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The anisotropy of magnetic properties in grain-oriented steels is related to their microstructure. It results
from the anisotropy of the single crystal properties combined to crystallographic texture. The magne-
tization process along arbitrary directions can be explained using phase equilibrium for domain patterns,
which can be described using Neel's phase theory. According to the theory the fractions of 180° and 90°
domain walls depend on the direction of magnetization. This paper presents an approach to model
hysteresis loops of grain-oriented steels along arbitrary in-plane directions. The considered description is
based on a modification of the Jiles–Atherton model. It includes a modified expression for the anhys-
teretic magnetization which takes into account contributions of two types of domain walls. The com-
puted hysteresis curves for different directions are in good agreement with experimental results.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The magnetic properties of grain-oriented steels (hysteresis
loops, losses, permeability, etc) exhibit substantial anisotropy due
to the strong anisotropy of Iron–Silicon crystals combined to a very
pronounced crystallographic texture [1,2]. From a practical point
of view, the development of physics-based descriptions of mag-
netization processes, taking into account anisotropy effects, is
crucial for proper material characterization. Grain-oriented (GO)
Iron–Silicon steels are widely used in electromagnetic devices
such as power transformers and large rotating machines [3–6].
Standard characterization techniques are most often applied along
the two principal directions, namely the rolling direction (RD) and
the transverse one (TD) [7–9]. However, in many applications (e.g.
core joints and corners in transformers) the magnetization process
happens along directions different from the aforementioned two
ones [10,11]. It is thus important to develop appropriate tools for
material behavior description in these conditions.

Among numerous hysteresis models three of them have gained
much attention of scientists and engineers [12]. These are Pre-
isach–Mayergoyz, Stoner–Wohlfarth and Jiles–Atherton models.
The Preisach model is based on the concept that hysteresis loop
can be described from the superposition of contributions from
, et al., Journal of Magnet
elementary entities called hysterons [13,14]. This description has
been studied in detail since its inception in 1935 and substantially
improved by I. D. Mayergoyz [14]. A thorough discussion of in-
dividual modifications of the Preisach model is beyond the scope
of the present paper and the readers are referred to the mono-
graph [14]. For the subject of the present paper, it suffices to focus
on the vector extension of the Preisach model [15]. It considers
individual distributions of hysterons for different magnetization
directions. Hence, the vector model is constructed as a super-
position of several scalar Preisach models. The idea has been
verified and further extended for instance to consider possible
couplings between distributions of individual axes [16,17], to ex-
tend the problem to 3D models [18], to deal with efficient nu-
merical implementation [19,20], or to describe the phenomena of
accommodation and aftereffect [21].

The Stoner–Wohlfarth description is derived from micro-
magnetics and naturally introduces the anisotropy of individual
grain as a key parameter [22]. It is inherently vectorial in nature
and it has been extensively used by scientists working on thin
films. In practice it is very often combined with the Preisach model
[15,23]. Other approaches-so called multiscale approaches -have
also been proposed to deduce the macroscopic behavior of mag-
netic materials from energetic considerations at the magnetic
domain scale [24–26].

The third popular hysteresis model is the Jiles–Atherton ap-
proach [27]. It introduces a limited number of parameters to
ism and Magnetic Materials (2016), http://dx.doi.org/10.1016/j.
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Fig. 1. Measured quasi-static hysteresis loops for a GO material at different angles
(0°, 45°, and 90°).
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define the anhysteretic magnetization and the hysteresis con-
tribution. It is given in the form of a set of algebraic equations and
an ordinary differential equation, which can be implemented in
numerical codes. It provides a macroscopic material response to a
given loading. The original model has been further extended for
instance to consider vectorial loadings [28–30], or to introduce
advanced description of the anhysteretic curve [31,32]. A recent
modification in the JA model is proposed for describing hysteresis
loops of grain-oriented steels along the two principal directions
[33]. In previous works the usefulness of the model was assessed
for the characterization of hysteresis loops, including minor loops,
for two principal directions either in quasi-static or dynamic
conditions [34,35].

