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The pit initiation and growth processes occurring in austenitic stainless steel are included in the passive
region of polarization curve. However, polarization measurements do not yield surface morphological
insights, which limit the ability to provide a comprehensive picture of the corrosion process. A quasi-
in-situ ex-polarized TEM observation method is designed to elucidate the microstructural evolution
corresponding to the characteristic regions of the electrochemical polarization curve. This work shows
the potential and advantage of combining TEM technique and the traditional electrochemical methods
in investigating the initiation of localized corrosion.
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1. Introduction

Stainless steels, as typical passive metallic materials, are
susceptible to pitting corrosion in the presence of aggressive
anionic species. The pitting corrosion of stainless steel is generally
believed to originate from the local dissolution of MnS inclusions
[1-10]. The dissolution of MnS may involve both electrochemi-
cal [2,3,11,12] and chemical dissolution [13] processes in aqueous
media. Wranglen [2]| proposed a model wherein MnS is primar-
ily electrochemically oxidized to elementary sulfur through the
reaction: MnS =S +Mn?2* +2e. This model has been further verified
by other studies [3,11] in which the sulfur was detected exper-
imentally in neutral solution, albeit via different electrochemical
reaction paths. One such path involves the oxidation of MnS to
HSO3~ [3] or S;032~ [11] firstly, and subsequent production of S
by cathodic reduction of HSO3~ or the decomposition of $;03%~.
Lott and Alkire reported that, thiosulfate was the only product of
MnS dissolution in neutral NaCl electrolyte [12]. On the other hand,
MnS was found to undergo chemical dissolution at OCP in acidic
NaCl solution [13]. Webb et al.[14], through voltammetric response
experiment, concluded that MnS inclusions dissolve chemically to
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HS~ at low anodic potentials under acidic conditions, but dissolve
electrochemically at high potentials at neutral pH.

Our previous work using in-situ ex-environmental TEM method
[15], gave direct evidence that pitting initiated from the local
dissolution of MnS at the interface of the MnS and MnCr,04 nano-
octahedron embedded in the MnS. The dissolution occurring in
the neutral NaCl should be through the electrochemical path as
mentioned above. Under anodic polarization, such electrochem-
ical dissolution events of MnS and the subsequent metastable
pitting should be reflected in the anodic polarization curve. For
austenitic stainless steels, the potentiodynamic polarization curve
is typical and representative. Characteristic regions correspond-
ing to active, active-passive, passive and stable pitting events
are well known and generally accepted. Observation of corro-
sion morphologies corresponding to characteristic regions in a
polarization curves provide useful insights into some corrosion
events reflected in the curve. It is known that pit initiation
and metastable pitting, occurring before stable pitting corrosion,
overlap the passive region [16,17]. However, the characteristic
features indicating pit initiation and metastable pitting in polar-
ization curves are uncertain since polarization curves do not
provide information on surface microstructural evolution, e.g.,
the tiny variation in microstructure resulted from the corrosion
process.

Features of the passive region corresponding to the dissolu-
tion of MnS inclusions and metastable pitting have been studied
using microelectrochemical probe method [9,10,18-23]. Webb
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et al. compared the polarization curves of inclusion-containing
and inclusion-free regions and noticed that a steep rise in current
was associated with the dissolution of the MnS inclusions [9,22].
Muto et al. [10,23], using a microcell technique combined with
SEM and CLSM, observed that MnS dissolution occurred within the
passive potential range and attributed the gradual increase in
current density and transient current peak appearing within the
passive region to the electrochemical dissolution of sulfide inclu-
sions and metastable pitting events, respectively. It is thus obvious
that there is as yet no consensus on the microstructural evo-
lution corresponding to characteristic positions in the passive
region of polarization curve. This is in spite of extensive studies
[16,24-28] focusing on pit nucleation and growth mechanisms
using electrochemical noise analysis methods. The correspond-
ing microstructural evolution is undoubtedly necessary to support
the electrochemical mechanisms, but this is still lacking due to
the difficulty associated with obtaining the microstructural infor-
mation at the scale dictated by polarization measurements. The
present report describes a quasi-in-situ ex-polarized TEM method
to investigate microstructural evolution associated with character-
istic features of a polarization curve.

