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Stainless steels are used in a myriad of engineering applications, including construction, automobiles, and nuclear reactors.
Developing accurate, predictive mechanistic models for corrosion and electrochemical corrosion kinetics of stainless steels has
been a topic of research studies over many decades. Herein, we quantified the aqueous corrosion kinetics of a model austenitic
Fe-18Cr-14Ni (wt%) alloy in the presence and absence of applied potential using systematic in situ electrochemical atomic force
microscopy (EC-AFM) and transmission electron microscopy (TEM). Without an applied bias, vertical dissolution of corrosion pits is
controlled by the surface kinetics/diffusion hybrid mechanism, whereas lateral dissolution is diffusion controlled. When an electric
bias is applied, the increase in corrosion rate is dominated by the nucleation of new pits. These insights gained by the in situ EC-
AFM will allow applications of this method for a quantitative understanding of corrosion of a wider class of materials.

npj Materials Degradation (2023)7:42 ; https://doi.org/10.1038/s41529-023-00357-2

INTRODUCTION

Stainless steels are called “stainless” due to their ability to form a
thin protective, chromium oxide layer on the surface’. Austenitic
stainless steels are used as engineering materials in various
aggressive environments due to their exceptional corrosion
resistance and equally impressive mechanical properties com-
pared to carbon and low-alloy steels. However, when stainless
steels are subjected to acidic chloride-containing aqueous
environments, with or without an electrochemical bias, severe
corrosion can occur®™®. Although chemical corrosion, electroche-
mical corrosion, and stress-corrosion mechanisms of stainless
steels have been the subject of research interest for several
decades, the mechanistic understanding based on nanoscale
spatially resolved quantitative measurements has only just begun
to emerge in the last decade’~°.

For the corrosion study of metallic alloys and steels, in situ
atomic force microscopy (AFM) has been widely used to study
processes at solid-liquid interfaces due to its high spatial
resolution as well as easily changeable solution parameters'®-'2,
For example, the nature and scale of morphological changes at
the steel surface during the polishing process have been
successfully monitored by in situ AFM'3. The in situ electro-
chemical AFM (EC-AFM) can further enable in situ investigation of
topographical changes of a sample surface under different
electrochemical biases controlled by a potentiostat'*'”. Corrosion
of metallic alloys and steel under external stress has also been
studied using in situ EC-AFM'8-2°, Besides the research focused on
steady-state corrosion reactions of steel, such as the study of
pipeline corrosion in bicarbonate solutions or carbonate/bicarbo-
nate electrolytes?', the early stages of corrosion have also been
investigated, which is important for understanding corrosion
initiation. Specifically, in situ EC-AFM in contact mode was used to
characterize the early stage of X100 pipeline steel corrosion in
bicarbonate solution as a function of solution concentration,
which established the relationship between surface roughness
and the corrosion process of pipeline steel??. The onset of the
corrosion pits on austenitic 304 L stainless steel in chloride borate

buffer solution was studied using in situ EC-AFM in contact mode®.
This study indicated that grain boundaries (GBs) and surface
stoichiometric inhomogeneities significantly enhance the forma-
tion of corrosion pits. It also revealed that most pits initiated at
strain-hardened areas resulted from mechanical polishing. The
preferential corrosion of GBs in a thermally sensitized AlSI
304 stainless steel was studied in real time, which showed that
an intergranular pit was formed within 0.5 s in 1% sodium chloride
(NaCl) solution during a galvanostatic scan using high-speed
AFM?3, Above all, AFM has been demonstrated as a powerful
method for studying corrosion of steels. To develop reliable
models that can accurately predict corrosion kinetics, it is crucial
to conduct in situ EC-AFM experiments that are quantitative,
nanoscale, and spatially resolved, which provide essential data to
better understand the corrosion process and develop robust
models that can predict the rate and extent of corrosion under
different conditions.

