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Abstract: In this work, the microstructure and the strain partitioning of lean duplex stainless steel 2101 (LDX 2101) during different
hot-rolling processes are investigated by optical microscopy and electron-backscattered diffraction (EBSD). The results show that the LDX
2101 exhibits poor thermoplasticity at high temperature. The four-pass hot-rolled plates show fewer edge-cracking defects and superior
thermoplasticity compared with the two-pass hot-rolled plates prepared at different temperature. The phase boundary is the weakest site in
the LDX 2101. The cracks are initiated and propagated along the phase boundaries during the hot-rolling process. According to the EBSD
analysis, the increase of the hot-rolling pass can dramatically improve the strain distribution in ferrite and austenite phases and promote the
strain transmission in the constituent phases, thereby improving the coordinated deformation ability of the two phases. This effect further in-

creases the thermoplasticity and reduces the formation of edge cracks in LDX 2101.
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1. Introduction

Duplex stainless steel (DSSs) is characterized by a ferrite
(a) and austenite (y) dual-phase structure at room tempera-
ture, which combines the advantages of austenitic stainless
steels and ferritic stainless steels [1-5]. To achieve the best
comprehensive properties, the a/y phase ratio is generally
approximately 1:1. DSS has high strength, high tough-
ness, and excellent resistance to intergranular corrosion,
pitting corrosion, and stress corrosion [6—8]. On the basis
of its excellent properties, DSS is widely used in the pe-
troleum, chemical, paper, subsea equipment, and other
industries [9-10].

Lean duplex stainless steel (LDX) is a new type of DSS
in which the element Ni is replaced by low-cost austenitiz-
ing elements N and Mn and the Mo content is reduced [11].
Although LDX 2101 is cost-efficient because it contains low
concentration of Ni and Mo, its yield strength can reach
twice that of traditional austenitic stainless steels such as AISI
304 while also ensuring good corrosion resistance [12—13].
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However, compared with the traditional DSSs, the LDX
2101 exhibits worse thermoplasticity and more serious edge
cracking during the rolling process.

Thermal processing, especially the hot-rolling process, is
important for producing DSSs. Because of its dual-phase
structure, the different crystal structures and stacking fault
energy of ferrite and austenite phases lead to different de-
formation modes during the hot-rolling process. In general,
the softening mechanism of the ferrite phase is dynamic re-
covery (DRV) because of its high stacking fault energy.
Dislocations climb, and cross-slip easily occurs. By contrast,
the austenite phase, which is characterized by low stacking
fault energy, undergoes limited DRV. The major softening
mechanism is dynamic recrystallization (DRX). Yang and
Yan [14] have proposed that ferrite undergoes DRV and the
grains become coarser during compression deformation at
high temperature and that the austenite is softened by DRX.
However, alternate interpretations of the softening mechan-
ism in DSSs have been proposed. Liu ef al. [15] have re-
ported that continuous dynamic recrystallization (CDRX) is
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the major softening mechanism of both phases during hot
compression. We observed that the small-angle boundaries
gradually transformed into large-angle boundaries. Castan
et al. [16] found that the softening mechanism of the ferrite
phase has an important relationship with the Zen-
er—Hollomon parameter (Z). Specifically, the ferrite under-
goes discontinuous dynamic recrystallization (DDRX) at
high Z-values, whereas CDRX occurs at low Z-values.
Therefore, the hot-deformation mechanism of DSSs is com-
plicated because of their two-phase structure.

In actual industrial production, DSSs usually require
multipass rolling and the final deformation is achieved by

multipass accumulation. In this paper, multipass hot-rolling
tests of as-cast LDX 2101 were conducted at different tem-
perature. The effects of the deformation temperature and the
number of rolling passes on the microstructure, softening
mechanism, and deformation coordination were investi-
gated.

2. Experimental
The experimental material was LDX 2101 smelted in an

argon oxygen decarburization furnace. The chemical com-
position is given in Table 1.

