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Abstract: During the hot rolling process, inhomogeneity microstructure and variations of texture
along the thickness direction of hot-rolled plate were formed through shear deformation and recrys-
tallization. The purpose of this study is to investigate the formation and evolution of fiber texture in
hot-rolled plate of grain-oriented silicon steel. The results indicate that, in the surface layer s = 1 of
hot-rolled plate, a large number of equiaxed grains are formed under high shear force. Under the
surface layer, as shear force gradually decreases along the thickness direction, the grain aspect ratio
of recrystallized grains gradually increases along the thickness direction of hot-rolled plate, and the
shape of the recrystallized grains formed in the subsurface layer and center layer becomes more
irregular along the thickness direction. Under the combination of compressive force and decreasing
shear force along the thickness direction, fiber texture composed of dozens of specific orientations
(such as {112}<111>, {110}<112>, {213}<364>, {441}<104> and Goss orientations) is formed in the
subsurface layer s = 0.5~0.9 and gradually evolves along the thickness direction. Therefore, the
formation of Goss texture is a small part of fiber texture and is the result of texture evolution in the
subsurface layer s = 0.5~0.9.

Keywords: grain-oriented silicon steel; shear force; inhomogeneous microstructure; fiber texture;
Goss texture

1. Introduction

Grain-oriented silicon steel has been widely used as a soft magnetic material in the
power industry; the sharpness of secondary recrystallization Goss texture [1,2] determines
the magnetic properties of grain-oriented silicon steel [3]. Goss texture has always been
a major research subject of grain-oriented silicon steel, and researchers have proposed
some hypotheses about the origin of Goss nuclei and made significant progress in studying
the formation of Goss-oriented grains during hot rolling. However, the formation and
evolution of texture [4,5] during hot rolling [6] is still an important and interesting research
field in the manufacturing process [7] of grain-oriented silicon steel [8,9].

Forty-eight slip systems exist in the BCC (body-centered cubic) metals. Constrained by
the initial orientation and Schmid factor, only several specific slip systems can be activated
in the rolling process, which contributes to the formation of preferred orientations [10]
and variations of rolling texture [11]. During the hot rolling process, the hot roller applies
shear force parallel to the rolling direction and compressive force parallel to the normal
direction to the hot-rolled plate. Mukhopadhyay [12] reported that shear strain decreased
along the thickness of the hot-rolled plate during hot rolling. The shear force parallel to
the rolling direction had a maximum value near the surface layer of hot-rolled plate and
decreased along the thickness direction, eventually decreasing to nearly zero in the center
layer, while the compressive force parallel to the normal direction could be regarded as a
constant during hot rolling.

Munetsugu [13,14] investigated the density of (110), (100) and (111) though the thick-
ness of the hot-rolled sheet and proposed that a texture gradient was formed in the hot-
rolled sheet of 3%Si grain-oriented steel, and that Goss-oriented grains were formed in the
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intermediate layer through deformation and recrystallization during the hot rolling process.
Inokuti et al. [15,16] reported that (110)[001] Goss grains were preferentially formed in
specific areas of the hot-rolled plate, and the nuclei of Goss grains in the hot-rolled plate
were subsequently preserved through the mechanism of “texture inheritance”, resulting in
the preferential growth [17] of Goss-oriented grains [18,19] during the secondary recrys-
tallization process [20]. Bottcher [21] and Mishra [22] conducted detailed research on the
distribution of «-fiber (<110>//RD), y-fiber (<111>//ND) and n-fiber (<100>//RD) in the
hot-rolled plate of grain-oriented silicon steel, and concluded that, due to the dispersive
distribution of inhibitors [23] inhibiting the growth of normal grains [24], abnormal Goss
grains grew at the expense of primary recrystallized grains and eventually developed
a sharp Goss texture during secondary recrystallization. Bottcher [20] and Inokuti [25]
also investigated the effect of the double-surface removal of the hot-rolled plate on grain-
oriented electrical steel and reported that double-surface removal had a detrimental impact
on the secondary recrystallization and magnetic properties of grain-oriented silicon steel.
The amount of double-sided removal determined the reduction in magnetic properties,
as the nuclei of Goss grains in the hot-rolled plate were not inherited, which could result
in imperfect secondary recrystallization. Therefore, the formation and evolution of Goss
texture in the hot-rolled plate are essential for obtaining the high permeability of grain-
oriented electrical steel [26,27]. Jiang et al. [28] conducted a detailed study on three texture
components ({110}<001>, {112}<111> and {110}<112> texture) in the surface layer of a
2.5%Si hot-rolled plate; however, {110}<001>, {112}<111> and {110}<112> textures only
accounted for a portion of the texture of hot-rolled plate.

