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Abstract: It is well established that there is an interplay and interaction between the processing steps at fabrication of
non-oriented electrical steels: hot rolling, cold rolling and annealing with respect to the evolution of the microstructure
and texture. In this paper we will analyse in detail by optical microscopy and EBSD-measurements the influence of the
microstructure of hot band prepared in different ways on the deformation structure after cold rolling and finally the
evolution of microstructure as well as texture at final annealing due to recrystallization followed by grain growth. It will be
demonstrated that the microstructure of the hot band effects the start of the recrystallization and finally the start of the
grain growth at final annealing. The evolution of the microstructure at the stage of recrystallization is rather
inhomogeneous across the thickness. This results from the complex deformation substructures after cold rolling. It will be
pointed out that an explanation of the texture evolution at recrystallization only by in-plane compression stress fails. The
inclusion of shear stress may explain the observed figure for the texture. The grain growth, which is necessary for the
non-oriented electrical steels to reach the desired low values of specific magnetic losses, is finally the dominant process
at the relevant higher annealing temperatures. The evolution of texture at recrystallization is different from those at grain

growth.
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1. INTRODUCTION

It is well established that there is an interplay and
interaction between the processing steps at fabrication
of non-oriented electrical steels: hot rolling, cold rolling
and annealing with respect to the evolution of the
microstructure and texture [1-3]. Depending on the
microstructure of the hot band a rather complex
deformation structure appears for ferritic FeSi steels
after the heavy cold rolling to reach the desired final
thickness [4, 5]. This complex microstructure affects
the ongoing recrystallization and evolution of
microstructure and texture at final annealing [6-8].

In this paper we will analyse in detail by optical
microscopy and EBSD-measurements the influence of
the microstructure of hot band prepared in different
ways on the deformation structure after cold rolling and
the evolution of microstructure as well as texture at
final annealing due to recrystallization followed by grain
growth. We will regard mainly only ferritic FeSi steel
with 2.4 wt. of Si. First, we will summarize the obtained
different image for the microstructure of the hot strip
before cold rolling and the resulting microstructure after
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cold rolling. The hot band of ferritic FeSi2.4 with a
thickness of 2 mm were prepared by variation of the
conditions at hot rolling and at cooling after finishing
the hot rolling. Hot band with an additional hot band
annealing before cold rolling were also regarded. We
will analyse the resulting microstructure and texture at
final annealing of these cold rolled material with
different deformation structure. Thereby we will focus
on the effect of annealing temperature, respectively
annealing time on the evolution of microstructure and
texture. The ongoing processes: recrystallization
followed by grain growth will be differentiated. The
mechanism for the texture evolution at recrystallization
will be discussed. The texture evolution during grain
growth, which follows the recrystallization will be also
regarded.

It will be demonstrated that the microstructure of the
hot band effects the start of the recrystallization and
finally the start of the grain growth at final annealing.
The evolution of the microstructure at the stage of
recrystallization is rather inhomogeneous across the
thickness. This is caused by the complex deformation
structure after cold rolling. It will be pointed out that an
explanation of the texture evolution at recrystallization
only by in-plane compression stress fails. The grain
growth, which is necessary for the non-oriented
electrical steels to reach the desired low values of
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specific magnetic losses, is finally the dominant
process at the relevant higher annealing temperatures.
The evolution of texture at recrystallization is different
from those at grain growth.

2. EXPERIMENTAL

The different hot rolled materials were prepared
using the four stand pilot line for hot rolling at the
Institute of Metal Forming, TU Bergakademie
Freiberg (IMF). Thereby the hot rolling finishing
temperature as well as the conditions of coiling after
finishing the hot rolling are varied. In addition, some
samples were annealed (hot strip annealing) before
cold rolling in a separate processing step.

Table 1 gives an overview of the samples, which
were regarded in this paper. Cold rolling (CR) of the
hot rolled strip with a thickness of 2 mm to a
thickness of 0.5 mm was realized on a two-high
stand at the IMF with four passes. Final annealing was
carried out in an annealing furnace by which it is
possible to simulate the mostly used commercial
continuously annealing process at temperatures up to
1050 °C for 20 s. The heating rate was about 30 °C/s
and the cooling rate was about 15 °C/s. In addition, box
annealing (lower temperatures and longer annealing
time) was done. The microstructure and texture before
and after cold roling was observed by optical
microscopy and EBSD. The ongoing changes of the
microstructure and texture at final annealing were
analyzed by the orientation imaging microscopy (OIM),
the image quality as well as image quality plus rotation
angle map (IQ plus misorientation), and the distribution
function of the misorientation vs. angle obtained from
EBSD measurements. General features of the
microstructure of hot strips can be classified in three

types: equiaxed grains with different sizes, pancake
grains and bands, see [9]. The resulting deformation
substructures after cold rolling were classified following
the classification in [10]. One may distinguish
deformation bands, shear bands, transition bands.

