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Improving global ferromagnetic characteristics
of laminations by heterogeneous deformation

Mohamad El Youssef, Stéphane Clenet, Adrien VarpGbbdelkader BenaboRjerre Faverolle,
Jear-Claude Mipc

Abstract— During electrical machine manufacturing, the
process may induce plastic mechanical strains, espally in the
magnetic core. However, magnetic properties are hiidy sensitive
to the material mechanical state. Thus, the performnces of
electrical machines, which also rely on the magneti material
properties, are often deteriorated. This paper propses an
approach to reduce the impact of the forming proces on the
magnetic core performances by creating high localed
heterogeneous deformations instead of having a low
homogeneous deformation distributed on the whole sicture. A
NO (non-oriented) FeSi (1.3%) electrical steel (M3B-35A) is
characterized after uniaxial tensile test. Samplesare deformed
either in heterogeneous or in homogeneous ways whikeeping
the same global deformation. Experimental measurenmés show
that, for the same displacement value, the heterogeous
configuration, with localized strain, deterioratesless the global
magnetic properties than the homogeneous configurain. These
results are supported by a magneto-mechanical modegy
approach that predicts accurately the physical behdor of the
test samples.

Index Terms— Electrical Machine, Magnetic characterization,
Manufacturing process, Non-oriented FeSi steel, Pdtic strain

I. INTRODUCTION

he manufacturing process of electrical machineslies

different stages (cutting, pressing, forming, weddi
annealing...etc.) that lead in general to the dediamaof
magnetic properties of electrical steel laminati¢h®]. For
example, in [3,4] the impact of several manufacigri
processes on the magnetic properties of NO elattsteel
sheet is investigated, it shows a magnetic behaldgradation
as well as significant iron loss increase. Somelistu are
focused on quantifying the impact of manufacturprgcess
on magnetic properties like the cutting technigiges]. In [9]
for example, the authors show that the iron loss ba
reduced by about 5.8% when minimizing the cuttilgu@ance
of a punching process. In [10-12] it was found thteresis
losses increase with the square root of the st@inthe other
hand, the eddy current losses decrease. In [18]effect of

due to the material properties modification. A dggon of

different forming processes, like the rolling stay&ring the
slinky stator manufacturing, for different appliceits as well
as their consequences on the distribution of thstjal strain in
each case could be find [14]. Thus, researchersséaton the
relationship between mechanical or microstructpraperties
and the magnetic behavior [15-17]. Results show tha
plastic strains and residual stresses are detrahtnimagnetic
properties.

In order to reduce the impact of the manufactupraress,
three approaches are proposed in the literature fifist
approach consists in determining the influenceazhestep of
the process [18] and find the optimal process patara that
could result in less degradation of the magnetidensl
behavior. The second approach focuses on magneperties
recovery via heat treatment application after mactufring.
Results show that the magnetic behavior could bevered
partially while this additional step leads to ardigéidnal cost
and an increase of the total losses at high frecjas [19,20].
The third approach consists in design optimizaf@t. This
latter is increasingly sustained by considering tirpHysical
phenomena [22] and the impact of the manufactupiogess
[23]. However, there is still no alternative propdsin the
literature to alleviate the impact of manufacturpprgcess by
considering, as a whole, the couple geometry/pmeasl by
acting on both in order to improve the performances

As mentioned before, the forming process leads kigh
degradation of the magnetic behavior of the stbelet In
particular, the deformation of a slinky stator casealmost
homogeneously distributed. This is due to the @rtstorce
experienced by the lamination during the rollinggess. This
homogeneous deformation is not mandatory and solutith
heterogeneous deformation can be imagined. Theo#ithis
heterogeneous deformation is to localize highly
deformation required to roll the lamination sheedl &0 keep
safe the remaining parts of the lamination withdatmaging
its properties by the deformation. Since the deafiad rate of
the magnetic properties decreases with the defasmat can
be expected that the global behavior remains bitéer with a

the compaction on the magnetic properties has befBmogeneous deformation, even if the magnetic behas

investigated showing the degradation of magneticaber
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worse in some regions. To go further on the conaspt
heterogeneous deformation, one should investidias¢,on a
simple geometry, the effect of heterogeneous deftiom and
develop a model in order to predict the effect adalized
deformations. The heterogeneous deformation approagld
offer possibilities to develop new forming processtor
electrical machine manufacturing.

