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Abstract — Manufacturing processes affect the magnetic
properties of the ferromagnetic components of electrical
equipment. The optimization of the designed devices
depends on two factors: the mechanical state of the
material of a blanked part, especially near the cutting
edge, and the magneto-mechanical behavior of the
material used. In this paper we investigate the magnetic
induction degradation of a blanked stator fabricated
using fully processed, non-oriented Fe—(3 wt%)Si steel
sheet. Owing to the geometric symmetry, we first
simulated a half-stator teeth blanking using the Abaqus
software. Subsequently, a magneto-mechanical extended
Jiles—Atherton hysteresis model was used to determine
the magnetic induction distribution on the blanked teeth
stator. The numerical results show that the magnetic
induction degradation can reach 25% upon applying
moderate magnetic field, i.e., 1000 A/m, and 8% upon
applying magnetic field close to the magnetic saturation,
i.e.,, 3500 A/m. The depth of the affected region was
approximately 1.25 mm before the material regained its
initial magnetic state.

Index Terms — Blanking, finite element method, Jiles-
Atherton hysteresis, magnetic properties, strain-magnetic
coupling.

I. INTRODUCTION

Rotating electrical machines comprise ferromagnetic
parts, which are manufactured using either conventional
processes (blanking, drilling, shearing, etc.) or
nonconventional ones (laser cutting or wire cutting).
These processes, especially in ferromagnetic sheet metal
forming, introduce local changes in the microstructure
and generate internal stresses, thereby affecting the
magnetic properties in the region of the cutting edge [1,
2] and increasing the magnetic losses near the cutting
edge [3, 4]. Cao et al. [5] described the residual-stress
distribution and magnetic domain structure on the
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cutting edge, demonstrating that the decrease in the
width of the residual-stress-variation zone reduced the
deterioration of magnetic properties. For punched ring
structures, Lewis et al. [6] developed a simple model to
represent the power loss as a function of the damaged-
region width; The results showed that the power loss
increased with decrease in the damaged width. Notably,
elastic and plastic deformations significantly affect the
magnetic properties of materials and alter the shape of
the hysteresis curves. The elastic strain modifies the
local internal nergy of the material, thereby affecting its
magnetic behavior. However, compared with internal
elastic stain, plastic deformations induce higher disorder
in the magnetic behavior; therefore, the deterioration
in magnetic properties is less noticeable over the
elastic tensile stress range than that because of plastic
deformation [7]. The adverse effects of plastic tension on
magnetic properties are manifested in the range of the
low plastic strain levels and in the low and medium
magnetic field amplitudes [8-11]. The aforementioned
phenomenon is more noticeable at high tensile stress,
which results in increased losses [12]. Furthermore, the
mechanical stresses affect magnetic anisotropy, decrease
permeability, and increase power losses [10]. Blanking
parameters (i.e., punch velocity and clearance) have also
been investigated [13] to determine their contribution to
the degradation of magnetic properties. Xiong et al. [14]
demonstrated the mechanical-cutting-induced changes
in the microstructure and texture of non-oriented Fe-Si,
deterioration in its magnetic properties, and a significant
change in the resulted hysteresis loop. They also reported
that these variations were more apparent upon increasing
the cutting length per mass. Wang et al. [15] and Kuo
et al. [16] revealed the importance of punching clearance,
which deteriorates the magnetic performance. In addition,
Weiss et al. [17] demonstrated that smaller cutting
clearances could result in higher residual stresses near
the cutting surface. They further showed that both
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important cutting speed and wear of the tool increased
the losses and deteriorated magnetization. Furthermore,
material characteristics of electrical steels, such as
thickness, grain size, and crystallographic texture strongly
affect the magnetic properties of non-oriented electrical
steel sheets [18]. Kuo et al. [16] indicated that a material
with small grain size had low deformation during the
punching process. Omura et al. [19] and Toda et al. [20]
studied the effect of the hardness and thickness of
non-oriented electrical steels on iron-loss deterioration
by blanking process and, consequently, observed that
material iron loss was low in thin or hard specimens.

