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ABSTRACT

Secondary recrystallization is responsible for the sharp Goss texture ({110}<001>) of grain-oriented elec-
trical steels. Many investigations have focused on establishing the relations between the sharpness of
final Goss textures and primary recrystallization textures measured by the X-ray diffraction. However,
the contributions of micro-texture characteristics to secondary recrystallization have not yet been well
understood. Here, we report that the grain colonies composed of grains with similar orientations in the
primary recrystallization matrix had a particular role on the development of secondary recrystallization
via an original tracking experiment. We observe that the y-grain (<111>//normal direction, ND) colonies
facilitate the retention of primary recrystallization matrix grains (<25pm) having 20-45° disorientation
with {110}<001> and relatively large difference in the associated frequency with precise Goss orienta-
tion and that having deviation angle of 15°, promoting the abnormal growth of low-deviation-angle Goss
grains especially after the onset of secondary recrystallization and leading to sharp final Goss texture.
By contrast, the abnormal growth of high-deviation-angle Goss grains may be also promoted after the
initiation of secondary recrystallization in case of randomly-distributed y-grains in primary recrystal-
lization matrix and thus resulted in deteriorated magnetic properties. In this way, we reveal the role
of grain colony on secondary recrystallization and the underlying mechanism for the effect of primary
recrystallization textures on the sharpness of final Goss texture. We also observe that the formation of
grain colonies is mainly related to the initial solidification microstructure, processing route as well as the
deformation and recrystallization features of y-grains.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

grains embodied in the primary recrystallization matrix grow ab-
normally. In order to improve the magnetic properties by sharpen-

Texture control intends to take advantage of the anisotropies
of physical and mechanical properties of the materials by pro-
moting the development of desired crystallographic orientations
[1-5]. For the grain-oriented electrical steels which are mainly used
as the core material of transformers, a sharp Goss texture is ex-
pected because it ensures that the easiest magnetization directions
(<100>) of grains are parallel to the rolling direction (RD) [1,6,7].
Dunn [8,9] first, followed by others [10-12] demonstrated that this
sharp Goss texture is generated by secondary recrystallization dur-
ing high temperature annealing in which a small portion of Goss
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ing the final Goss texture, different mechanisms have been pro-
posed to understand the secondary recrystallization process, i.e.,
grain size advantage theory [13,14], coincidence site lattice grain
boundary theory [15-17], high energy grain boundary theory [18-
20], low surface energy theory [21,22], solid state wetting theory
[23-25], dislocation-related stored energy theory [26-28] and so
on. Recently, Birosca et al. [29] reported the significant influences
of the external heat flux direction on the abnormal growth of Goss
grains, which provided a new viewpoint on understanding the de-
velopment of secondary recrystallization. However, there are still
arguments because none of them can completely explain the sec-
ondary recrystallization process, especially the sharpness of final
Goss texture.

Many investigations focused on establishing the relations be-
tween the sharpness of final Goss textures and primary recrys-
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Fig. 1. Schematic diagram showing the experimental procedures in various routes.

tallization textures measured by X-ray diffraction [30-32]. It is
reported that the primary recrystallization textures of the high-
permeability and conventional grain-oriented electrical steels are
normally characterized by a pronounced {111}<112> texture and
a uniform y-fiber texture (<111>//ND), respectively [1,33]. How-
ever, these primary recrystallization textures may not represent
the actual environments for the initiation of secondary recrystal-
lization because they may still change with increasing tempera-
ture [34,35]. Besides, the unconsumed matrix after the onset of
secondary recrystallization may also exert significant influences on
the abnormal growth of Goss grains. Unfortunately, it is a challenge
to accurately examine the orientations of these unconsumed ma-
trix grains after the onset of secondary recrystallization by X-ray
diffraction. The Electron Backscatter Diffraction (EBSD) provides an
opportunity to investigate the micro-texture evolution [36-38] dur-
ing the processing route even after the initiation of secondary re-
crystallization. This may offer more information for understanding
the abnormal growth of Goss grains. However, the contributions
of micro-texture characteristics to the secondary recrystallization
have not yet been well understood.

In the present paper, two kinds of grain-oriented electrical
steels were processed with three different routes and an origi-
nal tracking experiment was carried out to investigate the role of
grain colony in the primary recrystallization matrix on secondary
recrystallization. Thus, main attention was paid to analyzing the
microstructure and micro-texture evolution during primary recrys-
tallization and high temperature annealing. This work led to better
understanding of the development of secondary recrystallization.

