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A simplified domain structure model having six domains is proposed for mesoscopic magnetization
under cubic anisotropy. The six-domain model represents 90° and 180° domain-wall motions by
the volume-ratio variations of domains. The magnetization process of grain-oriented and
non-oriented silicon steel sheets is represented by the assembly of six-domain models. Simulated
magnetization curves agree well with measured properties, and the effect of compressive stress is
successfully reconstructed. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915105]

I. INTRODUCTION

Macroscopic magnetic characteristics of core materials
result from microscopic/mesoscopic magnetization processes'
such as magnetic domain-wall motion and magnetization rota-
tion. To constitute mesoscopic magnetization models, several
approaches have been proposed, such as the use of phase
theory” and the domain structure model >~

Multiscale approaches have recently been developed to
construct a physical macroscopic model. Hubert and Danie’
presented a multiscale model based on polycrystalline mag-
netomechanical modeling and approximate magnetic energy
minimization. Sudo ez al.® proposed the assembly of simpli-
fied domain structure models (SDSMs). The former model
has successfully represented the macroscopic anhysteretic
magnetic property of a grain-oriented (GO) silicon steel
sheet including the magnetoelastic property. However, its
advanced modeling has a large computational cost. The latter
model, called the assembled domain structure model
(ADSM), gives a physical description of the macroscopic
hysteretic magnetization of core materials using a simple
assembly of mesoscopic particles. However, it is difficult for
the SDSM having two domains to represent the transition
between 180° and 90° domain-wall motions in the presence
of cubic crystalline anisotropy.

This paper proposes the ADSM having six domains to
realistically represent a magnetization process, where mag-
netization vectors in the six domains are directed nearly par-
allel/antiparallel to the three easy axes. The magnetization
process of GO and non-oriented (NO) silicon steel sheets is
represented by the proposed model.

Il. SIX-DOMAIN SDSM

Assuming cubic crystalline anisotropy, this paper exam-
ines the SDSM having six domains to represent 90° and 180°
domain-wall motions by varying the volume ratios of the
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domains (Fig. 1). The six domains correspond to directions
parallel/antiparallel to the three easy axes. The magnetiza-
tion is represented by normalized magnetization vectors
(my, ..., mq) and volume ratios of domains (r1, ..., 7¢), where
re =1 —r; —ry — r3y — r4 — rs. The magnetization vector m;
is given by m; = (sin 0; cos ¢;, sin 0; sin ¢;, cos 0;). When a
volume ratio r; is 0, the magnetization vector m; is set to the
designated direction along one of the easy axes. The varia-
bles X = (04, ...,06, ¢y, ..., ¢g, 11, ..., 15) are determined by
finding a local minimum of total magnetic energy (Fig. 1).

The total energy is normalized by the crystalline aniso-
tropic energy. The normalized total energy e consists of the
Zeeman energy, crystalline anisotropic energy, magnetostatic
energy, and magnetoelastic energy. The domain-wall energy
is neglected in this study by assuming large domain size.

The Zeeman energy is given as

6
eap=—2h~2rimi, (1)
i=1

where h = H,,/kMs is the normalized applied field,
H,y, = Hyp(cos ¢y, sin ¢, 0) is the applied magnetic field,
Ms is the magnitude of spontaneous magnetization, x = 2K/
,qué, and K is the anisotropy constant.

The normalized crystalline anisotropic energy is given as

6

€an = Zrlfan(eia d)i)v (2)
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FIG. 1. Simplified domain structure model: (a) two-domain model and (b)
six-domain model.
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where f,, represents the angular dependence. The cubic ani-
sotropy is represented as

2 2 ) )
Jan(0:, ;) = oy 065, + 05,053, + 03,0 4 3)

where (o, 02,7, 03 ;) are the direction cosines of the magnetiza-
tion vectors of the domain i with respect to the three easy axes.
The SDSM assumes that the demagnetization field is
uniformly given by the multiplication of demagnetizing fac-
tors and the average magnetization. The magnetostatic
energy is given as
et = sxmi + s_vmi + szm2 @)

)
6

(my,my,m.) =m =" rum;, ©)
i=1

where s, = k. /x, sy = ky/x, 5. = k. /K, and ky, ky, k, are the
demagnetizing factors.
The magnetoelastic energy of the domain 7 is given as

3 1
Celi = — EAIOOriO' (OC%,V% + 0‘%,;?% + 0‘%_,'”/% - g)
=3A1rio(0,i02,7172 + %2,%.,172)3 + 3,i01,371 ), (6)

where o is the stress, Ajoo = A100/K, A111 = 4111/K, A100 and
J111 are the magnetostriction constants, and (y;, 7,, y3) are the
direction cosines of the stress ¢ with respect to the three easy
axes. The normalized magnetoelastic energy is given as

6
e = e )

The variable vector X is determined by finding a local
minimum of total magnetic energy that satisfies de/0X = 0.
Sudo et al.® obtained a local minimum by finding an equilib-
rium point of the artificial state equation given as

dX/dt =Y, dY/dt= —0e/0X — pY, (8)
where Y is an intermediate variable vector and f is a dissipa-
tion coefficient. An equilibrium point is obtained by the
numerical integration of (8), until reaching the steady state.

Figure 2 shows simulated magnetization curves along
the [100], [110], and [111] directions. In this simulation, the
magnetostatic and magnetoelastic energies are neglected.
This result agrees with the theoretical magnetization curves
of a single crystal.