Establishing a description for multiple physical
coupling processes is essential. Several models have
been developed and implemented into a numerical
model to define the magneto-mechanical behavior of
ferromagnetic materials in electrical devices. Coupling
was employed to study the effect of blanking on the
magnetic response [10] and the contribution of multiaxial
stress on magnetization [10,11,13,21]. A certain amount
of coupling was proposed as an extension of existing
classical magnetic hysteresis models [13,22-24]. The
numerical modeling of such problems requires sufficient
computer capacity, powerful software for the simulations,
and a well-defined and efficient approach. However, all
of the cited studies have limitations. The coupled model
of Ossart et al. [10] is based on the conversion of the
local microhardness into an equivalent plastic strain,
which cannot describe the complex state induced
by blanking. Bernard and Daniel [13] extended the
Jiles—Atherton (J-A) hysteresis model by introducing
mechanical stress via anhysteretic magnetization and
by modifying the pinning factor. This model was
then implemented into a time-stepping finite element
method. However, this approach suffers from critical
convergence difficulties. The multiscale approach used
by Aydin et al. [21] and based on the free energy in the
domain scale is also insufficient, as it relies on only a
few material parameters and provides a description of
the coupled magneto-mechanical anhysteretic behavior
only.

In this work, we present a coupled experimental
and numerical analysis of magnetic behavior degradation
for stator teeth blanking. Magnetic experiments on
ferromagnetic sheet steel were carried out at different
levels of plastic strain to develop an extended J-A
hysteresis model considering the strain-magnetic field
coupling. A sheet metal blanking model of a half-teeth
stator was developed and validated using the Abaqus
software. Then, a coupling analysis using Python and
Abaqus was performed. The Python code obtained the
plastic strain map from the finite element simulation and
calculated the corresponding magnetic induction for a
given magnetic field. These values were inserted in the
teeth stator part to visualize the magnetic induction and
distribution of degradation. An analysis performed close
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to the cutting edge revealed the “magnetic dead zone”
depth.

Il. THE JILES-ATHERTON HYSTERESIS
MODEL
Jiles and Atherton [25] defined the total
magnetization M as the sum of two components:

M = Mrev + My, (1)
where My is the reversible component resulting from
the deformation of the walls on the coupling sites under
the action of an external field and M. represents the
irreversible magnetization. They can be analyzed by the
set of differential equations:

erev — (dMan _dMirr)
dH dH dH @
dl\/Iirr _ Man_Mirr ,

dH 6 k—a(Mg, —Mjy;)
where c is the coefficient of reversibility in the range of
0-1, H is the applied magnetic field, 6 is the directional
parameter, taking the value of +1 or —1, a is the domain
coupling parameter, and k is the pinning factor. The
anhysteretic magnetization is denoted by Ma, and it can
be expressed by the modified Langevin function:

H a
Ma = Ms(coth(?e)—H—e) , 3)
where a represents the domain density, Ms is the
saturation magnetization and H. is the Weiss effective
field given by:
He = H + o M (4)
Considering all these expressions, the J-A hysteresis
model can be expressed by the differential equation:
d—Mz(l—c) Man = Mir +ch—a”, (5)
dH Sk—a (Mg, —Mi,) dH

which is a function of five parameters {Ms, a, a, ¢, k}.

11l. EXPERIMENTAL ASPECTS OF
MAGNETO-MECHANICAL COUPLING

In this section, we present the experimental
arrangement for the magnetic measurements, the
obtained magnetic hysteresis at different levels of plastic
strain, and the developed theoretical model based on the
J-A hysteresis model, which considers the magneto-
mechanical behavior coupling. It should be noted that a
more detailed description of the magnetic measurement
test apparatus is available in Refs. [22,26].

A. Arrangement for magnetic measurements

The samples were obtained from a fully processed,
non-oriented Fe—(3 wt%)Si steel sheet with a thickness
of 0.35 mm. The magnetic measurements were carried
out in the “initial state” (i.e., without residual stress)
and in the “loaded state” (i.e., different ranges of plastic
strain applied up to 10% using a universal testing
machine). The applied stress and the magnetic field were



both in the rolling direction.

