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Abstract: The flow stress behavior of high-strength low-alloy (HSLA) steel at different true strains
was studied using a hot compression test. The effect of dynamic recrystallization (DRX) on the
transformed ferrite microstructures was investigated with electron backscatter diffraction (EBSD).
The EBSD analysis indicated that the fraction of high-angle grain boundaries (HAGBs) and DRX
increased with increasing true strain. The low-angle grain boundaries (LAGBs) were gradually
transformed into HAGBs with increasing DRX degree. When the true strain was increased to 0.916,
the fraction of HAGBs increased to 85% and the fraction of DRX increased to 80.3%. The relatively
high fraction of HAGBs was related to the complete DRX. The dislocations and substructures in the
tested steel at different true strains were characterized by transmission electron microscopy (TEM).
TEM observation shows that the nucleation of the dynamically recrystallized grains occurred by the
bulging of the original grain boundaries. The DRX nucleation mechanism of the HSLA steel is the
strain-induced grain boundary migration mechanism.

Keywords: HSLA steel; EBSD; dynamic recrystallization

1. Introduction

High-strength low-alloy (HSLA) steel is broadly applied in construction, ship building and
automobile manufacturing due to its weldability, corrosion resistance and specific strength [1-4]. HSLA
steels through the hot-working process are reasonably obtained with excellent mechanical properties.
In these processes, the dynamic recrystallization (DRX) is an important method for controlling the
evolution of the microstructure and softening mechanism. DRX plays an important role in improving
the hot workability and grain refinement of steels. In addition, DRX is an effective method for
improving the mechanical properties of steels [5-8]. Hence, it is essential to investigate the DRX
characteristics of HSLA steels during hot deformation.

The isothermal hot compression process of HSLA steel has been studied to understand its
dynamic recrystallization behavior under different conditions [9,10]. Normally, recrystallized grains
size increases with an increase in temperature of the isothermal hot compression, and strain rate
decreases [11,12]. However, the average size of recrystallized grains increases slightly. Some scholars
have investigated the DRX characteristics of HSLA steels. Eghbali [13] investigated the effect of strain
rate on the continuous DRX behavior of a low-carbon microalloyed steel. It was found that the effect of
continuous DRX on grain refinement increased with an increase in strain rate. Shaban et al. [14] studied
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the effect of deformation parameters on the DRX behavior of austenite in a Nb-Ti microalloyed steel.
They reported that DRX occurred more readily with increasing temperature and decreasing strain
rate. Shen et al. [15] researched the effect of deformation conditions on the microstructure evolution of
ferrite during intercritical deformation in low-carbon microalloyed steels, and the study showed that
continuous DRX was induced by a small strain of 0.25 when the temperature was 750 °C and the strain
rate was 0.1 s™!. Fu et al. [16] reported that the relationship between stress to strain, strain rate and
temperature by dynamic compression tests, and concluded that the hardening and softening are related
to the transformation in microstructures. The dynamic recrystallization temperature at 600 °C was
found to be the one important influencing factor of those conditions. However, there has been a lack of
data on hot deformability and phase transform during hot deformation processing at high temperatures
by also determining the various true strains in the hot-compression test. Hence, it is necessary to
further study the microstructure evolution mechanism of HSLA steels under different conditions using
the electron backscatter diffraction (EBSD) technique and transmission electron microscopy (TEM).

In this paper, isothermal compression tests with different true strains were performed on an
MMS-200 thermal simulator. The objective was to investigate the effect of DRX on the transformed
ferrite microstructures in HSLA steels. The evolution mechanisms of the microstructures at different
true strains were characterized by the EBSD and TEM. Finally, the DRX nucleation mechanism in the
HSLA steel was determined by TEM analysis.