Table 1. Chemical composition of the LDX 2101 wt%
Steel C Cr Ni Mn Mo N P S Si
LDX2101 0.033 22.0 1.28 4.52 0.13 0.222 0.009 0.0027 0.5
Standard <0.04 21-22 1.35-1.7 4.0-6.0 0.1-0.8 0.20-0.25 <0.04 <0.03 <1.0

The multipass hot-rolling tests were carried out on a
model 350 hot-rolling mill with hot-rolled slabs. The
hot-rolled slabs were manufactured from the as-cast LDX
2101 with a length of 80 mm, a width of 40 mm, and a
thickness of 20 mm. The slabs were soaked at 1100, 1200,
and 1250°C for 30 min, followed by two-pass and four-pass
hot-rolling processes. The final thickness of the plates was 5
mm. The reduction of each pass in the four-pass rolling
process was 20%, 30%, 30%, and 30%, and the reduction of
each pass in the two-pass rolling process was 40% and 60%.
The finishing rolling temperature was 980°C. To retain the
high-temperature microstructure, the plates were quenched
immediately after the different hot-rolling processes. The
hot-rolling process diagram is shown in Fig. 1.
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Fig. 1. Hot-rolling process for LDX 2101.

A Leica DM2500 optical microscope was used to observe
the morphology. The specimens for optical observation were
prepared by mechanical milling, polishing, and electrolytic
etching in a 10wt% oxalic acid solution (C,H,0,), which
made the ferrite phase gray and the austenite phase bright.

The etching potential was 7 V, and the current was 0.5 A.
The deformation distribution and kernel average misorienta-
tion (KAM) distribution were analyzed with an LEO-1450
scanning electron microscope equipped with the Channel 5
electron-backscattered diffraction (EBSD) system. The spe-
cimens for EBSD analysis were prepared by mechanical po-
lishing and electrolytic polishing with 10wt% perchloric ac-
idand 90wt% glacial acetic acid solution. The potential was
20V, and the current was 2.0 A. The volume fraction of fer-
rite phase was measured with a Feritscope FMP 30. Each
specimen was measured ten times in different locations, and
the average value was calculated. The phase diagram for
LDX2101 was calculated using the Thermo-Calc software.

3. Results
3.1. The microstructure of as-cast LDX 2101

Fig. 2 shows the optical microstructure of as-cast LDX
2101. The island-shaped austenite is uniformly distributed
on the ferrite matrix. In addition, the austenite phase also
exhibits a dendritic morphology because of the as-cast con-
dition. Because of the high content of alloying elements and
the different partition coefficients of elements in two phases,
DSSs are prone to form intermetallic phase [17]. Because of
the low content of C and Mo in LDX 2101, the precipitation
of the FeCr(Mo) (o) phase and M,;C¢ phase is greatly sup-
pressed; these two precipitates are not observed in the expe-
rimental material. The volume fraction of ferrite phase is
48.7%, as measured with a Feritscope, which means the o/y
phase ratio is approximately 1:1 in the as-cast LDX 2101.
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Fig. 2. Microstructure of the as-cast LDX 2101.
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Fig. 3 shows the phase diagram of LDX 2101. During the
hot-deformation process, whether the volume fraction of
ferrite or austenite exceeds 20%, the thermoplasticity of the
DSSs is drastically reduced, and defects such as cracks are
prone to occur. When the a/y phase ratio is approximately
1:1, DSSs exhibit its worst thermoplasticity [18]. Given the
effect of the phase ratio and the precipitates on the thermop-
lasticity of the experimental material, we decided to carry
out the multipass hot-rolling tests at different temperature of
1100, 1200, and 1250°C. The ratios of the ferrite phase in
the experimental plates are 52.16%, 68.39%, and 77.31% at
1100, 1200, and 1250°C, respectively, as shown in Fig. 3.

3.2. The influence of hot-rolling passes on the micro-
structure

Fig. 4 shows the macroscopic morphology of the plate
edge of LDX 2101 after two-pass and four-pass hot-rolling
processes at different temperature. Compared with the
four-pass hot-rolling process, two-pass hot-rolling process
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results in more edge cracks at the three investigated temper-
ature. The edge macroscopic morphology of the experimen-
tal plate (Fig. 4(a)) shows that the thermoplasticity is ob-
viously different after two-pass and four-pass hot-rolling
processes, which is related to the evolution of the micro-
structures during different rolling processes. Fig. 4(b) shows
the edge metallographic microstructure of the experimental
plate at 1200°C after the two-pass hot-rolling process. All of
the cracks are initiated at the phase boundaries and are ex-
tended along the phase boundaries. Clearly, the phase
boundary is the weakest part of the LDX 2101. However,
after two-pass hot rolling at 1100°C and 1200°C, a large
number of cracks appear in the edge of the experimental
plates, demonstrating poor thermoplasticity. When the tem-
perature increases to 1250°C, the edge cracks of the expe-
rimental plate are greatly decreased and the thermoplasticity
of the plate is improved.
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Fig. 3.

