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Abstract. The magnetic properties in electrical steels are strongly dependent on the crystallographic
texture as well as other microstructural features such as grain size. Both, texture and grain size, are
determined by the thermo-mechanical history of the material. This work regards a set of different
thermo-mechanical paths applied on two types of non-oriented electrical steels containing 2.4% and
3.0%Si, respectively. The evolution of grain size, microstructure morphology and texture
throughout processing were studied in detail by optical microscopy, X-Ray diffraction and Electron
BackScatter Diffraction (EBSD). The impact of the texture on the magnetic properties was
evaluated. This was done by the calculation of the magnetic anisotropy energy and the A parameter,
i.e. a parameter defined in scientific literature that describes the magnetic "quality” of the texture,
which can be correlated with the magnetic properties of the materials. Finally, the influence of
further laser cutting on the crystallographic texture will be examined as well.

Introduction

The magnetization behaviour is one of the most frequently used examples to illustrate the
anisotropy of the bcc crystal lattice of iron, since it is well known that <100> directions are much
more easily magnetized than <110> and <111> directions. Consequently, the magnetic properties of
electrical steels, i.e. the magnetization behaviour and the specific magnetic losses, are strongly
influenced by the microstructural and textural characteristics of the material. Apart from the
crystallographic orientations and grain size, also inclusions, internal stresses and surface defects are
reported to determine the domain wall pinning, i.e. the coercive force of the material and the domain
wall motion, which are responsible for the hysteresis losses and the magnetizing behaviour at low
and medium values of the applied external magnetic field. In polycrystalline materials, the crystallo-
graphic texture determines the remanent magnetic induction and the domain rotation processes at
high values of the applied external magnetic field.

For steels, the steel type determines the desired texture and microstructure, which are aimed for
after thermo-mechanical processing. The processing parameters, such as the amount of deformation
during hot and cold rolling or the annealing time and temperature during the final annealing
treatment, are employed to steer the texture into the wanted direction. In more conventional steels,
such as deep drawing qualities, a high intensity on the gamma ({111}<uvw>) fibre and a small grain
size is wanted in order to improve the formability, and a lot of research has been published on this
topic, e.g. [1]. On the other hand, in electrical steels, large grains are beneficial because they lower
the hysteresis losses and the gamma fibre orientations are unwanted because of their inferior
magnetization behaviour. In order to obtain low magnetic losses and high permeability, the
preferable texture component for grain oriented electrical steels is the Goss ({110}<001>) texture,
while an intense distribution of orientations along the theta ({100}<uvw>) fibre is wanted for non-
oriented steels.



Both types of electrical steel have already been studied extensively in scientific literature. With
respect to the grain oriented steels, a lot of research has been published on the development of the
Goss texture component, e.g. [2-4]. For non-oriented steels, many researchers have studied the
effect of varying the thermo-mechanical processing parameters in order to obtain a magnetically
more favourable crystallographic texture. It has been shown that a hot band annealing improves the
magnetic properties [5-6]. This annealing, especially for Fe-Si alloys with phase transformation,
leads to an enhanced intensity of the Goss and cube texture as well as of the eta ({hkl}<100>)fibre.
Similar effects may be obtained by choosing higher coiling temperatures after hot rolling [7]. It has
also been demonstrated that a coarse grained hot band structure gives a higher intensity on the Goss
texture component [8-9]. A final hot rolling step in the two phase region and in the ferritic region
may also result in a better magnetization behaviour of the materials [10-11]. Apart from sticking to
a more conventional processing route some suggestions have been made to leave the conventional
route in order to obtain a more significant improvement of the final texture. One example that gave
an exceptional improvement of the final texture was the application of cross rolling [12]. In this
process, the rolling direction during hot rolling became the transverse direction during cold rolling.
When cold rolling and annealing was followed by additional rolling, with a small reduction, and
annealing treatment, a very high intensity, nicely distributed along the desired theta fibre was
obtained. However, the industrial applicability of this process is not self-evident.

Whereas a lot of the work on non-oriented electrical steels concentrates on steels with a Si
content that is low enough to still have an austenite-ferrite phase transformation, in the current
work, the Si content will be high enough to suppress this phase transformation. Some results will be
shown from an extensive variation of the hot rolling parameters. The magnetic quality of the
obtained textures will be discussed after defining an appropriate parameter to describe this feature.
Finally, some indications of the impact of further cutting processes will be given as well.

