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Role of MnS in the intergranular corrosion and depassivation
of sensitized Type 304 stainless steel

1
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™ and Yu Sugawara

During polarization in 1 M NaCl (pH 5.4), intergranular corrosion of sensitized re-sulfurized Type 304 stainless steel occurred after pit
initiation at MnS inclusions. Intergranular corrosion occurred when the pitting corrosion reached a Cr-depleted region along the
sensitized grain boundaries. During depassivation under open-circuit conditions in 1 M NaCl (pH 1.0), MnS dissolution occurred as
the first step, and the second step was the initiation of intergranular corrosion. Finally, dissolution of the steel matrix occurred. The
role of MnS in the initiation of intergranular corrosion and depassivation of sensitized steel is discussed.
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INTRODUCTION

In stainless steels, sulfide inclusions such as MnS act as initiation
sites for pitting corrosion and have been the focus of many
studies'™. However, limited research has been conducted on the
role of sulfide inclusions in the intergranular corrosion and
depassivation of sensitized stainless steels®,

Cr depletion owing to the formation of Cr-carbides at the grain
boundaries is known to decrease the corrosion resistance of
stainless steels. When stainless steels are heated to ~1000 K, such
as by welding, Cr-carbides precipitate at the grain boundaries,
causing Cr depletion®. Cr depletion occurs not only along grain
boundaries but also at phase boundaries (y/a, o/a)'®"!, oxide
inclusions'®, and Cr-nitrides'>'*. Moreover, in ferritic stainless
steels, spinodal decomposition causes Cr depletion'>'6, Because
the processes of heating and cooling are repeated in additive
manufacturing, the occurrence of Cr depletion should be
noted'”'®, Thus, Cr depletion is an important factor to consider
when analyzing the causes of corrosion in heat-treated stainless
steels. The degree of sensitization (Cr depletion) has been
successfully assessed based on the weight loss and/or inter-
granular corrosion morphology in acids with a pH lower than the
depassivation pH, such as via the Huey, Strauss, and Streicher
tests'®. Although the depassivation of Cr-depleted regions and
intergranular corrosion occur in acidic solutions, stainless steels
are regularly used in solutions with pH values higher than the
depassivation pH. Therefore, in this study, the corrosion behavior
of a sensitized stainless steel was investigated in a near-neutral pH
and acidic solutions.

In chloride solutions at near-neutral pH, corrosion occurs with
pitting morphology even in sensitized stainless steels, and thus,
the corrosion resistance is assessed by the pitting potential. For
example, Zietala et al.?° studied the corrosion resistance of Type
316 L stainless steel fabricated using laser-engineered net shaping
(LENS). They reported that the lower pitting corrosion resistance of
the LENS-fabricated 316 L was due to the formation of Cr-depleted
regions in the steel matrix. Ganesh et al.?' studied the corrosion
and sensitization of laser rapidly manufactured (LRMed) Type
316 L stainless steel. With respect to the wrought specimens, the
LRMed steel exhibited a lower pitting corrosion resistance. The
pitting potential of stainless steels decreases with decreasing Cr

concentration?2. Therefore, the lower pitting corrosion resistance
of stainless steels produced via heat treatment is attributed to Cr
depletion; however, there are other factors that lower pitting
corrosion resistance, such as sulfide inclusions'~’.

In the case of depassivation, the corrosion resistance of stainless
steels also decreases with decreasing Cr concentration®24,
Therefore, the ready occurrence of the depassivation of sensitized
steels can be explained by Cr depletion. However, sulfide
inclusions should be considered in this explanation because
dissolution species of sulfide have been reported to promote
depassivation®. The existence of sulfide inclusions in Cr-depleted
regions is expected to initiate the depassivation process, but to
the best of our knowledge, the details have not been reported.
Sulfide inclusions are crucial factors in the initiation of pitting in
stainless steels?>3%, Chiba et al. ® reported that a small area
without MnS exhibited an extremely high pitting potential
exceeding 0.6V (vs. Ag/AgCl, 333M KCl), even for Type
304 stainless steel in 3 M NaCl at 298 K. In a small area where
MnS was absent, Takayama et al. 3'. demonstrated that no pitting
was generated on Type 304 stainless steel, even when potentio-
dynamic polarization was performed up to the oxygen evolution
region in 1 M NaCl at 348 K. Furthermore, it was reported that the
depassivation of solution-treated Type 304 stainless steel in acidic
NaCl solutions was initiated by localized dissolution, such as
pitting corrosion, rather than general corrosion®. Therefore,
sulfide inclusion dissolution is expected to be involved in the
depassivation of stainless steels.

