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Abstract

The optimization of hot compression technique of as-cast 0Cr23Nil3 stainless steel at high strain rate was discussed, and
its corrosion resistance was evaluated after hot compression treatment experimentally. By adjusting the dynamic recrys-
tallization (DRX) ratio of 0Cr23Nil3 stainless steel during hot pressing, the content of low X coincident site lattice (XCSL)
grain boundaries is increased, and the grain orientation is optimized. The results show that ferrite and austenite are
completely recrystallized at 1050 and 1150 °C, respectively. The number of grains in the <111> and <101> directions
increases significantly, the corrosion potential increases, and the corrosion current density decreases, which will signifi-
cantly improve the corrosion resistance of 0Cr23Nil3 stainless steel. After the optimization of grain boundary distribution,
corrosion resistance is noticeably improved due to the existence of low XCSL boundaries. The interference effect of low
2CSL grain boundary on random grain boundary network becomes intense with the increase in DRX ratio, which is the

fundamental measure to improve the corrosion resistance.

Keywords 0Cr23Nil3 stainless steel - Hot compression - Dynamic recrystallization - Low X coincident site lattice -
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1 Introduction

0Cr23Nil3 steel contains high Ni and Cr contents, ultra-
low carbon content, and ~ 10% ferrite. Because of high
Ni and Cr contents, it not only has excellent plasticity,
toughness, and corrosion resistance at room temperature,
but also can improve the oxidation resistance and creep
strength at high temperature. Therefore, it is widely used in
the petrochemical, heating furnace, boiler, and industrial
furnace industries [1-4]. Although OCr23Nil3 stainless
steel has good corrosion resistance in air, water, and vari-
ous oxidizing media, different degrees of corrosion may
still occur in some harsh environments [5-9]. It has been
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previously reported that the corrosion resistance is directly
related to the internal microstructure, grain boundaries
(GBs) distribution and interfacial energy storage of metal
materials [10-13]. Austenitic stainless steel has almost no
phase transformation during hot compression. It is con-
sidered that recrystallization is the key factor affecting its
final microstructure [14, 15]. In the process of hot com-
pression, recrystallization not only improves the internal
microstructure morphology of the metal materials, but also
optimizes the distribution of the GBs characteristics, which
improves the corrosion resistance of material to a certain
extent [16—19]. Jia et al. [20] found that a large number of
low X coincident site lattice (XCSL) boundaries dominated
by twinning boundaries (n = 1, 2, 3) would be generated
with the occurrence of dynamic recrystallization (DRX).
This phenomenon can improve the creep strength, inter-
granular corrosion resistance, and stress corrosion resis-
tance of the material. Arafin and Szpunar [21] reported that
low angle and special CSL boundaries exhibited crack-
resistance, while the CSL boundaries beyond X13b and the
random high angle boundaries were prone to crack. Shi
et al. [22] studied the intergranular corrosion behavior of
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18Mn18Cr0.63N and found that boundaries beyond X3
showed no corrosion. A previous study found that low
2CSL boundaries exhibited superior corrosion resistance
as compared to randomly distributed high angle grain
boundaries (HAGBs) [23]. Gertsman and Bruemmer [24]
reported that the boundaries beyond X3, 29, and X27 had
good corrosion resistance. The low 2CSL boundaries had a
good inhibition effect on the corrosion properties of
materials. And a high proportion of low XCSL boundaries
exhibited a good protection effect on austenitic stainless
steel. Some scholars argued that random GBs were sus-
ceptible to corrosion, whereas most of the CSL GBs
(mainly X3 and X9) exhibited better resistance to corrosion
[25-27]. This paper aims to establish the relationship
between compression temperature and microstructure to
predict the effects of grain size, dynamic recrystallization,
and low XCSL boundaries ratios on the corrosion proper-
ties of OCr23Nil3 stainless steel at different temperatures.