A common type of stainless steel is austenitic stainless steel
with a face-centered cubic (FCC) crystal structure. It has been
reported that initiation of pitting corrosion and the corrosion
susceptibility of the grains are dependent on the crystallographic
orientation. It has been shown that the planar orientations, {111}
and {100} have the highest resistance to pitting corrosion and
generally a lower pitting resistance is expected for the crystal-
lographic planes with lower atomic density of AISI 316LVM
stainless steel in 0.1 M NaCl solution with an electric bias®*. The
dissolution rate and pitting corrosion susceptibilities of different
crystallographic planes are also dependent on potentials. For type
310S stainless steel electropolished in sulfuric acid and sodium
chloride solution, {100} planes have higher dissolution rate at
noble potentials, whereas {111} planes show higher dissolution
rate at less noble potentials®®>. More recently, an in situ AFM study
of 316 stainless steels showed that grain-specific corrosion rates
decrease as the surface plane progressively deviates from the
[111] direction determined by the height changes of individual
grains etched in a 0.5 M sulfuric acid and 0.1 M lithium chloride
solution up to 80hours?®. The dissolution rate of different
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crystallographic planes could be attributed to the anisotropic
surface energies, affinities for charged adsorbates, and even
electric potentials, which has not been clearly understood yet.

In commercial stainless steels, the presence of multiple alloying
elements, impurities, and metallurgical defects often influence the
corrosion kinetics. Using a high-purity model Fe-Cr-Ni alloy, a
fundamental understanding of the corrosion mechanism can be
obtained because it allows elimination of complexity in chemistry
and defects. Therefore, in this work, we use in situ liquid EC-AFM in
combination with ex situ aberration, Cs corrected scanning
transmission, and transmission electron microscopy (STEM/TEM)
analysis before and after corrosion to obtain unprecedented insights
into the kinetics of chloride corrosion and subsurface chemical
diffusion into the austenite phase in a model Fe alloy sample with
18Cr-14Ni (wt%), which is represented as Fe—-18Cr-14Ni.

RESULTS
Microstructure of Fe-18Cr-14Ni alloy

The Fe-18Cr-14Ni alloy contains an equiaxed, random textured
grain structure as shown in Fig. 1. The scanning electron
microscopy (SEM) backscattered electron image of the micro-
structure is given in Fig. 1a. The electron backscatter diffraction
(EBSD) inverse pole figure (IPF) image in Fig. 1b indicates that the
alloy consists of equiaxed grains with extensive annealing twins.
The X-ray diffraction (XRD) pattern in Fig. 1c confirmed a fully
stabilized FCC structure, indicating the that the single austenite
phase is present in the alloy.

In situ AFM of the nonbiased sample

The in situ AFM images of the nonbiased sample are shown in Fig.
2a-f up to 28.7 min of corrosion. All in situ AFM images of the
nonbiased sample can be found in Supplementary Fig. 1 in the
supporting information. The corrosion pits appeared between
2.2min and 4.4 min, after which the number of corrosion pits
increased, and the size growth of those pits was also analyzed by
in situ AFM. Six individual pits of the nonbiased sample were
selected, as shown in Fig. 2b, to quantitatively characterize the
corrosion kinetics. The representative depth and width profiles of
Pit #1 and Pit #3 in Supplementary Fig. 2 showed both the depth
and the width of these two pits increased as the corrosion time
increased. The evolution of depth and width of six individual pits
as a function of time is presented in Fig. 2g and h. Within 30 min,
the width and depth of these isolated pits continuously increased
with corrosion time. The largest growth rate and pit width were
found in Pit #1, which is near the GB, as shown in Supplementary
Fig. 1. The location of GB is highlighted by the yellow dashed line
in Fig. 2a. The sizes and number densities of etching pits at
different grains appeared to vary considerably, which could be
attributed to the influence of different crystallographic

orientations on the nucleation and corrosion rates. It was also
observed that nucleation of the first pit occurred at the GB, and
this pit grew into the largest one in the scanned area due to its
longer corrosion time and faster corrosion rates. The pit number
density in Fig. 2i indicates that pit initiation was fast in the early
stage, and there were no new pits formed after 20 min. The
evolution of total pitting area in the AFM scanned region is shown
in Fig. 2j as a result of pit size (width) and number density.

