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Abstract: The paper presents the scaling-based approach to analysis and prediction of
magnetic anisotropy in grain-oriented steels. Results of the anisotropy scaling indicate
the existence of two universality classes. The hybrid approach to prediction of magnetic
anisotropy, combining the scaling analysis with the ODFs method, is proposed. This ap-
proach is examined in prediction of angular dependencies of magnetic induction as well
as magnetization curves for the 111-35S5 steel. It is shown that it is possible to predict
anisotropy of magnetic properties based on measurements in three arbitrary directions for
¢ =0°, 60° and 90°. The relatively small errors between predicted and measured values
of magnetic induction are obtained.
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1. Introduction

Electrical steels are still the basic magnetic materials used as magnetic cores in electrical
machines such as motors, generators and transformers. There are two groups of electrical
steels: non-oriented and grain-oriented ones. Typical non-oriented steels are 0.35-0.8 mm
thick with 0-3% silicon content, while grain-oriented steels are 0.23-0.35 mm with 2.9-3.2%
silicon content. Non-oriented steels are usually considered as isotropic materials, with the
same magnetic properties in any direction. Grain-oriented steels exhibit strong anisotropy of
magnetic properties, created by many rolling and re-crystallization production steps [1-7]. In
fact, non-oriented steels may reveal a significant level of anisotropy [2, 8], which can affect
the efficiency of electrical devices. For this reason, the anisotropy of magnetic properties is —
apart from peak induction and power loss — one of the most important parameters determining
material usefulness for magnetic circuits of electrical machines.

There are many models describing an anisotropy phenomenon in magnetic materials. How-
ever, the models used in practical computations should allow one to predict magnetic aniso-
tropy based on input data (e.g. measurements) obtained for selected directions, which reduces
troublesome sample preparations and measurements for intermediate directions. This require-
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ment is met by the phenomenological models based on the coenergy concept as well as the
theory of Orientation Distribution Functions (ODFs).

The coenergy-based model of magnetic anisotropy have been proposed by Péra [9] and de-
veloped by Bir6 [10] and Chwastek [11, 12]. This description is given by the ellipse-like

equation:
B'el ! Bez "
+ =1, (M
[BI(H)] [Bz(H)J

where: B is a magnetic induction vector, e, , are unit vectors in the rolling and the transverse
direction, B ,(H) describes magnetization curve in these directions and 7 is a model exponent.

The original elliptical model (for n=2) does not provide satisfactory results for the
direction of the worst magnetic properties. In the case of n = 1.4, Eq. (1) takes the form more
appropriate for the description of magnetic anisotropy in all directions [10-12].

The coenergy-based model allows one to predict magnetization curves for any direction
using measurements carried out for the rolling and the transverse direction, which are often
provided by steel manufacturers. However, this method may cause some problems in nume-
rical implementations.

Another approach to the anisotropy modeling is based on the theory of Orientation Distri-
bution Functions (ODFs), which allows one to correlate magnetic properties and the crystallo-
graphic texture of the sample. This approach has been developed by Bunge [13, 14] and ad-
vanced by de Campos [15, 16]. Recently, Chwastek examined this method for grain-oriented
electrical steels [17, 18]. In general, the ODFs method allows one to describe the anisotropy of
magnetic properties (such as magnetization, coercivity or power loss) using the three first
ODFs coefficients

A=Ay + A4, cos2¢+ A4, cos4o, 2

where: Ay, 1., are the ODFs coefficients given by the following expressions:

Ay =0.25-[4(0°) + 4(90°) +2.4(45°)],
4, =0.5-[4(0°) = 4(90%)], 3)
Ay =0.25-[4(0°) + A(90°) — 2 A(45°)).

It results from (2) and (3), that measurements of the magnetic property carried out in the
three arbitrary directions (¢ = 0°, 45° and 90°) are sufficient to predict values of this property
for intermediate directions. It should be noted that the value of the ODFs coefficients vary
depending on the excitation [17]. Thus, even though the ODFs method provides satisfactory
results of the magnetic anisotropy prediction, it requires measurements in the three directions
carried out for each level of the excitation.