2 Experimental

The stainless steel specimens used in this study were pre-
pared from a cast ingot, with the chemical composition of
C 0.018, Si 0.36, Mn 1.84, P 0.013, S 0.0005, Ni 13.80, Cr
23.21, Cu 0.02, N 0.062, and Fe balance (wt.%). Cylin-
drical specimens with the size of ¢$10 mm x 15 mm were
prepared from the ingot via machining and were subjected
to isothermal compression tests on a Gleeble-3500 thermal
simulator (Beijing, China). The specimens were heated to
compression temperature and held for 180 s to generate a
uniform microstructure. The overall height reduction in
compression was set to 50% at compression temperatures
ranging from 950 to 1250 °C and 10 s~ '. After compres-
sion, the specimens were quenched in water to preserve the
microstructure. The specimens were wire-cut after hot
compression along the compression direction (CD), and
half of the specimens were collected to prepare the met-
allographic samples. Microstructure variation in the spec-
imen center was examined using an Olympus PMG 613U
optical microscope (OM). The original microstructure is
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Fig. 1 Schematic representation of compression specimens. IPF—Inverse pole figure

shown in Fig. la (white is austenite, and gray is ferrite).
The other half of the specimens were prepared by elec-
trolytic polishing in 10% HCIO4 + 90% C,HsOH. The
electronic  backscattering probe (AZTECX-MAXS80)
equipped on the LEO-1450 scanning electron microscope
(SEM) was used for electron backscatter diffraction
(EBSD) analysis with a voltage of 15 kV and a step size of
1 pm. The position of the EBSD scanning area is shown in
Fig. 1d, where ND was the normal direction of the com-
pression surface, and TD was the landscape direction. The
hot compression specimens at different compression tem-
peratures were tested in a corrosive solution of 87%
H,O + 10% HNO; + 3% HF. And the samples were
taken out every 12 h for cleaning, drying, and weighing.
The CHI604C electrochemical workstation was used for
electrochemical measurement of different samples in 3.5%
NaCl solution at 25 °C. The test system was composed of
three traditional electrodes: a OCr23Nil3 stainless steel
working electrode, a platinum plate auxiliary electrode, a
saturated calomel electrode as the reference electrode, and
a working electrode with an exposed area of 1 cm?.

3 Results and discussion
3.1 Hot compression results and microstructure

The average grain size changes of OCr23Nil3 stainless
steel at a strain rate of 10 s~' and a compression temper-
ature range of 950-1250 °C are illustrated in Fig. 2. The
stress—strain curve shows a gradual decrease in flow stress
with the increase in compression temperature. At the initial
stage of compression, the stress increases sharply with a
small increase in strain variables, and the phenomenon of
work hardening begins to appear. The continuous increase
in strain variables fluctuates to the steady-state region,
which represents a balance between work hardening,
dynamic recovery (DRV), and DRX. The microstructure
indicates that the average ferrite grain size in 0Cr23Nil3
stainless steel slightly increases with increasing compres-
sion temperature, and the average grain size of austenite
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Fig. 2 Average grain size of OCr23Nil3 stainless steel at different compression temperatures. a Stress—strain curve; b average grain size;

¢ 950 °C; d 1050 °C; e 1150 °C; £ 1250 °C

increases obviously with the increase in compression
temperature. At the compression temperature of 950 °C
(Fig. 2¢), new austenite recrystallized grains start to form
at bulging GBs, and the average grain size of ferrite has
been measured to be 5.66 um. Due to the formation of fine
austenite recrystallized grains, the size of original coarse
austenite is reduced, and the average austenite grain size is
measured as 9.66 um. As the compression temperature
rises to 1050 °C (Fig. 2d), newly formed fine austenite
recrystallized grains are increasingly generated. At this
time, the average size of austenite grains is measured as
10.78 um, and the average size of ferrite grains is increased
to 8.47 pm. At the compression temperature of 1150 °C
(Fig. 2e), the average grain size of ferrite increases to
10.36 pum, and the newly formed austenite grains continue
to grow and homogenize, generating an average grain size
of 11.28 um. When the compression temperature reaches
1250 °C (Fig. 2f), the compression at high strain rate will
cause an adiabatic heating effect on the stainless steel.
Under the high strain rate, the time required for the sample
to deform to the height of the experimental setting is only
0.2 s, and the heat cannot diffuse out in a very short time
during the deformation, resulting in an increase of 19 °C in
the internal temperature of the sample. This leads to further
growth of the average grain size. Therefore, the migration
rate of GBs and the grain growth rate rapidly increase. The
average austenite grain size then expeditiously increases to
15.31 um, while the average ferrite grain size increases to