2. Experimental procedures
2.1. Specimen preparation

A 2.9 mm-thick as-cast strip of grain-oriented electrical steel
with the composition (wt%) of 0.055 C, 3.2 Si, 0.085 Mn, 0.027 S,

0.005 Al, 0.008 N and balance Fe was prepared by twin-roll strip
casting, as described in detail in previous investigations [39,40].
During the twin-roll strip casting, a low melt superheat was em-
ployed to produce a fine solidification microstructure with an av-
erage grain size of 45 ym. The as-cast strip was then hot rolled
to 2.4 mm-thick (17.2%) at 1130°C and quenched in cold water.
The hot rolled sheet was subjected to the normalizing in which
the sheet was respectively soaked at 1130°C and 930°C for 2 min-
utes and quenched in boiling water. The normalized sheets were
cold rolled to 0.27 mm (88.8%) and primary recrystallization an-
nealed at 830°C for 5 minutes in a wet atmosphere of 75% (vol-
ume fractions) H, and 25% N,. Finally, during the high tempera-
ture annealing, the primary recrystallization annealed sheets were
heated to 1200°C from 800°C at a heating rate of 15°C/h in a
dry atmosphere of 75% H, and 25% N, and then held at 1200°C
for 20h in 100% H,. For convenience, this processing route was
defined as Route I and the schematic diagram was shown in
Fig. 1.

By contrast, a high melt superheat was employed to prepare a
3.6 mm-thick as-cast strip with coarse solidification microstructure
with an average grain size of 152 um. The composition (wt%) of
this strip was 0.057 C, 3.31 Si, 0.090 Mn, 0.026 S and balance Fe.
This as-cast strip was hot rolled to a thickness of 2.3 mm (36.1%)
at 1130°C and quenched in cold water. The hot rolled sheets were
then subjected to the normalizing in which they were respectively
held at 1130°C and 930°C for 2 minutes and quenched in boiling
water. Here, two different routes, i.e., Route II and Route III were
employed (Fig. 1). For Route II, the normalized sheet was directly
cold rolled to 0.27 mm (88.3%). For Route III, the normalized sheet
was first cold rolled to 0.8 mm (65.2%), intermediate annealed at
830°C for 5 minutes and finally cold rolled to 0.27 mm (66.3%).
The cold rolled sheets in Route Il and Route Il were subjected to
the same primary recrystallization annealing and high temperature
annealing as those in Route 1.
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Fig. 2. Typical texture components and definition of fiber textures on ¢,=0° and ¢,=45° ODF sections in grain-oriented electrical steels.

2.2. Tracking experiment

To investigate the microstructure and texture evolution during
the processing, an original tracking experiment was carried out. In
this experiment, 25 samples with the size of 110 mm (width) x 25
mm (length) were sectioned along the rolling direction of the cold
rolled sheet in Route II by wire-electrode cutting. Except the first
sample, three adjacent samples (position in the rolling direction)
were categorized as one group. In each group, the first sample was
selected as the cold rolled sample, while the second and the third
one were subjected to the same primary recrystallization annealing
in Route II. Then, the third one was subjected to the same high
temperature annealing in Route IL

To investigate the microstructure evolution prior to and after
the onset of secondary recrystallization, the primary recrystalliza-
tion annealed samples from Route I, Route III and the tracking ex-
periment in Route II were subjected to an isothermal annealing at
975¢°C for various times (30 and 45 minutes). Several primary re-
crystallization annealed samples from the tracking experiment in
Route II were annealed at 1000°C for different times (30, 45 and
60 minutes).

