
applications, the rotation speed of the spindle, along with
other WEDM parameters, plays a crucial role. However,
the available research on the influence of spindle speed
on the removal rate during erosion is limited and, in some
instances, shows significant variation [18, 19]. Uhlmann
et al. [19] studied the influence of rotational speed in the
micro-WEDT of cylindrical parts. They found that at low
discharge energies, the rotation of the workpiece reduces the
removal rate. This reduction is attributed to the effectiveness
of flushing effects in the presence of rotation. Also, they
mentioned that a high removal rate is achievable at higher
discharge energies with increased speed. Weingirtner et al.
[18] found that high relative speeds, reaching up to 80 m/s,
can enhance the material removal during WEDC, because
at higher relative speeds, the plasma channel slides on the
material during on-time. This allows the discharge energy to
be more efficiently utilized for melting additional material
rather than merely causing overheating in the melting pool.

According to the current state of the art, there is poten-
tial to investigate the material removal in the erosion of
cylindrical parts through individual discharge experiments
and simulations. Also, it is worth highlighting that there is
currently no reported study on the influence of rotational
speed, specifically on a water-bath WEDM machine for
bronze material. This study aims to experimentally study the
material removal of single WEDM discharges on cylindrical
parts with different rotational speeds. The experiments are
designed to study the dimensions of craters and the volume
of each crater performed by one single discharge. Further-
more, a computational fluid dynamics (CFD) thermal model
is developed and verified with experiments. In this model,
not only are temperature-dependent material properties
and plasma channel sliding (because of the rotation of the
workpiece) considered, but they also account for the crater’s
asymmetric form and the dielectric’s cooling effect. Lastly,
the material removal rate during continuous erosion under
various rotational speeds was investigated, and the results
were compared with the results of single discharge experi-
ments. In this part of the study, the efficiency of discharges
and the overlapping influences of craters were thoroughly
examined. The outcomes of this study could lead to the sci-
entific approach to efficiently conditioning grinding wheels
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with metal-bonded materials, typically found in close prox-
imity to the materials investigated in this study.

2 Concept and boundary condition
of numerical simulation of WEDM

In order to investigate the correlation between material
removal in single discharges and the continuous WEDM
process, a thermal model for single discharges was devel-
oped using CFD. Previous researches relied on finite element
analysis (FEA) simulations, where the heat transfer coeffi-
cient is unknown [20]. However, in the present method, the
heat transfer coefficient can be accurately calculated tran-
siently using CFD equations at any velocity of the medium.
Another notable advantage of applying the CFD method
is that the heat source and all its parameters can be para-
metrized. This capability is crucial for expanding the radius
of heat flux and tracking the movement of the heat flux dur-
ing the discharge time.

Existing models, rooted in classical Fourier heat conduc-
tion theory, typically assumed that heat distribution on the
surface of the workpiece follows a Gaussian distribution.
To model the transmission of heat received by the work-
piece during a single discharge, the Fourier heat conduction
equation (Eq. (1)) is solved. In this equation, T represents
temperature, X, Y, and Z denote distances from the center
of heat flux in the Cartesian Coordinate System, p is the
density, ¢ is the time, Cp is the specific heat, and K is the
thermal conductivity.

0 ( 9T\ o (.,oT\, a(,oT oT
—K—>+— K25 ) + 2 (k25 = 0, 2
(K5 ay< ’ay> 0z< ’az> e D

In this model, the thermal energy applied to the work-
piece is represented as a Gaussian heat flux, consistent with
expressions found in other studies and described by Eq. (2)
[3]. Given that, the plasma channel radius (Rp) expands with
pulse on-time, and F', represents the fracture factor introduc-
ing the actual fraction of energy to the workpiece. Addition-
ally, V and I denote the voltage and current of the discharge,
measured during the process, while r signifies the radial
position of the heat flux. This formula is widely employed
by researchers in the field of sinking EDM as well as wire
EDM [3]. As evident, the heat flux distribution exhibits a
symmetrical shape. In the initial phase of this article, this
form of heat flux is utilized to simulate the EDM single
spark. For the subsequent phase, a novel elliptical Gauss-
ian heat flux is developed and implemented to simulate the
wire EDM single spark with an elliptical shape (Eq. (3)). In
this equation, plasma channel radius in the Y-axis direction
which is perpendicular to wire direction (R,,)) is equal to

R, and plasma channel radius in the X-axis direction and
perpendicular to wire direction (R),,) is equal to “elliptical
aspect ratio*R,,.”

