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Abstract

Improving the isotropic magnetic properties of FeSi electrical steels has traditionally focused
on enhancing their crystallographic texture and microstructural morphology. Strengthen-
ing the cube texture within a ferritic matrix of optimal grain size is known to reduce core
losses and increase magnetic induction. However, conventional cold rolling followed by
annealing remains insufficient to optimise the magnetic performance of thin FeSi strips
fully. This study explores an alternative approach based on grain boundary migration
driven by temperature gradients combined with deformation gradients, either across the
sheet thickness or between neighbouring grains, in thin, weakly deformed non-oriented
(NO,) electrical steel sheets. The concept relies on deformation-induced grain growth sup-
ported by rapid heat transport to promote the preferential formation of coarse grains with
favourable orientations. Experimental material consisted of vacuum-degassed FeSi steel
with low silicon content. Controlled deformation was introduced by temper rolling at room
temperature with 2-40% thickness reductions, followed by rapid recrystallisation annealing
at 950 °C. Microstructure, texture, and residual strain distributions were analysed using
inverse pole figure (IPF) maps, kernel average misorientation (KAM) maps, and orientation
distribution function (ODF) sections derived from electron backscattered diffraction (EBSD)
data. This combined thermomechanical treatment produced coarse-grained microstruc-
tures with an enhanced cube texture component, reducing coercivity from 162 A/m to
65 A/m. These results demonstrate that temper rolling combined with dynamic annealing
can surpass the limitations of conventional processing routes for NO FeSi steels.

FeSi steel;
magnetic properties

Keywords: crystallographic texture; microstructure; grain growth;

1. Introduction

Electrical steels are FeSi alloys containing between approximately 0.5 and 6.5 wt%
silicon. As soft magnetic materials, they are widely used as core components in various
electromagnetic applications for the generation, distribution, and utilisation of electrical
energy. FeSi steels are polycrystalline materials and possess a ferritic crystalline structure
with cubic symmetry [1-3]. The magnetic behaviour, as well as the plastic deformation
distribution in body-centred cubic (BCC) single crystals, varies considerably depending
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on the orientation of magnetisation or the direction of applied external stress relative to
the crystal axes. This well-known phenomenon, referred to as anisotropy, describes the
directional dependence of material properties [4,5].

Due to the characteristics of the BCC crystal lattice, ferritic electrical steels are classi-
fied into grain-oriented (GO) and non-oriented (NO) grades, depending on their crystal-
lographic texture and intended application. GO steels have exceptional microstructures
composed of more than centimetre-sized grains, with their crystal lattices in so-called Goss
orientation {110}<001>. This orientation results in low power losses and high permeability
along the rolling direction, making GO steels the material of choice for high-efficiency
transformers [6].

In contrast, NO silicon steels exhibit nearly identical magnetic properties in all plane
directions and are primarily used as core materials for stators and rotors in rotating electrical
machinery such as motors and generators. Consequently, the energy conversion efficiency
of such machines is strongly influenced by the magnetic properties of the core material,
which, in turn, depend on its microstructure and crystallographic texture [7]. Isotropic
magnetic properties in FeSi steels can be achieved through the development of a so-called
“rotated cube” texture, defined by the {100}<Ovw> crystallographic orientation [8].

In recent decades, there has been a growing global emphasis on environmentally
friendly and renewable energy sources, particularly those related to the efficient production
and safe use of electricity. In this context, non-oriented silicon steels have gained consider-
able importance in the energy and electrical engineering industries due to their excellent
magnetic properties, adequate mechanical strength, and widespread availability, owing to
the abundance of Fe and Si in the Earth’s crust [9,10].

As electrical steel sheets are extensively used in electric motors and generators, their
necessary property requirements include high magnetic saturation, sufficient mechan-
ical strength, excellent magnetic isotropy, low power loss, high magnetic permeability,
and relatively low manufacturing cost. For NO steels, the key factors influencing final
magnetic performance are the grain morphology of the microstructural matrix, crystallo-
graphic texture, sheet thickness, and silicon content in solid solution. The optimal NO steel
would have a grain size of approximately 150-250 um, a cubic crystallographic texture
{100}<0vw>, as small as possible sheet thickness, and a maximised silicon content [11-15].
However, achieving this exact combination remains unfeasible with current FeSi steel
manufacturing technologies.

Commercially available electrical steels offer a wide range of magnetic and mechanical
properties to meet diverse industrial needs. Steels with superior magnetic performance
typically contain 3.0-3.5 wt.% silicon, have sheet thicknesses between 0.5 mm and 0.3 mm,
and possess optimised microstructure and texture to ensure magnetic isotropy. Increasing
the silicon content above 3.5 wt.% significantly strengthens the material through solid solu-
tion hardening but also causes significant embrittlement during final cold rolling [16-18].
Therefore, one of the perspectives and scientifically grounded routes for improving the final
properties of industrially produced NO steels, without altering their chemical composition
or reducing sheet thickness, is to increase the average grain size of the microstructural
matrix and enhance the intensity of the “rotated” cube texture {100}<0vw>.

Much of the literature [19-24] on FeSi steel development focuses on improving mi-
crostructural and textural characteristics in combination with optimal alloying strategies,
including the addition of Si, Al, and Mn, which also influence mechanical properties. From
a mechanical standpoint, critical parameters include tensile strength, yield strength, and
fatigue strength in both the rolling directions (RD) and transverse directions (TD). Previous
studies [25-28] have shown that various combinations of deformation processing, anneal-
ing regimes, and decarburization treatments under different atmospheres can promote the
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formation of coarse-grained or columnar microstructures with desirable crystallographic
textures in thin isotropic FeSi steel sheets.

A literature review in this research area [29-31] has shown that many scientific studies
have focused on the development of microstructure and texture in NO steels in the cold-
rolled state, followed by final annealing. In general, grain growth is associated with the
processes of primary and secondary recrystallisation. The conditions for these phenomena
are directed by the degree of deformation introduced during cold rolling and by subsequent
heat treatment parameters, including target temperature, holding time, and heating rate.

