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Abstract

The prediction of the magnetic and magnetostrictive behavior of grain-oriented (GO) silicon steels is discussed. An experimental
procedure for the measurement of the magneto-mechanical quantities is first detailed. Experimental measurements of the anhysteretic
magnetization and magnetostriction are compared to results from the literature. A multiscale model, based on an energetic approach and
infinite medium hypothesis, is used. Significant discrepancies between experiments and predictions are highlighted. The specimen shape
combined to large grain size induces some strong boundary (surface) conditions leading to a change in the definition of the local potential
energy. A specific demagnetizing term is introduced in the definition of the potential energy, creating an initial heterogeneous distribution
of the magnetic domains and saturating the magnetostriction along the rolling direction. This modification strongly increases the ability

of the model to predict the magneto-mechanical behavior of GO steels.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The research for lower core losses and audible noise in
the modern electrical machines and systems requires
adequate mathematical models able to predict the complex
anisotropic magnetic and magneto-mechanical behavior of
industrial ferromagnetic materials in order to give help for
more accurate design. These models must take into account
the complex thermo-magneto-mechanical loadings (e.g.
rotating magnetic field, harmonics, stress field, plastic
strains, thermal field) that the material can be submitted to.
Grain-oriented (GO) silicon—iron alloy is one of the most
popular soft ferromagnetic materials. GO silicon—-iron
alloys, exhibiting the so-called GOSS texture,' are widely
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used in high power transformers because of their very good
magnetic properties along the rolling direction (RD) [1,2],
and literature concerning their magnetic behavior (magne-
tization [3]; losses [4]; modeling [5]; metallurgy [6]; effect of
stress [7]; effect of plasticity [8]) and other properties
(magnetostriction [9]; AE effect [10]) is numerous.

The laminations are usually stacked together and
assembled. Such structures are on the other hand well
known to emit vibrations and noise [11]. This phenomenon
has two possible origins: usual magnetic forces and
associated elastic deformations (that induces the so-called
form effect [12]), and magnetostriction strain [13] strongly
correlated to the crystallographic texture and orientation
of the magnetic field with respect to the RD [11,14]. The
first source depends on the geometry of the structure
(global coupling) and can be obtained after finite element
modeling [15,16]. The second is usually considered as
material dependent (local coupling) and needs a specific
constitutive equation to be evaluated [17].
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No model can accurately predict magnetostriction strain,
especially when a mechanical stress is superimposed to the
magnetic loading. This phenomenon has already been
observed and discussed. Our objective is to propose a
model in order to give an accurate prediction of the
magneto-mechanical properties (i.e. magnetic and magne-
tostrictive behavior) of this kind of material submitted or
not to stress. This work requires to get new experimental
results (especially anhysteretic) to be compared to the
modeling results.

In this paper, the experimental procedure to get the
magneto-mechanical behavior of a GO 3% silicon—iron
alloy is first presented giving results in good accordance
with previous results of the literature. A model, based on
an energetic approach and transition scale rules, has been
proposed to predict the complex magneto-elastic behavior
of bulk ferromagnetic materials [18]. The model is a
representative volume element (RVE) model independent
from boundary conditions. In this paper, it is shown that a
structural demagnetizing energy term is required in the
definition of local energy to make the model fit properly the
experimental observations for laminations (magnetic do-
mains distribution, magnetic and magnetostrictive beha-
vior).

2. Experimental observations
2.1. Material: description and mechanical properties

A standard industrial GO 3% silicon—iron lamination
(Hi-B—0.3 mm thick from Nippon Steel) has been chosen
for the study. The grain size of the material is very high
reaching 40 mm (Fig. 1). An orientation data file (ODF)
has been obtained from electron back-scattered diffraction
(EBSD) measurements. Fig. 2 shows the resulting pole
figures (surface of analysis is about 25cm?—which
corresponds approximately to 60 points of measurements
on 10 grains). A strong usual GOSS texture {110}(001) is
clearly highlighted (strong (1 00) pole along RD and (110)
pole along TD?), and some disoriented grains are detected.’