In this study, the role of MnS in the initiation of intergranular
corrosion and depassivation of sensitized stainless steel was
studied in 1M NaCl at pH 5.4 and 1.0. The relationship between
pitting at MnS and intergranular corrosion was investigated at pH
5.4. The relationships among MnS dissolution, intergranular
corrosion, and depassivation were investigated at pH 1.0. Real-
time in situ observations were performed on a small area of MnS.
A re-sulfurized Type 304 stainless steel was used because large
MnS inclusions are suitable for observing inclusion dissolution.
The technique of fabricating a small electrode area containing a
single corrosion initiation site and observing the surface during
electrochemical measurements is simple but effective for elucidat-
ing localized corrosion mechanisms32-37,
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Fig. 1 OM images of re-sulfurized Type 304 stainless steel after
electrolytic etching. a Solution-treated specimen and b sensitized
specimen. Electrolytic etching was conducted in 10 mass% oxalic
acid at a current density of 1x 10* Am~2 for 90s.

RESULTS
Material characterization

Figure 1 shows optical microscopy (OM) images of the solution-
treated and sensitized specimens after electrolytic etching in 10
mass% oxalic acid. The grain boundaries of the solution-treated
specimen were slightly etched, but almost all of the grain
boundaries of the sensitized specimen were heavily etched,
indicating that the steel was fully sensitized by heat treatment at
923K for 20 h38,

Figure 2a shows a scanning transmission electron microscopy
(STEM) image of a grain boundary of the sensitized specimen. For
this observation, a focused ion beam (FIB) lift-out specimen was
prepared along Line 1 to traverse the grain boundary, as shown in
the inset of Fig. 2a. Figure 2b shows the EDS map of Cr in the area
surrounded by yellow lines in Fig. 2a, and Fig. 2c shows the results
of the energy-dispersive X-ray spectroscopy (EDS) line analysis of
the Cr concentration along Line A-B shown in Fig. 2a, b. In the
STEM image, precipitates were observed along the grain
boundary, and Cr accumulated in the precipitates, as seen in
Fig. 2b, c. The electron diffraction patterns of the precipitates were
consistent with those of Cr,3Cq (figure not shown). In Fig. 2b, ¢, Cr
was clearly depleted near the grain boundary precipitates, and the
minimum Cr concentration was ~8 mass%. The above results
indicate that Cr depletion occurred at the grain boundaries of the
sensitized specimen.

Figure 3a shows an OM image of the as-polished surface of the
sensitized specimen. In the steel used in this study, S was added to
form MnS inclusions, and large elongated inclusions were
observed. Figure 3b shows a scanning electron microscopy
(SEM) image of a typical inclusion and the corresponding EDS
maps. Mn and S were clearly detected in the inclusion. The
intensity of the Cr signal in the inclusion was weaker than that in
the steel matrix. However, a small amount of Cr was detected in
the inclusion. The relative concentrations at Point 1 were Fe:
15at%, Cr: 9at%, Ni: 2at%, Mn: 37at%, and S: 37at%. In
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Fig. 2 Precipitates and Cr concentration at a grain boundary of
sensitized re-sulfurized Type 304 stainless steel. a STEM image of
a cross-section of the sensitized grain boundary shown in the inset.
b EDS map of Cr in the area surrounded by yellow lines in a. ¢ Cr
concentration along the line from A to B in a and b.

addition to Cr, Fe was detected. Some of Cr and Fe signals may
have originated from the steel matrix, but the inclusion was
hypothesized to be MnS with small amounts of Cr and Fe, e.g,,
(Mn, Cr, Fe)S, because the existence of this type of inclusion has
been reported in a duplex stainless steel*°. For simplicity, this type
of inclusion is referred to as MnS herein. No differences in the
composition and morphology of the MnS inclusions were
observed between the solution-treated and sensitized specimens.
Furthermore, there were no differences between the MnS
inclusions on the grain boundaries and those in the grains in
terms of composition and morphology.

