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Magnetic and Magnetostrictive Behavior of Iron-Silicon
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This paper presents the full characterization of the reversible magneto-mechanical behavior of iron-silicon single crystals. Magne-
tostriction and magnetization measurements under tensile mechanical loading have been performed on specimen collected along the
(100), (110) and (111) crystallographic axes. A theoretical interpretation of the results is attempted.

Index Terms—Magnetoelasticity, silicon steel.

I. INTRODUCTION

HE search for weight optimization of electromechanical
T systems leads to build more compact and high speed sys-
tems. These systems generate high levels of multiaxial mechan-
ical stress, that strongly change the magnetic behavior of ma-
terials. In order to reach optimal design for electromagnetic de-
vices, this magneto-mechanical coupling effect need to be intro-
duced in advanced modeling tools. Macroscopic phenomeno-
logical approach (see for instance [1]) does not provide a suffi-
cient description of such complex phenomena. An alternative
way is the requirement of multiscale approaches introducing
the coupling effect at the single crystal scale [2], and consid-
ering the effect of stress on the magnetic domains distribution.
The full characterization of the magneto-mechanical behavior
of single crystals is the first step necessary for the development
of such a multiscale approach. We present in this paper the mea-
surements of reversible magnetic and magnetostrictive behavior
of an iron-silicon steel (3%Si-Fe) single crystal cut along the
(100), (110) and (111) crystallographic axes. Samples are sub-
mitted to both a magnetic excitation and a mechanical tensile
loading. In a second part, these results are discussed from a the-
oretical point of view.

II. MAGNETO-MECHANICAL CHARACTERIZATION

An industrial grain-oriented silicon steel (3%Si-Fe GO, 0.3
mm thick) has been used for the experiments. This material
exhibits a very large grain size (around 40 mm) and a strong
crystallographic GOSS texture (rolling direction (RD)//[001],
transverse direction (TD)//[110]) [3]. 200 mm long and 12.5 mm
wide bands have been cut in sheet at 0°, 90° and 54.7° from RD,
ideally corresponding to the crystallographic axes (100), (110)
and (111). The cutting area has been selected so that a large
grain stands in the middle of the sample (see Fig. 1). The strips
are equipped with heads in order to apply a pure mechanical
tensile loading using weights. The selected grain is equipped
with a pick-up coil for magnetic induction measurement. Strain
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Fig. 1. Specimen, view of grain, coil and strain gage.

gages are stuck on both sides of the sample in order to measure
the magnetostriction along sample length and width. A specific
procedure allows the measurement of the anhysteretic behavior
of the material [4].

The anhysteretic magnetization and magnetostriction mea-
surements in stress free conditions are presented in Fig. 2. The
results obtained under tensile stress are presented in Fig. 3 for
the three directions 0°, 90° and 54.7°. We note A\ /, the defor-
mation measured along the sample length and A\ the defor-
mation measured along the sample width.

III. RESULTS INTERPRETATION

The interpretation of these measurements is based on a
schematic representation of the domain configuration and its
evolution under external magneto-mechanical loading (Fig. 4).
This schematic interpretation has already been presented in
stress free configurations [3] (Fig. 4(b)-(i)) and is extended
here to the case where a tensile stress is applied in free magnetic
field configurations (Fig. 4(b’)—(i")).

We focus on the relationship between the change of the mag-
netic domain structure and the measured magnetostriction. A
domain « is an area inside the single crystal with uniform mag-
netization M, and uniform magnetostriction strain €}, given by
(1) and (2)

Mo =MsTa = Ms'[y1 2 73] (1)
3 A100 (’Y%—%) A117172 A1117173
6325 A2 A100 (722—%) A1117273

A1117173 AMireys Ao (¥—13) / or

2

Mgy is the saturation magnetization of the material, 7, the
direction of the magnetization in the domain «, with direction
cosines 71, e2, and ys in the crystallographic frame CF. A1g9
and \q11 are the magnetostriction constants of the material. In
the case of 3%Si-Fe, these constants are Ajgp = 23 X 1076
and A\;1; = —4.5 x 1075, The initial distribution of magnetic
domains is strongly dependent on the magnetocrystalline energy
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Fig. 2. Anhysteretic behavior for sample directions 0°, 90° and 54.7°—(b) full lines: AX,,; dashed lines: AX_ . (a) Magnetization, (b) Magnetostriction strain.
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Fig. 3. Tensile stress influence on the anhysteretic behavior for sample directions 0°, 90°, and 54.7°—(d)-(e)-(f) full lines: A, ,; dashed lines: AX; . (a) 0°
Magnetization, (b) 90° Magnetization, (c) 54.7° Magnetization, (d) 0° Magnetostriction strain, (e) 90° Magnetostriction strain, (f) 54.7° Magnetostriction strain.