Previous studies have investigated o-fiber, y-fiber and some independent texture
components formed in the hot-rolled plate of grain-oriented silicon steel; however, the
overall texture and other shear texture components in the hot-rolled plate have not yet
been analyzed and discussed. This article investigates the formation and evolution of fiber
texture composed of dozens of specific orientations in the subsurface layer of hot-rolled
plate. The relationship between shear force and the formation of texture and microstructure
in the hot-rolled plate of grain-oriented silicon steel is the focus of this study.

2. Materials and Methods

During hot rolling, a 240 mm slab manufactured through continuous casting was
reheated to approximately 1140 °C, and then the 240 mm slab was rolled into a 40 mm
rolled sheet through 5 passes (190 mm-145 mm-105 mm-70 mm—40 mm) of rough rolling,
and the finishing temperature of rough rolling was approximately 1040 °C. The 40 mm
rolled sheet was rolled into a 2.6 mm hot-rolled plate through 7 passes (22.4 mm-11.2 mm-
6.8 mm—4.6 mm-3.6 mm-3.1 mm-2.6 mm) of finish rolling. The rolling mill was a four-high
non-reversing rolling mill with a working roll diameter of 700 mm and a length of 2550 mm,
and the finishing temperature of finish rolling was approximately 940 °C.

The chemical composition of hot-rolled plate is shown in Table 1, and the magnetic
induction of the final product can reach Bg = 1.89 T. Finally, 2.6 mm thick hot-rolled plate
was cut into 20 x 15 mm specimens for X-ray diffraction (XRD, PANalytical Empyrean
Series 2 (Malvern Panalytical, Almelo, The Netherlands)) and 10 x 8 mm specimens for the
optical microscope (Zeiss Axio Scope Al (Carl Zeiss AG, Jena, Germany)) and scanning
electron microscope (JSM-7900F (JEOL, Tokyo, Japan)).

Table 1. Chemical composition of hot-rolled plate (wt%).

Si C Als Mn Cu N S
3.2 0.06 0.028 0.10 0.2 0.009 0.007

In order to study the macro-texture evolution of hot-rolled plate along the thickness
direction, 20 x 15 mm specimens of hot-rolled plate were mechanically ground layer by
layer from the surface layer s = 1 to center layer s = 0. The thickness layer of hot-rolled
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plate is defined by s = 2a/b; a represents the distance from the center layer and b represents
the whole plate thickness, s = &1 represents the surface layer and s = 0 represents the
center layer. Then, the specimens of each thickness layer (s = 0~1) of hot-rolled plate were
obtained and measured for XRD, and complete (100) pole figures and ODFs (orientation
distribution functions) [29] along the thickness direction of hot-rolled plate were obtained.
The 10 x 8 mm specimens of hot-rolled plate were mechanically ground, polished and
electrolytic-corroded to investigate the microstructure morphology of hot-rolled plate.
The microstructure of the longitudinal section of hot-rolled plate was observed using an
optical microscope, and different layers (surface layer, subsurface layer and center layer) of
hot-rolled plate were selected to study the morphological evolution along the thickness
direction and were detected using a scanning electron microscope (JSM-7900F) for EBSD
(electron backscatter diffraction). RD represents rolling direction, TD and ND represent
transverse direction and normal direction, respectively.