2. Experimental procedures

A commercial hot-rolled 316F austenite stainless steel (Nippon
Steel and Sumikin Stainless Steel Corporation) was chosen. Com-
positions (in wt.%) of the 316F steel are given in Table 1. Hot-rolling
made the MnS inclusions needle-shaped, and parallel to the rolling
direction.

2.1. TEM specimen preparation

The steel rod was first cut into sections of 1 cm using a linear pre-
cision saw. Pieces parallel to the rolling direction were sliced with
the thickness of 300 wm. The steel piece was ground using grit sili-
con carbide papers to 120 pm and then was die-cut into disks with
diameter of 3 mm. The samples were ground using variant grit sili-
con carbide papers, polished with diamond paste to 1 wm finish,
and finally thinned by ion-milling. After the first-round of TEM
observations, some of the specimens were plasma-cleaned and
then anodic polarized in NaCl electrolytes at 28 °C. The TEM speci-
mens which underwent electrochemical polarization were quickly
cleaned (in distilled water and methanol), dried, and transferred
into the TEM for further investigation, designated quasi-in-situ
ex-polarized TEM method. A Tecnai G2 F30 transmission elec-
tron microscope, equipped with a high-angle angular-dark-field
(HAADF) detector and X-ray energy-dispersive spectrometer (EDS)
systems, was used at 300 kV in TEM characterization.

2.2. HAADF-STEM imaging technique

HAADF (High Angle Annular Dark Field)-STEM (Scanning Trans-
mission Electron Microscopy) imaging is a newly developed
technique in TEM, in which an electron beam (with atomic scale)
scans the specimen point to point and an annular detector col-
lects the high-angle scattered electrons (~50 to 200 mrad). The
high-angle scattering is predominantly incoherent and roughly
proportional to the square of the atomic number, Z, of the scattering
atom, which yields HAADF-STEM image [29]. Even small changes
in chemical composition and/or thickness are easily distinguished.
Therefore this imaging mode has the advantage of studying the
initial stage of localized corrosion.

Cover
TEM specimen
SS plate
Pt
Bottom Aluminium rod

Fig. 1. Schematic diagram of the setup that allows positioning of a TEM specimen
as working electrode.

2.3. Electrochemical experiments

In quasi-in-situ ex-polarized TEM observations, obtaining the
electrochemical polarization curves of the TEM specimens is key,
but quite challenging to accomplish. A traditional three-electrode
system was used in electrochemical experiment. The working elec-
trode is the TEM specimen, Pt counter electrode and SCE (saturated
with KCl) reference electrode.

A plastic-shelled fixing plate was designed (shown in Fig. 1) to
facilitate mounting the TEM specimen as working electrode. The
specimen is linked through a Pt slice, which is connected with the
outer aluminum rod and fixed by a plastic cover. A 316F stainless
steel plate (same material with TEM specimen) is placed between
the Pt slice and the TEM specimen in order to avoid electrolyte
contact. The specimen was exposed to the electrolyte via the hole
in the cover, with diameter 2 mm. Gaps in the setup were coated
with thread sealing tape and olefin resin.

It should be noted that all the potential values reported have
been normalized with respect to the standard hydrogen electrode
(vs. SHE). The electrolyte was NaCl solution with concentrations
of 0.5 mol/L and 0.1 mol/L. The electrochemical treatments include
potentiodynamic and potentiostatic polarization. In the potentio-
dynamic polarization measurements, the potential scan began from
—250mV versus OCP and the scan rate was 0.33 mV/s. In the poten-
tiostatic polarization experiments, a potential of 240 mV (vs. SHE)
located in the passive region was selected and the current response
recorded once every 0.5 s. The electrolytes were maintained at 28 °C
with electric-heated thermostatic water bath. The working area of
TEM specimen is estimated to be about 0.03 cm? and the bulk coun-
terpart is about 0.1 cm2. AUTOLAB PGSTAT302N electrochemical
workstation was used in electrochemical polarization experiments.

