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Abstract. Sintered permanent magnets, consisting of the neodymium-iron-boron (Nd-Fe-B) alloy,
are installed as rotor magnets in small and precision electric drives due to their high magnetic
forces in small volumes. When permanent magnets are brought into their final shape by electrical
discharge machining (EDM), the thermal influence of this manufacturing process has negative
effects on the magnetic properties of the workpieces. In consequence, re-magnetization of the
workpieces is necessary after the finishing process. As an alternative manufacturing technology,
electrochemical precision machining with an oscillating electrode and pulsed direct current
(PECM) has the potential to eliminate this subsequent processing step. Based on Faraday's law of
induction, an electrical induction current is expected to be generated by the cathode oscillation
during the manufacturing process. In this study, the effect of the magnetic field of the workpiece
on the process current and on the ablation-effective local electrical current density of the PECM
process is analyzed based on multiphysics simulation.

Introduction

Permanent magnets are used as rotor magnets for small or precision drives with two degrees of
freedom. These permanent magnets are installed in pairs due to the required degrees of freedom
and are, for instance, double spherical in shape. High-performance Nd-Fe-B alloys are applied as
the material for the rotor magnets. One of the factors that determines the extent to which
undesirable cogging torques of the electric drive result is the shape of the rotor magnets, which
makes precise machining of these permanent magnets essential.

After the sintered permanent magnets have been machined into their final shape using EDM, a
subsequent magnetization process of the components is required [1]. The additional process step
is necessary because the Nd-Fe-B materials are characterized by low application temperatures, so
that temperatures above 80 °C are expected to affect the magnetization [2]. PECM offers an
alternative finishing process without re-magnetizing the components after shaping. Compared to
EDM, PECM machining takes place in an aqueous electrolyte solution, which is usually pre-
tempered to less than 30 °C and only heats up slightly during the machining process. As a result,
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only minor thermal effects occur, which are expected to not affect the magnetic properties of the
components. The PECM principle is illustrated in Fig. 1.
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Figure I — Principle of ECM with pulsed direct current and an oscillating cathode according to
[3]

During electrochemical machining, the gas concentration and the degree of contamination of
the electrolyte increase in the working gap. This results in a reduction in the reaction components
of the electrolyte and consequently a decrease in electrical conductivity. To prevent this negative
effect, pulsation of the current is used in the PECM process. This allows fresh electrolyte to flow
into the process area during the pulse interruption. With PECM, the current pulse is often combined
with an oscillation of the cathode in order to achieve an even stronger localization of the current
density and thus an even higher accuracy of the workpiece shape.

In a previous study was shown that the oscillating movement of the cathode causes an electrical
current induction in form of eddy currents during the PECM process in a rotationally symmetrical
workpiece and in a rotationally symmetrical cathode [4]. Circular eddy currents are induction
currents that are induced in an electrically conductive material in a magnetic field that changes
over time or in a moving electrically conductive material in a magnetic field that remains constant
over time. The interaction between the electric and magnetic fields that lead to current induction
can be explained by the differential form of Faraday's law of electromagnetic induction in Eq. 1

[5].
aB

VxXE=-% (1)

Eq. 1 states that a time-varying magnetic field is accompanied by a spatially varying electric
field and vice versa. Where E represents the electric field, B the magnetic field and Vx the curl
operator. In this study the effect of electrical current induction on the initial state and during the
machining of the spherical shape of a rotor magnet is to be analyzed using 2 transient simulation
models with the commercial FEM software COMSOL Multiphysics.

