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Abstract: As an important advanced machining process, in Wire Electrical Discharge Machining
(WEDM) certain fundamental issues remain need to be studied in-depth, such as the effect of part
surface roughness on heat transfer mechanisms. In the WEDM process, roughing cut wire goes
into the workpiece to do the first shaping and in trim cut the wire sweeps on the outer surface to
improve the surface roughness. In both of these two cases, the generation of sparks depends on the
passing surface roughness. Therefore, with AISI D2 material and brass wire, this paper presents
a study of the influence of part surface roughness on heat partition and the radius of the plasma
channel in the WEDM process. Through extensive single discharge experiments, it is shown that the
removal capacity per discharge can increase if the discharge occurs on a smoother surface. A Finite
Element thermal model was then used for inverse fitting of the values of heat partition and radius of
the plasma channel. These parameters completely define the characteristics of the heat conduction
problem. The results indicate a strong correlation between an increase in heat partition ratio and a
decrease in part surface roughness. The values of plasma channel radius show an increase in this
value when discharging on rougher surfaces. It means that with the increasing of plasma channel
radius, the heat source goes into the workpiece more dispersed. In the case of rougher surface,
although the there is more area that affected by the heat source, finally the temperature of most area
cannot reach to the melting point and it causes the smaller crater radius and volume, while the metal
removal rate decreases. These results contribute towards a more complete understanding of the
influence of surface roughness to the spark occurring.

Keywords: Wire Electrical Discharge Machining (WEDM); surface roughness; thermal simulation;
single crater

1. Introduction

In the last few years, Wire Electrical Discharge Machining (WEDM) has played an important
role in the field of advanced machining. Whether in the aerospace or the automatic machining sector,
with greater flexibility and high machining accuracy, WEDM can satisfy most processing requirements
while also considerably lowering costs. Therefore, to further master this advanced machining
technology, more and more studies have been conducted to gain a more in-depth understanding of
the WEDM process. As a kind of electro-erosion machining method, the WEDM system involves
two electrodes—usually a metal wire (Cathode) and a conductive workpiece (Anode). Figure 1
briefly shows the working principle. The WEDM process is generally performed under immersion
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in deionized water, oil, or kerosene [1]. While machining is in process, a high number of discharges
are generated between the surfaces of the two electrodes. By means of transfer through the plasma
channel, a certain part of the heat is partitioned within the workpiece to achieve the objective of
material removal. At the same time, the deionized water plays an important role not only in achieving
plasma channel but also in cooling the working area and clearing away the debris. In addition, Figure 2
illustrates the plasma channel and it explained that the major heat source has transferred into four
parts. They are, respectively, wire, workpiece, debris, and dielectric. The percentage of heat transfer
from plasma channel to each part is called as heat partition.

Plasma
Channel

Workpiece

Figure 1. Wire Electrical Discharge Machining (WEDM) working principle.

Crater on wire (Heat transfer to wire)

Heat transfer Heat transfer

to dielectric to debris

Crater on workpiece

(Heat transfer to workpiece)

Workpiece

Figure 2. Heat transfer of plasma channel.

A fundamental study of WEDM conducted by Kunieda et al. [2] that included both mechanical
and electrical principles provided a basic insight into the WEDM process. Moreover, in recent years,
a large amount of research has focused on improving the WEDM process combining this process with
other advanced technologies. For instance, Radhakrishnane et al. [3] and Chu et al. [4] studied the
removal rate and advantage of vibration-assisted WEDM. Moreover, in the works of Sanchez et al. [5]
and Thankachan et al. [6], machine learning (including both unsupervised learning deep learning) was
employed to detect defects in the WEDM process, including surface roughness and material removal
rate. Thermal modeling is a useful method for restoring the internal heat transfer process through the
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simulation of WEDM discharge. In the works of both Izquierdo et al. [7] and Zhang et al. [8], the Finite
Element Method (FEM) was applied to finish the construction of the thermal model. In these works,
heat partition is critical and included as a fixed value, as in the study reported by Kunieda et al. [2],
while plasma channel radius is always regarded as a variable value. Some clues can be initially seen
in the work of Spur and Schénbeck [9] that they presented that the plasma channel radius changes
depends on the time.