Sidor et al. [32] demonstrated that columnar grain growth can be achieved through a
diffusion-controlled process during decarburization annealing of thin strips of cold-rolled
NO electrical steels with a carbon content of approximately 0.03 wt.%. Their results showed
that, with an appropriate combination of annealing temperature, heat treatment time, and
heating rate, a microstructural matrix consisting of columnar grains growing in a controlled
manner from the sheet surface toward its centre can be obtained.

Subsequently, Gutiérrez Castafieda et al. [33] reported the selective growth of columnar
grains in hot-rolled low-silicon steels under the combined influence of the strain-induced
grain boundary migration (SIGM) mechanism and a diffusion-controlled phase transforma-
tion process. In their study, a fully coarse-grained columnar microstructure was achieved
at relatively low temperature (approximately 850 °C) within 3 h.

Kwon et al. [34] indicated that a high temperature gradient in a pure hydrogen
atmosphere can generate a substantial strain energy difference across grain boundaries
during the y—o phase transformation, promoting the formation of {100}-textured columnar
grains. Similar observations have been reported in numerous other works over the past
several decades [35-37]. Based on these studies, it can be concluded that selective grain
growth with columnar structures occurs during the y—a phase transformation in silicon
steels containing more than 0.01 wt.% carbon. This allows diffusion-controlled grain growth
from the sheet surface toward its centre within the temperature range of approximately
700-900 °C.

Our earlier studies [38—41] focused on the mechanism of strain-induced selective
grain growth in relation to the accumulated deformation introduced by temper rolling.
In non-oriented silicon steels subjected to soft cold rolling (2-6% thickness reduction),
a matrix of columnar or coarsened grains containing randomly distributed grains with
a pronounced rotated cube crystallographic orientation was achieved only at very high
heating rates. The results further showed that annealing temperatures above 900 °C were
required. Under such dynamic heat-treatment conditions, the resulting microstructure
and texture significantly improved magnetic properties, namely core losses and coercivity.
This approach not only enhanced the magnetic performance of NO steels but also reduced
production costs for end users.

In contrast, previous studies [42—44] have explored unconventional cold rolling
schemes, such as varying rolling angles relative to the rolling direction, followed by con-
ventional low heating-rate annealing. By comparison, our proposed method employs
conventional temper rolling after primary recrystallisation, followed by an unconventional
second annealing step under dynamic heating conditions, i.e., at exceptionally high heating
rates. Supporting evidence from other works [45-47] has shown that rapid annealing can
substantially increase average grain size and markedly improve the crystallographic texture
of electrical steels after hot and/or cold rolling.

This study examines the fundamental principles of strain-induced selective growth
of ferrite grains in low-silicon isotropic electrical steels, which have a final microstructure
originally intended by the manufacturer for use as core materials in electrical devices. The
aim is to demonstrate the possibility of improving the magnetic properties of sheets in
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their final state solely by enhancing their microstructural and textural parameters, without
significantly increasing production costs through additional thermomechanical processing.
Our approach is based on exploiting non-equilibrium physical processes associated with the
formation of mechanical stress gradients and local temperature variations within different
regions of the crystal lattice in a polycrystalline microstructural matrix. Such states in
thin electrical steel sheets are achieved through cold rolling followed by short-term heat
treatment with extremely high heating rates. This process enables the improvement of
the size and morphology of the microstructural grains while simultaneously increasing
the fraction of grains with a cubic crystallographic lattice plane {011} lying in the plane of
the sheet.

2. Materials and Methods

This study was conducted using experimental samples prepared from thin, non-
oriented electrical steel sheets in the fully finished state of M530-50A grade, in accordance
with EN 10106 [48]. The initial thickness of the investigated strips was 0.5 mm, which
was gradually reduced depending on the degree of applied external deformation during
temper rolling. The experimental steel was produced under industrial conditions using the
vacuum-degassed method, with the following chemical composition (wt.%): Fe = 98.21%,
C =0.005%, Si = 1.23%, Mn = 0.18%, P = 0.050%, Al = 0.23%, and other elements ~0.095%.
As evident, the selected steel belongs to the category of low-silicon non-oriented steels.

For the experimental procedures, the supplied steel sheets were cut into strips with
dimensions of 200 x 20 x 0.50 mm, as shown in Figure 1. The longest dimension of these
rectangular samples was aligned parallel to the rolling direction (RD) of the sheet plane.

ND
1=200mm |
N/ | i | -~
| e >
D N The cross-sectional area of the samples  1=0.5mm’/ s

used for observing their microstructure and texture

Figure 1. Dimensions of experimental samples used in this scientific work for thermo-mechanical
treatment, EBSD analysis and magnetic measurements.

Subsequently, plastic deformation was introduced into the prepared samples through
a cold rolling process at room temperature. The rolling was performed using a Durston
DRM C130 rolling mill. The strips were rolled with thickness reductions of 2%, 4%, 6%, 8%,
10%, and 40%.

Short-duration dynamic heat treatments were subsequently applied to each sample
to investigate grain growth phenomena in fully finished non-oriented (NO) silicon steel,
with particular focus on the combined effects of strain-induced grain boundary migration
and heat flow. For microstructural, textural, and magnetic analyses, the samples were heat-
treated in a Nabertherm RS 120/1000/13 electric resistance furnace (Nabertherm GmbH,
Lilienthal, Germany) under laboratory conditions. The annealing of the experimental
samples was carried out by heating them to target temperatures of 850 °C, 900 °C, and
950 °C within 10 min in a dry hydrogen atmosphere. Heat treatment was performed in a
laboratory tube furnace equipped with a ceramic tube (130 mm in diameter and 1500 mm
in length). The furnace was programmed to produce a central heating zone approximately
300 mm long, where the target temperatures were maintained. The end regions of the tube,
including the sample insertion area, remained at room temperature while maintaining the
same hydrogen atmosphere as in the heating zone. This temperature distribution allowed
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rapid insertion of samples directly into the heated zone. A thermocouple was attached to
the surface of each sample to continuously record its temperature from insertion into the
heating zone until reaching the target temperature (850 °C, 900 °C, or 950 °C), using a KIMO
TM210 device (Kimo Electronic Pvt. Ltd., Mumbai, India). Based on these measurements,
the heating rate was calculated to be approximately 20 + 1 °C/s. After completion of
the heat treatment, the samples were moved to the cooler end of the tube and allowed to
cool to room temperature in the same annealing atmosphere at a rate of approximately
5+0.5°C/s.

