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Abstract—The magneto-mechanical behaviour of magnetic ma- of the multiscale approach to hysteretic behaviour].[ In
terials is the result of intricate mechanisms at different sales. g first part, this hysteretic magneto-mechanical conatéut
These mechanisms have been described with satisfying acasy |5,y is detailed. The identification of the material paramete

from micro-mechanical approaches. But the corresponding @n- . then di d. Modeli It finall dt
stitutive laws are usually too complex to be easily implemend 'S €N discussed. Modelling results are finally compared 1o

in structural analysis tools for the design of electromagnéc ~€Xperimental measurements obtained from a non oriented iro
devices. In this paper, a simplified approach for the modelhig of ~ silicon steel.
multiaxial magneto-elastic behaviour is proposed. This aproach
includes hysteresis effects and their dependence to stresthe

corresponding very low computational time makes it suitabé for Il. CONSTITUTIVE LAW

an implementation into numerical tools for structural analysis. The proposed simplified approach to define the constitutive
Index Terms—hysteresis loops, multiaxial stress, magneto- magneto-meChanical behaviour of magnetic materials is de-
elasticity, magnetostriction. rived in two steps. The anhysteretic behaviour is calcdlate
first from a simplification of a previous multiscale model
|. INTRODUCTION [11], [17). This simplified approach was proposed initially

- . . ... for 2D problems [4] and then extended to 3D problems
The description of hysteresis in magnetic materials is k XS] The 3D version is used here. In a second step, the

to the design of electromagnetic devices. Among the availa ; ) .
constitutive models for magnetic behaviour, Preisaidhahd ysteresis _effects are_added by introducing a supplementar
' magnetic field according to the recent extension] [of the

_J|Ies-Atherto_n 12]_models sta_md as the _most popular f(_)r .th.?nultiscale model. The definition of this constitutive law is
implementation into numerical analysis tools. In their-ini .
detailed hereafter.

tial version, these approaches did not consider the effect 0 s . . .
. . . . The material is described as a collection of magnetic do-
stress on magnetic behaviour. This effect however is very

o ) . . ains randomly oriented. The material is hence considered
significant [3] and extensions of Preisach and Jiles-Atherton : . o . o
. ; .-as a single crystal with specific properties identified frdma t
models in the context of coupled magneto-mechanical lagdin . : X .
. .~ macroscopic behaviour. The reversible (anhysteretic) pfar
have been proposed]f[8]. They usually consider uniaxial . R
! : . : the magneto-mechanical behaviour is calculated fir&t [The
stress configurations (pure tension or compression applie

in a direction parallel to the magnetic field). But, in mostOCaI free energy of the material)(is written at the domain

practical devices, stress is multiaxial and its orientatidgth scale ) and defined as the sum of three contributions. The

respect to the magnetic field can also be variable. In Orp_agneto—statlc (zeeman) energg) tends to align the local

. . . magnetisatioM, with the applied fieldH. p¢ is the vacuum
der to describe the complex interactions between stress an . . .
S . . ermeability. The magneto-elastic enerdg3) @describes the
magnetic field, multiscale approaches to multiaxial magmne

elastic behaviour have been proposgH[12). They rely on an effect of the applied stress on the behaviour. It introduces

. I : the local magnetostriction straig. An anisotropy energy
energetic description of the magneto-mechanical equuilir . . )
T .S : ; 4) can be added to describe macroscopic anisotropy effects
However their implementation into numerical design tool

o . . or example resulting from the combination of crystalline
would lead to prohibitive computation times. Recently some . . L

o I anisotropy and crystallographic texture. it is given heve f
authors proposed multiaxial constitutive laws for magneto

elastic behaviour together with a practical implementatito an un_|aX|aI. gmsotropy along directiB, ./ _be_mg a consFant
o . to be identified. If we assume macroscopic isotropy, thisiter
a finite element formulation. Fonteyet al. [13] proposed

a thermodynamic approach based on a magneto-mechaané]'SheS'

_ mag el an
definition of the Helmholtz free energy, Bernaetlal. [14] Wa = W™ +Wo + W, @
used a simplified version of a previous multiscale modé] [ W99 = —po H.M, (2)
allowing its use in numerical analysis and Zeaeal. [15] o ,
used a phenomenological approach derived from the sodcalle Wy =—-0o:eq 3)
E&S model [L6]. Only the latter includes hysteresis effects, W = J(a.B)? ()

the first two being anhysteretic models. In this paper we
propose to include hysteresis effects in the simplified aagin The local magnetisatioM,, (5) is given by its directionx
proposed in 4] by taking benefit of a recent extension(unit vector), and its norm is the saturation magnetisafion
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of the material. Assuming an isotropic and isochoric magne- This integration step can be performed numerically using a
tostriction behaviour, the magnetostriction straif is given discretisation of a unit sphere for the possible orientetia

by (6). A, is the saturation magnetostriction of the material1Z-

The anisotropy of the macroscopic magnetostriction can beln order to describe the effect of stress on the initial
considered to the price of additional material parametgze ( domain structure, a configuration field® (11) is added to

for instance [4]). the anhysteretic field [17]:
M, =M, (5) 1
H =np (N —=| M (11)
3 1 3
h=)\|cava— | 6) . .
2 2 7 is a material parameteN? (12) belongs to the interval [0

