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Micro-electrochemical insights into pit initiation site on aged
UNS S32750 super duplex stainless steel
Shuichiro Amatsuka 1✉, Masashi Nishimoto 1, Izumi Muto1✉, Makoto Kawamori2, Yuya Takara2 and Yu Sugawara 1

An aging treatment of UNS S32750 super duplex stainless steel at 1173 K for 1.0 ks produced σ and secondary austenite (γ2) phases
in the α and γ phase boundary regions. Small amount of Mn-Cr oxide and MnS complex inclusions were present in the steel. No
pitting was observed during the potentiodynamic polarization of a small area (200 × 200 µm) without inclusions in 1 M MgCl2 at
348 K. Because the electrode area included α, γ, σ, and γ2 phases, these phases and their boundaries alone could not act as initiation
sites for pitting. The electrode area size was gradually reduced from 3 × 3mm to 1 × 1mm, and pitting corrosion was observed to
occur at the Mn-Cr oxide and MnS complex inclusions in a region that appeared to be the γ2 phase near the σ phase.
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INTRODUCTION
Stainless steels are fundamental materials for a sustainable society,
and attempts are being made to improve their corrosion
resistance1,2. Duplex stainless steels contain an approximate 1:1
ratio of ferrite (α) and austenite (γ) phases, and have attracted
attention because of their superior mechanical properties and
corrosion resistance3. The γ phase is sometimes called the primary
γ phase to distinguish it from the secondary austenite (γ2) phase
produced during the sigma (σ) phase formation by the eutectoid
reaction (α → σ + γ2)4. However, in this study, it is simply referred
to as the γ phase. Super duplex stainless steels, which generally
contain approximately 25 mass% Cr, up to 4 mass% Mo, and up to
0.3 mass% N, exhibit extremely high pitting corrosion resistance in
chloride solutions, as compared to traditional duplex stainless
steels5,6. UNS S32750 (Fe-25Cr-7Ni-4Mo-0.28 N) is one of the most
widely used super duplex stainless steels owing to its high
strength and toughness with adequate weldability, and further
applications are expected in the future7.
Because UNS S32750 is a highly alloyed steel, it is prone to the

formation of secondary phases, such as the σ phase, during heat
treatment and the pitting corrosion resistance decreases mainly
due to the σ phase precipitation8–11. According to the UNS S32750
time-temperature-precipitation (TTP) diagrams, the σ phase
precipitates within a few minutes at approximately 1200 K12.
Therefore, suppressing σ phase precipitation is difficult without
rapid cooling. Welding and hot forming generally produce the
σ phase, thereby reducing the pitting corrosion resistance. Moon
et al. studied the effects of heat treatment on the pitting corrosion
resistance of UNS S32750 welds10. They confirmed σ phase
precipitation in the welds and reported that pitting corrosion
occurred at the σ/α and σ/γ phase boundaries. In duplex stainless
steels, the σ phase generally precipitates at the α/γ phase
boundaries13–21. Therefore, pitting corrosion on duplex stainless
steels usually occurs in the boundary regions of the α and γ
phases when the σ phase precipitates21–26.
It is well known that the σ phase is rich in Cr and Mo and low in

Ni; hence, the depletion of Cr and Mo occurs around the σ phases.
Thus, most corrosion studies of duplex stainless steels focus on
the electrochemical properties in the vicinity of the σ phases27–33.