The ongoing structural processes at final annealing
were described following the definition of recovery and
recrystallization given in [11, 12]. Straight recovery is
characterized by the formation of subgrain structures
with low angle grain boundaries, which leads to no
change of the texture. Recrystallization comprises the
appearance of nucleus and the formation of small
grains. The appearance of large angle grain boundaries
is taken as indicator for recrystallization. Grain growth,
which occur at higher annealing temperatures,
respectively longer annealing time, is defined as grain
coarsening after completed recrystallization (stress
less polycrystalline microstructure).

Texture is studied in detail by the ¢,=45° section of
the orientation distribution functions (ODFs). Figure 1
shows the main fibers and components in the ¢,=45°
section of the orientation distribution functions (ODFs),
which  we will particular view. To study the
inhomogeneous nature of microstructure and texture
across the thickness we will analyze also certain areas
within the samples.

3. RESULTS

3.1. Microstructure and Texture of the Hot Rolled
and Cold Rolled Material

3.1.1. Hot rolled Material

Due to the variation of the parameters at final hot
rolling: starting temperature and finishing temperature

Table 1: Hot Rolled Samples Prepared at IMF of Ferritic FeSi Steels
Sample Thickness | HR: Starting Temperature HR: Finishing Temperature Annealing Temperature and Time at Cooling

1 2mm 960°C 820°C Quenching to 400°C
2 2mm 1090°C 860°C 750°C/20min

3 2mm 1150°C 770°C Air Cooling to RT
4 2mm 1010°C 930°C 750°C/75min

5 2mm 1250°C 1000°C 750°C/270min

6 2mm 1010°C 960°C 750°C/240min

7" 2mm 1150°C 770°C Air Cooling to RT
8" 2mm 960°C 820°C Quenching to 400°C
9" 2mm 1250°C 1000°C 750°C/270min

“Additional hot band annealing in a separate processing step before cold rolling:
Sample 7 —Sample 3 annealed at 850°C/20min; Sample 8 — Sample 1 annealed at 900°C/2min; Sample 9 — Sample 5 annealed at 900°C/2min.
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and the type of cooling after the last pass at hot rolling,
respectively the thermal treatment immediately after
the last pass, one gets a variety of images for the
microstructure after hot rolling. In addition the number
of passes and deformation per pass effects the
resulting microstructure and texture.
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Figure 1: ¢, = 45°section of ODF.

Cube fibre (6- fibre) - <001>parallel ND; a- fiber <110>
parallel RD;y - fibre <111> parallel ND, a - fibre
{h,1,1}<1/h,1,2>, A — {100}<001> cube texture, As =
{100}<012>, B -100}<110> rotated cube texture, C -
{110}<001> Goss texture; D - component {111}<112> of
the y — fibre; E — component {111}<121>, F — {113}<251>; G
- component {113}<136> of the a - fibre ; H — component
{411}<148> of the a - fibre, F = {113}<251>, G =
{113}<136>, H = {411}<148>.

Figure 1 presents the optical micrograph for the
total cross section of some of the samples on the
Table 1 before cold rolling, which were fabricated at
different hot rolling conditions. Figure 2 shows the
optical micrograph for sample 7 and 8, which were in
addition annealed before cold rolling (hot strip
annealing).

The OIM (Orientation Image Map) obtained from
EBSD measurements illustrated in addition the
microstructure (grain structure) and the present texture
components across the thickness. Figures 3 and 4
presents the OIM of samples 1, 2 and 5 as well as of
samples 7, 8 and 9, which were annealed in an
additional processing step (hot strip annealing). The
texture components, which are indicated by OIM are

more explained in Figure 6. In the OIM the notation
111, 001, 101 are connected with the crystal reference
system. Thereby we have blue -111 parallel ND
(gamma fibre) and red — 100 parallel ND (cube fibre).
ND gives the normal direction of the sample.

A more detailed insight in the figure for the texture
in the hot strips before cold rolling is given in Figure 7,
which presents the ODFs.