2.3. Examination of microstructure, texture and magnetic property

The microstructures were examined using an Olympus opti-
cal microscope after grinding, polishing and etching with 4% ni-
tal. As for the high temperature annealed sample, a digital cam-
era was used to observe the microstructures on the RD-transverse
direction (TD) sections after etching with 10% hydrochloric acid.
The Bruker D8 Discover X-ray diffractometer was used to measure
three incomplete pole figures of {110}, {200} and {211} in the range
of the polar angle o from 0° to 70° with Cog,; radiation. Then,
the Orientation Distribution Functions (ODFs) were calculated from
these pole figures by the series expansion method (Imax=22) de-
veloped by Bunge [41,42]. In this work, the ¢,=0° and ¢,=45°
ODF sections were used to reveal the typical texture components
in the grain-oriented electrical steels, see Fig. 2. For the EBSD mea-
surements, the samples were ground, polished and electropolished
with a 14% perchloric acid/alcohol solution. The EBSD detecting
system was equipped in a Zeiss Ultra 55 field emission scanning
electron microscope. A variety of step sizes were employed during
the EBSD mapping, depending on different grain sizes and investi-
gation purposes. The HKL Channel 5 software (Oxford Instruments)
was used to analyze the microstructure and micro-texture charac-
teristics of the samples. The LINKJOIN MATS-2010M tester was em-
ployed to measure the magnetic inductions at 800A/m (Bg) of the
high temperature annealed sheets. The tester contained a magnetic

measurement instrument based on a data acquisition unit with an
adapted software package for data analysis. The sample used for
measuring magnetic properties was 100 mm along the rolling di-
rection and 30 mm along the transverse direction.

3. Results and discussion

3.1. Correlation between primary recrystallization microstructure and
texture and high temperature annealed microstructure, texture and
magnetic property

The microstructures and textures obtained after the primary re-
crystallization annealing are shown in Fig. 3. For Route I, a fine
microstructure with an average grain size of 10.2 ym and a strong
{111}<112> texture (Fig. 3(a) and Fig. 3(b)) were generated, which
were similar to the typical primary recrystallization microstruc-
ture and texture by one-stage cold rolling route [1,33,43,44]. For
Route II, a homogeneous microstructure together with the medium
{111}<112> texture and the A-fiber texture were produced, see
Fig. 3(c) and Fig. 3(d). For Route III, the primary recrystallization
annealed sheet had a homogeneous microstructure with an aver-
age grain size of 12.4 um (Fig. 3(e)). In contrast to Route I and
Route II, the primary recrystallization texture obtained from Route
Il was characterized by a medium and uniform y -fiber texture in-
stead of {111}<112> texture.

After the high temperature annealing, a well-developed sec-
ondary recrystallization microstructure composed of coarse Goss
grains and a sharp Goss texture were produced from Route I, see
Fig. 4(a) and Fig. 4(b). As a result, the magnetic induction Bg of
the high temperature annealed sheet was as high as 1.94 T which
was equivalent to that of high-permeability grain-oriented elec-
trical steels produced by conventional routes [1,33]. For Route II,
the high temperature annealed sheets had inhomogeneous mi-
crostructures comprised of large Goss grains and fine equiaxed
grains (Fig. 4(c)). For convenience, the large Goss grain region and
fine equiaxed grain region were denoted secondary recrystalliza-
tion region (outlined by yellow dashed line) and non-secondary
recrystallization region, respectively. As shown in Fig. 4(d), the sec-
ondary recrystallization region exhibited a sharp Goss texture and
a high magnetic induction Bg of 1.92 T. Nevertheless, most grains
in the non-secondary recrystallization regions had various orien-
tations (Fig. 4(e)) and the associated texture was characterized by
medium A-fiber texture and y-fiber texture components as well as
deviated Goss texture (Fig. 4(f)), leading to a magnetic induction Bg
as low as 1.57 T. For Route III, a well-developed secondary recrys-
tallization microstructure composed of large Goss grains was also
formed in the high temperature annealed sheet (Fig. 4(g)). How-
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Fig. 3. Primary recrystallization (a) microstructure and (b) texture (¢,=45° section) in Route I; primary recrystallization (c) microstructure and (d) texture (¢,=45° section)
in Route II; primary recrystallization (e) microstructure and (f) texture (¢,=45° section) in Route III.

ever, the Bg value was only 1.86 T which was much lower than that
in Route I and that of secondary recrystallization region in Route II
due to the relatively weak Goss texture in Fig. 4(h).