2. Materials and Methods

HSLA steel ingot is obtained by melting in a vacuum induction furnace. The ingot is 200 mm
x 100 mm X 100 mm in size and 15.5 kg in weight. The chemical composition of the tested steel is
listed in Table 1. The critical transformation temperatures of HSLA steel were measured by using a
thermal dilatometer (402C Expedis Supreme, Netzsch Corporation, Bavaria, Germany). The cylindrical
specimen with the size of ® 8 X 15 mm was machined from the center area of the ingot for the
hot compression test. Hot compression tests were conducted on a MMS-200 thermal-mechanical
simulator (Northeastern University, Shenyang, China). The deformation temperature was 950 °C and
1100 °C, and the strain rate was 0.01 s™! and 157}, respectively. All specimens were put under argon
atmosphere during hot compression tests. Both ends of the specimen were covered with tantalum foils
to reduce friction between the specimen and anvils. The experimental process is shown in Figure 1a.
The specimens were heated to the deformation temperature at 20 °C/s and held for 120 s, and then
compressed to the true strain of 0.105, 0.223, 0.511 and 0.916 at the set deformation temperature and
strain rate, respectively. All specimens were water-cooled to room temperature immediately after
deformation to retain a high-temperature microstructure. The deformation specimens were cut along
the axial section for microstructure observation, and the observed area of the specimens is illustrated
in Figure 1b.

To study the effect of the true strain on the DRX behavior of the investigated steel, the
microstructures of the deformed specimens were observed and analyzed using optical microscopy
(Olympus PME-3, Olympus Corporation, Tokyo, Japan), EBSD (Hitachi S-3400, Hitachi Limited, Tokyo,
Japan) and TEM (JEM-1200EX, JEOL, Tokyo, Japan). The cut surface to be used for optical microscopy
observation was ground, polished and etched in a solution of 4 mL nitric acid and 96 mL ethanol.
Dynamic recrystallization evolution was studied by EBSD technology. The EBSD experiment was
conducted on a Hitachi S-3400 scanning electron microscope. The HKL Channel 5 software (Version
4.3, Oxford Instruments, Oxfordshire, UK) was used to analyze the EBSD data. In order to prepare the
EBSD specimens, the deformed specimens were mechanically polished and then subjected to vibration
polishing for 3 h. Dislocations and grain boundaries were characterized by using a TEM operating at
200 kV. The specimens for TEM were prepared using an ion-beam thinning method after mechanically
grinding to 40 um.
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Table 1. Chemical composition of high-strength low-alloy (HSLA) steels (wt.%, Fe balance).

C Si Mn Cu Cr Mo Ni Nb Al Ti v
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Figure 1. (a) The experimental process of the isothermal compression test; (b) the area of

microstructure observation.

3. Results and Discussion

3.1. Critical Transition Temperatures of HSLA Steel

The critical transition temperatures of the tested steel determined by a thermal dilatometer are
shown in Figure 2. A is the starting temperature for the transformation from ferrite to austenite. A3
is the temperature at which austenite phase transformation is completed. A.; and A3 were determined
to be 806.1 °C and 870.4 °C, respectively, by the tangent method. Therefore, when the temperature was
higher than 870.4 °C, the microstructure of the tested steel was single-phase austenite.
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Figure 2. Thermal dilatometric curve of the HSLA steel.