457 F.VI 2
Q(r) = 7exp(—4.5ﬁ) 2)
» P
457 F. VI JERN:
Ox,y) = WGXP(_ALS(R_Z + E)) 3)
px py

The plasma radius is a critical parameter influencing both
the geometry of discharge craters and the temperature dis-
tribution. This parameter depends on various factors such
as electrode (wire) and workpiece material, pulse energy,
and dielectric and the shape of the electrode. Researchers
have proposed numerous approaches to formulate equa-
tions for plasma radius (R)). This study employs a radius
equation that has been proven effective for short on-time
discharges during WEDM and has resulted in accurate mod-
els (Eq. (4)) [11]. Literature indicates that single discharge
craters exhibit asymmetry based on experimental results. To
enhance the prediction accuracy of the model, a 3D model
is introduced to simulate asymmetric craters. Achieving an
elliptical shape for the crater, instead of a circle, involves
increasing the growing speed of the discharge in the length
direction, guided by the aspect ratio of the crater observed
in experiments.

R, = (2e - 5) + 30.5¢ 4)

As boundary conditions for the simulation, the workpiece
is placed in a water tank. To approach to real condition, a
user-defined water specification is employed. This specifi-
cation ensures that, after reaching a temperature of 100 °C,
crucial parameters such as density, specific heat (C,), ther-
mal conductivity, and dynamic viscosity undergo changes to
match the properties of steam. Because, by raising the water
temperature during discharge, water boils, and the medium
in contact with the high-temperature workpiece transitions to
steam. Initially, water convection is applied in the simulation
on the workpiece surface. As time progresses and the water
temperature rises, air convection becomes applicable in the
simulation. Depending on the rotational speed of the work-
piece in the experiment, the water flows at a linear speed
corresponding to the rotational speed of the workpiece.
To incorporate the influence of the workpiece’s rotational
speed, the heat flux is moved with a linear speed along the
workpiece surface at the same rate as the rotation.

In WEDM, material removal occurs through the phe-
nomena of melting and vaporization. During the melt-
ing and vaporization of the material, energy is absorbed
by the workpiece without changing its temperature. To
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improve the accuracy of the simulation, considering the
effect of latent heat is suggested. In this study, the influ-
ence of fusion latent heat is taken into account to enhance
the correlation with experimental results but the vapori-
zation latent heat has been neglected. The effective heat
capacity method (EHCM) is employed for melting model
as it is shown in Eq. (5).

Cp, solid T<Tm
Cp(T) = C(t) =4 75—+ Cp(T) Tm < T < T (5)
Cp, liquid T>Ts

where Tm is the melting (liquidus) temperature, 75 is the
solidification (solidus) temperature, and L is the fusion latent
heat [21]. Furthermore, the material properties undergo
changes based on temperature variations. In this work, all
material properties (except density of workpiece) are con-
sidered to be temperature-dependent. Also, the parameters
of the CFD analysis and a schematic representation of the
finite element analysis are also shown in Fig. 1.

Fig.1 The schematic drawing
of CFD analysis and related
parameters

3 Experimental setup

To conduct the experiments, well-polished bronze CuS-
n7Pb15-C, DIN EN1982 material with a diameter of 35 mm
was employed to perform single discharges and continues
eroding process. This material was selected as a representa-
tive of bond material in metal-bonded grinding wheels. A
water-based WEDM machine manufactured by Mitsubi-
shi Electric (MP2400 precision series) equipped with an
additional rotary spindle (ITS Technologies RSI-55) was
employed to perform the experiments with a brass wire of
diameter 0.25 mm. Due to the specifications of the genera-
tor, a bronze material sheet is simultaneously cut during the
single discharge test to ensure the stability and separation of
individual discharges. The WEDC setup and corresponding
parameters are shown in Fig. 2 The current, discharge volt-
age, and pulse on time were measured by a 2 Channel Digital
Storage Oscilloscope TBS1052C.

