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Introduction

Actual trends in lightweight construction and safety-
relevant technologies cause an increasing demand for
reliable design of joining connections. Increasing
power density and compact design require
dimensioning of joints with low safety factors.
Thereby additional security measures are needed more
often. One possible measure is increasing the friction
coefficient of serrated fasteners by microstructuring
the serrated surface. Aim of the microstructuring is the
development of serrated fasteners with higher
breakaway torque. Several studies showed the
potential of microstructured surfaces to increase the
friction coefficient of two contact surfaces. One
possible solution approach is to integrate the
microstructuring of the serrated fastener in the
conventional machining process chain. Therefore, the
forming tools e.g. carbide metal dies need to have the
negative geometry of the microstructure. A technology
to manufacture such microstructured carbide metal
dies is electrical discharge machining (EDM).

EDM is an ablating technology which allows the
manufacturing of complex geometries in combination
with good surface qualities independent of the
hardness of the material. Basic principle of the EDM
process is material removal due to thermal impact of a
short single discharge. The formation of complex
geometries was realized by numerous superimposed
single craters. Figure 1 shows the principle of the
generation of one single discharge.

plasma
discharge channel

Figure 1. Phenomenological model of a single discharge:
(2) Formation of the plasma channel, decrease of the electric
voltage, increase of the electric current; (3) Expansion of the
plasma channel, electric voltage and electric current almost
constant; (4) Collapse of the plasma channel, drop of the
voltage and current [1]

The dielectric fluid, which is mostly dielectric oil or
deionized water, separates the workpiece and the tool.
Between the tool and the workpiece, an electric
potential is applied. When the electric field is stronger
than the dielectric strength of the dielectric fluid, a
discharge appears and a plasma channel is generated.
The plasma channel causes a high input of thermal
energy into the workpiece and the tool material.
Simultaneously the voltage drops to the level of the
discharge voltage and the electric current increases.
Then voltage and current are almost constant, the
plasma channel expands and the workpiece material
begins to melt and to vaporize. These phenomena
result in a crater formation. After that, the plasma
channel and the surrounding gas bubble collapse,
when the electric voltage and current are dropped to
zero and the molten material is partially ejected. Some
of the molten material resolidifies on top of the
workpiece surface and forms a bulk at the edge of the
crater. In addition a heat-effected layer in the
subsurface of the workpiece material occurs.

Several studies have been conducted on analytic and
numerical models to describe the heating process due
to the single discharge and the mechanism of the
following single crater formation.[2-7] Mostly the
spark respectively the plasma channel is modelled as a
heat source defined as a Gaussian distribution which
varies in time and space.[8-12] A small number of the
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studies focuses on the modeling of the crater formation
with a topology change of the surface. [13, 14]
Within this study a method to simulate a resulting
workpiece surface based on a multiphysics simulation
of a single crater formation is shown. The ablation
process is simulated using the level-set method, which
tracks the interface between the dielectric medium and
the workpiece surface. Several phenomena are
considered to model the resulting crater geometry. The
interaction between the plasma channel and the
workpiece material leads to a fast heating of the
interaction zone and is considered through an
additional heat source at the workpiece surface. The
heat source is a function of the discharge time and the
plasma radius. In consequence, the solid workpiece
material is heated and reaches the vaporization
temperature. Hence the material removal occurs. A
simultaneous phenomenon is the interaction between
the vaporization pressure and the molten workpiece,
which leads to a flow of the molten material to the
outer area of the removal geometry. Based on the
resulting crater geometry, a method to calculate the
resulting workpiece surface formation is described and
analyzed.

Geometry and material parameters for single
crater formation with electrical discharge
machining

To perform a simulation of the single crater formation
a two dimensional axial symmetric geometry was
defined which is shown in figure 2. The radius r of the
geometry is 80 um and the height h is 90 pum. The
geometry consists of two domains, the dielectric fluid
(blue) and the workpiece (grey).
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Figure 2. Two-dimensional axial-symmetric geometry

In this work, deionized water was defined as the
dielectric fluid. The workpiece material was defined as

carbide metal G55. Both materials are assumed as
homogenous, isotropic and incompressible. The
deionized water as well as the workpiece material
were defined as Newtonian fluids, so their viscosities
are independent of the shear rate. Furthermore the
material properties of the dielectric fluid were
assumed independent from temperature and pressure.
Table 1 summarizes the material properties of the
dielectric fluid and the workpiece material.