Summering the obtained results, presented in
Figures 2 to 7, a rather complex and inhomogeneous
figure for the microstructure and texture across the
thickness is found. The obtained figure depends very
sensitive on the parameters at fabrication of the hot
strip.

It should be remarked, that the obtained features for
the hot strip samples, which were prepared using the
four stand pilot line for hot rolling at the Institute of
Metal Forming TU Bergakademie Freiberg (IMF), are
similar and representative for the resulting
microstructure using a commercial hot rolling line, see
Figure 8.

Nowadays, an additional hot band annealing before
cold rolling is widely used to produce higher
permeability grades commercially. An additional hot
band annealing in a separate processing step before
cold rolling leads to a decrease of the magnetically
disadvantageous Gamma fibre and of the a — fibre as
well as an increase of the magnetically preferable cube
fibre texture and a -fibre in the finally annealed non-
oriented electrical steels, see also [13, 14]. An analysis
of the preferable magnetic textures of non-oriented
electrical steels is given in [15].

For these reasons, it is interesting to have a look on
the effect of different fabrication routes of the hot strip
on the resulting texture in the hot strip. From Figure 7 it
can be seen that at rapid quenching after the last pass
of hot rolling (sample 1) the intensity of the a — fibre is
large. Even the intensity of the Gamma fibre is
relatively large. A similar figure is obtained for sample
3. A thermal treatment immediately after the last pass
at hot rolling, see sample 2 in Figure 7, results in an
remarkable decrease of the Gamma fibre. A high
intensity of the preferable magnetic texture
components, high intensity of cube fibre and a -fibre, is
reached for sample 2. A similar figure like for sample 2
is observed for sample 7, which were annealed in a
separate processing step (hot band annealing). The
obtained figure of the ODF for sample 8 and 9, which
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Sample 5 Sample 6

Figure 2: Optical micrograph for the total cross section of samples 1 to 6 before cold rolling; thickness before CR 2.00 mm;
size scale is for all samples the same.

.

Sample 7
Figure 3: Optical micrograph for the total cross section of samples 3 and 1, which appeared a hot strip annealing in a

separate processing step before cold rolling; size scale is the same (Sample 7 — sample 3 annealed 850°C/20min ; Sample
8 — sample 1 annealed 900°C/2min).
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500 ym

Sample 1 Sample 2 Sample 5
Figure 4: Orientation Image Map (OIM) of sample 1, 2 and 5 after HR.

Sample 7 Sample 8 Sample 9

Figure 5: Orientation Image Map (OIM) of sample 7, 8 and 9 after Hot Rolling (all samples were annealed in a separate step
before cold rolling).
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Figure 6: Texture components descried by OIM (from literature), see also: Journal of Material Science and Technology
Research, 2018, 5, 28-38.
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Figure 7: ¢,=45° section of ODF for the whole cross section for the samples 1, 2, 3 and 7, 8, 9 before cold rolling.

were also annealed in a separate processing step (hot
band annealing) exhibits a much less preferable
magnetic texture intensity compared to sample 7. It
reflects the fact that the result of an additional hot band
annealing depends also remarkable on the
microstructure of the hot strip after hot rolling and the
annealing conditions at the process of hot band
annealing in a separate processing step.

In summary, it appears that a high intensity of the
preferable magnetic texture components may be
reached in two ways. First by an additional hot band
annealing in a separate processing step. Second by an
optimum annealing (appropriate finishing temperature

at hot rolling and cooling after the last pass) integrated
in the process of the hot strip fabrication. Such an
optimal annealing integrated into the process of the hot
strip fabrication results in a specific microstructure,
characterized by pancake grains, rather elongated
grains and partly recrystallized regions.

3.1.2. Cold Rolled Material

Starting from the most common thickness of 1.8 mm
to 2.5 mm of the used hot strip for non-oriented
electrical steels a cold rolling with a high deformation is
necessary to get the desired thickness of 0.35 to 0.65
mm.
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Figure 8: Optical micrographs for the total cross section of hot strips fabricated at the pilot line (above) and using a commercial
line (below).
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Sample 1 Sample 2 Sample 7
Figure 9: OIM of sample 1, 2 and 7 after cold rolling.
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Figure 10: Optical micrographs after cold rolling; left: annealed immediately after the last pass at hot rolling; right — thermal
annealing in a seperate processing step before cold rolling.
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Figure 11: Sample 2 - band with cube fibre.