Microstructural evolution across the cross-section of samples subjected to the selected
thermomechanical conditions was examined using an OLYMPUS GX71 light optical micro-
scope (LOM) (OLYMPUS Europa Holding GmbH, Hamburg, Germany). The average grain
size of the resulting microstructures was determined using the open-source metallographic
analysis software Image]J version 1.54p.

Crystallographic texture and local mechanical stresses in the BCC lattice were charac-
terized by Electron Backscattered Diffraction. Local mechanical stresses in the cross-section
of cold-rolled samples were evaluated using Kernel Average Misorientation maps, derived
from EBSD data, which represent the strain accumulated in the crystal lattice. Crystallo-
graphic texture before and after thermomechanical treatment was analyzed using Inverse
Pole Figure maps and Orientation Distribution Functions at Euler angle ¢, = 45°. EBSD
measurements were performed on the cross-sections of the samples (Figure 1) using a JEOL
JSM 7000F FEG scanning electron microscope (SEM) (Jeol Ltd., Tokyo, Japan) equipped
with a Nordlys-I EBSD detector (HKL Technology A/S, Hobro, Denmark). Data processing
was carried out using the CHANNEL 5 software package (HKL, Service Pack 7).

The metallographic preparation of samples was carried out in two steps: grinding and
polishing. Grinding was performed under wet conditions using silicon carbide abrasive
papers with grit sizes of 500, 800, 1200, and 2400. Subsequent polishing was conducted on
a cloth substrate using a 1 pm diamond suspension. After polishing, samples prepared for
optical microscopy were etched with 5% nital (a solution of nitric acid in ethanol) to expose
the microstructure. Samples prepared for EBSD analysis were additionally treated with a
0.25 um colloidal silica suspension following polishing.

Magnetic measurements were performed to evaluate the influence of process-
ing conditions on the resulting microstructure and texture. Rectangular specimens
(45 mm x 15 mm) were prepared by electrical discharge machining using a spark erosion
machine (EIR-EMO 2N, Emotek s.r.0., Nové Mesto nad Vdhom, Slovakia) from cold-rolled
strips cut along the rolling direction (RD) (Figure 1). Magnetic properties under and
alternating current (AC) magnetic fields were measured using a Brockhaus MPG 100D
magnetic measurement system (Dr. Brockhaus Messtechnik GmbH & Co. KG, Liidenscheid,
Germany). AC hysteresis loop measurements were performed at 50 Hz.

3. Results and Discussion
3.1. Microstructure and Texture of the Fully Finished Initial State

It is well known that FeSi alloys with a single-phase ferritic structure exhibit grain size
as a key factor influencing both watt losses and crystallographic texture, thereby affecting
the directional isotropy of magnetic properties in the sheet plane. EBSD analysis provides a
powerful means of characterising both the morphology of the microstructural matrix and
the spatial orientation of the crystal lattice in individual grains. In this study, grain size and
crystallographic orientation were evaluated on cross-sections of the sheet plane parallel
to the RD, as illustrated in Figure 1. A coloured IPF map of the microstructural matrix
for the fully finished initial samples is shown in Figure 2a. The primary recrystallised
microstructure consists of grains of varying shapes and sizes, ranging from 15 um to
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120 um, randomly distributed across the cross-section. Image analysis determined the aver-
age grain size to be approximately 32 &+ 3 um. The crystallographic planes are represented
by three colours in the IPF map, red for {100} planes, green for {101} planes, and blue for
{111} planes, as indicated by the legend in the upper right corner of the IPF map. From
the data in Figure 2a, these three colours appear to be uniformly distributed among the

observed grains.

?->0° 15° 30° 45° 60° 75° 90°
?(100)4)11) {100}<010> {100}<110>
0

15%

307

45

607

75%

. ,.ﬁ )

-
RD {011}<011> {110}<557> Goss={011}<100>

() (b)

Figure 2. The initial microstructure and crystallographic texture of the experimental samples in their
final, fully finished state as received from the industrial production line: (a) IPF map, (b) ODF section.

More detailed information on the crystallographic texture is provided by the Ori-
entation Distribution Function section at Euler angle ¢, = 45°. The ODF describes
the volume fraction of grains associated with specific crystallographic orientations in
a polycrystalline specimen. The coloured ODF section in Figure 2b highlights the «-,
Y-, and 6-fibres corresponding to the principal texture components of the investigated
FeSi steel in the fully finished state. The initial microstructure exhibits a pronounced
rotated cube texture component {111}<012>, along with orientations near the Goss texture
{011}<100> and components lying mainly between the - and 6-fibres. Additionally, a
strong peak is observed for a component between {011}<011> and {110}<557>, which re-
sults from rotation of the {011} plane of the Goss texture within the sheet plane. Overall,
the fully finished state is characterised by fine grains and a relatively high intensity of a
broad spectrum of crystallographic components.

3.2. Evolution of Microstructure of Heat Treated Samples

The evolution of the microstructure in the experimental samples, subjected to varying
rolling reductions followed by annealing at three different temperatures, is presented in
Figure 3. Metallographic cross-sections were examined using light optical microscopy,
with the longitudinal section oriented parallel to the rolling direction. The results show
that the samples exhibit a ferritic microstructure with grain size and morphology strongly
dependent on the applied processing conditions. The variation in the average grain size
with deformation and annealing temperature is shown graphically in Figure 4.