As shown in Fig. 3, the single discharge experiments
were executed employing two different strategies. The first
strategy (Fig. 3a) involves the single discharge using the tip
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Fig.2 The machine setup
of WEDM and the process

arameters .
P Workpiece

Parameter

ex24301 (IS F

of a sharpened section of a 0.25-mm brass wire. Despite
the cylindrical shape of the workpiece, this method results
in a radially symmetric crater form. The second strategy
(Fig. 3b) involves performing single discharges using the
cylindrical area of the wire, representing the actual erosion
process of a WEDM process. Even with similar parameters,
this method yields an elliptical crater form when viewed in
Fig. 3a. As discussed in the literature review, this phenom-
enon is attributed to the difference in electrode form and
the elongation of the plasma channel in the wire direction.
Both strategies are chosen for conducting single discharges
to ensure accurate assumptions in the single discharge study.
The craters that resulted in single discharges were assessed
by measuring the depth, diameter, and volume of the single
craters. To achieve this objective, optical microscopy (KEY-
ENCE, VHX 5000) is employed.

Also, the MRR in continuous WEDM on cylindri-
cal workpieces based on single discharges was studied. A
cylindrical bronze workpiece is eroded at different rotational
speeds, and the eroding time of the process under an adap-
tive control feed rate is recorded to examine the material
removal from the workpiece. The feed rate was set by the
adaptive control feature of the machine generator to achieve
the highest possible MRR with the established process
parameters. The same parameters as for the single discharges
are utilized here. Figure 4 shows schematically the experi-
mental setup for continuous eroding of the workpiece. The
depth of cut was 0.3 mm, and the rotational speeds ranging
from 200 to 1000 rpm were used, at the same intervals as
in the single discharge test. The continuous test at 10 rpm
could not be carried out due to the wire breakage. Further,
WEDC parameters like wire tension, speed, and flushing
amount were kept constant.

Tool Brass Wire (Diameter: 0,25mm)

Bronze CuSn7Pb15-C, DIN EN1982 ¢ = 35 mm

t,,=2.4ps; Voltage=94v; Current=24A; Rotational speed=10-1000rpm

“‘Upper Nozzle
— ‘

Workpiece

Vs

4 Results and discussions
4.1 Thermal modeling of WEDM

The thermal model employed for the radially symmetric
single discharge is based on the method outlined in Fig. 3a
and utilizes the heat flux growth equation (Eq. (3)). This
model incorporates temperature-dependent material prop-
erties, fusion latent heat of workpiece, transient convection
of fluid, and changing properties of the water as dielectric
to steam. For this model, the bronze alloy material CuS-
n7Pb15-C was chosen, with a melting point of 900 °C and
solidus point 820 °C and a fusion latent heat of 170 kJ/mol.
According to existing literature, the Fc parameter in simula-
tions is commonly assumed to fall within the range of 14 to
50% [22]. Given that a value of 40% for Fc has demonstrated
a strong correlation with results in WEDM simulations [7],
this study adopts the same setting for Fc to ensure a reliable
and consistent representation of the process. Figure 5 depicts
temperature distribution contours and molten pool profile
after a 2.4-ps discharge, revealing the formation of a circular
crater. The molten pool profile indicates that the material’s
temperature exceeds the melting point of bronze, where the
required fusion latent heat is absorbed by the material. The
parameters £, d,, and d,, respectively denote the maximum
depth of the crater and the diameters of the crater in the X
and Y directions. According to this simulation, the diameter
of the crater induced by a single spark is 130.6 um (d /d,,),
and the maximum depth of the crater is 11.62 pm (%). These
dimensions result in a crater with a volume of 45,423 pm3.
Since the recast layer in this process is thinner than a few
microns, it can be assumed that 100% of melting pool is
being removed during discharge.

