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Abstract

Permanent magnets are machined by Electrical Discharge Machining. The thermal influence on the workpieces can affect the magnetic properties.
Therefore, the magnetisation of the material is performed in a subsequent processing step.

Pulsed Electrochemical Machining (PECM) represents a potential alternative. It is expected that the oscillation of the cathode leads to electrical
current induction, which affects the electric current density on the workpiece surface.

In this study, the electrical current induction when machining Nd-Fe-B with PECM is analysed based on simulation. Based on the results,
recommendations of process input variables for the PECM process can be derived.
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1. Introduction

ECM was identified as an alternative to avoid the negative influ-
ence on the magnetic properties of permanent magnets, and thus
represents an alternative machining technique with negligible
thermal influences other than established EDM processes. As a
consequence, subsequent magnetisation is no longer necessary,
which would significantly increase production efficiency. ECM
uses the principle of electrolysis, in which an anodically po-
larized workpiece is machined by applying an electric current.
The gap between the two electrodes should be kept small in a
defined manner in order to transfer the shape of the tool into
the workpiece with high precision and to minimize the ohmic
voltage drop between the cathode and anode for high economic
efficiency. As charge carrier, an electrolyte solution is pumped
through the working gap, which continuously removes the gen-
erated heat as well as gaseous, dissoluted and solid removal
products. [1] In order to make the ECM process more precise,
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the PECM process was developed, in which the accuracy of the
process and the surface quality of the workpieces could be fur-
ther increased with pulsed direct current and an oscillating cath-
ode [2, 3]. The examined alloy Nd-Fe-B has excellent magnetic
properties, such as high magnetic energy product, coercivity
and energy density. Among the commercially available perma-
nent magnets, it is the material with the strongest magnetisation
(BH)max [4]. Areas of application include advanced engine and
drive systems [5]. The influence of the magnetic field on the test
specimens examined according to DIN SPEC 91399 [6, 7] was
analysed using the simulation software COMSOL Multiphysics
Version 6.0. The presentation of the results focuses on the cur-
rent density distribution in the PECM device, which strongly
influences the removal of the material and thus the efficiency of
the PECM Process.

2. Electromagnetic induction

The coupling between the electric and magnetic fields is ex-
plained by Faraday’s Law of Electromagnetic Induction given
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in Equation 1, which shows the relation between the electric
and magnetic fields [8].
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Equation 1 also indicates that Faraday’s law is general and in-
dependent of the geometry. As can be seen in Fig. 1, a time-
varying magnetic flux density can induce a current in any con-
ductive volume such as a cathode.
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Fig. 1: (a) A time-dependent flux density generates an induced current in a
loop; (b) The same in a conducting volume [8]

Based on Faraday’s Law of Electromagnetic Induction, it is as-
sumed that the oscillating movement of the cathode back and
forth relative to the permanent magnetic workpiece has an in-
fluence on the current density distribution in the PECM process.

3. Model description
3.1. Geometry and materials

The design concept for the PECM model was adapted from pre-
vious ablation experiments of the magnetic material Nd-Fe-B
[6, 9]. Fig. 2 shows the designed model with domain definitions
in the simulation software. Due to the almost rotationally sym-
metrical device, the model was designed as two-dimensional
geometry with the axis of symmetry at X = 0. The two elec-
trodes can be seen in yellow (cathode) and gray (anode), the
respective contacts in shades of yellow and purple, and the
lower and upper part of the flushing chamber made of insu-
lating material in green. The colouring, arrangement and ge-
ometric dimensions of cathode and workpiece correspond to
DIN SPEC 91399. Both electrodes are cylindrical in shape. The
workpiece has a diameter of 12 mm and a length of 45 mm. The
cathode consists of a stepped shaft with diameters of 7.5 mm
and 12 mm and a length of 37.5 mm. The oscillating movement
of the tool unit occures in Z-direction.

