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Passivity refers to spontaneous formation of a passive film on the surface of metals. High stability of the passive
film on advanced alloys relies on the repassivation ability of the alloys in corrosive environments. Two Ni-base
superalloys (Ni-22Cr-9Mo-5Fe-2Nb and Ni-18Cr-3Mo-20Fe-5Nb) are studied to elucidate the mechanism of
repassivation through a combination of multimodal in-situ synchrotron X-ray measurements, electrochemical

Repassivation X .. . P .
Syrlzchrotron X-ray measurement, DFT measurements, and first principles calculations. The synchrotron X-ray analyses enabled in-situ probing of the
calculation ’ passive film and the hidden subsurface alloy layer. The results reveal chemical and structural evolutions of both

the passive film and the underlying subsurface alloy layer under transpassive condition. The first principles
calculations demonstrate a crucial role of the subsurface alloy layer in the repassivation of the alloys. Upon
passivity breakdown at high electrochemical potentials, the passive film rich in Cr oxide becomes highly
defective with vacancies, and metal dissolution leads to generation of vacancies (mainly Ni) in the subsurface
alloy layer. This promotes repassivation process by enhanced outward Cr diffusion strengthening the metal bond
(more Cr-Ni bonds) in the subsurface alloy layer and, together with the enrichment of high valence Mo- and Nb-
oxides in the passive film, lead to repassivation when the high potential is removed, which is different from Fe-
rich alloys.

1. Introduction relies on the repassivation ability of the alloy in corrosive environments.

Extensive efforts have been made to improve the passive film stability by

Various metallic materials are widely used in modern society. In
many cases, this is possible thanks to “passivity”, i.e., spontaneously
formation of a thin passive film on the surface that reduces the corrosion
rate to a negligible level [1]. Therefore, passivity is claimed to be the
basis of our metal-based civilization [2]. However, passive film break-
down may occur under certain conditions, leading to fast corrosion such
as pitting [3]. Stainless steel is a typical example, when stable pitting
initiates the broken passive film cannot be self-repaired, so pitting
corrosion propagates quickly [4,5]. The stability of the passive film
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adding alloying elements and utilizing synergistic effects of alloying
elements [6,7]. Although there are different proposed mechanisms of
the effects of alloying elements, an atomistic understanding of the
repassivation is still not fully understood [8].

Ni-base superalloys contain other metals including Cr, Mo, Fe, and
Nb [9], and the passive film is mainly composed of Cr, Mo, Fe, or Nb
oxides [10-15]. These alloys exhibit excellent corrosion resistance,
strength and heat resistance, making them vital for demanding appli-
cations [16]. However, in harsh environments with high chloride
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concentration and low pH, there is a high risk of depassivation as re-
flected in the recommended applications of Ni-base superalloys. The
best strategy to avoid severe localized corrosion after such a breakdown
is a strong ability of repassivation [17]. Ni-base superalloys show a
different passivity breakdown behavior compared to Fe-based stainless
steel [4,18,19]. Recently, we reported a transpassive breakdown mode
for Ni-Cr-Mo alloys driven by Oxygen Evolution Reaction (OER), which
is different from the classical model of transpassive breakdown of
stainless steel where Cr® T is oxidized to soluble Cr®*; instead, the Mo**
oxide in the passive film is further oxidized into Mo®" complexes, in
parallel to OER and dissolution mainly of Ni [14,20-23].

Depassivation occurs via dissolution or rupture of the barrier layer
due to different reasons e.g., high over potential, high halide content,
and high temperature [24]. Repassivation can be achieved when a thin
layer of oxide forms at the interface between the metal and the hydrous
metal halide [18], showing a hysteresis loop in the polarization curve
[25-27]. Unlike stainless steel, the current density for Ni-base superal-
loys is often suppressed immediately when the applied potential is
decreased, without considerable hysteresis loop [28,29]. The alloying
elements affect the repassivation tendency, especially Cr, which facil-
ities the oxide reformation [30,31]. For designing high-performance
alloys, it is needed to clarify how the chemistry and structure of the
interfacial region (metal-oxide-electrolyte) evolve under transpassive
condition and how that correlates with the suppression of metal disso-
lution leading to repassivation. Detailed information about the processes
occurring within both the oxide film and the subsurface alloy layer
under transpassive condition is crucial for fundamental understanding
of the mechanism of repassivation for Ni-base superalloys.

In this work, two commercial Ni-base superalloys (Ni-22Cr-9Mo-5Fe-
2Nb and Ni-18Cr-3Mo-20Fe-5Nb, composition giving in Table 1 and
Table 2), one with lower Fe-content and higher Cr- and Mo-contents, and
another with higher Fe-content and lower Cr- and Mo-content, were
chosen for the study of mechanism of transpassive breakdown and
repassivation. Utilizing multimodal in-situ synchrotron-based X-ray
techniques combined with electrochemical measurements, we have
investigated the changes of the passive film and the subsurface alloy
layer during a stepwise increase of the applied potential up to trans-
passive breakdown region, and then stepwise decrease of the potential
back to the passive region. X-ray Reflectivity (XRR) and Ambient-
Pressure X-ray Photoelectron Spectroscopy (APXPS) were used to
investigate the chemical and structural degradation of the surface film
and the concurrent changes in the subsurface alloy layer. X-ray Fluo-
rescence (XRF) was used to quantify the metal dissolution during
depassivation and repassivation. Grazing-Incidence X-ray Diffraction
(GI-XRD) was used to determine the lattice changes in the subsurface
alloy layer. These in-situ synchrotron X-ray analyses provide unprece-
dented information of the changes in the subsurface alloy layer. More-
over, complementary first-principles modelling was carried out to
investigate the lattice change, metal bonding, and ionic transport in the
near surface region. Combining these unique results allowed us to
elucidate the atomistic mechanism of repassivation on the basis of the
real-time monitoring of passive film degradation, metal dissolution, and
structural evolution of the subsurface alloy layer.
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2. Material and methods
2.1. Preparation of the samples

