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The inhibition of Mo segregation and phase precipitation is vital for improving the hot workability and corro-
sion resistance of superaustentic stainless steels (SASS). The boron non-equilibrium segregation of $31254 SASS
was implemented through solid solution, air cooling, and diffusion at low-temperature treatment (SADT). The
precipitation process and intergranular corrosion (IGC) of $S31254 SASS with various boron distributions were
researched at a sensitive temperature. The second phases were observed and identified by SEM and TEM. IGC
susceptibility was evaluated by double-loop potentiodynamic reactivation (DL-EPR) measurements. The SADT
treatment promoted more segregation of B at the grain boundary, leading to lower amounts of grain boundary
precipitation before aging for 6 h. The decrease of ¢ phases in B-regulated samples enhances the IGC resistance,
compared with the samples without B addition specimens.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of Institute of Metal Research, Chinese Academy of

Sciences.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

S31254 super-austenitic stainless steel (SASS), a kind of high al-
loy stainless steel with high content of Cr, Ni, and Mo, has exhibited
excellent mechanical properties and corrosion resistance comparable
to nickel-based alloys. SASS is widely used in petrochemical, paper-
making, seawater desalination, and other very harsh corrosion environ-
ments [1-3]. However, the increase in element addition amounts such
as Mo and Cr leads to the formation of brittle second phases during solid-
ification, hot-deformation, or heat-treatment processes, which seriously
deteriorate the mechanical and corrosion properties of the alloys [4-7].
Therefore, it is vital to control the Mo segregation and the second phase
precipitation to improve the hot ductility and obtain high-performance
super-austenitic stainless steel [8-11].

The most common precipitates in SASS are sigma (¢), Chi (), Laves,
and Cr,N phase. Several investigations have found that the metastable
Laves phase is first formed and then transformed into ¢ phase, when 6Mo
SASS is aged in the temperature range of 650-950 °C [12-14]. The phase
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formation is closely related to the diffusion of elements, so it is expected
to regulate the precipitation distribution by adding some appropriate
beneficial elements and controlling the segregation of elements at the
grain boundaries. Previous studies have found that Cr and Mo have a
great driving force for the formation of ¢ phase [15]. The 0.25 % Nb
and 2.2 % Mn were discovered to stabilize the alloy and improve the
mechanical properties of S31254 steels [16]. The addition of W to 7Mo
SASS delayed the phase transition process from y or Laves phases to ¢
phase, thus indirectly controlling the precipitation of ¢ phase [17]. The
introduction of suitable Co into 7Mo SASS also inhibited the formation
of ¢ phase to a certain extent [18]. Appropriate Ce addition to SASS can
also be utilized to promote ferrite (6) nucleation in interdendritic, and
Mo segregation and s-phase precipitation were controlled to a certain
extent [19,20].

Compared with other elements, boron is insoluble in austenite and
tends to segregate to grain boundaries [21-23]. Yao demonstrated that
non-equilibrium boron segregation enhances the grain boundary hard-
ening of 304 austenitic stainless steel containing 33 mg/L boron [24].
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The (Cr, Fe),3(C, B)g carbides and (Cr, Fe),B borides were formed
along the boundary after aging treatment from 750 °C to 1050 °C.
Other investigations also observed boron segregation at the grain bound-
aries of AISI 316 L steel. Fe-, Cr-, and Mo-rich precipitates, includ-
ing M,B, M5B3, and M3B,, were detected in the steel specimens with
high B content (40 mg/L) [25,26]. In addition, boron was detected in
the austenite grain boundaries of heat-resistant steels during austeni-
tization. In this case, M,3C¢ carbides partitioned to form M,3(C, B)g
[27,28].