Table 1. Material properties of the dielectric fluid and the
workpiece material

Water
Unit (Dielectric
Fluid)

[kg/m?] 1000 15630

Carbide
Metal G55

Density
p
Dynamic
viscosity [Pa-s] 1.10° 4.10°
u
Specific heat
capacity [J/(kg-K)] 4190 400
Cp
Thermal
conductivity [W/(m-K)] 0.6 70
K
Latent heat of
melting [9/kg] - 1.92.10°
Ly
Latent heat of
vaporization [I/kg] - 4.009-10°
Ly
Surface
tension
coefficient

[N/m] 1.9

Liquidus
Temperature [K] - 2690
T
Melting
Temperature [K] - 2700
Tm
Solidus
Temperature [K] - 2710
Ts
Vaporization
Temperature [K] - 6000
Ty

Physics and boundary conditions

The simulations were performed using COMSOL
Multiphysics™. The heat transfer module, the laminar
two phase flow module and the level-set module were
selected to model the crater formation.

Due to the high input of thermal energy from the
plasma channel, the temperature of the workpiece
material increases over the melting and vaporization
temperatures of the workpiece material. This causes a
crater formation and a displacement of the interface of
the workpiece and the dielectric fluid. To model the
resulting geometry deformation and surface topology
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the level-set method was used. The level-set method
uses a fixed mesh in the whole geometry and is able to
track complex changes of the surface geometry. To
define the different materials and phases the level-set
variable ¢ was set to 1 in the solid phase (workpiece)
and 0 in the fluid phase (dielectric fluid). At the initial
state, the fluid phase was defined in domain | and the
solid phase in domain II. The level-set variable ¢ is
equal to 0.5 at the interface and was defined at
boundary 7 at the initial state. Near the interface the
level-set variable varies smoothly to avoid numerical
issues. Figure 3 illustrates the numbering of the
domains and boundaries.
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Figure 3. Initial geometry; definition of the level-set

variable ¢ and definition of the domain and boundary
numbers

The material property definitions also depend on the
level-set variable ¢. The velocity field U from the
Navier-Stokes equations is used to calculate the
movement of the level-set variable. Equation (1)
shows the general level-set equation.[15]

RAU-VO =y (aV0 — $(1 - @) %) (1)
Here the variable t is the process time, y is the
reinitialization parameter and ¢, the interface
thickness controlling parameter. The reinitialization
parameter y was defined in the range of the expected
maximal velocity.

To implement internal boundaries at the interface, the
position of the interface has to be determined exactly.
Therefore, the delta function of the level-set variable
6(¢) was used which attains a value of zero outside
the interface and is described by equation (2).[15]

5(¢) = 6|Vollop(1 - ¢)| )

To calculate the velocity field, the conservation of
momentum is solved in all phases and is shown in
equation (3).

-
P(#) 5+ p() (- Vi =

V- [—p(®)/+ u(p)(Vii + (Vi)")] + Fse + Fp + pg( )
3

Here Fs, is the surface tension force, | is the identity
matrix, Fp is an additional damping force, p is the
density and g the gravity acceleration. The material
properties are depend on the level-set variable ¢. The
density and viscosity are defined in equation (4) and
(5) and depend on the density of the workpiece Pwp

and the density of the dielectric fluid p, respectively
the viscosity of the workpiece uy, and of the viscosity
of the dielectric fluid upy.

p(@) = pwp + (Poe — Pwp) P @)

u(®) = uwp + (kor — Hwp) P (5)

The surface tension force is defined in equation

(6).[15]
Fs: = V- (y(I — (nn"))9) (6)

The surface tension coefficient i was assumed as
constant. As a result, the Marangoni effect is
neglected. The role of the damping force Fp is to
reduce the wvelocity of the workpiece material
whenever the temperature is below the melting
temperature T and is implemented as a source term.
The damping force is calculated by equation (7) and
(8). [14-16]

1-a)? —
Fo=—C(G55) @ 9
0forT <T;
T-T
a(T) = — forT, <T<T (8)
k 1forT>T

Here a(T) is the volume fraction of the liquid phase
and considers the transition zone between the solid and
liquid phase of the workpiece material. T is the solidus
temperature and T, is the liquidus temperature shown
in table 1. C and ¢ are arbitrary constants. C has to be
large and ¢ very small in order to represent realistic
material behavior. Table 2 summarizes the parameters.
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Table 2. Parameter to calculate the damping force

Parameter Unit Value
C [kg/m3-s] 108
& - 1-10°

The conservation of energy is described in equation
(9). The variable T represents the temperature, c, the
specific heat capacity and Q; is the sum of inwards and
outwards heat fluxes.

aT -,
pey5; T peu- VT = V- [kVT] + Q; 9)

The specific heat capacity c, depends on the level-set
variable and is shown in equation (10).