Two commercial Ni-base superalloys, UNS N06625 and N07718,
purchased from VDM Metals, were used in this study. The two alloys
have high a Cr content and contain a few percent of Nb. Ni-22Cr-9Mo-
5Fe-2Nb (identified as N06625) has a low Fe-content and high Mo-
content, while Ni-18Cr-3Mo-20Fe-5Nb (identified as N07718) has a
high Fe-content and low Mo-content. Detailed chemical composition of
the alloys can be found in Table 1 and Table 2. The materials (in stan-
dard annealed condition) were cut into samples with a radius of 6 mm
and a thickness of 3 mm. The samples were mirror polished by me-
chanical polishing, followed by electrochemical polishing to release the
residual stress induced by mechanical polishing (micrometer scale in the
surface layer), and then cleaned by sonication in acetone, ethanol, and
deionized water for 5 min, respectively. Finally, the samples were dried
with N3 and separately stored in desiccators for surface protection prior
to experiments.

2.2. Electrochemical measurements

Cyclic polarization curves were measured at room temperature by
using an electrochemical workstation (GAMRY Reference 600 +) and a
three-electrode system, with the sample as the working electrode, Pt
wire as the counter electrode, and the saturated Ag/AgCl electrode as
the reference electrode. The sample was mounted in PEEK fixture. A
conductive screw was used to tighten the back of the sample and elim-
inate the crevice between the sealing ring and the sample. Before the
polarization measurement, the open circuit potential (OCP) was recor-
ded for 30 min. Cyclic polarization curves were obtained from —200 mV
vs. OCP with an apex potential of 1.3 V vs. Ag/AgCl and a scan rate of
0.167 mv s~ .

In-house electrochemical potential step measurements with the same
electrode system were carried out in the same loop sequence as in the
synchrotron measurements, which was done by using a portable
potentiostat (Autolab PGSTAT204). Each loop included 3 sequences: i)
potentiostatic measurement at an applied potential to reach a steady
state (10 min); ii) electrochemical impedance spectroscopy (EIS) at the
applied potential (15 min); iii) synchrotron measurements at the applied
potential (30 min). The potential steps included the OCP, upward scans
at0.4v,0.6V,0.8V,09V,1V,1.1V,1.2V, 1.3V and downward scans
at1.2Vv,1.1V,1.0V, 0.9V, 0.8 Vvs. Ag/AgCl. The EIS was measured at
an AC amplitude of 5 mV, with a frequency range from 100 kHz to
0.01 Hz in the potential range from OCP to 0.8 V, but to 0.1 Hz when the
potential was above 0.8 V vs. Ag/AgCl.

Additionally, Mott-Schottky plots were measured after forming a
stable film by potentiostatic polarization for 1800 s at 0.6 V in the
passive region and 0.9 V in the transpassive region, then measuring the
capacitance from the formation potential down to cathodic region with a
scan rate of 50 mV/s at 1000 Hz.

The electrolyte was 1 M and 0.1 M NacCl solutions, which were pre-
pared using Milli-Q water. The 1 M NaCl solution was degassed using Ny
before and during the experiments. The solution was refreshed after the
end of each loop for all potential steps. The 0.1 M NaCl solution was
prepared and pre-vacuum degassed for the APXPS measurement to
avoid rapid evaporation of the electrolyte due to continuous pumping of
the vacuum chamber. The EIS measurement in the loop was skipped for

Table 1
The main composition (wt%) of the two Ni-Cr-Mo-Fe-Nb alloys.
UNS No Ni Cr Mo Fe Nb
Ni—22Cr—9Mo—5Fe—2Nb N06625 61.53* 21.53 8.63 4.38 3.32
Ni—18Cr—3Mo—20Fe—5Nb N07718 52.28 18.34 2.91 19.50* 5.10

* Balanced value
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Table 2
Composition (wt%) of other minor alloying elements in Ni-Cr-Mo-Fe-Nb alloys.
UNS No Ti Al C Si Mn P S
Ni—22Cr—9Mo—5Fe—2Nb N06625 1 0.5 0.02 0.12 0.05 < 0.015 < 0.001
Ni—18Cr—3Mo—20Fe—5Nb N07718 - - 0.05 0.07 0.07 < 0.015 < 0.001

testing in 0.1 M NaCl solution. All electrochemical tests were performed
at room temperature.

2.3. In-situ synchrotron surface and interface characterizations

The Swedish Material Science beamline P21.2 at PETRA III in DESY,
Hamburg, Germany, was used to perform in-situ GI-XRD, XRR, and XRF
measurements. The experimental setup has been described previously
[20]. The beam size was 50 x 500 (V x H) um? and the X-ray energy was
38 keV. In the XRR measurement [11,20], a Cyberstar X2000 scintillator
was used on a motorized stage changing the angle from 0.02 to 3°.
Analysis of the measured XRR data was done using GenX. GI-XRD was
measured at an incidence angle of 0.3° using a VAREX flat panel de-
tector. A CeO, sample was used to calibrate the detector distance and
position. By integrating GI-XRD data using PyFAI, the lattice parameter
of the surface region at each potential step was extracted through Le Bail
refinements using GSAS-II software. XRF measurements were conducted
using an Amptek FAST SDD silicon drift detector, which was mounted
perpendicularly to the X-ray beam and positioned 10 cm away from the
incoming X-ray beam. An acquisition time of 60 s was used to detect the
fluorescence signals from the dissolved metal ions in the electrolyte. The
energy scale was calibrated using fluorescence of Cu, Rb, Mo, and Ag
excited by a radioactive Am source. The XRF intensities were calibrated
using a series of reference solutions of known concentrations (0.1 M,
0.01 M, and 0.001 M) of Ni, Cr, Fe, and Mo salts. The in-situ GI-XRD,
XRR, and XRF measurements were conducted at step III under each
applied potential using a special electrochemical cell designed for syn-
chrotron measurements. The wall thickness of the electrochemical cell
above the sample is very thin so that the X-ray beam can easily pass
through, which allows in-situ measurement under electrochemical
operation. The cell has been described in detail in our previous paper
[20].