The anode (I) consists of the magnetic material Nd-Fe-B. For
the cathode (II), stainless steel 1.4301 was selected, because it
is a non-ferromagnetic austenitic steel, meaning that the mag-
netic force on the cathode movement will be negligible. As a
non-solid material, domain III represents the electrolyte. Ta-
ble 1 summarises the materials for each domain and their mate-
rial parameters. For the analysis of the induction, the electrical
conductivity o, the relative permeability y, and the relative per-
mittivity €, are assigned to the domains.
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Fig. 2: 2D axisymmetric model geometry with defined domains

Table 1: Material parameters of the simulation model

Domain Material o [S/m] Hr €
I NdFeB 6.67-10° 1.05 1.05
IL, IV-VII 1.4301 7.3-10° 1.02 1
111 Electrolyte (NaNO3) 7 0.28 1
VIII, IX PMMO 10710 1 4
X-XVI Air 3.1015 1 1.006

3.2. Physics and boundary conditions

3.2.1. Magnetic field

The physics module Magnetic Fields was applied to magne-
tise the workpiece domain for further simulations. The target
value for calibrating the workpiece is a magnetic flux density
of B =460 + 5 % on the face of the workpiece. This value was
measured in previous experiments on the face of the workpiece
geometry with a magnetic field tester PCE-MFM 3000 from
PCE Deutschland GmbH [9]. The measuring device is equipped
with an external Hall sensor and measures static and chang-
ing magnetic fields with an accuracy of + 5 % of the measured
value. This value directly affects the magnitude of the induced
current. The domain and boundary conditions of the magnetic
field module are listed and described in Table 2.

3.2.2. Moving mesh

Moving mesh mode is implemented to simulate the oscillation
of the cathode, including relevant domains such as the cathode
contact, the upper and the lower insulation. The oscillation can
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Table 2: Domain and boundary conditions of magnetic field

Domain Condition Domain Property
Ampere’s Law 1 all pr from material (Tab. 1)
Initial Values all Magnetic vector potential
Ay =0;A, =0; A, = 0 [Wb/m]
Ampere’s Law 2 I Magnetisation model:
Remanent flux density
B, =1[T]
Remanent flux direction
ex =0;e, =0;e, =1[T]
Boundary Condition Boundary Property
Axial Symmetry 1,2,12,21, -
29, 34, 60, 61
Magnetic Isolation 46, 49, 50, 53 -
55, 56,59

be described with a time-dependent sinus function as provided
in Equation 2.

72(f) = =7-sinQRx - f, - 1) 2)

Due to the negative sign, the starting movement of the cathode
is directed downwards towards the workpiece. Since f(¢) is a
wave function, it oscillates with a frequency f of 50 Hz and an
amplitude 7 of 185 wm between the lowest and highest peaks,
and the peak-to-peak amplitude AZ is equal to 370 pm. Table 3

Table 3: Oscillation parameters of the cathode

Description Symbol Value Unit
Frequency f 50 [Hz]
Period T 20 [ms]
Amplitude z 185 [wm]
Peak-to-peak Amplitude VA 370 [um]
Working distance a 70 [pum]

lists the oscillation parameters used for the movement of the
cathode. Fig. 3 illustrates the oscillation movement of the cath-
ode with a sinus wave function z(f) passing through the phases
I-V over a time of 20 ms. Domain and boundary conditions of
moving mesh module are listed and described in Table 4.

3.2.3. Electric current

Electric current mode was applied to supply the PECM process
with external electric potential. An important characteristic of
this simulation model is that a pulsed electric potential U pyiseq(t)
needs to be defined. To connect a time-dependent switching cur-
rent, a rectangle function was implemented. This function ap-
plies the electrical potential U in the interval of a lower # oy
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Fig. 3: Principle representation of cathode oscillation over time

Table 4: Domain and boundary conditions of moving mesh

Domain Condition Domain Property
Prescribed Deformation I, IV, XII-X VI dy =0;d, =0
Deforming Domain IL II0, V - XI Initial deformation

dx=0;d,=0
Boundary Condition Boundary Property
Fixed Boundary 3,5,7,9, -

14,47, 58

Prescribed Mesh Displacement 2,4, 6, 8, 13 dy, =0
in Normal Direction 15, 20, 21, 52, 61
Prescribed Mesh Displacement 16-19,22-45 dy =0;

d, =-7-sin2n- f, - 1)

and an upper fyp, limit of the rectangle function as shown in
the Equation 3 and Equation 4.

