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Abstract: With the implementation of the “double carbon” policy in various countries in the world,
the demand for grain-oriented electrical steel with low iron loss and high magnetic induction is
increasing. Reducing the thickness of the steel sheets is an effective method to reduce the iron loss.The
sheet thickness reduction means the increasing cold rolling reduction rate, especially the secondary
cold rolling reduction rate, will directly affect the texture evolution of the secondary recrystallization
process. In this paper, the secondary cold rolling reduction rate of commercial grain-oriented silicon
steel was studied by means of X-Ray Diffraction, Electron Backscatter Diffraction. The results showed
that Ultra-thin oriented silicon steel cannot be obtained by increasing the secondary cold rolling
reduction rate alone; the optimum secondary cold rolling reduction rate was 59.2%. The grain
size increased as the secondary cold rolling reduction rate increased and favorable texture content
decreased, which was disadvantage to obtain a secondary recrystallization environment.

Keywords: grain-oriented silicon steel; secondary cold rolling reduction rate; microstructure; texture;
secondary recrystallization

1. Introduction

Grain-oriented silicon steel is a kind of iron silicon material with about 3% Si and strong
{110}<001> Goss texture, which is divided into conventional grain-oriented silicon steel
(CGO) and high permeability grain-oriented silicon steel (Hi-B), and grain-oriented silicon
steel that is mainly used for medium and large transformer cores and stator cores of large
generators; it is considered an important soft magnetic alloy in the power, electronics and
military industries [1]. The grain-oriented silicon steel has a strict standard for composition
control, with a long and complex manufacturing process in which magnetic properties are
influenced by many factors and its product quality is an important measurement standard
of the national special steel manufacturing level; grain-oriented silicon steel has gained the
reputation of being a “work of art” [2].

With the implementation of the “double carbon” policy in various countries in the
world, the demand for high-end products with ultra-low iron loss and ultra-high magnetic
induction grain-oriented electrical steel has increased, and thinning thickness is the most
effective method to reduce loss of silicon steel sheet. For CGO steel produced by the
two-stage cold rolling method, the reduction in the sheet thickness means an increase in
the cold rolling reduction rate, especially the secondary cold rolling reduction rate. The
texture of electrical steel is a critical factor in improving the magnetic properties, and the
control of texture is closely related to the reduction rate so only an appropriate reduction
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rate can form a sharp Goss texture during the secondary recrystallization. Therefore, the
secondary cold rolling reduction rate has become a research hotspot.

He [3] et al. confirmed that if the secondary cold rolling reduction rate was less
than 50% or more than 60% the magnetic properties would be reduced, and the strong
{111}<112> texture component could be obtained in the range of 50–60% secondary cold
rolling reduction rate. Dong et al. [4] found that the content of {110}<001>, which was
beneficial to the magnetic properties, increased first and then decreased with the increase
in secondary cold rolling reduction rate, with the content and strength of Goss texture
reaching the maximum at 55% reduction rate. Pan et al. [5] found that with the increase in
secondary cold rolling reduction rate, the dislocation density of the cold rolled sheet, the
energy storage, and the strength of α and γ textures increased, and the starting temperature
of secondary recrystallization and grain size decreased; when the reduction rate was 70%
the secondary recrystallization developed best. Sun et al. [6] found that when the secondary
cold rolling reduction rate was 55%, uniform matrix grains and an appropriate number of
Goss crystal nuclei could be obtained, so as to accumulate enough {110}<001> components;
if the secondary cold rolling reduction rate was less than 55%, the number of Goss grains
formed is too small, or even can not be formed, resulting in decreased magnetic properties.
Dang et al. [7] found that when the increase in secondary cold rolling reduction rate was
from 50% to 63%, the average grain size of the matrix decreased gradually at the initial stage
of secondary recrystallization (900 ◦C) and the density of {112}–{111}<110> texture and γ
orientation increased. Fang Feng [8], and Liang Ruiyang [9] found that when the reduction
rate for cold rolling grain-oriented silicon steel products was small, the {111}<112> deviation
angle was larger; when the reduction rate increased to 70%, the {111}<112> orientation was
more accurate and the Goss texture with higher sharpness was obtained after annealing.
Therefore, the suitable range of the secondary cold rolling reduction rate for CGO is 50–70%
because too small reduction rate leads to insufficient Goss crystal nuclei, and too large
reduction rate leads to a large deviation angle of Goss orientation, which deteriorates
magnetic properties; when the optimal reduction rate range is too large, the influence
mechanism of secondary cold rolling reduction rate on the secondary recrystallization
process is not clear.