13.84 pm. Overall, the average grain size of ferrite in
0Cr23Nil3 stainless steel rises with the increase in com-
pression temperature. The austenite microstructure main-
tains its original coarse shape at lower temperatures
(< 1050 °C), and a small amount of recrystallized grains
are observed. At medium and high temperatures
(= 1050 °C), the degree of recrystallization is enhanced by
the gradual increase in compression temperature. Obvious
changes of the microstructure are observed, and the aver-
age grain size also gradually increases at the same time.
When the material is deformed, the microstructure
variation is mainly caused by the presence of DRX in the
material, which affects the orientation distribution, size,
and morphology of the grains and GBs [28, 29]. The EBSD
images of OCr23Nil3 stainless steel at the strain rate of
10s™" and the compression temperature range of
950-1250 °C are shown in Fig. 3. As can be seen from the
recrystallization diagram in Fig. 3e-h, the degree of
recrystallization is highly dependent on the temperature. At
a compression temperature of 950 °C, ferrite exhibits an
obvious DRX degree, and the proportion of recrystalliza-
tion is measured as 64.2%. Combined with Fig. 2c,
austenite recrystallization only starts at this time and pre-
sents a recrystallization proportion of 11.92%. There is
88.3% ferrite DRX at 1050 °C, indicating almost complete
recrystallization. And the austenite DRX rapidly increases
to 39.2%. At a compression temperature of 1150 °C, a
minimal recrystallization percentage is observed. The grain
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Fig. 3 EBSD images of 0Cr23Nil3 stainless steel at strain rate of
10 s7! and different temperatures. a—d Grain orientation map; e—
h recrystallization distribution map; i-1 kernel average misorientation

size continues to grow, and the ferrite tends to be almost
completely recrystallized. At this time, the DRX degree of
austenite reaches its maximum, and the proportion of
recrystallization reaches up to 93.3%. As shown in Fig. 2e,
the newly formed fine austenite recrystallized grains gen-
erate new austenite equiaxed grains. At this point, the
grains formed by DRX completely replace the large grains,
suggesting that the DRX process can be enhanced by
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increasing the temperature. At a compression temperature
of 1250 °C, minimal changes in the degree of ferrite DRX
are observed, whereas austenite DRX slightly decreases to
92.1% due to the positive correlation between the DRV
capability and compression temperature. This consumes
part of the distortion energy generated by compression and
reduces the driving force for DRX occurrence, thus
reducing the proportion of DRX. At higher experimental
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temperatures, the DRX of ferrite and austenite gradually
intensifies. The ferrite is almost completely recrystallized
at 1050 °C, while austenite is completely recrystallized at
1150 °C.

In the kernel average misorientation map, the average
misorientation is higher in the process of low-temperature
compression, and it decreases at higher compression tem-
perature. When the sample deformed at low temperature
(Fig. 31), more dislocation aggregations are observed at the
low-angle grain boundaries (LAGBs), and dislocations
recombine through motion to create dislocation cells. Then,
the dislocation cells are developed into subgrains. At
higher compression temperature, the subgrains continu-
ously absorb dislocations, resulting in DRX phenomenon.
The subgrains gradually change from LAGBs to HAGBs.
As seen in Fig. 3i-1, with the gradual increase in the
deformation temperature, the dislocation density gradually
decreases. This is because 0Cr23Nil3 stainless steel will
produce subgrains structures of LAGBs during the hot
deformation process. These subgrains structures will con-
tinuously absorb the movable dislocations inside the grains,
thereby reducing the dislocation density. This shows that
DRX is more fully carried out.