3. Results
3.1. Inhomogeneous Microstructure and the Distribution of Pole Intensity in the Hot-Rolled Plate

Figure 1a indicates that the microstructure of surface layers (s = £1) is composed of
completely recrystallized grains. Under the surface layer, fiber structures parallel to the
rolling direction appear and increase along the thickness direction. In the center layer,
the majority of the microstructure is composed of fiber structure, and large recrystallized
grains can be observed to elongate along the rolling direction. Figure 1b illustrates the
distribution of (100), (110), (111) and (112) pole intensities along the thickness direction
of hot-rolled plate measured using XRD. The (110) pole intensity is concentrated in the
layer s = —0.5~—0.9 and s = 0.5~0.9 but is at a minimum in the layer s = —0.4~0.4. The
(111) and (112) pole intensities are concentrated in the layer s = —0.4~0.4 and are relatively
weak in layers s = —0.5~—1 and s = 0.5~1. However, the (100) pole intensity is highly
concentrated in the layer s = —0.4~0.4 and reaches a peak in the layer s = 0, but is weak
in layers s = —0.5~—1 and s = 0.5~1. Therefore, according to texture type and morphol-
ogy, s = —1 and s = 1 represent the surface layer of hot-rolled plate, s = —0.5~—0.9 and
s = 0.5~0.9 represent the subsurface layer and s = —0.4~0.4 represents the center layer.
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—Mm—(110) /ND Pole Intensity
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Figure 1. (a) The microstructure of longitudinal section of hot-rolled plate; (b) the distribution of
(100), (110), (111) and (112) pole intensities along the thickness.
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Figure 2 shows the grain aspect ratio of different layers of hot-rolled plate measured
using EBSD, indicating that the recrystallized grain size gradually increases along the
thickness direction, and some large grains in the center layer s = 0 can exceed 200 pm. The
horizontal scale in Figure 2 represents grain aspect ratio (minimum value: 1, maximum
value: 9), and the corresponding color of the grains represents the value of the grain aspect
ratio. Figure 3 shows the comparison of the grain aspect ratio between different layers
of hot-rolled plate. The microstructure of the surface layer s = 1 is mainly composed of
equiaxed grains (Figure 2a), and the proportion of equiaxed grains with a grain aspect
ratio of 1.0~2.0 is higher than that of the subsurface and center layers. Compared with the
surface layer s = 1, the grain aspect ratio of recrystallized grains gradually increases in the
subsurface layer s = 0.8, s = 0.5 and the center layer s = 0. Some recrystallized grains in the
center layer s = 0 (Figure 2d) have a high grain aspect ratio of 4.0~9.0 and are significantly
elongated along the rolling direction. Therefore, it is concluded that, along the thickness
direction of hot-rolled plate, the shape of the recrystallized grains gradually elongates along
the rolling direction and tends to be irregular.

(c) subsurface layer s=0.5 (d) center layer s=0
TD
A
—> RD

Figure 2. Grain aspect ratio of different layers of hot-rolled plate, (a) surface layer s = 1, (b) subsurface
layer s = 0.8, (c) subsurface layer s = 0.5, (d) center layer s = 0.
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Figure 3. The comparison of the grain aspect ratio between different layers of hot-rolled plate.

3.2. The Texture of Hot-Rolled Plate along the Thickness Direction

Figure 4 shows the typical orientations in the (100) pole figures, and Figure 5 shows
the (100) pole figures representing the macro-texture along the thickness direction of hot-
rolled plate measured using XRD. The texture of the surface layer s = 1 shows a certain
randomness, which is different from that of the subsurface layer s = 0.5~0.9 and center
layer s = 0~0.4. Relatively high {112}<111> Cu, {110}<112> (Al and A2) and {213}<364>
(S1 and S2) intensities exist in the subsurface layer s = 0.7~0.9, and relatively high {441}<104>
(C1 and C2) and (110)[001] Goss (Gs) intensities exist in the subsurface layer s = 0.5~0.6.
However, a typical a-fiber texture exists in the center layer s = 0~0.4, and the -fiber texture
in the center layer s = 0~0.4 is highly concentrated in the {100}<011> RCb orientation,
while the {100}<011> RCb intensity rapidly increases along the thickness direction and
reaches a peak in the center layer s = 0, which is different from that of the subsurface layer
s = 0.5~0.9 and surface layer s = 1.