Phase diagram of LDX 2101.

Fig. 4. The edge cracks after two-pass and four-pass hot-rolling processes at different temperature: (a) macroscopic morphology;

(b) microcracks after two-pass rolling at 1200°C.

Chen et al. [19] have indicated that the ferrite phase ratio
and thermoplasticity of DSSs increased with increasing
temperature. Therefore, the edge cracks of the two-pass
hot-rolled plate almost disappear at 1250°C. At the same
temperature, the thermoplasticity of the four-pass rolled
plate is better than that of the two-pass rolled plate, and the

four-pass rolled plate exhibits fewer edge cracks. Thus, in-
creasing the deformation temperature and the number of
rolling passes can improve the thermoplasticity of the LDX
2101.

Fig. 5 shows the microstructures after two-pass and
four-pass hot rolling of LDX 2101 at different temperature.
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After the two-pass hot-rolling process at 1100°C (Figs.
5(a)-5(c)), the deformation of the austenite phase is small
and the austenite phase is hardly deformed in the rolling di-
rection. Block austenite remains distributed irregularly in
the ferrite matrix, as shown in Fig. 5(a). The austenite and

ferrite phases exhibit inhomogeneous deformation. However,
after the four-pass hot-rolling process (Figs. 5(d)-5(f)), the
austenite phase is obviously elongated along the rolling di-
rection. The phase boundaries are distorted, and a large
number of deformed banded structures appear.
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Fig. 5. Microstructures of LDX 2101 after (a—c) two-pass and (d—f) four-pass hot rolling at different temperature: (a,d) 1100°C;

(b,e) 1200°C; (c,f) 1250°C.

When the hot-rolling temperature increases to 1200°C,
the elongation of the austenite phase inside the ferrite matrix
remains small after the two-pass hot-rolling process (Fig.
5(b)). The deformation characteristics are still not obvious.
In addition, a few grain boundaries in the ferrite phase begin
to appear, indicating that DRX has begun. After the
four-pass hot-rolling process (Fig. 5(¢)), compared with the
hot rolling at 1100°C, the austenite phase is further elon-
gated along the rolling direction and the plastic deformation
increases. The austenite and ferrite phases exhibit homoge-
neous deformation, and the deformed banded structures are
uniformly distributed.

At 1250°C, after the two-pass hot-rolling process (Fig.
5(c)), the amount of deformation of the austenite phase in-
side the ferrite matrix greatly increases and the austenite
phase is elongated. The number of grain boundaries in the
ferrite phase increases with increasing hot-rolling tempera-
ture and the degree of recrystallization increases. However,
after the four-pass hot-rolling process (Fig. 5(f)), the auste-
nite is broken along the rolling direction and the deformed
banded structures are reduced.

Fig. 6 shows the microstructure of the LDX 2101 after
two-pass and four-pass hot rolling at different temperature,
as characterized by EBSD. A comparison of the distribution
of the ferrite and austenite grain boundaries after different

hot-rolling processes reveals that the ferrite grains are un-
iformly distributed and exhibit equiaxed morphology after a
two-pass hot-rolling process at different temperature (Figs.
6(a)-6(c)), whereas the grain boundary distribution of the
austenite phase is not uniform. No grain boundary is ob-
served in the center of the large block austenite, whereas a
large number of grain boundaries are concentrated near the
grain edge region (marked by the arrow in Fig. 6). Addition-
ally, with increasing temperature, the grain size of the ferrite
phase increases. However, after the four-pass hot-rolling
process (Figs. 6(d)—(f)), the grain boundary distribution of
the ferrite phase is not uniform and a large number of grain
boundaries are concentrated near the sharp corners of the
ferrite phase boundary. In addition, a large number of grain
boundaries also exist in the austenite phase. As the deforma-
tion temperature increases, the number of large blocks aus-
tenite decreases and the number of recrystallized grains with
smaller grain sizes increases.

