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Abstract— In this paper, an experimental procedure is presged in order to handle magnetic measurements under
uniaxial tensile stress reaching the plastic domairiThe main advantage of the proposed procedure is @h it does not
require an additional magnetic core to close the ngmetic flux path through the studied sample. The fly flows only in
the sample and no parasitic airgaps are introducedyhich avoids the use of H-coil to evaluate the magtic field, often
very sensitive and not easy to calibrate. A specimeof non-oriented (NO) FeSi (1.3%) sheet (M330-35A)s
characterized under uniaxial tensile stress. In ordr to validate the proposed procedure, a comparisowith the single
sheet tester procedure is carried out. The resultsbtained by the two procedures are in a good agreeme Moreover,
to illustrate the possibilities offered by the promsed procedure, we confirm some results met in tHéerature. We
show that positive plastic strain leads to signifant degradation of magnetic behavior. An applied tesile stress on a
virgin (un-strained) sample leads to a magnetic betvior degradation. Whereas, on a pre-strained samp| an applied
tensile stress results in reducing the deteriorativ caused by the plastic strain until a stress valuealled optimum.
Above this threshold, the magnetic behavior re-det@rates progressively.

Keywords— Non-oriented FeSi steel, Magnetic charactation, Tensile stress, Plastic strain.

I.  INTRODUCTION

The behavior of ferromagnetic materials dependsheir composition but also highly on the mechanaradl
microstructural properties. It has been clearlyvaihthat the mechanical stress and the plasticnséni@ one of
the most important sources of the degradation ef ritagnetic behavior [1] [2] [3]. Since manufactgrin
processes like rolling, punching, bending and alimganodify the mechanical properties [4] [5] [6]][[8], they
also modify deeply the magnetic behavior of ferrgnetic materials. Compared to the raw material, the
characteristics of interest for energy conversiike the B(H) curves or the iron losses, are alnmalstays
degraded. Thus, performances of the electrical mashe.g. Slinky Stator which is obtained by rglithe
lamination continuously, determined during the gesitage, are always overestimated. In fact thess are
predicted based on the raw material characterigfiteout considering the degradation due to the ufecturing
processes.

In order to predict more accurately the performancog electrical machines during the design stages i
necessary to account for the effect of the manufaxg processes. To reach this goal, the relatipnisetween
the stress and plastic strain, on the one handpsaghetic flux density and magnetic field, on thieeo hand,
should be determined. Even if models are availabkbe literature [9] [10], this relationship isteh obtained
experimentally. In the literature, different expeeintal methods have been proposed, which are béteed on
standard characterization devices (Single ShedeiTes Epstein Frame). In [11], Authors studied itnpact of
the plastic strain on the magnetic behavior of Reinations. The magnetic measurement device sisnsf a
ferromagnetic yoke with a primary winding, whichiiscontact with a pre-strained sample. The fllowihg
through the sample is measured by a secondary mgndicated in the middle of the strained speciniére
same principle of measurement was used later witresmprovements in [12]. An opposite ferromagngtike
was used in order to reduce the magnetic flux Igekt leads to better magnetic field distributiorthe sample
and reduces the eddy currents impact in the sapgts in contact with the yokes. Nevertheless,iri@act of
parasitic air gap between the yokes and the saagple&ell as the neglected magnetic field circulafiorthe
yokes leads to non-negligible error on the magrfetid estimation.

In order to avoid the parasitic effect of the aapdbetween the yoke and the sample, a H-coil pcob&d be
used. It allows a direct measurement of the magrietid in the air. However, some practical disateges
have been reported on its use and have prevenéedtdndardization of this method. Also, differeptides
presented in [13] and [14] enable electromagnetapg@rties measurements under elastic tension, wisich
limited and not adequate for our measurement agipdic. In fact we are looking for a device whiclables to
perform magnetic measurements under elastic astipkrains.

In this paper, we propose an experimental deviceharacterize the magneto mechanical behavior of



ferromagnetic material under uniaxial tensile stremaching the plastic domain, without requiringeatternal
magnetic yoke to close the magnetic flux path. Tite flows only in the sample in order to avoid asitic
airgaps. It enables also avoiding the use of Hsdoilevaluate the magnetic field which are oftery wensitive
and not easy to calibrate. First, we present topgsed characterization device and the associadadumrement
procedure. Results obtained with the proposed dewdce compared to those obtained with a SST
characterization method for a validation purposber, we present the results of magnetic measurement
performed for different tensile stresses and pladtains.