In situ EC-AFM of the biased sample

Figure 3a-f show topographical images of the biased sample
during the in situ EC-AFM experiment. All in situ AFM images of
the biased sample can be found in Supplementary Fig. 4. The AFM
scanned region was increased intentionally to include three grains
for investigating the effect of crystallographic orientation. The bias
was not applied for the first 30 min of corrosion. The first pit was
observed at 6.4 min, followed by more pits that appeared and
grew as illustrated by the AFM images. Five pits were selected for
quantitative kinetic analysis. The evolution of the depth and width
of the selected pit is shown in Fig. 3g and h as a function of time.
The representative profiles of Pit #3 and Pit #4 are shown in
Supplementary Fig. 5. The increase in pit depth was directly
proportional to corrosion time. The applied bias did not change
the corrosion rate in depth. Interestingly, the pit width reached its
maximum after 20 min of corrosion, which was 10 min before the
bias was applied. Once the bias was applied, the width of some
pits increased and stabilized quickly in several additional minutes.
The high pit number density could have limited the pit width from
growing, as shown in Fig. 3i. For the selected grains, the highest
pit density was found in the [323] oriented Grain #3, which was
closest to the [111] orientation. Figure 3h and i both indicate that
the applied bias enhanced pit nucleation more significantly than
pit width growth. As a result, the corrosion rate in the individual
grain is controlled by the pit number density and individual pit
width, as shown in Fig. 3j. The red lines of the linear fitting in
Fig. 3j indicate the significant increase in total pitting area after
the bias was applied. Figure 3j also highlights the highest rate of
corrosion in the [323] oriented Grain #3 than in the other two
grains. The highest dissolution rate in depth and width was found
in Pit #5, which is consistent with the observation of the largest
pitting area in the [323] oriented Grain #3.

TEM analysis after corrosion

After the in situ AFM corrosion experiments, the structure and
composition of corrosion pits in both the nonbiased and biased
samples were examined by TEM, as illustrated in Fig. 4. Figure 4a
highlights the surface morphology of the sample corroded
without bias, forming corrosion pits and individual planar islands
in between the corrosion pits. Figure 4b is the dark-field STEM
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Fig. 1 Microstructure of the annealed Fe-18Cr-14Ni alloy. a SEM BSE image, b EBSD IPF image, and ¢ synchrotron XRD pattern with an X-ray
wavelength of 0.1173 A. The color code of IPF-Z is projected to the surface normal. The diffraction peaks are indexed as a FCC austenite

structure.
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In situ AFM results of the nonbiased sample. a-f In situ EC-AFM topographical images of the nonbiased sample corroded in 0.5 M DCI.

Six typical dissolution pits are selected for the quantitative kinetic analysis. Evolution of the (g) depth and (h) width of an individual pit.

Evolution of the (i) pit number density and (j) total pitting area.

image of a corner between one pit and the island (in the region
highlighted by the yellow dashed rectangle in Fig. 4a) where
STEM-Energy Dispersive Spectroscopy (EDS) analysis was con-
ducted (Fig. 4c and d, and Supplementary Fig. 7). The STEM-EDS
results showed a dual-layer structured oxide scale with an outer
Fe-rich oxide layer and an inner Cr-rich oxide layer, with Ni
segregation close to the metal-oxide interface. The microstructure
of the sample corroded with bias is shown in Fig. 4e. In contrast to
the nonbiased sample, the islands in between pits were not
observed in the sample corroded with bias. This agrees with the
in situ AFM observation of several adjacent pits merging during
corrosion with an applied bias. The STEM image and EDS maps of
elements from the sample corroded with bias given in Fig. 4f-h
and Supplementary Fig. 8 are comparable to what was observed
in the sample corroded without bias. The results of composition
line scan across the oxide layer can be found in Supplementary
Figs. 7 and 8 of the supplementary information. The TEM image in
Supplementary Fig. 6 indicated the presence of nano sized Cr,05
grains in the inner oxide layer.