Given that surface roughness is a critical aspect of defining machining result, a considerable
number of studies have been carried out with the aim of optimizing the WEDM parameters for the
machining of different materials, such as the work of Kavimani et al. [10] and Mouralova et al. [11].
By judging the importance of machining parameters, they were able to improve the parameter settings.
However, aside from the machining result, the way in which workpiece roughness influences the
WEDM internal process is a matter of interest, and one that is worthy of investigation. The researches
of Wang et al. [12] and Pandit et al. [13] suggest that the crater volume varies as a function of changes
in surface roughness. Moreover, the WEDM cutting starts on a flat surface and then progresses on a
rough surface. Depending on cutting regime (roughing or finishing), the surface roughness on which
discharges occur also changes, whereas, as a controllable external machining condition, workpiece
roughness is still not taken into account when attempting to understand the real machining process.
In fact, the change of workpiece roughness could be helpful for finding the internal changes in heat
transfer. With the change of workpiece surface roughness, some thermal changes could occur, such as
heat partition and changes to plasma channel radius. The aim of this work is to provide an in-depth
analysis of the underlying causes of this phenomenon.

Because of the thermal nature of the WEDM process, it becomes critical to have a thorough
understanding of the mechanisms that govern heat transfer between wire and workpiece. Certain
fundamental issues remain unclear, such as the effect of part surface roughness on heat transfer
mechanisms. To the best of our knowledge, the work presented in this paper is the first attempt to
examine the influence of part surface roughness on heat partition and on the radius of the plasma
channel in the WEDM process. As it is known that in WEDM, roughing cut and trim cut are two
essential processes for advanced manufacturing, whereas in these two kinds of cut, the wire works in
the absolutely different condition. In roughing cut wire goes into the workpiece to do the first shaping.
It means that in the whole cutting process sparks occur in a relatively rough surface, whereas in trim cut,
the wire only sweep on the outer surface to realize the objective of improving surface roughness. In this
process, all the generation of sparks depends on the roughness that outer surface. Therefore three
kinds of surface roughness are taken into account in this work. First, surfaces with different roughness
are prepared and through extensive single discharge experiments (Section 2), it is shown that removal
capacity per discharge can increase as much as 40.4% if the discharge occurs on a smoother surface.
A Finite Element thermal model (Section 3) is then used for inverse fitting of the values of heat partition
and radius of the plasma channel. These parameters completely define the characteristics of the heat
conduction problem. The results are discussed in Section 4, which show a strong correlation between
an increase of heat partition ratio and a decrease in part surface roughness. The values of radius of
the plasma channel are compatible with those found in other works in the literature. The deviation
between the values of experimental and simulated crater diameters is below 1 um for all of the part
surfaces examined. These results contribute towards a more complete understanding of the influence
of surface roughness to the spark occurring.

2. Materials and Methods

2.1. Experimental Procedures and Measurement of a Single Crater on Different Surfaces

In order to conduct an in-depth analysis of the influence of workpiece roughness on the heat
partition, the real crater produced by WEDM machining under various conditions of surface roughness
is needed. Therefore, the following experiments were planned. An AISI D2 (Table 1) metal workpiece
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of 50 mm thickness and CuZn37 brass wire of 0.25 mm diameter were, respectively, selected as the
anode and cathode for study. Further, ONA AV-35 was chosen as the WEDM machine (ONA, Durango,
Spain). As a first step, several workpiece surfaces of varying degrees of roughness need to be prepared.
In this work, three kinds of surface roughness conditions were considered: flat surface, trim surface,
and rough surface. The flat surface refers to the initial surface of the workpiece, trim surface is the
surface resulting from a rough cut and double trim cut, whereas the rough surface is the one that
remains after a rough cut. The specific parameters of WEDM are shown in Table 2.

Table 1. AISI D2 tool steel chemical composition.

Element Weight (%)

C 1.55
Si 0.3
Mn 0.4
Mo 0.8
Cr 11.8
\Y 0.8

Table 2. WEDM parameters for preparing the surface.