For the super-austenitic steels, the formation of ¢ phases can also be
inhibited by adding B to the alloy during manufacturing or subsequent
heat treatment. Several studies have demonstrated that the chromium-
depleted region near the grain boundary of B-added S31254 SASS de-
crease, leading to the enhancement of corrosion resistance [29-32]. Re-
cently, the segregation of B at the grain boundary of S32654 steels was
also detected by 3D ATP, and the hot-deformation was greatly improved
due to the decrease of second phases in B-added S32654 steels [33].
Further, the dissolution and segregation of boron in austenitic stainless
steels depend on the heat treatment time and temperature. The maxi-
mum solubility of boron was found to be 97 mg/L at 1125 °C in 18 %Cr-
15 %Ni steel. As the temperature decreases, the solubility decreases to
less than 30 mg/L at 900 °C [34]. Especially, non-equilibrium boron
segregation occurs when the steel cools from a high solution treatment
temperature [35,36]. Recently, the solid solution, air cooling, and diffu-
sion at low-temperature treatment (SADT) were implemented in S31254
steels that contain B and Ce, and the grain boundary co-segregation of
B and Ce hinders the precipitation of second phases and improves the
mechanical properties [37].

This work implements the 40 mg/LB-added S31254 through the
SADT treatment to promote boron non-equilibrium segregation near
grain boundaries. The susceptibility to intergranular corrosion (IGC)
and the influence of precipitates at the grain boundary were studied.
This paper aims to regulate boron segregation at the grain boundary
and clarify its effect on the phase precipitation process. This investiga-
tion may contribute to a meaningful understanding of the boron seg-
regation behavior in S31254 SASS and provide a favorable technol-
ogy for controlling the phase precipitation of superaustenitic stainless
steels.

2. Experimental
2.1. Preparation for experimental materials

The chemical composition of SASS specimens is shown in Table 1.
§31254 ingots without B and with 40 mg/L B (named OB and 40B,
respectively) were prepared by a vacuum induction furnace. The in-
got was subsequently homogenized at 1250 °C for 12 h and hot
rolled into a 12 mm thick plate. After that, the plate was cut into
15 mm x 15 mm X 3 mm square blocks by a wire-cutting machine.
The B non-equilibrium segregation is determined by the following two
methods: (i) step solid-solution method and (ii) SADT treatment. In the
case of step solid-solution, the two hot-rolled S31254 samples without
and with B-addition are subjected to heat at 1180 °C for 30 min and
cooling to 1100 °C at a rate of 4 °C/min with an insulating time for
15 min, and then quickly quenching at the water. These specimens are
called 0B-SS and 40B-SS. In the SADT treatment, the B-added sample
was kept at 1180 °C for 30 min, then cooled to 1100 °C in the furnace
within 15 min, and final air-cooling. Subsequently, the air-cooled sam-

Table 1
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ples were further held at 300 °C low-temperature treatment for 20 min
and then quenched in water. This SADT treated specimen is called 40B-
300 [37]. Finally, the 0B-SS, 40B-SS, and 40B-300 samples were further
sensitized at 950 °C for 30 min, 2 h, and 6 h, respectively.

2.2. Microstructure characterization

All samples were ground with SiC papers step by step to 2500 grit,
polished like a mirror, cleaned with ethanol and distilled water in an
ultrasonic bath, and etched with aqua regia for observation. The mi-
crostructure was characterized by Leica, DM 6 M optical microscope
(OM), EVO18 scanning electron microscope (SEM), and the energy dis-
persive spectrometer (EDS, SHIMADZU electron probe micro-analyzer)
was used to determine the elemental content and distributions. The
number and size of precipitates were counted by Image-Pro Plus (IPP)
software. A JEOL 2100F field emission transmission electron microscope
(TEM) with a super-X energy-dispersive X-ray spectroscopy (EDS) sys-
tem is further employed to analyze the microstructure. The specific TEM
foils were prepared by a focused ion beam (FIB) milling technique. To
predict the mass fraction of boron dissolved in the alloy with temper-
ature, a thermodynamic calculation was done using ThermoCalc soft-
ware.

The scanning Kelvin probe force microscopy (SKPFM) measurements
were performed in tapping mode using a Bruker Dimension Edge™
instrument with Nanodrive v8.05 software. A rectangular conductive
cantilever (silicon pyramid single-crystal tip coated with Ptlr5, SCM-
Pit probe) was employed. A direct current (DC) bias potential was ap-
plied to the AFM tip for all measurements. The scanned area was 20
um? with a scan rate of 0.5 Hz and a pixel resolution of 512 x 512.
All measurements were performed on freshly polished samples at room
temperature.