Park et al. conducted electrochemical noise analysis and reported
that σ phase precipitation depletes Cr and Mo at and around the
σ/α and σ/γ boundaries. They considered that σ phase precipita-
tion repeatedly causes de-passivation and re-passivation, thereby
leading to pitting in the α/γ phase boundary regions33. Because Cr
and Mo are essential elements for the pitting corrosion resistance
of super duplex stainless steels, the depletion of Cr and Mo is a
critical factor for pit initiation. However, it is unlikely that UNS
S32750 with 25 mass% Cr and 4 mass% Mo would undergo severe
depletion and that de-passivation readily occurs in chloride
solutions at a near-neutral pH. Park and Karlsson showed that
pitting corrosion is initiated in the γ2 phase, which are formed by
the eutectoid reaction in the α and γ phase boundary region. They
proposed that pitting occurs in the γ2 phases because of the low
Cr and Mo amounts27. The formation of the γ2 phase can explain
the increase in susceptibility to pitting because of the σ phase
precipitation, and many similar proposals have been made28–32.
However, the Cr and Mo contents in the γ2 phase of UNS S32750
aged at approximately 1150 K for 60–100 min is reported to be
approximately 25 and 2.5 mass%, respectively34,35. Zhang et al.
reported that the Cr and Mo contents in the γ2 phase of UNS
S32707 (Fe-27Cr-7Ni-4.8Mo-1Cu-0.4 N) were 24 and 3 mass%,
respectively, even when it was aged for 100 min at the nose
temperature in the TTP curve of the σ phase precipitation36. Unlike
the sensitization of Fe-18Cr-8Ni austenitic stainless steel, the low
Cr and Mo contents alone may not be sufficient to explain why the
γ2 phase acts as the initiation site for pitting.
Nonmetallic inclusions, such as MnS inclusions, are known

to be initiation sites for pitting on austenitic, ferritic, and
martensitic stainless steels in chloride solutions37–47. It has also
been highlighted that duplex stainless steels may play an
important role in pit initiation48–50. Garfias and Siconolfi found
precursor sites for pitting corrosion in duplex stainless steels using
a modified near-field scanning optical microscope48. They
demonstrated that pits are initiated at inclusions in UNS S32550
(Fe-26Cr-6Ni-3Mo-2Cu-0.2 N). The inclusions were analyzed and
found to be inhomogeneous and consisting of a mixture of
various elements (Si, Al, Mg, Ca, Ti, Mn, and S). Yang et al. studied
the effect of heat input on the microstructure and corrosion
behavior of UNS31803 (Fe-22Cr-5Ni-3Mo-0.15 N) in 3.5% NaCl49.
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After anodic polarization, they observed pits in which very small
amounts of inclusions consisting of O-Mn-Al-Si-Ca were observed.
Zhang et al. investigated the relationship between the micro-
structure and pitting corrosion behavior of UNS S32750 welds
after a short heat treatment50. They demonstrated that pits were
readily initiated at oxide mixed inclusions (Al, Si, and Ca) in the α
phases of the as-welded heat-affected zone. However, no studies
have analyzed the relationship between the γ2 phase formation
and inclusions in the pitting corrosion initiation of UNS
S32750 super duplex stainless steel.
In this study, small working electrode areas with and without

inclusions were fabricated on aged UNS S32750 super duplex
stainless steel, and potentiodynamic polarization was performed
in a chloride solution. And, the size of the electrode area was
gradually reduced to identify the pitting corrosion initiation site,
and the roles of the γ2 phase and inclusions in pit initiation were
determined.

RESULTS AND DISCUSSION
Microstructural characterization
Figure 1a shows an optical micrograph of the as-polished surface
of the solution-treated UNS S32750. Elongated gray and white
areas were faintly visible. One of the gray areas is indicated by a
blue arrow, and one of the white areas is indicated by a black
arrow. As seen in Fig. 1c, inclusions were present in the steel. One
of these is indicated by a red arrow in Fig. 1c. Inclusions were
confirmed to exist in both the white and gray areas, and some
existed at the boundaries between them. Figure 1b shows an
optical micrograph of the solution-treated specimen etched using
Murakami solution. The image in Fig. 1b is at the same position as
that presented in Fig. 1a. The gray areas in Fig. 1a are the darker
gray areas slightly discolored brown in Fig. 1b. In contrast, the
white areas were barely discolored. Etching was also performed
on the area shown in Fig. 1c, and the same discoloration as in
Fig. 1b were confirmed, as presented in Fig. 1d. When duplex
stainless steels are etched with Murakami solution, the α phase
discolors but no discoloration occurs in the γ phase51,52. Therefore,
the gray and white areas are the α and γ phases, respectively.