Moreover, previous stress—strain experiments allowed us
to measure the elastic properties of the material [20].
Samples consist of 250 mm long and 12.5mm wide bands.
Strain gages have been stuck on some selected grains* to
get their mechanical behavior associated to spatial
orientation. We get two terms of the elastic deformation
tensor & as a function of the tensile stress tensor ¢. Once
the disorientations have been taken into account, the
elastic stiffness tensor CY of the single crystal is calculated
thanks to an inverse procedure (Hooke law: ¢ = C - &).

2RD is for rolling direction, TD for transverse direction.

This texture is correlated to a low grade Hi-B material.

“The grains must be big enough to make firstly both mechanical and
magnetic measurements possible, and secondly an indexation by EBSD.
We verify on the other hand that the orientation of the grains we chose is
representative of the orientation of the material—the area of EBSD
measurement can be seen in Fig. 3.

Fig. 1. Sheet after the removal of the coating (HCI-HF etching) [19].
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Fig. 2. Pole figures of the material (EBSD measurement—from UTC
Compiégne—France).

CY depends on three constants to model a cubic symmetry
(Cy1, Cy3 and Cy4 using Voigt notation) [21]. Values can be
found in Table 1 later in the paper.

2.2. Magneto-mechanical measurements

An original benchmark has been employed to measure
the magneto-elastic behavior (see Refs. [22,14]). Fig. 3
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Table 1
Physical constants used for the multiscale modeling
Coefficient M K| ; K> A100 3 A A Ci1;Crn; Cy
Unit A/m kJm™3 - m3J! GPa
Value 1.61 x 10° 38;0 23x107%; —4.5%x107° 2x 1072 202; 122; 229
electropolished
area for EBSD

FeN §

Fig. 3. Experimental set-up for magneto-mechanical measurements—instrumented sample.

shows the double U-yoke set-up and an example of sample
that has been used for the study. The specimen is about
60 mm long and 12 mm wide. Only one end of the sample is
pressed between the yokes (upper end in Fig. 3). The other
end is let free to move (only submitted to a low friction) in
order to avoid any mechanical stress, which could disturb
the measurement of magnetostriction. This set-up ensures
the magnetization of a single grain.> The specimens are
magnetized thanks to a 50 turns primary coiling. The pick-
up coil is directly wound around the sample. The magnetic
loading is ensured by a current amplifier controlled by a
self-developed Labview program [23]. Results presented
hereafter are composed of hysteretic (0.1 Hz triangular
current form) and anhysteretic loadings: anhysteretic
curves® are measured point by point by applying a
sinusoidal magnetic field of mean value H,,, and of
exponentially decreasing amplitude. The magnetostriction
is measured simultaneously thanks to non-magnetoresistive
strain gages stuck on both sides of the sample (Fig. 3).

SFig. 3 shows that the active part of the sample is composed of only one
big grain. All experiments have been made in such condition.

®The anhysteretic behavior is theoretically related to the reversible
behavior of the material; this measurement is to be compared to the
modeling results.

single crystal

. strain gage

A

\ grain boundary

20mm

A half Wheatstone bridge configuration with temperature
compensation has been chosen for strain measurement (the
signal is stored after a low-pass second order Butterworth
filtering) [14]. Note that the anhysteretic procedure makes
the measurement of the magnetostriction behavior more
accurate, less noisy and more reproducible than a usual
hysteretic measurement. The error of measurement for the
deformation is estimated to +5 x 1077 considering gage
factor fluctuations,’ electrical noise level and observed
dispersions (Fig. 4).

Remark. The measured deformation is not rigorously
“pure” magnetostriction because the parasitic elastic
deformation due to the magnetic forces still remains (i.e.
form effect) [12,16]. This deformation is sometimes of the
same order of magnitude and has the same dynamic
(frequency, even function) than magnetostriction. A
correction procedure should rigorously be applied.® Never-
theless recent finite element calculations [25] showed that

A deformation & is related to relative variation of resistance of the gage
AR/R thanks to ¢=(I/K)AR/R) where K 1is the gage factor
—K=21+2%.

8A calculation of magnetic forces in a previous set-up and associated
elastic deformations can be found in Ref. [22]. The formulation of
magnetic forces is due to Ref. [24].
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Fig. 4. Details of the experimental set-up.
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Fig. 5. Magnetization and hysteretic curves along RD and TD.

the form effect is negligible for this kind of structure (thin
sample and flux closed by the yokes). Results presented
hereafter are consequently not corrected.