the
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In this paper, effects of homogeneous and hetesmgen homogeneous or localized deformations and theitballo
deformations on samples with a simple geometry Hmen magnetic performances will be compared (see Fig.2).
compared. In addition, a magneto-mechanical modsathv The experimental approach is presented in theviatig. It
predicts the global magnetic behavior of a sampith v\a  explains how the local deformation is generatedadrolled
heterogeneous deformation is presented. Firstgahéext and for the considered samples. Then, the global magnet
the experimental approach are detailed. Then, gadson of characteristics of both types of samples, whichresgnt
the performances, of samples deformed heterogelyeand homogeneous and localized plastic strain, are cozdpa
homogeneously, is carried out experimentally. Fnak experimentally.
model based on the coupling of finite element maita and
magnetic models will be described and the resuftshe lll. EXPERIMENTAL METHOD
simulation are compared with the experimental dnesrder

to validate the proposed approach. A Experimental apparatus

Two characterization devices have been used invibik.
The first one is a 100 kN INSTRON tensile testingcmine
) . equipped with a clip-on extensometer which is uded

The forming process represents a specific manufagiu 1 eaqre the deformation accurately with an erres khan
step; it consists in applying suitable stresseschvlyield to 0.1% FRO (Full Range Output).
plastic deformation of the materials in order to the desired The second equipment is a MPG200D Brockhaus SST
shapes, according to the product geometry andéthanical (single sheet tester). It is used to carry out thagnetic
functionality. Considering the conventional slinkstator measurements on a single lamination sheet. It stnsif a
fornjing_ process, which consists in rolling a singkend qf double yoke measuring coil system and a contragitiety to
lamination, already punched to make the slots, rt@n axis o hensate air flux according to the standard IB@08-3.
perpendlcular to its plane to obtain the_statoqaogmometry The magnetic path length between the legs of yokeish
(see Fig.1a). It has been shown that the_lron $oissthe stator represents the kka (length of the area of interest) for
have been doubled compared to the iron losses eofratwv magnetic characterization is equal to 158mm (FigB)e

material due to the plastic deformation inducedHhsy rolling system meets the IEC, ASTM and GB standards with an
and the cutting processes [18]. As presented inl&jgthe adjustment of nominal values better than 0.2%.
plastic strain distribution in the stator yoke abube -

considered approximately uniform with low intensifyhis
specific process could be modified in order to get
heterogeneous (alternated) distribution of plasfitrain
intensity. This will result in a new stator geonye{Fig.1b)
which is close to the original one (Fig.1a). Howevie the Conventional
heterogeneous configuration the plastic strairodéalized but Slinky
with a higher level than the homogeneous plastiairst
distribution met with the conventional slinky stato

The difference between the conventional slinky &hel

Il. CONTEXT

polygonal slinky solution is the plastic strain tdisution a) "Low strain level b) MHigh strain level
which is almost homogeneous in the first case aadtidally  Fig.1: Conventional slinky stator, representingideuniform deformation of
localized but with a high level in the second cadee global its yoke, versus the polygonal slinky stator wihdlized deformation.
magnetic behavior of both solutions will be differeand

should be compared particularly to see if the poad slinky Same global deformation

is competitive.
However, comparing these two solutions experimgnial 4

; E=
1

not straightforward because it requires settinghgpprocess Homogenous i
1

>

_’
Heter: neous

of fabrication of the polygonal slinky stator whicloes not _» >

exist. Moreover, in order to be sure that the pohal slinky <« >«

stator is a competitive solution, the design shotld a) = Low strain level b) m High strain level
OP“m_'Zed- In fact, t_h.e p9|y9°na| shape will be mamed Fig.2: Same global deformation carried out with temfigurations (overall
with important modifications and consequences @ttdtal the sample vs local deformation).

machines performances such as the winding process.

