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ARTICLE INFO ABSTRACT

In material models for the finite-element simulation of electrical machines and the preceding magnetic mea-
surements, the magnetic anisotropy of non-grain oriented electrical steel is usually considered in an over-
simplified way, if at all. The magnetization behavior between rolling and transverse direction is not linear and
varies with magnetic polarization, a relation that comes in addition to the complexity of the effect. In this paper,
the magnetization anisotropy of five industrial non-grain oriented electrical steels is measured with a 1-D single-
sheet-tester. The results are evaluated and correlated to the crystallographic texture of the studied materials. An
approach to model magnetization curves at 50 Hz in arbitrary directions of the sheet plane is presented. The
model is parametrized by measured magnetization curves along three different spatial directions and by macro-
texture data in form of an orientation distribution function. This approach leads to a model that replicates the
crossing of magnetization curves of different orientations with adequate quantitative accuracy for the applica-
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tion in FE magnetic field simulations.

1. Introduction

Non-grain oriented (NO) electrical steels are used to guide and
amplify the magnetic flux, e.g., in rotating electrical machines.
Although, the name suggests isotropic magnetic properties, NO steel
grades do have a magnetic anisotropy [1-3]. This anisotropy is affected
by various factors, e.g., anisotropic grain size, residual mechanical
stress from the manufacturing process and the crystallographic texture
[4,5]. The dependence of the magnetization behavior on the crystal-
lographic texture is related to the magneto-crystalline anisotropy of the
body-centered-cubic (bcc) iron single crystal [6]. Different magnetic
field strengths are needed to magnetize the material along different
spatial directions, i.e., the cube edges [100] (easy axes) are easier to
magnetize than the surface-diagonals [110] (medium axes) and space-
diagonals [111] (hard axes) [7-9].

Polycrystalline materials, such as NO FeSi, are composed of grains
as distinct areas in which a single crystallographic orientation is
maintained i.e., each grain has a distinct orientation relative to the
adjacent grains. The distribution of orientations of a polycrystalline
material can be expressed by its crystallographic texture [10,3]. In most
materials, certain orientations are more frequent than others, which can
be one of the reasons for the technical applications of said materials.

* Corresponding author.
E-mail address: nora.leuning@iem.rwth-aachen.de (N. Leuning).

https://doi.org/10.1016/j.jmmm.2019.165485

One example is the sharp texture of grain oriented (GO) electrical steel
which is applied in transformers, where the magnetic flux is primarily
alternating along the easy axes. Texture evolution takes place during
production and processing of electrical steel [11-13]. Chemistry, as
well as hot-rolling, cold-rolling and annealing conditions directly affect
the resulting texture [12-14]. For GO, the required Goss-texture can be
achieved within tight tolerances. For NO this is not the case. Best
possible magnetization with consideration of the entire sheet plane
should be obtained with a texture distribution of a maximum share of
easy magnetization axes, statistically distributed in the sheet plane
[8,14]. Due to its application in rotating electrical machines, NO is
meant to provide homogeneous magnetization behavior in each direc-
tion of the sheet plane; to counter the round geometry and the local
presence of rotating magnetic field loci [15,16]. With conventional
production routes, the varieties in texture of NO are relatively low and
generally it is far from this desired texture [12].

The texture is a source of anisotropy that is estimated to be domi-
nant at medium to high values of magnetic polarizations. In this range,
magnetization increases mostly by domain rotation [7,9,17]. The pre-
viously restructured and grown domains, which likely are grown in
favorable orientations close to easy directions, align along the external
field and have to be diverted from the easy axes, thereby being directly
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(b) Volume fraction of texture components of a M270-50A, by pole
figure measurements with XRD.