Fig. 5 shows the magnetization and hysteretic curves of
the material carried out at 0.1 Hz along RD and TD. These
results are classical, especially the non-conventional form
of the TD behavior [8,5]. Fig. 6 shows the associated
hysteretic magnetostriction curves of the material. Defor-
mation measurement has been carried out along the
longitudinal (parallel to the magnetization direction) and
transversal (perpendicular to the magnetization direction)
directions for each magnetic loading. The deformation
associated to a magnetic loading along RD is very low: it is
approximately of the same order than the precision of
measurement, and a cycle is consequently difficult to
observe. The amplitude of deformation associated to a
magnetic loading along TD is much higher, especially for

Fig. 6. Hysteretic magnetostriction curves along RD (full lines) and TD
(dashed lines) associated to the loading of Fig. 5.

the transversal gage. Deformation is reaching 2 x 107>
along the longitudinal direction and approximately —3.5 x
107 at 90°. Two strongly geometrical cycles can be
observed.

Fig. 7 allows us to compare the anhysteretic curves for
two directions (the figure is drawn using a logarithmic
format): the maximum anhysteretic susceptibility is reach-
ing 8 x 10* for RD. Two samples per direction have been
used to make this experiment. We observe some differences
for the samples cut along the same direction, that is
probably due to the weak disorientation of the grains
which are tested. The full and dashed lines give average
curves for both directions.

Experimental anhysteretic magnetostriction has been
carried out with magnetization along RD and TD. Results
are plotted in two figures for a better clarity: longitudinal
measurements are reported in Fig. 8; transversal measure-
ments are reported in Fig. 9. Because of the very small
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Fig. 7. Experimental measurement of the anhysteretic magnetization
curves along RD (full lines) and TD (dashed lines). The points give an idea
of the dispersion from a sample to another.
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Fig. 8. Experimental measurement of the anhysteretic longitudinal
magnetostriction along RD (full) and TD (dashed).

amplitude of deformation, the sensitivity of magnetostric-
tion to stress and the high grain size, several measurements
carried out on different specimens, using small strain gages
(2mm?) and a statistical treatment of the results have been
required. Magnetostriction is strongly anisotropic. Ampli-
tudes vary from approximately zero for RD to 18 x 1076
for TD-longi and —37 x 10~° for TD-trans.

2.3. Comparison to results from literature and discussion

A first step consists in comparing our measurements to
the results published in the literature. Experimental results
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Fig. 9. Experimental measurement of the anhysteretic transverse magne-
tostriction along RD (full) and TD (dashed).

of Ban and Janosi [9] and Ushigami et al. [26] have
been reported in Fig. 10. Our results seem noisier but
tendencies are in good accordance. We observe that
magnetostriction remains zero (considering the precision
of measurement) until M reaches 0.9-1.1 x 10°A/m.
Magnetostriction increases for higher magnetization
levels (due to a weak magnetization rotation) and
saturates. The experimental saturation value is about
Jamax & 2 £ 1 x 1079 it is reached for a magnetization up
to 16 x 10° A/m. The maximal deformation measured by
other authors stays around 1-2 x 107°. An area defined in
Ref. [2] has been added to the graph. It represents a
domain of existence of the magnetostriction for a usual GO
magnetized along RD. Our results are in accordance with
this area and especially some negative points at high field.
Few results are available in the literature concerning the
magnetostrictive behavior when the magnetization is
applied along TD. We can only report the observations
of Sheiko et al. [27] whose results are in good accordance
with ours.

A single crystal approach is chosen to discuss these
results. Considering the crystallographic texture of the
material, RD is corresponding to a (1 00) direction and TD
to a (110) direction (cf. Fig. 11). Magnetostrictive results
got on a GO Ilamination may consequently be in
accordance with the saturation magnetostriction of a
silicon—iron single crystal measured along the same crystal-
lographic direction (e.g. Ajo9 for RD). Cullity [2] and
Weiser and Pfiitzner [13] give for example a value of 4j¢99 =
23 x 107° for the composition of material. The maximal
magnetostriction we measured is then ten times lower
than the value expected. Such a difference was already
observed by Weiser and Pfiitzner [13] and proves that a
model only based on the behavior of the single crystal is
not accurate. The domain configuration must not be
neglected.
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It is known that the ideal configuration of domains in