In the present paper, we propose to evaluate tpadhof B. Samplesand preparation
heterogeneous plastic strain distribution on thegmefic  |n order to show the benefit of heterogeneous dedtion,
characteristics of samples adapted for conventitafedratory the experimental approach presented in Fig.4 hasn be
equipment. In order to show that the control of siress and followed. Four non-oriented M330-35A grade lamioati

plastic strain distribution can reduce the degiadadf the sheets are considered with a rectangular shap@Qofin x 50
global magnetic core performances, samples of mgatar mm.

shapes are considered. They will be subjected toerei
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enables to have the same global deformation fortlinee
samples. In the present case, a tensile displadeaieh45
mm is applied, leading to 0.29 mm of plastic defation after
elastic return. Thus, three samples with the sadoteagplastic
deformation have been obtained. However, the deftioms
within the samples are extended over an arga Bith a
length Ls different from one sample to another (Fig.4c):

-Shom With L&=158 mm

-Shrrwith Ls=50 mm

-ShrzWith L&=25 mm.

Considering the deformation well localized in thgSit is
expected to have a plastic strain magnitude irStheof about
0.18% for Som, 0.6% for Sy1 and 1.2% for &2 Obviously, it
is not possible to have a uniform plastic straistrdution in

In Table 1, we can find the chemical compositiod aiso the Sreadue to the existence of notches that leads lotally
the magnetic properties provided by the suppligre Tirst POSsible stress concentrations and a transitione zenl
sample referred by.& represents our reference sample whicRPpear. However, it will be shown by numerical dtion, in
is not submitted to any mechanical state modificatthat the next section, that the strain distribution istej smooth
could change its properties. The three remainimgpés are confirming the assumption of localized deformatiémally,
cut in order to be able to impose the desired dedtion for the magnetic characterization, the four samhkese been
(Fig.4a). The second sample referred ymSepresents the re-cutin order to have the same dimensions (Fjg.4c
sample that includes homogeneous deformation aldggs Magnetic measurements have been carried out under a
The Su1 and Su refer to the samples that include aSinusoidal alternating magnetic flux density ategtiency of

heterogeneous deformation on a length of 50 mm2snchm 50 Hz. The length of the samples (300 mm) is encogbe
respectively (Fig.1a). fully clamped between the legs of the yokes antdawe the

deformed areas placed in the middle of thgeh{Fig.4d). The
magnetomechanical behavior of a given magnetic niahte
being quite repeatable [18], we have consideredy ame
sample for each type of deformatiofs Shr1 and S

Lamination strip Llgrea

U-core

Primary and secondary coils

Fig.3: Single sheet tester measuring coils design.

Table 1: Chemical composition (a) and magnetic rixgs (b) provided by
the supplier for the M330-35A electrical steel.

a) Chemical composition

c Mn P C. Comparison of the magnetic characteristics

18 PPN 2849 PPN - Using the SST device (see lll.a), tBEH) curve is obteined
Si Al IS from the measurement of the magnetic flux flowihgotigh
13073 PPM i 35 PPN the sample and the magnetomotive force appliedtst i

extremities. In the case of the samplenSthe deformation is

b) Magnetic properties homogeneous in kkaso the local and glob&(H) curves are

supposed to be the same by principle of the meamure

15T 2,65 W/kg 3,3 W/kg max method. In the case of the samples: ind Suz, since the
B250( 1,613T 1,61T mini deformation is not homogeneous, the lod&(H) curve
B5000 1,702T 1,7T mini depends on the location in the sample and espgdfathe

) point is located in the areay& or outside (Fig.4b). In that
B1000( 1,823T 1,82T min

case, thé(H) curve is not the same from one point to another.
. . The measurement with the SST does not give théngntr
The deformation is controlle(_j bys Iw_h|ch repr_esents the B(H) curve representing the local behavior but an apyar
length of the §ea(slots area). This area is the region where tr‘g(H) curve representing the lamination global behaymr

deformation will occur in the sample. In fact, ®nthe Fea
width is smaller than the initial width of the sampthe
deformation will be localized within theysduring the tensile
force application. Considering the whole sample, ofsain
then a configuration with a heterogeneous defownatrhe
smaller Srea(0r Ly, the higher the localized deformation is.

Also, in order to reduce parasitic effect of thetiog, the
samples were cut by water jet, which represent l&¢ss
invasive techniqgue compared with laser and punchij
[26].