With the rapid development of ultrahigh-voltage direct current transmission systems
and flexible alternating current transmission systems, ultra-thin grain-oriented silicon steel
plays an irreplaceable role as the core material of anode saturated reactors. At the same
time, with the requirement of energy saving and environmental protection ultra-thin steel
has become an important development direction of oriented silicon steel. The thickness
of grain-oriented silicon steel is reduced from the traditional 0.27~0.23 mm to less than
0.10 mm, which is bound to increase the secondary cold rolling reduction rate. The effect
of secondary cold rolling reduction rate on secondary recrystallization is very important.
However, there are few studies on the effect of more than 70% secondary cold rolling
reduction rate. Therefore, it is necessary to study the effect of secondary cold rolling
reduction rate on the microstructure and texture of ultra-thin grain-oriented silicon steel.
In this paper, the industrial production of grain-oriented silicon steel was studied, and the
influence of the secondary cold rolling reduction rate on the microstructure, texture, and
secondary recrystallization behavior of the cold rolled sheet was explored, which provides
theoretical support for industrial production process optimization.

2. Research Materials and Methods

The research materials are taken from the industrial production process, and the
main chemical components of the hot-rolled plate are shown in Table 1. The production
process of grain-oriented silicon steel was: hot metal pretreatment→ 200 tons converter
refining → RH vacuum treatment → continuous casting → soaking → hot continuous
rolling→ acid pickling→ single cold rolling→ decarburization annealing→ secondary
cold rolling → MgO coating → high temperature annealing → insulation coating. The
thickness of the slab was 220 mm, the soaking temperature was 1270–1280 ◦C, the thickness
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of the hot rolled plate was 2.75 mm, and the final rolling temperature was 930 ◦C. After
acid pickling the hot rolled plate was cold rolled to 0.625 mm by 20-high Sendzimir mill,
then was decarburization annealed at 830 ◦C, and then was cold rolled to 0.27–0.18 mm,
with 59.2%–72.8% secondary cold rolling reduction rate. The specific reduction rates are
shown in Table 2.

Table 1. Chemical composition of grain-oriented silicon steel (wt%).

C Si Mn P S Al Cu N Fe

0.030 3.0 0.20 0.015 0.008 0.020 0.45 0.008 balance

Table 2. The secondary cold rolled test.

Decarburized
Annealing Sheet
Thickness/mm

Target
Thickness/mm

Observed Thickness
(Negative

Allowance)/mm

Secondary Cold
Rolling Reduction

Rate/%

0.625

0.27 0.255 59.2
0.23 0.215 65.6
0.20 0.185 70.4
0.18 0.170 72.8

The abnormal growth behavior of Goss grains in a high temperature annealing process
was studied by “interruption method” with secondary cold rolled sheet as raw material,
and the high temperature annealing specific process (Figure 1) was as follows: in the first
stage, the temperature of secondary cold rolled sheet was increased from room temperature
to 900 ◦C at a heating rate of 300 ◦C/h; in the second stage, the temperature was increased
to 1100 ◦C at a slow heating rate of 17 ◦C/h; in the third stage, the temperature was
increased to 1150 ◦C, 1175 ◦C, and 1200 ◦C at a heating rate of 100 ◦C/h in turn, and kept
for 10 min. At 600 ◦C–950 ◦C it was sampled every 50 ◦C, at 950 ◦C–1100 ◦C was sampled
every 10 ◦C, and finally at 1150 ◦C, 1175 ◦C, 1200 ◦C was sampled with 100% N2 during
annealed process.
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The 15 mm × 10 mm × h metallographic samples were made by a wire cutting ma-
chine along the rolling direction (RD) and transverse direction (TD) of the decarburization
annealing sheet, secondary cold rolled sheet, and high temperature annealing process sam-
ples. After the rough ground and fine ground, the samples were mechanically polished to
the mirror surface until there were no scratches and black spots on the test surface; then the
samples were corroded by 4% nitric acid alcohol solution for 15–20 s. The metallographic
observation and image acquisition were carried out with Axio Imager A1m metallographic
microscope (Carl Zeiss, Germany), and the average grain size was calculated by the in-
tercept method. The samples of the secondary recrystallization process of grain-oriented
silicon steel were made into 100 mm × 30 mm × h samples along the rolling direction (RD)
and transverse direction (TD) by wire cutting machine (Taizhou Zhiheng CNC Machine
Tool Co., Ltd., Taizhou, Jiangsu, China), the samples were immersed in hot hydrochloric
acid aqueous solution with a concentration of 50% and a temperature of 80 ◦C–90 ◦C to
corrosion out the grain boundaries, then the abnormally grown grains were photographed
and counted.