W, given by (3) in the case of a cubic crystal. K; and K are
the anisotropy constants of the material, respectively 35 kJ/m3
and almost zero in the case of 3%Si-Fe

Wi = K1 (7893 + 737 +9378) + K2 (vi03) - )
This energetic term explains why the ideal single crystal can
be divided into six domain families with magnetization respec-
tively aligned along the six (100) directions. But the presence
of free surfaces on the sheet unbalances the ideal configuration
[3] and leads to a two-domain structure along the rolling di-
rection, schematically presented in Fig. 4(a). Starting from this
initial GOSS distribution, we can write the associated magne-
tostriction tensor (without any loading) of the single crystal in
the crystallographic frame:

— 2100 0 0
el = 0 —3Xo0 O 4)
0 0 A100

CF

If a magnetic or mechanical loading is applied, this magne-
tostriction tensor is changed in €k .. The correspondence with
experimental measurements is so that A\, ="7- (e, —¢l.) 7l
and A\ = 't- (¥, —€l'.) - where i and £ denote the direc-

tions along sample length and width, respectively (see Fig. 4).

A. Magnetic Field Influence

The influence of the magnetic field H on the magnetic mi-
crostructure is driven by the Zeeman energy:
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Fig. 4. Schematic representation of magnetic domain structure under magneto-mechanical loadings along three selected directions of the sheet plane (RD =

0° & [001], TD = 90° & [110],54.7° ~ [111]).

W5 = —pol - M. 5)

The application of a magnetic field will increase the size of
domains with magnetization oriented nearby the direction of the
field and favor the rotation of magnetization towards this orien-
tation.

1) H //0°: domain wall motion 4(b) until magnetic satura-
tion 4(c). Since the magnetostriction is not sensitive to the sign
of the magnetization but only to its direction, this loading should
not modify the magnetostriction so that A\,, = AX; = 0.
Our measurement (Fig. 3(d)) is not consistent with this sce-
nario and rather looks like the behavior of a classical single
crystal [3]. The possible explanations are the proximity of a
grain boundary and/or influence of residual stresses, leading
to closure domains and lancets with magnetization oriented or-
thogonally to the sample length in the area of the strain gage.

2) H //90°: nucleation of domains in two easy magnetiza-
tion directions close to the magnetic field direction 4(d); then
disappearance of the initial domains 4(e); finally rotation of the
two remaining domains towards the magnetic field direction
4(f). Atintermediate configuration 4(e), magnetostriction tensor
is given by (6), we then have: A\, = (3)/(4)A 100 ~ 17x1076
and AN} = —(3)/(2)A\100 = —34 x 1076, Experimental re-
sults are in good agreement with this scenario. The small dif-
ference can be explained by a nonideal initial configuration,
for instance due to a weak crystal disorientation. At saturation
4(f), magnetostriction tensor is given by (7): we obtain A\, =
(3)/(4)A100+(3)/(4) A 111 = 14x107%; theoretical value along

~
~

~
~

width is unchanged: AN} = —(3)/(2)A100 ~ —34 x 1076,
This is consistent with the fact that we observe on Fig. 3(e) a
small variation for the magnetostriction along sample length at
high magnetic fields whereas the magnetostriction along sample

width remains constant

A0 0 0
&'Ze: 0 %)\100 0 (6)
0 0 —3M00 / op
A0 =3 0
ey = —3X11 A0 0 (7)
0 0 —3M00 / op

3) H //54.7°: nucleation of domains in two easy magneti-
zation directions close to the magnetic field direction 4(g); then
coexistence of the three most favorably oriented domains 4(h);
final rotation of magnetization towards the magnetic field di-
rection at high fields 4(i). At intermediate configuration 4(h),
magnetostriction tensor is given by (8): we have: A),, = 0
and AN = —(1)/(2)A100 & —11 x 1075, At saturation 4(i),
magnetostriction tensor is given by (9). Then A\ /] = 11
—4.5 x 107% and AN, = —(1)/(2)A100 — (1)/(3)M111 =~
—10 x 1075, This scenario is in good agreement with the mea-
surements of Fig. 3(f)
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B. Tensile Stress Influence
The influence of the stress o on the magnetic microstructure
is driven by the magneto-elastic energy:

o .
W) =—-0o:¢€).

