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Abstract: The effects of cold rolling reduction rates and recrystallization annealing temperature
on the microstructure, texture, and anisotropic properties of high-strength low-alloy (HSLA) steel
were investigated using scanning electron microscopy and electron backscatter diffraction. The
results revealed that the constituents of recrystallized, substructured, and deformed structures were
strongly affected by cold rolling reduction rates ranging from 33.3% to 66.7% and recrystallization
temperatures ranging from 780 to 840 °C. At an annealing temperature of 820 °C, when the cold
rolling reduction rate was 33.3%, HSLA steel exhibited a low percentage of recrystallization, with
cubic, y-linear, rolled, and Z-texture (the texture at Euler angles ¢1 = 30° and & = 20°-30°) structures.
The rolled texture and Z-texture increased the strength anisotropy and disappeared at high cold
rolling reduction rates. When the annealing temperature was increased from 780 °C to 820 °C, the
proportion of recrystallized grains increased, the rolling texture disappeared, and grain orientation
gradually gathered in the cubic texture and vy line texture, resulting in low anisotropy of strength.
ar;aedca!\(tfgsr At an annealing temperature of 840 °C, the deformation of the grain disappeared; however, the
anisotropy increased compared to annealing at 820 °C because of the formation of a new texture

Citation: Wang, Y.; Li, A.; Hu, C.;
of {001}<—1-20>.

Guo, X,; Li, X.; Bi, W.; Wei, X.; Dong,
H. Microstructure, Texture, and
Anisotropic Properties of Keywords: high-strength low-alloy steel; texture; anisotropic properties
High-Strength Low-Alloy Steel.

Coatings 2023, 13, 1442. https://

doi.org/10.3390/ coatings13081442

1. Introduction
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High-strength low-alloy (HSLA) steels are a type of engineered structural steel charac-
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of their excellent strength—ductility balance, good weldability, manufacturability, and low

cost [4-6]. The strength of HSLA steels has been continuously improved for lightweight

design purposes [7-10]. However, HSLA steels exhibit more pronounced anisotropy as
their strength increases, leading to unstable formability and unexpected cracks [11].

The comprehensive effect of microstructure morphology and crystallographic texture
distributed under the terms and  ON the tensile strength, toughness anisotropy, fracture, and other mechanical behaviors of
conditions of the Creative Commons thermomechanically rolled HSLA steel is intricate [12]. This complexity is attributed to
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well as microstructural characteristics, such as the second phase and non-metallic inclusions,
play a crucial role in controlling mechanical anisotropy [13,14].

Prior studies suggest that the deformation and annealing processes of steel can change
the grain orientation and influence the texture structure [15-17], thereby affecting the
anisotropy of the macroscopic properties. M. S. Jooa discovered that Charpy specimens of
pipeline steel, which exhibit anisotropic fracture toughness, demonstrate relatively lower
impact properties in the transition temperature range when they are cut along the nor-
mal direction of the plate and processed at an angle of 45° to the rolling direction [18].
Samajdar et al. used electron backscatter diffraction (EBSD) to study the development
of recrystallization textures in Interstitial-Free (IF) Steel containing Ti, where both the o
(RD//<110>) and 3 (ND//<111>) textures were enhanced during cooling [19]. During
deformation, the reduction in y-fiber increases from 0% to 50%. In contrast, «-fiber in-
creased steadily; however, a steady increase in y coincided with no significant changes in
o during recrystallization [20]. After the welding and annealing of 2205 duplex stainless
steel, the microstructure of the heat-affected zone of the steel increases during the recrys-
tallization process. Moreover, as the annealing temperature increases, the Cu and Goss
texture in the y phase decreases, the maximum in the 6 phase moves along the x-fiber, and
the overall anisotropy of the material becomes more pronounced [21,22]. Kononov [23]
subjected electrical steels to a two-stage rolling process. After the first cold rolling stage, the
electrical steel had GOSS-oriented grains surrounded by large angular grain boundaries.
After the second rolling stage, the GOSS-oriented grains were deflected, showing that
the amount of rolling deformation had a significant effect on the material texture and
anisotropy. Andrea et al. [24] showed that the {111}<112> component of the y-fiber reduces
the effect of the anisotropy coefficient on the material. The EBSD characterization of ferritic
stainless steel showed that y-fiber {111} texture formed after rolling and annealing, which
was more favorable for deep drawing [25]. In contrast, the stronger components of the
{111}<112> texture compared to those of the {111}<110> texture led to anisotropy in the
mechanical properties of the steel sheet.