In our case we used hot strip of 2 mm and realized
cold rolling to a thickness of 0.50 mm. Figure 9
presents the OIM for the samples 1, 2, and 7. One
finds a rather complex deformation structure, which
depends on the microstructure of the hot strip, see also
[4, 5]. The OIM indicate the presence of bands oriented
mainly in the rolling direction with y- fiber texture
(<111>parallel NR) as well as bands with cube fiber
texture (<001>parallel ND), called deformation bands,
distributed more or less over the thickness. Thereby
the portion of the area with y- fiber texture seems to be
larger for the sample with an additional hot strip
annealing before cold rolling (sample 7). A high
intensity of shear bands is visible in the areas with y-
fiber texture (<111>parallel NR) for this sample.

Shear bands across the thickness are very clear
visible in the optical micrographs for any samples,
which suffered a thermal treatment immediately after
the last pass after hot rolling or after a thermal
treatment in a separate processing step before cold
rolling (hot band annealing). Typical examples are
given in Figure 10. Shear bands are described as
highly effective sites for nucleation at recrystallization
[10]. Shear bands may be identified as linear lines with
low IQ. EBSD pattern becomes worse in the case of
crystal lattice distortion [16].

The rather inhomogeneous deformation structure
and the quite different local microstructure and texture
across the thickness, which were already described in
[4], will affect the ongoing recrystallization process at
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Figure 12: Sample 7 - band with with y - fibre texture.
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final annealing of the cold rolled material. The
information on this may give some hints for the
mechanism at recrystallization: appearance of nuclei
and the formation of small grains.

For that reason, we will add in this paper even more
details. Figures 11 to 15 demonstrate for the sample 2
and 7 the local different figures for the texture. The
Figures present the OIM, the ODF, the distribution
function of the misorentation and in some cases the 1Q
(image quality) in different areas of the samples.

For bands with cube fibre texture, see Figure 11,
the distribution function for the misorientation exhibit a
remarkable quantity of large angle grain boundaries,
which may indicate locally recrystallization. For bands
with y- texture, see Figure 12, we observe mainly low
angles. The transition bands between the bands with
cube, respectively y- texture, exhibit a mixture of areas
with quit different character of the misorientation angle
and texture, see Figure 13. The areas with shear line,
which show mainly only large angle grain boundaries,
may exhibit quite different character with respect to the
texture, see Figures 14 and 15.

3.2. Microstructure and Texture at Final Annealing

3.2.1. Annealing at Low Temperatures

The ongoing processes at annealing of the cold
rolled strips with large deformation comprises at first
the recovery and recrystallization. Straight recovery is
characterized by the formation of sub grain structures
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Figure 13: Sample 2 — transition bands: distribution function of misorientation vs. angle and the ¢2=45° section of the orientation

distribution function for the areas A at the top and B at the bottom.

with low angle grain boundaries, which leads to no
change of the texture. Recrystallization comprises the
appearance of nucleus and the formation of small
grains. Nucleation and movement of large angle grain
boundaries  characterize recrystallization.  The
appearance of large angle grain boundaries is taken as
indicator for recrystallization. Figure 16 gives the image
quality plus the rotation angle map (misorientation) of

sample 1 (left) and sample 2 (right) after annealing at
700 °C, 760 °C and 800 °C for 20 s. Figure 17 gives
the misorientation distribution vs. angle of sample 1
and sample 2 after final annealing at 800 °C for 20s.
Figure 18 presents the OIM for sample 1 and 2 after
annealing at 700 °C, 760 °C and 800 °C for 20s.

The observed recrystallization process is rather
inhomogeneous across the thickness and complex. As
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Figure 14: 1Q, OIM, misorientation distribution function and the ¢,=45° section of the ODF for an area with y- fiber texture of

sample 7 after cold rolling, which contains shear bands.
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Figure 15: Sample 7- area with shear lines: 1Q, OIM, distribution function of misorientation and the ¢,=45° section of the ODF.

can be seen from Figures 16 to 18 the microstructure
of the hot strip determines the kinetic of the recovery
and recrystallization at annealing after cold rolling.

