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Abstract: The influence of cold-rolling directions on the recrystallization texture evolution of pure
iron was examined. As-received pure iron sheets were cold-rolled under two different conditions
(specimens A and B). Specimen A was cold-rolled in the vertical direction against the cold-rolling
direction of the as-received sheet. Specimen B was cold-rolled in the vertical direction against the
cold-rolling direction of the as-received sheet, and then in the cold-rolling direction of the as-received
sheet. Cold-rolled specimens were heated to each desired temperature before being quenched in water
to room temperature (298 + 2 K). Both cold-rolled specimens showed the development of y-fiber and
{100}<011> orientation. Additionally, y-fiber formed comparatively more in cold-rolled specimen
A, while «-fiber developed comparatively more in cold-rolled specimen B. Strain distribution in
cold-rolled specimen A was presumably inhomogeneous, whereas that in cold-rolled specimen B was
rather uniform at the macro-scale. The formation of y-fiber was confirmed in annealed specimen A. In
annealed specimen B, however, the recrystallization texture tended to be random, and the formation
of a-fiber was observed. Furthermore, the formation of Goss orientation in both annealed specimens
was established. Recrystallized ferrite grains with Goss orientation nucleated in high strain regions
of cold-rolled specimen. These findings show that by devising the cold-rolling direction, it is possible
to discover new types of recrystallization textures.

Keywords: texture; recrystallization; cold-rolling direction; pure iron

1. Introduction

One way of improving material properties such as mechanical and magnetic properties
is to control the texture of metals [1-3]. The texture evolution of iron and steel was studied
to acquire a high r-value as an indication of deep drawability [4—6]. The r-value is expressed
as a ratio of true strain in width to true strain in thickness, and a high r-value indicates
excellent deep drawability.

The development of {111}/ /normal direction (ND) fiber texture (y-fiber) and <110>/ /rolling
direction (RD) fiber texture (c-fiber) in conventional one-way cold-rolled iron and steel is generally
confirmed [7]. Following annealing, y-fiber with high strain develops preferentially while con-
suming «-fiber with low strain, and eventually only y-fiber develops. The development of y-fiber
is well known to improve the r-value. The grain refinement in the initial microstructure [4,5],
the reduction in the amount of solute carbon before cold-rolling [5,6], and the rise in the cold
reduction rate before annealing [5,6] are all crucial in the development of the y-fiber. Yoshinaga
et al. [8] created electro-deposited pure iron with an extremely high r-value. Additionally, the
texture formation behavior is affected by the addition of alloying elements and annealing con-
ditions. For instance, we demonstrated that when Nb-added low-carbon steel is heated rapidly,
recrystallized ferrite grains with a-fiber connecting along with the RD are observed [9]. On the
other hand, it has been shown that the development of {110}<001> (Goss orientation) increases
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r-value anisotropy [10]. Recrystallized grains with the Goss orientation prefer to nucleate from
shear bands formed by cold-rolling [11]. Thus, the development of Goss orientation is rare in
pure iron, whereas it is common in carbon steels because of the presence of carbon, which causes
the formation of shear bands as a result of cold-rolling [11]. Previous research suggests that the
absence of carbon (e.g., pure iron and interstitial free (IF) steel) results in the formation of y-fiber
and the inhibition of Goss orientation, resulting in a high r-value.

It has recently been reported that even in pure iron, the production of a characteristic
texture other than the y-fiber has occurred [7,12]. For example, Tomita et al. [7] revealed
that when pure iron is cold-rolled at a reduction rate of 99.8%, the extreme development
of o-fiber is observed. Furthermore, Okai et al. [12] found that two-stage cold-rolling
and annealing produces a near-cube orientation. Previous studies imply that cold-rolling
conditions can produce a variety of textures, even in pure iron. In order to attempt further
improvement of material properties in pure iron, it is crucial to investigate the possibilities
of producing diverse textures. Gobernado et al. [13] demonstrated in an example of IF steel
that cross-rolling produces {100}<011> orientation and subsequent annealing produces
{311}<136> orientation. However, the effect of cross-rolling on recrystallization texture
evolution during annealing in pure iron has not been studied. Furthermore, in an earlier
study [13], the mechanism of recrystallization texture evolution was not fully understood.
As a result, the goal of this research is to discover the possibility of producing diverse
textures in pure iron by devising cold-rolling conditions. We focused on the effect of
cold-rolling directions on recrystallization texture evolution.