The in-situ APXPS measurements were performed at the HIPPIE
beamline at MAX IV, Lund, Sweden [32,33]. An excitation energy of
1600 eV, pass energy of 200 eV, energy step of 0.15 eV, slit of 30 pm, and
a beam size of 25 x 60 (V x H) pmz were used for all core levels, and the
measurement was done at ambient pressure of 17 mbar (equal to the
electrolyte’s vapor pressure). Three electrode system was mounted on a
manipulator, which could then be lifted and immersed into a glass
beaker placed in the vacuum chamber. The sample was immersed into
solution to reach a steady state (step I), then lifted out to approach the
analyzer for APXPS measurements with a thin electrolyte layer (~
20 nm) covering the surface (sequence iii). No external voltage was
applied in this step for APXPS measurements. For the XPS spectra fitting,
an asymmetric Voigt line shape [34] was used to fit the metal compo-
nents of the Ni 2p, Cr 2p, and Mo 3d core levels, which all display
asymmetry toward higher binding energy. All other peaks were fitted
using Voigt line profiles. All spectra were background-subtracted using a
Shirley background. The fitted AP-XPS spectra, fitting parameters, and
details of the quantitative analysis are given in the Supporting Infor-
mation. Further details can be found in earlier works [10,11,20,33,35].

2.4. Ex situ surface characterizations

The surface morphology after the electrochemical measurements
were examined using a high-resolution field emission SEM (Nova Nano
SEM 450, FEI Thermofisher) with an acceleration voltage of 5 keV. The
chemical composition was analyzed by an X-Max 150 EDS silicon drift
detector (Oxford) with an acceleration voltage of 10 keV [36].

2.5. Theoretical computation details

The spin-polarized density functional theory (DFT) calculations [37]
were performed in Vienna ab initio simulation package (VASP). The
generalized gradient approximation (GGA) of the
Perdew-Burke-Ernzerhof (PBE) functional was used to describe the
exchange-correlation potential [38]. The cutoff energy of plane-wave
was set to 450 eV for all calculations, and the convergence criterion
for the energy was 107> eV. The Brillouin zone was sampled by the
Monkhorst-Pack mesh [39]. The structural relaxations were conducted
until the forces on all the relaxed atoms were less than 0.01 eV/A.

For Crp03, the GGA+U method was applied to correct the on-site
Coulomb interactions of d-orbital electrons, and Hubbard U correc-
tions with Uegr = 5.5 eV were applied for Cr. The diffusion energy barrier
was calculated by transition state theory using the climbing image
nudged elastic band (CINEB) method [40]. The convergence criterion
for the forces on all atoms was 0.03 eV/A. The in-plane magnetic order
of Cr atoms was ferromagnetic, and the interlayer antiferromagnetic
order of Cr atom layers along [0001] was adopted the order of
+ — 4+ — [41].

3. Results and discussion
3.1. Transpassive breakdown and repassivation on the Ni-base alloys

Electrochemical results in Fig. 1a show transpassive breakdown of
the two alloys at potentials above 0.75 V, i.e., significantly increased
current density with increased potential. Upon reversing the potential
scan at 1.35 V, the current density of Ni-22Cr-9Mo-5Fe-2Nb (low Fe-
content) decreased sharply in the downward potential scan (Fig. 1b),
and the absence of a considerable hysteresis loop indicates efficient
repassivation. For Ni-18Cr-3Mo-20Fe-5Nb (high Fe-content), however,
the current density remained high within the high potential region in the
downward scan, indicating a delayed repassivation (Fig. 1c). A higher
Cl' concentration results in easier degradation for both two alloys,
however, Ni-22Cr-9Mo-5Fe-2Nb is less sensitive to Cl~ concentration,
indicating it’s a higher ability for repassivation. Thus, the results and
discussion are more focused on this low Fe-content alloy, while part of
results of the high Fe-content alloy are given in Supplementary Notes.

Mott-Schottky plot analysis was done for the passive film formed in
the passive condition (0.6 V) and transpassive condition (0.9 V),
respectively. The plots and calculated point defect (acceptor, Np) den-
sity are show in Fig. 1d, which confirms that the passive film becomes
highly defective (high Nu) under transpassive condition. The EIS mea-
surements were also performed, showing that total resistance decreases
with increase of applied potential. The details of the Mott-Schottky plot
and EIS results and the calculations can be found in Supplementary Note
1.