Experimental procedure

Before hot rolling, the materials were annealed at 1260 °C. Hot rolled samples of Fe-2.4wt%Si and
Fe-3.0wt%Si steel with 80 mm width and 2 mm thickness were fabricated using the four stand high
speed hot rolling mill at TU Freiberg. The final thickness was reached after six passes. The
reduction was larger than 40% in the first five passes. The finishing temperature (FT) and the
subsequent cooling conditions to 200 °C were varied over a wide range of parameters. On the one
hand, FT varied between 700 °C and 1100 °C and on the other hand, after finishing, the samples
were rapidly cooled to temperatures ranging from 400 °C to 950 °C and followed by a variable
holding time and temperature. Finally, the samples were slowly cooled to 200 °C at a constant rate
of 50 K/h. After hot rolling, the samples were cold rolled to a thickness of 0.50 mm. Finally,
annealing was realized in a laboratory furnace to simulate the continuous annealing process. The
samples were rapidly heated to about 950 °C and kept at this temperature for 45 s and finally cooled
to 200 °C in 300 s.

Besides metallographic investigations with optical microscopy, the Electron BackScatter
Diffraction (EBSD) technique on a FEI XL30 ESEM equipped with a LaBg-filament and XRD on a
Siemens D5000 diffractometer, using MoK, radiation (A = 0.070926 nm) were combined for
detailed crystallographic analysis of the samples. Step sizes for EBSD were 0.8, 5 and 10 pum. The
homogeneity of the grain size and texture across the thickness was also analyzed.

Besides the laboratory materials, commercially produced non-oriented Fe-Si steels with thickness
of 0.5 mm and medium silicon content were used to study the effect of further cutting. The micro-
structure was studied by optical metallography and EBSD.

Evolution of microstructure and texture during thermo-mechanical processing

From the vast amount of laboratory material, four samples were chosen. Their hot rolling
parameters are summarized in Table 1. The evolution of the texture and microstructure during



thermo-mechanical processing was discussed in detail elsewhere [13, 14] and are briefly
summarized here.

Sample Name Si Content Finishing Temperature Rapid Cooling To  Holding Temperature  Slow Cooling To

(time)

I 2.4% 860°C 800°C 750°C (20min) 200°C
I 2.4% 820°C 400°C - 200°C
Il 3.0% 860°C 800°C 750°C (2min) 200°C
v 3.0% 820°C 400°C - 200°C

Table 1: Summary of the hot rolling parameters for the different samples studied.

It was found that rapid cooling at finishing gave rise to a deformed microstructure across the
thickness. An interrupted cooling including holding of the sample at 750 °C caused recovery and
recrystallization near the sample surface, but the central region still remained deformed. The texture
at the surface was mainly dominated by the {110}<001> and {112}<111> shear texture components
while in the deformed region, the highest intensity was found at the rotated cube {001}<110>
component. Steel 111 differed from the other steels and was found to have a quite weak texture with
small intensity maxima at the rotated cube component and near the {111}<112> component on the
gamma fibre.

After cold rolling, both alpha ({hkl}<110>) and gamma ({111}<uvw>) fibre components were
found. Generally, a higher intensity was found at the rotated cube component when the material had
a more pronounced rotated cube component after hot rolling. After annealing, as is illustrated in
Figure 1, the highest texture intensities were found at the {111}<112> component on the gamma
fibre. Also components along a secondary fibre, parallel to the alpha fibre, running from the
{111}<112> component to the theta fibre were identified. This fibre was already reported in
literature for IF [15] and a ULC [16] steel. These results showed that despite significant differences
in the intensity distributions of the hot rolling textures, further conventional thermo-mechanical
processing resulted in quite similar textures after full processing.
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Fig. 1: ¢, = 45° section of ODF of the materials given in Table 1 after cold rolling and annealing.
Levels: 1.0-1.4-2.0-28-4.0-5.7.

Description of the magnetic quality of the texture

In order to describe and quantify the magnetic texture quality of a non-oriented electrical steel, two
alternatives are available. A first one was defined by Kestens and Van Houtte [17] and can be
derived from the experimentally determined orientation distribution function (ODF), which is
reflected in the function f(g). The orientation g is defined by its Euler angles. A schematic illus
tration is given in Fig. 2. For each ODF data point, the angle is determined which is the minimum
angle of the three angles o, o, and a3 between one of the <100> directions of easy magnetization
of the crystal in the polycrystalline material and the direction of the macroscopic magnetization
vector M in the material. The externally applied magnetic field, which is represented by this
magnetization vector M, makes an angle 6 with respect to the rolling direction (RD) of the sheet.



For the sake of simplicity 0 is taken O in Fig. 2. The volume fraction of orientations in an infini-
tesimal environment of g is given by f(g)dg. Finally, a texture parameter Ay is defined in Eq. (1).