@ Springer



1798

The International Journal of Advanced Manufacturing Technology (2024) 133:1793-1805

% Moving direction
‘ of wire holder

Rotation direction
of the workpiece

Dlscharge\

Bronze sheet

ETOTEATTIOA

L

Dielectric (water) i

Moving diredion

of wire "
Rotation direction
of the workpiece

Discharge

2

Discl’@rge =

| Bronze sheet

Fig.3 Schematic illustration of the WEDM single discharges on the cylindrical workpiece and optical microscopy image of the single discharge
performed by a the sharp tip of a wire electrode section and b the cylindrical surface of the wire area

Figure 6 shows the temperature trend of the middle
point of the plasma channel applied to the workpiece dur-
ing the discharge time (time-on). It is evident that the tem-
perature undergoes a rapid and sharp increase immediately
after the discharge initiation. The temperature theoreti-
cally reaches 75,900 °C just 0.3 ps after the start of the
discharge, a phenomenon attributed to the instantaneous
behavior of heat flux. Subsequently, the temperature fol-
lows a continuous decreasing trend until the end of the
discharge time.

@ Springer

In Fig. 7, an optical microscopy image along with the
dimensions of a crater from a single discharge experiment is
presented. A minimum rotational speed of 10 rpm was nec-
essary to avoid overlapping of single discharges. The wire
speed and rotational speed of the workpiece are of the same
order and direction, making the experiment comparable with
the simulation without considering the rotational speeds.
The dimensions and volume of the crater resulting from a
single discharge were compared with those predicted by the
simulation. The simulated crater diameter and depth were
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Fig.5 Temperature distribution contours and molten pool profile of the developed thermal model with a radially symmetrical form

validated against experimental results with errors of 3.8%
and 4.2%, respectively. Also, the thermal model simulates
the single discharge process with a 4.6% error in material
removal compared to the experiment. It is important to note
that material removal in both the experiment and the model
is considered without accounting for the rim created around
the crater.

Many available simulations often rely on simplifications
that can impact the accuracy of the simulation results. Fig-
ure 8 illustrates the influence of time-dependent material
properties and fusion latent heat on the assumption accuracy
of our model. As depicted in Fig. 8, simplifying the model
by neglecting fusion latent heat and temperature-dependent

material properties (profile c) results in a significantly
larger crater, with the depth of the molten pool increasing
to 21.25 pum, which is 190% deeper than the real value (pro-
file a). Conversely, by incorporating temperature-dependent
material properties, the depth of the molten pool decreases
to 17.45 um (profile b), as the energy associated with phase
changes presents additional resistance to the heat penetrating
the material. Nevertheless, this is still 156% larger than the
model considering latent heat. Although dielectric convec-
tion has been applied to improve model accuracy, its influ-
ence on crater size is minimal.

The model presented above focuses on a radially sym-
metric single discharge, which does not accurately represent
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and describe the real discharge of the WEDM process. As
mentioned in the state of art, the actual form of the single
discharge (depending on the discharge energy) is elliptical.
Therefore, to comprehensively study the WEDM process
based on single discharges, it is crucial to consider actual
single discharges, as depicted in Fig. 3b. This type of single
discharge is elliptical, necessitating the modeling of different
growth of heat flux in the X and Y directions. In Fig. 8, opti-
cal microscopy images and dimensions of the crater section
resulting from a single discharge experiment are presented.

The single discharge was conducted using the method
depicted in Fig. 3b, closely resembling the actual material
removal scenario in the erosion of cylindrical workpieces in
a WEDM machine. As observed in Fig. 9a and b, the larger
axis of the crater ellipse is elongated in the wire direction,
aligning with the elongation of the plasma channel with a
diameter ratio of 1.8.