Pitting corrosion resistance

Figure 4a shows the potentiodynamic polarization curves of the
solution-treated and sensitized specimens in 1 M NaCl (pH 5.4). For
these measurements, the electrode area was 1cmx1cm. For
both specimens, potentiodynamic polarization was started at
—0.2V, and the cathodic current was measured until ~—0.1V;
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then, the anodic current was measured. Above —0.03V, small
current oscillations due to metastable pitting were generated for
both specimens. As shown in Fig. 4a, sensitization lowered the
pitting potential. Figure 4b, c shows SEM images of a corroded
area and the corresponding EDS maps of S and Mn. For the
solution-treated specimen, pits with lacy covers, which were
thought to be generated at the MnS inclusions, were generated. In
the sensitized specimen, pits with streaks similar to intergranular
corrosion were observed. The corrosion was also thought to be
initiated at MnS inclusions because S and Mn signals were
detected near the corroded areas. Because the streaks were
generated only for the sensitized specimen, they were attributed
to intergranular corrosion due to Cr depletion.

(a)OoM

50um

=
-
Fig. 3 Inclusions in sensitized re-sulfurized Type 304

stainless steel. a OM image of an as-polished surface. b SEM image
of an inclusion and the corresponding EDS maps.
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Correlation of pitting at MnS and intergranular corrosion

On the sensitized specimen, a small area with MnS at a grain
boundary was fabricated (electrode area: ~100 um x 100 pm), and
potentiodynamic polarization was performed in 1 M NaCl (pH 5.4).
In this study, the corrosion morphology was classified into three
types: Specimens I-lll. Figure 5a shows the micro-scale anodic
polarization curves of Specimens I-lll, and Fig. 5b-j shows the
electrode surfaces of these specimens. Figure 5b-d shows
composite images of the MnS inclusions and sensitized grain
boundaries before preparation of the electrode areas. The black-
and-white images of the MnS inclusions on the as-polished
surfaces were inverted and superimposed on the OM images after
electrolytic etching. These composite images indicate that MnS
was located at the sensitized grain boundaries. Figure 5e—j shows
the electrode areas before and after polarization, respectively. One
or two MnS inclusions with a length of ~20 um were included in
the electrode area, and corrosion occurred at the inclusions.

As shown in Fig. 5a, above 0.1V, the anodic current gradually
increased with the electrode potential. Unlike the macro-scale
polarization (electrode area: 1 cm x 1cm) shown in Fig. 4a, the
number of current oscillations decreased considerably, and the
potential region where the oscillations occurred increased to
higher than 0.25V. Moreover, a further increase in current was
observed in the potential range of 0.25-0.4V. This increase in
current was attributed to the anodic dissolution of MnS
inclusions®3340=43 Many dissolution mechanisms have been
proposed for MnS'=. As one of them, Lott and Alkire* proposed
the following series of reactions during anodic polarization of
MnS.

2MnS + 3H,0 — 2Mn%* 4+ 5,032 + 8H™ + 8e™~ M

MnS + 2HT — Mn?* +S +H, ()]

In this MnS dissolution potential range, trenching is known to
occur at the MnS/steel boundaries, and pits are reported to be
initiated in the trenches®3'*3, For Specimens | and I, a large
current increase was observed around 0.35V, suggesting the
initiation of pitting corrosion. After anodic polarization, localized
corrosion was confirmed at MnS, as shown in Fig. 5h, i. In
Specimen ll, current oscillations were observed three times
~0.35V. However, no further large increase in current indicative
of stable pitting was observed. At ~0.4V, the anodic current
decreased. As shown in Fig. 5j, the extent of corrosion damage

Fig. 4 Pitting potentials and corrosion morphology of solution-treated and sensitized re-sulfurized Type 304 stainless steel in naturally
aerated 1 M NaCl (pH 5.4). a Potentiodynamic anodic polarization curves (electrode area: 1 cm x 1 cm). b, ¢ SEM images of localized corrosion

initiated on the b solution-treated specimen and ¢ sensitized specimen.
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Fig. 5 Relationship between polarization behavior and corrosion morphology at MnS on the sensitized re-sulfurized Type 304
stainless steel. a Micro-scale anodic polarization curve of a small area with MnS at a sensitized grain boundary in naturally aerated 1 M NacCl.
b-d Composite OM images of MnS inclusions and sensitized grain boundaries. e-g, h—j OM images of electrode areas e-g before and h-j after
anodic polarization. k-m SEM images of localized corrosion: k Specimen |, | Specimen II, and m Specimen lIl.

around the MnS inclusions was relatively low compared to
Specimens | and |I.