The volume fractionf,, of domains with orientationn. 1] @and is?/z when no stress is applied (13) is defined as
(7) is then defined as an internal variable. It is defined with function of A, and A;. o is the equivalent stress far
a Boltzmann probability function9]. A, (8) is a material as defined by Daniel and Hubertq], namely the projection
parameter linked to the initial anhysteretic susceptipi}® along the magnetic field direction of the deviatoric parof

[11]. h (unit vector) is the direction of the magnetic fiek.
exp(—A W,
fa= _exp(=AWa) () N° = ! — (12)
/eXp(—ASWa) 1+2exp(—Ko®)
« 3
o K== Ag X (13)
A, = 33X 8) 2
o M3 3
eq _ — —
Once the volume fractiorf,, is defined, the macroscopic ot =3h. <” 3tr(”>1> -h (14)

magnetisationM (9) and magnetostrictiom* (10) are ob-
tained thanks to averaging operations over all possiblecdir
tions for the magnetisation directiam:

This configuration field notably allows the description of th
non monotonic effect of stress on the magnetic permeability
observed in some materials.

M = (M,) = / £ M, ) H_ysteres_is eﬁects_ are int'roduced in the model by adding
o an irreversible contributiod;; to the anhysteretic magnetic
field. The definition ofHj,, is based on the works by Hauser
et = (eh) = / fa €l (10) [20], extended to magneto-mechanical loadingk, is as-

| sumed to be parallel t8I and its norm is given byl().

k. k
Hix|| =0 - H] ) |1 - — =2 ||M - M 15
I88uell =0 (2 colgtl) 1 wexp (<22 1)) (15)

& is equal to+1, depending on whether the material is bein#l and stress tensas, the effective magnetic fieldd (18)
loaded or unloaded. The sign of starts as positive and isis calculated by adding the configuration fieldl® and the
then changed each time there is an inversion in the loadihgsteresis contributiol; to the anhysteretic field:
direction.k,., ¢, k, andx are material parameters. The value ~ -
of x changes each time there is an ?nversion in the loading H=H+H" + Hiy (18)
direction P0]. The new values is calculated from the previous  This simplified approach allows to reduce the computational
value x° according to {6). The initial valuex"* of x is @ cost by a factor higher than 1000 compared to the full
material constantM’" is the value ofM at the previous multiscale approachi[].
inversion of the loading direction.

IIl. | DENTIFICATION OF MODEL PARAMETERS

The modelling parameters can be separated into two sets:
.anhysteretic and hysteretic material parameters. Foampar
In order to account for the dependence of the COCTCI¥E s are used to describe the anhysteretic behaviduis the

I'held o the ?.pﬂ'e.d stress, '([jhte p?]rametﬁr (l7),ddef|n|tng tsaturation magnetisation and is the maximum magnetostric-
1€ coercive TIeld, 1S assumed 10 show 6} ependence 10 Stgss sirain. They are standard physical parameters and €an b
similar to the stress configuration effeéf, being a material

ant identified from a macroscopic measurement in the absence
constant [ 7] (4 ) of applied stress. The parametdy, is proportional to the

ka
K =2—K° exp <—E||M—M”b||> (16)

k. = k°

T

- —N° (17) initial slope of the unstressed anhysteretic magnetisatiove

3 (8). It can then be identified from a low-field anhysteretic
Once the macroscopic magnetisativh and magnetostric- measurement under no applied stregsdescribes the non-

tion e# are calculated as a function of the anhysteretic fieldonotonic effect of stress on the magnetic behaviour. It can
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be identified from a susceptibility measurement under stres The proposed simplified model enables a very fast evalua-
The sensitivity to stress being much higher at low field, tion of hysteresis loops under stress. Eigives an example

is suggested to perform the identification gffrom low- of magnetisation curves for a non oriented iron-silicoryall
field anhysteretic measurements under uniaxial stressidien subjected to an uniaxial compression applied in the dacti
configurations should usually be sufficient for the purpose parallel to the magnetic field. The experimental results are
this identification. The anhysteretic parameters are suiseth part of an experimental characterisation campaign predent

in table | indicating the values used in this paper. FoUr1]. The model does not reproduce exactly the shape of the
parameters are also required to describe the hysteretic maperimental hysteresis loops, but the levels of magrtitisa

of the behaviour according to Hauser’'s approazt].[They are correct and the effect of uniaxial compression is well
can be chosen so as to adjust the description of a magascribed.

