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Abstract: Grain-oriented electrical steel (GOES) is characterized by a strong crystallographic texture, which is crucial
for its magnetic properties. However, this texture also induces significant anisotropy in its elastic characteristics, which
is less studied but important for manufacturing and application. This work investigates the anisotropy of the elastic
modulus in GOES at different stages of its production — specifically after the first cold rolling (CR1), after subsequent
decarburization—recrystallization annealing (DRA), and after the second cold rolling (CR2). The study employs a combined
approach using Electron Backscatter Diffraction (EBSD) for texture analysis and Dynamic Mechanical Analysis (DMA) for
direct measurement of storage modulus. Using the EBSD analysis the evolution of the crystallographic texture across the
manufacturing stages was studied. The key texture components were qualified and quantified by 20° deviation of standard
crystallographic directions <100>, <110> and <111> from CR axes: RD, TD and ND. These data were compared to the spatial
maps of Young’s modulus, showing a uniform distribution in the rolling direction (RD) and the greatest dispersion of values
in the normal direction (ND) for all processing stages. The maximum modulus values were consistently observed in the
transverse direction (TD). A comparative analysis demonstrated a correlation between the elastic moduli values obtained
via EBSD calculations and direct DMA measurements. A more significant divergence was noted for the thinner CR2 sheet
(0.27 mm), which is attributed to the specific stress state during three-point bending in DMA, which amplifies the contribution
of the near-surface layers.
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1. Introduction is capable of gradual coagulation and subsequent dissolution
in the SR temperature range [4-7].
Grain oriented electrical steel (GOES) is the basic material Creating favorable conditions for the SR process is the

used in transformer cores production. A key requirement main task of the GOES production technological chain,
for GOES is high magnetic properties in rolling direction, ~which includes several stages: smelting, hot rolling, two stages
achieved through sharp crystallographic texture formation cold rolling separated by recrystallization-decarburization
with a {110}<001> component in finished products. annealing, high-temperature and flattening annealing [8,9].
Required magnetic properties anisotropy in rolling direction ~ Each technological operation affects the material’s structural
is achieved by the [001] preferential orientation of the grains, —and textural states, thus creating and changing the anisotropy

which is the easiest magnetization axis in bcc iron [1-3]. of physical and mechanical properties in the strip via
The development of the required texture in finished deformation and heat treatment [10-14].
products occurs during high-temperature annealing as a Controlling the anisotropy of physical and mechanical

result of secondary recrystallization (SR), which leads to properties at various industrial production stages should
the formation of a coarse-grained structure (grain size in improve the accuracy of the modeling process and lay the
the sheet plane of 5-30 mm) with a perfect crystallographic ~ foundation for developing methods for characterizing small-
texture. Key conditions for successful course of SR are the section semi-finished products. Currently, modern methods
presence of predominant {110}<001> orientation grains and  allow us to evaluate the physical and mechanical properties of
the inhibitor phase, which hinders boundary movement and  the materisl with sufficient accuracy [15-17].
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This work is devoted to the investigation of the influence of
the grain oriented silicon steel’s structural and textural states
on the anisotropy of elastic properties using the methods of
orientation microscopy and dynamic mechanical analysis.

2. Materials and methods

The work was carried out on commercial GOES sheets,
manufactured according to the Russian technology type
described in [8]. The first batch of the samples was taken
after the first cold rolling (CR1) with a strain of 72% from
the sheet with a thickness of 0.7 mm; the second batch of the
samples was taken after decarburization-recrystallization
annealing (DRA) ina 95%N, + 5%H, humidified atmosphere
(CR1+DRA) and the third batch was taken after the second
cold rolling (CR2) with a strain of 63% to a thickness of
0.26 mm.

The electron microscopic examination was performed
using a ThermoScientific Scios 2 LoVac scanning electron
microscope at an accelerating voltage of 20 kV. An Oxford
Instruments Symmetry EBSD Detector was used to
determine individual grains orientations and analyze the
texture through the sheet thickness. The scanning step was
0.5 pm. The error in determining crystal lattice orientation
was £1° (£0.6° on average). The EBSD data were analyzed
using the AZtec Crystal software.

The dynamic mechanical analysis (DMA) was employed
on a NETZSCH DMA 242 with three-point bending loading
applied to 20x4xh mm specimens (where h is the sheet
thickness) to determine the alloy’s storage modulus. A
sinusoidal cyclic load of 5.3 N was applied to the specimen at
a frequency of 1 Hz.