The distinct high temperature annealed microstructures, tex-
tures and magnetic properties in Fig. 4 suggested that the corre-
sponding primary recrystallization matrices provided various envi-
ronments for the abnormal growth of Goss grains. Given the ho-
mogeneous microstructures in Route I and Route III (Fig. 3 and
Fig. 4), it was convenient to track the microstructure and texture
evolution along the processing route. By contrast, it was a great
challenge to do this in Route II due to the inhomogeneous high
temperature annealed microstructure (Fig. 4(c)). Thus, an original
tracking experiment (the details were shown in the experimental
procedures) was carried out in Route II. The RD-position resolved
microstructures (RD-TD section) of the high temperature annealed
samples in the tracking experiment are shown in Fig. 5. Surpris-
ingly, although the high temperature annealed samples were sepa-
rated by the cold rolled sample and primary recrystallization an-
nealed sample (total distance: 50 mm), the secondary recrystal-
lization regions in these samples demonstrated continuous features
along the rolling direction, as outlined with the blue frames. This
provided an opportunity to investigate the microstructure and tex-
ture evolution associated with the secondary recrystallization re-
gions and non-secondary recrystallization regions in the high tem-
perature annealed sheets.

3.2. Environments for abnormal growth of Goss grains in various
routes

The sharp final Goss textures in Route I, Route II (secondary re-
crystallization regions) and Route III (Fig. 4) indicated that their
primary recrystallization matrices provided favorable environments
for the abnormal growth of Goss grains. Many theories have been
proposed to describe these environments [29]. In the high en-
ergy theory [18-20], it is thought that the presence of higher fre-

quency of 20-45° boundaries around Goss grains in the primary
recrystallization matrix facilitates the abnormal growth of Goss
grains. However, as pointed out in many investigations [21,22,29],
the frequency of 20-45° boundaries derived from the grain bound-
ary length or ODFs in the primary recrystallization annealed sheet
cannot explain the sharpness of final Goss texture. As shown in
Fig. 4(a) and Fig. 6, the high temperature annealed sheet in Route
Il had the weakest final Goss texture and lowest magnetic induc-
tion although its primary recrystallization matrix had the highest
difference (20.47%) in the frequency of 20-45° boundaries around
Goss grains and that of whole matrix.

Unlike the methods proposed in [18-20], in this work, the Eu-
ler angles of all the matrix grains were extracted to calculate their
disorientation with Goss orientation ({110}<001>). As shown in
Fig. 7, the frequencies of grains (< 25 pm) having 20-45° disorien-
tation with precise Goss orientation ({110}<001>) were quite sim-
ilar in the primary recrystallization matrices in the three routes
in spite of their distinct microstructures and textures (Fig. 3). For
Route I and Route II, the frequencies remained at the relatively
high levels even after the onset of secondary recrystallization. As
shown, the corresponding frequencies in the unconsumed matri-
ces were still as high as 65.56% and 67.78% in Route I and Route
Il (Fig. 7), respectively. These two matrices also had large differ-
ences (~9%) in the associated frequencies with precise Goss orien-
tation and that having deviation angle of 15°, see Fig. 8. Thus, the
abnormal growth of low-deviation-angle Goss grains was still facil-
itated after the initiation of secondary recrystallization, producing
sharp final Goss textures and high magnetic induction (Fig. 4(b)
and Fig. 4(d)).

By contrast, for Route III, the frequencies of grains (< 25 um)
having 20-45° disorientation with precise Goss orientation was re-
mained at a relatively high value of 61.52% prior to the onset of
secondary recrystallization. However, after the onset of secondary
recrystallization, it was greatly reduced to 40.80%, see Fig. 7. In
addition, the difference in the associated frequencies with pre-
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Fig. 5. RD-position resolved microstructures of the high temperature annealed samples in the tracking experiment of Route II. The blue frames outline the coarse Goss grains
in the high temperature annealed samples as well as the cold rolled and primary recrystallization matrices associated with the secondary recrystallization regions.

cise Goss orientation and that having deviation angle of 15° was
reduced to only 2.4% in the unconsumed matrix. As a result,
the high-deviation-angle Goss grains might also undergo abnormal
growth, competing with the low-deviation-angle Goss grains and
leading to the weakened Goss texture and decreased magnetic in-
ductions (Fig. 4(h)).