Figure 1 shows the obtained experimental hysteresis
loop at different loaded states. The total strain is assumed
to be plastic strain under a static regime (frequency of
1 Hz). As can be seen in Fig. 1, the magnetic properties
are affected even at a low range of deformation. For
example, it is noticeable that the magnetization at
saturation and the remanence decrease with the increase
in the deformation. Saturation is the state reached
when an increase in the applied external magnetic field
cannot increase the magnetization of the material and
remanence is the magnetic flux density remaining in
a material following the removal of the magnetizing
field. However, the coercive field and hysteresis losses
increase with the increase in the deformation. Magnetic
coercivity is a measure of the ability of a ferromagnetic
material to withstand an external magnetic field without
becoming demagnetized and the hysteresis loss is
proportional to the area of the hysteresis loop.
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Fig. 1. Experimental hysteresis loops as functions of the
applied elastoplastic deformation [23].

B. Hysteresis simulation

Several efforts have been made to develop
hysteresis models suitable for different materials and
frequencies. In our study, we employed the J-A model
[22,25]. The implementation of such a model requires
the identification of five parameters: the saturation
magnetization, the domain-coupling parameter, the
pinning factor, the coefficient of reversibility, and the
domain density. The J-A parameters were successfully
identified using a genetic algorithm procedure for
each plastic strain range [22]. A parameter sensitivity
investigation allowed us to assume that parameter a had
the greatest effect on the shape of the hysteresis curve.
The study of the evolution of the J-A model parameters
for different elastoplatic deformations reveals that only
the domain density a depends on the deformation. The
results of the hysteresis curve simulation for non-
deformation, low deformation, and even at high
deformation, with a, ¢, and k constants, are in agreement
with the measurements. Accordingly, we assume that
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they are independent of the elastoplastic deformation.
Then, only parameter a is expected to be a function of ep
and follows the law:

119+650.¢,
a=——. (6)
1+ &p

For the three other J-A parameters, we averaged the
centered values of ten genetic algorithm simulations:
a=150x10"% ¢c=31x 1073, and k = 498 A/m. Figure
2 shows the experimental and simulated hysteresis for
the initial state and 10% of mechanical deformation.
Compared with the experimental results, all simulation

results show a mean square error of less than 5%.
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Fig. 2. Measured and simulated hysteresis loops for Fe—
(3wt%)Si at different elastoplastic deformations (a) 0%
and (b) = 10%) [22].

IV. NUMERICAL ASPECTS OF STATOR
TEETH BLANKING
In this section, we present the finite element analysis
of a half-teeth stator blanking by using the Abaqus
software.

A. Finite element model

Figure 3 depicts the different tools employed for the
simulation of the stator teeth blanking, where, owing to
its geometric symmetry, only a half part is included. The
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half blank, which was rectangular, with dimensions
115 mm x 45 mm x 0.8 mm, was positioned between a
die and blank holder. All the process tools had a fitting
radius of 0.2 mm. The radial clearance between the
punch and die, relative to the sheet thickness, was 10%
(sheet thickness equal to 1.2 mm). The model of the tools
was based on the application of rigid bodies. The die
and blank holder were fixed, and the punch moved at
100 mm/s. The contact was described using a Coulomb
friction model with a friction coefficient, , of 0.18.

105 .

Die and blank holder

PR

Fig. 3 Geometric description of the blanking tools.

The material investigated was a 1.2-mm-thick sheet
of isotropic non-oriented full-process Fe—(3 wt%)Si
steel. Various tensile tests were performed at the strain
rate of 107> s7!. This value of strain rate is, generally,
used to describe the ‘“quasi-static” behavior of the
material. The material work hardening can be described
using a conventional Ludwik’s law. The quasi-static
yield stress is given as follows:

50(8p) = T70(5,)°% . (7

While assuming the quasi-static material behavior,
we do not consider the high magnitude of the punch
velocity. Therefore, it is better to improve the material-
behavior description using a strain-rate-behavior law. In
such a model, the rate of the effective plastic strain is
related to the difference between the current stress and
yielding stress, as proposed by Peirce etal. [27]. For one-
dimensional rate-dependent plasticity and isotropic work
hardening, the effective plastic strain rate is given as:

o _eo[ L)
€m =& , (8)

a(&")

where P is the equivalent plastic strain, 7 is the
equivalent plastic strain rate, which is the reference
strain rate used to measure the quasi-static yield stress,
and m is the rate sensitivity parameter (m > 0).