Consequently, the strain partitioning obviously differs in
the ferrite and austenite because of the different rolling
processes. In the case of the two-pass hot-rolling process,
the ferrite phase accommodates more strain, which is prone
to recovery and recrystallization. The austenite phase ac-
commodates less strain, and the large block austenite phase
remains in the ferrite matrix. However, the ferrite and auste-
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nite phases are both in the deformed states during the
four-pass hot-rolling process. The strain partitioning be-
tween the two phases is more homogeneous than that of the
two-pass hot-rolling process. The number of large block
austenite grains greatly decreases, and both phases exhibit a
uniform banded structure, as shown in Fig. 6(f).

3.3. Deformation coordination and softening mechanism

Fig. 7 shows the deformation distribution of LDX 2101
after the two-pass hot-rolling process and the four-pass
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hot-rolling process at different temperature. To obtain the
low-strain structure, substructure, and deformed structure,
the angle thresholds for the substructure and deformed
structure are 0° and 15°, respectively. The difference be-
tween the ferrite and austenite phases of the two-pass and
four-pass hot-rolling processes is obvious at different tem-
perature. After the two-pass hot-rolling process, the strain
distribution in the two phases is substantially different.
The ferrite phase is almost a low-strain structure (marked
by blue), whereas the austenite phase is a substructure

I Austenite

2

()

Fig. 6. The microstructure of LDX 2101 after (a—c) two-pass and (d—f) four-pass hot rolling at different temperature, as characte-
rized by EBSD: (a,d) 1100°C; (b,e) 1200°C; (c,f) 1250°C. The black lines indicate grain boundaries.

Substructure

I Deformed structure

Fig. 7. The deformation distribution of LDX 2101 after (a—c) two-pass and (d—f) four-pass hot-rolling process at different temper-
ature: (a,d) 1100°C; (b,e) 1200°C; (c,f) 1250°C. The black line indicates the phase boundary.
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(marked by yellow) and a deformed structure (marked by
red) with higher strain. After the four-pass hot-rolling process,
the strain is uniformly distributed in the ferrite and austenite
phases, both of which are substructures and deformed struc-
tures, with only a small amount of low-strain structure. Con-
sequently, during the two-pass hot-rolling process, the de-
formation is largely concentrated in the ferrite phase and the
deformation is difficult to transfer to the austenite phase,
which leads to a large degree of recovery and recrystalliza-
tion of the ferrite phase. However, the deformation of the
austenite phase is not sufficient to trigger recrystallization;
the austenite phase is still in the deformed state. On the
contrary, the strain distribution of the ferrite and austenite

phases is relatively uniform and both phases are in the de-
formed state during the four-pass hot-rolling process.

4. Discussion

The experimental results show that the effect of the
hot-rolling passes on the thermoplasticity of LDX 2101 sub-
stantially changes the deformation distribution in the constitu-
ent phases. To further investigate the strain partitioning between
the constituent phases, we analyzed the KAM after two-pass
and four-pass hot-rolling process at 1250°C, as shown in Fig.
8. The distribution of KAM in the constituent phases is sub-
stantially different after different hot-rolling processes.

hot-rolling process; (b,d) four-pass hot-rolling process.

Compared with the four-pass hot-rolling process, the
KAM in the ferrite phase is relatively low after the two-pass
hot-rolling process and the high-KAM region is mostly
concentrated in the austenite phase. The ferrite phase ac-
commodates greater deformation during the two-pass
hot-rolling process; thus, dynamic recovery and recrystalliza-
tion occur. The dislocations generated by the deformation of
ferrite with higher stacking fault energy are fully cross-slipped,
the opposite sign dislocations are annihilated, and the same
sign dislocations are rearranged so that the internal stress in
the ferrite grain is released. The ferrite phase is kept in a
low-strain state. The austenite accommodates less deforma-
tion and is difficult to recrystallize. The strain in the austenite
is difficult to release, showing a high strain state. In addition,

the austenite grain boundary is mostly the high-KAM region,
whereas the ferrite grain boundary is the low-KAM region,
resulting in stress concentration at the phase boundary.