As shown in Fig. 9(a) and Fig. 9(b), the deviation angle distribu-
tion of Goss grains in the primary recrystallization matrix and the
matrix prior to the onset of secondary recrystallization in Route I

were similar with those in Route III despite of their distinct pro-
cessing routes. Given this similar distribution and the results in
Fig. 7 and Fig. 8, it could be inferred that the sharpness of final
Goss texture might be mainly influenced by the environments after
the onset of secondary recrystallization, i.e., the selection of grow-
ing Goss grains mainly undergo after the initiation of secondary re-
crystallization. Thus, the external heat flux direction [29] and other
mechanisms might be resonsible for the abnormal growth of Goss
grains in the early stage, while the combination of the frequencies
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of grains (< 25 pm) having 20-45° disorientation with {110}<001>
and the differences in the associated frequencies with precise Goss
orientation and that having deviation angle of 15° might be used
to evaluate the environments for the abnormal growth of low-
deviation-angle Goss grains after the onset of secondary recrys-
tallization. However, much effort still needs to be made to reveal
the actual features determining the high mobility of the Goss grain
boundaries instead of using the disorientation angle as the only
boundary property.

Acta Materialia 206 (2021) 116611

It was reasonably inferred that the changes of the frequencies
of certain grains in Fig. 7 were mainly related to the evolution of
the y-grains because they were in the majority in the primary re-
crystallization matrices (Fig. 3). For Route I, the area fraction of y-
grains was only decreased by 1.63% after the onset of secondary
recrystallization (Fig. 9(c)) and the frequencies of low-deviation-
angle (0-8°) Goss grains were only slightly decreased (Fig. 9(d)).
This helped the retention of the favorable environments for the
abnormal growth of Goss grains, see Fig. 7 and Fig. 8. By con-
trast, for Route III, the greatly-reduced area fraction (12.95%) of y-
grains (Fig. 9(c)) and increased frequencies of high-deviation-angle
y-grains (Fig. 9(d)) led to the decreased frequency of matrix grains
(< 25 pm) having 20-45° disorientation with {110}<001> and low
difference in the associated frequencies with the precise Goss ori-
entation and that having deviation angle of 15° after the onset of
secondary recrystallization (Fig. 7 and Fig. 8).

3.3. Effects of y-grain colonies on the environments for abnormal
growth of Goss grains

The Route I and Route II (secondary recrystallization region)
provided favorable environments for the abnormal growth of low-
deviation-angle Goss grains even after the onset of secondary re-
crystallization. In order to reveal the underlying mechanisms, the
micro-texture characteristics of various primary recrystallization
matrices were investigated, see Fig. 10. In the primary recrys-
tallization matrix in Route I and that associated with the sec-
ondary recrystallization region in Route II, a large proportion of y-
grains (with <111>//ND orientations) appeared as colonies along
the rolling direction (Fig. 10(a) and Fig. 10(b)), which was sim-
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ilar to those in stainless steels in case of one-stage cold rolling
route [45,46]. The ODFs and grain boundary disorientation of the
colonies were compared with those of entire matrices to verify the
appearance of grain colonies. In the primary recrystallization ma-
trix associated with the non-secondary recrystallization region in
Route II, lots of large-sized (exceeding 1000 pm along the rolling
direction and 400 pm along the transverse direction) A-grain (with
<001>//ND orientations) colonies appeared together with the y-
grain colonies (Fig. 10(c)). The bimodal distributions of the grain
boundary disorientation in these three matrices also indicated the
presence of many grain colonies, see Fig. 10(a), Fig. 10(b) and
Fig. 10(c). By contrast, the matrix grains in the primary recrystal-
lization matrix in Route IIl were nearly homogeneously-distributed.
Thus, the grain boundary disorientation was quite similar to the
Mackenzie distribution of random polycrystalline matrix [47,48].
As shown in Fig. 11, the primary recrystallization matrix in
Route [, the primary recrystallization matrix associated with the

secondary recrystallization region in Route II and the primary re-
crystallization matrix in Route III had similar average size as well
as similar area fractions of y-grains, A-grains and Goss grains. The
only difference was that the frequency of low-angle (0-15°) grain
boundaries in the first two matrices was almost twice as many as
that in Route Il because of the presence of many grains colonies.
As for the primary recrystallization matrix associated with the
non-secondary recrystallization region in Route II, the area frac-
tion of A-grains was almost equivalent to that of y-grains and the
frequency of 0-15° grain boundaries was as high as 22.4% due to
the presence of large-sized A-grain colonies and y-grain colonies.
These micro-texture characteristics provided distinct environments
for the abnormal growth of Goss grains.