T 1,
tLow=—+—% 3
L i) 3)

T ¢
e =7+ )

The Equation 5 explains the pulsed electric potential U pyiseq(?)
which connects and disconnects the voltage according to the
lower and upper time limits.

oV, if t<ti
Upulsed(t) =410V, if 11, < 1< typp (5)
0V, if 1>ty

The pulsed current parameters used in the simulation model are
summarized in the Table 5 below.
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Table 5: Pulsed electric potential parameters [9]

Table 6: Domain and boundary conditions of electric current

Description Symbol Value Unit Domain Condition Domain Property
Pulse width tp 4 [ms] Current Conservation 1-VII o from material Tab. 1
Lower limit tLow 3 [ms]
Upper limit tupp 7 [ms] Initial Values 1-VII @el = 0[V]
Baseline Uo 0 I\
Electric Potential Amplitude U 10 [V] Boundary Condition Boundary Property
Axial Symmetry 12,21, 29, 34 -

. . . . . Electric Insulation 4-9,11,13, 16, -
Fig. 4 illustrates the cathode oscillation and a pulsed electrical 19.20.22. 27. 32
potential in two periods, here the oscillation graph f(#) marked 33,35-38, 40 - 45
with dark line is plotted as in Eq. 2 (also shown in Fig. 3) and
the pulsed voltage Upyisea(t) graph marked with red line is char- ~ Ground 35 @1 =0[V]
acterized as in Eq. 5. This function is achieved via the switching Electrical Potential 3 ga = Unaeal®) from Eq. 5

electric potential Upyiseq(t) ranging from O V to 10 V with the
pulse width #, of 4 ms.
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Fig. 4: Cathode oscillation and pulsed potential in two periods

The domains I-VII in electric current mode are selected for cur-
rent conservation and electric conductivity o of the materials
are used from the Table 1. While the anode contact boundary 3
has been assigned to the electric potential pe; = Upuisea(?), the
cathode contact boundary 35 has been defined as ground. Do-
main and boundary conditions of electric current mode defined
in the PECM simulation model are listed in the Table 6.

A potential source of error is the influence of meshing accuracy.
A mesh sensitivity analysis was performed. For this purpose,
several meshes of different fineness were analyzed to exclude
calculation errors. The mesh for the model to study the influ-
ence of the magnetic field on the PECM process was generated
using a physics-controlled mesh as a sequence type. The maxi-
mum element size is 5.5 mm, the minimum element size is 0.03
mm. The meshed geometry has a total number of 4628 elements
and 2504 mesh vertices. Domains I-XI were meshed with 4383
triangular elements and the infinite air Domains XII-XVI with
245 quadrilateral elements.

Up=0;U=10[V]

4. Results of the Simulation

In Fig. 5, the magnetic flux density of the model with magnetic
field lines at time t = 5 ms is shown. It can be seen that the mag-
netic flux density is distributed in the geometry and a maximum
magnetic flux density B measured in the model amounts to 967
mT.
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Fig. 5: Magnetic flux density on the anode surface

The magnetic flux density measured on the real specimen,
which was studied in previous experiments [6, 9], has been set
in the simulation on the surface of the workpiece up to a di-
ameter of around 5 mm, as shown in Fig. 6. The magnetic flux
density of the workpiece increases to a diameter of approxi-
mately 11 mm to 550 mT and to a maximum value of 765 mT
at the outer edge.