. CHARACTERIZATION PROCEDURE

A. Sample geometries

The developed device consists of two coils woundaosample, which forms a closed magnetic path. Its
geometry is quite similar to the window frame spesn that was presented in [15]. However, this nevgion
enables accurate magnetic measurements withoug tisicoils. Magnetic characteristics are determifredh
the imposed current and the measured voltage @ectegely the primary and the secondary windingg.(5.
With this sample shape, by applying an externatdowith a tensile test machine, we expect to have a
homogeneous stress and strain in the middle pelf®y.(However, the closed parts (CP) should expedédhe
less mechanical stress and strain as possibled&r to keep the same characteristics as the raeriaain this
region. Moreover, in order to limit the effect dfet cutting, the water jet process has been usethtain the
sample.

B. Calculation Principle

Regarding the mechanical properties, the stvess obtained by dividing the measured force by shmple
cross-section (1). While the stranof the two legs, is measured directly by stranges.

1)

Where,Srefers to the section of the sample.

a) Magnetic field and flux densityFor the magnetic characterization, the magnetld H is obtained from
the imposed current in the primary windin¢2) (Ampere’s law) and the magnetic fl@xis calculated
from the measured voltagg3) at the terminals of the secondary winding (Bayés law):

H.l = Nl.i (2)
210
u= _Nz.a (3)

Wherel refers the magnetic path length of the magneticuiti N1 and N2 refer to the numbers of
primary and secondary winding turns. The magnétic densityB is obtained by:

S (4)

For a virgin sample (no stress-no strain), we asstimt the sample is isotropic and has homogenous
properties. Thus, for a magnetic flux dendiyat a fixed frequency, the sample has the samenvirg
reluctance per unit length all along the flux patfe denoteR, the reluctance per unit length. First of all,
magnetic measurements are performed on the viegipke (ie under no stress). We calculateRhom
the curreni and the magnetic flug according to the following expression:

R _Nl-i
vp.l (5)

Once we have the reluctance per unit length of/ttggn material R)) in function of the magnetic flux
and frequency, it is then possible to estimateréhectance per unit length in the MRy corresponding
to the sample for a mechanical stdtewhich corresponds to a given stress and plastiinslevels. In
fact, we assume that the reluctances of the CPainemnchanged and are equalRp In Fig.2, we



present the magnetic circuit corresponding to thene, before and during test, representing a
mechanical statdi. The magnetic field and the magnetic flux densityhe investigated MPs are then
determined according to the following calculation:

N.i =2Ry4.0.Lg; + 2R,.0.L, (6)
Ry = (N.i—2R,.0.L,)/2.0.Ly (7
Hg; = Ry;. @ (8)
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Fig.1: The dimensions of the specimen’s geometny)(amd the corresponding input
and output signals required for magnetic and medatwrcharacterization
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Fig.2: Equivalent magnetic circuits correspondimg the virgin sample and the sample during test



b) Total lossesThe total losses in function of the magnetic fllendity and the frequency for the virgin
material are calculated first from the followinguadgjon:

1 Nl .
Wr, = ?E i(t).u(t).dt (10)
7%
W, = LT” (11)

We apply again a similar procedure as the one egpt determine the B(H) curve proposed above.tdtsd
losses in the CPs are assumed, for given levelmagnetic flux and frequency, to remain unchangeénvh
applying the tensile force. The change in the meaklosses is associated to the MPs, which arerrdefh
Thus, the associated losses in the MPs per umjtiezan be calculated by:

Wy —W,.2L,
Wdi = 12
2Ly, (12)
Where Wt are the total losses in the sample calculated1By when the current and the voltageu are
measured under stress.

Ill. VALIDATION

In order to verify the validity of the proposed apach, and particularly to check the assumptionslena
previously for the determination of the B(H) anddaurves associated to a sample subjected ts,siveshave
made some validation tests. Before carrying out mmagneto-mechanical measurements, the processes of
measuring the mechanical and magnetic charactsriséive been checked independently.

A. Mechanical aspect

The verification of the mechanical hypotheses nexguiaking into consideration several points. Rirdet us
consider the hypothesis of having non-deformed zomethe CPs in order to consider that there is no
modification of the reluctance in that area durthg magneto mechanical characterization. To vaidhis
assumption, the mechanical problem is simulatedguai2D FE model with Abaqus. The problem consists
full constrained side of the sample while the otls&de is under displacement in thedirection. The
displacement value is equal to 2mm. Also, the inhpdcstrain rate is neglected, thus the velocitytlod
displacement is not considerded. 3a).

In Fig. 3b, we present the distribution of the stress inghieciple direction (x) and the plastic equivalstrain
overall the sample. Results show that the stredstlam plastic strain are almost homogeneous thimuigtine
MPs, which is needed in this region of interest. ¥da notice that the stress is negligible (belowPain the
middle of the CP (blue area in Fig. 3b). Thus thegnetic properties of this area are not modifiedngduthe
tensile test. At the extremities of the CP, we saa a stress field with a maximum level (230MPd)wehe
one in the MPs (300MPa) while the plastic straistrihution in these square regions is well localiz¢ their
diagonals. This will lead to magnetic propertiegraelation and will generate error on the magneattd f
estimation. Thus, error should be quantified. Weehtn not the stress distribution in the othergdion are
negligible.