According to Fig. 9(c), the reduced area fraction of y-grains was
mainly related to other matrix grains due to the limited change of
the area fraction of Goss grains. Given that only the y-grains on
the colony edge were in contact with other matrix grains, the pres-
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y-grains in the matrix prior to and after the onset of secondary recrystallization.

ence of colonies might reduce the probability of y-grains being
consumed by other grains and those y-grains within the colonies
might survive due to the orientation pinning [49-51]. As a result,
the presence of many y-grain colonies led to the retention of rel-
atively high area fraction of y-grains even after the onset of sec-
ondary recrystallization, maintaining the desired environments for
the abnormal growth of Goss grains. By contrast, the matrix grains
in the primary recrystallization matrix in Route Il were nearly
randomly-distributed, suggesting that most y-grains were in con-
tact with other grains. This provided more opportunities for other
grains to consume the y-grains (Fig. 9(c)). As a result, the abnor-
mal growth of high-deviation-angle Goss grains might be also fa-
cilitated after the onset of the secondary recrystallization, leading
to the relatively weak final Goss texture.

In order to verify these inferences, three kinds of microstruc-
tures were generated (Fig. 12). The sizes of all the grains were as-
sumed to be the same and the fraction of grains (< 25pum) having
20-45° disorientation with {110}<001> were chosen as 60% (blue
grains) according to Fig. 7. In the matrix with one grain colony
(Fig. 12(a)), only 22.9% grains (with red dots) were on the colony
edge. With increasing number of grain colonies, more grains were
in contact with other matrix grains, see (Fig. 12(b)). In case of
randomly-distributed grains (Fig. 12(c)), all the blue grains were in
contact with other matrix grains and the length ratio of the blue
grain/other grain boundaries versus blue grain/blue grain bound-
aries was as high as 71.4%, significantly increasing the probability
of the y-grains being consumed by other grains.

3.4. Detrimental effects of A-grain colonies on secondary
recrystallization

It is difficult for Goss grains to consume the A-grains during
high temperature annealing and thus the A-grains may still exist
even when the temperature is increased to a relatively high level
[34]. Unfortunately, the A-grains are readily retained along the pro-

cessing route due to their low stored energy during rolling defor-
mation [52-54]. As shown in Fig. 11(b), although the cold rolling
reduction was up to ~88%, the area fraction of A-grains was still
as high as 14.7% and 16.6% in the primary recrystallization matrix
in Route I and that associated with the secondary recrystalliza-
tion region in Route II, respectively. However, the well-developed
secondary recrystallization microstructures and sharp final Goss
textures (Fig. 4) indicated that this kind of low-area-fraction and
small-sized A-grain colonies could not completely prevent the ab-
normal growth of Goss grains.

By contrast, the area fraction of A-grains in the primary recrys-
tallization matrix associated with the non-secondary recrystalliza-
tion regions in Route II was as high as 21.6% and most A-grains ap-
peared as large-sized colonies, see Fig. 10(c) and Fig. 11(b). Given
that most Goss grains were embodied in the y-grain colonies
(Fig. 13(a)), some Goss grains might still have suitable environ-
ments for abnormal growth in the early stage of high temperature
annealing. However, the large-sized A-grain colonies might block
the further growth of these Goss grains. As shown in Fig. 13(b),
an abnormally growing Goss grain was surrounded by the A-grain
colonies and its further growth would be restricted. With increas-
ing annealing time, non-Goss grains might also grow abnormally,
however, the sizes of these grains undergoing abnormal growth
were still quite limited even after annealing at 1000°C for 45 min-
utes and 60 minutes, see Fig. 13(c) and Fig. 13(d). It seemed that
most grains were subjected to normal growth, resulting in the non-
secondary recrystallization regions composed of equiaxed grains
with various orientations and low magnetic induction Bg value in
Fig. 4(e) and Fig. 4(f).