WEDM Parameters  Rough Cut 1st Trim Cut 2nd Trim Cut

I(A) 5 5 3

u(v) 80 100 90

Us (V) 52 48 10

f (mm/min) 12 10 10

ton (1s) 2 2 2

tof (HS) 12 9 1
Dielectric Deionized water

Given that there are different ways of processing the workpiece surface, three kinds of surface
roughness are detected by the Mitutoyo SJ210 surface roughness tester (Mitutoyo, Kanagawa, Japan),
the results of which are displayed in Table 3. Because of this, during the normal process of WEDM
industrial machining, the discharges are continuous, and the craters will become connected so that it is
almost impossible to study each individual crater. Therefore, with the objective of obtaining a clearly
visible single crater on the prepared surfaces, another series of experiments was designed. One idea
worth bearing in mind is the importance of finding the first touch between wire and workpiece.
By means of the coordinate movement system of a WEDM machine, it is possible to monitor the
moving distance of the wire. A number of adjustments allows for tracking the first craters that appear
on the surface. As shown in Figure 3, first, the initial gap between wire and workpiece is controlled at 1
mm and then the wire is gradually positioned closer to the workpiece with every move of 100 um until
the first few sparks occur. This same process is repeated on the three surfaces of varying roughness,
some parts of which are shown in Figure 4. Finally, from the single craters, 10 craters are chosen
randomly for further observation and measurement.

Table 3. Surface roughness following different processes.

Flat Surface Trim Surface Rough Surface

Ry (um): 0.46 R; (pm): 0.81 R; (pm): 2.60
Rt (um): 3.59 R; (um): 5.92 R; (um): 15.27
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Figure 3. Top view of the adjustments for tracking the first craters that appear on the surface.

Crater 1
Crater 1
Crater 1
Crater 2
Crater 2
Crater 3
Crater 2
Crater 4
Crater 3
Crater4

Crater 3

Crater 4

Figure 4. Craters on different surface: (a) Craters on a flat surface; (b) Craters on a trim surface; (c)
Craters on a rough surface.

A Leica DCM3D profilometer (Leica Camera AG, Wetzlar, Germany) was used to observe and
measure the different dimensions. Figure 5a clearly shows a single crater on the flat surface, and the
profile of the crater shows round-like. Therefore, every crater can be approximately done analogy as
a circle contour. For further defining of the crater radius (), ImageJ (Version 2, Image], Stapleton,
New York, NY, USA) is used for outline the precise crater contour and the area is also calculated
automatically by the same software (Figure 5b). Based on that, 7. of each crater can be obtained and
the average value is shown in Table 4. In addition, it is also possible to establish crater depth (d.) by
Leica DCM3D as shown in Figure 5c. With that, assuming that the shape of the crater is a spherical cap,
the crater volume (v.) can be calculated (Table 4).
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Figure 5. (a) Crater topography following a single-discharge experiment on a flat surface;
(b) Determination of crater contour with Image]J; (c) Measurement of crater depth.

Table 4. Descriptive statistics of a crater produced by single discharge experiments on parts of
varying roughness.

te (Lm) dc (pm) v (um3)

Surface Ry (pm) R¢ (pm)
Average STD Average STD Average

Flat 0.46 3.59 53.0 162 7.7 13 3564849
surface

Trim 0.81 5.92 52.85 27.7 48 0.7 23,168.42
surface
Rough 2.60 15.27 48.75 21.6 5.1 12 21,255.18
surface

It can be observed that, through the increase of R; and R;, the change in crater radius is no
more than 8.1%, whereas the decreases in depth and volume can reach 37.7% and 40.4%, respectively.
In order to understand in more depth the reasons for these changes, a number of simulations were
carried out. These will be described in the following section.
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2.2. Numerical Simulation Set-up

As previously mentioned, in order to further explore the underlying reasons for the observed
changes in the crater resulting from changes in workpiece roughness, several numerical simulations
were programmed in the FEM software ANSYS (Version 19.1, ANSYS, Canonsburg, PA, USA).
According to the numerical simulation carried out in the work of Wang et al. [12], the influence of
workpiece model surface is only approximately 5%, which is too small to change the crater dimension
that is shown in Section 2. Therefore, for the simulation conducted in this work, only a workpiece
model with an original flat surface is chosen, along with a mesh grid size of 2 um.

Figure 6 shows the principle of heat transfer in the process of WEDM machining. It is known
that the heat flux of each discharge enters the workpiece through a plasma channel. Assuming that
the nature of the heat source is known, as shown in partial derivative Equation (1), the heat flow and
the internal thermal calculation can be seen as three-dimensional transient heat transfer, and thus the
boundary conditions need to be considered.

10 JT dJd JT JoT
5, (Kir=2) + = (Ke=-) = pCyp 1)

where p is material density, C, is specific heat capacity, K; is thermal conductivity, T is temperature,
r and z are the coordinates describing the distances to the center of the heat source.