Fig. 1. Magnetic and crystallographic anisotropy of a non-oriented electrical
steel (M270-50A).

linked to the crystallographic texture. At low to medium magnetic
polarizations the magnetization process is driven by domain wall pin-
ning and motion [7,9,17]. Here, micro-structural features, such as grain
size, grain morphology, precipitations and mechanical stress govern the
magnetization behavior. The saturation magnetization solely depends
on the chemical composition and, thereby, anisotropy is eliminated in
saturation. As a result of these aforementioned relations, the magnetic
anisotropy is not constant throughout the magnetization process. As
depicted in Fig. 1 (a), this can lead to a crossing of magnetization
curves, measured in various directions relative to the rolling direction
(RD) of the same material, where neither transverse direction (TD), nor
55° is solely the hardest magnetization direction. Fig. 1 (b) gives in-
formation on the accompanying volume fractions of selected texture
components, in this case of relevant fibers for electrical steels, of the
M270-50A of Fig. 1 (a). In texture characterization, fibers comprise in
some way related orientations. The y-fiber for example comprises all
orientations with [11 1]-directions | to the normal direction (ND) of the
sheet. A schematic illustration is given in Fig. 2 (a). Consequently, this
fiber, due to the cubic geometry, results in the largest possible share of
hard magnetization axes in the sheet plane. The on the other hand,
previously described desired NO texture is depicted in Fig. 2 (b). Here,
all orientations have an [100] axis |l to ND which results in a maximum
number of easy magnetization axes in the sheet plane. Visually, this
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Fig. 2. Schematic illustration of crystallographic fibers.

corresponds to cubes with a parallel plane to the RD-TD-plane, which is
rotated around ND, hence the name ND-rotated cube fiber, but also
called 6 fiber. Analysis of fiber components enables general compar-
isons of different textures. The ratio of y- to 0-fiber, also called texture
factor TF, as used for example by [16], aims to evaluate the texture of
electrical steel. Although, the general magnetization behavior of NO
can be linked with texture and compared, however, the TF does not
allow conclusions on the anisotropy, because it includes only two fibers
instead of all orientations.

In this paper, the correlation of crystallographic macro-texture and
magnetic magnetization anisotropy in five industrial NO electrical
steels is presented. The magnetization behavior along different in-plane
directions is studied, in order to improve the physical understanding of
the orientation dependence of the magnetization behavior.
Furthermore, an approach to model the magnetization in arbitrary
spatial orientations between RD and TD at 50 Hz is presented. This
model is based on a limited number of magnetic measurements, i.e.,
magnetization curves measured in three directions and crystallographic
texture. Due to the low effort, the model can applied to consider in
finite-element (FE) machine simulations for a consideration of aniso-
tropic material behavior.

2. Experimental

The magnetic measurements for the presented study are conducted
with a single-sheet-tester (SST) and Brockhaus measurement systems
MPG200. For a detailed characterization of the magnetic anisotropy
120 mm x 120 mm rectangular samples are cut in 5°-angles between RD
and TD. The samples are measured with a magnetizing frequency of
50 Hz in 0.1 T-steps up to 1.8 T. In this experimental setup, the primary
induction coil is placed on top of the secondary measuring coil, which is
used to trace the induced voltage. The current in the primary windings,
creates a magnetic field (current-driven) perpendicular to the winding
system. Under the assumption that demagnetizing effects are neglected,
this H-field is not affected if a ferromagnetic sample is placed inside this
winding system. The resulting B however, is not considered correctly in
such an SST. Considering the vectorial properties of B and H, this SST-
setup holds a systematic error. Only the components perpendicular to
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the windings can be considered. The vector components parallel to the
windings are neglected. The absolute B,y can thus, be higher, than the
one measured with the SST. This is a known problem but the SST is still
a conventional measurement device for magnetic properties of elec-
trical steel and as will be presented, it is sufficient for the desired
correlation and modeling approaches on the magnetic aniostropy of
NO.

For the correlation of the crystallographic texture with the magnetic
anisotropy, the orientation distribution function ODF of the crystal-
lographic macro-texture, obtained by X-ray diffraction (XRD), is eval-
uated in the middle of the sheet’s cross section. Considering the XRD
measurements, a Bruker D8 Advanced goniometer with a HI-STAR area
detector and Fe-radiation at 30 kV an 25 mA was utilized. The macro-
texture gives information on the global properties, i.e., the intensity of
different orientations of a sample, instead of localized information for
example by electron backscatter diffraction (EBSD) of micro-texture
analysis. The sample size is approximately 10 x 12 mm? The max-
imum grain size of the studied materials is 130 um, so that in all ma-
terials, a sufficient number of grains is measured to ensure that the
macro-texture represents the overall texture of the material.