2.3. Electrochemical measurements

The electrochemical measurements were carried out in a typical
three-electrode system on a CS350 electrochemical workstation at room
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Fig. 1. Solubility curve of B for the 40B steel as a function of the temperature.

Chemical composition of 0B and 40B steels (mass fraction, %).

Sample C Si Mn P S Cr Ni Mo Cu N B Fe
0B 0.010 0.61 0.43  0.024  0.001 20.18 18.00 6.00 0.69 0.193 - Bal.
40B 0.014 062 094 0.014 0.003 20.15 18.11 6.12 0.72  0.20 0.004  Bal
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Fig. 3. SEM images of (a, d, g) 0B-SS, (b, e, h) 40B-SS, and (c, f, i) 40B-300 steels after aging at 950 °C for (a-c) 30 min, (d-f) 2 h and (g-i) 6 h.

temperature. The specimens with an exposed area of 1 cm x 1 cm,
a platinum foil, and a saturated calomel (SCE) were used as the
working, counter, and reference electrodes, respectively. The DL-EPR
measurements were carried out in a mixed solution of 0.01 mol/L
KSCN, 2 mol/L H,SO,, and 2 mol/L HCl at room temperature. The
polarization range was applied from open circuit potential (OCP) to
200 mV, held for 2 min, and cathodically polarized back to the OCP po-
tential value. The scanning rate was 1.667 mV/s [29]. The reactivation
peak current (Iz) and activation peak current (I,) were recorded for the
calculation of the degree of sensitization (DOS/% = 100 x I./I,).
All experimental experiments were replicated three times for
reproducibility.

3. Results and discussion

3.1. Microstructure of heat-treated OB and 40B steels after boron
segregation

Since B tends to segregate towards the grain boundary, the curve of
B solubility in 40B steels as a function of temperature was calculated
using ThermoCalc software (shown in Fig. 1). The B with the maximum
solubility of 0.004 wt.% dissolves into austenite at about 1200-1300 °C,
while only part of the B dissolves into the austenite matrix in the range
of 1080-1180 °C. Generally, non-equilibrium segregation that occurs at
the cooling stages is correlated with the temperature and cooling rate.
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Fig.4. Precipitates-matrix ratio evolution as a function of aging exposure time.

Therefore, a step solid solution process for 40B steel is proposed, con-
sisting of heating the specimen at 1180 °C for a period of time and then
slowly cooling it to 1100 °C for thermal insulation. The purpose is to re-
lease a portion of B (about 0.002 wt.%) into the grain boundary based on
the non-equilibrium segregation. Further, B will be completely insolu-
ble in the matrix below 700 °C, so the SADT treatment conducted on the
40B samples is expected to maximize the non-equilibrium segregation
of B into the grain boundary. The segregation of B at grain boundaries
with different concentrations would play a vital role in the precipitation
of the second phase.

The SEM images of hot-rolled OB and 40B steels are shown in
Fig. 2(a, b). Both types of samples have smaller grains, and a few sec-
ondary phases are observed in each sample. Further SEM analysis al-
lowed us to confirm the influence of step solid-solution treatment and
low-temperature holding on the microstructure. As shown in Fig. 2(c,
d), the grain size of the hot-rolled 0B and 40B steels after step solid-
solution treatment is larger, but the precipitates were completely dis-
solved into the matrix of 0B-SS and 40B-SS alloys. After further SADT
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treatment, the grain size of 40B-300 steel detected in Fig. 2(e) showed
little change in comparison to step solid-annealed samples, and no sec-
ond phases were observed, indicating that the SADT treatment only af-
fects the segregation of elements and has no significant influence on the
microstructure.

High-resolution SEM images confirmed the precipitation changes of
different samples (shown in Fig. 3(a, b)). The secondary phases were
preferentially precipitated at the grain boundaries when OB-SS and 40B-
SS samples were aged at 950 °C for 30 min. Fig. 3(d) displays that the
precipitated phase at the grain boundary of 0B-SS is significantly coars-
ened after aging for 2 h, while the grain boundary phases at 40B-SS
shown in Fig. 3(e) are still intermittently distributed. It is also noted
from Fig. 3(g, h) that the aged-6 h OB-SS samples contain more pre-
cipitates in the matrix than those of 40B-SS, indicating that partial B
segregation of 40B-SS at the grain boundary slows down the precipita-
tion of the second phase. The precipitates of 40B-300 samples presented
in Fig. 3(c, f, i) are discontinuously distributed at the grain boundary
and less than that of 40B-SS before aging for 6 h, which shows that
SADT treatment is indeed conducive to the segregation of more boron
at the grain boundary. Especially, the amount of phases in aged-0.5 h
and aged-2 h 40B-300 alloys is lower at the grain boundary and in the
matrix compared to 40B-SS samples. This is further explained in the
discussion.