ZA
Re

Plasma Channel

Convection of forced water

Convection of forced water
fonemalrtvne )

I >

Convection of air | |
|
|

Workpiece

Insulated boundary-

Figure 6. Heat transfer to workpiece.

In order to make the above equation more rigorous, certain assumptions are introduced, which have
also been validated by previous works of other researchers:

(1) The wire and workpiece material are considered to be isotropic and uniform [14,15].

(2) The plasma channel is regarded as a cylinder [14].

(3) The material properties of the workpiece and wire depend on the temperature [14].

(4) Heat radiation is ignored during the heat transfer process [16].

(5) The pulse duration, voltage, and current of all discharges are considered to be equal, and the
occurrence of abnormal pulses is ignored [16].

Further, Patel et al. [17] proposed a Gaussian heat distribution equation, which is shown in
Equation (2). In this equation, f; is the heat partition to the workpiece; U and I are voltage and discharge
current respectively, both of which can be directly set on the WEDM machine (Table 2); and R, is the
radius of the plasma channel. It is known that, in this function, the heat will change according to the
distance between the current position and the center of the heat source. This provides a more realistic
representation of the Gaussian heat source.

457Ul 2
Q(r) = n—R’%e p (_4'5R_§) )
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For the definition of Ry, there are two types of model that are most widely used and accepted.
One of these was used in the work of Joshi and Pande [15] (Equation (3)) and is dependent on pulse
current (I) and pulse duration (ton). Another (Equation (4)) is presented in the work of Spur and
Schonbeck [9]. In this work, the authors considered that R, changes over time, while they also
demonstrated that in cases of short on-times, such as those used in WEDM, the time-dependent model
can be more accurate. Therefore, as the pulse duration is approximately 2 us in this work, the second
model was adopted.
Ry = (2.04e — 3)-1°%819:4 (3)

Ry = (2¢~5) +30.5¢ )

The boundary conditions change over time in the discharge process. First, during the on-time,
heat is transferred through the plasma channel. Equation (5) expresses this part of the problem
mathematically. As presented in the work of Kitamura et al. [18], although the entire machining process
is carried out in a tank filled with dielectric water, the gap between wire and workpiece is almost
completely occupied by air bubbles. Therefore, air convection will be used in the simulation of the
internal part of plasma channel during pulse on time. For the remaining part that is outside of the
plasma channel, the convection of forced deionized water is used. Furthermore, the off-time is as much
as 5 times longer than the on-time in this phase, with convection of forced deionized water acting on
the entire modeling area. As described in the assumptions presented previously, the influence of heat
loss due to radiation can be ignored. Equation (6) expresses heat transfer by convection, where K;
is the thermal conductivity, & is the convection transfer coefficient (which depends on the described
boundary conditions) and Tj is the initial temperature.

aT
th =Q(r) ()
th—z = (T -Tp) (6)

Moreover, it is necessary to take into account the properties of the material. Given that an
extremely high number of discharges are produced in the WEDM process, the maximum temperature
must be higher than the melting point of the metal to achieve the objective of material removal.
Chen et al. [14] pointed out that the latent heat in the change of state from solid to liquid should not be
ignored. Based on this suggestion, the equivalent specific heat of the material is optimized in this work
by means of Equation (7). In this equation, C, and Cyeiting are, respectively, the equivalent specific heat
capacity when the material is in a solid and liquid state. Tjsing is the melting point, T is the ambient
reference temperature, and Lyeiring is the latent heat in the process of fusion.

Lmelting

Cmelting = Cp + )

Tmelting =T f

As discussed previously, the thermal properties of AISI D2 are listed in Table 5. In addition,
the values of R, and f; that can be found in the literature correspond to experiments carried out under
conditions that are very different to those that exist in the working gap in WEDM. The specific resistance
of deionized water is 15 to 50 uS/cm (when cutting steel), while this value for EDM oil is approximately
1400 puS/cm. Further, current WEDM commercial machines use very short on-times (approximately
2 us) when compared to those used in sinking electrical discharge machining. Therefore, the first
objective is to obtain feasible values of Ry, and f. for the WEDM process, and to study the influence of
part surface roughness on these values.
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Table 5. Thermal properties of AISI D2 tool steel.