The so-called A-parameter, in the following also described as Ag,
introduced in [3] is used to quantify the texture magnetically. The
parameter Ay is an indicator for the magnetization behavior and can be
calculated using solely the ODF. In Fig. 3, a schematic description is
displayed, where 6 is the angle between the magnetization vector M
and the RD of the sample, i.e., the direction of the sheet plane the
sample is magnetized. Ag(g) describes the mean angle between M and
the closest easy magnetization direction of one crystal. For a poly-
crystalline material Ag is an orientation-averaged value, considering all
orientations f (g) of the entire sample as followed:

Ag = [ f(2)A6(e)dg. O

Lower values for A suggest that more easy axes are aligned in or are
closer to the direction of magnetization. The A-parameter has been used
in various scientific publications to account for the texture influence of
NO [7,9,12,14,18].

The five studied materials are all conventional, industrial NO elec-
trical steel with a silicon content above 2.2 wt%. This means no phase
transition occurs during the production process. The thicknesses, mean
grain diameter and alloying content of Silicon and Aluminum are pre-
sented in Table 1.

3. Results and discussion
3.1. Texture analysis

A comparison between the crystallographic texture of the five stu-
died materials reveals certain similarities. The description of texture in
the following secction follows the Bunge notation [10]. Orientations
can be characterized by the three Euler-angles ¢,, ® and ¢, which
translate the crystal coordinate system to the sample coordinate system

ND
TD

RD [100]

0
RD

Fig. 3. Schematic description of the A-parameter according to [3].
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Table 1
Nominal thickness, chemical composition, mean grain diameter D of the studied
materials.

Thickness wt% Si wt% Al D in ym
Material 1 0.35mm 3.32 0.76 105
Material 2 0.20 mm 3.77 0.89 92
Material 3 0.27 mm 3.16 1.23 97
Material 4 0.27 mm 3.39 1.50 107
Material 5 0.23 mm 3.64 0.23 65

by three consecutive rotations and therby describe the relative or-
ientation of the crystal to the sample geometry. In Fig. 4, the ¢, = 45°
sections of the ODF are presented along with the calculated A-para-
meters between RD (0°) and TD (90°). This ODF section is commonly
used for the analysis of electrical steel textures, because the most re-
levant orientations and fibers can all be found here. Rotated cube or-
ientations, especially Cube, Cube-ND 22.5, and Cube-ND 45, the y-fiber
and the Goss-orientation have notable intensities in these electrical
steels. From the observations, two types of electrical steel textures can
be distinguished. Textures with a single strong maximum of the A-
parameter at about 55°, which is linked to the Goss texture component
and textures with two more or less pronounced maxima at about 30°
and 60° and a less steady trend.

Some other general observations can be made for the studied ma-
terials, as well as from other scientific literature. First, the A-parameter
in RD is always lower than in TD. Material 3 has the lowest A-parameter
with 27.3°. In previous work on thicker material, i.e., above 0.3 mm
similar parameter ranges were presented for industrial NO with the
lowest A-parameter of 25.9° [18]. The authors of [14], obtained values
for A of about 24° for conventional hot rolling and 25.5° for asymetric
hot rolling of a 2.3 wt% Si NO in RD.

If looking at the shape of the curve of the A-parameter, the graphs of
material 2, 3 and 4 in Fig. 4 are similar to results presented in [14] and
material M270-50A of [18], where the peak value is between 45° and
60°. The magnetization direction of 55° is often characterized as the
hardest magnetization direction.This is generally related to the Goss-
texture, which is typical for GO, however also occurs in NO. In the
@, = 45° section, the Goss-orientation is in the bottom right corner. For
the studied NOs a higher intensity in the bottom right corner can be
obeserved for material 2, 3 and 4. In this orientation the cube is sitting
on one edge so that this edge is directed parallel to RD. Thus, in TD the
magnetization direction is along a surface diagonal. Due to the geo-
metric constraints, the hardest magnetization direction in the sheet
plane for this component is 55°. In [1], a similar course of the de-
creasing magnetic polarization has been observed, which the authors
also relate to this orientation.