Figure 5k shows an SEM image of the corrosion on Specimen |.
In this image, a pit initiated at the MnS inclusion. Moreover,
streaks resembling intergranular corrosion were observed on the
upper and lower sides of the inclusion. The positions of these
streaks were consistent with those of the sensitized grain
boundaries (Fig. 5b). Therefore, these streaks were concluded to
be intergranular corrosion owing to the dissolution of Cr-depleted
regions. In Specimen Il (Fig. 5l), only one pit was observed at the
MnS inclusion. In this case, no intergranular corrosion was
initiated. In Specimen IlI, only the dissolution of the MnS/steel
boundary was observed. There are several mechanisms as to the
reason for trench formation®42444 but we believe that the
synergistic effect of chloride ions and elemental sulfur generated
from MnS causes depassivation of the steel matrix around MnS
and the formation of trenches®. The positions indicated by the
white arrows in Fig. 5m were relatively heavily corroded. These
were thought to correspond to metastable pits; however, these
pits were not located at the grain boundary. In the pitting
corrosion at MnS inclusions, it has been demonstrated that a
trench is first formed at the MnS/steel boundary, and pits are
subsequently generated inside the trench®3'3, In this study, no
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intergranular corrosion was found to occur from the trench, even
when MnS was present in Cr-depleted regions.

In situ OM images of the electrode area of Specimen | are
shown in Fig. 6a—m. These images were obtained from the video
recording during anodic polarization shown in Fig. 5a. Figure 6a
presents the surface at the open-circuit potential (OCP) before
polarization. After the start of polarization until the potential
reached 0.19V, almost no change in color was observed at the
inclusion, as shown in Fig. 6b. Above ~0.25V, a part of the MnS
inclusion turned white, as indicated by the arrow shown in Fig. 6¢c.
This whitening may indicate dissolution of MnS. Figure 6d shows
the image taken immediately before the initiation of pitting; the
time of this image was defined as 0s. The current density at this
time was 0.61 Am~2. In Fig. 6d-g, the inset images are enlarged
views of the areas surrounded by white lines in each figure. The
yellow dashed lines in the insets are drawn at the same position as
the guide to the MnS/steel boundary. At 0.16 s, the current density
increased to 5.0 Am~2. However, no changes were observed in or
around the inclusion. HhAt 0.5s, the current density further
increased by approximately one order of magnitude to 90 Am~2,
and a small dark area appeared at the MnS/steel boundary, as
indicated by the black thick arrow in Fig. 6f. This area was thought
to be the mouth of the stable pit, based on a comparison of this
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Fig. 6 Initiation behavior of pitting and intergranular corrosion on the sensitized re-sulfurized Type 304 stainless steel. a-m In situ
images of the initiation of pitting and intergranular corrosion on Specimen | during the anodic polarization shown in Fig. 5a. n SEM image of

the cross-section on Specimen | shown in Figs. 5k and ém.

image and Fig. 5k. At 0.66 s, as seen in the inset of Fig. 6g, the dark
area extended to the right along the MnS/steel boundary. This
suggests that the pit expanded to the right. After 1.0s,
intergranular corrosion was initiated and grew with time, as
shown in Fig. 6h-m.

Figure 6n shows an SEM image of the cross-section of Specimen
I. The location of the cross-section is shown in Figs. 5k and 6m. Mn$S
dropped out during fabrication of the cross-section. Moreover, a
cavity (pit) appeared under the MnS. A part of the pit appeared in
the cross-section as a hole, indicating that the pit was in contact
with the Cr-depleted region. The hole appeared to be far from the
initiation site of pitting, but this was likely due to the dissolution of
the steel matrix beneath the inclusion and the wide spreading of
the stable pit>’. Based on the results thus far, it is considered that
pitting corrosion initially occurred at MnS, and then intergranular
corrosion was initiated when the corrosion reached a Cr-depleted
region along the sensitized grain boundary.