Cp((p) = Cp,wp (T + (CDf - Cp,Wp(T))¢ (10)

Due to the phase change of the workpiece, the latent
heat of melting has to be considered. Therefore the
specific heat capacity c, v, of the workpiece material
was defined corresponding to equation (11) as a
function of the temperature including the latent heat of
melting L¢ by adding a Gaussian distribution focusing
the melting temperature Tr.[16]

{z25)
o \(=9)’
Cp,Wp = Cps + Lf . W (ll)
The heat flux Q; is a sum of the inward heat flux due
to the discharge respectively the plasma channel
Qp- The outwards heat flux Q, is a consequence of the
vaporization phenomena. The definition of the heat
flux is shown in equation (12).

Q= Qsp +Q, (12)

The inward heat flux due to the discharge is modeled
as a heat source which is a function of the electric
discharge current I and the electric discharge voltage
U. Equation (13) shows the resulting definition of the
inward heat flux. [9]

r

Qp =457 F-1-U- 9_4'5'[rp] -5(¢) (13)

It can be seen that the inward heat is defined as
Gaussian distribution in the plasma channel where r is
the radial distance from the plasma channel center and
7, the radius of the plasma channel which is defined in
equation (14).[17] The definition of the arbitrary
constants 4.57 and 4.5 was based on results from
different works. [9, 10, 13] The energy distribution

factor F. was set to 0.183. Furthermore, the heat flux
equation also depend on the delta function of the level-
set variable to locate the inward heat flux at the
workpiece surface.

Ty =204 043 . £,04 (14)

Here the parameter t. is the discharge time. In this
work, the discharge voltage was derived by principle
current and voltage functions using a static pulse
generator. Figure 4 shows the schematic electric
current and electric voltage profile. The average
discharge voltage i, and the average discharge current
T, are assumed as constant over the discharge time t,.
In this work the assumed discharge voltage U is equal
to the average discharge voltage i, and the discharge
current | is equal to the average discharge current 7.
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Figure 4. Schematic profile of the electric discharge
voltage U and the electric discharge current | of a static pulse
generator [18]

The outward heat flux @, is an energy loss due to the
vaporization of the workpiece material and is
represented in equation (15). [16]

Qy = —L, - m,(T) - 5(¢) (15)

The outward heat flux depends on the latent heat of
vaporization L,,, the mass flow rate of the vaporization
of the workpiece material 11, and the delta function of
the level-set variable.

The mass flow rate is defined in equation (16) and
depends on the temperature and the saturated vapor
pressure pg,. Which is defined in equation (17).[16]
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() = |70 B (1-B)  (16)

m<Lv. _T_v
peat(™) = pa - el P 1g)

Here m is the atomic weight of the workpiece material,
ko the Boltzmann constant, pa the atmospheric pressure
and B, the retrodiffusion coefficient which is zero.

To consider the vaporization phenomena in the
velocity field, the continuity equation as well as the
level-set equation (1) were modified by adding a
source term which is located at the interface. The
modified continuity equation is defined in equation
(18).

pv- () =i, 5(9) (P5F)  (18)

The modified level-set equation is shown in equation
(19)

0 . ¢ 1-¢\
L mV6(¢)<Wp pr)_

(s - -d)is) (19
To reduce the numerical effort the simulation was
defined as an axial symmetric model. Therefore
boundary 5 and 6 were defined as axial symmetry for
all physical phenomena. Furthermore a convective
heat flux was defined at boundary 1 and 2. Boundary
3 and 4 were defined as thermal insulated. Boundary
1, 2, 3 and 4 were also defined as a no slip wall.

Meshing
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Figure 5. Derived mesh of the geometry

The generated mesh is shown in figure 5. It was
defined as a free triangular mesh. The maximum mesh
size at the initial interface and in the area where the
crater formation is expected, was set to 1 um. The

maximum element-growing rate was defined as 1.05.
The entire mesh consists of 10199 elements.