Although the formation and characteristics of texture structures have been extensively
studied [26,27], the link between the microstructural texture and anisotropic properties,
particularly for steels subjected to different cold rolling processes and annealing tempera-
tures, is still not understood. Additional experimental efforts are required to fully explore
the relationship between these two factors. Therefore, this study aimed to investigate the
correlation between the microstructure, texture, and anisotropic properties of a HSLA steel
by examining its texture evolution patterns at different cold rolling reduction rate strains
and annealing temperatures.

2. Material and Experimental Procedures

The HSLA steel used in this study had a nominal chemical composition of
0.06C0.5511.2Mn0.12 (Nb+Ti) (wt. %). It was hot-rolled to a thickness of 3 mm and subse-
quently cold-rolled at different reduction rates to obtain sheet thicknesses of 2, 1.5, and
1 mm, corresponding to cold rolling reduction rates of 33.3%, 50%, and 67.7%. Subsequently,
the sheets were further annealed at 780 °C, 800 °C, 820 °C, and 840 °C for 4 min. Test
specimens were obtained from the rolling direction (RD), transverse direction (TD), and
normal direction (ND). The length of the plate tensile specimens was 200 mm. The tensile
tests were performed using the INSTRON 5985 tensile testing machine at the strain rate of
10~* s~ 1. Tensile test method refers to ASTM-E8 standard. Three RD and three TD tensile
specimens were tested. The strength difference is the uniform difference between the RD
and TD (Rp0.2: yield strength, Rel: Lower yield strength, Rm: Tensile strength).

The microstructure and texture were characterized using a scanning electron micro-
scope (Zeiss Sigma 300, Carl Zeiss, Jena, Germany) equipped with an EBSD detector (HKL
Channel 5, Oxford Instruments, Oxford, UK) at an operating voltage of 20 kV and a step size
of 0.15 um. Samples for EBSD were obtained using an automatic twin-jet electropolisher
after the material was polished to a thickness of 60 um. A 6% alcohol solution containing
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perchloric acid was used as the electrolyte. The EBSD data were analyzed using the HKL
Channel 5 software.

3. Results
3.1. Microstructure, Texture, and Anisotropic Behaviors of a Hot-Rolled Steel Plate

The crystal orientation distribution in the hot-rolled HSLA steel plate is shown in
Figure 1a alongside the RD inverse pole figure (RD-IPF) orientation diagram, from which
it can be observed that the matrix has an elongated ferrite (bcc) structure along the RD,
with fine grains and an anisotropic grain orientation distribution. The average size of the
ferrite particles is 0.76 um. The recrystallized volume ratio was obtained by distinguishing
between the recrystallized and original grains, using the recrystallized fraction compo-
nent function in the Channel 5 software. The standard angle 6. for subgrain boundary
determination and angle 0gg for grain boundary determination were set to 6. = 3° and
6cp = 15° [28]. The average orientation difference 6y in each grain was determined and
compared to Oc: if 6y > 6., the grain was defined as deformed, whereas if 8 < 6. in each
subcrystal and the orientation difference between subcrystals 6; > 0., the grain was defined
as substructured. This grain was defined as a substructured grain, and all other grains were
defined as recrystallized grains. Figure 1b shows the grain orientation spread (GOS) of the
ferrite grain structure, which was mainly composed of recrystallized, subcrystalline, and
deformed grains. The fractions of the recrystallized grains and subcrystalline grains in the
hot-rolled state were 47% and 58.6%, respectively, indicating that some of the grains un-
derwent recrystallization and the microstructure was uniform. The texture of the material
was analyzed by establishing the orientation distribution fraction (ODF) using the EBSD
data because each direction of the plotted ODF was represented by three Euler angles: @1,
®, and 2. These angles varied between 0 and 90° because of the orthogonal anisotropic
symmetry; therefore, the direction of @2 = 45° was considered [21,22,29]. Figure 1c shows a
cross-sectional view of the ODF in the hot-rolled state at @2 = 45°. Two textures with polar
densities greater than three were observed: the {116}<1-20> and {113}<1-41> textures, with
the majority of the overall grain orientation in the anisotropic state. Figure 1d shows the
differences between the mechanical properties of the hot-rolled state in the longitudinal
and cross-sectional directions. The difference between the strengths in the RD and TD
was within 30 MPa, and the material was relatively uniform, which is consistent with the
outcomes of the anisotropic grain orientation.

