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Abstract

The spontaneous formation and stability of a protective passive film on a metal surface are
crucial for the metal material’s corrosion resistance during its service life. Passive films have
been extensively studied, and our understanding of passive films has been significantly
improved with the development of advanced analytical techniques. Modern synchrotron
X-ray sources offer unprecedented possibilities for detailed analyses of passive films and
for in situ and operando studies of passive films in both gaseous/aqueous environments,
as well as in electrochemical environments. This mini review presents a short summary of
recent studies on passive films, mainly focusing on stainless steels and nickel-base alloys,
which utilize state-of-the-art synchrotron X-ray techniques, particularly X-ray photoelectron
spectroscopy (XPS), often in combination with other synchrotron techniques such as X-ray
adsorption, diffraction, reflectivity, and fluorescence. These reports demonstrate that
synchrotron-based techniques greatly improve probing sensitivity and spatial resolution,
enabling in situ and operando studies of passive films at solid–liquid interfaces. These
studies reveal changes in the passive film and underlying alloy layer, highlighting the
important role of hydroxides, as well as the inhomogeneity in passive films associated with
the complex microstructures in advanced industrial alloys.

Keywords: passive film; industrial alloy; synchrotron technique; XPS; AP-XPS; HAXPES;
HAXPEEM; micro-XAS; XANES; GI-XRD; XRR; XRF; in situ; operando

1. Introduction
The spontaneous formation of a protective passive film on a metal surface provides the

best corrosion protection for metals and alloys in service conditions, which is considered
a key factor in our metal-based civilization [1]. A passive film is a nanoscale ultrathin
surface layer consisting of oxides and hydroxides of the underlying metal that forms due to
interactions between the metal and water, as well as the presence of ions in the water. The
formation and growth of passive films involve surface reconstruction induced by hydroxide
adsorption and the formation of 2D oxide/hydroxide precursors, as well as structure
alternations accompanying the dissolution processes of the metals. For multi-element
alloys, oxide formation and metal dissolution frequently exhibit selectivity towards certain
alloying elements due to variations in their thermodynamic nature, resulting in a passive
film composition that is quite different from that of the bulk alloy. Nanoscale passive films
have been extensively studied using various techniques, and regular reviews have been
published on the composition, structure, and properties of passive films on common metals
and industrial alloys [2–8]. Under corrosive conditions such as aqueous environments with
chloride ions, degradation of the passive film may occur locally, leading to breakdowns
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such as pitting corrosion via localized metal dissolution, which can result in catastrophic
consequences. Therefore, the stability of passive films under service conditions is crucial
for the use of alloys [9–13]. Passive films may also become unstable under electrochemical
polarization at sufficiently high potential, resulting in fast metal dissolution, which is
termed transpassive breakdown. For the development and application of advanced alloys
in the energy sector and electrocatalysis, the stability of passive films under electrochemical
polarization in transpassive regions, where the oxygen evolution reaction (OER) may occur,
is an important topic of study [14–18].

Various advanced microscopic and spectroscopic surface analytical techniques, e.g.,
scanning tunneling microscopy (STM), atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), X-ray absorption spectroscopy (XAS), ultraviolet photoelectron spec-
troscopy (UPS), grazing incidence X-ray diffraction (GI-XRD), and time-of-flight secondary
ion mass spectrometry (ToF-SIMS), have been used for the study of passive films [8,19,20].
Single-crystal surfaces of metals and alloys exposed to corrosive aqueous environments
in well-controlled conditions have been analyzed in situ under electrochemical control
using STM, AFM, and GI-XRD to gain morphological and structural information regarding
the passive films. XPS has been the most commonly used technique for analyzing the
chemical composition and states of elements in passive films. Another name for XPS,
electron spectroscopy for chemical analysis (ESCA), emphasizes the inclusion of Auger
electron spectroscopy and the ability for chemical analysis [21]. As pioneers in this field,
Christofer Leygraf and colleagues utilized ESCA to analyze the surface composition of Fe,
Cr, an Fe-Cr alloy, and stainless steel 50 years ago. They found enrichment of Cr in the
passive film on the Fe-Cr alloy [22,23] and Mo enrichment in the passive film on Fe18Cr3Mo
stainless steel [24]. Over the past five decades, with its increasing availability, XPS (or
ESCA) has become increasingly used, sometimes in combination with other techniques,
for analyzing passive films. XPS has become a standard technique in the fields of surface
science, corrosion science, and material science [25]. There are numerous studies that apply
XPS to analyze passive films, including recent reports on various industrial alloys such
as stainless steel [26–30], Ni alloys [31], Al alloys [32,33], Mg alloys [34], Ti alloys [35–38],
and Co alloys [39–41]. However, many instrumental and material parameters, such as
electron mean free path, photoelectron cross-section, complex multiplets, peak overlapping,
binding energy calibration, peak assignment, full width at half maximum (FWHM), asym-
metry parameters, and mathematical fitting methods, need to be carefully considered in
order to optimize XPS measurement and to properly interpret and analyze the data. There
are excellent review articles that provide guidance for XPS measurement and data analy-
sis [42,43], but they also raise concerns about the common method of using the adventitious
carbon peak (C 1s) for internal calibration of binding energy in XPS data analysis [25,44].
The purpose of this mini review is to provide a brief overview of recent XPS studies of
passive films, utilizing state-of-the-art synchrotron-based XPS techniques, with a focus on
our studies of stainless steels and Ni-base superalloys. In these studies, the experimental
setup was precisely controlled and measuring parameters were carefully chosen to achieve
high quality data that enable detailed quantitative data analysis, which provides reliable
and comprehensive information of the passive films, cases including true hydroxides on
the outmost surface (in situ condition) and also the underlying alloy layer that plays an
important role in repassivation after breakdown in some cases.