Results single crater formation simulation

Figure 6 shows the crater formation during one single
pulse discharge with a discharge energy Ep of 3.5 mJ
at selected time steps. For clear visualization the
dielectric fluid domain is hidden. The false color
represents the variable z in um. It can be seen in
figure 6 a) that the surface is completely smooth at the
start of the discharge at t=0 us. After 5.0 us, the
formation of the single crater takes place and the
topology of the workpiece surface changes. With
increasing discharge time, the depth hc and the crater
radius rc are increasing (figure 6 c)). The resulting
shape of the crater in shown figure 6 d).

a)yt=0us b)t=75ps

c)t=9us

d)t=10 s

Figure 6. Crater formation due to one single pulse during a
discharge time of 10 ps at selected time steps; Ep = 3.5 mJ,
I1=5A, U=70V, te =10 ps; the false color represents the
variable z in um
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Figure 7. Profile of the crater due to one single discharge
pulse during a discharge time of 10 s at selected time steps;
Eb=35mJ,I=5AU=70V,te=10 ps

Figure 7 shows the profile of the resulting crater as
function of the discharge time. It shows that the
formation of the crater starts at a discharge time of
around 5 ps and subsequently the depth of the crater
as well as the radius of the crater increase very fast.
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This is a result of the high heat input of the plasma
channel. After a discharge time of 10 s, the resulting
depth of the single crater is 3 um and the resulting
radius of the single crater is around 8 pm.

To achieve a workpiece with defined properties, for
example a high roughness, it is necessary to vary the
machining conditions especially the applied discharge
energy. Therefore the electric discharge current | is
increased by 50 % while the discharge voltage and
discharge time remained unchanged. In consequence,
the discharge energy increases. Figure 8 shows the
crater formation during one discharge with a discharge
energy Ep of 5.25 mJ. In comparison with results with
smaller discharge energy it can be seen that the crater
depth and radius increases more quickly and a small
bulk appears at the edge of the resulting crater, which
is a result of the interaction between the pressure due
to the phase change and the molten workpiece
material.
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Figure 8. Crater formation due to one single pulse during a
discharge time of 10 ps at selected time steps; Ep = 5.25 mJ,
I=5A, U=70V, te =10 ps; the false color represents the
variable z in um
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Figure 9. Profile of the crater due to one single discharge
pulse during a discharge time of 10 s at selected time steps;
Ep=525mJ,I=75A U=70V, te=10 ps

Figure 9 shows the profile of the resulting crater as
function of the discharge time. The resulting depth h.
is 7.8 um at about 9 ps After reaching this time the
expansion of the crater stops. This is a result of the

increasing heat outflow of the workpiece due to the
expansion of the surface area and the following
outward heat flux due to vaporization and conduction
which is higher than the inward heat flux due to the
plasma channel. The resulting radius of the single
crater rc is 22 um. The profile of the single crater with
a higher discharge energy is distinguished from the
profile with small discharge energy because of the
different size of the plasma channel and the different
Gaussian distribution of the heat input.

Calculation of the surface topography by
single crater superimposition

There are a few approaches known for laser as well as
for EDM processes for the calculation of the surface
microstructure or roughness, respectively. Yasa and
Kruth developed a model based on the kinematics of
laser processing with the aim to evaluate local energy
input and ablation depth. However, in this model
three-dimensional ablation geometries were not
considered so far [19]. Izquierdo presented a model for
EDM processing considering the effect of multiple
discharges by using a calculated temperature
distribution in combination with a discharge
probability function. By the help of an expensive
model calibration, simulations showed accurate results
[20].

In the area of machining processes, material removal
is often described by the intersection of a
geometrically defined tool with a workpiece. Figure 9
shows the principle of this geometric approach. Aim
of the present study is to adapt this principle to the
EDM process for predicting the surface structure on
the microscopic scale by the help of simulated crater
formations.

Tool / Ablation Crater

Penetrated
Depth E1c1ncilt\\\ 1
y
Depth Element \1\ O (o3 'Y
- NS A
——
7 L

Corresponding —___

?
Surface \-I I/
S
Grid Resolution \(I/\ z iU

xT
Figure 10. Intersection of tool and workpiece geometry with
dexel model for surface representation, adopted from [21]

Depending on the complexity of the workpiece,
different models for the geometry description were
described [22]. For flat surfaces, the so called dexel
(depth element) model is a common model, because
the workpiece surface can be described numerically by
using arrays or matrices with the values corresponding
to the element height of the surface structure. Figure
10 shows the principle of the dexel model.
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For the simulation of the surface formation during the
EDM process the approach of intersecting tool and
workpiece was adapted to the EDM process by
subtracting the crater geometry several times and at
different positions from the workpiece surface. This
principle was assessed suitable due to the perception
that only one discharge occurs at a specific point of
time in real EDM processes. Because of the
microscopic scale and the advantages concerning the
computational effort, a dexel model was preferred for
surface representation in this study.