DISCUSSION

The in situ EC-AFM experiments provide nanoscale spatially
resolved quantitative analysis of the early-stage corrosion kinetics
by characterizing the isolated individual pits. To evaluate the pit
growth rate, the depth and width of these isolated pits at different
timescales were quantified. For the nonbiased sample, both the
depth (Fig. 2g) and width (Fig. 2h) of isolated pits are fitted by a
power law with respect to time by D = fpt™ and W = ,t™,
where D and W are the depth and width of dissolution pits. The
constants By and 8, are used to evaluate the depth dissolution
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rate and width dissolution rate, and n; and n, are the powers in
the kinetics, respectively, as shown in Table 1. The fitting results
indicate that the dissolution in depth linearly increased with time (
n; =0.6-0.9), and Pit #1 exhibited the highest dissolution rate,
Bp = 1.68£0.09 nm minA-n;, among the six selected pits. In
contrast, for dissolution along the lateral direction, the power law
fitting indicated that the average power n; is close to 0.5, despite
the slight deviation of Pit #2. The different power values indicate
that dissolution along the vertical direction is a surface kinetics/
diffusion hybrid controlled due to the power n; with the value
between 0.5 and 1. Whereas, the dissolution along the lateral
directions is diffusion controlled process due to power n, of
0.5%7-28, Different kinetics of dissolution along various crystal-
lographic orientations has been observed in other inorganic
systems such as calcium phosphates?3° and zinc oxide®', which
was attributed to the varied surface chemistry of crystal faces or
different intermediate complex conformations near different step
edges. Pit #1 also shows the highest lateral dissolution rate
regardless of Pit #2. In a previous study, the linear kinetics were
proposed based on the assumption that corrosion is initiated with
the removal of the surface passive layer’2. However, a linear
relationship was proposed between the square of the pit depth
and corrosion time, based on the observation of pits growing at
the edge of stainless steel foils in chloride solutions®3,

Previous studies>*—3¢ have revealed that the surfaces of passive
films on stainless steel exist mainly in the form HO-M-HO and that
chloride ions adsorb at certain points on the surface to form an
intermediate complex®>37, which causes dissolution of the passive
film to take place before pit nucleation. From the classical
viewpoint of crystal dissolution, when the pit nucleus reaches a
critical size, pit growth occurs continuously in these positions
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Fig. 3 In situ AFM results of the biased sample. a-f In situ EC-AFM topographical images of the biased sample corroded in 0.5 M DCI. The
bias was applied after 30 min of corrosion of the sample in DCI. Five pits were selected for the quantitative kinetic analysis. Evolution of the (g)
depth and (h) width of the individual pit. The abrupt increase to a higher width value is due to a merger of the neighboring pits. Evolution of
(i) pit number density and (j) total pitting area in each grain. Three selected grains for quantifying the kinetics are close to the [012] (Grain #1),
[124] (Grain #2), and [323] (Grain #3) orientations as shown in Supplementary Fig. 3.

e With Bias

Fe Ni Cr

Fig. 4 TEM analysis of corrosion pits. a TEM images of nonbiased Fe—18Cr-14Ni after corrosion, highlighting the morphology of pits and a
yellow dashed rectangle highlighting a corner region where STEM-EDS analysis was conducted. b Higher-magnification dark-field STEM
(STEM-DF) image of the corner between one pit and the surface island. EDS map of (c) O and (d) Fe, Ni, and Cr from the same region. e TEM
image of the Fe-18Cr-14Ni sample corroded with bias along with a dashed rectangle highlighting the pit where additional STEM-EDS analysis
was conducted. f STEM-DF image of one pit along with an EDS map of (g) O and (h) Fe, Ni, and Cr from the same region.
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Table 1. Fitting parameters for the nonbiased sample in Pits #1-6 (unit of B5: nm minA-n,, unit of B,,: nm minA-n,, powers n; and n, are unitless).
Pit #1 Pit #2 Pit #3 Pit #4 Pit #5 Pit #6
Bo 1.68 £ 0.09 1.95+£0.10 1.156+0.14 1.16 £0.15 1.28+0.11 0.58 + 0.06
By 4.61+£0.07 4.75+£0.03 4.55+0.12 4.41 £0.07 4.31 +£0.056 4.16+0.16
n 0.743 £0.035 0.624 £ 0.039 0.639 +0.057 0.828 £ 0.061 0.794 = 0.044 0.900 £ 0.092
n; 0.534 +0.029 0.391+0.016 0.457 £ 0.049 0.513+0.031 0.540 + 0.022 0.580 + 0.065
Table 2. Fitting parameters for the biased sample before and after bias Lateral Vertical
- ringp npie bl . b Growth diffusion control ~ hybrid control
was applied in the [012], [124], and [323] grains (unit: pmA2 minA-1).
— - Al - B.&
[012] grain [124] grain [323] grain
9 9 9 Nucleation Negative
B, before bias 11.68 +1.94 17.89 +3.40 25.49 +5.67 bias applied
Nucleation control
B, after bias 31.05+1.38 43.51+1.25 55.89+1.51