3.2. Evolution of the passive film and the subsurface alloy layer during
breakdown

Figs. 2a-2e show the APXPS spectra of Ni 2ps,2, Cr 2p3,2, Mo 3d, Nb
3d, and Fe 2p3/5 core levels measured for Ni-22Cr-9Mo-5Fe-2Nb with
the presence of a thin electrolyte layer on the surface (i.e., in-situ). All
the spectra were background-subtracted using the Shirley curve. The
binding energy (BE) was calibrated by the Ni metallic peak at 582.8 eV.
The experimental data are plotted as solid lines; the cumulative fits are
shown as dot lines (matching well the experimental data). The passive
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Fig. 1. (a) Cyclic polarization curves of the two Ni-base superalloys at a scan rate of 0.167 mV s7L (b)-(©) Enlarged diagram showing repassivation trends. (d) Mott-

Schottky plots of the passive films on Ni-22Cr-9Mo-5Fe-2Nb in 1 M NaCl solution.

film is enriched in CroO3 (green-marked in Fig. 2b) at OCP and in passive
state, while Fe-components are minor. The proportion for Fe-, Ni-, Mo-
and Nb-compounds increase with increasing potential. The proportion
for Cr- and Ni-hydroxides and Mo®" and Nb®* compounds (purple-
marked) increase with increasing potential. At 0.9 V, the APXPS signals
of metallic components (blue-marked) are greatly attenuated by a thick
surface film, and the signals from the oxides are dominated by the high-
valence Mo®" and Nb>" compounds, indicating their enrichment in the
passive film under higher anodic potentials. The composition of the
passive film formed on Ni-base alloys has been studied extensively and
become well-known in recent years, so in this study the analysis has
been focused on the subsurface alloy layer, which is basically unknown.
From the detectable metallic signals (Figs. 2a-2e), the composition of the
passive film and the subsurface alloy layer beneath the passive film was
calculated, as shown in Figs. 2f and 2g. Detailed data analysis can be
found in Supplementary Note 2. These results show the evolution of both
the passive film and the subsurface alloy layer with increasing applied
anodic potential. The pronounced changes of the passive film and sub-
surface alloy layer coincide with the onset of OER, which generates
higher concentration of H" as shown in Reaction (1) [20]:

2H,0 - 0, +4H" + 4e” (€D)]

The high-valence Mo®" and Nb>" compounds remain thermody-
namically stable in the acidified environment induced by OER, as shown
in the Pourbaix diagram in Supplementary Note 2. MoO3-H20 remains
stable above pH 4, while NbO2OH is stable below pH 1.

Such changes were also observed on Ni-18Cr-3Mo-20Fe-5Nb (Fig. 3),
which exhibits the depressed OER (less Oy bubble forming). The
depressed OER phenomenon coincides with variation in surface evolu-
tion. The metallic peaks of Ni, Cr, Mo and Fe are clearly detectable at
900 mV, indicating a thin passive film on the surface. After polarization
at 1400 mV, these metallic peaks are also detected, and the hydroxide
peaks are pronounced in the spectra (Fig. 3). These observations suggest
that no thick passive film is formed during transpassive breakdown of
Ni-18Cr-3Mo-20Fe-5Nb, which is different from Ni-22Cr-9Mo-5Fe-2Nb.
The reason is probably related to the lower Mo content in Ni-18Cr-3Mo-
20Fe-5Nb compared to Ni-22Cr-9Mo-5Fe-2Nb, consistent with the cat-
alytic cycle of OER by forming Mo®" mentioned in previous literature
[20]. Therefore, the transpassivity of Ni-18Cr-3Mo-20Fe-5Nb with
higher Fe and Nb are less affected by the OER, which will be discussed in

more detail later.

Fig. 4 shows the thickness and density of the passive film and the
subsurface alloy layer of Ni-22Cr-9Mo-5Fe-2Nb obtained from in-situ
XRR measurement, which was stopped after the potential step at 0.9 V
because the surface became rough. The density of the passive film
decreased by ca. 30 % up to 0.9 V (Fig. 4b), indicating degradation of
the passive film towards the passivity breakdown. For comparison, fitted
XRR data for Ni-18Cr-3Mo-20Fe-5Nb and the values of thickness and
density for surface film and surface alloy layer are shown in Fig. 5. The
density of the passive film decreased by ca. 20 % up to 1.3 V for Ni-18Cr-
3Mo-20Fe-5Nb (Fig. 5¢).

The ionic transport in the oxide layer is affected by the density of the
oxide. The vacancy density (Na) of the defective passive film formed at
0.9V is 4 times of that of the protective passive film formed at 0.6 V
(Fig. 1d). As shown in the upper part of Fig. 6, the diffusion energy
barrier for Cr diffusion through the cation vacancy in CryO3 layer was
calculated. This energy barrier decreases from 4.14 to 2.14 eV as the
defect density increases from 8.6 x 10%° cm™3 (passive condition,
Figs. 6a) to 3.4 x 10%! ¢m ™3 (transpassive condition, Fig. 6b), which
indicates a significantly weaker barrier of the detective passive film
against metal dissolution. Under transpassive condition above 0.9 V, the
enhanced metal dissolution results in higher defect densities of the
passive film. This leads to multiple pathways for ion diffusion through
vacancies with a lower energy barrier. The presence of vacancies nearby
could further decrease the diffusion energy barrier through the defective
passive film. The Cr diffusion energy barrier through the CroO3 layer
further decreases to 1.809 eV as the defect density reaches 1 x 10%2
cm 3, as shown in Fig. 6¢. Note that the diffusion of ions via interstitial
sites is also promoted by a higher density of vacancies. The lower part of
Fig. 6 presents the DFT-computed Cr diffusion energy barrier for alter-
native ionic transport path in the passive film via interstitial sites in
Cry03 layer and corresponding interstitial paths (Figs. 6d-6f), showing
the changes from defect-free (Fig. 6d) to highly defective layer with the
defect density of 3.4 x 10*! em3 (Figs. 6e) and 1.0 x 102 em 3
(transpassive condition, Fig. 6f), respectively. These DFT calculations
prove that the diffusion energy barriers of Cr diffusion through vacancy
and interstitial sites decrease as the cation vacancy density of the passive
film increases. More detailed DFT calculations of ionic transport (Cr
diffusion) in the passive film can be found in Supplementary Note 3.
Therefore, under transpassive condition, the highly defective passive
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Fig. 2. APXPS spectra of (a) Ni 2p3/2, (b) Cr 2p3/2, (c) Mo 3d, (d) Nb 3d, and (e) Fe 2p3,», respectively, for Ni-22Cr-9Mo-5Fe-2Nb in 0.1 M NaCl versus applied
potential. Composition (at%) of the (f) subsurface alloy layer and (g) passive film of Ni-22Cr-9Mo-5Fe-2Nb, calculated from the APXPS data.

film does not act as an effective barrier against metal dissolution.