The paper presents a hybrid approach to prediction of magnetic anisotropy, combining the
scaling analysis with the ODFs method. The proposed approach should result in further
simplification of anisotropy prediction due to using universal values of the ODFs coefficients.
This approach will be examined for the grain-oriented steel.
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2. Samples and measurements

Samples for measurements were prepared from the grain-oriented steel grade 111-35S5,
produced by Stalprodukt S.A., Bochnia. The samples had a shape of stripes (305 + 0.5 mm
long, 30 £ 0.2 mm wide and 0.35 mm thick) and were cut from the steel sheet at a different
angle to the rolling direction, i.e. for ¢ =0°, 15°, 30°, 45°, 60°, 75° and 90°. Measurements
were carried out using the 25 cm Epstein frame according to the international standard IEC
60404-2:1996-03, Part 2: Methods of measurement of the magnetic properties of electrical
steel sheet and strip by means of an Epstein frame. Angular dependencies of magnetic induc-
tion for different level of magnetic field strength are depicted in Fig. 1. The measurements
indicate a strong anisotropy of magnetic properties of the examined steel. For # > 200 A/m,
the worst magnetic properties are observed for the angle close to ¢ = 55°, what is determined
by the Goss texture of grain-oriented steels [5-7, 12, 17, 19-21]. It should be noted that the
angular dependence of magnetic induction for =100 A/m has a different trajectory com-
pared to the other dependencies — the worst direction of magnetic properties is for ¢ =90°.
Similar results were reported in [21-25]. This effect may result from the change of the
magnetization mechanism for magnetic field strength of about 200 A/m. For H <200 A/m the
domain-wall translation is responsible for the magnetization process, while in the case of
H>?200 A/m the rotation of magnetization vectors is the main magnetization mechanism [17].
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Fig. 1. Magnetic induction versus the cutting angle for the 111-35S5 steel

3. Scaling analysis of magnetic anisotropy

In modern physics, the scaling theory is applied usually in the analysis of critical behavior
and phase transitions [26-29]. The scaling analysis is also used in materials science, including
the study of magnetic material properties such as power loss [30-34], coercivity [35-37],
magnetic viscosity [38-40] or hysteresis loops [41-45].
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Referring to the scaling theory as well as the measurements (see Fig. 1), it is proposed to
describe the anisotropy of magnetic properties by a functional relationship of a cutting angle ¢
and magnetic field strength A

B=f(0,H). )

The relationship (4) is assumed to be a generalized homogenous function, which is defined
as:

AV B= f(xy¢, xZH), )

where: A is a scaling coefficient and x, y, z are any numbers [28, 29]. ForA=H 2 the rela-
tionship (5) is transformed as follows:

H_X/ZBZf(H_X/Z(D, 1)’ (6)
B _ F(q)j , ™
HY H®
and finally the scaled form of (4) is obtained
By =Floy), (8)

where: By and ¢ are magnetic induction and a cutting angle scaled with respect to H, y and ¢
are scaling exponents and F(¢z) = f(¢x, 1) denotes a so-called scaling function. In the previous
studies, a scaling function was usually represented by Maclaurin series [30-37].

In the considered study, the scaling function F(¢y) is supposed to be represented by the
following series:

By =By + B cos2¢ + B, cosddy +B3c0860, +..., )

which results from the angular dependence of the magnetic properties anisotropy. Referring to
the ODFs methods (2), only the three first coefficients of (9) may be taken into account. Thus,
in further computations the reduced expression describing scaled magnetic induction will be
examined

4. Results and discussion

4.1. Scaling of magnetic anisotropy

The measured dependencies of magnetic induction B versus the cutting angle ¢ were
scaled in respect to magnetic field strength H according to (10). The scaling coefficients y, @
and By, were estimated using the least square method in such a way that allowed collapsing of
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measurement data onto a single dependency. Only in the case of data collapse, the coefficient
values may be considered as universal. The scaling of magnetic induction measurements for
the examined study is presented in Fig. 2. It can be observed that data points for # =100 A/m
are not collapsed and diverge significantly from the data collapse curve. It suggests that the
measurements at low magnetic field strength (about 100 A/m) belong to one universality class,
while the other measurements — to another universality class. The existence of different uni-
versality classes were reported previously in analysis of power loss in La-containing alloys
[33] and minor hysteresis loops in Finmet type cores [45].
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Fig. 2. Scaling and data collapse of the magnetic anisotropy for the 111-35S5 steel

Referring to the scaling theory, each class of universality should be characterized by the
specific set of coefficients. Thus, values of the coefficients y, ¢ and By, can be considered as
universal in the measurement range H =200 + 5000 A/m. Concluding, the presented results
confirm the validity of scaling procedures in the analysis of magnetic anisotropy.

4.2. Prediction of magnetic anisotropy

The proposed scaling should allow one to prediction the anisotropy of magnetic properties,
including such levels of magnetic field strength A or cutting angles ¢, which haven’t been
used in estimation of the scaling coefficients. This assumption was verified in two case stu-
dies, concerning the prediction of:

1) Angular dependencies of magnetic induction at various levels of magnetic field strength,
2)Magnetization curves at various cutting angles.