Figure 2 shows a SEM image and EPMA maps of the solution-
treated specimens. This observation was conducted in the area
demarcated by the dashed broken square in Fig. 1. The EPMA
maps show that the Cr and Mo intensities in the gray areas were
higher than those in the white areas. In contrast, the intensity of Ni
in the white areas was higher than that in the gray areas. For
duplex stainless steels, the Cr and Mo contents in the α phase are
higher than those in the γ phase, and the Ni content in the γ
phase is higher than that in the α phase. Therefore, Fig. 2 clearly
indicates that the gray and white areas were α and γ phases,
respectively. These results also confirmed that the Murakami
solution clearly distinguished the α and γ phases of the super
duplex stainless steel used in this study.
Figure 3a shows an optical micrograph of the as-polished

surface of the aged UNS S32750. White and dark areas were faintly
visible and the existence of inclusions was confirmed. The red
arrow in Fig. 3a indicates an inclusion, which was located at the

Fig. 1 Optical micrographs of the solution-treated specimen.
a, b Area with few inclusions and c, d area with inclusions: a, c as-
polished and b, d after etching.

Fig. 2 SEM image and EPMA maps of the solution-treated
specimen. The observation was conducted in the area demarcated
by the dashed broken square in Fig. 1.

Fig. 3 Optical micrographs of the aged specimen. a As-polished
and b after etching. An area with inclusions was photographed.
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boundary between the white and gray areas. Inclusions also
existed in the white and gray areas. Figure 3b shows an optical
micrograph of the aged specimen after etching with Murakami
solution. The image in Fig. 3b was captured at the same position
as that in Fig. 3a. In this figure, three different areas were
observed, namely (1) brown, (2) white, and (3) bluish dark-gray
areas, which were labeled as A, B, and C, respectively. The brown
and white areas correspond to the α and γ phases, respectively.
No bluish dark-gray areas were observed in the solution-treated
specimen (Fig. 1b). Therefore, the bluish dark-gray areas were
generated during the aging treatment. Interestingly, most
of the bluish dark-gray areas were observed along the boundaries
between the α and γ phases, appearing inside the α phases
(brown areas).
Figure 4 shows a SEM image and the corresponding EPMA

maps of the aged specimen. The observed and analyzed area was
that demarcated by the dashed black square in Fig. 3. The brown
areas in Fig. 3 were rich in Cr and Mo. In contrast, the white areas
were rich in Ni. These observations correspond to that in the
solution-treated specimen; therefore, the brown and white areas
are α and γ phases, respectively. The intensity of Cr in the bluish
dark-gray areas was almost the same as that of the α phase;
however, the intensity of Mo was exceptionally high, suggesting
that the bluish dark-gray areas are σ phases, which are known to
be precipitated during aging treatment3–6. The σ phase pre-
cipitates at the α and γ phase boundary, and is known to grow
toward the inside of the α phase13–21. To identify the bluish dark-
gray areas, STEM analysis was conducted.
To prepare the STEM specimen, the aged specimen was etched

using Murakami solution. Figure 5a shows an optical microscopy
image of an α and γ phase boundary region of the specimen. In this
image, a γ phase (white area) is present on the left side and an

Fig. 4 SEM image and EPMA maps of the aged specimen. The
observed and analyzed area was that demarcated by the dashed
black square in Fig. 3.

Fig. 5 An α and γ phase boundary region of the aged specimen.
a Optical micrograph of a boundary between the α and γ phases of
the aged specimen after etching. b STEM bright field image of the
cross-section along the black line shown in a. STEM observation was
made from the direction of the arrow in a. c–g Electron diffraction
patterns at c Point 1, d Point 2, e Point 3, f Point 4, and g Point
5 shown in b.
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α phase (brown area) is present on the right side. Furthermore, blue
areas were visible between the α and γ phases. The blue areas in
this image correspond to the bluish dark-gray areas shown in
Fig. 3b. An FIB lift-out specimen was fabricated along the black line
shown in Fig. 5a, and STEM observations were performed from the
direction of the black arrow in Fig. 5a.
Figure 5b shows a STEM bright-field image of the FIB lift-out