3.2. Hot Deformation Behavior

Figure 3 shows the true stress-true—strain curves of the tested steel at different strains. It should
be noted that the specimen containing metallurgical defects will cause a reduction in flow stress or
a sharp fluctuation in the true stress—strain curves during the hot compression process. Therefore,
in order to avoid metallurgical defects that make the experiment unrepeatable, all specimens were
cut from the center of the steel ingot. This is because the microstructure in the center of an ingot
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is more uniform and there are fewer metallurgical defects. As shown in Figure 3, the curves with
the same temperature and strain rate overlapped each other, indicating that the hot deformation
process of the tested steel had a high repeatability. In addition, Figure 3 indicates that the deformation
conditions had a great influence on the flow stress of the steel. When the tested steel was deformed
at 950 °C and 1 s71, Figure 3a shows that the flow stress increased slowly with a corresponding
increase in the true strain until the steady stress was reached, and the peak stress did not appear
during the whole deformation process. However, when the tested steel was deformed at a lower
strain rate (950 °C/0.01 s_l) or a higher temperature (1100 °C/0.01 s_l), as shown in Figure 3b,c, the
curves show that the true stress gradually increased to the peak stress with the increase in strain, and
then began decreasing slowly. The lower strain rate provides more time for DRX grain nucleation
and dislocation annihilation [17-20]. In addition, the higher deformation temperature can promote
grain boundary migration and dislocation movement [21-24]. The DRX can be carried out more fully
at a higher deformation temperature and a lower strain rate [25]. Therefore, the dynamic softening
effect is enhanced, and the flow stress is reduced. The yield strength (o) of the test steel at different
deformation temperatures and strain rates can be obtained from the true stress—strain curves. Since
the yield point in the true stress—strain curves is not obvious, the flow stress corresponding to 0.02
strain is defined as the yield stress value [26,27]. As shown in Figure 3, the yield stress values at
different deformation conditions are 62.9 MPa (950 °C/1 s71), 52.8 MPa (950 °C/0.01 s~!) and 35.1 MPa
(1100 °C/0.01 s71), respectively. The deformation parameters clearly have a great influence on the yield
strength of HSLA steel. The yield stress values decrease with increasing deformation temperature and
decreasing strain rate. The decrease in the yield strength is related to the DRX behavior. The DRX
can be carried out more fully at a high deformation temperature and a low strain rate. Therefore, the
dynamic softening effect is enhanced, and the yield strength is reduced [28,29].
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Figure 3. True stress—strain curves of the investigated steel at different deformation parameters: (a)
T =950 °C, strain rate = 1571, (b) T = 950 °C, strain rate = 0.01 71, (¢) T = 1100 °C, strain rate = 0.01s71.
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3.3. Microstructures of the Deformed Specimens

Figure 4 shows the typical microstructures of the deformed specimens at different deformation
parameters. It can be seen that the grain size of the deformed specimen decreased with increasing
strain at a given temperature and strain rate, which indicates that DRX occurred for these deformation
parameters. However, the original and dynamic recrystallized grains were difficult to distinguish by
optical microscopy. Therefore, it was necessary to investigate the DRX characteristics of the HSLA
steel under different true strains by EBSD.
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Figure 4. Metallography of the investigated steel under different deformation parameters.

3.4. EBSD Analysis at Different True Strains

Figure 5 presents the true stress-true-strain curves at 950 °C and 0.01 s~ at different true strains.
According to the Reference [30], the critical strain value for DRX under this deformation parameter set
was determined to be 0.13. As illustrated in Figure 5, when the true strain of the specimen was less
than 0.13, the microstructure evolution mechanism of the deformed specimen was work hardening.
When the true strain of the specimen exceeded 0.13, the main mechanism of microstructure evolution
was dynamic recrystallization.
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Figure 5. The true stress-true—strain curves at 950 °C and 0.01 s~! at different true strains.

To further study the effect of the true strain on the DRX characteristics of the tested steel during
isothermal compression, EBSD analyses were carried out on the deformed specimens with different
true strains (0.105, 0.223 and 0.916). Inverse pole figure maps and grain size distributions for the
specimens deformed at 950 °C and 0.01 s~! with different true strains are illustrated in Figure 6.
Figure 6a—c shows that the microstructures of the deformed specimens were significantly refined with
increasing true strain. As shown in Figure 6d—f, when the true strain of the specimen increased from
0.105 to 0.916, the average grain size decreased from 23.90 um to 17.75 um, respectively. When the
specimen was deformed to a true strain of 0.105, the critical value for DRX was not reached. Therefore,
the microstructure of the deformed specimen still contained coarse grains. As the specimen was
compressed to a true strain of 0.223, the critical strain for DRX was reached, and a small amount of
fine DRX grains appeared at the original grain boundaries. However, the DRX effect was weak due
to the low deformation of the specimen. Therefore, the change in the grain size was not substantial.
When the true strain was further increased to 0.916, the original coarse grains were replaced by fine
dynamically recrystallized grains. Thus, DRX played an important role in the grain refinement during
the microstructure evolution.