Published in partnership with CSCP and USTB

Depassivation of the sensitized and solution-treated
specimens

Figure 7a shows the change in OCP with decreasing pH for the
sensitized and solution-treated specimens in 1 M NaCl. The initial
pH of the solution was 5.4, and the pH was decreased stepwise
using HCl. The large drop in the OCP to ~—0.4V was due to
depassivation, and the depassivation pHs of the sensitized and
solution-treated specimens were 2 and 1, respectively. After the
measurements, discoloration was observed around the MnS
inclusions in both specimens as shown in Fig. 7b, c. The
depassivation pH of the sensitized specimen was higher than
that of the solution-treated specimen. This may be due to Cr
depletion along the sensitized grain boundaries; however, MnS is
likely to affect depassivation because discoloration was observed
around the MnS inclusions.

To ascertain the effect of MnS on the depassivation at sensitized
grain boundaries, a small area without MnS was fabricated on the

npj Materials Degradation (2024) 2
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Fig. 7 Depassivation behavior of solution-treated and sensitized
re-sulfurized Type 304 stainless steel. a Effect of pH on the OCPs of
the solution-treated and sensitized specimens in 1 M NaCl (the pH
was lowered stepwise with HCI). b, ¢ OM images of the specimens
after the OCP measurements in a: b solution-treated and
¢ sensitized specimens.

sensitized specimen, and OCP measurements were performed in
1 M NaCl at pH 1.0. Figure 8a shows the time variation of the OCP,
and Fig. 8b, c shows the electrode areas before and after the
measurements, respectively. As seen in Fig. 8b, ¢, no MnS
inclusions were present in the electrode area, and no corrosion
was generated after the measurements. The pH of this solution
was sufficiently low to observe depassivation because the
depassivation pH of the sensitized specimen was determined to
be 2, as shown in Fig. 7a. However, no large drop in the OCP to
around —0.4V was observed, indicating that no depassivation
occurred. After the OCP measurements, the masking around the
electrode area was stripped, and electrolytic etching was
performed in 10 mass% oxalic acid at 1 x 10* Am~2. Figure 8d, e
shows the surface appearance of the electrode area after etching
for 12s and 90s, respectively. Sensitized grain boundaries (Cr-
depleted regions) were observed. Thus, it was expected that MnS
was responsible for the depassivation of the sensitized specimen.

To analyze the effect of MnS inclusions on the depassivation of
sensitized re-sulfurized Type 304 stainless steel, a small area with
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Fig. 8 Corrosion resistance to depassivation of a small area
containing the sensitized grain boundary without MnS inclusion.
a Time variation of the OCP of a small area without MnS in the
sensitized re-sulfurized Type 304 stainless steel in 1 M NaCl at pH 1.0.
b, ¢ OM images of the electrode area before and after the OCP
measurements shown in a: b before, and ¢ after measurement.
d, e OM images of the electrode area after electrolytic etching:
d 12s and e 90s.

MnS at a sensitized grain boundary was immersed in 1 M NaCl at
pH 1.0. Figure 9a shows the temporal variation of the OCP during
immersion. Immediately after immersion, the OCP was ~0.21V
and became ~0.1V from 7 to 13s. At 14s, the OCP further
decreased and then stabilized at —0.4 V. Figure 9b shows an SEM
image of the electrode area after immersion. Figure 9c shows an
SEM image of the area surrounded by the yellow lines in Fig. 9b
and the corresponding EDS maps of Mn and S. As shown in Fig.
9b, a grain boundary was present from the upper right to the
lower left of the inclusion. In addition, Mn and S signals were not
detected (Fig. 9¢). Thus, an MnS inclusion located at the sensitized
grain boundary was present in the electrode area, and MnS
completely dissolved during immersion.