under enough chemical driving force. In areas without CI™
adsorption, the passive layer can remain intact. A mechanism in
which chloride ions form an intermediate complex with the
passive metal followed by successive dissolution has been
proposed in the literature>>>’, This type of mechanism composes
the following series of processes:

(MOH), 4 + CI” — (MOHeCl™), 4 (M

u = i
Fig. 5 Schematic of pitting corrosion. a pit nucleation; b lateral and

vertical growth of individual pits; ¢ nucleation of a new pit due to
the applied negative bias and vertical growth of the existing pit.

in interfacial reactions and detachment of metal ions in corrosion
processes*

The biased sample was used to primarily explore the effect of
potential on the dissolution mechanism. However, it is shown in
Fig. 3g that no obvious change occurred in the vertical dissolution

(MOHeCl™), 4, — (MOHCI) ., + € (2) rate after the additional —0.5 V bias was applied. Besides, pit width
growth was greatly constrained by the increased pit number
(MOHC),,,, + nCI~ — (MOHCleCl, ™), 4 (3)  density in Fig. 3h and i. The total pitting area in the [012], [124],
and [323] grains linearly increased with time by A = f3;,t both
(MOHCleCl, ™), + H" — M| +H,0 + (n+ 1)CI™ (4) before and after the bias was applied. The values of B, for the

where ads, com, and sol represent adsorbed, complex, and
solution species, respectively. Step (2) has been proposed as the
rate-controlling step. For lateral dissolution (width direction) at
kink site, fewer bonds between the metal atom and its neighbor
need to be broken before the release of a metal ion. In contrast,
more bonds need to be broken before the release of a metal ion
for vertical dissolution (depth direction). Requirement for breaking
higher number of bonds corresponds to a slower rate coefficient
for the interfacial reaction or detachment of a metal ion during
vertical dissolution as showed in Table 1. The corrosion rate is
determined by the slowest process in the abovementioned
chemical reaction steps (1)-(4), detachment of a metal ion from
the etching site, and diffusion of species before and after the
reaction. In lateral direction, the observed and fitted results of pit
size with corrosion time indicated a diffusion-limited mechan-
ism383%_ This diffusion-limited process indicates that the rates in
reaction steps (1)-(4) and detachment of a metal ion from the
etching site are relatively faster than the diffusion of species in the
lateral direction. Therefore, the resulting metal cations or reactive
chloride ion diffusion across in/out across the electrical double
layer would most likely be the slowest process compared to
reactions (1)-(4) and metal atom detachment from the kink site*°
In theory, the corrosion rate is possibly controlled by the diffusion
rate of metal ions out of a pit, which has been experimentally
reported by investigation on one-dimensional (1D) artificial
pits*!42, In contrast, in vertical direction, the interfacial reaction
or detachment of a metal ion is more similar with the rate of the
diffusion of species since this dissolution is the surface kinetics/
diffusion hybrid controlled, most likely due to the higher number
of bonds that need to be broken before metal ion detachment.
Moreover, the highest vertical dissolution rate was found in the pit
formed along the GB in the nonbiased sample (Pit #1). This can
likely be attributed to the distorted or defective bonding
environment of atoms along GBs, which plays an important role