Before the sample deformation stage, th&,Sw1and S
were glued together at their extremities{6&n Fig.4b). This

homogenized behavior). We denote in the followByg(H)
this curve which represents the purpose of theystird the
following, theBgyo(H) curves of the samples will be compared,
in order to show that controlling the local defotioa can
improve the global magnetic properties. In Fight®, €volution
of the normaBgy.(H) curves measured for the four samples is
represented. It can be noticed that.nShas the most
deteriorated behavior meaning that for a given ratigrfield
H the corresponding value of the magnetic flux dgrBj, is
the lowest. In addition, it is well pointed out thhe magnetic
behavior of the sampleng is more deteriorated than tBg;.
one.
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Experimental Approach

a) Sample preparation

iS;
sy L=300mm

Initial rectangular Reference sample

shape
L =158mm L<=50mm
~ = S RS =
ROMRRREEEEZLRS htri RIS o
R R RRRRRIKKKIRK XK 3
QRRRRRRRRHRRIRRRRK, LRRRRKS 3
F
Ls=25mm
3 P —
B8 5 : e
. area her2 o
=
v3

b) Tensile test after sticking samples
together

Garea

e e

area

-—
N
()
S -
3

d) SST measurements
Measuring coil system ——%

158 mm
l STG.L§ [ | § Shom § |

Key colors:
g = 0.18% &p = 0.6% &p ® 1.2%

Fig.4: Schematic synthesis of the experimental agugir.

Moreover, Fig.6 presents the evolution, in functadrB, of
the relative differencéH(Bgo)/H on the required magnetic
field for the samplesrem, Sw1and Sz

AH(Bgio)/H(Bgio)= (H(Bgio)-Hrei(Bgio))/H(Bgio) 1)

Where the referenckl(Bgo) is the curve measured with
the sample S» For all the samples, it is shown that the
difference with the referencB(H) curve increases with the
flux density until 1.1 T. For example the.g which is the
most deteriorated sample, requires a magnetic diktobst five
times higher than the one of3at 1.1 T, while the sg1needs
a magnetic field about four times higher and thg Sbout
three times higher. These results confirm that the
concentration of the deformation (limited the a®aa by
increasing the strain) is profitable for the globmhgnetic
behavior. However, the gap begins to decrease when
approaching the saturation (above 1.2T). In fadie t
mechanical state is less influential when the dledtsteel is
saturated, leading then to a decrease of the gapeée the
magnetic behavior of the different samples.

—~
-
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>
=
2]
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[
©
x
=
L
0.4 —e—5S,, |1
—— Shom
02 —0—S |
—0—S;,
0 | I | | 1 I
0 200 400 600 800 1000 1200 1400

Magnetic field (A/m)
Fig.5: The evolution of the 8(H) curves, for the different samples
representing different plastic strain distributmrerall the sample.

450

+Shcm
400 [-| —@—S,
——5S,,

0 02 04 06 08 1 12 14 16
Flux density (T)

Fig.6: The evolution of the relative differencemagnetic field, for the
different samples representing different plastiaistdistribution.
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The same trend is observed on the total iron
measured at 50 Hz as illustrated in Fig.7 (contirsubnes).
The total iron losses of the samplgSare the highest and
those of sampleng are lower than those of the samplg1S
showing again that concentrating the deformationuldio
improve the global magnetic behavior. Also, theatigk
evolution of the losses, taking the iron losseshaf sample
Saw as reference, is presented in Fig.7 (dashed linds
maximum gap is reached in the average magneticdiunsity
region [0.8T; 1.1T] and then the relative iron lakerences
decrease when increasify The relative differences of iron
losses in the saturated region reach, for the réiffesamples,
an average value of 20%.

Therefore, two interesting points can be pointet birst,
the impact of heterogeneous deformation is lesaqamaced
on global magnetic behavior than homogeneous defiiom
Second, the more the deformation is localized,bibiter the
global magnetic behavior is.

