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The measurements of coercivity were utilised to investigate the main evolution stages of abnormal grain

growth in grain-oriented electrical steels.

The investigated grain-oriented steels were taken from industrial

line after final cold rolling. The steels were subjected to short time annealing at elevated temperatures with

high heating rates.

The coercivity measurements carried out within the present work were confronted with

microstructure and texture analysis in order to show the direct dependence of the measured coercivities on

metallurgical characteristics of the investigated steel.

It is shown that the coercivity measurements technique

could capture main microstructural changes taking place in recrystallization.

PACS numbers: 74.25.Ha, 75.20.En, 75.50.Bb, 75.50.Gg

1. Introduction

Grain-oriented (GO) steels are soft magnetic materials
widely used for power, distribution transformer and large
generators cores. Magnetization of the GO steels primar-
ily accompanied by motion of domain walls and the eddy
current caused by the domain wall motion brings about
losses. The ideal model assumes that for [001]-directed
materials all domain walls consist of 180° walls (a transi-
tion of magnetic moment between neighboring domains
with an angular displacement of 180°) and they move
homogeneously at the same speed [1]. An observation of
dynamic domain wall movement has revealed that this
motion is not uniform and is affected by magnetic de-
fect structures [2]. The GO steels are characterized by
the sharp {110}(001) crystallographic texture or so-called
Goss texture [3]. When the [001] easy axis of magneti-
zation is inclined about 0.5° or more with respect to the
rolling plane, the auxiliary domains are formed that have
magnetization components in the [100] or [010] direction.
The number of these surface closure domains increases
with increase of an angle of inclination of the [001] axis,
and becomes zero when the angle of inclination of these
axis is 0.5° or less [2]. The improvement of the GO steel
quality can be achieved mainly by improvements of the
{110}(001) texture.

Due to aforementioned facts the investigation of recov-
ery, recrystallization, grain growth and texture develop-
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ment processes are predominant from the improvement
of the GO steel point of view. The progress in sub- and
structural changes can by determined by monitoring any
physical property which is dependent on density of dislo-
cation, grain boundaries and texture state as well. Such
properties include electrical resistivity [4, 5], hardness
[6, 7], tensile test [8, 7], and other mechanical proper-
ties [7]. The advantages of such methods lie in a relative
simplicity and in a reasonable response to the changes in
microstructures of the materials. However, due to diffi-
culty in distinguishing of between different structure evo-
lution phenomena, none of the method could be applied
as a comprehensive one; all of them should be amplified
with each other. Moreover, many of these methods are
destructive and characterized by difficulty in distinguish-
ing of different restoration processes.

The precise estimation of the relationship between mi-
crostructure, texture, precipitations state and domain
wall motion in the material could be obtained from the
measurement of the coercivity. The investigation of the
main stages of microstructure and texture development
in the GO steel with the coercivity measurements is
presented within the paper. The performed measure-
ments were confronted with metallographic and electron
backscattered diffraction (EBSD) analyses.

2. Material and methods

The material investigated in this work was a GO steel
with the following chemical composition: C = 0.005,
Mn = 0.19, Si = 3.1, P = 0.007, S = 0.008, Cr = 0.04,
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Ni = 0.03, Cu = 0.45, A1 =0.011, N = 0.01 wt%. A sheet
of 0.33 mm thickness was taken after a final cold rolling
from an industrial line.

The samples of dimension 3 cm x 1 cm with the longest
side parallel to the rolling direction were heated to differ-
ent temperatures in the range 850-1150°C with heating
rates higher than 10°C/s and were kept at the particular
temperature for 5 min in a dry hydrogen atmosphere.

After the annealing, coercivity measurements were per-
formed on each sample. These measurements were car-
ried out with an Oersted type coercivity meter KPC-1.
The specimen was saturated in the homogeneous part of
the field of the coercivity meter’s solenoid. Subsequently
the magnetic field strength was slowly increased in the
reverse direction, until the polarization of the specimen
passes zero. This reverse field at zero flux density was
taken as the coercivity.

The most representative samples were chosen for mi-
crostructure and texture analysis. The texture analysis
was carried out by an EBSD method in the normal di-
rection plane for each sample of 1.5 cm X 1 cm in size.

3. Results and discussion

Inverse pole figure (IPF) maps representing both the
microstructure and orientation of particular grains were
constructed on the base of EBSD data. Figure 1 presents
the IPF maps obtained from the investigated GO steel
annealed at different temperatures. The orientation dis-
tribution functions (ODF) were built from the acquired
EBSD data. In case where the sample dimension of
1.5 x 1 cm? did not allowed for an acquire of the EBSD
data from at least 300 grains another sample with the
same dimensions was prepared from the same specimen.
The data obtained from samples prepared from one spec-
imen were stitched together and then the ODF were cal-
culated, this was in case of samples where complete ab-
normal grain growth was observed, see Fig. lc.