Published in partnership with CSCP and USTB

biased case are over two times of those for the nonbiased case, as
shown in Table 2. Because both the pit number density and total
pit area linearly increase with time, the average pit area should be
almost constant. This is consistent with only small changes in the
width of the pit, as shown in Fig. 3h. Therefore, the increase in 4
is dominated by nucleation of new pits rather than lateral growth
of the existing ones under biased conditions. In comparison, both
the nucleation and lateral growth of the pits contribute to the pit
area expansion in the nonbiased case (Fig. 2h and i, Fig. 5). This
change in the dissolution mechanism could be attributed to shifts
in species populations with different charges under negative bias.
When the negative potential was applied, the negatively charged
species such as CI" would be less populated and H™ would be
more populated on the metal surface. The low population of
negatively charged species would inhibit reaction steps (1)-(3),
which could be an additional reason for termination of lateral pit
growth alongside higher pit number density. However, these
changes in concentration of ionic surface species promote
dissolution by enhancing pit nucleation (Fig. 3i) and keeping the
vertical dissolution rate of the existing pits (Fig. 3g), which implies
the critical role of H™ in reaction step (4) for the nucleation of new
pits and vertical dissolution. Similar to the nonbiased case, vertical
dissolution under —0.5V is still hybrid controlled because the
chemical reaction or metal ions detachment rates are comparable
to the diffusion rate. Tuning of the dissolution mechanism by ionic
solution species has been reported before, and the potential bias
provides a new knob for this process**. Moreover, the material
parameters such as crystallographic orientation are also critical to
the kinetics of dissolution. The [323] grain shows the highest
dissolution rate before and after the bias was applied. The applied
negative potential accelerates the dissolution process by promot-
ing the nucleation of a new pit (Fig. 3i). More importantly, the total
pitting area was found to linearly increase with time resulting from
the combined effect of pit number density and the individual pit
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lateral dissolution rate. The in situ EC-AFM results of the biased
sample also indicated crystallographic orientation dependent pit
growth rate, given the highest area dissolution rate was found in
the [323] grain which is close to [111] orientation. Many studies
have attributed the dependence of corrosion rates on grain
orientation to difference in surface energy**?°, However, the high
corrosion rates of [111] grains, which feature a lower surface
energy than the [001] and [101] grains, are attributed to their
lower tendency to adsorb passivating species from solution,
leading to a net reduction in the activation energy of oxidation in
austenitic stainless steels?®. Future studies will focus on unraveling
the corrosion mechanisms for different ionic solution species,
sample deformation, and potentials.

In summary, in situ EC-AFM experiments were conducted to
study the corrosion kinetics of the Fe-18Cr-14Ni model alloy in
DCl solution with and without an applied electrochemical
potential. In the nonbiased sample, corrosion along the vertical
directions is surface kinetics/diffusion hybrid controlled and
corrosion along lateral direction is diffusion controlled processes.
The AFM results also indicated that fast dissolution of the pit was
initiated along the GB. The corrosion rate in the lateral direction is
higher than that in the vertical direction for the nonbiased sample.
In the biased sample, the increase in corrosion rate is dominated
by nucleation of new pits rather than by lateral growth of existing
pits. In comparison, both the nucleation and lateral growth of the
pits contribute to corrosion in the nonbiased case. This shift in the
dissolution mechanism could be attributed to the redistribution of
species with different charges. Additionally, a high corrosion rate
was found in the [323] grain, which is close to the [111]
orientation. After corrosion, a continuous Cr,Os; oxide layer
formed, beneath which was a Ni-rich layer. These findings
elucidate unprecedented insights into the kinetics of chloride
corrosion and subsurface chemical diffusion into the austenite
phase. The derivation of the physical relationship, such as pit
depth/width vs. corrosion time and pitting area vs. corrosion time
in the presence and absence of potential, provides critical
experimental proof for further comprehensive understanding of
corrosion processes.