®Cu (112)[il]
@S] (213)[364]
@52 (312)[463]
OCI (441)[104]
®C2 (414)140]

®Gs (110)[001]
@Al (01211
@A2 (O1D[21]
@®Cb (001)[100]
ORCb (00D)[110]

Figure 4. The (100) pole figures representing typical orientations in the hot-rolled plate.
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surface layer

centre layer

s=0

Figure 5. The (100) pole figures representing the texture of hot-rolled plate along the

thickness direction.

3.3. Fiber Texture in the Subsurface Layer (s = 0.5~0.9) of Hot-Rolled Plate

Figure 6 shows the ODFs of the subsurface layer s = 0.5~0.9 of hot-rolled plate mea-
sured using XRD, and the ODFs of ¢2 =45°, 63°,72°, 75° and 90° are selected to represent
the distribution of the texture. In the subsurface layer s = 0.5~0.9, the texture is continu-
ous in Euler space and highly concentrated in some specific orientations, which can be
considered as the formation of fiber texture, and the black frame represents fiber texture
in the ODFs. In the subsurface layer (a) s = 0.9, fiber texture starts from the orientation
near Cu, crosses through Euler space (92 = 45°~90°) and ends in A1 and A2 orientations,
respectively. In the subsurface layer (b) s = 0.8, fiber texture becomes more concentrated in
Cu, Al and A2 orientations, and Cu, A1 and A2 intensities reach their maximum values. In
the subsurface layer (c) s = 0.7 and (d) s = 0.6, fiber texture gradually deviates from Cu, Al
and A2 orientations and becomes concentrated in S1, S2, C1, C2 and Goss (Gs) orientations.
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Finally, in the subsurface layer (e) s = 0.5, fiber texture is highly concentrated in C1, C2 and
Goss orientations, and the Goss intensity reaches its maximum value.
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Figure 6. ODFs representing the texture in the subsurface layer s = 0.5~0.9 of hot-rolled plate.
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4. Discussion
4.1. The Formation and Evolution of Microstructure in the Hot-Rolled Plate

During high-temperature plastic deformation, under the combination of compressive
force and shear force, the nuclei of recrystallized grains were formed through the activities
of several specific slip systems. High shear force exists in the surface layer during hot
rolling, resulting in a great quantity of intragranular deformation bands and nucleation
sites at the grain boundaries, which contributes to the formation of a large number of
equiaxed grains in the surface layer s = 1, as shown in Figure 2a. Under the surface layer,
shear force decreases along the thickness direction of hot-rolled plate, resulting in a reduc-
tion in intragranular deformation bands and nucleation sites at grain boundaries during
the hot rolling process. It can be concluded that the reduction in shear force inhibits the
formation of equiaxed grains in the subsurface layer and center layer; thus, the shape of the
recrystallized grains in the subsurface layer gradually elongates along the rolling direction,
and some recrystallized grains in the center layer s = 0 can significantly elongate along
the rolling direction, as shown in Figures 2 and 3. In addition, the addition of 3%Si in
grain-oriented silicon steel can greatly reduce the recovery rate and recrystallization rate
during recrystallization [30]. This leads to a decrease in nucleation rate and recrystalliza-
tion rate during the recrystallization process, which contributes to the formation of the
inhomogeneous microstructure in the hot-rolled plate.

Therefore, along the thickness direction of hot-rolled plate, the decreasing shear force
leads to the elongation and irregularity of the recrystallized grains. During hot rolling, the
formation of the inhomogeneous microstructure and variations of texture in the hot-rolled
plate are determined by the combination of compressive force and shear force applied by
the hot roller.