The magnetization process can be described in terms of com-
plex variations of the domain pattern with directions of the ap-
plied field [3–4]. A theoretical study of the angular dependence of
magnetic properties in GO materials is reported in [4] using the
domain phase theory. An experimental study, reported in Ref. [3],
supports the theory with observation of different proportions of
180° and 90° domain walls (DWs) in different directions. Magnetic
properties along RD can be modeled using the contribution of 180°
DWs only, whereas, in other directions, these can be explained in
terms of 180° and 90° DWs [4]. Anisotropy in the magnetic be-
havior of GO materials is evident in Fig. 1 showing measured
quasi-static hysteresis loops (details of measurement procedure is
given in Section-IV) at angles 0°, 45° and 90° from the rolling
direction.

Hysteresis loops along different directions can be described
from the complicated interplay between two magnetization me-
chanisms viz., the irreversible motion of domain walls and the
irreversible rotation of domain magnetization vectors [36]. Lower
initial values of permeability and higher coercivity values along TD
can be attributed to an initial domain configuration mainly or-
iented towards RD so that the magnetization process involves a
significant amount of magnetization rotation [7,37]. When a field
is applied along TD, the magnetization process is completed first
by nucleation and growth of domains perpendicular to RD, and
then rotation to align them with TD [7]. Therefore, a hysteresis
model must have the ability to consider these mechanisms (wall
translation and magnetization rotation) and to relate the internal
parameters to corresponding microstructure. Such a model will
allow considering the case of rotating flux in electromagnetic ap-
plications. When integrated into system design CAD tools, it will
allow an accurate computation of fields in electromagnetic
devices.

This paper presents the modeling of hysteresis loops in arbi-
trary in-plane directions for a sheet of grain-oriented steel on the
account of contributions of 180° and 90° DWs motions and the
magnetization rotation in the magnetization process. The model
adapts the assumptions from the Neel's phase theory [38]. It
computes the anhysteretic magnetization using a relationship that
includes energy contributions from both types of walls using two
orthogonal components of the applied field along RD and TD.
Hysteretic effects are included in the model using the pinning
concept of the JA approach. An additional parameter, which re-
presents the volume fractions of the two types of DWs in the
material, is used in the model. The proposed model is validated
using measured hysteresis loops along different directions. Com-
puted and experimental results are in close agreement.
Fig. 2. Domain pattern of a single crystal (110) [001] when field is applied along
(a) RD (b) TD [7].
2. Domains and magnetization processes

As a first approximation GO Fe–Si materials can be considered
as single crystals because the axes of individual crystallites are
aligned with the global cubic axes [39]. In single crystals, prior
Please cite this article as: A.P.S. Baghel, et al., Journal of Magnet
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knowledge of the space orientation of easy magnetization axes can
be used to define domain structures/patterns [3–4,40]. The do-
main structure of a material sample can be described in terms of
the coexistence of phases provided that the external field is large
enough to overcome pinning fields. Typical hysteresis loops of GO
materials can be reproduced using various forms of this phase
equilibrium [4]. Magnetocrystalline anisotropy plays a major role
in the phase equilibrium for these materials [40]. The anisotropy
energy for a cube with a positive anisotropic constant (K1), pro-
duces six equivalent energy minima, corresponding to the mag-
netization vector m pointing along the positive or negative di-
rection of the three orthogonal easy axes. Thus, there are six
magnetic phases and a given domain structure represents a par-
ticular mixture of these phases [40]. Domains in demagnetized GO
laminations are mostly oriented along RD and can be described
with two phases ([001] and [ 001]). The domains change in a
complex manner when the field is applied along directions other
than RD. The domain pattern of a sheet along its plane and cross
section in a demagnetized state is shown in Fig. 2, with magne-
tization ms directed along [001] and [001] (i.e. RD). Hence, in the
demagnetized state, the sample has only two phases with mag-
netization aligned with RD (positive and negative). When an ap-
plied field is applied along RD, the domains with favorable or-
ientation will expand at the expense of other domains. In the
ism and Magnetic Materials (2016), http://dx.doi.org/10.1016/j.
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Fig. 3. A single sheet model and field components.
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saturation state, the sample can be represented by a single domain
structure. Therefore the RD loops of GO laminations can be defined
in terms of these two phase evolutions ([001] and [001]). On the
other hand, when a magnetic field is applied along TD, the do-
mains will change in a more complex fashion. As the applied field
increases, the basic 180° domains will get transformed through
90° domain wall processes. The domains in the sheet cross section
with the magnetization directed along [100] and [010] are shown
in Fig. 2. This domain structure reduces the magnetization com-
ponent normal to the sheet surface to zero [4,7]. Hence, the
sample has a mode (known as mode-I) of four phases in this
procedure which terminates at maximum magnetization accord-
ing to Kaya's rule [4,40]. If the applied field further increases, the
two phases coexist in equilibrium and the magnetization further
increases by domain magnetization rotation. Therefore, in the
magnetization process along TD, the sample will have a mixture of
both 180° and 90° DWs and it exhibits a hysteresis loop with a
complex shape. The magnetization process and the corresponding
domain structures have consequences at the macroscopic level in
terms of magnetic induction, coercivity, permeability and losses.
The angular dependence of these variables with the texture of
materials is discussed in [41]. The value of maximum magnetiza-
tion (ms) depends on the domain structure (i.e., the balance be-
tween different phases) of the material sample [4]. The value of
the maximum (technical saturation) magnetization in different
directions for these materials can be calculated according to Kaya's
rule [4,40]. This “maximum” magnetization is also referred to as
“apparent saturation magnetization” and its directional dependence
can be explained by demagnetising effects due to the complex
domain structure. It is important here to note that the “final” or
“true” saturation magnetization is the same for any direction and it
is markedly higher than the “technical” or “apparent” saturation
magnetization” [40]. An attempt to explain the anisotropy in the
coercive field and losses using subdivision of hysteresis loss into
low induction and high induction loss components is made in Ref.
[42].
3. Hysteresis model