3. Results and discussion

3.1. Dissolution of MnS inclusions and metastable pitting under
potentiodynamic polarization

A TEM specimen of type 316F stainless steel (316F SS) was
polarized in 0.5mol/L NaCl electrolyte and a potentiodynamic
polarization curve was recorded, as shown in Fig. 2a. A polariza-
tion curve obtained on a bulk counterpart specimen is also shown
in Fig. 2a. The TEM specimen is qualitatively of the same char-
acter with the bulk specimen, thus confirming the reliability of
the polarization response of the TEM specimen, as well as validat-
ing the corresponding microstructural evolution. The polarization
measurement was stopped at 345mV (vs. SHE) below the pit-
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Table 1
Compositions of the 316F stainless steel in the present study.
S C Cr Ni Mn Mo Co \%
0.16 0.04 16.68 10.07 1.60 2.15 0.13 0.09
Ti Cu Si P Al Nb Sn Fe
<0.005 0.26 0.46 0.030 0.06 0.04 0.001 Balance
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Fig. 2. (a) Potentiodynamic polarization curves measured on bulk and TEM specimens of 316F SS in 0.5 mol/L NaCl and (b-i) HAADF-STEM images (bar =200 nm) of MnS
inclusions after the polarization measurement stopped at 345 mV (vs. SHE).
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Fig. 3. (a) Potentiodynamic polarization curves measured on TEM specimen of 316F SS in 0.5 mol/L NaCl and (b-e) HAADF-STEM images (bar =200 nm) of MnS inclusions

after the polarization measurement stopped at 250 mV (vs. SHE).

ting potential when the curve was smooth and the anodic current
increased slightly with applied potential. The specimen was then
observed inaTEM, with particular focus on the microstructural evo-
lution of the MnS inclusions. MnS inclusions with needle shape and
the MnCr,04 particles embedded in MnS have been identified and
characterized in our previous work [11]. All the inclusions in thin
zone of the TEM specimen were observed, with the HAADF-STEM
images shown in Fig. 2b-i. It can be seen that local dissolution of
MnS inclusions occurred at the interface of the MnS and MnCr; 04
particle. Lowering the end potential to 250mV (vs. SHE) yields
another specimen, with potentiodynamic polarization curve and
corresponding structural evolution given in Fig. 3, where the local
dissolution is again found in MnS.

A potentiodynamic polarization curve was recorded (Fig. 4a) in
0.1 mol/L NaCl solution and the measurement was stopped once the
transient current peaks appeared. Such a specimen was examined
and found that the MnS inclusions located within the thin zone had
dissolved extensively all over the surface. The thicker zone could
not be imaged before polarizing treatment as the electron beam
failed to transmit, due to thinning from local corrosive dissolution,
nonetheless, the HAADF-STEM images were obtained with good
contrast (Fig. 4b-f). It is obvious that the dissolution of inclusions
propagated to the stainless steel substrate, forming some pits with
diameter 500 nm-2 pm. These pits are metastable pits since their
sizes are consistent with those of the metastable pits reported in

the literature [10,20,22,30,31]. Some MnCr, 04 particles were found
in metastable pits, which further confirm that MnCr,04 particles
accelerate pit initiation (i.e., MnS dissolution) and the subsequent
propagation process.

Our results provide direct experimental evidence that the grad-
ual increase in current density within the passive region results
from the electrochemical dissolution of sulfide inclusions, with
transient current peaks originating from the metastable pitting,
when the dissolution has propagated to the steel matrix.