3.2 Hot compression results and low XCSL
boundaries

Low stacking fault energy metals tend to undergo dynamic
recrystallization during hot deformation. During the pro-
cess of recrystallization and nucleation, the original grain
boundary is bowed due to inhomogeneous deformation.
The grain boundary bow region is formed by the gradual
development of subgrain boundaries or the generation of
twin grain boundaries to form recrystallized nuclei, and the
nuclei grow to form twin crystals. Due to the low content
of ferrite with high-level stacking fault energy in
0Cr23Nil3 stainless steel, the effect of engineering modi-
fication based on grain boundary engineering is poor, and
low XCSL boundaries are not easily formed during hot
deformation. Therefore, this paper mainly analyzes the
influence of the change of low 2CSL boundaries content in
austenite during hot deformation on corrosion properties.
Figure 4 shows the variation of low- and high-angle GBs
ratio and 23 twin boundaries content of 0Cr23Nil3 stain-
less steel at a strain rate of 10 s~' and a compression
temperature range of 950-1250 °C. A large number of
studies show that the X3 twin boundaries can effectively
improve the corrosion resistance of alloy and reduce the
corrosion rate of austenitic stainless steel [20, 30, 31]. The
peak values of the samples at different compression tem-
peratures are observed at boundaries angle 6 = 2°-5° in
Fig. 4. At higher compression temperatures, the misorien-
tation of the austenite GBs gradually changes to a larger

range of 0 = 30°-60°, and a relatively high peak value is
observed at 0 = 60°. In austenitic stainless steel, 0 = 60°
corresponds to the £3 twin boundaries interface, indicating
that a large number of X3 twin boundaries are formed in
the austenitic phase [31]. At low temperature (Fig. 4a),
LAGBs with high density are mainly enriched in austenite.
However, DRX is observed in ferrite, and the misorienta-
tion of the ferrite GBs gradually transits to a high-angle
range of 0 = 15°-60°, which is conducive to HAGBs for-
mation. When the compression temperature is 1050 °C
(Fig. 4b), the content of HAGBs increases with the con-
tinuous increase in DRX in austenite. At the higher tem-
perature stage with relatively complete DRX (Fig. 4c¢), the
content of LAGBs rapidly decreases, and the misorienta-
tion of the austenite GBs changes to a high-angle range of
0 = 30°-60°. New HAGBs are formed at the original sites,
and the content of X3 twin boundaries rapidly increases to
38.8%. When the compression temperature rises to
1250 °C (Fig. 4d), LAGBs transforms into HAGBs, and
23 twin boundaries reaches a maximum of 42.5%. During
the process of recrystallization and nucleation, the original
grain boundary is bowed due to inhomogeneous deforma-
tion. The grain boundary bow region is formed by the
gradual development of subgrain boundaries or the gener-
ation of twin grain boundaries to form recrystallized nuclei,
and the nuclei grow to form twin crystals. That is to say,
the grain boundary content of low 2CSL increases with the
gradual increase in the degree of dynamic recrystallization.

The low XCSL boundaries have a great influence on the
corrosion performance. Because the low XCSL interface
energy can stabilize its property, produce less impurity
segregation and reduce its mobility, the increase in low
2CSL boundaries content significantly improves the cor-
rosion resistance of stainless steel [10, 32-34]. Figure 5
shows that the X3 GBs of 0Cr23Nil3 stainless steel play a
dominant role in the hot compression process as compared
to the 29 and 227 GBs at different compression temper-
atures. The austenite DRX mechanism is triggered at
950 °C (Fig. 5a), and it generates a small amount of low
>CSL boundaries, which is about 2.42%. Severe corrosion
is observed at the original austenite GBs, which results in
the generation of continuous corrosion pits. At a com-
pression temperature of 1050 °C (Fig. 5b), the austenite
DRX is intensified, and a large number of recrystallized
grains are generated. In addition, discontinuous corrosion
pits are generated around the GBs of the recrystallized
grains. At this point, the low XCSL boundaries have a
proportion of about 8.10%. At a compression temperature
of 1150 °C (Fig. 5c), the austenite has been almost com-
pletely recrystallized, and the proportion of low XCSL
boundaries rapidly increases to 41.35%. It is obvious from
Fig. 5 that the 23 GBs have good corrosion resistance, and
almost all twins are not corroded. At a compression
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Fig. 4 X3 twin boundaries and misorientation angle content variation
of 0Cr23Nil3 stainless steel at strain rate of 10 s~ for 950 °C (a),
1050 °C (b), 1150 °C (c), and 1250 °C (d). Sky blue and peach lines

temperature of 1250 °C, the low XCSL boundaries are
evenly distributed when DRX is completed (Fig. 5d). With
the continuous growth of recrystallized grains, the 23 GBs
continue to extend, and the proportion of low XCSL
boundaries reaches 44.60%. Meanwhile, Fig. 5 also shows
that with the gradual increase in compression temperature,
the low XCSL boundaries lead to the interruption of
intergranular network, the connectivity of HAGBs network
is reduced, and the corrosion behavior is inhibited. These
results indicate that the content of low 2CSL boundaries
plays an important role in improving the corrosion resis-
tance of 0Cr23Nil3 stainless steel.