. (10)

In the case of 3%Si-Fe GO, the application of a tensile stress
will increase the size of domains with magnetization oriented
nearby the direction of the applied stress and can induce magne-
tization rotation. These two mechanisms are sequenced (volume
variation at low stress, rotation at high stress) which allows a
two-step analysis. The wall motion mechanism under stress is
not sensitive to the sign of the magnetization but only to its di-
rection. The mechanism of magnetization rotation under stress
is much more difficult to handle than rotation under the action
of a magnetic field. Let us consider a two-dimensional case and
a domain initially oriented along [001] (corresponding to the
case of GO sheet), and a stress o applied along direction 7i. The
angle between 77 and [001] is noted ¢. and the angle between
the magnetization and its initial position [001] is noted ¢;. The
angle ¢ can be written [5] according to

$1(0) = ;;?n(%)\“lasm(%c» . (11)

1+ 3X 1000 COS(2¢0)
In the case of 3%Si-Fe (high K1, ¢. > 0 and A\11; < 0), a
tensile stress will deviate the magnetization from the loading di-
rection. The effect of stress on the magnetic behavior can finally
be deduced indirectly from the observation of the evolution with
stress of the projection along the magnetic field direction of the
magnetization of favorably oriented domains: the stronger the
projection, the higher the susceptibility. Moreover, one can re-
mark that the effect of stress on magnetostriction leads to an
initial deformation associated to the so-called AE effect [6].

1) o//0°: the stress has no effect, structure is unchanged
4(b’)—(c’) so that AX,, = AX| = 0. The magnetic behavior is
expected to be unchanged. The experimental results [Fig. 3(d)]
are not in agreement with this scenario for the same reasons
detailed in Section III-A1l. The application of a small tensile
stress seems to realign the structure into a GOSS configuration.
After the preload, we obtain A),, = AX; = 0 as expected.
The decrease of susceptibility for stress level beyond 40 MPa is
on the other hand the signature of a disorientation of the grain
compared to the ideal orientation.

2) 0//90°: nucleation of orthogonal domains 4(d’); then dis-
appearance of the initial domains 4(e’); finally rotation of mag-
netization away from the stress direction 4(f’). For the interme-
diate situation 4(e’), the magnetostriction tensor is identical to
the one given by (6). It means that it is possible to mechani-
cally saturate the magnetostriction strain to the value A\, =
(3)/(4)/\100 ~ 17 x 1076 and AAJ_ = —(3)/(2)/\100 ~
—34 x 10~5. The magnetic saturation leads to the same configu-
ration than without mechanical loading AX,, = ((3)/(4)A100+

(3)/(4)A111) ~ 14 x 1075, The magnetostriction along the
sample width is unchanged compared to intermediate config-
uration 4(e’). The experimental measurements (Fig. 3(e)) con-
firm that it is possible to mechanically saturate magnetostric-
tion in the absence of magnetic field. The magnetization rotation
under stress is limited by free surface effect. This latter process
should decrease the material susceptibility. Thus, we expect the
magnetic susceptibility to increase with stress until the rotation
process appears and then to decrease. This schematic view is in
good agreement with the results of Fig. 3(b).

3) o//54.7°: nucleation of orthogonal domains 4(g’); then
the structure tends towards a six-domain structure similar to
a single crystal structure 4(h’); finally rotation of the magne-
tization away from the stress direction 4(i’). For the interme-
diate situation 4(h’), the magnetostriction tensor is probably
similar to the one obtained under a magnetic field ((8)). Conse-
quently a magnetic loading will only introduce 180° wall mo-
tion, without deformation: the longitudinal measurement will
remain zero and will undergo a rotation identical to the one
observed without stress. The stress will induce an initial de-
formation along the sample width AXA; = —(1)/(2)A100 =
—11 x 1075, corresponding to a mechanical saturation (no ef-
fect of field level except for the rotation). The rotation at high
stress is more favorable for this orientation than for the 90° di-
rection. It is difficult to express analytically the intermediate
configuration. We expect saturation values identical to those
obtained with no applied stress. Concerning the magnetic be-
havior, we expect a susceptibility increasing with stress until
rotation occurs, and then a decrease, stronger than in the case of
a loading along the 90° direction. The experimental measure-
ments [Fig. 3(c)] are in good agreement with this scenario, and
reveals that rotation occurs as soon as a 10 MPa stress is reached.

IV. CONCLUSION

In this paper, measurements of magnetization and magne-
tostriction strain of iron-silicon single crystals submitted to ten-
sile stress have been presented. Results are roughly in accor-
dance with theoretical interpretations based on domains struc-
ture evolution. The discrepancies observed denote the crucial
role of the initial domains configuration and the extreme sensi-
tivity of results to experimental procedure.
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