Figure 9d-o shows in situ observation images of the electrode
area. Enlarged images of the area surrounded by the dashed lines
shown in Fig. 9d-i are given in Fig. 9p-u. Figure 9d shows the
surface immediately after immersion, which is defined as 0s. At
17 s, a color change was observed in the MnS inclusion, implying
that the surface of the MnS inclusion began to dissolve. In
contrast, the grain boundaries and steel matrix did not dissolve
during the initial stage of immersion because no color change was
observed (Fig. 9e, q). After 18s, a black streak appeared around
the MnS inclusion at the position indicated by the black arrow in
Fig. 9r. Because the location of the black streak corresponded to
the grain boundary, it was determined to be intergranular
corrosion owing to the dissolution of the Cr-depleted region.
From 18 s to 21 s, the black streak lengthened, and another black
streak was generated at the position indicated by the red arrow in
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Fig.9 Depassivation behavior at MnS on sensitized re-sulfurized Type 304 stainless steel. a Time variation of OCP in a small area with MnS
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Fig. 9s. At 225, the color of the steel matrix around the MnS
inclusion began to change to brown, suggesting the beginning of
the dissolution of the steel matrix. Subsequently, the discoloration
around the inclusion expanded over time and spread to the entire
electrode surface, as shown in Fig. 9j-o. This discoloration was
attributed to the dissolution of the steel matrix. The in situ
observations suggested that the MnS inclusion dissolved as the
first step in the depassivation of the sensitized specimen. The
second step was the dissolution of the Cr-depleted regions (i.e.,
the sensitized grain boundaries). Finally, dissolution of the steel
matrix was determined to occur from the MnS and spread
concentrically over the entire electrode surface.

Comparing Fig. 9a, d-o reveals that when the MnS inclusion
began to dissolve, the OCP changed from 0.21 to —0.03 V (Fig. 9d,
e). Then, from 18 to 21s, dissolution of the grain boundaries
occurred, and the OCP decreased to —0.16 V (Fig. 9f-h). After 22 s,
the steel matrix began to corrode, and the OCP further decreased
to —0.4V (Fig. 9j). The OCP value of approximately —0.4V was
determined to be the onset of corrosion of the steel matrix.
Comparison of the potential signal and corrosion behavior of the
electrode surface reveals that the discoloration originating from
the MnS inclusion was depassivation.

DISCUSSION

In the micro-scale polarization of the sensitized specimen shown
in Fig. 5, the corrosion morphology at MnS was classified into
three types: (1) pitting with intergranular corrosion (Specimen I),
(2) pitting without intergranular corrosion (Specimen lI), and (3)
trenching without intergranular corrosion (Specimen lll). First, we
considered the causes of these three appearances. As shown in
Fig. 6 (Specimen 1), pitting corrosion initially occurred at MnS
during potentiodynamic polarization in 1M NaCl (pH 5.4), and
then intergranular corrosion was thought to be generated when
the pit reached a Cr-depleted region. Acidification generally
occurs inside pits*®—>°, Therefore, the intergranular corrosion of
Specimen | is thought to have been introduced through the
depassivation of Cr-depleted regions by an acidic solution inside
the pit. Even if pitting corrosion was generated at MnS, it was
concluded that pitting corrosion did not result in intergranular
corrosion when the pit location was distant from the sensitized
grain boundaries, as in Specimen Il. Moreover, even when MnS at
a sensitized grain boundary dissolved and trenching occurred
around the MnS, similar to Specimen lll, no intergranular corrosion
was generated from the trench. These results indicate that severe
acidification, such as inside the pits, is essential to dissolve the Cr-
depleted regions. Ida et al. 2°. demonstrated that the depassiva-
tion pH of a sensitized Type 304 stainless steel (S: 0.0026 mass%)
was approximately 1. Thus, the pH of the solution in the pit
causing intergranular corrosion is thought to be less than 1,
whereas the solution in the trench around MnS is expected to be
above pH 1.

Based on the above mechanism and the results shown in Figs. 5
and 6, at near-neutral pH, no intergranular corrosion is expected
to occur directly from the Cr-depleted regions without MnS. In
fact, it has been reported that neither pitting nor intergranular
corrosion occurred at a single sensitized grain boundary without
MnS in Type 304 stainless steel in 0.1 M NaCl (pH 5.4)*. This
indicates that sensitization does not lower the corrosion resistance
of stainless steels in NaCl solutions at near-neutral pH. However, as
shown in Fig. 4a, the pitting potential decreases after sensitization.
This can be explained by the possible overlap of MnS and Cr-
depleted regions as follows. In stainless steels, MnS inclusions are
randomly dispersed. The probability of pitting corrosion gener-
ated at the intersection of a sensitized grain boundary and an MnS
inclusion is thus low; however, such a situation is thought to exist
in macro-scale electrodes of sizes such as 1Tcmx1cm. When a
metastable pit occurs at MnS in Cr-depleted regions, the
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metastable pit is likely to readily become a stable pit because of
the low Cr concentration and the difficulty of repassivation. MnS
inclusions have various shapes; the part of MnS responsible for
pitting corrosion depends on its morphology, particularly its
extent in the depth direction®'. The overlap between the Cr-
depleted region and the deep part of MnS is thought to decrease
the critical potential for the transformation from metastable to
stable pitting, resulting in a decrease in the pitting potential. It can
be concluded that the pitting corrosion resistance of sensitized
stainless steels is not determined by the existence of Cr depletion
alone, but by the existence of MnS in the Cr-depleted regions.