Sample 1 was rapidly quenched after hot rolling,
while sample 2 appeared a hot band annealed
immediately after the last pass at hot rolling by
variation of the cooling conditions. While for sample 2
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the recrystallization is practically completed after
annealing at 800 °C for 20s, one observes still a
recovery for sample 1, characterized by an increase of
the intensity of the misorientation at small angles. The
different behavior may be correlated with the fact that
sample 2 suffers an annealing immediately after the
last pass at hot rolling, while sample 1 was rapidly
quenched after the last pass. Similar tendency can be
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Sample 1; 800°C/ 20s Sample 2; 800°C/20s

Figure 16: Image quality plus the rotation angle map (misorientation) of sample 1 (left) and sample 2 (right) after annealing at
700°C, 760°C and 800°C for 20 s; boundary rotation angle: black — 2° to 16°; white — 16° to 180°.
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Figure 17: Misorientation distribution vs. angle of sample 1 and sample 2 after final annealing at 800°C for 20 s.
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Figure 18: OIM of samples 1 and 2 after annealing at 700°C, 760°C and 800°C for 20s.
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Figure 19: ¢»,=45° section of the orientation distribution function for sample 1 and 2 after cold rolling and after annealing at

different temperatures.

also seen for sample 3 (relative fast cooling after the
last pass at hot rolling) and sample 7 (additional hot
band annealing in a separate processing step before
cod rolling). In all cases, the resulting microstructure is
rather inhomogeneous across the thickness due to the
fact that the ongoing processes are different across the
thickness.

The changes in the intensities of the texture at
annealing with temperatures, where recovery and
recrystallization occurs, can be seen from the ODFs in
Figures 19 and 20 for the samples 1 and 2,
respectively for sample 3 and 7. To identify the texture
components the angles are also given in Figure 19.
The alteration in the texture concerns not only a
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Figure 20: ¢2=45° section of the orientation distribution function for sample 3 and 7 at different temperatures.

decrease of the a — fibre texture and an increase of the
Gamma - fibre texture, but also an increase of the
cube fibre texture as well as the a - fibre texture.
Again, the evolution of the texture is different like the
evolution of the microstructure for different hot strips.
As described in [17], the large intensity of the a - fibre
texture in nonoriented electrical steels appear, if a very
strong a - fibre and/or strong maximum on the rotated
cube component is present in the cold rolled state.

The recrystallization texture may be explained
based on the orientation dependence of the stored
energy at cold rolling. The stored energy represents the
driving force at annealing. It is generally assumed that
cold rolling can be approximated by plane strain
compression. The Taylor factor M, calculated within the
Taylor theory of plastic deformation, my be taken as a

measure of the stored deformation energy [18]. For
plain strain compression one finds for the orientation
dependence of the stored energy [19] that a
component of the a — fibre (110)<110> and the Gamma
fibre have the largest values. The Goss component and
the rotated cube component have the lowest values.

Following the concept of “high stored deformation
energy” for the evolution of the recrystallization texture
(Taylor factor M - measure of the stored deformation
energy) the assumption of an in-plane strain
compression gives a decrease of a - fibore and an
increase of y - fibre texture at annealing. It comes out
that the really observed features for the recrystallization
texture for the regarded ferritic FeSi cannot be
explained assuming cold rolling can be approximated
by plane strain compression as seen from the results
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Figure 21: Taylor factor as function of the K (K characterize the shear stress).

for the microstructure and texture after cold rolling
shear stress appears to a large extent.

The inclusion of shear stress in the concept of “High
Stored Deformation Energy” will change the resulting
“Taylor Factor Map” in the ODF ¢2 -section, see
Figure 21. The parameter K — parameter characterize
the shear stress (K = 0 only plane strain compression).
We have an inversion of soft and hard components for
K 21 (Hard components — large M factor; soft
components — small M factor). When K = 5, there is a
complete inversion, since the rotated Cube (B) and
Goss (C) orientations become the hardest, whereas the
{110}<110> orientation and the y fiber become the
softest components.

Following the concept of “high stored deformation
energy” as responsible mechanism for the texture
evolution at recrystallization the presence of shear
stress beside in-plane compression stress may induce
nucleation of components of the cube fibre and a’ fibre
as well as Goss texture and rotated cube texture. This

Table 2: Mechanism of Recrystallization for Sample 1 and 2

is just what we observed in our case. It should be
remarked that the recrystallization process comprise
the appearance of nuclei on one hand and their growth
to small grains on the other hand. Following the
argument that high energy regions (high energy blocks)
disappear first, the appearance of nuclei and their
growth to small crystallites (subgrain growth) may be
explained by the Taylor model (including shear stress).
With respect to the formation of small grains by
subgrain growth or grain coalescence (nucleation - high
stored energy mechanism) we may have also strain
induced boundary motion (SIBM - Bulging), growth of
low-stored energy crystallites in high-stored energy
crystallites [20]. Such SIBM (strain induced boundary
motion) is described by Hutchinson [10] that in his way
the new grain formed by heating must be
thermodynamically stable locally and in this respect is a
‘low energy block”. In summary, we may expect at
recrystallization SIBM in soft components (low value of
M) and nucleation in hard components (large values of
M).