Material 1 and 5 have less pronounced maxima of the A-parameter
and more Cube-ND 22.5 components. In [18] this is also observed for an
M330-50A. For NO, the most unfavorable orientation distribution is the
y-fiber. In the ¢, = 45° section, this is highlighted by intensities around
® = 55° and ¢, = 0° to 90°. With this fiber, hard magnetization axes are
distributed in the sheet plane. Material 1, 2 and 5 all have intensity
along this y-fiber. Especially material 2, which also has the highest
value for the total A-parameter. The y-fiber is a typical rolling texture
for FeSi and, thus, is difficult to avoid during conventional production
of NO.

Although the course of the A-parameter can be differentiated into
two different types, the averaged parameter of all directions Ay for
the materials does not follow a specific trend that could be linked to
either sheet thickness or silicon content but is rather similar for all
materials, as depicted in Table 2. Presented is the mean value con-
sidering the calculated Ag in 5°-steps. Material 1 hast the lowest value,
whereas material 2 has the highest. The observed parameters are in a
range of 30 to 33 and, thereby, in a range similar to other work [3,14].
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Fig. 4. ODF sections (Bunge notation) and calculated A-parameter for the five
studied materials with higlighting of respective dominant texture components.
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Table 2

Directional averaged A-parameter of the studied materials.
Material 1 2 3 4 5
Avotal 30.7 32.2 31.3 30.9 31.2

3.2. Modeling of magnetization anisotropy considering texture and
correlation

Due to the dependency of the magnetization behavior on the crys-
tallographic texture, the A-parameter who in theory links both, is
possible to be adapted to model the magnetic anisotropy. Other cor-
relation approaches focus on the anisotropy energy, as presented in
[1,2,19]. The benefits of the approach presented in this paper, is the
low measurement effort and low overall effort to model the anisotropy
for arbitrary magnetization directions in the sheet plane. In previous
work, a qualitative correlation between the crystallographic texture and
the magnetization at 1.5 T has been shown [18]. The aim of the model
is to reproduce magnetization curves at 50 Hz in arbitrary spatial di-
rections 6 for all polarizations J that have been used in the magnetic
measurements, i.e., in this case 0.1 T to 1.8 T in 0.1 T-steps. The model
is a combination of an elliptical model and a texture model.

The texture model for the magnetic field Hiexre, is based on the
spatial course of the A-parameter over the range of 6 = 0° to 90°. The
theoretically required field Hieyure for a polarization J at an angle 6 can
be expressed as the required field in RD, plus an angular dependent
increase or decrease of the magnetic field AHp,

Hiexture (8, J) = Hrp(J) + AHp(J). 2

For this, A has to be translated to the dimensional unit of a magnetic
field, i.e., A/m. This can be obtained by a simple scaling approach (3),
where the course of the A-parameter is scaled to the RD and TD mag-
netic measurements of a material,

AHy(J) = AG(M) — Awp (M)

AAscale (]) AAscale (J) (3)

where the minuend sets the range of the A-parameter to the range of
Hgp and Hryp for each polarization J and, thereby, to the unit of A/m.
The subtrahend scales the value to the RD measurement, so that AHy(J)
is the additional field strength required to magnetize the material in
another spatial direction 6 relative to RD. For (3), AH and AA are de-
fined as follows,

AHgeqe(J) = Hrp(J) — Hrp ()1, ()]
AAgeale = lAtp — Arpl- (6]

The course of the A-parameter can easily be described by a math-
ematical function. Due to the fact that the parameter is calculated from
the ODF, the number of setpoints for an interpolation can be chosen in
incremental steps, if necessary. Empirically, polynomial functions are
able to describe the spatial curve with low overall error (R?> > 0.99). As
a result, the required magnetic field for any given direction 6 can be
modeled.

The influence of texture is not estimated to be alike for all polar-
ization levels of a magnetization curve. As [7,9] have noted, the texture
affects the domain rotation process at medium to high magnetic po-
larizations. Consequently, a texture based model should perform best in
this range.