The samples of each process were cut into 25 mm (RD) × 20 mm (TD) × h by wire
cutting machine, and the macro-texture of the samples were detected. Sample surface
with 1000# sandpaper grinding, and then used 4% nitric acid alcohol solution to wipe
test the surface to eliminate stress. The macro-texture was detected by Smart-Lab X-ray
diffractometer, the three incomplete pole figures of {110}, {200}, and {211} of each sample
were measured, and the orientation distribution function and the main texture content
were calculated. The results were expressed by ϕ2 = 45◦ sectional drawing.

The samples of each process were cut into 10 mm (RD) × 8 mm (TD) × h by wire
cutting machine, and the microtexture of the samples were detected. All samples were
ground with water on 240#–2000# metallographic sandpaper, then mechanically polished
to the mirror surface and corroded with 4% nitric acid alcohol solution for 15–20 s. The
NordlysMax2 EBSD device equipped with Quanta 650 field emission scanning electron
microscope (FEI, Production in the Czech Republic, USA brands) was used for orientation
data acquisition, and the obtained EBSD data were processed and analyzed by Channel 5
processing software (Oxford Instruments, Oxford, UK).

3. Experimental Results
3.1. Effect of Secondary Cold Rolling Reduction Rate on Microstructure and Texture of Cold
Rolled Sheet
3.1.1. Study on Microstructure

Figure 2 is the metallographic microstructure of the decarburization annealed sheet
and secondary cold rolled sheet. The microstructure of the primary cold rolled and de-
carburized annealed sheet consist of anon-homogeneous distribution of ferrite grains
produced by primary recrystallization with an average grain size of 14.0 µm. After sec-
ondary cold rolling, the primary recrystallized grains become elongated parallel to the
rolling direction and their thickness decreases as the rolling reduction increases. Mi-
crostructure of the primary cold rolled and decarburized annealed sheet consists of a
non-homogeneous distribution of ferrite grains produced by primary recrystallization.
When the reduction rate is 59.2% there are many deformed grains interspersed in the
fiber microstructure, and the grain boundaries are obvious (Figure 2b). With the increase
in cold rolling reduction rate the deformed grains are elongated and fibered gradually
(Figure 2c–e).
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3.1.2. Study on Texture

Figure 3 is the macro-texture of the surface and 1/2 the thickness of the decarburization
annealed sheet. The surface layer of the decarburization annealed sheet is mainly γ texture
{111}<112>, and the 1/2 layer is mainly Goss texture {110}<001>.
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Figure 3. Microstructure at ϕ2 = 45◦ section of decarburization annealed sheet; (a) surface layer;
(b) 1/2 layer.

Figure 4 is the macro-texture of the secondary cold rolled sheet. When the secondary
cold rolling reduction rate is 59.2%, the texture of the secondary cold rolled sheet is concen-
trated in {111}<112> (Figure 4a); when the secondary cold rolling reduction rate is 65.6%,
the strong point texture rotates to {113}<110> (Figure 4b); when the secondary cold rolling
reduction rate increases to 70.4%, the texture is concentrated in {112}<110> (Figure 4c);
when the secondary cold rolling reduction rate increases to 72.8%, {112}<110> is still the
strong point texture (Figure 4d), but the maximum orientation density is only 1/4 of the
maximum orientation density after 65.6% and 74.4% cold rolling reduction rate. Figure 5
shows the orientation lines of the secondary cold rolled sheet. The α orientation line is
concentrated in {112}–{223}<110> and the γ orientation line is concentrated in {111}<112>;
when the reduction rate is 59.2%, the α orientation density is the lowest (Figure 5a) and
the γ orientation density is higher than other reduction rates (Figure 5b). Table 3 shows
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the content of {111}<112> and {112}<110> texture under different reduction rates; with the
increase in reduction rate the content of {111}<112> texture decrease gradually, and when
the reduction rate is 59.2% the content of {111}<112> is the highest, which is 27.6%, and the
content of {112}<110> is only 0.9%.
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Table 3. Texture content of {111}<112> and {112}<110> in the secondary cold rolled sheet.