For samples with a temper rolling reduction of ~2%, microstructural changes were
highly sensitive to annealing temperature. At 850 °C (Figure 3al), the microstructure
closely resembled that of the initial sample (Figure 2a), with an average grain size of
43.5 £ 3.6 um, indicating only minor growth. Annealing at 900 °C (Figure 3a2) produced
an inhomogeneous grain size distribution (average 73.3 £ 5.2 um), with two distinct re-
gions: coarse grains of 150-250 pm occupying over 50% of the cross-section, and smaller
primary recrystallized grains scattered between them. At 950 °C (Figure 3a3), a nearly
homogeneous coarse-grained microstructure formed, with grains of similar size and shape
uniformly distributed across the section. Image analysis gave an average grain size of
199 £ 10 um. These observations show that even minimal deformation can strongly
influence microstructural evolution during higher-temperature annealing, with increas-
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ing temperature developing coarser, more uniform grains, desirable for soft magnetic
FeSi alloys.

T =850 °C T =900 °C T=950°C
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Figure 3. Microstructural variations in individual experimental samples subjected to thickness
reductions of 2%, 4%, 6%, 8%, 10%, and 40%, followed by subsequent annealing under dynamic
conditions at 850 °C, 900 °C, and 950 °C. The letters under the microstructures (a, b, ¢, d, e, and f)
correspond to the applied deformation levels of 2%, 4%, 6%, 8%, 10%, and 40%, respectively. The
numbers following these letters (1, 2, and 3) indicate the annealing temperatures of 850 °C, 900 °C,
and 950 °C, respectively.

The microstructures of samples subjected to 4% deformation and annealed at the three
selected temperatures are shown in Figure 3b1-b3. All exhibit secondary recrystallized
microstructures with approximately uniform grain distribution morphology across the
cross-section, but with notable differences in average grain size. The smallest grains
(137.4 & 7 um) were obtained after annealing at 850 °C, while the largest (379.3 & 15 pm) formed
at 950 °C. The sample annealed at 900 °C (Figure 3b2) showed an average grain size of
154.6 + 5 um, only slightly larger than at 850 °C; however, several grains exceeded the mean
size by several times, indicating mild inhomogeneity in the secondary recrystallization
process. The 950 °C sample (Figure 3b3) displayed exceptionally large grains, many with
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a columnar morphology, suggesting that their growth during dynamic recrystallization
annealing likely initiated at the sheet surface.

400 -+
850°C
350 - —0— 900°C
‘§ —A— 950°C
300
=
N 2504
>
S -
g 200
)
o 1504
&
~
S 100
< A
50

0 T T T T T T T T T T

0 4 8 12 16 20 24 28 32 36 40
Applied deformation, & (%)

Figure 4. Evolution of the average grain size of the investigated steel as a function of applied
deformation and annealing temperature.

The optical analysis results for samples subjected to 6% temper rolling deformation
followed by heat treatment are presented in Figure 3c1-c3. Morphological analysis of these
microstructures reveals no significant differences among them. The observed light-optical
microstructures generally display a uniform grain distribution without notable variations
in grain size. At first glance, it is evident that increasing the annealing temperature leads
to a slight increase in the average grain size—a trend also reflected in the graph shown
in Figure 4. Image analysis confirms that the average grain sizes for the samples (e~6%)
annealed at 850 °C, 900 °C, and 950 °C are approximately 115.2 & 6 pm, 120.4 + 7 um, and
153.9 £ 11 pm, respectively.

The effect of dynamic annealing on the microstructure of samples with 8% tem-
per rolling deformation is shown in Figure 3d1-d3. In all cases, annealing at 850 °C,
900 °C, and 950 °C, the grain size and shape distributions remain similar. Image analysis
determined average grain sizes of 97.8 & 6 um, 110.5 £ 7 um, and 118.2 £ 11 um, respec-
tively, indicating that increasing the annealing temperature has only a limited effect on
grain growth at this deformation level. Comparable behaviour was observed in samples
subjected to a 10% thickness reduction (Figure 3el-e3), where annealing temperature had
a negligible influence on grain size, which ranged from approximately 86 um to 100 pm
(Figure 4).

The smallest average grain size, approximately 70 & 5 um, was recorded in samples
deformed by 40% (Figure 3f1-f3). After annealing at 850 °C, 900 °C, and 950 °C, these sam-
ples exhibited pronounced homogeneity, with fine, equiaxed grains uniformly distributed
throughout the sheet cross-section.

The evolution of average grain size as a function of deformation and annealing temper-
ature is summarised in Figure 4. The results clearly demonstrate that small deformations
(the optimal deformation in our work is 4%) combined with high-temperature dynamic
annealing can produce exceptionally large grains, significantly exceeding those of the initial
industrial microstructure. In contrast, higher deformation levels (>8%) suppress grain
growth, yielding finer and more uniform microstructures, regardless of the annealing tem-
perature. This confirms that the proposed unconventional processing route, temper rolling
with small deformation followed by rapid dynamic annealing, can be effectively tuned to
achieve targeted grain sizes and morphologies in fully finished electrical steel, which is
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additionally heat-treated by electrical equipment manufacturers after cutting segments for
rotors and stators.

3.3. Analysis of Cold-Rolled Deformed States

This part of the scientific work was related to the analysis of plastic mechanical strains
generated through the cross-section of sheet thickness during the temper rolling processes.
In the case of primary recrystallization, the strain-induced boundary migration plays a key
role in the occurrence of coarse-grained microstructures with a desirable crystallographic
orientation [27]. Because of this reason, it is very important to know how the mechanical
strain is distributed within the observed microstructural matrix subjected to external
mechanical deformation. It is well known that in the last decades, the EBSD method
began to be widely used for the detection of plastic strains in metallic materials with
polycrystalline structures in the scientific practice. As dislocation is created in the material
structure under mechanical work, the residual strain is manifest as local degradation
in lattice structures by weak deviation in their orientation [49]. EBSD measurements
enable the acquisition of extensive crystallographic data from individual points within the
scanned area and allow for the generation of Kernel Average Misorientation maps on the
background of the investigated microstructure. These maps are constructed by estimating
the average misorientation angle of the crystal lattice between neighbouring pairs of points
on the measurement grid, thereby providing insights into the distribution of local plastic
strain and dislocation density within the material.