The volume fraction of the precipitated phases was calculated, and
the evolution of precipitate-matrix area ratio as a function of aging
exposure time is presented in Fig. 4. It can be seen that the precip-
itation rate of the second phase before the 6 h aging stage is: 40B-
300 < 40BSS < 0BSS. The element contents in grain boundary precipi-
tates located in positions 1-9 of different aging times are presented in
Table 2. The majority of precipitates have Mo and Cr contents of about
20 wt.% [17,38], so the grain boundary precipitates can be assigned to ¢
phases.

To confirm the element distribution of the specimens after aging
treatment, element mapping was carried out for the samples aged for
2 h (Fig. 5). It was found that Mo tends to segregate towards the grain
boundary in all samples, but no enrichment of other elements was de-
tected. This suggests that Mo-rich ¢ phases are mainly precipitated.

The element mapping of the 0B-SS, 40B-SS, and 40B-300 samples
aged for 6 h are shown in Fig. 6, respectively. For the 0B-SS steels, Mo

B Kal 2

o0m

oum
10pm

10pm

Fig. 5. Elemental distributions by mapping of (a) 0B-SS, (b) 40B-SS, and (c) 40B-300 alloy aged for 2 h.
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Fig. 6. Elemental distributions mapped of (a) 0B-SS, (b) 40B-SS, and (c) 40B-300 alloy aged for 6 h.
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Fig. 7. (a) TEM and (b) SAED maps and (c) corresponding STEM-EDS elemental composition of grain boundary precipitates in 0B-SS alloy aged for 6 h.
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Fig. 8. (a) TEM and (b) SAED maps and (c) corresponding STEM-EDS elemental composition of grain boundary precipitates in 40B-SS alloy aged for 6 h.

Table 2
Main compositions (mass fraction / %) of the selected precipitates in grain
boundary precipitates in Fig. 3(d-i) by SEM/EDS analysis.

Point Fe Cr Ni Mo

No. 1 40.91 21.77 9.08 21.14
No. 2 37.44 24.04 13.67 16.37
No. 3 42.16 22.14 10.46 17.48
No.4 41.51 22.39 7.81 21.86
No.5 42.75 22.96 8.65 20.92
No. 6 45.74 23.61 9.79 17.14

segregates to the grain boundary, and Cr gradually enriches in the grain
boundary. Moreover, B segregation was hardly detected in 6 h-aged
40B-SS samples, which may be due to the lower amount of B segre-
gation. However, besides a large amount of Mo segregation, B can be
clearly observed in the grain boundary region of 40B-300 samples, in-
dicating that a higher content of B exists in the precipitates and grain
boundary.

Figs. 7-9 show the TEM analysis of the 0B-SS, 40B-SS, and 40B-300
specimens aged at 950 °C for 6 h, respectively. It can be observed that
some phases at grain boundaries were found in all samples, and the
corresponding EDS results of the precipitates in various specimens are
given in Table 3. As for the 0B-SS and 40B-SS samples, the SAED and
EDS shown in Figs. 7(b), 8(b), and 9(b) identified that the precipitates

Table 3
Main compositions (mass fraction / %) of the selected precipitates in grain
boundary precipitates in Figs. 7(a), 8(a) and 9(a) from TEM observation.

Point Fe Cr Ni Mo

No. 1 38.68 16.75 7.19 30.57
No. 2 39.74 17.62 7.77 31.93
No.3 46.18 30.48 8.67 11.73

at the grain boundary are s-phase with a higher Mo and Cr content, and
the STEM-EDS maps of Figs. 7(c) and 8(c) display that Mo has a signif-
icant segregation trend toward grain boundaries. However, the STEM-
EDS maps of several elements display B segregating to the grain bound-
aries in 40B-steels aged for 6 h (Fig. 9(c)), which is similar to the EPMA
observation shown in Fig. 6(c). The co-segregation of B and Mo at the
grain boundaries further provides evidence that B and Mo are the con-
stituent elements of grain-boundary phases.