The results of electrochemical test at different com-
pression temperatures in the 3.5 wt.% NaCl solution are
shown in Fig. 6. The experimental results show that the
polarization curves of OCr23Nil3 stainless steel are simi-
lar, and the corresponding passivation current density is
very small, indicating that the surface of stainless steel has
been passivated. A dense layer of passivation film is
formed on the surface of the sample, which hinders the
reaction between the sample and the corrosive liquid [35].
The corrosion current density is almost constant with the
increase in potential. As the corrosion potential continues
to increase, the current density suddenly increases, the
passivation film breaks, and the corrosion of stainless steel
is observed.

Table 1 shows the electrochemical parameters of the
samples with different low XCSL boundaries ratios cal-
culated from the polarization curves. In the electrochemical
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represent ferrite and austenite, respectively. Green and black lines
represent boundaries with angle of 2°-15° and boundaries with
angle above 15°, respectively

experiments, the corrosion resistance of metal is reflected
by the corrosion potential and corrosion current density.
Greater corrosion potential values are less prone to corro-
sion, and smaller corrosion current density values indicate
better corrosion resistance [36, 37]. According to Table 1, the
increase in the low £CSL boundaries results in the increase
in the overall corrosion potential of 0Cr23Nil3 stainless
steel and a decrease in corrosion current density. In addition,
the average austenite grain size does not change much at
950-1250 °C, while the proportion of low 2CSL boundaries
rapidly increases from 2.39% to 44.62%. The content of low
2CSL boundaries varies greatly, indicating that the content
of low ZCSL boundaries is the main factor affecting corro-
sion at the compression temperature of 950-1250 °C. At a
compression temperature of 1250 °C, the O0Cr23Nil3
stainless steel exhibits the largest grain size, the lowest
number of micro-batteries formed in the unit area is
observed, the maximum corrosion potential value is mea-
sured at — 0.370 V, and the minimum corrosion current
density is measured to be 2.842 x 10° A cm ™.

3.3 Effect of microstructure on corrosion
properties of 0Cr23Ni13 stainless steel

As shown in Fig. 3e-h, the degree of recrystallization is
also sensitive to the deformation temperature. With the
gradual increase in the compression temperature, the
degree of dynamic recrystallization gradually increases,
and the microstructure of OCr23Nil3 stainless steel
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(2) Gl

Fig. 5 Low ZCSL boundaries of 0Cr23Nil3 stainless steel at a strain
rate of 10 s~! and different temperatures. a—d 950-1250 °C (Shaded
areas represent ferrite. Red, green, and blue lines represent X3, X9,

changes significantly. Meanwhile, the grains gradually
become uniform, the average grain size gradually increa-
ses, and the grains align at preferred orientation. The
number of grains in the <111> and <101> directions
increases significantly. In addition, it can be found from
Fig. 4 that higher X3 boundaries proportion will be gen-
erated due to the continuous increase in compression
temperature, when the compression temperature is below
1150 °C. This is because when the main mechanism in
compression is nucleation, the content of X3 twin bound-
aries increases with the enhancement of DRX, indicating
that DRX promotes the formation of X3 twin boundaries.

Random GBs

Microstructure

50 pm

=

and X27 boundaries, respectively); e-h random boundaries; i-
1 corrosion microstructure

When the compression temperature is above 1250 °C,
DRX has been basically completed. The main mechanism
of compression is grain growth, and the X3 boundaries
increase further with the continuous elongation of X3
boundaries generated by DRX, which is also consistent
with previous research in Inconel 625 alloy [38].