. Thermal Conductivity . . Specific Heat (J/kg-°C)
Density (kg/m3) o Melting Point (°C)
y (ke/ (W/m-°C) 8 at20°C  at1421°C
7700 20 1421 460 730

3. Results and Discussion

For studying the evolution of the radius of the plasma channel, a time-dependent expression
was employed, based on Equation (4), except that the value of channel expansion after 2 us was
varied. Values of Ry, after 2 us from 60 um to 110 um were used in the simulations. In the case of heat
partition to the workpiece, simulations were run using values from 40% to 90%. Flushing efficiency
must be considered, given the fact that not all of the material melted by the discharge is removed and
some of debris can be resolided on the surface of workpiece to form a recast layer. Therefore, in the
calculation of removal capacity, the volume of the part of the recast layer needs to be subtracted. In this
work, a flushing efficiency coefficient of 93% [12] (based on measurements of recast layer for similar
working conditions), is used for the following simulation. By applying this coefficient, it was found
that the equivalent removal isotherm is 1421 °C (Figure 7). Finally, Table 6 displays the results from the
simulations in terms of crater dimensions (volume, diameter and depth) using the numerical model.

() 11,197 Max 11,197 Max

9,975.2 89752
8,753.1 8,753.1
75311 7,531.1
6,309.1 6,309.1
5,087.1 5,087.1
3,865 3,865
2,643 2,643
1,421 1,421
22.046 Min 22.046 Min

0 0.0001 0.0002 (m)

5x10° 0.00015

Figure 7. One of the simulation results of the thermal modeling of the crater: (a) Front view and
(b) lateral view.

To obtain the continuous simulation result and to avoid lengthy simulations, the relations between
crater dimensions and volume vs. R, and f. have been converted into explicit equations using
polynomial fitting with Matlab (Version 2019b, MathWorks, Natick, Massachusetts, MA, USA). In order
to find the optimum values of R, and f. that minimize the deviation between numerical simulations
and single discharge experiments, an error function accounting for the volume and radius of crater has
been proposed (Equation (8)). In this function, v, is the simulated crater volume and v, is the real
crater volume; 7, is the simulated crater radius and 7, is the real crater radius. As the limitation of
mesh grid of 2 pm, the change of crater depth cannot be showed precisely in the simulation result.
Therefore, its weight of verification is further below than v, and r.. However, it also can be later used
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for checking the accuracy of the results. By establishing the minimum value of error, the optimum
value of both R, and f; can be obtained. The results are shown in Table 7.

. 2 S 2
error — \/(vsm Uc) +(7szm Vc) ®)

Uc Tc

Table 6. Crater dimensions from numerical simulation of different combinations of heat partition to the
workpiece (fc) and radius of the plasma channel after 2 ps.

0,
Ry, (After 2 us) Crater fe )
40% 50% 60% 70% 80% 90%
Usim (umB) 16,910.59 20,798.83 24,550.84 27,910.57 30,814.83 33,526.78
60 um Tsim (M) 38 40 42 44 44 46
sy, (LM) 6 8 8 8 8 10
Usim (|,Lm3) 16,414.99 20,983.64 25,079.94 29,055.76 32,950.84 36,199.14
70 um Tsim (M) 40 42 44 46 48 50
dgipy (Lm) 6 6 6 6 8 8
Vsim (um3) 14,975.55 20,192.55 25,327.77 29,567.07 33,366.77 37,454.72
80 um Tsim (Lm) 40 44 48 50 52 52
dgjp (LM) 4 6 6 6 6 8
Vsim (},ng) 13,495.76  18,528.32 23,81598 29,222.14 33,766.65 37,854.46
90 um Tsim (LmM) 40 46 48 53 54 56
dgiyy (LM) 4 4 6 6 6 6
Usim (um3) 10,663.54 16,992.50 22,239.65 27,029.98 32,942.26 37,791.04
100 um Tsim (M) 40 46 50 52 56 58
sy (LM) 4 4 4 6 6 6
Usim (ums) 8351.63 14,200.44 20,383.55 25,638.57 30,221.82 36,071.15
110 pm Tsim (M) 36 44 50 54 56 60
dgipy (Lm) 2 4 4 4 4 6

Table 7. Optimum values of R, and f; as obtained by minimizing error for workpieces of varying roughness.