For an ideal Goss-textured material, the (110) plane is parallel
to the surface of the sheet and the [001] direction lies along RD
[43]. The magnetic field in GO laminations is generally analyzed in
two dimensions because of their small thickness. A modified JA
hysteresis model to describe hysteresis loops along RD and TD of
GO steels has been proposed in [33]. The model uses a single la-
mination model as shown in Fig. 3. Two magnetic moments m1

and m2 in the plane of the lamination, need to rotate from 0° to
180° due to symmetry in the anisotropy energy [44]. The energy
equation, in presence of anisotropy, is [44]:

μ α= − ⋅( + ) + ( )E m H M E . 1s an0

According to Ref. [45], the anisotropy energy expression can be
written as
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where φ is the angle between the magnetization direction and RD.
The anisotropy constants K0 and K2 can be neglected without a
significant loss of accuracy [45].

The model, reported in Ref. [33], includes the magnetocrystal-
line anisotropic energy on the account of modified anhysteretic
magnetization. Since the two basic types of domain walls are re-
sponsible for the magnetization process in these materials, the
model can accurately predict hysteresis loops along the two
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principal directions. In other directions, magnetization process can
be described by introducing the proportions of these two basic
DWs [3].

For an applied field at an arbitrary angle ϕ from RD, the
magnetic field can be decomposed into two orthogonal compo-
nents as:

ϕ ϕ= ( ) = ( ) ( )∥ ⊥H H H Hcos and sin 3

The first term of the energy Eq. (1) can be rewritten as the sum
of two energy terms corresponding to the two orthogonal field
components as:

μ α μ α= − [( ⋅( + )) + ( ⋅( + )) ( )∥ ∥ ⊥ ⊥E m H M m H M 4s s s0 0

The equation is consistent with the basic model given in [33]
because when the field is along RD, only the first term will con-
tribute to the total energy and when the field is along TD only the
second term will be non-zero. Now, the total anisotropy energy
can also be rewritten as the sum of two energy terms corre-
sponding to these two field components. The anisotropic energies
of the two magnetic moments m1 and m2 can be expressed as [33]:
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where
φ ϕ θ φ ϕ θ φ ϕ θ φ ϕ θ= − = − = + = +; ; and11 1 12 2 21 1 22 2 ,
whereas θ is the angle between the applied field and the magnetic
moments. ϕ1 and ϕ2 are 0° and 90°, respectively. rx is the pro-
portion parameter which is related to the volume fractions of the
two domain walls.

When a field is applied along RD, the parameter is 1 and when
the applied field is along TD, it is zero. For the intermediate di-
rections it will take different values between 0 and 1. Now, the
total energy equation becomes:
ism and Magnetic Materials (2016), http://dx.doi.org/10.1016/j.
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The anhysteretic magnetization can be expressed as a function
of the magnetization direction [44]:
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Eq. (8) is consistent with the Langevin function in the case of
zero average anisotropy energy (K1¼0), as per the modification
reported in [46]. This equation can be integrated numerically in
order to compute the anhysteretic magnetization. The hysteresis
curve may be modeled similarly like in the JA approach. An ap-
propriate offset to the anhysteretic magnetization may be in-
troduced in order to take into account the irreversible magneti-
zation processes [27]. The relationship for the differential sus-
ceptibility in the JA model is given as,
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where M is the total magnetization, H is the applied magnetic
field, Man is the anhysteretic magnetization, Mirr is the irreversible
magnetization, μ0 is the magnetic permeability of vacuum, and δ is
the directional parameter taking the values: þ1 for dH/dt 40 and
�1 for dH/dto0.