The density of the subsurface alloy layer of Ni-22Cr-9Mo-5Fe-2Nb
increased slightly with potential up to 0.8 V, but sharply decreased as
the applied potential increased to 0.9 V (Fig. 4b), indicating formation
of vacancies due to enhanced metal dissolution. As seen in Fig. 2f, in the
subsurface alloy layer, metallic Nb is not detectable, and the percentage
of Mo increased while Fe decreased as the applied potential increased in
the passive region. This is consistent with the gradual increase of density
since Mo atom is heavier than Ni, Fe and Cr. The depletion of Nb in the
subsurface alloy layer can be explained by its highest oxidation tendency
(lowest standard electrode potential, Nb<Cr<Fe<Ni<Mo), leading to its
preferential oxide formation. Lower percentage of Cr and Fe in the
subsurface alloy layer compared to the bulk composition can also be
attributed to their oxidation to form surface oxide. When the potential
was increased up to 0.9 V, Mo became significantly enriched and Fe
became negligible, while the percentage of Ni decreased by 8 % in the
subsurface alloy layer. This is in line with the observation that the
density of the subsurface alloy layer decreased 12.5 % according to the
XRR data. The influence of dissolution of Fe and oxidation of Nb on the
density of the subsurface layer is likely negligible due to their low
contents in the alloy. These results indicate the generation of vacancies
due to the enhanced metal (mainly Ni) dissolution at 0.9 V. The higher
Cr percentage in the subsurface alloy layer at 0.9 V is due to less Cr
dissolution compared to Ni. The Cr becomes further enriched due to

enhanced Ni dissolution, see the section below.

3.3. Metal dissolution from Ni-base superalloys during transpassive
breakdown

Anodic dissolution of Ni, Cr, Mo, and Fe from the two Ni-base su-
peralloys at stepwise increased potentials, followed by stepwise
decreased potentials, were measured by XRF. Details of the quantifica-
tion of the metal dissolution can be found in Supplementary Note 4. As
shown in Fig. 7a, enhanced Ni dissolution was detected at and above 1 V
for both alloys, which is consistent with the onset of passive film
degradation. Meanwhile, Cr dissolution occurred at a low rate, which is
higher for Ni-18Cr-3Mo-20Fe-5Nb than Ni-22Cr-9Mo-5Fe-2Nb. Mo
dissolution was also detected at a low level, which is higher for Ni-18Cr-
3Mo-20Fe-5Nb (52 ng/(cmzs)) than Ni-22Cr-9Mo-5Fe-2Nb (45 ng/
(ecm?s)) at 1.3V despite of a lower Mo content in Ni-18Cr-3Mo-20Fe-
5Nb. However, no considerable Nb dissolution was detected at all
applied potentials. These results suggest that the Mo-oxides are more
stable on Ni-22Cr-9Mo-5Fe-2Nb than on Ni-18Cr-3Mo-20Fe-5Nb at the
high potentials, while Nb forms stable oxide (like Nb2Os) and mostly
remains in the passive film.

For Ni-22Cr-9Mo-5Fe-2Nb, the base metal Ni showed the highest
dissolution rate, reaching 950 ng cm 2~ at 1.3 V, while the Cr disso-
lution rate was much lower, reaching 124 ng cm 2s~! at 1.3 V. The
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applied potential.

dissolution rate for Mo and Fe was negligible (< 10 ng cm™2s71),
Remarkably, for this alloy, the enhanced Ni dissolution with increasing
potential did not cause irreversible propagation, since the dissolution
rates were similar in the upward and downward potential steps (Fig. 7b),
indicating an efficient repassivation.

In contrast, Ni-18Cr-3Mo-20Fe-5Nb showed a lower Ni dissolution
rate (500 ng cm 2s1) but a relatively higher Fe dissolution rate
(170 ng em 25~ ! at 1.3 V). After the largely enhanced dissolution of Ni
(2050 ng cm %~ 1 and Fe (997 ng cm %D at 1.4 V, the dissolution
rates of Fe, Cr, and Mo further increased although the applied potential
was decreased back to 1.3 V. Therefore, the dissolution rate plot of the
alloying elements shows pronounced hysteresis loops between upward
and downward potential steps (Fig. 7a), which suggests irreversible
changes of the subsurface alloy layer due to the passivity breakdown. As

shown in Fig. 7b, the total current density of Ni-22Cr-9Mo-5Fe-2Nb is
lower than Ni-18Cr-3Mo-20Fe-5Nb after passivity breakdown. Only half
of the current for Ni-22Cr-9Mo-5Fe-2Nb is originated from metal
dissolution (mainly Ni); while OER accounts for a significant portion of
the current, as demonstrated in previous studies on Ni and Ni-Cr-Mo
alloy [20,27,42]. However, for Ni-18Cr-3Mo-20Fe-5Nb with a higher
Fe-content and lower Cr- and Mo-contents, the total current is mainly
attributed to the Ni and Fe dissolution, during the upward and down-
ward steps.