Reduction Rate/% 59.2 65.6 70.4 72.8

{111}<112> content/% 27.6 4.4 4.2 3.3
{112}<110> content/% 0.9 0.5 12.1 17.48

With the increase in the secondary cold rolling reduction rate from 59.2% to 72.8%,
the main texture changed from γ orientation {111}<112> to α orientation {112}<110>–
{223}<110>. The {111}<112> and Goss texture can form Σ9 grain boundaries, and {111}<112>
is easy to be swallowed by Goss grains during secondary recrystallization, so {111}<112> is
a favorable texture; however, during high temperature annealing it is difficult for Goss to
swallow α orientation grains and thus growth is hindered. The existence of α orientation
grains will affect the secondary recrystallization texture and magnetic induction intensity to
some extent, so the more {111}<112> component and the less α-texture in the secondary cold
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rolled sheet, the more favorable they are for secondary recrystallization [10,11]. Therefore, a
suitable secondary cold rolling reduction rate can produce enough {111}<112> components
and control the α component at the same time. In this study, when the secondary cold
rolling reduction rate was 59.2%, α orientation density was the lowest, γ orientation density
was the highest, and the highest content {111}<112> was obtained.

3.2. Effect of Secondary Cold Rolling Reduction Rate on Microstructure and Texture during High
Temperature Annealing Process
3.2.1. Effect of Secondary Cold Rolling Reduction Rate on Secondary
Recrystallization Temperature

Table 4 shows the macrostructure of samples at different temperatures. The sign
that the abnormal growth secondary grains occurred, and all the abnormal grains grow
to centimeter level, was used as the definition to mark initial and finishing temperature
of secondary recrystallization, respectively. When the secondary cold rolling reduction
rate is 59.2%, the abnormal growth grains do not emerge at 1050 ◦C, partial abnormal
growth grains reach cm-grade at 1060 ◦C, and the secondary recrystallization process
was completed at 1090 ◦C. Similarly, with the secondary cold rolling reduction rate of
65.6%, 70.4%, 72.8%, the finishing temperature of secondary recrystallization were 1100 ◦C,
1175 ◦C, 1175 ◦C, respectively.

Table 4. Macrostructure of samples of different secondary cold rolling reduction rates.

Reduction
Rate/%

No Abnormal Growth
Grains Occurred Mixed Grain Macrostructure Secondary Recrystallization

Macrostructure

59.2
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In order to further study the starting temperature of secondary recrystallization of
the samples under different secondary cold rolling reduction rates, the abnormal growth
of micro-grains was recorded. When the secondary cold rolling reduction rate is 59.2%,
there is no abnormal growth of macro-grains at 1050 ◦C, and further microstructure obser-
vation reveals that grains with an average grain size of 255.25 µm are significantly larger
than the surrounding grains, which are detected as {111}<112> texture (Figure 6a,b). At
1060 ◦C, which is detected as Goss orientation (Figure 6c,d), it is concluded that the starting
temperature of secondary recrystallization at 59.2% reduction rate is 1050 ◦C < T < 1060 ◦C.
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Figure 6. Orientation and microtexture of samples with reduction rate of 59.2%: (a) 1050 °C orienta-

tion map; (b) 1050 °C Orientation Distribution Function (c) 1060 °C orientation map; (d) 1060 °C 
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Figure 7. Orientation and microtexture of samples with reduction rate of 65.6%: (a) 1050 °C orienta-

tion map; (b) 1050 °C ODF; (c) 1060 °C orientation map; (d) 1060 °C ODF. 
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Figure 8. Orientation and microtexture of samples with reduction rate of 70.4%: (a) 1070 °C orienta-

tion map; (b) 1070 °C ODF; (c) 1080 °C orientation map; (d) 1080 °C ODF. 
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Figure 9. Orientation and microtexture of samples with reduction rate of 72.8%: (a) 1090 °C orienta-

tion map; (b) 1090 °C ODF; (c) 1100 °C orientation map; (d) 1100 °C ODF. 

Figure 6. Orientation and microtexture of samples with reduction rate of 59.2%: (a) 1050 ◦C orienta-
tion map; (b) 1050 ◦C Orientation Distribution Function (c) 1060 ◦C orientation map; (d) 1060 ◦C ODF.

The same techniques are used to determine the starting temperature of secondary
recrystallization of samples subjected to cold rolling reduction rates of 65.6%, 70.4%, and
72.8%, as shown in Figures 7–9. Table 5 shows the starting and finish temperatures of
secondary recrystallization for different secondary cold rolling reduction rates. It can
be seen by comparison that as the secondary cold rolling reduction rate increased from
59.2% to 72.8%, the starting temperature of secondary recrystallization increased from
1050 ◦C–1060 ◦C to 1090 ◦C–1100 ◦C, and the finish temperature of secondary recrystalliza-
tion increased from 1090 ◦C to 1175 ◦C.
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Figure 9. Orientation and microtexture of samples with reduction rate of 72.8%: (a) 1090 °C orienta-

tion map; (b) 1090 °C ODF; (c) 1100 °C orientation map; (d) 1100 °C ODF. 
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Table 5. Secondary recrystallization temperature of samples with different secondary cold rolling
reduction rates.