specimen. Electron diffraction patterns were obtained, and an EDS
point analysis was performed to identify the phases at Points 1–5.
Figures 5c–g show the diffraction patterns at Points 1–5 and Table II
presents the EDS analysis results. For reference, the line analysis
results are shown in Supplementary Fig. 1. Based on the diffraction
selection rules for BCC and FCC, it was determined that the crystal
structures at Point 1 (Fig. 5c) and Point 2 (Fig. 5d) were FCC (γ phase)
and BCC (α phase), respectively. As shown in Table 1, the Cr
concentration at Point 1 was lower than that at Point 2, and the Ni
concentration at Point 1 was higher than that at Point 2. These results
are consistent with the identification of the α and γ phases using
EPMA (Figs. 2 and 4). At Point 3, the diffraction pattern of a small
bright area was identified as Cr2N (Fig. 5e). As shown in Fig. 5a, blue
areas were observed along the γ and α phase boundary, and Point 4
in Fig. 5b represents one of the blue areas. As shown in Table 1 and
Fig. 5f, Point 4 was relatively rich in Mo, and the electron diffraction
pattern was considerably different from those of the γ (Point 1) and α
phases (Point 2), and was assigned to the tetragonal phase. Based on
the above results, the area at Point 4 was determined to be a σ
phase. As indicated in Table 1 and Supplementary Fig. 1, because the
Mo content at Point 4 was considerably higher than in the α and γ
phases, compositional changes and γ2 formation may have occurred
around the σ phases (blue areas).
To confirm the formation of γ2 around the σ phases, the

electron diffraction pattern at Point 5 was obtained, and an EDS
analysis was conducted. Figure 5g shows that the crystal structure
of the area at Point 5 was classified as FCC, but the concentrations
of Cr and Mo were lower than those of the γ phase at Point 1 and
the α phase at Point 2. Therefore, the area at Point 5 was
considered to be a γ2 phase. In this case, Cr and Mo in the γ2
phase were both depleted by 2 mass% relative to the nominal
composition of the UNS S32750.
This study demonstrated that the aging treatment caused σ

phase to be formed in the α and γ phase boundary regions, and
that the σ phases were discolored to bluish dark-gray or blue by
etching with Murakami solution (Figs. 3 and 5a). Additionally, the
γ2 phase was thought to be formed around the σ phases. A
comparison of Figs. 5a, b shows that the color of the γ2 phase did
not change even after etching with Murakami solution.

Inclusion characterization
Inclusions were observed in both the solution-treated and aged
specimens. Figure 6 shows a SEM image and the corresponding
EPMA maps of a S-containing inclusion in the aged specimen. As
previously mentioned, inclusions existed in both the α and γ
phases, and some of them existed at the α/γ boundaries. The
inclusion shown in Fig. 6 was present at the α (Cr- and Mo-rich
areas) and γ (Ni-rich areas) phase boundary. To facilitate the
comparison of the distribution of each element, the same position
is indicated with white arrows on the SEM image and EDS maps.
Manganese and S were detected in the upper-right part of the
inclusion. Manganese, Cr, and O were detected in the left side of
the inclusions This inclusion was determined to be a Mn-Cr oxide
and MnS complex. In stainless steels and related metals, MnCr2O4

is sometimes formed, and MnS is generated at the periphery of
oxide inclusions53,54. In this work, similar S-containing inclusions
were observed in the solution-treated specimens. However, not all
inclusions were accompanied by MnS. Approximately 500 inclu-
sions were found in a 2 × 2mm area of the solution-treated and
aged specimens (see Supplementary Table 1). The EDS analysis

was performed on the inclusions within a 2-mm square area. This
analysis was performed twice for aged specimen. In both cases,
one MnS-containing inclusion was confirmed to be present
within the 2-mm square area. Therefore, the percentage of MnS-
containing inclusions was approximately 1/500, with the remainder
being simple Mn-Cr oxides. Neither the size nor the composition of
inclusions changed before and after aging treatment.