In the first case study, scaling coefficients were estimated from the angular dependencies
of magnetic induction, measured for all cutting angles and selected levels of magnetic field
strength, i.e. Hy, =200 A/m and Hp,x = 5000 A/m. The angular dependencies of magnetic
induction were then predicted for intermediate levels of magnetic field strength using (10),
transformed to the following form:
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B=HY -(BO +B, 0052$+Bz cos4¢j .
H? H?

(11)

The prediction results for H = 500, 1000 and 2000 A/m are depicted in Fig. 3. The relative
errors between the measured and predicted values of magnetic induction did not exceed 5%.
The error values are presented in Table 1.
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Fig. 3. Prediction of magnetic induction versus the cutting angle for the 111-35S5 steel

Table 1. Prediction errors for the case study 1

Cutting angle ¢ (degree) 0 15 30 45 60 75 90

Errors (%) at H=500 A/m 0.77 | 0.49 | 0.24 | 0.50 | 1.41 | 1.35 | 4.26
Errors (%) at H=1000 A/m | 2.25 | 1.83 | 0.09 | 0.77 | 1.99 | 0.27 | 2.29
Errors (%) at H=2000 A/m | 1.61 | 1.00 | 1.23 | 0.06 | 0.22 | 1.86 | 2.91

0.8
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Fig. 4. Prediction of magnetization curves for the 111-35S5 steel
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In the second case study, the scaling coefficients were estimated according to the ODFs
method, i.e. from measurements for cutting angles ¢ =0°, 60° and 90°. The cutting angle
¢ = 60° was chosen instead of ¢ = 45° (the ODFs method), because it represented the direction
of worst magnetic properties. The magnetization curves, predicted for chosen cutting angles,
are depicted in Fig. 4, while corresponding relative errors are presented in Table 2. The pre-
diction errors in this case study did not exceed 6%.

Table 2. Prediction errors for the case study 2

Magnetic field H (A/m) 200 500 | 1000 | 2000 | 5000
Errors (%) at ¢ = 15° 570 | 3.53 | 2.15 | 2.86 | 0.61
Errors (%) at ¢ = 60° 324 | 0.05 | 099 | 0.78 | 0.01
Errors (%) at ¢ = 75° 2.79 | 148 | 0.59 | 0.01 | 0.03

Values of the scaling coefficients, estimated from different measurement ranges, are pre-
sented in Table 3. These are comparable in all considered studies except the scaling expo-
nent ¢, whose value depends on the measurement range. This issue will be the subject of fur-
ther research.

Table 3. Estimated values of scaling coefficients

Measurements By B, B, [0) \j

Full range 0.90 0.11 0.08 0.015 0.071
Reduced range (case study 1) 0.90 0.13 0.07 0.004 0.071
Reduced range (case study 2) 0.86 0.10 0.09 -0.010 0.074

The results presented in this section confirm that the scaling-based method allows one to
predict the magnetic anisotropy in a wide range of magnetic field strength or cutting angles,
with relatively low errors. Moreover, the proposed method generates universal values of the
coefficients Bj.,, whereas in the case of the ODFs method — the coefficients 4y, should be
estimated separately for each level of magnetic field strength.

5. Conclusions

In the paper, the use of scaling analysis in description of magnetic anisotropy in electrical
steels has been proposed. This approach was examined for the grain-oriented steel 111-35S5.
The angular dependencies of magnetic induction for H =200 + 5000 A/m were collapsed onto
a single curve, while a significant divergence of measurements for H = 100 A/m was observed.
For this reason, the existence of two universality classes was postulated. Estimated values of
the scaling coefficients could be considered as universal only in the limited range of magnetic
field strength H =200 + 5000 A/m. Nevertheless, the presented results confirmed the validity
of scaling procedures in the analysis of magnetic anisotropy.
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The hybrid method for magnetic anisotropy prediction, combining the scaling analysis
with the ODFs method, was proposed. This approach was verified in two case studies, con-
cerning prediction of angular dependencies of magnetic induction as well as magnetization
curves for various cutting angles. It was shown that it is possible to predict anisotropy of
magnetic properties based on measurements for three arbitrary angles ¢ =0°, 90° and 60°,
corresponding to rolling, transverse and worst magnetic properties direction, respectively. The
relatively small errors of the scaling-based prediction of magnetic anisotropy were obtained.
The proposed method generates coefficients, which have universal values for a wide range of
magnetic field strength. In contrast, the coefficients in the ODFs method should be estimated
separately for each level of magnetic field strength. For this reason, the scaling-based predic-
tion of magnetic anisotropy should be considered as a simpler and more universal method,
compared to the ODFs one.

In future research, the proposed method will be examined in the analysis of magnetic ani-
sotropy in the range of low magnetic field strength (H <200 A/m) in order to investigate its
scaling behavior.
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