3. Results and discussion

The texture analysis of a 0.7 mm thick sheet after the CR1
demonstrated a standard set of orientations for BCC metals
[18-22]. The main orientation typical with a maximum
density of 15.9 for elongated deformed grains is a stable
deformation cube {001}<110> (Fig. 1a) along with the noted

a-fiber {113}<110> and {112}<110> orientations typical
for grains that have undergone significant fragmentation.
The misorientation between the fragments reaches angles
of more than 20° (Fig. 1a). In addition, low-intensity y-fiber
components are found in ODF section ¢2=45° (Fig. 2a).
The maximum degree of fragmentation and significant
structure refinement are observed for these areas. Texture
representation in the form of fibers indicates the certain
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Fig. 2. ODF 2 =0 and @2 =45° sections for GOES sheets at different

processing stages: 0.7 mm after CR1 (a), 0.7 mm after CR1+DRA (b),
0.27 mm after CR2 (¢).

Fig. 1. (Color online) IPF colored maps for full thickness of the GOES sheets at different processing stages: 0.7 mm after CR1 (a); 0.7 mm

after CR1+DRA (b), 0.27 mm after CR2 (c).
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crystallographic direction predominance relative to the stress
state acting during rolling. In particular, a-fiber assumes a
preferential orientation of <110> direction along the RD, and
y-fiber assumes a preferential orientation of <111> along ND.
In general, the structural and textural state is typical for metals
with a BCC lattice after cold rolling [18,20,23].

The structure of 0.7 mm thick sheets subjected to
recrystallization annealing is characterized by equiaxed
grains with a size gradient across the thickness (Figs. 1b,2b),
which is apparently associated with non-uniform heating
during annealing. Despite the complete development of
recrystallization and a decrease in maximum orientation
density to 6.3, a pronounced texture is observed. The
mechanisms of texture formation during recrystalization due
to structural and textural heredity are described in [24-26].
The recrystallization texture is characterized by the presence
of y-fiber (Fig.2b) with several maxima of individual
components: strong {223}<142>, {332}<113> and weak
{111}<110>.In ODF ¢2 =0 section, weak maxima {001}<210>
and {001}<010> are noted, related to the 0-fiber, i.e. a set of
orientations with the <001> axis parallel to ND. In addition,
at approximately % and % of the thickness, individual grains
with Goss orientation {110}<001> are observed and colored
red in Fig. 1b. This orientation is characterized by extremely
low intensity in ODF ¢2 =45° section.

Second cold rolling to a thickness of 0.26 mm results
in an elongation of the grains in the rolling direction
(Fig. 1c) and a slight increase in the orientation density to
7.65 (Fig. 2¢). Despite the preservation of the y-fiber, the
maximum of orientation distribution intensity shifts towards
{111}<110> orientation along with the formation of 0-fiber
with a uniform density distribution (Fig. 2 ¢). Therefore, three
texture axes can be distinguished relative to CR coordinates:
<110> || RD, <111> || ND and <001> || ND.

Using the AZtec Crystal software, Youngs modulus
was estimated from the EBSD data based on the additive
contribution of each grain along four directions: RD, TD, 45°
between them, and ND. Based on the data for the pure iron
lattice from Aztec Crystal database the following flexibility
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matrix coefficients were used to calculate Young’s modulus:
C,=7.65,C_ =-2.79,and C,,=8.56 1/ TPa.

The Youngs modulus color maps for 0.7 mm thick
sheets after CR1 show a significant dispersion of values in
ND, despite a uniform distribution in RD (Fig. 3b). The
minimum values of elastic modulus are characteristic of
the 45° direction (Fig. 3d), while the maximum values are
observed in TD (Fig. 3 ¢), which is confirmed by the modulus
values depending on orientation distribution, represented in
a form of pole figure (PF) (Fig. 6a).