3.2. Local dissolution and propagation in MnS under
potentiostatic polarization

Fig. 5a shows the current response at a potential of 240 mV (vs.
SHE) located within the passive potential range in 0.5 mol/L NaCl.
The plot shows a steady drop in the current during the interval
0-200s (Fig. 5a-I) and then a gradual rise after 200s (Fig. 5a-II).
Superimposed onto the background current are a large number
of current transients which represent transient breakdown events.
The curve includes three current peaks with value of 30-90 nA, two
peaks of 20-30 nA and some peaks below 10 nA. Three forms of cur-
rent transients are identified in such a train of events. The details
of the shapes of the current transients are enlarged in Fig. 5a-1
to a-6. The first type is illustrated in Fig. 5a-1 to a-3 and has the
shape of a linear rise followed by a linear drop (triangular wave).
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Fig. 4. (a) Potentiodynamic polarization curve measured on TEM specimen of 316F SS in 0.1 mol/L NaCl and (b-f) HAADF-STEM images (bar =1 wm) of MnS inclusions after
the polarization measurement. The measurement was stopped when transient current peaks appeared. The inserts (shown in b-d) are the zoom-in counterparts of the
labeled part with rectangle. It is obvious that the dissolution of inclusions has propagated to stainless steel matrix.

Such an event terminates after 1-2s. The second type of current
transients, shown in Fig. 5a-4 and a-5, show a continuous rise
followed by a sudden decay. The current does not rise smoothly
but increases in several current increments, which is consistent
with the reported result [16]. That event continued approximately
for 13s, which is much longer than that of the triangular trans-
ients. The third type is shown in Fig. 5a-6 and involves a gentle
rise in current followed by a partial decay. After the partial decay,
the current continues to rise linearly and then suddenly expires.
This event takes about 12s. It is worthy of note that the first
type of current transient is generally found at the initial stages,
whereas the other two types are usually observed in the later
stage.

The triangular wave form is widely reported to be observed
for metals in a passive state [26,28], with the time interval of
approximately 1-3 s between the current rise and drop stages. On
the other hand, the current transient with the feature of a gentle
rise followed by a sudden decay has been widely observed dur-
ing metastable pitting of various stainless steels [16,24,25,28,32].
The usual exponential rise in current with time corresponds to
the pit propagation stage, while the sudden decay is attributable

to the repassivation of the pits. The third type of current trans-
ients is similar to that reported by Burstein and Mattin [27],
which to describe pit propagation proceeded by a nucleation
event.

Fig. 5b—e shows the STEM images illustrating the possible corro-
sion events corresponding to the features of the current transients
described above. It is clear that majority of the MnS inclusions
dissolved and the local dissolution originate adjacent to MnCr;04
particles (only four of them are shown here). Relatively severe dis-
solution of MnSisillustrated in Fig. 5c and d in which the dissolution
has propagated extensively in MnS. Accordingly, the second type
of current transients may be ascribed to the propagation of local
dissolution in MnS. The next consideration is to account for the
triangular transients.

Experiments were also undertaken using a lower concentration
of electrolyte (0.1 mol/L NaCl), which is relatively less aggressive
and thus allows us to capture more information on initial corro-
sion processes occurring within the same period of time. Moreover,
the frequency of pitting events has been found to decrease with
reduction in chloride concentration [17]. A specimen was held at
240 mV (vs.SHE)in 0.1 mol/LNaCl and the polarization was stopped
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when only two current peaks with value of 80-90 nA appeared. TEM
observation of the specimen was carried out before and after polar-
ization (Fig. 6b-c). A majority of MnS inclusions (shown in Fig. 6b)
remained unchanged before and after polarization, and only a few
inclusions (shown in Fig. 6¢) dissolved locally. A relatively severe
dissolution of MnS is obvious in the first image of Fig. 6¢. Similarly,
another specimen was observed (Fig. 7), corresponding to a poten-
tiostatic polarization curve including two current peaks with value
of 6 and 10 nA, and was found that only one of the MnS inclusions
suffered slightly local dissolution (Fig. 7d). When polarization was
discontinued before appearance of any current peak (as shown in
Fig. 8), no local dissolution was observed in the images obtained
before and after polarization.