Model description
Geometry and material parameters

The PECM device shown in previous experiments is designed for 2-sided machining of the rotor
magnets [6]. In the first step, the concave surface is machined. In the second step, the component
is re-clamped to machine the convex shape. The dimensions of the workpiece are shown in Fig. 2.
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Figure 2 — Cross-sectional view of a rotary drive with three terminal pairs (a), top view of a
single rotor magnet (b) and detailed cross-sectional view (c); dimensions in mm [6]

To investigate if the different shapes of the workpiece during the PECM process have a different
effect on the strength and distribution of the induced eddy currents, 2 transient 2D simulation
models were set up to analyze the induced current. Fig. 3 shows the 2 different machining stages
of the first step of the machining process.
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Figure 3 — Initial- and processing states of the workpiece in the PECM process

The design of the model geometries, material data and PECM input parameters were derived
from previously performed experiments [6]. In the following, the geometry representing the
workpiece in its initial state is referred to as “Model initial state” and the machined workpiece as
“Model final state”. As an example, the 2D model geometry of Model initial state derived from
the cross-section of the PECM device, is shown in Fig. 4.
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Figure 4 — Cross-section of the PECM device (left) and derived 2D model geometry (right)
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The model geometry includes the domains workpiece (I), cathode (II), electrolyte (III),
clamping jaws (IV) and insulation (V). For the calculation and the analysis of the induction current,
it is essential to model additional air domains (VI-XI) for the realistic dispersion of the magnetic
field of the workpiece. The workpiece, cathode, insulation and clamping jaw components were
first imported from the 3D CAD file as a 3D model into the simulation environment and then
modelled as a 2D model using a cross-section. Since all components used have symmetry, the z-
symmetry plane was utilized to halve the elements and nodes of the model geometry in order to
reduce computing time. The electrolyte area was added as a negative of the working gap between
the cathode and the workpiece. The electrical conductivity, relative permeability and relative
permittivity of the materials are defined for calculating and analyzing the electrical induction
current. Table 1 allocates the materials and material parameters to the domains shown in Fig. 4.

Table 1 - Material parameters of the simulation model

Domain Material o [S/m] Ur &r

I Nd-Fe-B/N45 6.67 - 10° 1.05 1.05
II 1.4301/AISI1 304 1.4-10° 1.075 1
111 Electrolyte (NaNOs3) 7.2 0.28 1
v 1.4305/AISI 303 1.37 - 10° 1.26 1
A% PEEK 10710 1 3.2
VI Air 3-10715 1 1.006

Physics and boundary conditions

In order to calculate magnetic fields and electromagnetic induction, the Magnetic Fields interface
was assigned to all domains of the model geometry. The physical interface solves Maxwell’s
equations, which are formulated using the magnetic vector potential and the scalar electric
potential as the dependent variables. The measurement of the remanent magnetic flux density of
experimental samples was carried out using a PCE-MFM 3000 magnetic field tester from PCE
Deutschland GmbH. The target value for calibrating the workpiece is a magnetic flux density of
B:=0.46 T + 5 % on the face of the workpiece.

The air domains VII-XI are defined as regions of infinite elements. The Infinite element domain
represent a region that is stretched along the x- and z coordinate axes with the effect of
approximating an infinitely large domain to ensure the realistic dispersion of the magnetic field.
Further magnetic boundary conditions are summarized in Table 2.
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Table 2 - Domain and boundary conditions of the Magnetic Fields interface

Domain condition Domain Property

Ampere’s Law | I-X1 ur from material (Tab. 1)
Magnetization model:
Remanent flux density

Ampere’s Law 11 I B:=135T][6]
Remanent flux direction
ex=0;ey=0;e;=1

Infinite Element Domain VII-XI f& = % -A,

Boundary condition Boundary Property

Axis symmetry 3-9 -

The oscillation parameters of the simulation models are summarized in Table 3.

Table 3 - Motion parameters of the cathode derived from [6]

Description Symbol Value Unit
Amplitude Z 0.185 [mm)]
Oscillation frequency fz 50 [Hz]
Period T 0.02 [s]
Initial working distance

(Model initial state) Sk- 0.1 [mm]
End front working distance

(Model final state) Sk 0.085 [mm]

Oscillating components of the simulation models are the cathode (IT) and the insulation unit (V).
The Moving Mesh interface was applied to implement the oscillation of the corresponding
domains. The oscillation can be described with a time-dependent cosine function as provided in

Eq. 2.