3.5. Formation of grain colonies in primary recrystallization matrix

As shown in Fig. 4, Fig. 7, Fig. 8 and Fig. 10, the presence of
grain colonies in primary recrystallization matrix exerted impor-
tant influences on the high temperature annealed microstructures
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and final Goss textures. In order to reveal the mechanisms for the
formation of grain colonies, the microstructure and texture evolu-
tion during the processing route was investigated. For Route I, the
fine solidification microstructure led to a relatively fine and homo-
geneous normalized microstructure (Fig. 14(a)). After severe cold
rolling (88.8%), the initial fine and equiaxed grains were greatly ex-
tended along the rolling direction and dense deformation substruc-
tures appeared in almost all the deformed grains (Fig. 14(b)). The
associated texture was characterized by a medium «-fiber texture
and a strong {111}<110> component along y-fiber texture. Dur-
ing primary recrystallization annealing, the preferential nucleation
of {111}<112> grains within extended {111}<110> deformed grains
[55] led to the formation of elongated y-grain colonies.

For Route II, the dynamic recrystallization might occur dur-
ing hot rolling due to the relatively high reduction (36.1%). How-
ever, the coarse solidification microstructure still led to an in-
homogeneous normalized microstructure in which some regions
had relatively fine microstructures with low proportion of A-grains
(Fig. 14(c)). After cold rolling (88.3%), the associated microstructure
and texture were quite similar to those in Route I, see Fig. 14(b)
and Fig. 14(d). Then, lots of large-sized y-grain colonies were gen-
erated in the primary recrystallization matrix associated with the
secondary recrystallization regions. By contrast, some regions of
the normalized sheet were comprised of high-proportion coarse A-

grains (Fig. 14(e)). Many large A-grains with little sign of defor-
mation substructures were retained even after severe cold rolling
(Fig. 14(f)). The corresponding cold rolled texture was composed
of weak {111}<110> texture, medium «-fiber texture and strong
{001}<110> texture at the A-fiber. As a result, the high-proportion
large-sized A-grain colonies were also formed together with the
y-grain colonies in the primary recrystallization matrix associated
with the non-secondary recrystallization regions (Fig. 14(f)).

For Route III, the first cold rolling and intermediate annealing
led to a fine and homogeneous microstructure with low-proportion
A-grains, see Fig. 14(g). Because of the moderate reduction (~66.3%)
of second cold rolling, the initial equiaxed ferrite grains were
only slightly elongated and a weak y-fiber texture was formed
(Fig. 14(h)). This resulted in the homogeneously-distributed grains
with various orientations in the primary recrystallization matrix.

These results suggested that the formation of grain colonies
was mainly related to the initial solidification microstructure, the
processing routes as well as the deformation and recrystalliza-
tion features of y-grains and A-grains. This is also of important
guiding significance for manufacturing the grain-oriented electrical
steels by strip casting route. Given the lack of heavy-reduction hot
rolling in this particular route, it is critical to reduce the propor-
tion of coarse A-grains by controlling the solidification during strip
casting.
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4. Conclusions (1) We observed that the presence of y-grain colonies facili-
tated the retention of matrix grains (< 25 pm) having 20-

The present study investigated the role of grain colony in pri- 45¢° disorientation with {110}<001> and relatively large dif-
mary recrystallization matrix on the secondary recrystallization in ference in the associated frequencies with the precise Goss
grain-oriented electrical steels via an original tracking experiment. orientation and that having deviation angle of 15° even after
The main conclusions are summarized as follows. the onset of secondary recrystallization. This promoted the

1
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abnormal growth of low-deviation-angle Goss grains and led
to the sharp final Goss texture. By contrast, in case of the
randomly-distributed y-grains in the primary recrystalliza-
tion matrix, the high-deviation-angle Goss grains might be
also subjected to abnormal growth after the initiation of sec-
ondary recrystallization due to the limited difference in the
associated frequencies with the precise Goss orientation and
that having deviation angle of 15°. The presence of a great
number of large-sized A-grain colonies in primary recrystal-
lization matrix deteriorated the environments for secondary
recrystallization and thus most grains were only subjected
to normal grain growth.

The formation of grain colonies was mainly related to the
initial solidification microstructure, processing route as well
as deformation and recrystallization features of y-grains
and A-grains. In case of coarse solidification microstruc-
ture with high proportion of A-grains, the employment of
two-stage cold rolling route resulted in randomly-distributed
grains with various orientations, eliminating the large-sized
A-grain colonies generated in one-stage cold rolling route.
These findings provided an explanation for the effects of
processing route and primary recrystallization texture on the
abnormal growth of Goss grains, especially after the ini-
tiation of secondary recrystallization, with the presence of
grain colonies.
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