IV. MAGNETO-MECHANICAL MODEL

a numerical model representing the SST experimeetab to
retrieve the experimental results obtained in thmevipus
section. A mechanical FEM will simulate the expegirtal
tensile test, performed on a lamination sheet V@ith mm
notches. The electromagnetic FEM will simulate B8T
measurements. The plastic strain at the meso-gdtlereate
residual stresses and change grain orientation hat
microscopic scale. It modifies the norni&(H) curve and the
iron losses, resulting in the degradation of tredsracteristics
[24]. Since the mechanical properties exported fforming
process models are at the meso-scale level, thbination of
all the mechanical properties will be representgdust the
plastic strain level. Consequently, to couple thesemodels,
the magneto mechanical behavior law of the ferrometg
material relating the plastic straig with the B(H) curve is
required. These experimental B(H) curves have lodgained
by an experimental campaign (see section 1V.C.2hining
tensile tests on a material testing machine and netay

|ossg§easurements on a SST.

B. Experimental determination of the behavior laws

1) Tensiletest

Mechanical properties are determined by a stantiansile
test (ISO 6892-1:2009) using the 100 kN INSTRON Iirze.
The rational mechanical characteristic is giverFig.9. The
Young modulus is equal to 174 GPa, the Yield stiessound
246 MPa and the ultimate true stress is equal &vd#8. The
rational curve which represents the evolution eftilue stress
with the true strain is considered in the mechdi€&model.
2) Magnetic behavior for different plastic strain levels

In order to measure thi&H) curve evolutions in function of
the plastic strain, a set of 11 non-oriented M33@-2lectrical
steel grade samples, with dimensions 300 mm x 50 ware
cut by water jet. Before magnetic measurementd) sample
has been submitted to different plastic strain nitagas €p
ranging from 0 to 7.6%.

As there is a length increase of the lamination @amin
the applied tensile force direction; it is obviotigat the
thickness decreases simultaneously with the witibhaccount

In the previous section, it has been shown thatenwhfor this effect, two correction steps are considere

comparing the global behavior of samples with hoemegpus
and heterogeneous deformations, the impact ofiplastin
on the magnetic behavior can be reduced by looglithe
deformation. A model based on the coupling of maidz
and magnetic Finite Element Models (FEM) will bereleped
in order to support this experimental observation.

A. Methodology

Both intrinsic magnetic and mechanical behaviorslawe
identified from standard experimental tests (hormmeges
properties). Regarding the magnetic propertiessehare
identified for several levels of plastic strain.efythe intrinsic
properties, which depend on the magnetic field a
mechanical plastic strain, are considered in thrikition of a
magneto-mechanical problem for a heterogeneousijnstd
lamination. For this latter, we consider the cafa slotted
sample (Fig.8). The aim is to verify if we are atdeconstruct

First, concerning the width, the samples are rebguivater
jet in order to have the same width for each samiple well-
known that after cutting a strained sample, théues stress
is partially released which leads to magnetic priype
modifications. However, the numerical simulatioegdV-C-
1) shows that the residual stresses generatedricase are
very low (<10Mpa) and localized at the corner @& tiotches.
Thus the impact of residual stress is consideregligible in
this study.

Second, the thickness of each sample is measured by
micrometer screw gauge in order to take it intocaot the
section reduction. The magnetic flux density magiet is

NBbtained by dividing the flux magnitude, flowingdigh the
sample, by an updated section in function of thierdeation.
Fig.10 presents the normd@(H) curves corresponding to
different plastic strains. It can be noticed that & given
magnetic flux densityB, the required magnetic fielth is
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increasing with the plastic strains.

In addition, it is noteworthy that the degradatisnmore
significant for small plastic deformation. To iltuste this, the
evolution of the magnetic field, required to reacimagnetic
flux density of 0.9 T for different plastic straitiBig.10) has
been plotted in Fig.11. It is noticeable that tittnf curve has
an exponential form. The gradient of the magnetadf
magnitude in function of the plastic strain dropstally at
low plastic strain level and remains then weak sTdehavior
explains the origin of what has been observed éxgetally
in the previous section. These results are in cetepl
agreement with what can be found in the literafugg.

C. Numerical models

1) Mechanical model
The problem consists of a metal sheet representedsbell

instance with the same dimensions as the sampie S,

described in Fig.4. The material characteristios defined
from the rational tensile curve obtained in Figie instance
is constrained at an extremity while the other sngubmitted
to a displacement constraint equal to the valughef new
experimental tensile test (0.75 mm) (Fig.12). Thesmhas
73465 triangular elements. The output of this madethe
plastic strain and stress distributions which veié used to
model the global magnetic behavior.