Z(t)=2-cos(2-n-}f2-t+§)

The upper and lower dead center of the cathode position during oscillation is defined by the
amplitude Z. The oscillation frequency is f,, from which the period time 7 results. To evaluate the
results of the induced current, 2 periods are analyzed in this simulation study. Domain and

boundary conditions of the Moving Mesh Interface are listed and described in Table 4.
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Table 4 - Domain and boundary condition of the Moving Mesh interface

Domain condition Domain Property
dy =dy = 0m;
P ibed Def tion I II I8
rescribed Deformation ,V dZ=Z(t)=2-cos(2-n-}fZ-t+§)
Prescribed Deformation 11 I, 1V, VII-XI dy=dy =d, =0m
Deforming D ) 1L VI Initial deformation
eforming Domain , d=dy=d,=0m
Boundary condition Boundary Property

Prescribed Mesh Displacement

in Normal Direction 4,6,8, 11 dy=0m

The process input parameters of the pulsed electric potential are summarized in Table 5.

Table 5 - Pulsed electric potential parameters derived from [6]

Description Symbol Value Unit
Pulse width fpulse 0.004 [s]
Pulse start Istart 0.003/0.023 [s]
Pulse end fend 0.007 /0.027 [s]
Process voltage Umin 14 [V]

The Electric Current interface was applied to supply the PECM process with external electric
potential. Eq. 3 was defined to integrate the pulsed voltage Upuised(?) into the simulation model.

. (PO—P1) (3)

Upulsed(t) = Ucontrot * Umin S
F-A/E

Ucontrol 1s defined as a discrete variable in the Event interface and switches the electrical voltage
on and off in the specified period time. Unmin is calculated from the sum of all overvoltages of the
boundary layers of workpiece and cathode and the voltage drop in the electrolyte solution. The
value Unin is taken from the experiments shown [6]. The aim of PECM is to maintain a constant
electrical process current. Accordingly, the electrical voltage is controlled dynamically depending
on the changing working gap during the PECM process. For the PEMCenter 8000 from PEMTec
SNC used in the experiments, 4 generators are used to provide the required electrical voltage. The
control technology of the PEMCenter 8000 is realized in the simulation of the 3rd term of Eq. 3.
During the transient calculation, the geometric point po is tracked using a software internal probe
function. The Point p; is a fixed point on the surface of the respective workpieces. Both points are
shown in Fig. 3. The different working distances depending on the different models are Sr.a/e. The
boundary conditions and variables for implementing the electrical voltage are summarized in Table
6.
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Table 6 - Domain and boundary conditions of the Electric Current and the Event interfaces

Boundary condition Boundary Property
Electric potential 2 Upuised (t)
Ground 1 Qe =0V
Axis symmetry 3-9 -

Event interface condition Variable/States Property
Discrete variable Ucontrol 0orl
Indicator states I Ustart t — tstart
Indicator states 11 Uend t — tend
Implicit event I Ustart > 0 Ucontrol = 1
Implicit event 11 Uena > 0 Ucontrol = 0

The boundary conditions of the electrical voltage and the oscillation movement of the cathode

are shown as graphs in Fig. 5.
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Figure 5 — Integrated boundary conditions of oscillation movement, electrical voltage and
resulting current density plotted in one period

Results of the simulation

The average remanent magnetic flux density on the face of the workpiece surface in the
Model initial state is B, =0.45 T and thus within the tolerance of the remanent magnetic flux
density of the measured samples. On the face of the workpiece surface in Model final state, the
magnetic flux density increases to B;=0.51 T due to the change in geometry. Fig. 6 shows the
magnetic flux density in the models.
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Figure 6 — False color representation of the magnetic flux density and the magnetic field lines
(white cones) in Model initial state (left) and Model final state (right)

The density of the magnetic field lines increases at the workpiece corners of the north and south
pole. Accordingly, the maximum magnetic flux density is localized at the corners of the workpiece
and measures up to B, = 1.6 T.