Figs. 7c and 7d show SEM images of the sample surface after the
entire measurement sequence for Ni-22Cr-9Mo-5Fe-2Nb and Ni-18Cr-
3Mo-20Fe-5Nb, respectively. Loose and dehydrated corrosion products
(gel-like in the solution) were observed on the surface, which are Nb°+-
and Mo®"-rich compounds, as confirmed by the EDS results
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(Supplementary Note 5). The dissolved metal ions come from the passive
film and the subsurface alloy layer, and possibly also from the precipi-
tated corrosion products via a chemical reaction. However, the XRF did
not detect all dissolved cations (e.g., Nb) since part of them form
corrosion products sticking on the surface. This part of the dissolution
was detected with a delay until the corrosion products are also dis-
solving, which explains why the dissolution current calculated from XRF
data for Ni-18Cr-3Mo-20Fe-5Nb is larger than the measured total cur-
rent during the downward steps. It should be noted that the formation of

this micron-scale Nb®*- and Mo®*-rich film is associated with the loss of
XPS (nanoscale sensitivity) and XRR (nanoscale roughness requirement)
signals. Therefore, it can be inferred that the Nb>*- and Mo®*-rich
corrosion product film on the Ni-22Cr-9Mo-5Fe-2Nb grows after 0.9 V;
while the product film on the Ni-18Cr-3Mo-20Fe-5Nb grows after 1.4 V.
The corroded surfaces beneath the mud-cracking corrosion products of
the two alloys show different morphologies, i.e., a flat surface for Ni-
22Cr-9Mo-5Fe-2Nb (Fig. 7c and Supplementary Note 5) but a cratered
surface for Ni-18Cr-3Mo-20Fe-5Nb (Fig. 7d and Supplementary Note 5).
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Clearly, Ni-22Cr-9Mo-5Fe-2Nb, with a low Fe-content, has a strong
repassivation ability. When the applied potential is decreased, the
‘transpassive-repassivation’ process of Ni-22Cr-9Mo-5Fe-2Nb takes
place within the high potential range with a highly defective passive
film. This indicates that the subsurface alloy layer plays an important
role in the repassivation.

3.4. Repassivation of Ni-base superalloys

The combined results show different repassivation abilities for the
two alloys. Ni-22Cr-9Mo-5Fe-2Nb demonstrates the ability for efficient
repassivation, whereas Ni-18Cr-3Mo-20Fe-5Nb, with a high Fe-content,
shows a weak tendency for repassivation. Repassivation requires that i)
dissolution of the passive film and the subsurface alloy layer does not
lead to irreversible corrosion propagation, and ii) reformation of a
protective passive film. When transpassive breakdown occurs, the pas-
sive film is a highly defective (p-type oxide), which plays a minor role in
repassivation. The precipitation of the corrosion products indicates the
supersaturation of metal ions in the electrolyte, which confirms the

enhanced anodic dissolution from the subsurface alloy layer at the high
potentials.

The composition of the subsurface alloy layer differs from the bulk
material due to the following reactions occurring at the metal-oxide
interface:

Mo M +ye” +Vy (2)

Herein, M, M’{f, and Vy represent the metal atom, metal ion, and
metal vacancy in the subsurface alloy layer; the reaction (2) indicates
the dissolution from the subsurface alloy layer. m and V,, represent the
metal atom and metal vacancy in the matrix, and reaction (3) indicates
the movement of the metal atom from matrix to the subsurface alloy
layer.

In the passive condition, the passive film restrains the anodic
dissolution process so the two reactions occur at the same rate, which is
very low. Preferential oxidation of certain alloying elements leads to a
different composition and thus density of the subsurface alloy layer than



X. Yue et al.

02 04 06 08 1.0 12n1.2 10 0.8

Corrosion Science 257 (2025) 113321

(@) 3000 - Ni-22Cr-9Mo-5Fe-2Nb = wr|(b)1s CNi-22Cr-9Mo-5Fe-2Nb - Total current -
o= Cr 12 - Dissulution current

— 1500 | -o- - )

. 3

a_ 1000 [ upward scan

§ i

oo 500

& L /

s 0 -

5 2000 ['Ni-18Cr-3Mo-20Fe-5Nb

2 L

2 1500 L

a

1000

500

(A 1

L upward scan

00 02 04 06 08 10 12 14
E (V vs. Ref.)

02 04 06 08 1.0 12 1.4 12 1.0
E (V vs. Ref.)

Fig. 7. (a) Dissolution rates for Ni, Cr, Fe, and Mo detected by in-situ XRF. (b) Comparison of measured total current density and dissolution current density
calculated from XRF data. (c)-(d) SEM images of Ni-22Cr-9Mo-5Fe-2Nb and Ni-18Cr-3Mo-20Fe-5Nb, respectively, after the entire upward and downward poten-

tial steps.

bulk material. In this case, a higher proportion of Mo in the subsurface
alloy layer is found by APXPS analysis (Fig. 2f), which explains the
higher density of the subsurface alloy layer (Fig. 3b).