One-to-one EBSD measurements were performed to characterise the distribution of
mechanical strains associated with applied plastic deformations, which contribute to the
most effective abnormal selective grain growth during subsequent heat treatment. The
KAM maps illustrating (comparing) the distribution of residual strains across the cross-
section of experimental samples subjected to varying degrees of deformation are presented
in Figure 5. The microstructural matrices of the deformed samples, corresponding to
deformation levels ranging from 2% to 40%, are displayed on the left side of the figure.
The rainbow-colored regions within the analysed microstructures reflect the intensity
of local misorientation angles, which are indicative of dislocation density. On the right
side of the figure, the corresponding frequency distributions of misorientation angles are
shown, using a colour palette ranging from blue to red along the KAM value axis. These
graphical representations are consistent with the colour schemes used in the respective
KAM maps. In this context, the light blue regions indicate areas of the crystal lattice
with minimal distortion, while red regions correspond to zones with the highest levels
of local misorientation (about 5°), representing regions of elevated plastic strain and
dislocation density.

The distribution of local misorientation angles across the thickness of samples sub-
jected to approximately 2% deformation is presented in Figure 5al,a2. The coloured KAM
map (Figure 5al) depicts the fully recrystallized matrix of the experimental steel, showing
slight variations in colour corresponding to regions of crystal lattice distortion. The EBSD
data were processed to generate a graph of the relative frequency of local misorientation
as a function of misorientation angle, shown in Figure 5a2. The results indicate that, for
the 2% deformed sample, misorientation angles range from 0° to 2.5°, with the most fre-
quent angle being approximately 0.8°. This low level of misorientation reflects minimal
plastic strain within the crystal lattice. The coloured KAM maps reveal that these strain-
related misorientations are predominantly located near grain boundaries, where the angles
reach approximately 2-2.5°. In contrast, the interior regions of the grains show either no
misorientation or only weak misorientations ranging from 0.5° to 1.5°. A comparison of
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Figure 5al,a2 confirms that lattice distortions caused by rolling are unevenly distributed
throughout the microstructure, being primarily concentrated at grain boundaries.
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Figure 5. KAM maps of experimental samples subjected to thickness reductions of 2%, 4%, 6%,
8%, 10%, and 40%. The corresponding legends (graphs on the (right)) indicate local misorientation
angles ranging from 0° to 5°, represented by a rainbow colour scale. Regions with warmer colours
correspond to areas of higher local deformation. The letters under the microstructures (a, b, ¢, d, e,
and f) correspond to the applied deformation levels of 2%, 4%, 6%, 8%, 10%, and 40%, respectively.
The numbers following these letters (1 and 2) denote the type of data presented: the KAM map (1) or
the KAM map legend (2).



Crystals 2025, 15, 839

11 of 20

The EBSD data presented in the form of a KAM map for the sample subjected to
4% temper rolling reduction are shown in Figure 5b1,b2. Compared to the 2% deformed
sample, the distribution of local misorientation angles exhibits notable differences. The
graph in Figure 5b2 shows that misorientation angles extend up to approximately 3°, with
the highest relative frequency observed at around 0.9°. The KAM map indicates that
plastic strain is still predominantly concentrated near the grain boundaries. Remarkably, a
pronounced colour gradient is observed within some grains, ranging from light blue to light
yellow. This gradient likely corresponds to a decreasing dislocation density from the grain
boundary toward the grain centre. Additionally, a small number of grain boundaries show
colour transitions from yellow to light red, corresponding to local misorientation angles of
approximately 3.5-4.0°. From a microstructural perspective, the misorientation distribution
reveals a non-uniform morphology. Overall, the EBSD analysis of the 4% deformed sample
suggests that the increased deformation results in more pronounced local mechanical strain
within the crystal lattice, particularly at grain boundaries, with an observable gradient of
strain extending into the grain interiors.

The microstructure exhibiting local mechanical strains, obtained after temper rolling
the experimental sample with a 6% thickness reduction, along with the corresponding dis-
tribution of local misorientation angle intensity, is shown in Figure 5c1,c2, respectively. The
KAM map clearly reveals an inhomogeneous distribution of local plastic strains throughout
the sample thickness. Certain grains exhibit higher local misorientation values than others.
However, the colour distribution within individual strained grains appears relatively uni-
form, without significant gradients. The observed range of misorientation angles extends
from approximately 0.2° to 3.4°. Compared to previous results, the peak of the relative
frequency curve is shifted to a higher value, with a maximum at approximately 1.1°, as
shown in Figure 5c2. These results suggest that in the 6% deformed sample, although
the intra-grain strain gradient is less distinct, there is a noticeable increase in the overall
intensity of local misorientation. This implies an accumulation of stored deformation
energy in the microstructure as a result of the rolling process.

The behaviour of misorientation angles in the experimental sample subjected to
8% thickness reduction by temper rolling is illustrated in Figure 5d1,d2. The EBSD data
clearly indicate that increasing the degree of deformation results in higher intensities of
local misorientation at greater angles. The KAM curve is shifted to the right, with most
values falling within the range of 0.5° to 3.5°, and a maximum frequency occurring at
approximately 1.2°. The most informative insight is provided by the coloured KAM map
in Figure 5d1. It shows that increased local misorientation angles are visually represented
by a greater number of regions coloured in orange and light red, primarily located near
grain boundaries and unevenly distributed throughout the microstructure. Significantly,
the microstructure contains grains exhibiting a pronounced gradient of local misorientation,
which generally increases toward the grain boundaries.