In order to estimate the generated error on magfietd, we have separated the corners areas fnenCPs
(Fig. 4a). The magnetic circuit of the sample considerimg torners reluctance is than presented-ig. @b).
Two extremum cases could be considered. The fasé @ppears iRig. 4c which represents our assumption.
The reluctance at the corner is equal to the Cles Bine second one is presentedrig. 4d. The reluctance at
the corner is equal to the MPs one.

We will assume that the stress magnitude in theeass is equal to the stress in the MPs with aensity level
equals to the yield stress (240 MPa). Based ondbelts presented in [16], the maximal permeabdityaw
material is two times higher than the permeabitityyield stress. Since permeability is proportiotwlthe
reluctance, the reluctance at yield stress is imeg higher the one of the raw material. Thus,dfeivalent
reluctance of the magnetic circuits are then;RR4id the first case and 386 in the second one. The real
equivalent reluctance is in between. Consequeifitlye consider that the magnetic properties inGtieregions
are not modified during the tensile test, we caargntee an error over the magnetic field less 8¥an
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Fig. 3: a) Schematic of the applied boundary cdodg, b) The stress and equivalent plastic strain
distribution for an applied force using finite elem method.
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B. Magnetic aspect

In order to evaluate the accuracy of the magnegasurements, the device is compared to a standdrdiz
characterization method. As the sample width igegamall (5mm) the impact of the cutting method|ddue
more pronounced than for a regular SST sample wihersize of the sample, in our case, is 200mmmrb0
Thus, some degradation should be expected. In toderaluate this degradation due to the cuttichrigue, a
set of 10 strips of 5mm (the width of the MPs), loutwater jet and joint together, are characterizétl the SST
device on a Brockhaus MPG200D equipment. If théirauprocess has no effect, the two B(H) curvesioled



Flux Density (T)

with the 10 strips and with the reference samptrikhbe the same.

In Fig.5, three normal curves have been superposed:
« -the one corresponding to the sample charactebydbe developed device
« -the one obtained on the 10 strips with the SST
« -the one obtained on the reference sample witls8ie

When we compare the two samples characterizedthétlsST, we can notice a degradation introduceithdy
cutting. However, the normal curve resulting frome tleveloped device is in good agreement with ¢teofs
strips characterized by the SST. It means thatleuice enables to characterize the B(H) curve ie@urivalent
way as a SST. Furthermore, in order to evaluate ptoeedure of reconstructing the B(H) curve under
deformation as presented in section Il, we haverdedéd three samples according to the followingtjasrain
0.45%, 0.75% and 1.75%, then, we have measureelaftr of them the B(H) curve using the SST. Besigge,
have, for almost the same plastic strain, meastimedB(H) curves on our device applying the proposed
procedure. We compare kig.6 the normal curves obtained for both charactenrathethods and for the three
plastic strain levels. We can notice that the ndrcoaves are almost superposed for the 3 plagtiinst So, we
can consider that the proposed procedure enabtesdasure B(H) under axial stress.
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Fig.5: Comparison of the normal curve obtained by
the proposed device with the normal curves obtained
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Fig.6: Comparison between normal curves of
samples deformed by tensile test characterized by
the proposed device (dashed lines) and a SST
by SST . .
(continuous lines).

IV. IMPACT OFMECHANICAL CHARACTERISTICSON THE MAGNETIC PROPERTIES

In this part, we present the magnetic measuremerionmed under different mechanical statkga given
stress and plastic strain values) using the deedl@xperimental device.

A. Methodology

In order to reach different mechanical states, aeehapplied almost the same principle of the metrsat! in
[12]. A cyclic loading is applied; each cycle ipresented by four states. The loaded one, illestraty the
“State 1" label inFig.7, is represented by the sample that is submitteah imcreasing tensile stress in the elastic
domain. During this step, for each magnetic measarg, the deformation is kept constant which ingpke
constant loading stress. Since measurements arieccaut for different magneto-motive forces atfeliént
frequencies, the period of magnetic characterimafior a given stress and plastic strain, is aro2®adninutes.
Thus the relaxation phenomenon is considered ribiglign the elastic domain. The next state, “Stateis
performed in the elasto-plastic domain. It consist@applying an increasing force in order to reachvell-
defined total strain. Then, in “State 3" we maintéie deformation. In the plastic domain the ref@xastress
cannot be ignored. Thus, we wait 20min, an estichdigration to get a stabilized stress, before tlagmatic
characterization. Finally, the “State 4” consistaiprogressive unloading until we have no apmieelss on the
sample. This entire experimental protocol is repeédor other plastic strain states. We can noteé tha
magnetic characterization is performed at 50Hz aithapplied magnetic field that reaches around AB00
The mechanical measurements are performed withsgsebetween [0-185] MPa and plastic strain valpet®
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Fig.7: The experimental procedure for mechanicedsg application.