3.2. Intergranular corrosion of OB and 40B steels treated with B
redistribution after aging at 950 °C

The IGC of 0B-SS, 40B-SS, and 40B-300 samples were evaluated us-
ing the DL-EPR method. The DL-EPR curves with typical I, and I, are
shown in Fig. 10. In the anodic scan, the current is increased after the
activation of the whole sample surface. The reactivation current peak
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Fig. 9. (a) TEM and (b) SAED maps and (c) corresponding STEM-EDS elemental composition of grain boundary precipitates in 40B-300 alloy aged for 6 h.

is mainly derived from the Cr- and Mo-depleted regions. Moreover, due
to the Ohmic resistance drop, the potentials corresponding to I, and I,
are not consistent, which can also be found in previous works [39-41].
The DOS value can be used to quantify the degree of sensitization of dif-
ferent samples [42,43]. As shown in Fig. 11, the DOS values of all the
specimens gradually increase with aging time, suggesting that the sus-
ceptibility to IGC increases. Before aging for 6 h, the DOS values at the
same aging time are related to the amount of precipitates presented at
their grain boundaries, following this ranking 40B-300 < 40B-SS < 0B-
SS. This indicates that boron segregation and precipitation regulation
at the grain boundary are beneficial to improving the steel’s resistance
against IGC.

Fig. 12 displays the surface micrographs of OB-SS, 40B-SS, and 40B-
300 specimens aged at 950 °C for various exposure time after the DL-
EPR measurements. The IGC attack for all the samples becomes more
severe and wider at the grain boundaries with the increase in aging time.
This can be attributed to the much more serious Cr- and Mo-depleted
zone generated from the growth and coarsening of the precipitates [44].
However, the IGC attacks at the 40B-300 specimens seem lower than
40B-SS or even lower than 0B-SS before aging for 6 h, indicating that
there are fewer precipitates distributed at the grain boundary.

Fig. 13 shows the topography and surface voltaic potential maps of
different samples by SKPFM measurement. The potential differences in-
dicate the different reactivity of the surface. It is observed that there are
large differences in the grain boundaries. As displayed in Fig. 13(b, d,
e), the phase precipitates cause the discontinuity of the passivation film
at the grain boundary, and the chromium and molybdenum depleted

zones appear, so the difference of volta potential between the intragran-
ular area and grain boundary can be observed. However, the 40B-300
sample has the lowest grain boundary potential values. The differences
are narrowly located between the grain boundary and the intragranular
area, resulting in a lower degree of intergranular corrosion. In previous
research, the large potential difference between oxide surface and in-
clusions of 316 L austenitic stainless steel [45] and grain boundary and
grain in aged 904 L steel [46] was also associated with high intergran-
ular corrosion susceptibility, which is similar to the results obtained in
this work.

3.3. Mechanism on the inhibition of second phase precipitation and
improvement of intergranular corrosion resistance by boron non-equilibrium
segregation

The 40B-SS exhibited a much less precipitate amount of grain-
boundary phase than the OB-SS specimens. It has been reported that
adding B to Ni-base alloys can control and retard the precipitation of
the second phases. For instance, the precipitation time and temperature
of My3Cg in Nimonic 105 superalloys shifted higher after boron addition
[47]. Due to the inhibition of Ti diffusion toward the grain boundary, the
0.002 wt.% B addition greatly reduces the phase precipitation in 30Ni-
15Cr-1.3Mo-2.4Ti-0.3Al1-0.25Si-Fe alloys [48]. The super-austenitic has
a similar structure to Ni-base alloys, and it can be speculated that there
are two reasons why boron hinders the nucleation and growth of the ¢
phase. On the one hand, with the gradual increase of B content at the
grain boundary, most of the positions at the grain boundary are occu-
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Fig. 10. DL-EPR curves of 0B-SS, 40B-SS, and 40B-300 samples aged at 950 °C for (a) 30 min, (b) 2 h and (c) 6 h.
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Fig. 11. DOS comparison of 0B-SS, 40B-SS and 40B-300 aged for different aging
time.