In simulation of elliptical form of single discharge, the
elongation ratio is derived from single discharge experi-
ments and applied to the thermal model’s heat flux growth
(Eq. (4)). Consequently, the diameter ratio of 1.8 (Xto ¥
direction) for the elliptical form of the crater from the exper-
iment is applied in the heat flux equation. X is the direction
of the crater parallel to the wire direction and Y is the direc-
tion along with the lateral direction and perpendicular to the
wire direction. All other factors except fraction factor (Fc)
are considered similar to the model in Fig. 5. With this new
elliptical Gaussian heat flux, it is observed that to reach an
accurate shape of molten pool corresponding to experiment
the Fc must be increased to 60%. The increase in the fraction
factor can be attributed to the shape of the wire, wherein a
larger fraction of the total heat is absorbed by the workpiece.
In simpler terms, the size and shape of the crater are influ-
enced by the shape of the wire, in addition to all other pre-
viously known parameters. As a result, the single discharge
is modeled with an elliptical form, and the dimensions of
the crater based on the temperature distribution contours

Fig.7 An optical microscopy um
image and dimensions of a
single discharge experiment 22 135,53um
induced by the method intro-
duced in Fig. 3a 14 y
| |
= t,,=2.4us i L }
-6 Voltage=94v 11,81um ’ |
14 Current=24A e "1
Rotational speed=10mpm — um
80 100 120 140 160 180 200 220 240
©@x24806 (I SF
Fig.8 Comparison of the 3563458
molten pool profile in the ther- l T
mal model: (a) considering the =2 418 Hiy
temperature-dependent material Voltage=94v | ?‘33 %
properties and the latent heat of Current=24A :gég %3

fusion; (b) with the simplified
model without considering the
latent heat of fusion; (c) with
the simplified model without
considering temperature-
dependent material properties
and the latent heat of fusion

F.=04
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Fig.9 Optical microscopy um
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and molten pool profile are illustrated in Fig. 10. Accord-
ing to this simulation, the diameter of the crater induced by
a single spark has a large diameter of 225.6 ym (d,) and a
minor diameter of 125.48 um (d,,), with the maximum depth
of the crater measuring 11.36 um (/). These dimensions col-
lectively result in a crater with a volume of 72,076 um?. The
validation of the model and experiment shows that the model
can predict material removal with an 8.6% error. Also, the
simulated crater diameter in large and small diameter and
depth was validated against experimental results with errors
of 8.16%, 12%, and 1.4%, respectively. It is notable that in
the vicinity of the crater, a rim is formed primarily due to
the recasting of molten pool which is not considered in cal-
culations as well.

Fig. 10 Temperature distribu-
tion contours and molten pool
profile of the developed thermal
model with an elliptical form
(asymmetrical)

Radially asymmetric
(elliptic

h=11.36 pm
d;=2256 um
d,=125.48 um

Volume of molten pool= 72076 um?

ex24208 (FCSF

85 110

140 170 200 230 260 290 320

4.2 Single discharges considering rotation speed

The measurements of the craters, as depicted in Fig. 11,
reveal that the increase in rotational speed from 10 to
200 rpm (0.02 to 0.37 m/s) has a minimal influence on
the material removal of the single discharge. However,
with further increases in rotational speeds up to 1000 rpm
(1.83 m/s), the material removal of a single discharge
decreases. Previous studies have mentioned that parameters
influencing material removal at different speeds include
increased heat transfer and the influence of plasma sliding
[6, 19]. The former generally leads to a decrease in the mate-
rial removal rate. The second phenomenon is claimed to
cause an increase in the MRR. The influence of both factors
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172850

r 109000

F 65517

35905
l 157.38
2005

Temperature (Sosd) ['C) fog)

@ Springer



1802 The International Journal of Advanced Manufacturing Technology (2024) 133:1793-1805

Parameter ON-Time Voltage  Current Rotational speed
Value 24ps 94V 24A 10-1000 rpm
100000
& 75000 I I I
g I
I
S 50000
o
S 25000
0
10rpm  200mm 400mm 600mm 800mm 1000rpm
(0.02mys) (0.37mvs) (0.73mvs) (1.10mvs) (1.47m/s) (1.83mvs)
exzsett CKSF Rotational speed

Fig. 11 Material removal volume of WEDM single discharges at dif-
ferent rotational speeds

is investigated by the thermal model, simulating the tem-
perature distribution of the discharge up to a rotational speed
of 1000 rpm (1.83 m/s), where sliding of the plasma on the
material surface and the flow of dielectric on the workpiece’s
surface occur.