x 100 . / . . . .
3r e from (Ban, 1996) (Cullity, 1972)  f77 one grain of a GO sheet consists in two domains ¢; and o,
_ o from (Ushigami, 2003) i separated by one 180° wall (Fig. 11a) [28]. Eq. (1) gives the
) magnetostriction strain tensor in the crystallographic frame
c (CF) [29]. v, are the direction cosines of the magnetization
° vector in the same frame. Eq. (2) consequently defines the
1L © magnetostriction strain tensor of each domain and thus of
o the associated grain in CF, when no magnetic field is
applied.
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Fig. 10. Comparison to previous results from literature. )
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Fig. 11. Bi-domains elementary distribution in a grain (scheme) separated by a 180° domain wall: (a) ideal initial configuration; (b) low magnetization
along RD—wall displacement—until magnetic saturation (c); (d) low magnetization along TD—nucleation of orthogonal domains; (e) intermediate
magnetization along TD—disappearance of the initial domain structure; (f) magnetization up to saturation along TD—magnetization rotation out of the
easy crystallographic axes. Definition of crystallographic and sheet frames (denoted CF and SF): ND: normal direction.



1418 O. Hubert, L. Daniel | Journal of Magnetism and Magnetic Materials 320 (2008) 1412—-1422

1
—=A100 0 0
o Q2 — oY
g =g = 0 o 0 =8, ()
0 0 2100

CF

The magnetic loading up to saturation along RD (Figs. 11b
and c) leads to no change of magnetostriction along this
direction (ngHRD(M) =¢}). Magnetostrictive behavior
along RD must consequently be theoretically zero what-
ever the magnetization level. In this condition, Adione =
Alians = 0 when the material is magnetized along RD.
This interpretation is in accordance with the very low

values we measured with RD specimens (see also Ref. [26]).
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When the material is magnetized along TD, domain wall
motion and magnetization rotation can occur simulta-
neously. If the magnetization rotation is considered only
for high fields (high magnetocrystalline constant K
value—see Table 1), the first step is the nucleation of
transversal domains (a3, 04) along the most favorable easy
magnetic axes (Fig. 11d) [28]. This mechanism is continu-
ing until the previous magnetic structure disappears
(Fig. 11e). At this point, the magnetostriction tensor of
the grain is given by expression (3) and we can estimate:
Aiongi = (2100 + 34100). The last step is the magnetization
rotation until saturation (Fig. 11f), leading to y, =7y, =
cos(n/4) = +/2/2 and y; = 0. The magnetostriction tensor
of the grain is now given by expression (4), and thus
Allongi = (}—‘/1100 + %/1111 + %/1100); the transversal measure-
ment remains the same before and after the magnetization
rotation: Adyans = (—%)»100 — 4100)-

Once calculated using silicon—iron constants (Table 1),
we get for a magnetization along TD Aljong = 17.25 x
107¢ at stage corresponding to Fig. lle, then Aljong =
13.875 x 10™® at stage corresponding to Fig. 11f. The
transverse magnetostriction is negative and twice higher:
Alrans = —34.5 x 107°, These different values can be easily
put in regard to the experimental data (Figs. 8 and 9): the
null value of longitudinal and transversal deformations for
RD specimens is clearly observed; for TD specimens, the

"We define Adz(M) =17 - (sl%(M) — s;i) -7, where 7 is the direction of
measurement.

two stages for longitudinal deformation are verified and
experimental values for the amplitudes are in very good
accordance with theoretical ones; the amplitude of
transversal deformation is reaching the foreseen value too.

This simple approach is seducing but insufficient because
it only gives bound values but no behavior. Moreover the
coupling with stress is not considered. The next paragraph
is devoted to a more accurate modeling.

3. Multiscale modeling

Multiscale approaches are of great interest when the
phenomena are the result of anisotropies at different scales
[30]: here the usual cubic anisotropy at the grain scale and
the small disorientation of the grains (macroscopic texture)
at a larger scale. An implicit method is employed to
homogenize the magnetic, mechanical and magnetostric-
tive behavior [31,18]. The distribution of grains of cubic
symmetry structure is considered inside a homogeneous
orthotropic equivalent medium. The ODFs are issued from
the previous EBSD measurement. The calculations have
been implemented using mechanical and magnetic char-
acteristics of silicon—iron single crystals.