Effect of aging-treatment on the pitting corrosion resistance
Figure 7a shows the polarization curves in naturally aerated 1 M
MgCl2. The area of the working electrode was 10 × 10mm. A large

Table 1. Relative concentrations (at.%) at Points 1, 2, 4, and 5 shown
in Fig. 5b.

Point Cr Fe Ni Mo

1 26 64 7 3

2 30 62 4 4

4 31 58 4 7

5 23 69 6 2

Fig. 6 SEM image and EPMA maps. A S-containing inclusion at an α
and γ phase boundary in the aged specimen.
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increase in the anodic current of the aged specimen was observed
at approximately 0.1 V due to pitting (see in Fig. 7b). In contrast,
for the solution-treated specimens, there were one case where
metastable pitting was observed at approximately 0.1 V (Speci-
men I) and one case where it was not (Specimen II). Figure 7c
shows that an optical micrograph of the electrode area of
the solution-treated specimen (Specimen I). After polarization,

metastable pitting corrosion was confirmed. As presented in
Fig. 7d, small spots of localized discoloration were observed on
both Specimens I and II, but no stable pit was initiated. The
localized discoloration may have been caused by MnS-containing
inclusions. The gradual increase in the current density from 0.3 to
0.6 V was due to transpassive dissolution of the steel matrix, and
the large increases at approximately 1.1 V was due to oxygen
evolution. For the potentiodynamic polarization of a 10 × 10mm
electrode area in 1 M MgCl2, the aged specimen was measured
twice, and pitting corrosion occurred in both cases. The solution-
treated specimen was measured three times, and no pitting
occurred in any case. This study showed that the aging treatment
at 1173 K for 1.0 ks decreases the pitting corrosion resistance of
UNS S32750 super duplex stainless steel. It was also found that the
σ and/or γ2 phases are essential for stable pit initiation because
stable pitting did not occur on the solution-treated specimens.

Necessity of inclusions in pit initiation
A small electrode (200 × 200 µm) without inclusions was
fabricated to ascertain the effect of inclusions on the pitting
corrosion resistance. Figure 8a shows the polarization curve of the
aged specimen in naturally aerated 1 M MgCl2, and Fig. 8b, c
shows optical micrographs of the electrode surface before and
after polarization, respectively. Figure 8b shows that no inclusions
were visible. In this case, no stable pitting was generated,
although some localized discoloration was observed after
polarization (Fig. 8d). To identify the α, γ, and σ phases in the
electrode area, the specimen was etched with Murakami solution
after polarization. Figure 8e shows an optical micrograph after
etching. This electrode area included α (white areas), γ (brown
areas), and σ phases (bluish dark-gray areas). The existence of σ
phases indicates that γ2 phases are formed around the σ phases.
This result indicates that the σ phase and/or γ2 phase alone
cannot act as initiation sites for pitting, and some additional
factors, such as inclusions, are substantial for pit initiation. As
shown in Fig. 8, the small discoloration was likely to be located at
the α/γ phase boundary, and it is undeniable that this was caused
by a very small inclusion. Anyway, based on the optical
micrographs and polarization curves, no stable pitting was found
to be generated in a small electrode area (200 × 200 µm) without
inclusions. The potentiodynamic polarization of a small electrode
without inclusions was performed five times to ascertain
reproducibility. No stable pitting was generated in all cases.