3.2. Effect of the Cold Rolling Reduction Rate on the Microstructure, Texture, and Anisotropic Behaviors

The steel plates were cold-rolled to reduce their thicknesses by 33.3%, 50%, and 66.7%
after annealing at 820 °C; three-dimensional (3D) reconstructions of their microstructures
are shown in Figure 2a,c,e, respectively. As the thickness was reduced further by cold
rolling, the ferrite structure became elongated along the RD, the ferrite phase interface
between the RD and TD faces became thinner, and the grain size became finer. Figure 2b,d,f
show the corresponding RD-IPF maps. Compared with the microstructure of the hot-rolled
state, the ferrite grains were conspicuously refined after the cold rolling and annealing
processes, resulting in fine grain reinforcement. Moreover, some of the ferrite grains reached
sub-micron sizes. When the cold rolling reduction rate was 33.3%, the fer-rite grains were
uniform, and the average ferrite particle size was 0.66 pm. Their orientation tended to be
along the (001) and (111) planes, with fewer grains oriented along the (101) planes, because
the ferrite crystals of the bcc structure are more likely to converge to the (111) planes during
cold rolling deformation [30]. When the cold rolling reduction rate was increased to 50%
and 66.7%, most of the ferrite grains were oriented along the (001) and (111) planes, and
some of the deformed grains recrystallized and began to grow.
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Figure 1. Microstructure, grain orientation, and strength differences in the hot-rolled state of HSLA.
(a) RD-IPF of the ferrite phase. (b) Distribution of the ferrite grain structure. (c) Cross-sectional view
of ODF at ¢2 = 45°. (d) Difference between the strengths in the RD and TD.

The constituents of the recrystallized, subcrystallized, and deformed structures at
different cold rolling reduction rates were analyzed using the recrystallized fraction com-
ponent function, and the results are summarized in Figure 3. After annealing at 820 °C,
the microstructures exhibited negligible changes, with deformations measuring 1% and
4% at cold-rolled reduction rates of 33.3%, 50%, and 66.7%, respectively. However, the
fraction of recrystallized grains gradually increases from 23% to 41% with increasing cold
rolling reduction rates. It was assumed that the stored energy, as a driving force for the
subsequent recrystallization, increases as the reduction rates increase [31-33], resulting in a
larger fraction of recrystallized grains. Grain recrystallization induces fewer internal sub-
structured grains, forming equiaxed grains. Therefore, the RD and TD properties became
more uniform.

Figure 4a—c show the cross-sectional views of the ODF at @2 = 45° for each cold rolling
reduction rate. At a 33.3% reduction rate, the {001}<1-10>, {001}<—1-10>, {111}<1-21>,
and {111}<—1-13> textures are present in the larger extreme density regions of the cross-
section. In this region, the {001}<1-10> and {001}<—1-10> texture are cubic textures, and
the {111}<1-21> and {111}<—1-13> textures belong to the y-line texture of {111}//ND,
which is a recrystallized texture. The rolled texture of {223}<1-10> also occurs at ¢1 = 0°
and 45° [31,34]. At a reduction rate of 50%, the cubic and recrystallized texture remained;
however, the texture at @1 = 30° and ® = 20°~30° (referred to as the Z-texture) decreased
instantly, and the extreme density of recrystallized and rolled texture increased. When
the cold rolling reduction rate reached 66.7%, the cold-rolled and Z-textures disappeared,
the y-line texture decreased, the recrystallized texture decreased, and the maximum polar
density was mainly cubic. The difference in mechanical properties between the TD and
RD of the specimens after annealing at different cold rolling reduction rates is shown in
Figure 4d, where the difference in mechanical properties between the TD and RD of the
specimens at 50% and 66.7% was low.
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Figure 2. Three-dimensional reconstructed microstructure and grain orientations of specimens at
different cold rolling reduction rates and subsequent recrystallization annealing at 820 °C for 4 min.
(a,c,e) are 3D microstructures at cold-rolled reduction rates of 33.3%, 50%, and 66.7%, respectively.

(b,d,f) are the corresponding RD-IPF maps.
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Figure 3. Compositions of recrystallized, subcrystallized, and deformed structures at different cold

rolling reduction rates and recrystallization annealing at 820 °C for 4 min.
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Figure 4. Texture and anisotropic behaviors of specimens at different cold rolling reduction rates.
(a—c) are cross-sectional views of the ODF at ¢2 = 45° for the cold-rolled specimens at reduction rates
of 33.3%, 50%, and 66.7%. (d) Strength difference between RD and TD of 33.3%, 50%, and 66.7%
cold-rolled deformation specimens.