4.2. The Formation and Evolution of Fiber Texture under the Surface Layer of Hot-Rolled Plate

After cold rolling and annealing, the initial orientation of 3%5i iron single crystal was
generally changed to another orientation or remained unchanged [31,32], and the texture
evolution of single crystal was usually simple. However, the texture evolution of 3%5i
iron polycrystal during hot rolling was very intricate; recrystallized grains with dozens of
orientations were formed through shear deformation and recrystallization, which led to
the formation and evolution of fiber texture in the hot-rolled plate.

During hot rolling, different specific slip systems were activated by the decreasing
shear force along the thickness direction. Fiber texture composed of dozens of orientations
was formed and gradually evolved along the thickness direction, and the evolution of fiber
texture was a gradual process in the subsurface layer s = 0.5~0.9, as shown in Figure 6.
However, the evolution of fiber texture composed of dozens of orientations along the
thickness direction is too complicated; therefore, the typical orientations of Cu, Gs (Goss),
S1,S2, C1, C2 and RCb are selected to illustrate the evolution of fiber texture.

Figures 5 and 6 indicate that the formation of {112}<111> Cu texture is a priority in the
subsurface layer s = 0.8~0.9, and Shimizu [33] reported that {112}<111> orientation was
formed on the surface of {100}<011> single crystal after hot rolling. Along the thickness
direction of hot-rolled plate, {213}<364> (S1 and S2) texture is preferentially formed in
the subsurface layer s = 0.7~0.8, {441}<104> (C1 and C2) and (110)[001] Goss texture is
preferentially formed in the subsurface layer s = 0.5~0.6 and eventually {100}<011> RCb
texture is preferentially formed in the center layer s = 0~0.4. It can be concluded that, under
the combination of compressive force and shear force, the evolution of fiber texture along
the thickness direction of hot-rolled plate can be represented as Cu—51—C1—Goss—RCb
and Cu—52—C2—Goss—RCb, as shown in Figure 7.
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@Cu (112)[111]
@S1 (213)[364]
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®RCh (001)[110]
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@S2  (312)[463]
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®Gs (110)[001]
O RCb (00D)[110]

Figure 7. The (100) pole figures representing the evolution of fiber texture along the thickness
direction of hot-rolled plate.

Figure 8 shows the schematic of the crystal rotation through the thickness of hot-rolled
plate (s = 0~0.9). During high-temperature plastic deformation, {112}<111>, {213}<364>,
{441}<104> and Goss-oriented grains were formed in the subsurface layer s = 0.5~0.9
through the combination of compressive force and decreasing shear force. Under the condi-
tion of decreasing shear force, recrystallized {112}<111>, {213}<364>, {441}<104> and Goss
grains were forced to deform and elongate along the rolling direction instead of through
nucleation and recrystallization on the intragranular deformation bands and deformed
grain boundaries, which inhibited the formation of equiaxed grains with different orienta-
tions in the subsurface layer and led to the formation and evolution of a symmetrical fiber
texture (Cu—51—C1—Goss and Cu—52—C2—Goss) in the subsurface layer s = 0.5~0.9,
as shown in Figures 5 and 6.
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Figure 8. The schematic of crystal rotation through the thickness of hot-rolled plate.

It is concluded that the evolution of fiber texture is formed in the subsurface layer
of hot-rolled plate of grain-oriented silicon steel during hot rolling. However, it can be
assumed that different materials can form unique fiber textures composed of specific
orientations and specific texture evolutions during different hot rolling processes, rather
than some random and independent orientations forming during the hot rolling process,
which is helpful for studying the texture control of different materials (carbon steel, alloy
steel, non-ferrous alloy, etc). In addition, the formation and evolution of the microstructure
during hot rolling may be highly correlated with the formation of specific orientations of
materials, which can be a meaningful and attractive research subject.