Sample 1 2
Deformation bands Rot. Cube (Low M) => SIBM Rot. Cube (Low M) => SIBM
(K=0) Cube (High My) => Nucleation Cube (High My) => Nucleation
Shared zones y fiber (Low My) => SIBM (1) o* fiber (High My) => Nucleation
(K=1) (2) y fiber (Low M,) => SIBM
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Regarding the obtained figure for the image quality
plus the rotation angle map (misorientation) of sample
1 and sample 2 after annealing at 700 °C, 760 °C and
800 °C for 20 s, see Figure 16, we observe
fragmentation in the deformation bands during
annealing at 700 °C and finally nucleation at 760 °C for
sample 1. For sample 2 we get first recovery in
deformation bands and recrystallization in bands with

Sample 2 800 °C

920 °C

large shear lines (shear bands) at annealing at 700°C.
More or less complete recrystallization is observed for
annealing at annealing temperatures above 760 °C.
Considering these observations we may conclude that
the responsible mechanism at recrystallization for our
feritic FeSi samples comprise nucleation as well as
SIBM, as summarized in Table 2.

i o
1000 °C

Figure 22: OIM of sample 1 and 2 after annealing for 20 s at higher temperatures.
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3.2.2. Annealing at High Temperatures

There is a strong link between the specific magnetic
losses of the fully processed electrical steel and its
microstructural features, especially the grain size.
Large values of grain size are necessary to reach low
values of the specific magnetic losses. To reach large
grain size a final annealing at high temperatures is
necessary to obtain grain growth, which follows the
recrystallization at final annealing of the cold rolled
material. We follow the definition in [11], where grain
growth is defined as grain coarsening after completed
recrystallization (stress less polycrystalline
microstructure). Of special interest for the regarded
non-oriented ferritic FeSi steels is the evolution of the
grain structure and texture at annealing temperatures
above 800 °C, where we have grain growth instead of
recrystallization.

In the following, we regard the microstructure and
texture after annealing at different temperatures in the
range of 800 °C up to 1050° C with fixed annealing
time of 20s of the samples 1, 2, 7. These selected
samples exhibit typical figures for the microstructure of
hot strips: sample 1 rapidly quenched after the last
pass at hot rolling, sample 2 thermal annealed after the
last pass at hot rolling, and sample 7 annealed in a
separate processing step before cold rolling. Figures 22
and 23 present the orientation imaging microscopy map
(OIM) of sample 1 and 2, respectively 3 and 7 after
annealing at higher temperatures.

Although the deformation at cold rolling was the
same for all samples we observe a different behavior.
The evaluation of the microstructure and texture at
annealing at temperatures, where grain growth is going
on, depends on the type of the used hot band. While
for sample 2 and 7 the recrystallization is practically
completed for an annealing at 800°C, sample 1 is even
not completely recrystallized after annealing at 800 C°
for 20s. As can be seen from the Figures for the OIM
the image of the texture as well as the grain structure
changes remarkable as the grain growth is going on at
annealing at higher annealing temperatures. Thereby
the appearance of the texture as well as of the grain
structure is different for hot bands with different
microstructure. Even different hot band annealing
results in different behavior, see Figure 22 (sample 2)
and Figure 23 (sample 7).

The changes of the image of the texture for the
samples 1, 2 and 7 can be seen more clearly from
Figures 24 and 25. The highest intensities for the
preferable magnetic texture components are obtained
for sample 2 and 7. Optimum annealing temperature
for maximum intensity of preferable magnetic texture
seems to be different, depending on the microstructure
of the hot band.