Reduction Rate/% Starting Temperature/◦C Finish Temperature/◦C

59.2 1050–1060 1090
65.6 1050–1060 1100
70.4 1070–1080 1175
72.8 1090–1100 1175

At the same time, the microtexture before the secondary recrystallization was further
studied, and it was found that the texture type observed for different secondary cold
rolling reduction rates was mainly γ texture, but the dominant texture was significantly
different. When the secondary cold rolling reduction rate was 59.2%, the dominant texture
was {111}<112>; when the secondary cold rolling reduction rate was 65.6%, 70.4%, and
72.8%, the strong point texture evolved to {111}<110>. With the increase in the secondary
cold rolling reduction rate, the {111}<112> texture would transform into the more stable
{111}<110> texture. The abnormal growth of Goss grains is mainly achieved by swallowing
20◦–45◦ large angle grain boundaries, the angle of misorientation between the {111}<112>
orientation and the Goss orientation is 35◦. The {111}<110> and Goss misorientation angle
is greater than 45◦, resulting in the difficult migration grain boundaries, so that Goss is
difficult to swallow and grows abnormally [12].

There is an optimal temperature range for secondary recrystallization. If the start-
ing temperature of secondary recrystallization is too low and the Goss orientation is not
accurate, these will cause poor magnetic properties; however, if the starting temperature
of secondary recrystallization is too high this will easily lead to mixed grains and thus
deterioration magnetic properties [13,14]. In this study, with the increase in the magni-
tude of the secondary cold rolling reduction rate the starting and finish temperatures of
secondary recrystallization increased, but it can be seen from Figures 6–9 that at 59.2%
reduction rate the partially grown grains were {111}<112>, which are easily swallowed
during the abnormal growth of Goss grains. The dominant texture of cold rolled sheet
changed from γ orientation to α orientation with the increase in the secondary cold rolling
reduction rate from 59.2% to 72.8%, which led to more α orientation grains recrystallized,
such as {111}<110>, {111}<123>, and {123}<301>. The Goss orientation grains need more
energy to swallow these orientation grains, and increasing temperature is the only way
to get the high energy, so the higher secondary cold rolling reduction rate, the higher the
finish temperature of secondary recrystallization. Therefore, compared with 72.8%, 70.4%,
and 65.6%, the 59.2% reduction rate is more suitable for secondary recrystallization.
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3.2.2. Effect of Secondary Cold Rolling Reduction Rate on Grain Growth Trend during the
High Temperature Annealing Process

Figures 10–13 are microstructure of the secondary cold rolled sheet samples during the
high temperature annealing. As can be seen, at 750 ◦C partially recrystallized microstruc-
tures appear in the samples deformed to all four secondary cold rolling reduction rates,
with a reduction rate of 72.8%; at 800 ◦C there are still deformed grains in the sample sub-
jected to 59.2% reduction rate, and the number of deformed grains decreases for samples
deformed to under 65.6% and 70.4% reduction rate by secondary cold rolling. Finally, in
the sample deformed to 72.8% the microstructure observed is fully recrystallized. When
the temperature reaches 850 ◦C, complete recrystallization occurs.
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Figure 13. Microstructure of the samples with 72.8% secondary cold rolling reduction rate during the
high temperature annealing process: (a) 750 ◦C; (b) 800 ◦C; (c) 850 ◦C; (d) 1020 ◦C.

The grain growth evolution during annealing between 800 ◦C and 1020 ◦C is shown in
Figure 14. Figure 15 is the average grain size at 850 ◦C and 1020 ◦C. It can be seen that the
grain size of the matrix at the four secondary cold rolling reduction rates increases with the
increase in temperature. When the temperature increased from 800 ◦C to 970 ◦C, the grain
growth rate is slow because the inhibitor has sufficient power to restrict grain growth by
pinning grain boundaries and hindered grain boundary, inhibiting the normal growth of
the grain. When the temperature increased from 980 ◦C to 1020 ◦C, the grain growth rate
increases because the coarsening rate of the inhibitor particles increases, and the inhibition
ability by the increased temperature in the driving force grain growth increases, so the
grain growth rate increased significantly at this stage.