Figure 12 shows the profile of the crater in the thermal
model of a single discharge at different rotational speeds.
The simulation of a single discharge crater with a rotation of
1000 rpm (1.83 m/s) indicates that the center of the simulated
single discharge is displaced due to the relative transversal
speed of the heat flux and the workpiece. On one hand, com-
paring the middle section of the crater reveals that the crater’s
form is influenced by the sliding of the plasma channel on the

——_
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@x24810 ( F

workpiece, differing from the simulated crater without consid-
ering rotational speed. On the other hand, the influence of die-
lectric convection is very low at 1000 rpm rotation (Fig. 12b),
evident in both the depth and diameter of the crater. Overall,
the area of the crater is decreased, but the change is negligi-
ble. This trend differs from the experimental results shown in
Fig. 11. Phenomena such as turbulence and wire vibration,
which are not considered in the simulation, could impact the
process by decreasing Fc at higher rotational speeds and cause
lower material removal in experiments. The maximum rota-
tional speed in these experiments is 1000 rpm; however, to
demonstrate the influence of rotational speed in a higher range,
as mentioned in Wegener’s study [18], a rotational speed of
20 m/s is applied in the simulation. The results indicate that
this high rotational speed range theoretically increases the
removal rate (Fig. 12c). Figure 13 provides a summary of
the comparison between the experimental values of material
removal for each spark and the simulation results.

4.3 Continues eroding of cylindrical workpiece

The material removal rate during the continuous erosion of
a cylindrical workpiece is investigated through experiments.
The MRR of the process is calculated using Eq. (6), where r,,
represents the radius of the workpiece, d is the depth of cut, b
is the width of removed material in the axis direction, and t,
is the process time.

T xb (rfv—(rw—d)2)
MRR = ©)

p

Figure 14 presents a comparison of the MRR during
continuous erosion at different rotational speeds. Initially,

112.8 ym

Area of molten pool= 1178.85 um?

11514 um

Area of molten pool= 1176 pm?

155.29 um
Area of molten pool= 1215.7 pm?

Fig. 12 Comparison of the temperature distribution contours of the molten pool profile in the developed thermal model: a without rotational
speed; b with 1000 rpm (1.83 m/s) rotational speed of the workpiece; ¢ with 11,000 rpm (20 m/s) rotational speed of the workpiece
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Fig. 13 Comparison of the material removal volume of WEDM sin-
gle discharges in experiment with simulation: (a) radially symmetric
crater without rotational speed; (b) elliptical crater without rotational
speed; (c) elliptical crater with 1000 rpm (1.83 m/s) rotational speed
of the workpiece
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Fig. 14 Material removal of the continuous WEDM at different rota-
tional speeds

no significant impact is observed as the rotational speed
increases from 200 to 600 rpm. However, as the rotational
speed is further increased to 800 and 1000 rpm, the MRR

exhibits a negative trend. This aligns with observations in sin-
gle discharges, where the material removal of each individual
discharge gradually decreases with an increase in rotational
speed. This suggests that the overall material removal rate
decreases due to the declining MRR of each single discharge.
At lower rotational speeds, up to 600 rpm, the increase in rota-
tional speed assists in moving debris away from the discharge
zone by facilitating the flow of water around the workpiece.
This effect can enhance the number of effective eroding pulses,
preventing a decrease in the material removal rate within this
rotational speed range. It is important to note that the flushing
effect becomes less significant in the material removal of a
single discharge, as the volume of debris in the dielectric is
very low.

Welschof et al. [5] introduced a novel assessment charac-
teristic for evaluating the continuous eroding process, termed
removal efficiency, in cutting a workpiece using WEDM. This
study introduces a new version of the removal efficiency (#,)
for the erosion of cylindrical workpieces, and the calculation
is provided in Egs. (7)—(9).