By contrast, many researchers have found that the mi-
crohardness of the austenite phase is greater than that of the
ferrite phase because of the difference in the nitrogen con-
tents element and the different softening mechanisms [20—-21].
During the two-pass hot-rolling process, the microhardness
difference of austenite and ferrite increases further with in-
creasing deformation. The strain is difficult to transfer from
the ferrite phase to the austenite phase. The two phases are
difficult to coordinate deformation, which reduces the ther-
moplasticity of LDX 2101, thereby causing the edge cracks
during the hot-rolling process.
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During the four-pass hot-rolling process, the KAM dis-
tribution of the constituent phases is homogeneous. Both
phases have high-KAM value regions that are continuously
distributed through the phase boundary, as marked by the box
with the broken lines in Figs. 8(b) and 8(d). Ma et al. [22]
found that the uniformity of the strain and microstructure
distribution is an important factor affecting the hot-rolling
property of DSSs plates. The increase of the hot-rolling pass
effectively improves the strain distribution of the constituent
phases. The strain is easier to transfer from the ferrite phase
to the austenite phase during the four-pass hot-rolling
process. The deformation of the constituent phases in LDX
2101 is coordinated, leading to better thermoplasticity.
Therefore, the thermoplasticity of LDX 2101 is mainly af-
fected by the strain distribution and softening mechanisms
of ferrite and austenite during the hot-rolling process [23].

The thermoplasticity of DSSs is poor due to the
dual-phase composition at high temperature, and different
softening mechanisms of ferrite and austenite lead to inho-
mogeneous deformation. Iza-Mendia et al. [24] reported that
ferrite is softer than austenite during hot deformation. The
deformation is first concentrated in the ferrite phase, whe-
reas the deformation of austenite phase is small, which leads
to a compressive stress state of the ferrite grain and tensile
stress state of the austenite grain. Stress is concentrated at
the phase boundary so that cracks are easily generated.
However, the body-centered cubic ferrite with high stacking
fault energy tends to soften by dynamic recovery. The
face-centered-cubic austenite tends to soften by DRX,
which is only triggered when the strain accumulates to the
critical strain. The different softening mechanisms of ferrite

A
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and austenite result in different work-hardening rates during
the hot deformation. Feng et al. [25] reported that the re-
covery behavior of ferrite phase is much faster than auste-
nite DRX. The difference in the softening degree further in-
creases the stress concentration at the phase boundary, in-
creasing the tendency of edge-cracking defects.

Fig. 9 shows the deformation mechanism during
two-pass and four-pass hot-rolling processes. During the
two-pass hot-rolling deformation, because of the large
amount of deformation per pass, the accumulation of strain
in the ferrite matrix causes a large degree of recovery and
recrystallization, reducing the work hardening in the ferrite
phase; by contrast, the strain inside the austenite phase is
less and insufficient to trigger recrystallization; in this case,
the work-hardening effect is greater. The heterogeneous dis-
tribution of the strain in the constituent phases causes the
stress to be concentrated at the phase boundary. With in-
creasing deformation, the strain in the ferrite phase is diffi-
cult to transfer to the austenite phase, eventually leading to
edge cracks during the hot-rolling process. During the
four-pass hot-rolling process, because of the small deforma-
tion per pass, the ferrite and austenite phases remain in the
deformed state after each hot-rolling pass. The ferrite phase
has a smaller degree of dynamic softening. Meanwhile, both
phases undergo static recovery and recrystallization during
the intervals of the hot-rolling process and the internal stress
is reduced, which reduces the work-hardening effect. The
constituent phases exhibit better deformation coordination and
the strain is uniformly distributed in the two phases so that the
experimental plate exhibits fewer edge cracks and better ther-
moplasticity during the four-pass hot-rolling process.
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Fig. 9. Schematic of the microstructure evolution of LDX 2101 in (a) two-pass hot rolling and (b) four-pass hot rolling.

5. Conclusions

In this work, the microstructural evolution and the ther-

moplasticity of LDX 2101 during different hot-rolling
processes are investigated in detail. On the basis of the ex-
perimental results, the main conclusions are as follows:
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(1) Obvious edge-cracking defects are observed in LDX
2101 during hot-rolling process. Increasing the number of
hot-rolling passes can substantially improve thermoplastici-
ty of the experimental plate.

(2) Because of the different softening mechanisms and
crystal structures of ferrite and austenite phases, the stress is
concentrated in the phase boundary during the hot-rolling
process. The o/y interface is the weakest part of the LDX 2101,
and the cracks are easily generated at the phase boundary.

(3) Compared with the two-pass hot-rolling process, the
four-pass hot-rolling process exhibits better thermoplasticity
because of the more uniform strain distribution and better
deformation coordination of ferrite and austenite phases.
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