The EBSD analysis of the sample subjected to a 10% deformation is presented in
Figure 5el,e2. The results show that the misorientation angles increase up to approximately
4°, with the lowest visible value around 0.4°, as seen in Figure 5e2. This suggests that greater
deformation develops the range of misorientation angles, indicating an increase in stored
energy within the crystal lattice. The KAM map in Figure 5el presents that this increase
in local lattice distortion is most pronounced in the central part of the microstructure,
particularly near grain boundaries. In this deformation state, gradients of misorientation
are detectable not only within individual grains but also across the thickness of the sample.
The map further demonstrates that the highest misorientation intensities are concentrated
predominantly in the middle region of the microstructure.
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The microstructure of the rolled samples subjected to 40% deformation is presented
in Figure 5f1,f2. The coloured KAM map clearly shows that the metallographic structure
is characterised by elongated grains aligned along the rolling direction. The EBSD data
indicate that such a high level of deformation significantly modifies the original grain
morphology within the primary microstructural matrix. The observed grain elongation
suggests that the crystal lattice has undergone extensive strain due to intense shear stresses.
This deformation is visualised by the colouration on the KAM map, which reflects the values
of local misorientation angles. The KAM graph in Figure 5f2 shows that local misorientation
angles range from 1° to 5°, with the peak intensity occurring around 2.5°. The processed
data reveal a relatively high frequency of misorientation angles between 4° and 5°, which
are predominantly located along the boundaries of the elongated grains (orange and red
areas). This indicates that, under 40% plastic deformation, dislocations are primarily
generated and stored near grain boundaries. As a result, the subsequent heat treatment of
this sample most likely led to a recovery process, manifested as primary recrystallization,
rather than secondary recrystallization, which was observed in samples deformed by
2-10%. This interpretation is further supported by the differences in microstructural states
illustrated in Figure 5.

The EBSD-based KAM analysis demonstrates a clear correlation between temper
rolling deformation and the evolution of local plastic strains in FeSi steel. At low defor-
mation levels (2-4%), misorientation angles are small and primarily concentrated at grain
boundaries, indicating limited strain accumulation and minimal lattice distortion. As de-
formation increases (6-10%), both the magnitude and distribution of misorientations grow,
reflecting higher dislocation density and more pronounced strain gradients extending into
grain interiors. At extreme deformation (40%), extensive grain elongation and elevated
misorientation values highlight significant strain localisation near boundaries as well as
throughout the thickness of the sample, suggesting that dislocation storage and lattice
distortion are maximised.

These observations indicate that temper rolling not only increases the overall stored
deformation energy but also alters the heterogeneity of strain distribution, which is a critical
factor governing subsequent recrystallization behaviour. In particular, low to moderate
deformations favour abnormal selective grain growth during secondary recrystallization,
whereas high deformation promotes recovery and primary recrystallization due to exces-
sive strain accumulation and grain elongation. Overall, the presented analysis provides
valuable insights into the distribution and intensity of local plastic strains induced by
temper rolling over a wide range of applied deformations in FeSi steel samples. The KAM
maps, together with the corresponding misorientation frequency distributions, clearly
demonstrate how increasing deformation influences dislocation density, strain localisa-
tion, and grain boundary behaviour, factors that play a decisive role in recrystallization
mechanisms and the resulting microstructural characteristics

3.4. Analysis of Texture Components of Heat-Treated Samples

In industrial production, the isotropic magnetic properties of non-oriented FeSi steels
are ideally ensured by the formation of a completely random crystallographic texture. How-
ever, the directional nature of hot and cold rolling processes inevitably introduces a certain
degree of crystallographic anisotropy, whether intended or not. A fully random texture
may not even be optimal for rotating electrical machines such as motors or generators.
What is essential is that the material exhibits good and uniform magnetic properties when
magnetised in any in-plane direction of the steel sheet. Optimal magnetic performance is
typically achieved by minimising the presence of <111> crystallographic orientations in the
sheet plane and enhancing the intensity of <100> orientations. Although achieving both si-
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multaneously is technically challenging, it is nevertheless possible to significantly improve
the magnetic properties of NO FeSi steels through precise control over the processing steps.

EBSD data, presented in the form of IPF maps and ODF sections, are shown in Figure 6.
These colour-coded maps allow for a fast and accurate visualisation of the crystallographic
texture of the analysed samples.
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Figure 6. The IPF maps and ODF sections illustrate the crystallographic grain orientations of the
investigated experimental samples, providing complementary information on both the orientation
of individual grains and the overall texture development within the material. The letters under the
colored microstructures (a, b, ¢, d, e, and f) correspond to the applied deformation levels of 2%, 4%,
6%, 8%, 10%, and 40%, respectively. The numbers following these letters (1 and 2) denote the type of
data presented: the IPF map (1) or the ODF section (2).
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From a representation standpoint, IPF maps are particularly useful for polycrystalline
materials, as they provide information on the morphology of the microstructural matrix,
including grain size and crystallographic orientation across the scanned surface. Each
coloured grain in the IPF map corresponds to a specific crystallographic direction straight
with a defined reference direction—typically the rolling direction in textured FeSi steels.
This orientation-specific colouring facilitates quick interpretation and understanding of the
material’s preferred orientation (texture) in the observation plane. It is important to note
that, in IPF maps, three primary colours are most significant: red, green, and blue, which
correspond to the {100}, {110}, and {111} crystallographic planes, respectively.

The orientation distribution function is a two-dimensional function specified by at
least three Euler angles which provides a quantitative method for evaluating the crystallo-
graphic texture of polycrystalline materials. It describes the statistical distribution of grain
orientations within the sample. In ODF representations, each orientation is expressed as
the volume fraction (or percentage) of grains that adopt a specific crystallographic align-
ment. In other words, the ODF enables the precise assessment of the intensity of particular
crystallographic orientations, complementing the qualitative information provided by the
coloured IPF maps.

The evolution of crystallographic texture in selected experimental microstructural
states, obtained from temper-rolled samples heat-treated at 950 °C, is presented in
Figure 6. The processed EBSD data indicate that the applied dynamic thermal process-
ing of slightly rolled FeSi steels influences not only the development of the microstruc-
tural matrix but also promotes selective grain growth, particularly enhancing the inten-
sity of desirable crystallographic components such as the cubic {100}<001> and Goss
{110}<001> orientations.

The crystallographic texture of the samples subjected to 2% deformation followed by
heat treatment is presented in Figure 6al. The IPF map reveals that the material exhibits a
relatively coarse-grained microstructure, with the predominant crystallographic directions
<100> and <110> aligned parallel to the sheet rolling direction, indicated by different shades
of red and green. In terms of the intensity of specific crystallographic orientations within
the observed microstructural matrix, additional insight is provided by the ODF sections,
which show increased intensities of the x- and 6-fibre components (see Figure 6a2). The
highest intensity is associated with the {113}<361> component, corresponding to a slightly
rotated cube orientation at ® = 15°. Another notable intensity maximums are related to the
{100}<013> cube component and indistinctness Goss orientation.