2. Materials and Methods

The current investigation made use of as-received pure iron sheets (thickness: 1.4 mm).
Figure 1 depicts an optical micrograph and an orientation distribution function (ODF) map
of the as-received sheets. The average grain size was 22.0 £ 9.8 um (Figure 1a), and o-fiber
and y-fiber development were both confirmed (Figure 1b). As shown in Figure 2, the sheets
were cold-rolled in two distinct conditions (specimens A and B). Specimen A was cold-
rolled to a thickness of 0.56 mm in the vertical direction against the cold-rolling direction
of the as-received sheet (a 60% reduction). Specimen B was cold-rolled to a thickness
of 0.98 mm in the vertical direction against the cold-rolling direction of the as-received
sheet, and then to a thickness of 0.56 mm in the as-received sheet’s cold-rolling direction
(a total reduction of 60%). Following cold-rolling, the specimens were heated to each target
temperature at a rate of 5 K/s, and then water-quenched to room temperature within 2 s of
being removed from the furnace. Some specimens were kept at 823 K for 5 s to study the
recrystallization texture evolution.

Microstructure and texture analysis in the RD-ND plane were performed on cold-
rolled and annealed specimens utilizing an electron backscatter diffraction/field emission
scanning electron microscopy (EBSD/FEGSEM) system and the orientation imaging mi-
croscopy (OIM) analysis software. The step sizes for the EBSD measurements ranged from
0.5 to0 2.0 pm.

Vickers hardness tests were performed for 10 s with an applied load of 9.8 N to
evaluate the recovery and recrystallization process. The standard deviation was calculated
based on the results of three specimens.



Materials 2022, 15, 3083

30f10

max =7.545
7.000
6.000
5.000
4.000
3.000
2.000
1.000

Constant Angle: 02
©1(0.0°-90.0%)

< (0.0°-90.07)
@) (b)
Figure 1. (a) Optical micrograph and (b) ODF map of as-received sheet.
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Figure 2. Schematics of cold-rolling conditions (red arrows: cold-rolling direction).
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3. Results and Discussion
3.1. Analysis of Cold-Rolled Sheets
3.1.1. Microstructural Features of Cold-Rolled Sheets

Figure 3 depicts the image quality (IQ), kernel average misorientation (KAM), and
inverse pole figure (IPF) maps of cold-rolled specimens. Grains elongated in the RD and
shear bands were found in both specimens, as shown in Figure 3a,e. Although shear band
formation has been observed in iron and steel, including alloying elements [14], it has
rarely been confirmed in pure iron [15]. Furthermore, in non-oriented electrical steel, cross
cold-rolling has been shown to result in a higher dislocation density than conventional
cold-rolling [14]. As a result, cross cold-rolling is likely to have strained both specimens
more than conventional cold-rolling, resulting in the formation of shear bands.
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Figure 3. (a,e) Image quality, (b,f) kernel average misorientation, and inverse pole figure maps in the

(c,g) normal and (d,h) rolling directions of cold-rolled specimens A and B.

It should also be noted that the distributions of the KAM maps of both specimens are
different (Figure 3b,f). KAM values have been reported to rise as dislocation density (i.e.,
strain) increases [16,17]. According to previous research, the strain distribution in specimen A
is presumably inhomogeneous because some grains have red (high strain) and blue (low strain)
colors. In contrast, despite being inhomogeneous at the micro-scale, the strain distribution in
specimen B is rather uniform at the macro-scale. Furthermore, the primary texture component
was identical in both specimens (Figure 3¢,d,g/h). As illustrated in Figure 3b—d, the low KAM
value region in specimen A corresponded to the o-fiber. Hashimoto et al. [18] discovered
that the dislocation density in deformed grains with «-fiber is insufficient to recrystallize
early in IF steels. The findings of this report indicate that the strain in deformed grains with
a-fiber is minimal, which is consistent with the results of this investigation. However, no
obvious correlation between KAM value and texture was found in specimen B (Figure 3f-h).
Furthermore, in cold-rolled specimens A and B, the average KAM value was 1.58 and 1.86,
respectively. As previously stated, cross cold-rolling has been linked to increased dislocation
density [14]. The results indicate that strain is high in deformed grains with «-fiber, and
specimen B is more strained overall than specimen A.