Fig. 7 shows the induced current density distribution in the do-
mains of anode, cathode, electrolyte and in the insulation areas.
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Fig. 6: Magnetic flux density on the anode surface

The current density distribution shown in color scale is solely
due to the interaction of the magnetic field from the workpiece
and the movement of the cathode without external voltage ap-
plied.
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Fig. 7: Induced current density at t = 1 ms (a) and at t = 4.75 ms (b)

As stated in Faraday’s law of induction, Fig. 8 shows that the
movement of the electrical conductor (cathode) relative to the
stationary magnetic field of the workpiece causes an induction
current in the domains shown. It can be seen that a current is
continuously induced in the electrodes except at the bottom and
top dead center of the cathode oscillation.

A maximum current density of 2.97 A/cm? is induced at the
edge of the cathode surface and a maximum current density of
2.20 A/cm? at the edge of the anode surface. A negligible in-
duced current flows in the entire electrolyte area, due to the
low electrical conductivity of the electrolyte. Fig. 9 shows the
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Fig. 8: Maximum induced current density in the volumes of the anode, cathode
and electrolyte

current density distribution with switched-on voltage as a com-
parison to the induced current. The course of the current density
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Fig. 9: Maximum electric current density with externally applied voltage in the
volumes of the anode, cathode and electrolyte

over time shows that the current density distribution in the over-
all model assumes a course similar to that of the pulsed electric
potential function defined in Eq. 5. The maxima are located on
the cathode (between boundaries 42 and 40), electrolyte (27 and
22) and on the anode (13 and 9) at edges that are not significant
for the removal process. In addition to the pure amounts of the
electrical current density, the direction of the current is decisive
for the charge transport, without which there is no removal of
the workpiece in the ECM process. For this, the charges have
to migrate in the Z-direction of the model. Fig. 10 shows the
direction of current in the cathode, electrolyte and anode re-
gions. The induction current flows in a circle (¢-component
of cylindrical coordinate system) in the volumes of the anode,
cathode and electrolyte. This current is also called eddy cur-
rent, which is induced in an extended electrical conductor in a
time-varying magnetic field or in a moving conductor in a time-
constant magnetic field [8]. During Upusea (1) (Eq.5), the direc-
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Fig. 10: Current direction at t = 2.5 ms (a), at t =5 ms (b) and t = 7.5 ms (c)

tion of the current changes with an externally applied voltage
in the Z-direction. When the cathode moves upwards from time
t =5 ms and no external voltage is connected, the induction cur-
rent is again circular but in the opposite direction. Fig. 11 shows
that the polarity of the induction current changes depending on
the position of the cathode.
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Fig. 11: Induction current in the ¢-direction at the surface boundaries of the
anode, cathode and in the electrolyte area

In order to ensure the charge transport, that is required for ma-
terial removal during the ECM process, a temporally constant
direct current in the Z-direction must take place. The induction
current generated by the changing magnetic field, due to the os-
cillating cathode, is detected in all domains of the model in the
circular (phi) direction. It can be derived, that the induced cur-
rent, due to the direction of the current flow, does not lead to
the removal of the workpiece.

5. Summary and Outlook

In this study, a multiphysical model for simulating the pulsed
electrochemical machining of permanent magnets was devel-

oped using COMSOL Multiphysics. According to the simula-
tion results, an electrical current induction was detected in the
model geometry due to the oscillation movement of the cathode
which corresponds with the Faraday’s law of induction. The
amount of current density induced in this way is significantly
lower than the current density generated by the external electric
potential. It is expected that the circular direction of the current
and in this context the charge transport during the induction cur-
rent does not lead to a removal of the workpiece. Based on the
results of this model, it can be concluded that no adjustments
to process input parameters are necessary for PECM experi-
ments with the same test setup and equally strongly magnetised
workpiece due to the low and circular flowing induced current.
Further experiments and simulations are required to investigate
the effects of the induced currents on the state of the electrodes
during and after the PECM process. Since the developed model
meets the requirements of DIN SPEC 91399 with regard to the
geometric dimensions of cathode and workpiece as well as the
test arrangement, it can and will be used in the future to in-
vestigate material removal on magnetised or non-magnetised
workpieces with different input parameters.
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