2. Synchrotron X-Ray Techniques for the Study of Corrosion Processes
Synchrotron radiation generates brilliant, monochromatic, and collimated beams for

various X-ray techniques, including diffraction, scattering, imaging, photoelectron spec-
troscopy, absorption spectroscopy, and microprobes/nanoprobes [45–48]. As shown in
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Figure 1, the brilliance of modern (3rd and 4th generations) synchrotron facilities is many
orders of magnitude higher than that of X-ray tubes, and the X-ray beam exhibits high coher-
ence, resulting in a uniform beam intensity [46]. With the high photon flux and high-quality
beam, the tunable energy, and advanced instrumental setup, synchrotron-based techniques
possess unprecedented advantages over equivalent laboratory instruments in terms of
sensitivity, accuracy, flexibility, and possibility for in situ and operando experiments in the
fields of material science, corrosion science, catalysis, and electrochemistry [49–55]. With
the increasing availability of synchrotron facilities, researchers are encouraged to utilize
the capabilities of synchrotron-based techniques in their experiments.

Figure 1. (Left) Increase in X-ray brilliance with new generation of synchrotrons [46].
(Right) Illustration of synchrotron ring and beamlines [47].

Synchrotron X-ray techniques have been employed for studying corrosion and protec-
tion for several decades. The commonly used synchrotron techniques are XRD and XAS,
which yield structural information of corrosion products, surface films, and protective
layers. In addition to ex situ characterization, synchrotron XRD and XAS have been used
in situ to analyze metal surfaces featuring an intact surface film and an electrolyte under
controlled conditions [56], enabling real-time monitoring of corrosion product formation
on Fe and Fe alloys [57,58], as well as Cu and Cu alloys [59,60]. Synchrotron XRD and
XAS have also been used under electrochemical control [61,62]. There are literature re-
ports on the use of synchrotron XRD to analyze corrosion products formed on pipeline
steels under CO2 corrosion conditions [63], investigating the effect of exposure temper-
ature [64], chromium additions [65], and the microstructure [66,67]. Synchrotron X-ray
imaging techniques, both 2D radiography and 3D tomography, have been employed to
study localized corrosion of stainless steel [68] and Al alloys [69], the transition of localized
corrosion to stress corrosion cracking (SCC) of Al alloys and steel [70,71], and corrosion
fatigue crack initiation and growth of Al alloys [72]. Recently, X-ray fluorescence (XRF)
imaging has also been used in the study of SCC of stainless steel [73] and Al alloys [74].
Moreover, correlative quasi in situ TEM and in situ synchrotron X-ray nano-tomography
have been used to visualize the time-dependent microstructural and chemical evolution
during molten salt corrosion of a Ni-20Cr model alloy [75]. By utilizing these synchrotron
techniques, in combination with electrochemical control and/or under mechanical load,
these studies have provided detailed, valuable information, even in real time and/or under
electrochemical operando conditions, about the complex forms of corrosion processes such
as pitting and SCC, which lead to a greatly improved understanding of the corrosion
mechanisms and influencing factors.
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3. Synchrotron X-Ray Photoemission Techniques for Analysis of
Passive Films

The development of synchrotron X-ray photoemission techniques has been described
in several reviews [76–79]. The development of synchrotron radiation, initially designed for
physics studies, was soon found useful for XPS measurements in 1970. In some cases, the
construction of synchrotrons was optimized for photoemission studies, so the spectrometers
work well as part of beam lines [76,77]. Advantages of synchrotrons as X-ray sources over
laboratory-based XPS systems include the much higher intensity and variable energy of
the X-rays, as well as a high energy resolution of up to 0.01–0.02 eV. These have played an
important role in the further development of more advanced XPS capabilities, including
near-ambient or ambient pressure XPS (NAP-XPS or AP-XPS), hard X-ray photoelectron
spectroscopy (HAXPES), photoelectron emission microscopy (PEEM), and hard X-ray
PEEM (HAXPEEM) [76–79]. By using high-brilliance, tunable monochromatic synchrotron
X-rays, the energy resolution for XPS analysis can reach 0.01–0.02 eV, which is significantly
better than that of laboratory instruments.