Generally, soft magnetic materials have pinning-type
hysteresis due to pinning sites such as crystal defects and
crystal grain boundaries. When the distribution of pinning
sites is assumed uniform, the pinning effect can be repre-
sented by the uniform pinning field given as

P

hpnx == Sy (m), b

Doy = ;Sny(m)a

hpn: ==~ Sy: (m),

)
n(m — m® + Sg)

S,(m):(Sx,S uSz): )
! e max (1, |m — m® + Sg)|)
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FIG. 2. Simulated magnetization curves along the [100], [110], and [111]
directions.

where S, is the vector stop hysteron® with radius 5, (m?, Sg)
are the values of (m, S,) at the previous time point, and p,,
Dy, and p. are constants that give the magnitude of the pin-
ning field. Taking account of the pinning field similarly to
the demagnetization field, pinning-type hysteresis is exhib-
ited by solving de/0X = 0.

Figure 3 shows simulated magnetization curves of a sin-
gle crystal with K =3.8 x 10* Jm™3, Aj90 =2.3 x 1075,
Ji11 =0, 1 =0.01, gMs =22 T, p,=2.0 x 107, p,=5.0
x 1072, p.=0, and (sy, 5y, s:) = (0.001,0.001,50). The three
axes are set along the e; = (1,0,0), e, = (0,1/v/2,1/V/2),
and e; = (0, —1/v/2,1/+/2) directions as shown in Fig. 4
similarly to those for the GO silicon steel sheet. Tensile stress
of 8 MPa due to insulation coating is assumed along the
rolling direction (RD).

Simulated magnetization curves along the RD and trans-
verse direction (TD) roughly agree with the property of
general GO silicon steel (Fig. 5). Figures 6 and 7 show the
simulated magnetization process. Magnetization along the
RD and TD is proceeded mainly by 180° and 90° domain-
wall motions, respectively.

lll. ASSEMBLY OF SDSMs

To describe the macroscopic magnetization property, an
assembly of six-domain SDSMs is examined. Figure 8 shows
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FIG. 3. Simulated magnetization curves of a single crystal along [100] (red
line) and [01 1] (green line).
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FIG. 5. Measured magnetization curves of the grain-oriented silicon steel
sheet.
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FIG. 6. Magnetization process along the rolling direction.
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FIG. 7. Magnetization process along the transverse direction.

the ADSM, where each SDSM is regarded as a cell of the
model. The Zeeman energy, crystalline anisotropic energy,
and magnetoelastic energy are given by the summations of
the local energy in each cell.

In the same way as in the micromagnetic simulation, the
magnetostatic energy is given by®

J. Appl. Phys. 117, 17D126 (2015)
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FIG. 8. An assembly of six-domain simplified domain structure models.
€st—global — — Zhsl(l) : m(l>> (10)
i

where i is the cell index and hg is the normalized demagnet-
izing field; hg is given as

ha(i) = s(i—i)m(i), (11)

s(i) = (1/1)N(0), (12)

where N(i) is the demagnetizing coefficient matrix, which is
determined by the geometry of the cell assembly.

IV. SIMULATION RESULT OF THE ADSM

The magnetization process of the GO silicon steel sheet
is simulated using the ADSM with six domains. Tensile stress
of 8 MPa along the RD is assumed. The three easy axes are
approximately set along the (1, 0, 0), (0, 1/\/5, 1/\/5), and
(0, —1/+/2,1/+/2) directions, where the axes are distributed
within =5° randomly. Figure 9 portrays simulated magnet-
ization curves. The material having the dimension ratio of 8 :
8:107* is divided into 8 x 8 x 1 cells. The magnetization
curves are smoother than those given by the single SDSM
because of the distribution of crystal orientation and the local
demagnetizing field. The difference between the simulated
and measured TD magnetization curves is mainly caused by
the simple assumptions of uniform pinning field and random
distribution of crystal orientation within a limited angle
range, which are not very realistic.
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FIG. 9. Simulated magnetization curves of the grain-oriented silicon steel sheet.
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FIG. 10. Simulated magnetization curve of the non-oriented silicon steel
sheet.
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FIG. 11. Simulated anhysteretic curve of the non-oriented silicon steel
sheet.

Next, the magnetization process of the NO silicon steel
sheet is simulated. The crystal orientation is randomly dis-
tributed where one of the easy axes is located in the xy-plane.
Figures 10 and 11 portray simulated magnetization curves,
with p, = py, =3.0 x 107, p.=0, and = 0.01. In Fig. 11,
the average magnetization curve (Mys(H) + Ma.(H))/2 is
plotted, where M,s(H) and Mgy.(H) are the ascending and
descending magnetization curves, respectively. Cells having
an easy axis close to the RD are magnetized mainly by the
180° domain wall motion, whereas other cells are magnetized
by both 90° and 180° domain wall motions. When the applied
field is strong, the magnetization rotation becomes dominant.

Figure 12 shows the simulated magnetization curves of
NO steel under compressive stress of 0, 20, 50, and 100 MPa
along the RD, where the average magnetization curves is
plotted. Comparison with the measured property shown in
Fig. 13 reveals that the reduction in magnetization due to
stress is successfully reconstructed.

V. CONCLUSION

An SDSM having six domains was proposed. The
magnetic properties of GO and NO silicon steel sheets were
successfully represented by the assembly of SDSMs having

J. Appl. Phys. 117, 17D126 (2015)
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FIG. 12. Simulated magnetization under compressive stress of ¢ =
0,20, 50, 100 MPa.
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FIG. 13. Measured effects of stress on magnetization curves.'®

six-domains, where the property degradation due to com-
pressive stress was reconstructed.
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