The evolution of texture at grain growth depends
sensitively on the microstructure of the hot band as well
as on the annealing parameters T and t. The changes
of the microstructure and texture for annealing at a

870°C

800°C

920°C

1000°C 1050 °C

Figure 23: OIM of sample 7 after annealing at higher temperatures for 20s.
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Figure 24: ODF section @2=45° (total) after final annealing at different temperatures for 20 s: sample 1 - (a), (b), (¢) and sample

2-(d), (e), ().

given temperature, where the annealing time is
increased, is shown in Figure 26. The Figures present
the OIM and the ODF for sample 1 and sample 2 at
annealing at 750 °C for different annealing
temperatures. Depending on the type of hot band there
is also an optimum annealing time at a given annealing
temperature for optimum magnetic texture
components.

The obtained data seem to indicate that above the
optimum value of the annealing temperature,
respectively the annealing time, the intensities of the
preferable texture components appear to decrease,
while the grain size is still increasing. More intensive
investigation is necessary to validate this statement.
Thereby one has to taken into account that the ODFs

obtained from EBSD measurements are normally done
for a magnification of 100. This may not be
representative for the whole band. The evolution of the
grain structure and texture is heterogeneous along the
length of the band, as demonstrated in Figure 27 for
sample 7 after annealing at 1050 °C for 20s, see also
[17].

While at the primary recrystallization the stored
deformation energy gives the driving force, the grain
growth is determined by the grain boundary energy.
Grain boundary energy is not homogeneous and may
be different for a grain with different neighboring grains.
The character of the misorientation between
neighboring grains gives the boundary character. The
misorientation determines the difference in energy.
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Figure 25: ODF section ¢,=45° of sample 7 after final annealing at different temperatures for 20 s.
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Figure 26: OIM and ODF section ¢,=45° of sample 2 after annealing at T= 750°C for different time annealing time.



108 Journal of Material Science and Technology Research, 2019, Vol. 6

Arman et al.

Position 3

Position 2

Position 4

Figure 27: OIM and ODF of sample 7 after annealing at 1050 °C for 20 s vs. various positions along the length.

At pesent there are no data for the energy ranking
of GBs due to different misorientation between
neighboring grains. This energy ranking may give rise
to selective grain growth with respect to the texture.
The diffusity may be affected by precipitations or even
by localized stresses.

CONCLUSIONS

It is well established that there is an interplay and
interaction between the processing steps at fabrication
of non-oriented electrical steels: hot rolling, cold rolling
and annealing with respect to the evolution of the
microstructure and texture.

Depending on the microstructure of the hot band a
rather complex deformation structure appears for
ferritic FeSi steels after the heavy cold rolling to reach

the desired final thickness. This complex deformation
structure affects the ongoing recrystallization and finally
the grain growth at final annealing. Thereby the
microstructure of the hot band determines the start of
the recrystallization and finally the start of the grain
growth at final annealing. Optimized properties (low
magnetic losses) needs large grain size, for which
grain growth at final annealing is necessary.

At annealing of the cold rolled strips with high
deformation at first recovery and recrystallization
appear. The texture evolution at recrystallization cannot
be described only by regarding in-plane compression
stress. Present shear stress changes the appearance
of texture at recrystallization.

At higher annealing temperatures, finally grain
growth is going on. The evolution of texture at grain
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growth is different from those at recrystallization.
Optimum intensity of preferable magnetic textures are
obtained for hot strips, which were thermal annealed
after the last pass at hot rolling or in a separate
processing step before final annealing. The kinetic for
the evolution of texture at grain growth may depend
sensitively on the microstructure of the hot band as well
as on the annealing parameters T and t.

While the grain size increase with increasing the
annealing temperature or the annealing time, the image
for the texture changes. One has to taken into account
that for the primary recrystallization the stored
deformation energy gives the driving force, while the
grain growth is determined by the grain boundary
energy (GB energy). GB energy is not homogeneous
and may be different for a grain of a given size with
different neighboring grains.

This energy ranking may give rise to selective grain
growth with respect to the texture. However, there are
no data for the regarded non-oriented ferritic FeSi
steels.

The present models of the evolution of the
microstructure and texture along the processing route
like for instance SCORE - Statistical Cellular Operator
and the Level-Set-Modell, which starts from the hot
band microstructure and which comprise the cold
rolling and final annealing, fails to predict the evolution
of microstructure and texture for the regarded ferritic
FeSi steels. One may fit the experimental data,
however a prediction of the resulting grain size and of
the intensities of texture depending on the process
parameters is not possible. The pre-conditions of the
model are not fulfilled (no well-defined grain structure
of the hot band; much higher deformation at cold
rolling; microstructure after cold rolling cannot be
described as “deformed grains”).
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