The extended model contains seven parameters, including an
additionally introduced parameter (rx). Their values have to be
determined using an estimation procedure, for example with a
direct iterative method [47], a heuristic [48] or a hybrid technique
[49]. It is important to remark that the inverse form of the model
may be written analytically. This form may be easily implemented
into finite element analysis tools. Moreover it is useful in order to
compare the modeling results with measurements carried out
under standard conditions, as described in the IEC 60404 Standard
(Epstein frame and Single Sheet Tester) in which time dependence
of induction B is controlled. The inverse from can be obtained from
relationship (9) as [43]:
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4. Modeling of hysteresis loops in arbitrary directions

Measurements are carried out using a standard single sheet
tester (SST) (Model: MGP 200 D). Material samples are cut at an-
gles of 0°, 10°, 20°, 30°,.., 90° with respect to RD of a highly grain-
oriented (HGO, grade:27-MOH) material. The thickness of the
samples is 0.27 mm, the length is 200 mm, and the width is
29.5 mm. The measurement frequency is set to 1 Hz. It is assumed
that the effects of eddy currents on the hysteresis loops can be
neglected at this frequency [50].

First, the extended model is applied to quasi-static hysteresis
loops along the principal directions. The model parameters for the
measured RD and TD curves are obtained using the hybrid tech-
nique reported in [49]. The optimization procedure is repeated 15
Table 1
Optimized Parameters for RD and TD.

Angle ms (A/m) a (A/m) k (A/m) α c K1(J/m3) rx

θ¼0° 1.425�106 30 20 5.1�10�5 0.33 1.4�102 1
θ¼90° 1.11�106 33 29 5.1�10�5 0.33 1.7�102 0
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times in order to ensure repetitiveness of the results. The best-fit
values for model parameters are given in Table 1.

For the rolling direction loops, only 180° DWs (two phases) will
be present in the sample. For the transverse direction the domains
are arranged in a rather complex manner, as 90° domain walls are
also present. The measured and computed RD and TD curves are
shown in Fig. 4. Maximum values of mean squared error do not
exceed 6.7% (the highest error is obtained at the knee region on
the transverse direction loop).

Next the model is applied to hysteresis loops along other di-
rections. As discussed in the previous section, a sequence of dif-
ferent phases appears in the magnetization process, with a mix-
ture of both 180° and 90° DWs. When the field is applied at any
angle with respect to RD, the domain patterns (in the presence of
90° DWs) lead to a sequence of different modes [4]. Some of the
model parameters are chosen to vary with the direction of the
applied field. Since the maximum value of the magnetization due
to domain wall motion varies with direction according to Kaya's
rule [4], the model parameter representing saturation magneti-
zation, ms, depends on the direction of the applied field. The
model parameters a (form factor) and k (pinning factor) depend on
the domain structure of the materials [51]. Therefore, these para-
meters are also kept free to vary with respect to the direction of
the applied field. The model parameter K1 is used to adjust the
insufficient description of the material anisotropy and particularly
of the role of the initial domain configuration in the magnetization
process. Hence it is made to depend on the magnetization angle.
The proportion parameter (rx) will also vary to take into account
different proportions of the two types of DWs in different direc-
tions. The two remaining parameters of the model, α (mean field
parameter) and c (domain wall bowing parameter), can be as-
sumed to be independent of the direction of the applied field and
remain the same for different magnetic phases [52]. Hence, five
model parameters (ms, a, k, K1, and rx) have to be estimated,
whereas α and c are kept fixed. The optimized parameters for
hysteresis loops at different angles are given in Table 2. The
magnetization process is basically due to movements of tilted 180°
DWs for a magnetic field orientation up to θE30° as it is con-
firmed in [1] using the normalized hysteresis loss. At higher θ
values, a transition of 90° DWs occurs and a sharp increase in the
hysteresis loss due to irreversible rotation of domain magnetiza-
tion can be observed. It is also confirmed by sharp changes in the
values of the parameters (K1 and rx) at θE30° in the proposed
model.