N, = VW,eff (7)
' VW,lheo

Vier =T b x (), = (1, = d)?) ®)

Vw,theo = vsing *fe (9)

The effective material removal rate (V,,, o) is determined by
the actual material removal during continuous erosion, while
V., theo TEPTEsSENLS the material theoretically removed based on
the material removal of each individual discharge (V,,) and
the discharge frequency (f,). The removal efficiency (#,.) for
various rotational speeds ranges between 22 and 24%. Two
significant factors contribute to this phenomenon. Firstly,
the proportion of normal discharges capable of efficiently
removing material in different scales is crucial. The physi-
cal characteristics of the gap area can result in non-efficient
discharges, reducing the overall removal efficiency of the
process. Secondly, the efficiency of crater overlaps plays a
role. Figure 15 shows the influence of crater overlaps, where
Fig. 15a represents a crater caused by a single discharge on a
polished surface, and Fig. 15b shows two craters with partial
overlap. While it is theoretically expected that two consecutive
discharges would remove twice the material, measurements
indicate that this amount is 66.1% of the expected material
removal. A similar analysis with three overlaps (Fig. 15¢)
shows a removal efficiency decrease of 48%. The combina-
tion of these two phenomena contributes to the observed low
removal efficiency.
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Tool Brass Wire (Diameter: 0.25mm)

Workpiece Bronze CuSn7Pb15-C, DIN EN1982 ¢ = 35 mm

Parameter
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exciers (RSP Removal efficiency:66,1% Removal efficiency: 48%

Fig. 15 Optical microscopy image of the WEDM single discharges on the bronze material: a one single sparks; b two single discharges with

overlap; c three single discharges with overlaps

5 Conclusion

This study investigated the material removal of erosion in
cylindrical workpieces made of brass based on simulation

and experimental study of single discharges. Correspond-
ingly, continuous erosion processes were performed to
understand the influence of every single spark on material ~ ®
removal of a continuous process, and the following conclu-
sions were made:

e The presented thermal model for single discharges is
created based on the radially symmetric form of a cra-
ter. The model in this study was developed to simulate
the actual form of single discharges with asymmetric
forms. Validation against experiments with an error of
8.6% demonstrates promising results, which is crucial
for understanding the material removal process.

e The experimental study reveals the influence of rota-
tional speed on material removal in single discharges, ®
indicating minimal effects at lower speeds and a dimin-
ishing trend to 21% at higher speeds. Simulating single
discharges at higher available rotational speed assumes

@ Springer

that factors such as the sliding of the plasma channel and
convection heat transfer do not significantly impact the
material removal rate in the provided rotational speed
range. However, in theory, increasing rotational speeds
could enhance the material removal of the discharges in
higher rotational speeds.

The experiments to investigate continuous erosion con-
ducted at various rotational speeds offer a comprehensive
understanding of the continuous erosion process. The study
reveals that, up to a certain rotational speed (600 rpm in
this case), an increase in speed positively influences mate-
rial removal, attributed to the enhanced flushing effect aid-
ing in debris removal and promoting more effective erod-
ing discharges. However, a diminishing trend up to 13%
emerges beyond this threshold, indicating that the benefits
of rotational speed start to decline. This diminishing effect
is attributed to the declining material removal rate of each
individual discharge at higher rotational speeds.
Introducing removal efficiency as an assessment charac-
teristic provides a comprehensive evaluation of discharge
efficiency and the influence of crater overlaps. The effi-
ciency of discharge is between 22 and 24% at different
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speeds and is influenced by the proportion of normal
discharges and the efficiency of the crater overlaps. This
metric adds depth to the understanding of continuous
erosion dynamics, emphasizing the crucial role of dis-
charge efficiency and spatial arrangements of craters.

This study offers insights into the assumption of MRR in
the erosion process of cylindrical workpieces by compre-
hending the characteristics of single discharges. The find-
ings, based on the studied material, can be applied in the
conditioning of metal-bonded grinding wheels, where the
bond material predominantly consists of bronze. Further
investigations could simulate the impact of erosion param-
eters on the grinding wheel, taking into account the presence
of non-conductive abrasive grains in the material.
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