DRX distribution maps and statistical maps of the specimens deformed at 950 °C and 0.01 s™* with
different true strains are illustrated in Figure 7. According to the reference [31-34], the dynamically
recrystallized microstructure, substructure and deformed microstructure were characterized using the
grain orientation spread (GOS) approach. As illustrated in Figure 7a—c, the dynamically recrystallized
microstructure, substructure and deformed microstructure are marked as blue, yellow and red,
respectively. Figure 7a—c shows that the fraction of dynamic recrystallization increases significantly
with the increase in true strain. As shown in Figure 7d-f, when the true strain of the specimen increased
from 0.105 to 0.916, the fraction of DRX increased from 2.4% to 80.3%, respectively. When the specimen
was deformed to a true strain of 0.105, the main mechanism for the microstructure evolution was
work hardening. As shown in the red area in Figure 7a, nearly all of the grains in the specimen were
deformed. The fractions of the recrystallized microstructure, substructure and deformed microstructure
were 2.4%, 4.4% and 93.2%, respectively. As the specimen was compressed to a true strain of 0.223,
the critical strain for DRX was reached. As incomplete DRX occurred, the fraction of the deformed
structure decreased, and the fraction of the recrystallized structure and substructure increased. When
the true strain was further increased to 0.916, complete DRX occurred in the deformed specimen.
As shown in the blue area in Figure 7e, the microstructure of the deformed specimen was replaced by
fine dynamically recrystallized grains. The fractions of the recrystallized microstructure, substructure
and deformed microstructure were 80.3%, 11.5% and 8.2%, respectively.
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Figure 6. Inverse pole figure maps (a—c) and grain size distribution maps (d—f) of the deformed
specimen at various true strains: (a,d) € = 0.105; (b,e) € = 0.223; (c,f) ¢ = 0.916.
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Figure 7. Dynamic recrystallization distribution maps (a—c) and statistics maps (d—f) of the deformed
specimen at various true strains: (a,d) ¢ = 0.105; (b,e) ¢ = 0.223; (c,f) ¢ = 0.916.

Figure 8 shows the grain boundary maps and misorientation angle distribution of the specimens
deformed at 950 °C and 0.01 s~! with different true strains. As illustrated in Figure 8a—c, the grain
boundaries with a boundary misorientation angle between 2° and 15° were defined as low-angle
grain boundaries (LAGBs) and marked with a green line. The grain boundaries with a boundary
misorientation angle higher than 15° were defined as high-angle grain boundaries (HAGBs) and
marked with a black line. Figure 8a—c indicates that the LAGBs were gradually transformed into
HAGBs with increasing true strain. As illustrated in Figure 8d—f, when the true strain increased
from 0.105 to 0.916, the corresponding fraction of HAGBs increased from 16.2% to 85%, respectively.
When the true strain was 0.105, a large number of dislocations were generated due to work hardening,
and the moving dislocations were entangled with each other to form a large number of subgrain
boundaries. As the specimen was compressed to a true strain of 0.223, the critical strain for DRX
was reached. The dislocations and substructures were gradually consumed with the nucleation and
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growth of the dynamically recrystallize grains. Therefore, some of the LAGBs were transformed into
HAGBs. When the true strain reached 0.916, the DRX was complete, and the fraction of HAGBs was
increased to 85%. The HAGBs efficiently arrested the propagation of the cleavage microcracks and
improved the toughness of the material [35-38]. In addition, when the true strain increased from
0.105 to 0.916, the corresponding average sub-boundary misorientation (04y) increased from 13.8° to
18.8°, respectively. In general, the increase in 6,4y was related to the nucleation of the dynamically
recrystallized grains [39,40]. With an increase in true strain, the LAGBs continuously absorbed
dislocations and gradually transformed into HAGBs, which is consistent with an increase in the
orientation angle fraction in the range 40-60°. The large true strain was favorable for the nucleation and
growth of the dynamically recrystallized grains. Therefore, 04y increased with a decreasing true strain.
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Figure 8. Grain boundary maps (a—c) and misorientation distribution maps (d—f) of the deformed
specimen at various true strains: (a,d) ¢ = 0.105; (b,e) ¢ = 0.223; (¢,f) ¢ = 0.916.