As the blanking process is not time-dependent, the
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dependence on the strain rate is considered using the
rate-dependent yield. When the dependences on the
strain and strain rate are assumed to be separable and
isotropic work hardening is considered, the strain rate

dependent yield-stress & is defined by:

I 2

o’ el =0, —| , ©)

P
0

where &,(zP) is the quasi-static yield stress at the quasi-

static strain rate £/ .

To study the strain rate sensitivity, the true stress—
strain curves were measured using an Instron test
machine equipped with a charge-coupled device (CCD)
camera and a data acquisition system controlling the
prescribed displacement to maintain a constant strain
rate in the center of the specimen. The technique used for
these video controlled tests is based on the procedure
developed by G’sell and Jonas [28]. The experimental
arrangement was used to perform tensile tests at different
strain rates ranging from 107 to 5 x1073 s7!, with a
reference strain rate set as 107 s™!. The result obtained
for the investigated material shows a significant strain
rate sensitivity value (m = 0.0085).

The numerical simulation of the sheet metal
blanking process has been reported by several studies
[2,29,30] Different approaches have been proposed to
simulate the shearing process and to treat ductile
fracture. In this work, we use the non-iterative explicit
approach to model the high nonlinearity associated with
the blanking process. An arbitrary Euler-Lagrange
formulation was employed to treat the large mesh
distortion occurring during the calculation and leading to
strain localization and mesh degradation, resulting in
significant errors. The blank is meshed using 22 610
hexahedral elements with reduced integration (type
C3D8R), as shown in Fig. 4.

Fig. 4. Finite element model for the blanking test
simulation.

Among the several existing sheet metal-forming
processes, the blanking process is special in the respect
that plastic straining is followed by ductile fracture
and material separation. We used the well-known



Gurson-Tvergaard—Needleman model [31,32] to treat
ductile fracture. The nine Gurson-Tvergaard—Needleman
parameters are summarized in Table 1 [2,29], where term
fo is the initial void fraction, {q1, g2, qs} are adjustable
material parameters, fy is the volume fraction of the
nucleating void, e is the mean strain for void nucleation,
S is the standard deviation, f: is the critical void volume
fraction, and fr is the void volume fraction at failure.

Table 1: Gurson—Tvergaard—Needleman parameters

fo | g1 | g2 | g3 | en | fn S fc fe

001| 15| 1 |225|03|0.04| 01 |0.11]0.12

B. Finite element results

Because of the lack of experimental tests on stator
teeth blanking, the validation of our numerical approach
is based only on the numerical punch displacement as a
function of the punch load. According to the literature,
the maximum blanking load, Fmax, is expressed by [33]:

Fmax = k.P.€.0max, (10)

where K is a calibration factor (0.8 < k < 0.95), P is the
perimeter of the punch, e is the thickness of the blank,
and omax IS the maximum tensile stress of the material.

According to equation (10), the maximum load
needs to be in the range of 13.0-15.5 kN. In addition, for
steel case blanking, fracture typically occurs between
85 and 95% of the thickness of the sheet [29]. These
findings are confirmed by the curve of the simulated
penetration as a function of load (Fig. 5). A reference
point was assigned to the punch (rigid body) which
enabled the acquisition of the tool displacement and total
punch force required to penetrate the blank. The relative
punch displacement is defined as the ratio of punch
displacement and the blank thickness.

Figure 6 shows the von Mises stress distribution and
the “equivalent plastic strain” (PEEQ) distribution.

g 8 8 8

3
8

Punch Load (KN)

0 01 0.2 0.3 0.4 05 0.6 0.7 08 0.9 1
Relative punch displacement (%)

Fig. 5. Teeth stator load as a function of displacement
(maximum load = 13 685 N; relative displacement at
fracture = 0.88).
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Fig. 6. (a) von Mises stress distribution, and (b) PEEQ
distribution.