Young’s modulus is generally determined by interatomic
forces and thus demonstrates significant anisotropy along
crystallographic directions. The estimation of elastic moduli
along the main crystallographic axes for GOES single crystals
is provided in [27]: <110> — 214 GPa, <111> — 277 GPa,
and <001> — 128 GPa. The analysis of elastic moduli
values for individual orientations based on EBSD data
demonstrates good agreement with the literature data. In
particular, {001}<110> deformation cube orientation, which
is colored green in (Fig. 3a) in RD according to the color
key, corresponds to a value of 205 GPa (average modulus
values). It is comparable to that in TD and has a minimum
value (blue coloring) of 131 GPa in ND. The highest modulus
values of 282 GPa are observed in ND for orientations
close to {111}<112> and in RD for orientations close to
{112}<111>. Each of these orientations is characterized by
the <111> axis along the corresponding direction. It should
be noted that Youngs modulus for a given orientation
exceeds its values for a single crystal in the highest modulus
direction <111> by 5 GPa. The difference in elastic constants
calculated using EBSD data and literature data is apparently
due to the difference in flexibility matrix coeflicients for iron
provided in AZtec Crystal database and in [27]. The minimal
integral Young’s modulus for the 45° direction is due to the
fact that for deformation cube orientation the <001> axis is
predominantly parallel to the 45° direction.

Similar to the sheet after CR1, the Young’s modulus
structural maps of a 0.7 mm thick sheet after CR1 and
RA are defined by uniform distribution in RD, while the

Fig. 3. (Color online) Young’s modulus structural maps for a 0.7 mm thick sheet after CR1 calculated from EBSD data for the following

directions: RD (a), ND (b), TD (c), 45° between RD and TD (d).
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greatest dispersion of values is typical for ND (Fig. 4). The
minimum value of Young’s modulus from the presented
maps is characteristic of RD. It is difficult to determine the
maximum value from structural maps due to a significant
dispersion in ND. However, according to the PF data
(Fig. 6b), the maximum value corresponds to TD. Moreover,
during recrystallization, PF of Youngs modulus rotates
by 90° relative to the cold-formed state with the pattern
preservation and a slight redistribution of pole densities,
which is apparently accompanied by a decrease in elastic
energy. It should be noted that there are series of grains
with low Young’s modulus values at % and 3%, to a lesser
extent at 2 of the sheet thickness in the RD, TD, and ND
(Fig. 4a). According to texture analysis in RD, these areas
(blue grains) correspond to Goss orientations {110} <001>
(Fig. 4a), standard cube {100}<001>-orientations in TD,
and a deformation cube — {001}<110> in ND (Fig. 4b,¢).
According to the data from [24,25,28], these orientations
are nucleated during recrystallization at special boundaries
formed between stable orientations during deformation.
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For 0.27 mm thick sheets after CR2, uniform distribution is
also observed in RD, while ND exhibits the greatest dispersion
of values (Fig. 5a,b), which is also obvious from frequency
histograms of the Young’s modulus distribution (Fig. 7a,b).
Even though ND (Fig. 5b) contains the greatest number
of grains with the higher Young’s modulus (colored red),
maximum values in PF (Fig. 6 ¢) are observed in TD. Despite
the fact that the meridian pole density of modulus along 90°
is uniform (including RD and ND), frequency distribution
(Fig. 7b,c) for these directions as well as coloring in the
structural maps are significantly heterogeneous. Frequency
distribution in ND shows two maxima corresponding to
the orientations close to {001}<110> and {111}<110>, with
axes <001> and <111> parallel to ND, respectively. The
<110> direction, common to these two orientations, yields
one maximum of about 220 GPa in frequency distribution
histograms in RD and TD (Fig. 7a,c).

Since the grain orientation has the greatest influence on
the Young’s modulus values, the obtained texture data for the
sheets in different structural states were used to estimate the

Fig. 4. (Color online) Young’s modulus structural maps for a 0.7 mm thick sheet after CR1+DRA calculated from EBSD data for the following

directions: RD (a), ND (b), TD (c), 45° between RD and TD (d).

a b

Fig. 5. (Color online) Young’s modulus structural maps for a 0.27 mm thick sheet after CR2, calculated based on EBSD data in: RD (a),

ND (b), TD (c), 45° between RD and TD (d).
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c
Fig. 6. (Color online) Young’s modulus distribution in a form of PF for in GOES sheets at different processing stages: 0.7 mm sheet after

CRI1 (a), 0.7 mm sheet after CR1+DRA (b), 0.27 mm sheet after CR2 (c).
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Fig. 7. Young’s modulus frequency distribution calculated from EBSD data for a GOES sheet with a 0.27 mm thickness after CR2 in: RD (a);

ND (b); TD (c); 45° (d).

proportion of orientations with <100>, <110>, and <111>
axes deviating by less than 20° from the RD and TD, and
45° between RD and TD (Fig. 8). The CR1 sheet exhibits a
higher proportion of low-modulus orientation <100> in
the 45° direction, <110> in the RD, and <111> in the TD
compared to the other two structural states. This is due to
the highest texture sharpness at this stage and specifically
due to the deformation cube texture typical for CR1. The
recrystallized state is defined by a sufficiently uniform
<110>-orientations distribution, which is apparently due to
the fact that <110> is the main rotation axis of recrystallized
grains according to [23]. Sheets after DRA and after DRA
and CR2 are characterized by grains with a predominant
low-modulus <100> direction along RD, and high-modulus
<111>-direction in TD.