Next, we discuss the results of the micro-scale experiments on
the roles of MnS and Cr depletion in depassivation of sensitized
steel. As shown in Fig. 9, MnS dissolution occurred as the first step
in the depassivation of the sensitized specimen in 1 M NaCl at pH
1.0. The second step was dissolution of the sensitized grain
boundary. Finally, corrosion (dissolution) of the steel matrix
occurred. Moreover, even for the sensitized specimen, neither
intergranular corrosion nor depassivation occurred in 1 M NaCl at
pH 1.0 on the electrode area without MnS (Fig. 8). In other words,
we can speculate that the dissolution of MnS must occur for
intergranular corrosion and depassivation.

Chiba et al. demonstrated that elemental sulfur is deposited on
and around MnS inclusions via MnS dissolution®. They also
reported that active dissolution of Type 304 stainless steel
occurred in solutions containing both elemental sulfur and
chloride ions, even at pH 3.5. Sulfur deposition on steel surfaces
is likely to accelerate depassivation®. Additionally, H,S, HSO;~, and
5,052~ may be formed through MnS dissolution’™5, and these
species are also thought to contribute to the depassivation of
stainless steels. The dissolution species of MnS are expected to
lead to the dissolution of Cr-depleted regions, resulting in
intergranular corrosion. Under open-circuit conditions in 1 M NaCl
at pH 1, unlike the anodic polarization in 1T M NaCl (pH 5.4), H,S
released from MnS may be deeply involved in the depassivation
because of its low potential®?>3,

Regarding the corrosion with discoloration spreading over the
entire electrode surface in the final stage of Fig. 9, it is likely that
MnS dissolution species are involved in depassivation of the steel
matrix because the discoloration expands in a circular pattern
centered on the inclusion. Therefore, it can be concluded that the
dissolved species of MnS first cause depassivation of the grain
boundaries with low Cr concentrations (Cr-depleted regions), and
then cause depassivation of the intragranular regions with high Cr
concentrations. As seen in Fig. 5m, during potentiodynamic
polarization in 1M NaCl at pH 5.4, intergranular corrosion
(depassivation of the sensitized grain boundary) was not caused
by MnS dissolution alone. This appears to be due to the high pH of
the solution. As shown in Fig. 7a, depassivation of the sensitized
specimen occurred at pH 2; therefore, acidification around pH 2 is
thought to be required for depassivation of the Cr-depleted
regions by the dissolution species of MnS.

In the macro-scale experiments shown in Fig. 7a, depassivation
occurred on the solution-treated specimens even at pH 1. This
may be because a larger electrode surface increases the
probability of the existence of larger and deeper MnS inclusions,
where the concentration of dissolved species is likely to be higher.
At these points, depassivation may occur even on the solution-
treated specimens.

In this work, the intergranular corrosion and depassivation of
sensitized re-sulfurized Type 304 stainless steel were studied in
1 M NaCl at pH 5.4 and 1.0, respectively. The following conclusions
were drawn:

1. During potentiodynamic polarization in 1M NaCl (pH 5.4),
intergranular corrosion of the sensitized Type 304 stainless steel
occurred after pit initiation at an MnS inclusion. Intergranular
corrosion was determined to occur when the pitting corrosion
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Table 1. Chemical composition of stainless steel (mass%).

C Si Mn P S Ni Cr
0.051 0.39 1.51 0.039 0.0215 8.27 18.3
Mo Cu Al N (o} Fe

0.21 0.35 0.002 0.0799 0.0023 Balance

reached a Cr-depleted
boundaries.

2. The pitting corrosion resistance of the sensitized Type
304 stainless steel was not determined by the existence of Cr
depletion alone but by the existence of MnS in the Cr-depleted
regions.