2) Magnetic model

The purpose of the magnetic FE model is to reptetben
characterization process using a SST in order terahéne the
global magnetic behavidy(H) of the laminations. After the
tensile test, homogeneous distribution of the mastrain is
expected neither in the longitudinal section nor the
transversal section of the sample. Considering shsall
thickness of the sample (0.35mm), which represaiisut
three grains, it has been assumed that the ssagoristant
along the thickness. Consequently, the laminatian be
represented in 2D.

Experimentally, the magnetomotive force in the yoke
closing the magnetic flux path is assumed to beigibtg,
because of the high permeability of its constittiv
ferromagnetic material and its large section. Im 8D FE
model, the yoke closing the magnetic flux patheigresented
by a rectangular frame with a high magnetic perriigab
material leading to a negligible magnetomotive éomrop
along this area (Fig.13).

The magnetic model is solved with the FEMM software

linked to Matlab through the toolbox octaveFEMM J2iat
enables to create the geometry of the studied dgmtai
construct the mesh and to solve the nonlinear probAlso, it
draws and assigns all the boundary conditions aagnetic
properties all over the sample. It should be mewmtibthat the
model does not consider the hysteresis effect. Meweit
takes into account the magnetic non-linearity. Biferent
magnitudes of the magnetic field H, the aim isdoonstruct

the normaBgy(H) curve characterizing the global behavior of

the sample and to compare it with the experimeotz
presented in section Il (see Fig.5). The challeng® is to
couple the mechanical and magnetic FE models,eapl#stic

strain modifies locally th&(H) curve.

In fact, since the plastic strain distribution isotn
homogeneous and depends on the position inthetheB(H)
curve varies from one element of the mesh to anaihd it
has to be determined according to the strain |&S@|.a model
which gives the correspondiri§(H,&,) curve for any plastic
strain g, is required. Therefore, a set BfH) curves for 11

magnitudes of deformation have been measured aed ar

available (see section IlI-B-2). In order to hake B(H) curve
for any value of the strain an interpolation techhas been
used.

Numerical Experimental
Approach Approach

Ep distribution
o

Matlab script

Water jet cut

L F

&

— — N \
v ! 1
= ! I
! Experimental ! !
! P ! ‘ Water jet cut ’ 1
1 standard test ;| |
1 iF g <7 .
1 1 | S
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I I
RS < N ,
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Fig.8: Numerical and experimental approaches.
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For a specific plastic straig, the closest upper and lower
values of plastic strains are determined. Theyrepeesented
respectively byepmax and gpmin for which the B(H,gpmin) and 14l
B(H,epmay) curves have been measured. Then, B, ep)
curve is interpolated from these measutf®@H,epmin) and 12r
B(H,epmay) curves based on the linear approximation as
described in Fig.14.

£
=
S —— 0%
Finally, in order to determine the heterogeneosgitiution S 08 ey
of the B(H) behavior in the FE magnetic model, the 3 0.782%
methodology represented in Fig.15 has been applied. 2 06 el
consists in localizing each node of the mechamuadh (with 04 —e— 1.752% | |
its strain value) and associating accordingly Bid) curve in D
the corresponding region of the magnetic problem. 02 Ijggg; 7
In practice, in the magnetic model build with FEMkhge 0 . . | . . .
region corresponding to the deformed sample isitjgemtd 0 500 1000 1500 ~ 2000 2500 3000 3500
according to the number of nodes of the mechaniuadel Magnetic Field (A/m)
constructed with ABAQUS. So, each node of the meicad Fig.10: Evolution of B(H) curves for different telesplastic strains.
simulation is represented by a partition which haspecific ,
B(H) curve. In order to reduce the computational tirine, 600 : : ‘ 50
partitions are applied in the middle of the sampleere the . Eﬁgg:;”;‘;:l" r
notches are located, that is to say the area vithergariation 500 Gradient 125

of the plastic strain is the highest. The part#dnzone is
extended to 10 mm from each side to ensure thatéf@med
region is well considered. Finally, what is leforin both sides
(partitions 1 and 3 inFig.12) is represented byrdve material
B(H) curve.