After the onset of passivity breakdown, the concentration of Vy is
increased due to enhanced metal dissolution. The density of the sub-
surface alloy layer of Ni-22Cr-9Mo-5Fe-2Nb decreased from 8.9 to

(a) 15

8.1 g/cm® from 0.8 to 0.9 V (Fig. 3b), corresponding to the generation of
10 % vacancies, which are mainly Ni vacancies (Vy;) since the dissolu-
tion of Cr, Mo, Fe, and Nb is negligible up to 1.0 V (Fig. 7a). In the
transpassive potential range between 0.9 and 1.3 V, the OER occurs and
corrosion products forms, so surface sensitive APXPS and XRR could not
be measured, whereas GI-XRD still could be used to detect the change of
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lattice parameter of the subsurface alloy layer. The incident angle of X-
ray beam was 0.3° so that the penetration depth covers the subsurface
alloy layer. Fig. 8a shows the evolution of the lattice parameter (right-
axis) with the applied potential, plotted together with the dissolved
metal atoms per unit surface area (left-axis) calculated by integration of
the instant dissolved metal ion concentration in the electrolyte (XRF
results) over time at each applied potential. The highlighted band region
of the lattice parameter refers to the different crystal planes, which
shows the same evolution trend. It can be seen that the lattice parameter
increased significantly with the increased potential between 0.9 and
1.0 V due to the onset of active dissolution, which could be related to the
enrichment of Mo in the subsurface alloy layer (Fig. 2f). The DFT cal-
culations for the subsurface alloy layer with different compositions focus
on the dashed box in Fig. 8a, further proving the possible enrichment of
Mo (larger atomic radius) leads to the increase of lattice parameter for
the subsurface alloy layer below 1.1 V, which is shown as the Mo-rich
region in Fig. 8b. The plotted values and error bars represent the
average lattice parameter and the mean square error between different
arrangements of the computation models (examples are shown in
Fig. 8b). More calculation details are given in Supplementary Note 6.

After pronounced dissolution occurred around 1.0V, the lattice
parameter of the subsurface alloy layer for Ni-22Cr-9Mo-5Fe-2Nb firstly
increased slightly from 1.0 to 1.1 V, then sharply decreased from 1.1 to
1.3 V due to the greatly enhanced metal dissolution. Subsequently, the
lattice of the subsurface alloy layer remains in the contracted state as the
applied potential decreased in the downward steps. The sample after the
measurement shows a flat surface without sign of localized corrosion,
confirming a repassivation by the action of hidden subsurface alloy layer
along by contracting the lattice. To understand the repassivation process
by the role of hidden subsurface alloy layer, we performed DFT calcu-
lations of severe anodic dissolution by inducing vacancies within a
supercell containing 62.5 at% Ni, 25 at% Cr, and 12.5 at% Mo, which is
the composition similar to the subsurface alloy layer at 0.9 V. The key
results are presented as the Ni dissolution region in Fig. 8b. Other
simulation details can be found in Supplementary Note 6.

For Ni-22Cr-9Mo-5Fe-2Nb, Ni dissolution is dominant in the corro-
sion process after passivity breakdown (Fig. 7a), which leads to the
formation of Ni vacancies in the subsurface alloy layer. It is shown in
Fig. 8b that 0.39 % Ni vacancy results in the lattice expansion, in
agreement with the GI-XRD results obtained from 1.0 to 1.1 V. The
lattice expansion weakens the interactions between atoms, which
further promotes the diffusion of metal atoms through the vacancies
thus facilitating dissolution and generation of more vacancies. The
highly defective crystals contract, leading to a decrease in lattice
parameter when the vacancy density increases, e.g., to 3.13 % or above,
which is consistent with the significant lattice contraction from 1.1 to
1.3 V according to the GI-XRD results.

The formation of a corrosion product layer (Supplementary Note 5)
also confirms an enhanced dissolution of the subsurface alloy layer. The
presence of Fe-, Mo-, and Nb-compounds in the corrosion product layer
indicates possible generation of Fe, Mo, and Nb vacancies in the sub-
surface alloy layer. However, their contents in the alloy are much lower
than Ni, so their vacancies are much less and their effects are not
assessed here.

Accompanied by the increase in vacancies induced by metal disso-
lution, the outward diffusion of metal atoms is also promoted by the
vacancies. As the applied potential decreases in the downward steps, the
vacancy formation and occupation rates reach a balanced state, which is
followed by a dominant occupation of vacancies as the metal dissolution
rate further decreases. The XRF results reveal that the base metal Ni is
dominant in the dissolution. Fe is also selectively dissolved, which is
detected for Ni-18Cr-3Mo-20Fe-5Nb with a high Fe content. The alloy-
ing element Mo gets enriched in the subsurface alloy layer and also
oxidized to form high valence compounds in the passive film (APXPS
results), which may partially dissolve at high potentials (XRF results)
and form precipitated corrosion products (SEM/EDS results). This
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implies that Cr is further enriched in the subsurface alloy layer due to the
minor consumption (XRF results) during the transpassive dissolution. In
order to understand the role of Cr in the subsurface alloy layer in the
transpassive-repassivation process, the DFT calculated dissolution acti-
vation energies [44] are compared between pure Ni and Ni-25 %Cr,
Ni-25 %Mo, and Ni-25 %Fe binary systems (Fig. 9a). The Ni-Cr system
has higher dissolution energy compared with the Ni-Ni, Ni-Fe, and
Ni-Mo systems, which indicates that the solution of Cr element will
suppress the dissolution rate of Ni. Moreover, the dissolution activation
energy increases when more Cr atoms solute in to the Ni matrix. Ac-
cording to the ELF analysis in Fig. 9b, the Ni-Cr bond is metal bond,
whose strength will be enhanced by the increase of Cr. This explains
that, with the enrichment of Cr in the subsurface alloy layer, the
dissolution rate of Ni becomes lower during the repassivation process
(downward steps), compared to the transpassive dissolution process
(upward steps) with the same applied potential, which are marked as red
dot lines in Fig. 8a.