In addition, it was found that the average grain size decreased with the increase in
secondary cold rolling reduction rate when the temperature was 800 ◦C–1000 ◦C, so the
average grain size was the smallest when the cold rolling reduction rate was 72.8%. The
reason was that the greater the secondary cold rolling reduction rate, the more energy
storage in the cold rolled sheet, the higher the recrystallization nucleation rate, and the
smaller the average grain size [8]. When the temperature increased from 1000 ◦C to 1020 ◦C,
the grain size increased with the increase in reduction rate, grain sizes of 72.8% and
70.4% secondary cold rolling reduction rate were not much different, but larger than those
observed after annealing samples deformed to 59.2% and 65.6% secondary cold rolling
reduction rate. As the temperature continued to increase until it was close to the starting
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temperature of secondary recrystallization, the inhibitor was obviously coarsened, the
inhibition ability was significantly reduced, and the driving force of grain growth increased
at high temperatures. At the same time, when the thickness of the sample is thinner, the
greater the surface energy difference in the crystal, the higher the surface rate per unit
volume, and the greater the driving force of grain growth. Therefore, the thinner the sample
at high temperatures, the faster the grain growth rate will be [8,12]. The smaller the matrix
grain size before secondary recrystallization, the larger the grain boundary energy, and the
stronger the driving force for the Goss grain to swallow the matrix grain, which is more
conducive to the development of secondary recrystallization [8,13]. Therefore, compared
with 72.8% and 70.4% secondary cold rolling reduction rates, 59.2% and 65.6% reduction
rates are more conducive to obtaining matrix grain size suitable for Goss grain to swallow.
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Figure 16 shows the ϕ2 = 45◦ section, Table 6 shows the main texture volume fraction.
The texture under different secondary cold rolling reduction rates is mainly γ texture
at 1020 ◦C. The volume fraction of {111}<112> decreased with the increase in reduc-
tion rate from 59.2% to 72.8%. The {114}<481> mainly nucleated in {111}<112> defor-
mation bands [15], secondary cold rolled sheet at the 59.2% reduction rate has the highest
{111}<112> volume fraction, resulting in the highest {114}<481> as well.
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Figure 16. ϕ2 = 45◦ ODF section of samples annealed to 1020 ◦C after secondary cold rolling reduction
rates of: (a) 59.2%; (b) 65.6%; (c) 70.4%; (d) 72.8%.

Table 6. Volume fractions of the main texture components in samples with different secondary cold
rolling reduction rates and annealed up to 1020 ◦C.

Secondary Cold Rolling
Reduction Rate/%

Volume Fractions of Texture Components (%)
{112}<110> {111}<110> {111}<112> {114}<481> {110}<001>

59.2 6.47 11.1 19.4 4.82 0.798
65.6 6.4 17.2 18.4 2.5 0
70.4 8.18 18 16.4 3.23 0.0391
72.8 4.11 4.41 4.41 4.02 0

The {111}<112> and {114}<481> have the misorientation angles 35.4◦<110> and 39.4◦<110>,
respectively, with the Goss; they are high-energy grain boundaries and have a high diffusiv-
ity. While the misorientation angles of {111}<110> and {112}<110> with Goss are greater
than 45◦, it is difficult for Goss to swallow12. Table 6 shows that the {110}<001>, {111}<112>
and {114}<481> reach the maximum when the reduction rate is 59.2%, which is the best
grown environment for Goss.

3.2.3. Effect of Secondary Cold Rolling Reduction Rate on Macro-Texture

Figure 17 shows the macro-texture analysis of the samples after secondary recrys-
tallization at 1090 ◦C, 1100 ◦C, 1175 ◦C, and 1175 ◦C under four reduction rates. Table 7
shows the Goss deviation angle at different reduction rates. Figure 18 shows the magnetic
induction intensity B8 at the corresponding temperature. It can be seen that the abnormal
growth grains under four different secondary cold rolling reduction rates are all Goss orien-
tations, but the deviation angle is different. The {110}<001> deviation angle is 9.66◦ at 59.2%
reduction rate, and the deviation angle increases with the increase in cold rolling reduction
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rate. From Figure 14, it is concluded that at 1020 ◦C the matrix grain size is smaller at
59.2% reduction rate, the driving force of abnormal growth of Goss grain is large, and the
<001> orientation after complete secondary recrystallization is more accurate. The smaller
the deviation angle is, the higher the magnetic induction value is. Therefore, a smaller
deviation angle and a higher magnetic induction value can be obtained when the reduction
rate is 59.2%. All experimental samples occurred with secondary recrystallization during
the high temperature annealing process but did not take the high-temperature hydrogen
cleaning, so the magnetic induction cannot represent the commercialized products.
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Figure 17. Effect of secondary cold rolling reduction rate on the macro-texture ϕ2 = 45◦ ODF sections
of finished sheets with different cold rolling reduction rates: (a) 59.2%; (b) 65.6%; (c) 70.4%; (d) 72.8%.