It must be noted that the modelling of the SST expental
set up would require a 3D model. However, we hagtricted

!
N

Magnetic fielduéradient (A/m)

Magnetic field (A/m)
w
o
o

| Fluxdensity =09 T

our study to the sample (the region of interestemghthe 100 105
magnetic flux flows in 2D. Therefore, to replace thart of the \
SST closir?g the magn_etic flux path (r(_equiring a 3D %5 o2 04 o6 oo ] 12 14 1%
representation), we have introduced a yoke in #meesplane Plastic strain (%)
as the sample with a very high permeability (Fig.13 Fig.11: Evolution of the required magnetic fieldidts gradient with plastic
strain for a flux density of 0.9T.

D. Results

The mechanical FE simulation of the tensile teltRi1) lFixed support X displacement
shows that the deformation is well localized; thisreo plastic R l y

strain outside the .3 (Fig.16a). However, the plastic strain Partition,_2

distribution is not perfectly homogeneous in thdodeed
region, as mentioned in section Il1.B, requiringassume that
the B(H) is not uniform and depends on the positigre v _
plastic strain). For the magnetic FE simulatiorg tlegion,
which corresponds to the experimental sample thag-cut by
water jet after the tensile test, is considered.(fb).

In Fig.17a, the distribution of magnetic flux degsin the
deformed zone has been compared to the corresp;pnd'
distribution of the plastic strain. Results showatththe
distribution of the flux density is not homogenednsSyea
and, as expected, is quite correlated to the méchiastate.

-

Fig.12: Tensile test conditions for the numerigadigation.

el ; Deformed
There are four areas (yellow in Fig.17b) where rirmgnetic Partitions . sample
flux density is low, with a magnitude close to 1¢cbmpared Cg"
to the majority of the sample being magnetized atihd T.

These regions correspond to the four corners ohtitehes
where a stress concentration is observed and dreréfigh
plastic strain level that deteriorates the local gneic @ ®
behavior. Fig.13: Schematic representation of the Magneti®l FEodel.
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In order to test the validity of this coupled metm
mechanical model, the normB{H) curve derived from the
simulation is compared to the one obtained experially for
the samples w31 and Swe. In Fig.18, the evolutions of
magnetic flux density with the magnetic field fohet
experimental samples at 50 Hz and the corresponBiag
simulation are presented. The simulation and erpartal
results are in good agreement proving that the queg
approach is valid to model the effect of heterogese
deformation for the proposed geometry.

V. CONCLUSION

In this work, a new concept that could be appliedhe
forming processes of magnetic cores has been gesse3uch
processes classically involve homogeneous defoomatif
electrical steel laminations, such as the slinkyastcore. The
principle consists in shaping the lamination in ann
homogeneous way, leading to heterogeneous plastins
distribution. The presented results in terms of mnedig
behavior and iron losses suggest replacing a honsoges
deformation, with low plastic strain magnitude alter the
material, by localized deformations with high piasstrain
magnitude while keeping the same global deformation

The proposed approach has been applied experiryetdal
a simple geometry on which we have shown that &ebet
global behavior can be obtained by localizing teéodmation.
Also, the experimental observations have been deed
through magneto-mechanical numerical simulatiorg Tink
between both physics is built from specific expents to
collect the material magnetic information for diffat strain
levels. The Finite Element multi-physic model al®wo
predict the equivalent magnetic behavigy,(H) of samples
with locally strained material, which is validatday the
measurements on multi-partition samples.

Further investigations would be to extend the mode

capability toward iron loss prediction.

N

He =(H5Pmax_ Hepmin) (Eg_ fgmin) " Hepmin
P (Epmax_ Epmin

Flux density (T)

Fig.15: The B(Hp) implemetd ach partition in the magnetiariigel
based on thep distribution at each node of the mechanical FEeho
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Fig.18: The mechanical finite element simulatioradbcal deformation
(sample Shtrl).
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Fig.14: The description of the method used fonttagnetic field
determination for a specific flux density and piastrain.
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Fig.17: Thefinitee-klement model simulating lneedeformed sample, a) the
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equivalent plastic strain, b) the magnetic fluxritisition (sample Shtrl).
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Flux density (T)
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Fig.18: The normal curves for a local deformed darapd the corresponding
simulation.
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