3.1. Micromagnetic model (grain scale) [18]

GO ferromagnetic media can be considered as an
aggregate of single crystals assembled following the
orientation data. The microscopic model of magneto-
elastic behavior of single crystals proposed by Buiron et al.
[30] is written using the volumetric fraction f, of each
domain family « (six (100) families for a cubic symmetry
silicon—iron), and magnetization rotation (two angles 6,
and ¢, per domain family) as internal variables. The
potential energy (5) may be defined for each magnetic
domain family £, as the sum of the magneto-crystalline (6),
magnetostatic (7) (magnetic field is considered homoge-
neous within the grain) and magneto-elastic (8) (&}: cf. (1))
energies, detailed hereafter.

W= Wi+ Wi+ W2, (5
Wi = KiGiva + 7303 + 930 + K2079373), (6)
Wy = —puoH* - M, (7
Wf,:%o-“:([)“*l:a“:C‘e—a":sfl, (8)

where M~ = M7 is the magnetization of the domain
family o« (M,: saturation magnetization), 7* denotes the
direction of magnetization (y?: direction cosines) in CF. K
and K, are the so-called magnetocrystalline energy
constants. A" is the magnetic field at the grain scale. 6*
and ¢ are the stress tensors applied to the domain family
and to the grain, respectively. C* denotes the stiffness
tensor of a domain family (or grain). At the grain scale,
equilibrium is derived from the combination of an explicit
expression based on a Boltzmann function for the
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determination of f, (9) (4s is an adjusting parameter—see
Table 1 and Ref. [18]), and a minimization of the potential
energy (5) of a domain family for the determination of 6,
and ¢, (10).

exp(—As. W?%)

Jo= S exp(—Ag. W?) ©)

W*(0., §,) = min(W™),

0, €0, n], ¢, <]0, 2n], (10)

& = (g,) = Zfasz, (11)
M= = f, M (12)

Assuming that the elastic behavior is homogeneous
within a grain, the magnetostriction strain of a single
crystal is written as the mean magnetostriction of each
domain (11) ({---) denotes an averaging operation). The
magnetization in a grain is defined as well (12).

3.2. Localization and homogenization [18]

The previous calculations are made for each grain of the
polycrystalline aggregate. The magnetic behavior at poly-
crystalline scale is defined as the average value of magneti-
zation (13). A local demagnetizing field in each grain due to
the magnetization of the surrounding grains is introduced
[31,18]: the magnetic field at the grain scale H ¥ is defined as
a function of the external field, the mean secant equivalent
susceptibility of the material y.,, (3, = M/H) and the
difference between the mean magnetization M and the
magnetization at the grain scale Mm* (14). The elastic
behavior is obtained thanks to a self-consistent homo-
genization scheme. The macroscopic magnetostriction
strain (15) is estimated using Eshelby’s solution [32] and
considering the local magnetostriction as a free strain; B
denotes the fourth order stress concentration tensor
[33,22].

— - g

M = (M), (13)

g — 1 — - g

H=H+ ——WM-M). 14
T ) (14)

The magnetostriction strain at grain scale is elastically

incompatible and creates a stress state affecting the

magneto-elastic energy term (self-stress state). The stress

at grain scale o® is derived from the implicit equation (16).

E,=(B:s), (15)

m

ot =B:X+C:(E, ) (16)

with C* = (C&)~' +(C°: (S®M™' = 1)"". C° being the
stiffness tensor of the effective media [33]. Since a self-
consistent scheme has been chosen, C° refers to the self-
consistent stiffness tensor [22]. X is the macroscopic stress
(taken as zero in the present case but denoting the applied
stress). S is the so-called Eshelby’s tensor calculated

from the Green’s functions and ODF [20]. Since this model
always refers to equilibrium, modeling results must be
compared to anhysteretic experimental measurements.
Figs. 12 and 13 give the results of the multiscale
modeling for a magnetization along (100) and (110)
directions. These directions refer theoretically to RD and
TD for the GO material. Results are far from the
experimental ones. They are nevertheless in very good
accordance with literature concerning 3% Si—Fe single
crystals [2]. The reason is that infinite medium hypothesis is
made in the multiscale model in its usual form, that makes
the behavior corresponding to a single crystal behavior,
and not a GO behavior. Infinite medium hypothesis leads
to an identical value of the energy of each domain in
absence of external loading. The initial volumetric fraction

RD // <100>

0 500 1000 1500
H (A/m)

Fig. 12. First result of the multiscale modeling—anhysteretic magnetiza-
tion curves along (100) (i.e. RD) and (110) (i.e. TD).