Elucidation of the pit initiation sites on the aged specimen
Next, the anodic polarization behavior was obtained for each
location where inclusions were present, that is (1) in the α, (2) γ,
and (3) γ2 phases (boundary region of α and γ phases). Also in
these cases, a small electrode (200 × 200 µm) with an inclusion
was fabricated. However, no pits occurred in either case, as
shown in Supplementary Figs. 2–4. Owing to the low probability
of the existence of MnS-containing inclusions, the small
electrode could target Mn-Cr oxide but not MnS. Thus, larger
electrodes were prepared and polarized. Figure 9a shows the
polarization results of the 3 × 3 mm and 2 × 2 mm electrodes.
For both cases, large increases in the anodic current density
were generated. After polarization, only one pit was generated
in each specimen. Figure 9b–e shows the electrode surfaces of
the pit initiation sites before and after polarization. Comparing
the images before and after polarization, the initiation sites of
pitting were determined to be inclusions. The polarization
measurements with a 3 × 3 mm electrode area were made twice,
and pitting occurred in both cases. The measurements with
a 2 × 2 mm electrode area were made four times, and pitting
occurred in three cases.
Figure 10 shows a SEM image and the corresponding EDS maps

of the pitting corrosion on the 2 × 2mm electrode shown in Fig. 9.

Fig. 7 Effect of aging-treatment on the pitting corrosion
resistance. a Polarization curves of the solution-treated and aged
specimens in naturally aerated 1 M MgCl2 at pH 6.0 (348 K).
Electrode area: 10 × 10mm. b Optical micrograph of pitting
corrosion on the aged specimen. c Optical micrograph of the
electrode area of the solution-treated specimen (Specimen I) after
polarization. d Enlarged view of the area indicated by the arrows in
c. e Optical micrograph of localized discoloration on the solution-
treated specimen (Specimen II).
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Manganese, Cr, and O signals were detected at the center of the
corroded area (pit), but no S signal was detected. The S signal was
observed to be around the inclusion. This is because the S and Mo
signals overlap in EDS, and the S signal was assumed to be Mo.
Interestingly, the Cr and Ni EDS maps show that the inclusion and
pit were present in the α phase (Cr-rich area). Moreover, they
were located adjacent to the γ phase boundary (Ni-rich region).

As previously mentioned, the σ phase forms at the α/γ phase
boundaries and grows toward the α phase (Fig. 3b). Thereby, γ2
phases were generated in the α phase side of the α/γ phase
boundaries. As shown in Fig. 10, the presence of the pit in the α
phase suggests that the pit was initiated and grew in the γ2 phase,
which may be due to the low corrosion resistance of the γ2 phase
owing to the low Cr and Mo contents. In this case, no S signal was
detected in the inclusion, which may be due to sulfide dissolution
as a precursor to pit initiation.

Fig. 9 Polarization behavior of 2 × 2 mm and 3 × 3 mm
electrodes. a Effect of the electrode area size on the polarization
behavior of the aged specimen in naturally aerated 1M MgCl2 at pH
6.0 (348 K). b–e Optical micrographs of the pitting corrosion
initiation sites b, d before and c, e after polarization of b, c 2 × 2mm
and d, e 3 × 3mm electrodes.

Fig. 8 Polarization behavior of a small electrode. a Polarization
curve of a small area (200 × 200 μm) of the aged specimen without
inclusions in naturally aerated 1 M MgCl2 at pH 6.0 (348 K).
b, c Optical micrographs of the electrode area b before and
c after polarization. d Enlarged view of the area demarcated by the
dashed broken square in c. e Optical micrograph of the electrode
area shown in c.
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To observe an earlier form of pitting corrosion, potentiodynamic
polarization was performed using a 1 × 1mm electrode.
Figure 11a shows the polarization curve obtained in 1 M MgCl2.
Pitting corrosion was generated at 0.13 V. The measurements
with a 1 × 1mm electrode area were made six times, and pitting
occurred in two cases. A small electrode would be suitable for
detecting the increase in current due to pitting with high
sensitivity55,56. By stopping the polarization when a slight
increase in current is detected, an early stage of pitting corrosion
can be observed. However, as the electrode area is reduced, the
probability of pit initiation decreases and the pitting potential
increases abnormally57. Therefore, we conducted a number of
experiments and analyzed the pit initiation site on the specimen
with pitting potential close to that shown in Fig. 7 (polarization of
a 10 × 10mm electrode area).
Figure 11b, c shows optical micrographs of the pitting initiation