As described in Eq. 1, the oscillating movement of the cathode relative to the stationary
magnetic field of the workpiece leads to an electrical current induction in the cathode and
workpiece domains. Fig. 7 shows the electrical current induction in a false color representation.
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Figure 7 — Induced current density at t = 0.001 s at Model initial state (left) and
Model final state (right)

A maximum induced current density of 6 A/cm? for Model initial state and 8 A/cm? for
Model final state was determined in the cathode. A lower induced current of a maximum of
0.7 A/ecm? in Model initial state and up to I A/cm? in Model final state is detected on the workpiece
surface on boundary 10. The induced current is significantly lower than the current flowing due to
the externally applied potential.

For comparison, Fig. 8 shows the distribution of the electrical current density with external
potential in the models.

2407



Material Forming - ESAFORM 2024 Materials Research Forum LLC

Materials Research Proceedings 41 (2024) 2400-2409 https://doi.org/10.21741/9781644903131-264
| Alem® 4l I ‘ ' | Alem?
5 k
45k 250 3[ 250
3 -
4 200 25} 200
3.5+ 5l
3t 150 150
2.5/ bar
'2 | | 100 1r 100
15t . I Wso % 50
k | ] ol
1t yé—»x : : : 1 05H : : .
0 2 4 6 mm 0 2 4 6 mm

Figure 8 - False color representation of electric current density with external potential and the
direction of current (black Arrows on boundary 10) at t = 0.005 s at Model initial state (left) and
Model final state (right)

The high current densities of up to 250 A/cm? are caused by electrical peak effects, which are
not decisive for ECM removal due to their localization in the contact area between the workpiece
and the clamping jaws. The maximum current densities on the workpiece surface on boundary 10
are 100 A/cm? in Model initial state and 120 A/cm? in Model final state. In addition to the
magnitudes of the electrical current density, the direction of the current is decisive for the charge
transport, without which there is no removal from the workpiece in an ECM process. In the case
of the applied coordinate system of the 2D models, it is necessary for the electric current to flow
in the z-direction, as with the current with external potential (Fig. 8). Applying the Out-of-Plane
node, it is possible to extrude the 2D geometry in the y-direction in order to make the 2D equation
identical to the equation used for 3D components. Fig. 9 shows the induced current in the x-
direction, in the z-direction and in the extruded y-direction of the 2D models.
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Figure 9 — Induced current direction in the workpiece (half of domain I) of
Model initial state (left) and Model final state (right)

Fig. 9 shows that the induced electric current distributes in the rectangular workpiece as a
circular eddy current before and during processing. Furthermore, it can be seen that the polarity of
the induced current changes during the machining process as soon as the cathode has reached
bottom or top dead center. Despite the induced eddy currents in the workpiece, no removal-
effective charges flow in the z-direction during induction in the PECM process. The differences
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between the current induced by the magnetic field of the workpiece and the oscillating cathode
and the pulsed current with external potential are summarized in Table 7.
Table 7 - Summarized simulation results

Characteristic Induction current Pulsed current
Current type Alternating current (AC) Direct current (DC)
Direction of current Circular Straight

Current density

. Max. 1 A/cm? Max. 120 A/cm?
(on workpiece surface)

Summary

In this study, 2 transient 2D models were shown for the simulation of precise electrochemical
machining of a permanent magnet applying COMSOL Multiphysics. The simulation results show
that the oscillating movement of the cathode relative to the workpiece causes an electrical
induction current in the areas of the cathode and the workpiece in accordance with Faraday's law
of induction. Due to the circular propagation of the induction current and the relatively low current
density of a maximum of 1 A/cm? induced on the workpiece surface, it is not assumed that the
induction current has an influence on the removal-effective process current. Based on this study,
it is not necessary to change the process input parameters in PECM experiments if the machining
strategy and magnetization of the workpieces are the same. In further studies a 3D model for
further evaluation of the induced current in the PECM process will be investigated.
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