20 | RD // <100>
@215-
3
£
ERUR:
i)
5
- TD // <110>
w -~
5r L’ ~\\

0 02 04 06 08 10 12 14 16 138
M (10° A/m)

Fig. 13. First result of the multiscale modeling—anhysteretic magnetos-
triction curves along (100) (i.e. RD) and (110) (i.e. TD)—longitudinal
magnetostriction.
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of each domain family is then identical following Eq. (9)
(% in the present case). This is not in accordance with the
foreseen bi-domains configuration.

3.3. Implementation of a demagnetizing surface effect

The infinite medium hypothesis is not appropriate when
the grain size is very high as observed for the sheets studied
herein. The model does not take into account that the
emerging component of the magnetization is very unfavor-
able because of the presence of two free surfaces (only a
small disorientation is enough to disturb the domain
configuration [28,26]). An idea is to take this structural
effect into account by adding a specific surface energy term
(Eq. (17)) to the potential energy of a domain family
(Eq. (5)).

W% = N7 - )% (17)

Zo 1s the direction normal to the sheet and N a
demagnetizing field factor that defines the maximum level
of the surface energy. This energetic term acts as a
macroscopic uniaxial anisotropy energy. It is possible to
generalize this form to triaxial anisotropy. Factors N;
depend on length, width and thickness of specimen:

W = NG o) + Nao(F - 7o) + N3 - 20)°. (18)
It corresponds to the general form
W% =Cy N3, (19)

where N is an adimensional anisotropy matrix, and C a
constant (Jm™). N exhibits an orthotropic symmetry,
related to the parallelepiped geometry of the sample. This
anisotropy matrix is therefore diagonal in the sample
framework (SaF):

Ny 0 0
N = 0 Nyy O . (20)
0 0 N

SaF

Such kind of “form effect”” has been yet discussed by many
authors [1,2,34]. Each term can nevertheless be analytically
calculated if some hypotheses are made about the behavior
(supposed most of the time linear), about the surrounding
magnetization (supposed most of the time null) and about
the shape (supposed most of the time ellipsoidal). It is
possible to find in Ref. [35] some guidelines for the
evaluation of N. We propose the following linear definition
of N where the grain size q;q and the characteristic lengths
following the three axes appear (L, L;, L3):

Py
< 0 0
L
¢
N=|0 =2 0 21
L, (21)
¢
0o o0 ¢
L;

SaF

On the other hand, it may be possible to link the
expression of W% to the usual magnetostatic energy.
Surface effect can be seen as the effect of a macroscopic
demagnetizing field acting on each domain [10]. The
existence of a demagnetizing field at this scale is in
disaccordance with the hypothesis of homogeneous mag-
netic field (ﬁ ,=H ¢). It is nevertheless possible to define a
new localization law from the grain to the domain scale
following Eq. (14). We write

H = H* + CoN(M* — M)~ H* — CoN.M", (22)

where Cj is an adimensional adjusting constant. In this
equation, we are considering that the magnetization at
grain scale is negligible facing to the magnetization at
domain scale. This is a very rough simplification. But it
allows us to get an expression where the demagnetizing
field at the domain scale is constant:

H,=—CoN.M". (23)

The new definition of the local magnetic field leads to a
new definition of the magnetostatic energy:

W% = — ol M = —pH' M+ g Co(N.M").M"
= W+ Wt 24)

The demagnetizing surface energy appears as a part of the
potential energy. The constant C in Eq. (19) is now
corresponding to C = puyCoM™ ~ ,uOCoMg. Finally, we
define

W = pCoM T N 7. (25)

The numerical applications10 give N, ~ 0, N, =3 and
N.. = 150. Cy is the only additional parameter, to be
identified thanks to experimental data (M is given in Table
1). We find Cy = 8.19 x 1077 and so N; &~ 400 Jm~ in the
simplified expression (17).