Optimum Values

Surface Error (%)
fe (%) Rp (um)
Flat surface 85.44 81.43 0.004
Trim surface 65.91 110.00 2.594
Rough surface 58.94 102.66 0.01

The results can be verified by checking the agreement in terms of crater depth. In Table 8, ds;;, is
the simulated crater depth and d_ is the real crater depth. According to the obtained results for f. and
Ry, the deviations in crater depth are always below 1 pm.

Table 8. Validation of results in terms of crater depth.

Surface d; (um) dgip (Lm)
Flat surface 7.7 7.02
Trim surface 4.8 4.23

Rough surface 5.1 423

From the comparison above, it appears that experiments conducted on surfaces of lower roughness
yield results that are compatible with the notion of an increase in heat partition ratio to the workpiece.
With a single discharge on a rough surface, a good agreement between experiments and simulation
is found for the combination R, = 102.66 um and f. = 58.94%. When discharging on a trim surface,
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the optimum values of both R, and f, increase up to 110 um and 65.91%, respectively. The effect is
confirmed when discharging on a smoother flat surface: in this case, the optimum value of f. becomes
as high as 85.44% and the plasma channel decreases to 81.43 um. Therefore, it can be concluded that
the surface on which discharge occurs has an influence on the heat partition ratio to the workpiece.
In addition, with a change from a rough surface to a trim surface or flat surface, the plasma channel
radius increases to 25.97% and 20.68%, respectively.

4. Conclusions

This work represents the first attempt to study the influence of part surface roughness on the heat
conduction mechanisms in WEDM. It can help us to further understand the detail of removal principle
in no matter roughing cut and trim cut. In the experiments, the anode of AISI D2 and cathode of brass
are adopted. On the basis of the results obtained, the following conclusions can be drawn.

1. Single discharge experiments were conducted on samples with different surface topographies,
characterized by different values of R, and R;. With the increase of R, from 0.46 pm to 2.60 um and Ry
from 3.59 pum to 15.27 pm, the crater radius decreases by approximately 8.1%. Moreover, the decreases
of depth and volume are more marked, falling to 37.7% and 40.4%, respectively.

2. A Finite Element thermal model was applied in order to run simulations with different values
of both variables (f; and R,). Through inverse fitting between experimental and numerical results,
optimal values of heat partition and plasma channel radius can be obtained. In the case of flat surface,
fc is 85.44% and Ry, is 81.43 um. On a trim surface, f. is 65.91% and Ry, is 110.00 pm. Finally, on a rough
surface f; is 58.94% and R, is 102.66 pm.

3. With regard to the plasma channel radius, smaller values were obtained for the smoothest part
surface, and the resulting values are in agreement with existing values in the literature (approximately
80 um). When increasing the part surface roughness, the value of the radius can increase up to
approximately 25.97%. Correlating with the observed real crater radius and volume, it can be known
that with the increasing of plasma channel radius, the heat source goes into the workpiece more
dispersed. In the case of rougher surface, although the there is more area that affected by the heat
source, finally the temperature of most area cannot reach to the melting point and it causes the smaller
crater radius and volume, while the metal removal rate decreases.

4. A strong correlation was observed between an increase of heat partition ratio and a decrease in
part surface roughness. For the roughest surface, a value of 58.94% was obtained for the heat partition
to the workpiece. This value increases sharply to 85.44% when discharging on the smoothest surface.
This trend was confirmed by the results obtained when discharging on a surface of intermediate
topography (65.91%).

5. The parameters obtained from inverse fitting were then validated by conducting a comparison
between the experimental and numerical values of crater diameter. For the three cases of surface
roughness studied, the results show deviations below 1 um, thus confirming the validity of the
approach. These results contribute towards a more complete understanding of the influence of surface
roughness to the spark occurring.
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Abbreviations

The following abbreviations are used in this manuscript.

C
de
dsim
f

fe
FEM

Oc

Usim

Specific heat (J/(kg-°C))

Crater depth (um)

Simulation depth of Crater (um)

Wire infeed rate (mm/min)

Fraction of total heat transferred to workpiece (%)
Finite element method

Pulse Current (A)

Distance to the center of heat source (um)
Roughness Average (um)

Crater radius (pm)

Simulation radius of crater (um)

Plasma channel radius (um)

Total height of the roughness profile (um)
Pulse duration (ps)

Pulse off time (ps)

Temperature (°C)

Time (us)

Voltage (V)

Servo voltage (V)

Crater volume (um?)
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