This in situ EC-AFM capability for tracking the lateral and vertical
dissolution rates of pits both at GBs and in grains with different
orientations can now be extended to understanding corrosion of
other commercial stainless steels and metal alloys. In addition, the
ability to directly correlate EBSD with in situ AFM studies and
ex situ TEM analysis can provide in-depth analysis of orientation
dependence on pitting corrosion of materials. Understanding such
quantitative in situ studies with corrosion kinetic models can be
pivotal in enhancing the predictive design of corrosion-resistant
metal alloys in the future.

METHODS

Sample preparation and initial microstructure
characterization

Fe-18Cr-14Ni alloys were fabricated via arc melting, casting, and
homogenizing by remelting five times. The alloys were subse-
quently cold rolled to 3mm thick sheets, resulting in a 50%
reduction in area, and recrystallized via annealing at 900 °C for 4 h.
The microstructure after annealing was characterized by SEM,
EBSD, and synchrotron XRD. The samples for in situ AFM were
metallographically polished by a vibratory polisher in 0.08 um
colloidal silica for 6 h as the final step. Fiducial marks were put at
the corners of regions of interest (ROIs) using a plasma focused ion
beam (PFIB) system, and high-resolution EBSD maps were
collected from the same ROIs. These ROIs were selected in the
center location of the metallography sample where an O-ring was
used to confine the liquid solution for in situ EC-AFM experiments.
The fiducial marks, SEM, and EBSD imaging were conducted using
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a Thermo Fisher Scientific Helios 5 Hydra Dual Beam PFIB-SEM
implemented with an Oxford Symmetry EBSD detector. The
synchrotron XRD experiment was carried out using an X-ray
wavelength of 0.1173 A at the beamline 11-ID-C of the Advanced
Photon Source at Argonne National Laboratory.

In situ EC-AFM experiments

The in situ EC-AFM experiments were performed with a
Nanoscope 8 AFM (J scanner, Bruker) at room temperature
(~25°C). The applied three-electrode system contains a
Fe-18Cr-14Ni substrate as the working electrode, a platinum
wire as the counter electrode, and a leakless Ag/AgCl electrode
(ET072 from eDAQ) as the reference. A 0.5 M deuterium chloride
(DCI) solution in heavy water (D,0) was used as the medium. The
AFM images were collected via contact mode (Bruker, Nanoscope
8, CA) using hybrid probes consisting of silicon tips on silicon
nitride cantilevers (AppNano HYDRA-ALL, spring constant
k=0.405NmA—1, tip radius <10 nm; http://www.appnano.com/
search-products/HYDRA-ALL). The images were collected continu-
ously with a scan rate of 1 line/s, with 128 vertical lines per image
and the horizontal-to-vertical aspect ratio of 4, and a horizontal
size of either 20 or 40 um to match the marked area characterized
by SEM. The images were collected while solution was injected
and kept static in a liquid cell. Two samples of the Fe-18Cr-14Ni
alloy were prepared for in situ EC-AFM monitoring, denoted as the
nonbiased sample and the biased sample in the following content.
The sample surface was first imaged in heavy water to find the
ROIs before injection of acid for in situ monitoring of corrosion. An
area of 5um x 20 um of the nonbiased sample was continuously
scanned for a period of about 1.5 h. The biased sample was first
corroded in the DCl solution for about 30 min, followed by
application of a bias voltage that was then held constant for 1 h.
The open circuit voltage was —0.9 V to the reference electrode. An
additional —0.5V bias voltage was applied and kept constant for
1 h. The applied electrochemical bias was controlled using a CH
Instrument Model 600E Series Electrochemical Workstation. To
cover more grains at the same time, a larger area of
10 pm X 40 um was continuously scanned for the biased sample.
At the end of the experiment, the scan areas were increased to
check the behavior at regions outside the scanning area. Zero
point in time scale was set to the time when acid was injected into
the liquid cell.

Microstructure characterization after in situ corrosion

After in situ EC-AFM, the samples were imaged in SEM to check for
surface changes. Site-specific sample preparation followed for
STEM/TEM using a dual beam FIB-SEM. STEM/TEM was conducted
on an aberration CS corrected JEOL ARM200CF microscope
operated at 200 keV. Both a Gatan Orius CCD camera and a
Centurio EDS were used to collect images and EDS maps,
respectively.
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