V. APPLICATION OF THE MAGNETO-
MECHANICAL COUPLING

The magneto-mechanical coupling is realized
following different steps and using the Abaqus software
and a model in Python language. Figure 7 shows the
applied numerical procedure. First, a blanking finite
element simulation of the half-teeth stator is performed
as described in the previous section. Then, the value
of the equivalent plastic strain for each element of
the specimen mesh is obtained. For a given value of
magnetic field, H, we calculate the corresponding value
of the magnetic induction using the extended J-A
formulation (see section “Materials and Methods”). Two
new variables are created and saved in the odb file used
by Abaqus. The first variable is denoted as “magnetic
induction,” describing the magnetic distribution through
the blanked part [Fig. 8 (a) and 9 (a)]. The second
variable is denoted as “degradation,” representing the
relative degradation of the magnetic induction, and it
corresponds to the percentage rate of corresponding
magnetic induction and maximum magnetic induction
[Fig. 8 (b) and Fig. 9 (b)].

Figure 8 and Fig. 9 show that far from the cutting
edge, the material regains its original magnetic
properties. For the better analysis of the magnetic
efficiency and to provide guidance for electrical parts
designers, it is important to characterize the magnetic
properties near the cutting edge and to determine the
width of the affected area. For this purpose, we defined
two “paths,” shown in Fig. 10, to analyze the evolution
of the magnetic properties near the cutting edge. The
results summarized in Fig. 11 show that the magnetic
degradation is more substantial for the low and medium
range magnetic fields: the magnetic induction degradation
reached 23.8% for an applied magnetic field of 1000
A/m. Close to the magnetic saturation (Hs = 4500 A/m),
the degradation is less severe: the magnetic induction
degradation reached 7.4% for an applied magnetic field
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of 3500 A/m. The affected area is approximately 1.25 mm
for all cases.

i ABAQUS

Extraction of
s PEEQ for
each mesh element

Finite Element
Simulation of stator
teeth sheet blanking

i H
i
. ¢
1
| Extended Jiles-Atherton
hysteresis Model

Magnetic induction and
degradation distribution L
on blanked teeth sheet |

Creation of two new Abaqus
Variables ‘Magnetic
induction” and *Degradation’

Fig. 7. Flowchart of the magneto-mechanical coupling
process.

Figure 8 and Fig. 9 represent the magnetic flux
distribution and the corresponding degradation for two
magnetic field values, H=1000 A/m and H = 3500 A/m,
respectively.

3
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3
3
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3
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LU

Fig. 8. Simulation at magnetic field of H= 1000 A/m: (a)
Magnetic induction distribution and (b) degradation.

Magneti induction (T)

Fig. 9. Simulation at magnetic field of H = 3500 A/m: (a)
Magnetic induction distribution and (b) degradation.

ACES JOURNAL, Vol. 35, No. 6, June 2020

Fig. 10. Paths for monitoring the magnetic induction
evolution.
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Fig. 11. Magnetic induction evolution along different
paths.

VI. CONCLUSION

We performed both experimental and numerical
studies on the magneto-mechanical coupling and applied
them to stator blanking. The finite-element simulation of
a teeth stator using the Gurson—Tvergaard—Needleman
constitutive model and an arbitrary Euler—Lagrange
mesh description were performed to obtain the accurate
plastic strain distribution on the blanked part. A static
model of a fully processed, non-oriented Fe—(3 wt%)Si
steel sheet under plastic strain was developed on the
basis of the classical J-A hysteresis model. In addition,
genetic algorithms were used to identify the hysteresis
model parameters and formulate an extended description
of the J-A model. Using Python language, a simulation
procedure was developed. First, the plastic strain state
was obtained using the Abaqus process. Subsequently,
we analyzed the magnetic induction corresponding to a
given value of magnetic field. Finally, both the magnetic
induction and magnetic degradation were described
using the Abaqus software. From the results, it was
evident that the magnetic degradation could reach 25%
for a moderate value of the applied magnetic field, and
that the width of the “magnetic dead zone” approached
1.25 mm near the cutting edge before the material
regained its initial magnetic state. The developed
procedure is a helpful tool for engineers and electrical
equipment designers to optimize the performance of
their electrical designs.
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