3.3. Effect of Annealing Temperature on the Microstructure, Texture, and Anisotropic Properties

The inverse pole figure (IPF) diagrams of the annealed microstructure of the hot-
rolled samples of HSLA steel annealed at 780, 800, 820, and 840 °C after a cold rolling
process with deformation of 66.7% are shown in Figure 5. Under the same deformation
conditions, the ferrite grains all mainly tended to be on the (001) and (111) grain planes.
When annealed below 820 °C, most of the grains were in a deformed state, with sub-
structures within the grains and some of the grain sizes in the sub-micron range. When the
annealing temperature reached 840 °C, the grains formed equiaxed crystals with a size of
approximately 10 pm.

The grain compositions of the specimens annealed at different temperatures are shown
in Figure 6. An increase in the annealing temperature caused the deformed grains of the
material to undergo different degrees of recrystallization, and the deformed grains were
gradually replaced by recrystallized grains. As the annealing temperature increased from
780 to 840 °C, there was a greater propensity for substructural and dislocation recovery in
the deformed grains. Consequently, the percentage of recrystallization increased from 33%
to 86%. At 840 °C, the recrystallization process for most of the grains was completed.

Figure 7 shows a cross-sectional view of the ODF at ¢2 = 45° for each annealed
specimen. When the annealing temperature was 780 °C, cubic textures of {001}<1-10> and
{001}<—1-10>, rolling textures of {112}<1-10>, and y-line textures with grain orientations
close to {111}/ /ND were observed. When the annealing temperature was 800 °C, the grain
orientation of the rolled texture gradually converged towards the cubic texture, the y-line
texture began to disperse, the polar density decreased, and the grain orientation began to
converge towards the ends of the y-line texture. When the annealing temperature increased
to 820 °C, the rolling texture began to disappear gradually, the grain orientation gathered
at the two ends of the y-line texture, and the grain orientation in the region of maximum
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polar density exhibited a cubic texture. When the annealing temperature was increased to
840 °C, the cubic texture of {001}<—1-10> shifted to form a new {001}<—1-20> texture, the
rolling texture disappeared completely, the recrystallization texture gradually decreased,
and the grain orientations accumulated in {114}<1-20> to form a new texture. These results
indicate that the complete recrystallization of the grains resulted in a shift in the texture
and the formation of a variety of new texture structures [35,36], which affected the RD and
TD properties of the HSLA steel.

()

Figure 5. RD-IPF maps of the specimens at a cold rolling reduction rate of 66.7% and subsequent
recrystallization annealing at (a) 780 °C, (b) 800 °C, (c) 820 °C, and (d) 840 °C for 4 min.
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Figure 6. Composition of the recrystallized, subcrystallized, and deformed structures of the sample
at a cold-rolled reduction rate of 66.7% after annealing for 4 min at different annealing temperatures.
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Figure 7. Cross-sectional views of the ODF at @2 = 45° for the specimens annealed at (a) 780 °C,
(b) 800 °C, (c) 820 °C, and (d) 840 °C.

The differences in the RD and TD mechanical properties of the specimens annealed at
different temperatures are shown in Figure 8. The strength difference of the specimens in the
RD and TD after annealing at 780 °C was above 60 MPa. This is because most of the grains
were deformed, the deformed grains elongated along the RD, the grain orientation gathered
in the rolling texture, and the y-line texture shifted in the {111}/ /ND direction, resulting
in a larger difference between the steel strengths in the RD and TD. When the annealing
temperature was between 800 and 820 °C, the proportion of recrystallized grains of ferrite
increased, part of the large grain internal substructure disappeared, and the organization of
the rolling texture disappeared. Moreover, the grain orientation gathered in the cubic texture
and in the {111}/ /ND direction of the y-line texture, reducing the steel RD and TD strength
difference. For annealing temperatures > 840 °C, the deformed grains disappeared, a new
texture was formed within the tissue, and the RD and TD strength difference increased.
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Figure 8. Strength difference between RD and TD of the specimens annealed at 780, 800, 820, and 840 °C.
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4. Discussion