Table 7. Goss Deviation angle of samples with different secondary cold rolling reduction rates (◦).

Secondary Cold Rolling
Reduction Rate/% 59.2 65.6 70.4 72.8

Goss deviation angle/◦ 9.66 10.68 16.78 11.69
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4. Analysis and Discuss

Due to the different rolling forces the microstructure of secondary cold rolled sheet
with different reduction rates has obvious differences. As the reduction rate increased from
59.2% to 72.8%, the grain boundaries of the deformed grains gradually blurred and the
fiber strip gradually elongated along the rolling direction (Figure 2), which was the same
results as in the literature [16].

In this study, when the secondary cold rolling reduction rate was 59.2%, the {111}<112>
texture content was the highest (Table 3), the γ orientation density was the highest, and theα
orientation density was the lowest (Figure 5); when the secondary cold rolling reduction rate
increased to 72.8%, the {111}<112> texture content decreased and the α orientation density
increased. The increase in cold rolling reduction rate made the {111}<112> orientation
rotate along the path {111}<112>→ {223}<110>→ {112}<110>. The results show that when
there were shear bands in the {111}<112> deformed grains of the secondary cold rolled
sheet and there were Goss crystal nuclei in these shear bands, then Goss texture with
accurate orientation can be formed during the secondary recrystallization [17]. In addition,
literature 1 [18] studies have shown that the {001}–{111}<110> type cold rolling texture will
prevent the growth of {110}<001> oriented Goss grains during secondary recrystallization.
Therefore, the 59.2% secondary cold rolling reduction rate ensures the formation of strong
{111}<112> deformation texture, which was beneficial to the development of secondary
recrystallized Goss grains.

When the annealing temperature increased to 1020 ◦C and the secondary cold rolling
reduction rate was 59.2% and 65.6%, the average grain size was smaller, 32.19 µm and
31.76 µm, respectively (Figure 14). The process that Goss grains of grain-oriented silicon
steel have abnormal growth by swallowed matrix grains during high temperature anneal-
ing was in a competitive relationship with the process of growth of matrix grains. The
driving force for matrix grain growth mainly depends on deformation energy storage, and
secondary recrystallization mainly depends on grain boundary energy; the smaller the
matrix grain size, the larger the grain boundary area, and the larger the size difference
between the secondary grain and the matrix grain, thereby improving the driving force
for secondary grain growth and promoting the abnormal growth of Goss grains in the
secondary recrystallization process; therefore, the smaller the matrix grain size, the more
favorable. In summary, the average grain size of the matrix when the reduction rate was
59.2% and 65.6% was more beneficial to the development of secondary recrystallization.

The experimental studies found that when the annealing temperature exceeded
1000 ◦C, the recrystallized grain size of the matrix increased with the increase in the
secondary cold rolling reduction rate, and the oversized grains were not easy to be swal-
lowed by Goss grains resulting in the increase in the finish temperature of secondary
recrystallization. In this study, the starting temperature of secondary recrystallization at
four secondary cold rolling reduction rates all exceeded 1050 ◦C. When the reduction rates
were 59.2% and 65.6%, the finish temperatures of secondary recrystallization were 1090 ◦C
and 1100 ◦C; when the reduction rates were 70.4% and 72.8%, the finish temperature of
secondary recrystallization was 1175 ◦C. Properly increasing the temperature of secondary
recrystallization helps solve the problem of abnormal growth of deviation Goss and obtain
sharp Goss texture [17]. Li Sai [19] et al.’s studies have shown that too high or too low
secondary recrystallization temperature will cause deviation Goss grains and brass grains
to compete with Goss for growth during high temperature annealing, thus reducing the
sharpness of Goss texture. At the same time, too high temperature also easily causes
the inhibitor to coarsen and the grains to grow in all directions, which further leads to
the decrease in Goss sharpness. Therefore, there is an optimal secondary recrystalliza-
tion temperature. In this study, the starting temperature of secondary recrystallization is
1050–1060 ◦C and the finish temperature is 1090–1100 ◦C at 59.2% and 65.6% reduction
rates, which was more favorable to obtain Goss texture with high orientation.