3. In the depassivation of sensitized re-sulfurized Type
304 stainless steel in 1M NaCl at pH 1.0 under open-circuit
conditions, the dissolution of MnS inclusions occurred as the first
step. The second step was intergranular corrosion owing to the
dissolution of Cr-depleted regions. Finally, depassivation of the
intragranular regions occurred.

4, Even on the sensitized specimen, neither intergranular
corrosion nor depassivation occurred in 1M NaCl at pH 1.0 on
the small electrode area without MnS. The dissolved species of
MnS were determined to cause depassivation of the sensitized
grain boundaries and intragranular regions.

region along the sensitized grain

METHODS
Specimens and electrolytes
A re-sulfurized Type 304 stainless steel was used as the specimen;
the chemical composition is listed in Table 1. The concentration of S
was 0.0215 mass%, which is close to the upper limit for Type
304 stainless steel (0.030 mass%). For the solution treatment, the
steel was heat-treated at 1373 K for 0.5 h and quenched in water.
After solution treatment, the steel was sensitized by heating at 923 K
for 20 h and quenching in water. For the steel used in this study, not
all grain boundaries were sensitized by the commonly used 2 h heat
treatment; therefore, sensitization was performed for 20 h. After heat
treatment, the steel was cut into small specimens (20 x 25 X 2 mm).
Before the electrochemical measurements, the specimens were
mechanically ground using SiC paper through 1500 grit, polished
using a 1 ym diamond paste, and finally degreased with ethanol.
As electrolytes, 1 M NaCl (pH 5.4, unadjusted) and 1 M NaCl (pH
1.0, adjusted with HCl) were used for the electrochemical
measurements. All solutions were prepared using deionized water
and analytical-grade chemicals.

Electrochemical measurements

Potentiodynamic polarization was conducted in 1 M NaCl (pH 5.4,
unadjusted). The scan rate was 23 mVmin~'. To ascertain the
depassivation behavior, the time variation of the OCP was
monitored in 1M NaCl (pH 1.0, adjusted with HCI). In addition,
the pH was lowered stepwise using HCl, and the depassivation pH
in 1M NaCl was determined from the change in the OCP. All
electrochemical measurements were performed at 298 K under
naturally aerated conditions, and the working electrode area was
~1x1cm or 100 X 100 um. For the former macro-scale measure-
ments, the electrodes were sealed with epoxy resin and paraffin.
In the latter micro-scale measurements, the electrode areas were
fabricated using a coating method, and real-time in situ
observations of the electrode area were performed using an
optical microscope equipped with a water-immersion objective
lens (x100 magnification). Details of the micro-electrochemical
system used in this study can be found elsewhere®’. The working
electrode areas were precisely measured after polarization, and
the current values were converted to current densities. All of the
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potentials cited herein are expressed in terms of the Ag/AgCl
(3.33M KCI) electrode (0.206V vs. the standard hydrogen
electrode at 298 K).

In this study, a small area containing MnS located at a sensitized
grain boundary was fabricated. To choose an MnS inclusion
located at a sensitized grain boundary, electrolytic etching in 10
mass% oxalic acid was first conducted at a current density of
1x 10*Am~2 for 20 5, and indentations were formed to mark the
position of sensitized grain boundaries. The specimen surface was
then polished again using diamond paste. Subsequently, one MnS
inclusion located at a sensitized grain boundary was selected as
the target, and the working electrode area was fabricated. Because
the MnS inclusions were darker gray than the steel matrix, they
were clearly visible in the as-polished condition without etching.

Microstructural characterization

Before and after the electrochemical measurements, the electrode
areas were imaged using OM, and the corrosion morphology and
elemental distribution at and around the corrosion initiation sites
were analyzed using field-emission SEM coupled with EDS. The
acceleration voltage for the SEM/EDS analysis was 20 kV. When
necessary, cross-sections of the corrosion sites were fabricated
using a FIB system: a targeted area was milled with a Ga ion beam.
STEM coupled with EDS was used to observe and analyze the
sensitized grain boundaries. The accelerating voltage was 200 kV.
The probe size was ca. 1 nm. The specimens for STEM observations
were prepared using a FIB system and lifted out using a manipulator.
Before the STEM specimen preparation, the steel surface was
electrolytically etched in 10 mass% oxalic acid at 1x 10*Am~2 for
90s and indented to mark the positions of the etched grain
boundaries. The steel surface was then polished, and the STEM
specimen was obtained from the sensitized grain boundary.
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