The second part of the model is based on the elliptical model de-
scribed in [20]. Here, the magnetic field locus is modeled as an ellipse
in the RD-TD plane with x and y coordinates for each J. The mathe-
matical description for an ellipse is,

HZ, N Hp; .
b? a? (6)
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where
b? = —JRZD and a® = ﬁ
2 2

Hrp H1p @
are obtained from the RD and TD measurements with p, and pp,
being the permeability of the material in the principle directions RD
and TD. In order to transfer the elliptical model from the H,-H,-plane to
H (0), trigonometrical relations can be used, as for example,

H.(6)
cosf ®

Originally, this model has been introduced as a 2-D magnetic field
calculation approach for the consideration of anisotropic, nonlinear
magnetization behavior of GO. In this study, this elliptical model is
proposed to account for the magnetization behavior of NO at low to
medium polarization levels, where the domain rotation is not the
dominant magnetization process, but the domain wall movement and
pinning. The associated influences are the grain structure, with grain
boundaries as obstacles for the free domain wall movements, pre-
cipitations, which also cause pinning and mechanical residual stress.

Due to the circumstance that the introduced texture and elliptical
models are expected to only apply for a certain magnetic polarization
range, a combination of both models is now introduced. With this ap-
proach, the entire range of a magnetization curve between 0.1 T and 1.8
T can be modeled and a theoretical Hy,oq. for any direction 6 relative to
RD can be determined. In Eq. (9), w is a weighting factor to balance the
elliptical Hepipicat @s well as the texture Hieyre contribution.

Heltiptical =

Hmod.(J, 0) = w-Hiexture + (1 — W)'Hellipticala (©)]
with
w, so that |H55°,meas4 - HSS“,mod,l — min.. 10)

An additional magnetic measurement in 55° serves as means to
improve the fit by weighting the parts of Hejjipical and Hiexrure and am-
plifying the influence of texture for each polarization J. The weighting
factor w is not limited to the range between 0 and 1. Although w differs
for the materials, a trend can be observed. Up to 0.6 T, 0.7 T, w stays
almost constant. From this point up to 1.2 T, w increases. At 1.3 T, 1.4 T
w increases abruptly, before decreasing slightly. The course of w for the
materials is displayed in Fig. 6. Material 1 differs from the other ma-
terials slightly in the course and the range of the factor w, as high-
lighted.

In Fig. 5, results of this modeling approach are displayed exemplary
for material 4. Fig. 5 (a) at 0.3 T represents low inductions, with a
w = 0.13 and resulting high share of the elliptical component, whereas
Fig. 5 (b) represents higher magnetic polarizations of 1.7 T, where the
texture is dominant and a weighting factor of w = 2.2 is observed. The
model is parametrized only by the RD, TD measurements and the ODF.
The 55° measurement is used to find w.

3.3. Comparison of modeling results and measurements

Results for the model Eq. (9), parametrized with said magnetic
measurements as well as the crystallographic macro-texture in form of
an ODF and weighted, are now presented and compared to actual
measurements. For this purpose, additional magnetic measurements of
intermediate orientations in 6 = 5°-steps between RD and TD are ob-
tained.

In Fig. 7, results of this comparison for the studied materials are
displayed from 1.5 T up to 1.7 T. For all materials, the comparison of
Hippeos. and Hy,og. shows good accordance. The distinct spatial courses of
the curves can be reproduced, with a strong maximum for material 2, 3
and 4 and a different course for material 1 and 4. However, it is no-
ticeable, that the measurement results slightly scatter. This unsteadi-
ness likely stems from measurement uncertainties more than actual
effects, for example the measurement of 6 = 85° for material 2, which is
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likely an outlier compared with the measurements of adjacent spatial
directions. As displayed in Fig. 6, the share of the texture component to
the model is dominant at high polarizations. Due to the good ac-
cordance of measurement and theoretical results, this actually confirms
that in this region of domain rotation, the crystallographic texture is the
dominant source of anisotropy in NO.