Using standard tensile testing or measuring the speed
of sound for the estimation of Young’s modulus of thin
sheets is methodologically challenging due to requirements
for the shape and size of specimens. Dynamic mechanical
analysis (DMA) can be an appropriate method for thin
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plates as specimens. It is based on the excitation of sinusoidal
mechanical vibrations and recording the stress-deflection
relation during three-point bending. This method allows
one to determine the so-called storage modulus E’, which
indicates the amount of retained applied load in the material
as elastic potential energy [29].

The analysis of storage modulus anisotropy in comparison
with averaged Youngs modulus calculated from EBSD data
for 0.7 mm thick sheets demonstrates comparable values.
Specifically, both elastic characteristics of the sheet after CR1
are maximal in the TD and minimal in the 45° direction.
For the sheet after CR1 and DRA the minimum value is
observed in RD and maximum in TD, which is consistent
with the estimated proportion of <100>, <110>, and <111>
orientations (Fig. 9).

While the values are generally comparable, greater
anisotropy and lower modulus values along RD and TD are
observed for the sheet after CR2 according to DMA data
compared to EBSD data. This difference for the thinner sheet
(0.27 mm) can be explained by the greater contribution



Stepanov et al. / Letters on Materials 16 (1), 2026 pp. 71-77

0.8 ™ 0g TD
45° 0.6 45° 45° 0.6
0.4
2
RD RD
45° 45°
D D
a b

08 1D
45° 45° 0.6 45°
0.4
0,
RD RD
45° 45°
TD

C

Fig. 8. (Color online) The frequency distribution of the grains with orientations <001> (a), <110> (b), <111> (c) estimated along cold rolling
axes for GOES sheets at different processing stages: 0.7 mm thick after CR1 (blue), 0.7 mm thick after CRI+DRA (orange), 0.27 mm thick

after CR2 (green).
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Fig. 9. Young’s modulus orientation dependence obtained from DMA (solid line) and EBSD (dashed line) data for GOES sheets: 0.7 mm
thick after CR1 (a), 0.7 mm thick after CR1+DRA (b), 0.27 mm thick after CR2 (c).

of near surface layers to the overall elastic modulus. This
parameter gains an even greater influence considering the
three-point bending pattern during DMA and uneven stress
distribution across the sheet thickness. During bending,
maximum stresses occur in the surface layers, which
experience a greater elastic response.

4. Conclusions

The structure and texture evolution of cold-rolled GOES
sheets was studied at various stages of cold rolling and heat
treatment:

1. The combination of cold rolling and intermediate
recrystallization annealing leads to the formation of a texture
with specific axes <110> | RD (a-fiber), <111> || ND (y-fiber)
and <001>||[ND (0-fiber). In addition, for the 0.7 mm
thickness sheets subjected to recrystallization annealing,
a structure gradient across the thickness is noted, which is
characterized by larger near-surface grains and the formation
of individual grains with a Goss texture {110}<001> at % and
% of the thickness.

2. The elastic moduli anisotropy of GOES sheets after
various thermal and deformation treatments was estimated
along with the comparative analysis of elastic moduli
measured by DMA and EBSD. A correlation between values
obtained by two different methods was established. However,
a larger divergence in the elastic moduli values was observed
for the 0.27 mm thick sheet due to the stress state features
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observed during DMA measurements, which results from
the greater elastic deformation of near-surface layers typical
for three-point bending.

3. A relationship was established between the
crystallographic texture of GOES sheets and the formation of
Young’s modulus anisotropy at various stages of heat treatment
and deformation processing. During recrystallization, the
pole density pattern of Youngs modulus values rotates by
90°. For all investigated samples, the uniform distribution
of Young’s modulus was found in RD, with the elastic
modulus maximum values in TD. The greatest dispersion of
values corresponds to ND, which is in good agreement with
the texture analysis based on the proportion of common
orientations characterized by preferred <100>, <110> and
<111> axes.
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