4.3. Effect of Shear Force on the Formation of Goss-Oriented Grains in the Hot-Rolled Plate

During hot rolling, under the combination of compressive force and high shear force,
a large number of equiaxed grains were formed in the surface layer s = 1, and the texture
of the surface layer showed a certain randomness, as shown in Figure 5. Relatively low
Goss intensity exists in the surface layer s = 1, and Goss-oriented grains have no advantage
over other oriented grains. Therefore, it can be concluded that, under the condition of high
shear force, the formation of a large number of equiaxed grains leads to the formation of
random texture, and it is difficult to obtain high-intensity Goss texture and control random
texture in the surface layer of hot-rolled plate.
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Under the surface layer, fiber texture was formed in the subsurface layer s = 0.5~0.9 of
hot-rolled plate. Fiber texture in the subsurface layer s = 0.5 was mainly composed of
{441}<104> and (110)[001] Goss texture, as shown in Figure 6. During the formation and
evolution of fiber texture, the nuclei of Goss grains were formed through the combination of
compressive force and decreasing shear force, and then grew into recrystallized Goss grains.
When the recrystallized Goss grains were forced to deform, the formation of equiaxed grains
originating from intragranular deformation bands and deformed grain boundaries was
greatly inhibited by the decrease in shear force, resulting in the elongation and irregularity
of recrystallized Goss grains, as shown in Figure 2¢, and eventually contributed to the
formation of Goss-oriented grains and highly concentrated Goss texture in the subsurface
layer s = 0.5 of hot-rolled plate.

It can be concluded that the formation of Goss texture is only a small part of fiber
texture and texture evolution in the subsurface layer of hot-rolled plate, and it is difficult to
obtain a large quantity of Goss-oriented grains in the hot-rolled plate. Therefore, the control
of shear force is crucial for the formation of the microstructure and texture in the hot-rolled
plate. During high-temperature plastic deformation, relatively low shear force contributes
to the formation of elongated and irregular recrystallized grains and inhibits the formation
of equiaxed grains, which is conducive to the accumulation and improvement of Goss
texture in the subsurface layer of hot-rolled plate. On the contrary, relatively high shear
force contributes to the increase in the proportion of equiaxed grains in the hot-rolled plate,
as a large number of equiaxed grains originating from intragranular deformation bands
and deformed grain boundaries are prone to forming under relatively high shear force,
which is not conducive to the formation of elongated and irregular recrystallized Goss
grains and highly concentrated Goss texture in the subsurface layer.

5. Conclusions

During high-temperature plastic deformation, a large number of equiaxed grains
with a random texture are formed in the surface layer s = 1 under the combination of
compressive force and high shear force. Under the surface layer, it can be concluded that,
along the thickness direction (s = 0~0.9) of hot-rolled plate, the shape of the recrystallized
grains gradually elongates along the rolling direction and becomes more irregular along the
thickness direction. It can be assumed that the decrease in shear force inhibits the nucleation
and growth of equiaxed grains originating from intragranular deformation bands and
deformed grain boundaries, and the reduction in shear force inhibits the formation of
equiaxed grains along the thickness direction of hot-rolled plate, which leads to the shape
of the recrystallized grains gradually elongating along the rolling direction and becoming
irregular. During hot rolling, under the combination of compressive force and decreasing
shear force along the thickness direction (s = 0~0.9), it can be concluded that fiber texture
composed of dozens of specific orientations is formed in the subsurface layer s = 0.5~0.9 of
hot-rolled plate, as well as some typical orientations of the fiber texture such as {112}<111>
Cu, {213}<364> (S1 and S2), {441}<104> (C1 and C2) and (110)[001] Goss. Fiber texture of
the subsurface layer s = 0.5 is mainly composed of {441}<104> and (110)[001] Goss texture,
and the formation of highly concentrated Goss texture in the subsurface layer s = 0.5 is only
a small part of the fiber texture and texture evolution in the subsurface layer s = 0.5~0.9 of
hot-rolled plate. Finally, it can be concluded that the symmetrical evolution of fiber texture
(s = 0.5~0.9) along the thickness direction can be represented as Cu—5S1—+C1—Goss and
Cu—52—C2—Goss.

This study is only a preliminary study on the formation of the microstructure and
texture evolution of hot-rolled plate. In future work, the mechanism of grain growth and
texture evolution in hot-rolled plate of grain-orientated silicon steel will be the focus of
further research.
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