At lower magnetic polarizations, there is a higher share of the el-
liptical contribution. In this region, the magnetization process is linked
to domain wall pinning and mechanical stress. The region of around 1.0
T, as displayed in Fig. 8 has components of both, the elliptical as well as
the texture model. For the magnetization curves, this means that there
is more or less a continuous increase of required magnetic field with
spatial direction from RD to TD. At higher magnetic polarization, where
the texture is dominant, intermediate directions can become the hardest
to magnetize. Consequently, a crossing of magnetization curves must
occur for certain materials in the region, where the texture becomes
dominant. In Fig. 9, results obtained by the presented approach are
displayed for 50 Hz alongside measurements for the entire magnetiza-
tion curve for all materials for exemplary directions of 15°, 50° and 85°
relative to RD. The crossing of the magnetization curves as well as the
total anisotropy are in good accordance. Between the materials, mate-
rial 5 has the lowest overall anisotropy, followed by material 2. Mate-
rials 1, 3 and 4 have a high anisotropy. Furthermore the 15° magneti-
zation curve displays the easiest magnetization behavior at all
polarization levels. A crossing occurs for the 50° and 85° curves.
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Fig. 7. Measured and theoretical Eq. (9) magnetic field loci for different mag-
netic polarizations of 1.5 T, 1.6 T and 1.7 T between RD and TD for the five
studied materials.
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Fig. 8. Measured and theoretical Eq. (9) magnetic field for 1.0 T between RD
and TD for the five studied materials.

In Fig. 10 the relative error between the measured and theoretical
results for all angles 0 at 1.8 T are displayed. For the presented ap-
proach, i.e., Eq. (9), the error at this magnetic polarization is in the
range of + 10% (Fig. 10 (a)). As mentioned earlier, one reason for this
error can be the quality of the measurements and resulting measure-
ments errors due to material fluctuation for the different samples, i.e.,
offset of angle 6, fluctuation of geometrical dimensions or in-
homogeneities. Therefore, the models sometimes over- and sometimes
underestimates the actual required magnetic field. Compared with the
solely elliptical approach, however, the approach has a significantly
higher accuracy. In Fig. 10 (b), the relative error at 1.8 T is displayed
for the elliptical model. For all studied materials, the error between 30°
and 60° is between —10% and —60%. The reason for this is that the
hardest magnetization axes are not considered in this approach. In
accordance with the previous results, a high error at medium to high
polarization with the elliptical model is expected, because of the neglect
of the physical relation between domain rotation at higher magnetic
polarizations and the crystallographic texture. Consequently, this is the
strength of the presented approach.

Another point that has to be discussed is the disregard of vectorial
properties of J and H with this approach. For 1-D measurements on a
SST, J and H are often considered to be collinear. However, this is not
necessarily the case due to the alignment of the J vector with the
magnetic domain structure of the material. In the SST setup, a primary
coil generates the magnetic field in x-direction. At low magnetic fields,
favorable oriented domains grow. These domains are not necessarily
aligned to the direction x, which leads to a vector J in a different di-
rection than H. With the secondary winding that picks up the inducted
voltage sitting below the primary winding, only the x-component of the
J vector is considered. Because the domain reorientation and rotation
processes are occurring consecutively the direction of the resulting J
relative to H is dependent on the excitation as well. At higher induc-
tions of > 1.5 T, the vectors are approximating collinearity. Even
though the vector properties are not considered, the presented ap-
proach leads to good results. With additional consideration of the phase
angle between the vectors of J and H, i.e., 8y; and understanding of its
characteristic, the approach could enable a further consideration of
vectorial properties. However a rotational single-sheet-tester (RSST)
setup would be required for an in-depth study.

4. Conclusions

During standardized material characterizations with SST and
Epstein-frame (EF), the material is tested generally in rolling (RD) and
transverse (TD) direction only, or in case of EFs with a mixed sample set
of RD and TD samples. When this data is pre-processed for FE machine
simulations, the anisotropy is rarely considered. Linear or solely ellip-
tical simplification are not sufficient to be used for a more detailed
description of magnetization behavior in the entire lamination sheet
plane, due to the crossing of magnetization curves at medium polar-
izations for some spatial directions. In this study, the anisotropy of five
different industrial NO has been studied and an approach to determine
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Fig. 10. Relative error between measured and modeled field strength Hy,. for
the presented model and comparison to solely elliptical model at 1.8 T for all
five materials, with the + 10% mark highlighted.
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Fig. 9. Theoretical Eq. (9) and measured magnetization curves at 50 Hz for 6 of The study has been performed at a frequency of 50 Hz. Further
15°, 55° and 85° relative to RD. frequencies as well as the consideration of vectorial properties will be

studied in further work.
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