3.5. TEM Analysis at Different True Strains

Figure 9 presents the dislocations and substructure of the specimens deformed at 950 °C and
0.01 s~ with different true strains. When the specimen was deformed to a true strain of 0.105, the
main mechanism of microstructure evolution was work hardening. As illustrated in Figure 9a,b,
deformed grains (Figure 9a) and high dislocation density regions (Figure 9b) can be observed in the
microstructure. The increase in the dislocation density was the essential reason for the enhancement
of the work hardening effect [41]. Therefore, the true stress increased rapidly as the true strain
increased during the initial deformation. In addition, during the initial phases of hot compression
(¢ < 0.105), dislocations produced by work hardening progressively accumulate in the dislocation
cell structures, and then rearrange into subgrain boundaries via dynamic recovery. This is consistent
with an increase in the fraction of LAGBs in Figure 8d [42]. When the true strain increased to 0.223,
the critical strain for DRX was reached, and the mechanism for the microstructure evolution changed
from work hardening to dynamic softening. As shown in Figure 9¢,d, the dislocation density was
significantly reduced due to dynamic softening effects, such as dynamic recovery and DRX. When
the true strain increased to 0.916, the DRX process was completed. As shown in Figure 9e/f, fine
dynamically recrystallized grains can be observed in the microstructure, indicating that the original
grains were replaced by the dynamically recrystallized grains. The dislocation and substructure
were consumed gradually as the nucleation and growth of DRX nuclei increased. Therefore, the
fraction of LAGBs significantly decreased (Figure 8f) [43,44]. In addition, bulging grain boundaries
are observed, indicating that the nucleation of the dynamically recrystallized grains occurred by the
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bulging of the original grain boundaries [45]. The dislocation-free zone is formed behind the bulged
grain boundaries and further becomes nuclei. Finally, the nuclei are transformed into the new DRX
grains with HAGBs [46]. Therefore, the bulged grain boundaries were the core for the nucleation of
dynamically recrystallized grains. This DRX nucleation mechanism is called the strain-induced grain
boundary migration (SIBM) [47].
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Figure 9. Dislocation and substructure of the specimens deformed at 950 °C and 0.01 s~! with different
true strains: (a,b) ¢ = 0.105, (¢,d) ¢ = 0.223, (ef) ¢ = 0.916.
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4. Conclusions

1.  Aq and Ag of the tested steel were determined to be 806.1 °C and 870.4 °C, respectively. When
the temperature was higher than 870.4 °C, the microstructure of the tested steel was single-phase
austenite. The grain size of the deformed specimen decreased with increasing strain at a given
temperature and strain rate.

2. When the true strain of the specimen increased from 0.105 to 0.916, the average grain size
decreased from 23.90 um to 17.75 um, the fraction of DRX increased from 2.4% to 80.3%, the
fraction of HAGBs increased from 16.2% to 85%, and the average sub-boundary misorientation
increased from 13.8 to 18.8°.

3. The critical strain value for DRX at 950 °C and 0.01 s~! was determined to be 0.13 by the true
stress—strain curve. TEM observation shows that the nucleation of the dynamically recrystallized
grains occurred by the bulging of the original grain boundaries. The DRX nucleation mechanism
of the HSLA steel is the SIBM mechanism.
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