B. Magnetic behavior of pre-strained specimens uetiestic stresses

In the previous section, we have presented theidersl procedure to span different mechanical state
corresponding to a given tensile stresand plastic straig,. Magnetic measurements are carried out at differen
mechanical states. As example, we preserfiin8a, the required magnetic field, to reach a magnftix
density of 1T at 50Hz in function of the mechanistdte. Focusing on the plastic strain, we note tiea
required magnetic field is increasing with plassitain €, We can also see that the degradation is more
pronounced for low plastic strain levels.Hig.8b, we present the evolution of the magnetic fielgfadient over
the plastic strain; we notice that its value at¥®£ (~94%) is much higher than the gradient value (3%
3.3%e¢,.

Also, we can denote that the magnetic behavior upldstic strain cases in the unload state is ndegraded
than those under tensile load. In order to reaehstiime flux density level, a higher magnetic fikdel is
required. The evolution of the required magnetigldfiwith the applied stress is in accordance wita t
observations made by lordache [12]. We notice thatmagnetic behavior improves, when a tensilesstie
applied, up to a limit stress level correspondiagatminimal required magnetic field. Beyond thigele the
magnetic behavior deteriorates gradually agkig.9a). Also, we notice that the optimal stress lever@ases
with the plastic strain leveF{g.9b). For a 0.37% plastic strain, the optimal stressround 71 MPa, whereas for
a 3.3% plastic strain it is around 157MPa. We canclude that this optimal stress value is a fumctd the
plastic strain.

Magnetic Field (A/m) AH/A(p (A/m)
35 i T H 900 35 T T - ©
T |
IX: 0
9 3 80
Y: 3.274 800
7:908.9 70
;\325 700 0\\0/25
= £
® 2 60 @ 2
b -
@ ]
O
5 15 s0 O 15 il
8 |
o LI ®©
o 00 QO 1 II
H N
0.5 g 300 05m
| |
X: 0.4768
a) LX' 0 b) \;Y 0
0-y: 03697 . 0L s !
072387 50 100 150 200 0|2 50 100 150 200
Stress (MPa) Stress (MPa)

Fig.8:a) Evolution of the required magnetic field,reach a flux density level of 1T, with the Sres a
frequency of 50 Hz, b) the evolution of the magrfedid’s gradient.



©
=]
S

s T 160
——037%Ps
——0.70%Ps

8001 ——1.16%Ps | M0
—_ ——155%Ps
£ 700 [—=—29%Psll 120}
=
< T
o] 600 [ 16 100
0 =
LL 500 - . 80 [
o @
2
g 400 [ {1 &5 eof
S )]
g 300 40 |

200 - 20 il

o I I S N N I D . ‘ ‘ | | ‘ |

0 20 40 60 80 100 120 140 160 180 200 0 05 1 1.5 2 25 3 35
a) Stress (MPa) b) Plastic Strain (%)

Fig.9: a) The evolution of the required magnetédi to reach a flux density level of 1T, with thress
for a frequency of 50 Hz, b) the evolution of optistress with plastic strain.

V. CONCLUSION

This work presents, firstly, a new experimentalgedure allowing magneto mechanical measurements on
electrical steel strip samples under an appliedaxial (tensile) stress approaching and exceedirg th
macroscopic elastic limit. The principle consistscharacterizing a sample, with closed magnetit @aid
without parasitic air-gap, based on the flux-metniethod using two winding coils (primary and seam)l The
device has been developed with the capacity to uneahe magnetic hysteresis loops under any magfelil
waveform. The comparison of the measurements Wwiibe obtained on a standard SST shows that thegedp
device ensures a good reliability and accurachefeasurements.

Secondly, an in situ experimental investigation @fNO FeSi sheet (M330-35A) is reported. Several
conclusions can be drawn: a slight applied tensifess, on a pre-strained material, in the unloachesk
(stress=zero) the magnetic properties are moreideteed than in the loaded one. In that casensileestress
reduces the deterioration of magnetic behaviorgoeréd by the plastic strain until an optimum streskie.
Beyond this, the behavior tends to re-deterioreaelgally. We have extracted from the measuremenogtimal
stress in function of the plastic strain to be aggpivhich enables to optimize the magnetic charisties.
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