3.1.2. Features of Rolling Texture

Figure 4 depicts two typical ODF maps for each cold-rolled specimen. The development
of y-fiber and {100}<011> orientation was observed in both cases (Figure 4a,c). Gobernado
et al. [13] discovered the development of y-fiber and a-fiber (mainly {100}<011> orientation)
in cross-rolled IF steel. This previous study’s finding is consistent with the findings of this
investigation. Furthermore, y-fiber formed comparatively more in specimen A (Figure 4b),
while a-fiber developed comparatively more in specimen B (Figure 4d). According to Tomita
et al. [7], the extreme development of x-fiber is found when pure iron is cold-rolled at a
reduction rate of 99.8%. The «-fiber development has also been reported in severely rolled IF
steel [19]. Previous studies suggest that heavy deformation is required for the development of
a-fiber. As previously stated, specimen B appears to be more strained overall than specimen
A, resulting in the formation of o-fiber in specimen B.
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Figure 4. Two typical ODF maps of cold-rolled specimens (a,b) A and (c,d) B (@2 = 45° section).
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3.2. Texture Analysis of Annealed Sheets

Figure 5 depicts optical micrographs of specimens heated to 1073 K. Ferrite recrystal-
lization was completed in both specimens when the temperature reached 1073 K, because
no non-recrystallized ferrite grains were observed. Furthermore, the grain size and mor-
phology of the ferrite were very similar in both specimens. Figure 6 depicts the ODF maps
of specimens heated to 1073 K. y-fiber formation was detected in both specimen A and
the cold-rolled specimen (Figure 6a). This result is consistent with prior reports [4-0].
Furthermore, the formation of Goss orientation was confirmed, despite the fact that it was
not visible in the cold-rolled specimen. When compared to the cold-rolled specimen, the
recrystallization texture of specimen B tended to be random (Figure 6b). Furthermore, the
formation of a-fiber and Goss orientation was established. This section focuses on the for-
mation of Goss orientation. Abe et al. [20] demonstrated that Goss orientation is one of the
primary components when the initial grain size in pure iron is high (>80 pm). However, as
illustrated in Figure 1a, the grain size prior to cold-rolling was small (approximately 22 pum).
Recrystallized ferrite grains with the Goss orientation are also preferentially nucleated in
shear bands [21-23]. Shear bands are well known to be uncommon in pure iron [7,12,15].
On the other hand, cross cold-rolling leads to higher strain, thereby producing shear bands
in this study. As a result, the formation of shear bands is likely to be one of the crucial
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points in elucidating the mechanism of nucleation of recrystallized ferrite grains with
Goss orientation.

NDL
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Figure 5. Optical micrographs of specimens (a) A and (b) B heated to 1073 K.
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Figure 6. ODF maps of specimens (a) A and (b) B heated to 1073 K (92 = 45° section).

Figure 7 depicts the 1Q, KAM, and IPF maps for the same area in specimens A,
cold-rolled and annealed for 5 s at 823 K. This specimen was in the process of ferrite
recrystallization, and the area within the red circle in each map corresponds to Goss
orientation. Goss orientation nucleation sites have the following characteristics:

(1) Recrystallized ferrite grains with Goss orientation, primarily nucleated in regions
with high KAM value.

(2) In the cold-rolled specimen, the nucleation sites of recrystallized ferrite grains with
Goss orientation coincided with the region of non-recrystallized ferrite grains with
v-fiber and the interface between y-fiber and «-fiber.

These results imply that recrystallized ferrite grains with Goss orientation nucleated
neighboring y-fiber with higher strain regions via discontinuous recrystallization. Shear
bands have been observed to form in deformed grains with y-fiber [24]. As illustrated in
Figure 3a, the shear bands in specimen A were formed within grains with y-fiber. As a
result of the formation of shear bands, recrystallized ferrite grains with the Goss orientation
can nucleate. However, these findings can only imply that recrystallized ferrite grains with
Goss orientation nucleate in high strain regions. The effect of shear bands on the nucleation
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of recrystallized ferrite grains with the Goss orientation should be investigated further in
the future.