The IPF-coloured map illustrating the main crystallographic components identified
in the samples subjected to 4% cold rolling followed by heat treatment is shown in
Figure 6b1. The results indicate that most of the coarsened grains appear in red or reddish
shades, signifying crystallographic orientations close to the rotated cube texture. A more
detailed analysis based on the 6-fibre section of the ODF (Figure 6b2) reveals that these
grains exhibit a rotated cube texture, with the <013> family of directions aligned paral-
lel to the RD. In other words, the crystallographic lattice of these grains lies within the
{100} plane and is rotated by approximately 15° with respect to the cold rolling direction of
the examined sample.

The evolution of texture in the samples subjected to 6% cold rolling and subsequently
heat-treated under dynamic conditions at 950 °C is presented in Figure 6¢c1,c2. The IPF
map (Figure 6¢1) shows that the coarser components of the microstructural matrix are
predominantly associated with rotated cube and deviated Goss orientations. In contrast,
finer constituents (grains) mainly display the undesirable deformed texture, represented
by the y-fibre in the ODF section. The two-dimensional ODF representation in Figure 6¢2
further indicates that many of the texture components of the microstructure are rotated by
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several degrees from the cube orientation {100}<110>. Additionally, in this microstructure,
a distinctly visible region of high texture intensity corresponds to a double-oriented cube
component {100}<110>, located central part of the 6-fibre. Also, features associated with
the deformed texture, along with their characteristic orientations, are concentrated near
the y-fibre.

Figure 6d1,d2,el,e2 show the crystallographic textures of the samples subjected to
8% and 10% cold rolling, respectively. The IPF maps (Figure 6d1,el) confirm earlier
observations, indicating that both samples exhibit a homogeneous microstructural matrix
without distinctly pronounced texture components. This is further supported by the ODF
sections (Figure 6d2,e2). As evident from these results, the samples do not display a
dominant texture component but rather exhibit a balanced distribution of crystallographic
planes and directions. These are situated near or between the principal textural components
associated with the 0-, y-, and «-fibres, as illustrated in the coloured ODF sections.

Analyses of EBSD data for the samples subjected to a maximum cold rolling reduc-
tion of approximately 40% followed by heat treatment, are presented in Figure 6f1,f2. The
IPF map presents a fine-grained microstructure dominated by grains with {100} and {110}
crystallographic planes, corresponding to the strong {100}<Ovw> and {110}<0Ovw> compo-
nents, respectively. The microstructure is predominantly shaded in red and green, which
represent the Goss orientation and the 6-fibre, as confirmed by the coloured ODF section in
Figure 612.

Overall, the evolution of crystallographic texture with increasing deformation reveals
a clear the principles of formation of crystallographic grain orientation in the process of
secondary recrystallization in the investigated FeSi samples. At lower deformation levels
(2-4%), the texture is dominated by rotated cube or Goss components. This behaviour of
resulting texture can be attributed to the fact that, during primary recrystallization, a slight
plastic strain gradient between adjacent grains or inside of grain (see Figure 5al,a2,b1,b2,
combined with a pronounced temperature gradient across the sheet thickness, promotes
the preferential growth of grains with crystallographic orientations located near the 0-fibre
in the primary recrystallized state. However, with increasing cold rolling degree to 6%,
more numerous textural components develop with the coexistence of cubic, deviation Goss
and deformed crystallographic components. Considering the results obtained for these
samples from EBSD data in the form of KAM maps (see Figure 5c¢1,c2), it is evident that
with applied deformation starting from 6%, the morphology of the occurrence of local
mechanical stresses in the crystal lattice changes. Comparison of the results shown in KAM
maps for samples with 2—4% deformation and samples with 6% deformation indicates that
with increasing deformation above 4%, the weak gradients of plastic mechanical stresses are
replaced by a gradient that is more pronounced throughout the thickness of the sheet than
between individual structures of the observed microstructural matrix. Such a distribution
of dislocation densities in the deformed crystal lattice during secondary recrystallization at
extremely high heating rates provides more grains of the primary recrystallized matrix with
the accumulated deformation energy necessary to activate the motion of their boundaries.
As a result, the sample with 6% deformation has a finer-grained microstructure with a
larger number of different crystallographic components than in samples with lower applied
deformation. With further deformation (8-10%), the texture becomes more dispersed and
homogenised, reflecting a balance between deformation and recrystallization mechanisms.
At the highest deformation level (40%), the resulting microstructure is characterised by
a fine-grained morphology, with an average grain diameter of approximately 70 pm. As
shown in Figure 6f2, a broad spectrum of crystallographic orientations is present within the
observed microstructure, without a dominant or preferential textural component. Taking
into account the results of metallographic analysis (Figure 3f1,{2) and the detection of local
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mechanical stresses within the primarily recrystallized matrix of the 40% deformed sample,
it can be assumed that deformation levels exceeding 10% do not promote the selective
growth of ferrite grains with preferred cube or Goss orientations.

Based on the presented findings, it can be concluded that the mechanism of selective
strain-induced boundary migration of ferrite grains is effectively activated only when
the cold rolling reduction does not exceed 10%. This effect occurs in combination with
subsequent rapid heating, which generates a significant temperature gradient between the
surface and core of the heat-treated thin FeSi steel sheets.

3.5. Analysis of Magnetic Properties of Experimental Samples

Among the wide range of steel materials produced today, electrical silicon steels are
particularly distinguished by their electromagnetic properties, as they are used primarily
for transmitting induced magnetic fields in the cores of electrical devices. Accordingly, the
design of microstructural, textural, and substructural parameters, as well as the chemical
composition, must ultimately have a positive influence on their final magnetic properties.
These properties are most commonly evaluated by measuring coercivity or power losses.
In this context, our research focused on improving the microstructural and textural charac-
teristics of the investigated steels in the “fully finished” state, with the expectation that the
measured magnetic parameters of the processed samples would correspond to the results
presented and discussed in the preceding chapters.