magnetisation loop under no applied stress starting from aThe model can also be used to predict the behaviour of the
demagnetised staté? controls the coercive field amplitude,material under multiaxial configuration. As an example the
¢, the first magnetisation behaviour, akgdandx™ the width evolution of the coercive field under biaxial loading is simow
and inclination of the hysteresis cycle. The values usetli; tin Fig.2. The stress is a static biaxial stress,f>) and the

paper are summarised in table magnetic field is applied along direction 1 with a maximum
amplitude of 650 A/m. It must be noticed, that hysteresis
Parameter M, As As n loops in this case are not major loops. The corresponding
Value 145 10° 12 35103 210-4 experimental results?[l] are shown in Fig.
i —6 3 _
Unit Alm 10 m°/J > Hc (A/m)
TABLE | 100 P2
MATERIAL PARAMETERS: ANHYSTERETIC PART 140
Parameter k9 cr kq kI >0 120
Value 150 0.1 191076 1 100
Unit - m/A - o
TABLE I 80
MATERIAL PARAMETERS: HYSTERETIC PART
_ . -50 60
As a summary, the material parameters can be obtained from
one anhysteretic magnetisation and magnetostriction uneas 40
ment at high field, from anhyteretic measurements at low field —-100 ke
-100 -50 0 50 100

under uniaxial stress (tension) and from a major hysteresis o
loop under no applied stress. The model can then be used 1
to predict the material response under any magneto-ela?:t_ic s Coercive field under biaxial st Vodelling. resuind

. . . P - . . 9. 2. oercive Tiela unaer Diaxial stress. oaelling nder a
Ioadln_g, including multiaxial conflg_uratlons. Cpmpa”Stm maximum magnetic fieldd,,..=650 A/m applied along direction 1.
experimental results are proposed in next section.

IV. HYSTERESIS LOOPS AND HYSTERESIS LOSSES H (A/m)
C

100

x10° 140

50 120
100
b 0
80
50 60
40
~100
2100 -50 0 50 100

°

H (kA/m)

Fig. 3. Coercive field under biaxial stress. Experimentalults (f=5Hz)
Fig. 1. Magnetisation curves fof=5Hz under uniaxial stress. Experimentalunder a maximum magnetic fielfmax=650 A/m applied along direction 1
results (dashed lines) and numerical results (plain lines) [21].
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The modelling results show similar trends as the experimeeffects. It is derived from the simplification of a multiseal
tal measurements. The coercive field is decreasing with tApproach based on an energetic description at the magetic d
component of the stress tensor aligned with the magnetic main scale [7]. The compactness of this simplified approach
field, and increasing with the perpendicular component gallows its practical implementation into finite element I©o
The order of magnitude for the coercive field is corregbr the design of electromagnetic devices.
although the effect of stress is underestimated in the skcon
quadrant ¢;<0, 02>0), and overestimated in the fourth
quadrant ¢, >0, 02<0). The isovalues for the coercive field
are approximately parallel lines with a slightly higher o [1] F. Preisach, iber die magnetische nachwirkungZ, Phys., 94:277-302,
obtained from the model compared to the modelling. In the 1935. _ _
second quadrant, for high level of stress, the model predi& D Jg‘?(éghgg‘fzrgo”iégzeory of ferromagnetic figeesis”, J. Appl.
an inversion of the variation for the coercive field that ig nqg B_g_s"(;u”ity, C.D. Graham,Introduction to Magnetic Materials, Wiley,
observed experimentally for this material. New Jersey, 2011, pp. 241-273.

Hysteresis losses as a function of stress can also be 4ti-A- Bergavist, G. Engdahl, "A Stress-dependent Magnétieisach Hys-

. . . . teresis Model”,|EEE Trans. Magn., 27(6):4796, 1991.
mated. Figd shows the losses obtained under biaxial Ioadmfb] M.J. Sablik, D.C. Jiles, “Coupled magnetoelastic tlyeof magnetic and
For this figure the losses have been calculated on major magnetostrictive hysteresigEEE Trans. Magn., 29(5):2113-2123, 1993.
loops, so that saturation is reached and the maximum appli@dAA-A_- tAd'Y' '\-/D tMayF:argoyz,h T“Magnﬁdtoz"licﬁi%”EESi;”“'at'm MUS"‘Q
field is much higher than 650 A/m. The results obtained Sysyarrsarre dee6 o 000 " ooos rans. agn.
under uniaxial tension (axis,=0) are consistent with previous([7] 0. Bottauscio, A. Lovisolo, P. E. Roccato, M. Zucca, CsSa R. Bonin,
measurements’P] showing an increase of losses under com- “Modeling and experimental analysis of magnetostrictievides: From

. . . . . _the material characterization to their dynamic behaviéEEE Trans.
pression and a decrease with moderate magnitude in tension . n “4411):3009-3012, 2008.

[8] J. Li, M. Xu, “Modified Jiles-Atherton-Sablik model forsgmmetry in
magnetomechanical effect under tensile and compressipesst). Appl.
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