In this study, when the annealing temperature is close to the starting temperature of
secondary recrystallization and the secondary cold rolling reduction rate increased from
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59.2% to 72.8%, it resulted in the decrease in the total content of {111}<112> and {114}<481>
textures gradually. The relationship of {111}<112> and {114}<481> with Goss texture are
35.4◦<110> and 39.4◦<110>, respectively, close to Σ9 grain boundaries (38.9◦<110>) [20],
and the migration velocity of Σ9 is the fastest, which is most favorable for the development
of Goss texture; Goss-oriented grains can move rapidly by Σ9 grain boundaries and swal-
low the surrounding {111}<112> and {411}<148> texture components to form a complete
Goss orientation during high temperature annealing. However, during high temperature
annealing it is difficult for Goss to swallow α oriented grains, and the existence of α ori-
ented grains will affect the secondary recrystallization texture and magnetic induction
intensity [7]. Therefore, when the reduction rate was 59.2% the total content of favorable
textures {111}<112> and {114}<481> was highest at 24.22%, which was most conducive to
the development of secondary recrystallization Goss texture and also conducive to obtain
the minimum deviation angle and high magnetic induction value.

The closer the high temperature annealing process is to the starting temperature of
secondary recrystallization, the greater the influence of Goss texture content. When the
annealing temperature was increased to 1020 ◦C and the reduction rate was 59.2%, the
highest Goss content was 0.798% because the {111}<112> component in the cold rolled sheet
was the most, and the Goss crystal nuclei were easy to nucleate inside the {111}<112> shear
bands during the annealing process; under other cold rolling reduction rates the {111}<112>
components in the cold rolled sheet are less, and the less Goss nucleation position leads to
the decreased in content. The iron loss (PT) includes magnetic hysteresis loss (Ph), eddy
current loss (Pe), and excess loss (Pa), in which Pa and Pe account for a large proportion of
grain-oriented silicon steel. Finally, the decrease in the average grain size of the secondary
recrystallization narrowed the width of the 180◦ main magnetic domain, which is conducive
to the rotation of the magnetic domain during the magnetization period, thereby reducing
Ph; however, the rotation of the magnetic domain is hindered by the grain boundaries
and the grain boundaries in the finished sheet increase the Ph, so the final Ph does not
change significantly. However, as the main magnetic domain width narrows the energy
loss during the magnetization process becomes smaller, and Pe1.7/50 decreases significantly
as the final grain size decreases [21]. Therefore, when the reduction rate is 59.2%, the more
Goss content in the high temperature annealing process and the smaller the grain size after
the secondary recrystallization is completed, which is most conducive to reducing iron loss
and improving magnetic induction.

Therefore, the optimum secondary cold rolling reduction rate is 59.2% by studying
the microstructure and texture of the secondary cold rolled sheet, the starting and finish
temperature of secondary recrystallization, and the microstructure and texture during
the heating process. Although thinner grain-oriented silicon steel is the future product
trend, it is also found from the above research that the thinning thickness cannot only
depend on increasing the secondary cold rolling reduction rate, otherwise it will cause
the deterioration of magnetic properties, but should be controlled from the thickness of
hot rolled plate, the thickness of single cold rolled sheet, and optimized the single and
secondary cold rolling reduction rate; only in this way can the whole process of integrated
control obtain excellent magnetic properties while reducing the thickness.

5. Conclusions

1. The secondary cold rolling reduction rate increased from 59.2% to 72.8%, the microstruc-
ture of secondary cold rolled sheet transformed from the flattened grain morphology to
a complete banded, and the grain orientation changed from γ to α. With the increase in
the reduction rate the volume fraction of the {111} <112>texture reduced;

2. With the secondary cold rolling reduction rate increasing from 59.2% to 72.8%, the
starting temperature of secondary recrystallization increased from 1050–1060 ◦C to
1070–1080 ◦C and 1090–1100 ◦C, and the finish temperature increased from 1090–1100 ◦C
to 1175 ◦C, so the secondary recrystallization temperature range increased;
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3. Before the secondary recrystallization, with the increase in secondary cold rolling
reduction rate the grain size of the matrix increased, and the content of favorable
texture {110}<001>, {111}<112> and {114}<481> decreased, which was not conducive
to secondary recrystallization;

4. When the reduction rate was 59.2%, the {111}<112> texture content of the cold rolled
sheet was the highest at 27.6%; the best magnetic induction value was obtained with
the minimum deviation angle of 9.66◦ for the abnormally grown Goss grain.
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