In addition, there is a slightly increasing trend in the lattice param-
eter of the subsurface alloy layer during the downward potential steps
below 1.2 V. This is likely due to filling of the vacancies by metal atoms
from the bulk. Since Cr is enriched in the subsurface alloy layer, and Ni
atom in Ni-Cr bond requires the highest energy to dissolve, the Cr atoms
are expected to fill nickel vacancies, forming strong Cr-Ni bonds with
surrounding Ni atoms, which also expand the lattice as shown in the
repassivation region in Fig. 8b. The strengthened Cr-Ni bonds was pro-
posed to be related to a difference in electro-negativity between adjacent
Cr and Ni atoms, which adds partial ionic connection to the metal bonds
[43]. This is also seen in our simulated subsurface alloy layer with Cr
enrichment; therefore, a higher energy is required to release the Ni
atoms from the subsurface alloy layer under the constraints by neigh-
boring Cr atoms.

Fig. 10 is a schematic diagram illustrating the ‘transpassive-repas-
sivation’ mechanism by the action of the subsurface alloy layer for the
Ni-base super alloys with a low Fe content, including the processes
occurring from passivity breakdown to repassivation. After the onset of
passivity breakdown, degradation of the passive film takes place,
accompanied by the Mo enrichment in the subsurface alloy layer. Then,
enhanced Ni dissolution occurs at high anodic potentials, leading to Cr
enrichment in the subsurface alloy layer. When the applied potential is
decreased, the repassivation process occurs because of the Cr enrich-
ment in the subsurface alloy layer that strengthen the metal bonds. The
reinforced strength of the Cr-Ni bonds raises the dissolution activation
energy and suppresses further metal dissolution. When the applied po-
tential is decreased to a certain level, the alloy regains a passive state, i.
e., repassivation, which is favored by the Cr-rich subsurface alloy layer.
Additionally, the formation of stable Nb oxide in the passive film is also
beneficial for the repassivation. On the other hand, Fe as another main
alloying element, does not seem to possess the repassivation ability
because of a lower bond strength and a lower dissolution activation
energy of Fe-Ni compared with Cr-Ni system, thus explaining the lower
ability for repassivation of the high Fe-content Ni alloy in this study (Ni-
18Cr-3Mo-20Fe-5NDb).

4. Conclusion

The combined synchrotron experiments and first principles model-
ling in this work provide an atomistic understanding of the repassivation
mechanism of Ni-base superalloys regarding the role of the main
alloying elements in the formation of the passive film, transpassive
dissolution, and repassivation process. The multimodal in-situ syn-
chrotron X-ray measurements provide unprecedent information of the
whole interfacial region from the electrolyte, through the passive film,
to the subsurface alloy layer. The DFT calculations yield energetics of
ionic transport in highly defective oxides, as well as the changes in
lattice parameters in the subsurface alloy layer. Following conclusions
can be drawn:
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Fig. 9. (a) Effect of alloying elements (Fe, Cr, and Mo) at 25 at% level and effect of the Cr concentration in Cr-Ni alloy on the computational dissolution activation
energy for Ni releasing from the subsurface alloy layer. j/jn; is the dissolution rate ratio of Ni-xCr to Ni. (b) Electron localization function (ELF) analysis of Ni, Ni-25Cr

and Ni-50Cr, where all isosurfaces are set as 0.13.
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Fig. 10. Schematic diagram of transpassive-repassivation process by the action of subsurface layer of Ni-base superalloy with a low Fe content. The gray, orange,
blue, pink, and purple ball-sticks represent Ni, O, Cr, Mo, and Fe atoms and the bonds between them, respectively.

In passive condition, Cr3* oxide is enriched and multi-valence Mo
and Nb species are present in the passive film, while Cr®* hydroxide is
present on top of the passive film. With increasing potential, the oxide
layer grows slightly, the low-valence Mo and Nb species are oxidized to
high-valence Mo and Nb compounds. The oxide thickens and Mo be-
comes enriched in the subsurface alloy layer at the potential near
transpassive breakdown.

After the onset of transpassive breakdown, the oxide film becomes
highly defective with high density of cation vacancies leading to largely
enhanced the metal dissolution. The dissolving metal is mostly Ni for Ni-
22Cr-9Mo-5Fe-2Nb (lower Fe-content and higher Mo-content), but both
Ni and Fe are dissolving from Ni-18Cr-3Mo-20Fe-5Nb (higher Fe-
content and lower Cr- and Mo-contents). Dissolution of Cr and Mo also
occurs at a low rate, more from Ni-18Cr-3Mo-20Fe-5Nb than Ni-22Cr-
9Mo-5Fe-2Nb, while Nb forms stable oxide that remain in the passive
film or adherent corrosion products. The metal dissolution is accelerated
at high potentials, which generate a high density of Ni vacancy and
relative enrichment of Cr in the subsurface layer.

When the applied potential is decreased from the high value, Ni-
22Cr-9Mo-5Fe-2Nb has a stronger ability for repassivation than Ni-
18Cr-3Mo-20Fe-5Nb. The highly defective passive film does not act as
an effective barrier, while the subsurface alloy layer plays an important
role in the repassivation process. The Cr enrichment and high density of
Ni vacancy in the subsurface alloy layer gives Ni-22Cr-9Mo-5Fe-2Nb
(with a low Fe content) a favorable repassivation property, by
enhanced outward Cr diffusion to increase the Cr-Ni bonds impeding
metal dissolutionand to repair the defective passive film, leading to
repassivation when the high potential is removed. This mechanism by
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strengthening the Cr-Ni bonds is not operative for Fe-rich alloys.

The role of the subsurface alloy layer needs to be considered for the
understanding of the passivity and ability for repassivation of advanced
alloys. The new knowledge gained in this work also provides guidelines
for the design of high-performance corrosion resistant alloys.
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