In real processes, the ablation of material does not
occur on ideal flat workpiece surfaces but rather on
rough surface conditions. In order to consider the
initial state of the surface in the area of ablation, a
weight function describing the local intensity of the
ablation compared to the flat reference case was
introduced:

pr n+1)= pr ) - Waptation * Zref(r) (19)

In this equation, Zw, denotes the surface geometry in
z-direction, Wapiation the ablation weights and Zrs the
depth of the reference crater as a function of the radius
r. The ablation weights are calculated from the weight
function that characterizes the effect of the initial state
of a surface structure on the ablation depth or intensity
of an EDM discharge, respectively. The ablation
weights are determined based on the weight function.
Their values are calculated in every simulation step for
every point of the surface in the area of ablation and
depend thereby on the radius r as well as on the initial
height difference 44 between the regarded point on the
surface to the center of the crater which is shown in
figure 11.

Discharge Location ~

Workpiece Surface T d

Ablation Crater N

Figure 11. Consideration of non-flat surfaces by locally
weighted ablation depth

For the specification of the weight function W,
Multiphysics Simulations with COMSOL using the
presented model were carried out. For this purpose, the
initial domain of the solid phase (see Figure 3, domain
I1) was shaped conically with the center as the highest
located point. Based on the results of these
simulations, the weight function W could be derived
by the help of equation (20):

W(T, Ah) = Zweight,sim (T‘, Ah)/Zref(r) (20)

In this context, Zueighisim denotes the simulated crater
geometry measured from the initial surface. During

EDM, local conduction and melting of material occurs
at the point with maximum electric potential between
workpiece and electrode. In the EDM model the
position of crater formation was assigned as the
minimal distance from the workpiece to a flat counter
surface in each case. A random distribution of the
craters at the beginning of the simulations was ensured
by initializing the surface geometry with a very small
random roughness.

The algorithm realizing the crater superimposition was
implemented in MATLAB. Necessary information
was transferred to the workspace by the help of the
MATLAB LiveLink™ Application.

Resulting surface topography

For the simulations, a workpiece with a length of
150 um and a width of 150 um with a grid resolution
of 1 um was applied. The number of discharges was
set to a value, at which the surface roughness,
characterized by the parameter Sa [22] became
stationary.
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Figure 12. Resulting surface of the workpiece for different
number of superimposed single discharge craters,
Ep=35mJ
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Figure 12 shows results for multiple stages of ablation
with superimposed craters. Figure 12 a) shows the
resulting surface after 100 discharges. In figure 12 b)
the result for 300 single discharges can be seen. The
roughness of the surfaces increases compared to the
first case. Figure 12 c) represents the final surface for
1000 discharges. Single crater geometries are not
observable which is a result of the high number of
superimposed discharges. In the stationary case, a
mean surface roughness of Sa = (0.54 £ 0.01) um was
obtained in 10 simulation runs.

Figure 13 shows corresponding results obtained with
the higher pulse energy of 5.25 mJ. In this case, a
surface roughness of Sa = (1.25 = 0.10) um could be
determined finally. An in-depth comparison between
simulation results and surface measurements will be
subject of future work.
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Figure 13. Resulting surface of the workpiece for different
number of superimposed single discharge craters,
Epb=5.25mJ

Summary

In this study an approach for the simulation of crater
formation during a single electrical discharge was
described. The material ablation was defined by the

help of modelling the vaporization phenomena which
introduces a pressure as a result of the phase change of
the workpiece material from solid respectively liquid
phase to vapor phase. To simulate the discharge
plasma, an additional heat source was implemented
which occurs directly at the workpiece surface. To
track the interface due to the crater formation, the
level-set method was used. Different electrical
discharge conditions were considered and analyzed to
evaluate the influence of the input process parameter
on the resulting crater shape. Based on the resulting
crater shape, a method to calculate the surface
formation by help of superimposition was described.
With this approach, it is possible to study the influence
of the discharge conditions and the initial surface
structure on the topography of the machined surface.
Especially the prediction of resulting surface
roughness using this simulation method is relevant for
the design of the electrical discharge conditions. Next
steps are the implementation of experimental electric
discharge voltage and electric discharge current
functions and the model validation with single
discharge experiments. Furthermore a comparison
with measurements of electrical discharge machined
surfaces will be necessary.
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