The evolution of microstructural, substructural, and textural characteristics in the
investigated steel states has a direct impact on their final magnetic properties, namely
coercivity and power losses. Magnetic measurements were performed on all experimental
samples in an AC magnetic field at a frequency of 50 Hz. The dependence of coercivity
on the material state of the experimental samples is presented in Figure 7. The resulting
curves show that coercivity varies with both annealing temperature and applied defor-
mation, indicating that the samples differ not only in microstructure, texture, and the
intensity of crystal lattice disruption caused by rolling, but also in their corresponding
magnetic properties.
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Figure 7. Measurement of the coercivity of the investigated steel as a function of applied deformation
and annealing temperature.

The initial coercivity of the as-delivered samples is approximately 162 A/m. The
graph illustrates that, among the measured samples, those corresponding to the final
state of the M530-50A grade exhibit the highest coercivity and, consequently, the greatest
power losses, compared with other material states in which selective development of the
microstructural matrix with larger grains and a preferred crystallographic texture was
applied. The minimum coercivity of approximately 65 A/m was achieved in a sample
subjected to mild smooth rolling (~4% thickness reduction) followed by dynamic annealing
at 950 °C. These results indicate that, for this FeSi steel grade, combining ~4% deformation
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with subsequent heat treatment at 950 °C under an extremely high heating rate can reduce
coercivity by more than a factor of two relative to the as-delivered state. The measured
coercivity values for this condition correspond closely with the microstructure and texture
analyses performed on the same sample.

It is also noteworthy that samples rolled at above or below 4% deformation exhibited
a positive improvement in their magnetic properties compared to the as-delivered sheets.
Clearly, increasing the average grain size or enhancing the textural parameters of the
microstructural matrix has a beneficial effect on reducing magnetic losses in electrical steels.
To a certain extent, the coercivity measurements presented in Figure 7 can be considered a
linear reflection of the average grain size values shown in Figure 4.

In conclusion, it can be stated that the results of this study demonstrate a clear rela-
tionship between temper rolling deformation, heat treatment, microstructural evolution,
texture development, and the magnetic properties of FeSi steels. EBSD analysis revealed
that increasing rolling reductions progressively enhances local plastic strain and dislocation
density, particularly near grain boundaries, as indicated by KAM maps. At low defor-
mation levels (2-4%), strains are localised primarily at grain boundaries, with minimal
intra-grain gradients, which are nevertheless sufficient to promote significant selective grain
growth via the strain-induced grain boundary migration mechanism during secondary
recrystallization. Conversely, higher deformations (8-40%) induce pronounced lattice
distortions and strain gradients extending into grain interiors, accompanied by significant
grain elongation along the rolling direction. It is evident that at higher deformation levels,
not only does the intensity of mechanical stresses within the crystal lattice increase, but
their overall occurrence throughout the deformed structure also becomes more widespread.
Consequently, the deformation gradient between different regions of the microstructural
matrix, particularly between adjacent grains, becomes less pronounced. During subsequent
heat treatment, this reduced gradient allows a much larger number of grains to grow
simultaneously compared to lower deformation levels (below 4%), where selective growth
is more prevalent. As these grains compete and inhibit one another’s growth, the resulting
microstructure becomes more or less homogeneous, accompanied by a reduction in the
average grain diameter.

These microstructural changes directly influence recrystallization behaviour and the
development of preferred crystallographic textures, which in turn affect magnetic per-
formance. Coercivity measurements show that moderate rolling reductions combined
with dynamic annealing (e.g., 4% deformation at 950 °C) lead to a substantial decrease
in coercivity and power losses, consistent with the formation of coarser, more uniform
grains with favourable orientations. Conversely, higher deformations, while increasing
stored strain energy, promote fine-grain structures and heterogeneous distributions of their
crystallographic orientations, resulting in comparatively higher coercivity. Overall, the
findings highlight that precise control of mechanical deformation and subsequent heat
treatment enables optimisation of microstructure and texture, thereby minimising coercivity
and enhancing the electromagnetic performance of fully finished FeSi steels. This estab-
lishes a direct link between mechanical processing, internal lattice strains, and functional
magnetic properties.

4. Conclusions

This work demonstrates that the microstructural and textural state of low-silicon
non-oriented electrical steel can be effectively tailored by combining small to moderate
cold rolling deformation with short-time, high-rate dynamic annealing. The main findings
can be summarised as follows:
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e Low temper rolling deformations (2-4%) generated localised plastic strains predomi-
nantly at grain boundaries, with minimal intra-grain gradients. This strain distribution
promoted secondary recrystallization through the strain-induced grain boundary mi-
gration mechanism, resulting in selective abnormal grain growth with favourable
crystallographic orientation.

e Increasing deformation beyond 6% led to a more homogeneous distribution of local
misorientations throughout the microstructure, accompanied by a reduction in the
deformation gradient between grains. During annealing, this promoted competitive
grain growth, ultimately producing a more uniform grain size distribution and limiting
the development of large, abnormally grown grains.

e  The optimised conditions (around 4% deformation and annealing at 950 °C) yielded
a texture with a higher proportion of {100}<0Ovw> cube-oriented grains, known to
enhance magnetic performance in electrical steels.

e  Magnetic measurements revealed a strong correlation between microstructural and
textural optimization and the improvement of coercivity. The lowest coercivity
(~65 A/m) was achieved for samples subjected to ~4% deformation, followed by
dynamic annealing at 950 °C, representing a reduction by more than half compared
to the as-delivered condition (162 A/m). This improvement directly reflects the
beneficial effect of enlarged average grain size and optimized texture on reducing
magnetic losses.

Overall, these results confirm that carefully balancing deformation and dynamic an-
nealing parameters enables targeted control over grain size and texture evolution, offering
manufacturers an efficient method to improve core properties in electrical devices.
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Abbreviations

The following abbreviations are used in this manuscript:

SIGM  Strain-induced grain boundary migration
EBSD  Electron backscattered diffraction
KAM  Kernel Average Misorientation
IPF Inverse Pole Figure

ODF  Orientation Distribution Functions
SEM  Scanning electron microscope

AC Alternating current

LOM Light optical microscope

BCC  Body-Centred Cubic

GO Grain-oriented

NO Non-oriented
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