The transient current peaks in Figs. 6 and 7 were enlarged as
illustrated in Fig. 6a-1 to a-3 and Fig. 7a-1 to a-2. All the peaks
are seen to have the triangular shape. The peak shape in Fig. 7a-1
seems identical with the third type of peak shown in Fig. 5a-
6 but possesses distinct features that suggest that the peak is a
combination of two triangular peaks. The sole triangular peaks cor-
respond to the local dissolution of MnS occurring adjacent to some
MnCr;04 particles. The initial dissolution of MnS can be regarded
as the pit nucleation process. Thus, one triangular peak represents
one nucleation event or many nucleation events occurring simul-
taneously. Accordingly, the current transient shown in Fig. 7a-1
should represent successive nucleation events. By that analogy, the
third type of current transient, with feature of a continuous rise and
a partial decay followed by a rise and a sudden decay, describes a
dissolution propagation in MnS proceeded by a new dissolution
event.

El
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In the present study, the needle shaped MnS inclusions are sur-
rounded by a large number of MnCr,04 oxide particles, which
trigger the local dissolution of MnS with various activities. At the
initial stage, one or more oxides, around the pit nucleation sites
trigger the local dissolution of MnS without further propagation.
This gives rise to one or several triangular current peaks. The sites
adjacent to other oxides remain available for new nucleation, and
this can happen repeatedly. The nucleation process proceeds with
propagation of dissolution at some sites, resulting in the second
type of current transient, with a continuous rise followed by a sud-
den decay. Certainly, the propagation process will be accompanied
by some new nucleation events. Therefore, the triangular shaped
current transients are generally found in the initial stage and few
are observed in the later stage. Whereas, the second and the third
type of peaks correlated with the dissolution propagation process
appears mainly in the later stage.

Here, it is worthy to note that the corrosion events highlighted
by all the potentiostatic polarization results only correlate with the
local dissolution, nucleation and propagation within the interior of
the MnS inclusions. So, these events should be categorized as the pit
initiation stage, but not as the metastable pitting stage. Metastable
pitting proceeds only when the dissolution of MnS propagates to
the steel matrix, as shown in Fig. 4b-f.

Apart from the identification of corrosion events from the fea-
tures of current transients, the sizes and dimensions of the peaks
reflect, to a certain extent, the degree of dissolution in the MnS as
well as the severity of dissolution, according to the electrochemical
results and the corresponding TEM observations above.

1.2x107
1.0x107 |-
8.0x10° |-
S eoxt0®
4.0x10°
2.0x10° |-
O —— | § l L ;
0 500 1000 1500 2000 2500 3000 3500
t(s)
8.0x10* 2.0x10*
7.0x10° @ I[I[
1.6x10° |
6.0x10”
. 5.0x10"- . 12x10° |
s 2
T a.0x10° -
| 8.0x10°
3.0x10°
2.0x10° 4.0x10° =
1.0)(10’9 1 I 1 1 s 1 I n I 1 1 L 1 1
0 20 40 60 80 100 120 140 160 180 200 0 500 1000 1500 2000 2500 3000 3500
t(s) t(s)

Fig. 5. (a) Current response after the potential was stepped to 240 mV (vs. SHE) for TEM specimen of 316F SS in 0.5 mol/L NaCl and (b-e) HAADF-STEM images (bar = 500 nm)
of MnS inclusions after the polarization measurement. (a-1I) and (a-II) are the enlarged diagrams corresponding to (a) showing the general trend in the background current.
(a-1)-(a-6) are the zoom-in images showing the details of the shape of the current transients.
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dissolution occurs when no transient current peaks appear.

4. Conclusions

We have applied quasi-in-situ ex-polarized transmission elec-
tron microscopy to identify the electrochemical corrosion process
underlying the anodic transient current peaks that appear in poten-
tiodynamic and potentiostatic polarization curves. Dissolution of
MnS inclusions occur before transient current peaks appear in
the passive region of a potentiodynamic curve, corresponding to
slight increases in anodic current with applied potential. Transient
current peaks in potentiodynamic curves result from metastable
pitting events. Similarly, the appearance of current peaks in a
potentiostatic polarization curve at a passive potential are corre-
lated with the dissolution of MnS inclusions and the propagation
of the dissolution, and the sizes and dimensions of the peaks reflect
the quantity of dissolved MnS and the severity of corrosive disso-
lution.

This work shows the potential and advantage of combining TEM
technique and the traditional electrochemical methods in studying
the initiation of localized corrosion.
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