The ODF’s sections taken at ¢, = 45° are shown in
Fig. 2. The presented ODF section shows main tex-
ture states of the microstructures presented in Fig. 1.
Figure la represents fully recrystallized microstructure
obtained after annealing at 1030°C/5 min. This state
is characterized by quite strong ~-fiber’s texture com-
ponents (this fiber represents groups of all orientations
for which (111) |IND, ND — normal direction), see
Fig. 2a. The increase of temperature up to 1040°C ini-
tiates commencement of an abnormal grain growth of
grains with (110)[001] orientation, see Fig. 1b. Here the
strengthening of the Goss texture component and sub-
siding of ~-fiber’s texture components is clearly seen in
Fig. 2b. This results in bimodal microstructure devel-
opment where an abnormally growing grain consumes a
matrix of the primary recrystallized grains.

The annealing of the GO steel at 1050°C results in
a sharp Goss texture development by abnormal grain
growth, see Fig. 1c and 2c. The increase of the annealing
temperature to 1200°C led to strengthening of ~-fiber’s

V. Stoyka et al.

and weakening of the Goss texture component as it is
shown in Fig. 2d. It means that annealing of the GO
steel at very high temperatures violates the selectivity
conditions for the Goss grains development. Here, grains
with different orientations have been developed almost
equally, see Fig. 1d.

Fig. 1. IPF maps showing developed microstructure in
the GO steel after annealing at (a) 1020 °C, (b) 1040 °C,
(¢) 1075°C and (d) 1150 °C for 5 min.
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Fig. 2. ODF sections at ¢1 = 45° obtained from the
investigated GO steels treated under dynamical heat
treatment conditions for 5 min at (a) 850 °C, (b) 1040 °C,
(¢) 1075°C and (d) 1150 °C.

The measurements of coercivities were used to follow
the main changes in the microstructure and texture of the
samples. Figure 3 represents a set of measurements on
the sample annealed at temperature range 1020-1200 °C.
The GO steel in primarily recrystallized state has Hc
values around 100 A/m. The nucleation of abnormal
grain growth leads to drastic decrease of the H¢ value to
around 47 A/m. The further decrease and then plateau
behavior of the H¢ values corresponds to abnormal grain
growth development. The GO steel with coarse-grained
microstructure had the Hg values around 10-14 A/m.
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Fig. 3. Dependence of coercivity values on the anneal-
ing temperature applied to the investigated GO steels.

The slight increase of coercivity values with further rise
of the temperature can be assigned to start of develop-
ment of grains with orientation different from the Goss
one. This phenomenon strengthens as the temperature
increases and the H¢ achieves its threshold value around
40 A/m, see Fig. 3. These measured values correspond
to microstructure presented in Fig. 1d, where grains pos-
sessing different orientation develop almost equally.

The aforementioned results clearly showed that the mi-
crostructure and texture evolution in the investigated
material can be captured by coercivity measurements.
The main stages in microstructure and texture develop-
ment of the investigated GO steel are marginally denoted
in Fig. 3. Hence, the coercivity measurements are sensi-
tive not only to microstructure changes but also to the
Goss texture development. This is particularly seen from
the plateau behavior of H¢ curve, see Fig. 3. The coer-
civity of the investigated steel passed through secondary
recrystallization with moderate texture is much higher
than that of the textured material, see coercivity values
of the materials annealed after 1140°C in Fig. 3. More-
over, an additional example of coercivity change in mate-
rials with moderate texture was shown in paper by Sidor
et al. [9]. Here the recovery, recrystallization and grain
growth processes were distinguished and the Hg curve
behavior had the similar character as that observed in
the present paper.

4. Conclusions

The microstructure and texture evolution versus ap-
plied heat treatment conditions in the GO steel were
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investigated. It was shown that there were three main
stages in microstructure and texture development of the
GO steel. The first is primary recrystallization that was
characterised by domination of «-fiber’s texture compo-
nents, the second stage is abnormal grain growth with de-
velopment of strong {110}(001) texture. The third stage
is a normal grain growth that proceeds through almost
equal growth of grains with different orientation, such a
microstructure revealed coexistence of both ~-fiber’s and
(110)[001] texture components. All the mentioned mi-
crostructure and texture stage were detected and clearly
distinguished by the coercivities measurements. More-
over, the threshold temperatures of the above described
processes could be distinguished by this method.

Concluding the results of the present work one can
summarise that the coercivities measurements give a
good reflection of microstructure and texture develop-
ment in the GO steels.
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