site before and after polarization shown in Fig. 11a. The pit was
confirmed to be initiated at the inclusion indicated by the arrow.
Figure 12 shows a SEM image and the corresponding EPMA maps
of the pit initiation site. To facilitate the comparison of the
elemental distributions, the same positions are indicated with
black or white arrows on the SEM image and EPMA maps. In the
EPMA maps, Mn, Cr, and O signals were observed in the inclusion.
Additionally, although small and speckled, S was detected at the

point indicated by the yellow arrow. Therefore, it was determined
that the pit was initiated at the Mn-Cr oxide and MnS complex
inclusion. Moreover, the inclusion was located in the boundary
region of the α (Cr-rich region) and γ (Ni-rich region) phases. The
Ni map shows that the inclusion and pits were located in the low-
Ni region, suggesting that the inclusion was not located in the γ
phase. Moreover, the point indicated by the black or white arrows
exhibited a high Mo content and a low Cr content, which is
thought to be the σ phase. Thus, the inclusion may be located
within the γ2 phase adjacent to the σ phase. In most of the
previous reports, pitting corrosion is considered to be initiated at
σ phases. However, this study demonstrated that MnS inclusions
and γ2 phases are important factors in the initiation of pitting
corrosion on the aged UNS S32750 super duplex stainless steel.
The pitting was thought to be initiated by the synergistic effect

of MnS-containing inclusions and γ2 phase. The MnS-containing
inclusions are considered to be present in α and γ phases as well
as in γ2. However, as shown in Figs. 9–12, pitting corrosion was
initiated at the boundary of α and γ phases. And, γ2 phases were
generated in the α phase side of the α/γ phase boundaries (Fig. 5).
In general, UNS S32750 super duplex stainless steel exhibits high
pitting corrosion resistance due to their high Cr and Mo contents.

Fig. 10 The pitting corrosion on the 2 × 2 mm electrode. A SEM
image of the pit shown in Fig. 9c and the corresponding EDS maps.

Fig. 11 Polarization behavior of a 1 × 1mm electrode.
a Polarization curve of a small area (1 × 1mm) of the aged
specimen with inclusions in naturally aerated 1 M MgCl2 at pH 6.0
(348 K). b, c Optical micrographs of the pitting corrosion initiation
site b before and c after polarization.
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However, the pitting corrosion resistance of γ2 phase is expected
to be low due to relatively low Cr and Mo contents as shown in
Table 1 (Point 5). Therefore, it is understood that pitting corrosion
did not occur on the solution-treated specimen but on the aged
specimen, even if MnS-containing inclusions were present (Fig. 7).
Even in the case of the aged specimen, MnS-containing inclusions
in α and γ phases are not considered to be the initiation sites of
pitting corrosion.
In this study, by gradually decreasing the size of the electrode

area, we proposed that the initiation site of pitting corrosion on
the aged specimen was MnS-containing inclusions in γ2 phase. In
general, MnS inclusions act as the initiation sites of pitting, but no
oxide-free MnS inclusions were found in the specimens used.
Potentiostatic pulse technique has been proposed as a method for
identifying the initiation sites of pitting corrosion on stainless
steels23,58,59. Similarly, the method used in this study of varying
the electrode area may also be effective.
The following is a summary of this study.

1. An aging treatment of UNS S32750 super duplex stainless
steel at 1173 K for 1.0 ks produced σ and γ2 phases in the α
and γ phase boundary regions. Mn-Cr oxide and MnS

complex inclusions were present in the steel; however, not
all oxide inclusions were accompanied by MnS.

2. No stable pitting occurred on the solution-treated specimen
during potentiodynamic polarization in 1 M MgCl2 at 348 K
(electrode area: 10 × 10mm), but pitting corrosion was
initiated on the aged specimen at approximately 0.1 V.

3. No pitting was observed on the aged specimen during the
potentiodynamic polarization of a small area (200 × 200 µm)
without inclusions in 1 M MgCl2 at 348 K. Because the
electrode area was thought to include α, γ, σ, and γ2 phases,
the σ phase and/or γ2 phase alone could not act as the
pitting initiation sites.