In the IPF, the grain is rotated with the enhancement in
DRX (Fig. 3e-h). The grains are aligned on the preferred
orientation in OCr23Nil3 stainless steel. With the
increasing degree of DRX, the number of grain orientations
in the <111> and <101> directions increased signifi-
cantly. As a result, the corrosion resistance of the material
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Fig. 6 Polarization curves in NaCl solution of 0Cr23Nil3 stainless
steel at a strain rate of 10 s™'. J—Current density

Table 1 Parameters related to polarization curve of 0Cr23Nil3
stainless steel

Temperature/ Average Low Corrosion  Corrosion

°C grain size/ XCSL/ potential/  current density/
pm % \'% (A Cmfz)

950 9.66 239 —0.507 7.858 x 107°

1050 10.78 820 — 0425 6.549 x 107°

1150 11.28 4137 —0372 4723 x 107°

1250 15.31 44.62 — 0370 2.842 x 107°

is gradually enhanced. Austenitic stainless steel is a typical
face-centered cubic (FCC) lattice metal, (101) and (111)
are compact planes of FCC atoms, and the (001) plane is
sub-compact plane of atoms. Among the three typical low
index crystal planes, the one near (001) plane is the most
sensitive to corrosion points, whereas (111) and (101)
exhibit strong resistance to corrosion points. It can be seen
from Fig. 6 combined with Table 1 that with the increase in
the dense surface in 0Cr23Nil3 stainless steel, its corrosion
potential gradually increases, and its corrosion current
density gradually decreases. Therefore, the corrosion
resistance of the material can be improved by increasing
the number of grain orientation in
the <111> and <101> directions, which is also similar
with previous research in 304 austenitic stainless steel [28].

3.4 Effect of low XCSL boundaries on corrosion
properties of 0Cr23Ni13 stainless steel

Figure 7 shows the change of the corrosion mass loss and
microstructure of OCr23Nil3 stainless steel at different
compression temperatures. As can be seen from Fig. 7, the
mass loss gradually decreases with the increase in different

@ Springer

temperatures, indicating that corrosion resistance depends
on the content of low XCSL boundaries. Discontinuous
corrosion pits are observed around the austenite GBs, and
the energy spectrum shows that continuous Cr,;Ce com-
pounds are precipitated at the austenite GBs. The experi-
mental results are similar to those observed by Ningshen
and Mudali [39]. In the process of carbide precipitation, the
diffusion rate of C is much higher than that of Cr in
austenite. As a result, the Cr content consumed near GBs
could not be replenished by elemental diffusion on time,
such that the Cr content near the GBs was lower than the
minimum content required for passivation (12 wt.%), thus
forming a chromium-depleted zone near the GBs [12, 40].
This mechanism leads to an electrochemical difference
between the GBs region and the grain, which forms an
active and blunt micro-battery, and finally leads to corro-
sion occurrence. Meanwhile, it can be seen from Fig. 7f
that low-energy twins can effectively block the connec-
tivity of random GBs. When the material is corroded, the
corrosion spreads to the inner part of the matrix along the
random GBs. When the low XCSL boundaries are
encountered, the corrosion can be blocked to the matrix, so
as to prevent the corrosion.

Figure 8 schematically shows the hindering of corrosion
penetration from the surface to the interior by low X2CSL
boundaries distributed in the network of random GBs. In
the experimental steel, the degree of DRX of austenite
increases, with the increase in the number of twins in the
recrystallized grains, leading to an increase in the low
2CSL boundaries. It is obvious from Fig. 5i-1 that the low
2CSL boundaries have good corrosion resistance, and
almost all twins are not corroded. As shown in Fig. 8, the
low XCSL boundaries produced in the random GBs net-
work by DRX ways promote the disconnection of the
random GBs network, which hinders the penetration of
corrosion from surface into the interior and significantly
improves corrosion resistance of the steel. Due to electro-
chemical differences between GBs regions and grains,
which form an active and blunt micro-battery, it can be
seen from Fig. 7f and Table 1 that when the deformation
temperature is 1250 °C, the average grain size of
0Cr23Nil3 stainless steel is the largest, and the number of
corrosion micro-batteries formed in a unit area is the least,
resulting in the weakest effect of corrosion.

4 Conclusions

1. The average grain size of ferrite and austenite gradu-
ally increases with the increase in compression tem-
perature in the process of hot compression at the strain
rate of 10 s~'. The degree of recrystallization is sen-
sitive to the deformation temperature. Ferrite and
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