4. Results of the model and comparison to experimental data

Table 1 gives the different physical and numerical
constants used to model the GO laminations behavior.
Fig. 14 shows a good agreement between the magnetization
predictions and experimental data. The influence of the
demagnetizing surface effect is clearly highlighted, espe-
cially concerning the initial susceptibility. Figs. 15 and 16
show the different results of the model for magnetostric-
tion. Magnetostriction is very sensitive to the surface effect:
a complete inversion of RD and TD previsions is observed
compared to the infinite medium conditions (Fig. 13). The
modeling seems particularly accurate for the longitudinal
behavior. The higher difference is for the transversal
measurement of the TD sample. We observe that the
modeled magnetostriction is saturating at —32 x 107°,
compared to —37 x 107 for the experiment. Nevertheless
this experimental result exceeds the saturation bound

19The characteristic length L, can be considered as infinite because the
specimen is considered inside the experimental set-up.
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Fig. 14. Comparison between experimental (lines) and modeled (points)
anhysteretic magnetization curves along RD and TD.

-6
20 £ 10
n "1
151 ‘i::.“ TD iy
A} 1
u“ — - = experimental R
' oo calculated '
= 10} ' !
s b
; ‘ :
= Y\ !
w::. 5t \‘ ,l
e v
AY
RD \I‘] ql
\a o
0
Lh
5 L L L L L L L )
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
M (A/m) x 10°

Fig. 15. Comparison between experimental (lines) and modeled (points)
anhysteretic magnetostriction curves along RD and TD—longitudinal
measurements.

defined in paragraph 2.3 (i.e. —34.5 x 107%). That observa-
tion seems to prove that the magnetostrictive constants we
used, and especially 4,90 may be under-estimated. It could
be due to a short difference in composition between the GO
used for the experiments and the 3% silicon—iron of the
literature.

The strong change of magnetostriction behavior is due to
a complete re-organization of the domains at zero external
magnetic field. The volumetric fraction of all domain
families is % without surface effect. An introduction of the
demagnetizing term creates differences between the energy
of the domain families in a grain. In the present case the

6
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Fig. 16. Comparison between experimental (lines) and modeled (points)
anhysteretic magnetostriction curves along RD and TD—transversal
measurements.

volumetric fraction of the domains oriented along RD
increases reaching about 70-90% because of their lowest
energy. This heterogeneous distribution is in accordance
with experimental observations (Fig. 17'' and see [28]).
Magnetostriction along RD is close to the saturation at the
beginning of magnetization. The amplitude of the magne-
tostriction is consequently very small in this direction.

5. Conclusion

Modeling and experimental results of the magnetic and
magnetostrictive behavior of a grain-oriented (GO) silicon
steel have been presented in this paper. The experiments
consisted mainly in anhysteretic magnetization and mag-
netostriction measurements, which have been successfully
compared to results from the literature. A multiscale
model, based on an energetic approach and infinite
medium hypothesis, has been used in a first modeling.
Significant discrepancies between experiments and predic-
tions have been highlighted, due to the influence of free
surfaces combined to the large grain size, not taken into
account. It is shown that the introduction of a structural
demagnetizing term in the multiscale model allows an
appropriate correction of the predictions of the magnetic
and magnetostrictive behavior.

We are now able to describe the difference of magneto-
mechanical behavior between a GO lamination and a single
crystal magnetized along the same crystallographic direc-
tion. Such a structural effect could on the other hand
explain why measurements of magnetostriction of GO
laminations lead sometimes to very variable results.

""Observations made in association with S. Courtois and E. Hug from
the UTC-Compiegne (France).



1422 O. Hubert, L. Daniel | Journal of Magnetism and Magnetic Materials 320 (2008) 1412—-1422

Fig. 17. Optical observation of the magnetic domains—dominant type I structure aligned along RD—Bitter technique.

This work highlights finally that the magnetic structure is
not unique for a given magnetization. The improved
multiscale model does nevertheless not give a topological
description of domains (i.e. lancets, or closure domains),
but only volumetric fractions of domain families. Improve-
ments will consist in taking into account the interaction
between the domains of a same grain and the neighboring
grains (interaction clearly illustrated in Fig. 17).

However, in its present form, the multiscale model
allows us to model the influence of an applied stress on the
magneto-elastic behavior. An implementation in a finite
element calculation is now possible in order to evaluate the
magneto-elastic response of a complex magnetic circuit
made of stacked GO sheets.
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