4. Potentiodynamic polarization was performed on the aged
specimen using a 1 × 1mm electrode in 1 M MgCl2 at 348 K.
A stable pit was initiated at approximately 0.15 V at the
inclusion located in the α and γ phase boundary region.
Based on the EPMA analysis, the initiation site was
concluded to be a MnS-containing Mn-Cr oxide inclusion
in the γ2 phase.

METHODS
Specimens and electrolyte
A 20 mm-thick hot-rolled UNS S32750 super-duplex stainless
steel plate was used as the specimen in this study. Table 2
presents the chemical composition of the steel, which shows
that the S concentration in the steel was very low (0.0006 mass
%). Two types of heat treatment were performed, namely a (1)
solution treatment and (2) aging treatment. The solution
treatment was performed at 1373 K for 1.8 ks (water-quenched).
After the solution treatment, an isothermal aging treatment was
conducted at 1173 K for 1.0 ks (water-quenched). Subsequently,
the steel plate was cut into 15 × 25 × 5 mm coupons. The
specimens were mechanically ground with SiC paper to 1500
grit and then polished with successive diamond suspensions of
6 and 1 μm. Finally, the specimens were ultrasonically cleaned
using ethanol.
A 1 M MgCl2 solution was used as the electrolyte for the

polarization measurements. The pH of the solution was adjusted
to 6.0 using Mg(OH)2. The solution was prepared using deionized
water and analytical-grade chemicals. In the evaluation of stress
corrosion cracking (SCC) of stainless steels, MgCl2 is often used. To
extend this study to SCC studies, MgCl2 was used as an electrolyte.

Polarization measurements
Potentiodynamic polarization measurements were conducted in a
naturally aerated 1 M MgCl2 solution at 348 K. Different working
electrode areas of different sizes were used, namely (1) 10 ×
10mm, (2) 3 × 3mm, (3) 2 × 2mm, (4) 1 × 1mm, and (5) 200 ×
200 μm. The area was accurately measured after polarization, and
the current was converted to current density. The electrode areas
were fabricated using resin. A battery-powered potentiostat was
used to reduce the electrical noise when the electrode area was
200 × 200 μm60. The conventional three-electrode method
was used for all the polarization measurements. The electrode
potential scan rate was 23mVmin−1. The counter electrode was a
Pt sheet and the reference electrode was Ag/AgCl (3.33 M KCl).
The temperature of the reference electrode was 298 K, and all
electrode potentials in this study refer to the Ag/AgCl (3.33 M KCl)
electrode at 298 K.

Table 2. Chemical composition of the duplex stainless steel (mass%).

C Si Mn P S Ni Cr Mo N

0.017 0.32 0.50 0.02 0.0006 7.00 25.1 4.01 0.29

Fig. 12 The pitting corrosion on the 1 × 1mm electrode. A SEM
image of the corroded area (pit) shown in Fig. 11c and the
corresponding EPMA maps. Black and white arrows indicate the
same position. Yellow arrow indicates the S signal location.
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Surface and cross-sectional observations
Chemical etching in a 10% NaOH-0.1% K3Fe(CN)6 solution, also
known as the Murakami solution, was performed for 90min at
298 K for metallographic examination. Optical microscopy and
field-emission scanning electron microscopy (SEM) equipped with
an energy-dispersive X-ray spectroscopy (EDS) system were used
to observe the specimen surfaces. An acceleration voltage of 20 kV
was used for the SEM observation and EDS analysis. In general, it is
difficult to distinguish the S and Mo EDS signals. An electron probe
microanalyzer (EPMA) was used to separate Mo and S signals. The
electron acceleration voltage was set to 15 kV. A focused ion beam
(FIB) system and scanning transmission electron microscopy
(STEM) were used to observe the phase boundary regions. The
FIB lift-out specimens were fabricated using a Ga ion beam. The
accelerating voltage for the STEM observations was 200 kV.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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