pied by B, which will reduce the nucleation rate of the ¢ phase during
aging. On the other hand, boron segregation to the grain boundary im-
proves the cohesive strength of grain boundaries, which will reduce the
diffusion rate of Mo and Cr forming s-phase along the grain boundary,
thus inhibiting the growth process of s-phase in the alloy. In previous
work, the $31254 with boron addition also exhibited a well-inhibitory
effect of s-phase precipitation along grain boundaries [29], and the sup-
pression of Mo diffusion after B addition in the S31254 SASS was also
proved based on the first principle calculation [49].

Therefore, we propose the following mechanism, shown in Fig. 14, to
explain the inhibition of second-phase precipitation and improvement
of intergranular corrosion resistance by boron non-equilibrium segrega-
tion. The step solid-solution treatment caused the non-equilibrium seg-
regation of partial B on the boundary of 40B-SS, so the Mo diffusion
and the o-phase precipitation at the grain boundary were inhibited in
the initial aging period. However, some B atoms at the grain boundary
are also easily diffused toward the intracrystalline defect site, prolong-
ing the aging time and resulting in a gradual decrease in grain boundary
inhibition of phase precipitation after aging for 6 h (Fig. 3(g, h)). After
the low-temperature holding treatment process, B in the 40B-300 alloys
is fully segregated to the grain boundary, and the segregation of Mo and
Cr from the matrix to the grain boundary is suppressed, which causes the
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Fig. 12. SEM images of intergranular attack after DL-EPR experiments on (a, d, g) 0B-SS, (b, e, h) 40B-SS and (c, f, i) 40B-300 specimens after aged at 950 °C for
(a-c) 30 min, (d-f) 2 h and (g-i) 6 h.
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Fig. 13. (a, ¢, €) AFM topography and (b, d, f) volta potential (SKPFM) maps of (a, b) 0B-SS, (c, d) 40B-SS, and (e, f) 40B-300 samples.
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Fig. 14. Schematic diagram of the inhibition mechanism inhibition of second-phase precipitation and improvement of intergranular corrosion resistance by boron
non-equilibrium segregation. The precipitates change through boron regulation in 6Mo stainless steels.

lower content of Mo and Cr distributed near the grain boundary, thus
forming a few o-phases. In addition, a notable phenomenon of Mo and
B segregation at the grain boundary was seen in the aged-6 h 40B-300
samples, shown in Figs. 6(c) and 9(c). In addition, some B atoms are
also pressable to segregate to the intracrystalline defects after a long-
time aging treatment, which is also beneficial to the reduction of phase
precipitation, so the phase numbers of 40B-300 are less than those of
40B-SS. Due to the regulation of grain boundary precipitation numbers,
the IGC has been greatly enhanced in the 40B-300 specimens, due to the
lower potential difference between intragranular and grain boundaries.

4. Conclusions

The boron segregation at the grain boundary of S31254 SASS is
achieved by step-solid solution treatments and low-temperature heat
preservation treatments based on non-equilibrium segregation. The pre-
cipitation process and intergranular corrosion (IGC) susceptibility of
S31254 SASS with various boron distributions were improved after
regulation of the B segregation. The main conclusions are shown as
follows:

(1) A partial of B is biased to the grain boundary after step solid-
solution treatment that was conducted on the 40 mg/L B-added
$31254 subjected to heat at 1180 °C for 30 min and cool to 1100
°C at a rate of 4 °C/min with insulating time for 15 min, and
then quickly quenching at the water. The combination of step
solution and 300 °C low-temperature holing treatment promotes
much more boron to segregate at the grain boundary.

The grain boundary precipitates are lower for B-regulated speci-
mens before aging for 6 h, especially for samples with step solid-
solution and further low-temperature heat preservation, which
the inhibition of s-phase nucleation and Mo diffusion might ex-
plain.

The coexistence of B and Mo along the grain boundary of B-
regulated specimens can be observed with increased aging time.

2
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(4) The decrease of c-phases in B-regulated samples is beneficial to
the enhancement of IGC resistance, compared with the samples
without B addition specimens.
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