The measured and computed curves at different intermediate
angles are shown in Figs. 5–6 for angles (10°, 20°, 30°…..90°) from
the rolling direction.

Computed and experimental curves are in reasonably close
agreement as evident from the figures. The highest mean squared
error value is not more than 8.2% for loops in arbitrary directions
(the highest error is for θ¼80°). The angular variations of the two
model parameters k and a, which strongly depend on the domain
structure of the material, are shown in Fig. 7.

The trends obtained for these parameters can also be compared
with Orientation Distribution Functions (ODF)-based description
recently examined in [53]. This is particularly so for the k para-
meter, as it is interpreted as the product of the pinning site density
and their average energy [27]. Assuming as a first approximation,
that this parameter is approximately equal to coercivity, which
controls power losses, it follows that the angular dependence of
parameter (k) should be somewhat similar to that described by the
Lankford parameter in [53]. The trend is indeed followed quite
neatly up to 50–60°. However there are some discrepancies above
60°. The discrepancy between the values obtained from the esti-
mation procedure and evaluated from the ODF theory did not
exceed 15% up to 60°. This may indicate that for higher angles the
ism and Magnetic Materials (2016), http://dx.doi.org/10.1016/j.
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Fig. 4. Measured and computed hysteresis loops (along RD and TD).

Table 2
Optimized Model Parameters at Different Angles.

Angle ms (A/m) a (A/m) k (A/m) α c K1(J/m3) rx

θ¼10° 1.30�106 32 25 5.1�10�5 0.33 1.5�102 0.92
θ¼20° 1.20�106 42 35 5.1�10�5 0.33 1.7�102 0.85
θ¼30° 1.02�106 43 38 5.1�10�5 0.33 1.4�103 0.48
θ¼40° 1.01�106 54 47 5.1�10�5 0.33 1.8�103 0.46
θ¼50° 9.5�105 56 49 5.1�10�5 0.33 1.9�103 0.45
θ¼60° 9.9�105 57 50 5.1�10�5 0.33 2.2�103 0.43
θ¼70° 9.92�105 58 53 5.1�10�5 0.33 1.93�103 0.42
θ¼80° 1.05�106 60 56 5.1�10�5 0.33 1.91�103 0.40
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roles of 180° and 90° DWs are to some extent interchanged which
could indicate another dominant dissipation mechanism, different
from the domain wall motion.
Fig. 5. Measured (dashed line) and computed (solid line) hys

Please cite this article as: A.P.S. Baghel, et al., Journal of Magnet
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5. Conclusions

Grain-oriented laminations show direction-dependent mag-
netic properties due to their strong crystallographic structure. The
macroscopic properties can be described in terms of 180° and 90°
domain wall movements and associated phase equilibrium. Bases
on the Jiles–Atherton model, this paper presents an approach to
model hysteresis loops along arbitrary directions using the domain
phase theory to describe average magnetic domain structures. The
modeling along arbitrary directions is achieved by considering
separately the contributions of 180° and 90° domain walls. A new
proportion parameter (rx) is defined in the model to take into
account different volume fractions of the two basic types of DWs.
The model has the ability to approximate hysteresis loops for any
magnetization angle from RD to TD in GO laminations. The mea-
sured and computed curves at different angles are in close
teresis loops at different angles (10°, 20°, 30°, and 40°).
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Fig. 6. Measured (dashed line) and computed (solid line) hysteresis loops at different angles (50°, 60°, 70°, and 80°).

Fig. 7. Angular variations of the model parameters (k and a).
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agreement. The model can be useful for the analysis of rotational
hysteresis losses in many applications where the flux is not aligned
with the principal directions, for example, at T-joints of power
transformers and teeth regions of large rotating machines.

The proposed approach could be further extended to consider
the effect of mechanical stress. It could shed some light on the
physics of coupled magneto-mechanical effects after slight mod-
ifications, and notably it may lead to an appropriate extension in
the definition of the effective field. In the case of magneto-me-
chanical loadings, the two types of domain walls are active
whichever is the magnetization direction as pointed out in [54–
55]. A more complex description of the domain microstructure
and its evolution is then required as shown in [56]. The
Please cite this article as: A.P.S. Baghel, et al., Journal of Magnet
jmmm.2016.02.007i
development of a coupled anisotropic extension of the JA model is
a potential direction for further study in this research area.
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