Figure 9a shows the yield strengths of the TD and RD versus deformation. At an
annealing temperature of 820 °C, the difference in yield strengths was within 40 MPa for
deformations of 50% and 66.7%. As deformation increased, the proportion of recrystalli-
zation increased (23.3%, 33.8%, and 41% for deformations of 33.3%, 50%, and 66.7%,
respectively), the recrystallized texture other than the {111}<1-21> and {111}<—1-12>
species decreased, the Z-texture disappeared, and the {223}<1-10> rolled texture weakened.
The anisotropy mechanism is illustrated in Figure 9b: after the increase in deformation,
more rolled oriented grains recrystallize, the rolled texture weakens, and more residual
small crystals are left as recrystallized cores in the crystal rotation trajectory line, which
prompts more grains to gather toward the recrystallized orientation. The yield strength of
the TD remained unchanged, and Rm (TD) > Rm (RD), which reduced the difference in
the yield strength between the TD and RD. The weakening of the rolled texture and the
formation of {111}<1-21> and {111}<—1-12> recrystallized textures at a recrystallization
ratio of 41% at 66.7% deformation were the main reasons for the reduction in the anisotropic
properties of the RD and TD differences.

650

600

550

500

(b) . Rolled grain orientation

‘ Recrystallized grain orientation

‘0‘ {111}<1-2§ and {111}<-1-12>
4% 900
Rm(TD) >Rm(RD) : :‘ . "

Rm(TD)=Rm(RD) EEE
m =Rm
EER

Rm(TD)<Rm(RD)

»

33.3

50 66.7 Reduced deformation Rm(RD)
Deformation /%

Figure 9. (a) Relationship between TD and RD yield strengths and deformations. (b) Schematic illustra-
tions of the proposed texture and anisotropic properties between TD and RD at different deformations.

Figure 10a shows the relationship between the yield strengths of the TD and RD
and the annealing temperature. The difference in the yield strength of TD and RD
is within 40 MPa at 66.7% deformation and at annealing temperatures ranging from
800 °C to 840 °C. The increase in the annealing temperature (from 780 °C to 800, 820,
and 840 °C) was followed by an increase in the recrystallization ratio (from 32.5% to 41%
and 85.4%). More-over, the rolled texture {112}<1-10> decreased continuously, the re-
crystallized texture changed from {111}<1-44> to {111}<1-21> and {111}<—1-12> textures,
and various recrystallized textures with low values of polar density were formed. The
anisotropic mechanism is illustrated in Figure 10b. With the increase in annealing temper-
ature, more rolling-oriented grains recrystallized, the rolling texture was weakened, and
more residual small crystals were left as recrystallized cores in the crystal rotation trajec-
tory line, which prompted more grains to gather toward the recrystallization orientation.
Moreover, Rm (TD) > Rm (RD), which reduced the strength difference between the TD and
RD. When the annealing temperature was 780 °C, the rolling orientation of the grains was
retained (Rm (TD) < Rm (RD)), and reducing the difference in the yield strengths of TD and
RD be-came difficult. When the annealing temperature was higher than 780 °C, the rolled
oriented grains were retained, and the yield strengths in the TD and RD were similar. At
820 °C, a recrystallization ratio of 41%, the weakening of rolled texture, and the formation
of the {111}<1-21> and {111}<—1-12> recrystallization textures were the main reasons for
the reduction in the difference between the anisotropic properties of the RD and TD.
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Figure 10. (a) Relationship between TD and RD yield strengths and annealing temperature.
(b) Schematic illustrations of the proposed texture and anisotropic properties between TD and
RD at different annealing temperatures.

5. Conclusions and Perspectives

(1) The HSLA steel in the hot-rolled state has an elongated ferrite (bcc) microstructure in the
RD, with most of the ferrite grains consisting of a substructure and recrystallization.

(2) HSLA steel with a low cold rolling reduction rate has a low recrystallization ratio,
cubic texture, y-wire texture, rolled texture, and Z texture in the tissue. Moreover,
it exhibits a large RD and TD strength difference. As the cold rolling reduction rate
increased, the recrystallization ratio increased, the rolled and Z-textures gradually
disappeared, and the RD and TD strength differences decreased. The rolled and
Z-textures increased the strength anisotropy of the steel.

(8) After annealing at 780 °C, most of the grains were deformed grains, and the grain ori-
entation was concentrated in the rolled texture. The transverse-longitudinal strength
difference of the steel was larger. When the annealing temperature increased, the pro-
portion of recrystallized grains increased, and the organization of the rolling texture
disappeared. Moreover, the grain orientation was gathered in the cubic and y-line
textures, resulting in low anisotropy of strength. At annealing temperatures > 840 °C,
the deformation of the grain disappeared, and a new texture was formed within the
tissue. Moreover, the horizontal and vertical strength differences increased, increasing
the anisotropy of the steel strength. The disappearance of the rolled texture is a key
factor in reducing the RD and TD strength differences in steels.
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