A, = [f(9)A(g)dg )

Where Ay is the texture parameter in the case that the magnetic field vector M is applied in a
direction making an angle 6 with the rolling direction. The value of Ag ranges from 0 to 54.7°. In a
non-oriented electrical steel that is typically used in a rotating part of an electrical machine, the
direction of M rotates with respect to the rolling direction of the material and an average A
parameter is defined as determined by Eq. 2.
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Fig. 2: Schematic illustration on how the minimum angle between the magnetization vector M and
closest easy magnetization <100> direction is defined.

An alternative way to describe the magnetic quality of a non-oriented electrical steel might be the
magnetic anisotropy energy E,. In order to study whether both descriptions are equivalent, Gomes et
al. [18] calculated both E, and the A parameter for several Fe-Si steels with variable Si content. A
perfectly linear relationship was found between both parameters, which demonstrated that both
parameters can be used to describe the magnetic quality of the steel. Moreover, it was also shown
elsewhere [18] that the A-parameter, together with the grain size and a parameter related with the
chemical composition of the steel could nicely predict the magnetic induction B at different values
of the applied field H, ranging from 500 to 5000 A/m. Therefore, the present work will use the A-
parameter as a measure for the magnetic quality of the material.

A graph showing the evolution of the A-parameter as a function of the angle 6 for some ideal
texture components and fibres is given in [19]. It was shown there that a perfect theta fibre has an
averaged A-parameter of 22.5, which is the same value as for the cube and rotated cube component.
The gamma fibre, on the other hand, has an A-parameter of 38.7, the value of the alpha fibre is 30.1,
whereas a perfectly random texture would correspond with a value of 31.9.

When looking at the evolution of the A-parameter, it was found that after hot rolling the
parameter was significantly higher, i.e. worse, for steel 111 as could be expected when looking at the
features of the texture of this steel. After cold rolling, this difference in A-parameter diminished and
it almost completely disappeared after subsequent annealing, as could be expected from Fig. 1.
Despite the wide variation in the parameters during the hot rolling process and the significant



differences in the A-parameters obtained after hot rolling, it could be concluded that further cold
rolling and annealing weakened these variations resulting in materials that were with respect to their
magnetic quality not optimal.

Effect of laser cutting on the magnetic properties

Apart from aiming at obtaining a magnetically favourable texture after thermo-mechanical
processing, further cutting processes can also significantly alter the microstructure and texture near
the cut edge. Whereas in the case of mechanical cutting there is a clear region with changes in the
grain morphology near the cut edge due to the plastic deformation there is no clear indication of a
change of the grain morphology for samples obtained by laser cutting, as can be seen in Fig. 3(a). It
has, however, been demonstrated [20] that laser cutting causes a deterioration of the magnetic
properties. It was argued that residual biaxial stresses due to the thermal shock wave at laser cutting
may be the origin of the observed changes of the remanent induction and the decrease of the
permeability at higher magnetic fields, respectively.

As can be seen in Fig. 3, the texture is significantly altered by the laser cutting process. Fig. 3(b)
illustrates the difference in texture between an area near the cut edge for a sample prepared by laser
cutting and the texture in the sample interior by making use of the ¢, = 45° section of the ODF. It
was observed that in the area near the cut edge mainly orientations appeared that were away from
the gamma fibre. Other work [21] identified similar texture components along the {h11}<1/h,1,2>
fibre after severe rolling (total strain exceeding 4.6) and annealing of a Fe-3wt%Si steel. The ODF
intensity lines of region A are mainly concentrated along this fibre, although it must also be
mentioned that the statistics are rather poor, because of the limited number of grains in the area
affected by laser cutting. The reported texture changes near the cut line could be correlated with the
thermal energy put into the material during laser cutting, which is also believed to be responsible for
the deterioration of the magnetic properties.
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Fig. 3: (a) Inverse pole figure map of a non oriented Fe-Si steel with medium Si-content after laser
cutting, (b) ¢, = 45° section of the ODF obtained by EBSD of the same steel within a distance of
50um from the cut edge (c) ¢, = 45° section of the ODF obtained by EBSD in a region unaffected
by cutting, levels: 1.0-1.4-2.0-28-4.0-5.7.

Conclusions

In two non oriented electrical steels, with a Si content that was high enough to avoid phase transfor-
mations, extensive variations in the hot rolling parameters were imposed as a possible way to
improve the final texture. Both texture evaluation and A-parameter calculation indicated that the
initial improvements of the texture after hot rolling were almost completely wiped out by further
cold rolling and annealing following a conventional processing route. It was also shown that further
laser cutting altered the texture near the cut edge and caused deterioration in the magnetic
characteristics of commercially produced electrical steel.
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