TD RD

Figure 7. (a) Image quality, (b) kernel average misorientation, and inverse pole figure maps in the
(c) normal and (d) rolling directions of cold-rolled specimen A and inverse pole figure maps in the
(e) normal and (f) rolling directions of annealed specimen A.

Figure 8 depicts the changes in Vickers hardness as the temperature is raised to 1073 K.
Recrystallization began at 823 K and ended at 873 K for both specimens. The temperature
at which recrystallization began is consistent with previous studies [15]. Additionally, as
previously reported in our study [25], changes in Vickers hardness during heating to 8§23 K
are attributed to recovery progress. During heating to 823 K, the hardness of specimen A
dropped slightly, whereas it gradually declined in specimen B. Furthermore, as-cold-rolled
specimens A and B had nearly identical hardness. These findings show that specimen B’s
recovery progress is faster than specimen A. Cold-rolled specimen B showed the formation
of a-fiber with high strain, as shown in Figures 3 and 4. «-fiber has been identified as
a low strain deformation texture, and continuous recrystallization from o-fiber has been
observed to occur only infrequently [18]. Tomita et al. [7], on the other hand, demonstrated
that when cold-rolled pure iron with formed «-fiber is annealed, the texture rarely changes.
They propose that continuous recrystallization from severely strained o-fiber is possible.
In this study, the recrystallization texture tended to be random and the formation of x-fiber
was confirmed in specimen B. Figure 9 depicts the IQ and IPF maps of specimen B after
heating to 823 K. Subgrains formed within non-recrystallized ferrite grains with «-fiber
were observed. These findings suggest that continuous recrystallization from severely
strained «-fiber occurred partially in specimen B, and that the gradual decrease in hardness
during the recovery process is due to the acceleration of the continuous recrystallization.
Furthermore, it appears that recrystallized ferrite grains nucleated throughout the entire
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specimen B as a result of the comparably homogeneous strain distribution, resulting in the
randomization of the recrystallization texture.
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Figure 8. Changes in Vickers hardness during heating to 1073 K.
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Figure 9. (a) Image quality with grain-boundary misorientation angle and inverse pole figure maps
in the (b) normal and (c) rolling directions of specimen B heated to 823 K.

The formation of y-fiber and/or x-fiber as recrystallization textures in pure iron
has been described. However, by devising the cold-rolling directions, we discovered the
manufacturing conditions for developing the various textures (especially o-fiber and Goss
orientation) in pure iron. Furthermore, initial microstructures such as grain size, texture,
and precipitate, and/or inclusion can all influence rolling and recrystallization texture. For
example, it has been observed that grain refinement in the initial microstructure prior to
annealing is crucial for the development of the y-fiber [4,5]. On the other hand, the effect of
the initial microstructure on rolling and recrystallization textures was not considered, and
should be researched further in the future.
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4. Conclusions

The influence of cold-rolling directions on the recrystallization texture evolution of
pure iron was researched, and the following results were obtained.

(1) The development of y-fiber and {100}<011> orientation was observed in both cold-
rolled specimens. Furthermore, y-fiber formed comparatively more in specimen A,
while a-fiber developed comparatively more in specimen B.

(2) The strain distribution in cold-rolled specimen A was presumably inhomogeneous,
whereas it was rather uniform at the macro-scale in cold-rolled specimen B.

(8) In the case of annealed specimen A, the formation of y-fiber was confirmed. In an-
nealed specimen B, however, the recrystallization texture tended to be random, and the
formation of x-fiber was observed. The randomization of the recrystallization texture
was attributed to the uniform strain distribution in cold-rolled specimen B. Further-
more, the formation of a-fiber in cold-rolled specimen B was attributed to continuous
recrystallization from severely strained «-fiber.

(4) The formation of Goss orientation was established in both specimens. Recrystallized ferrite
grains with Goss orientation nucleated in high strain regions of cold-rolled specimen.
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