Conventional XPS requires ultra-high vacuum (UHV) because of the electron’s short
mean free path in liquid and gas phases, which implies the challenge to overcome the
“immersion gap” and “pressure gap” to gain chemical information about the metal–water
interface structure. Recently, AP-XPS has been developed with differential pumping stages
and electrostatic focusing technology, which overcomes the limitations of conventional XPS
in achieving UHV conditions due to the intense X-ray source. The revolutionary AP-XPS
technique enables XPS measurements at pressures in the Torr range, allowing studies on
solid–gas and solid–liquid interfaces, as well as electrochemical systems, in situ under
environmental conditions, and electrochemically controlled conditions [54,80–82]. In the
in situ XPS studies of water adsorption on the surface of single crystal metals and oxides,
including Cu(110), Cu(111), and TiO2 (110), under environmental conditions of water vapor
pressure, it was observed that hydroxyl groups form first, followed by molecular water
adsorption on all these surfaces [81]. Moreover, AP-XPS has also been used for in situ
studies of electrochemical systems to observe related physical and chemical processes as
they occur, which helps elucidate the mechanisms of the reactions, e.g., the splitting of
water to form H2 and O2 gases, at electrochemical interfaces [82].

Despite the fact that synchrotron XPS techniques have been developed and used for
fundamental studies of well-defined model systems, the literature on synchrotron XPS
analysis of passive films on industrial alloys is quite rare, probably due to the difficulty
in obtaining access to beamtime at synchrotrons. Over the last decade, there has been an
increasing trend for applied studies relevant to industrial applications to utilize synchrotron
facilities. In a synchrotron HAXPES study of passive films on 316L stainless steel, a hard
X-ray beam with high excitation energies (between 2 and 12 keV) was used, so a probing
depth of up to 20 nm could be reached, which enabled non-destructive analysis of the
chemical content of the oxide–metal interface region, including the passive film and the
underlying alloy layer. By varying the incoming photon energy, the depth profiles of the
material were obtained, and an enrichment of Ni within a 0.5 nm layer underneath the
passive film was found by detailed analysis of the high-quality HAXPES data. Moreover,
the high-resolution HAXPES spectra allowed the detection of three different oxidation
states of Cr (Cr2O3, Cr(OH)3, and CrO3) and three Fe oxides (FeO, Fe3O4, and Fe2O3) in
the passive films before and after electrochemical polarization treatments [83]. Usually,
CrO3 and Fe3O4 are not detectable or distinguishable by using conventional XPS. In a
study of the passivity of Ni-Cr-Mo superalloys with varying Mo/Cr ratios (0, 0.3, 0.6,
and 1), synchrotron XPS was employed to analyze passive films formed on the Ni-Cr-Mo
alloys, using an excitation energy of 4.36 keV and an energy step of 0.05 eV to obtain
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high-resolution spectra. The synchrotron XPS data enabled the quantitative analysis of the
major oxidic components of Cr, Mo, and Ni, including hydroxides of Cr and Ni, which is
helpful in quantitatively elucidating the role of different alloying elements in passive film
formation [84].

In recent years, in collaboration with synchrotron experts and beamline scientists, we
have utilized state-of-the-art synchrotron radiation facilities to perform XPS measurements,
studying the composition and thickness of native oxides [85], the dynamics of early-state
oxide formation [86], and the aging effects of passive films on Ni-base superalloys [87].
The XPS experiments were conducted at the FlexPES beamline at the MAX IV Laboratory
in Sweden, a fourth-generation modern synchrotron. The high-flux, monochromatic syn-
chrotron X-ray beam with tunable energy enables us to study surface oxides with excellent
surface sensitivity, a uniform probing depth for all alloying components, and higher energy
resolution than traditional laboratory source XPS. These enabled accurate determination
of the composition and thickness of the oxide film and near-surface region of the alloys.
In the study of native oxides on three commercial Ni-base superalloys (Alloys 59, 625,
and 718), XPS was measured in UHV conditions. The photon energy was varied such
that the kinetic energy of the photoelectrons was the same (200 eV) for each core level,
resulting in a constant probing depth of the XPS signal from each alloying element. The
measurements yield excellent data quality [85], as seen in the synchrotron XPS spectra of
Ni 2p, Cr 2p, Mo 3d, and O 1s from Alloy 59 (Ni23Cr15Mo), shown in Figure 2 below.

 

Figure 2. High-resolution synchrotron XPS spectra of core levels for Ni, Cr, and Mo of Alloy 59. Black
dots represent experimental data, the solid line represents the fit, and the shaded areas represent the
deconvoluted contributions to the spectra. The Ni 2p spectrum shows Ni metal and Ni hydroxide,
the Cr 2p spectrum shows Cr metal, Cr3+ oxide and hydroxide, and the Mo 3d spectrum shows Mo
metal and Mo4+, Mo5+ and Mo6+ oxides, and Mo6+ hydroxide [85].

In the corrosion field, XPS measurements are commonly performed using conventional
XPS instruments. The XPS signals of Mo from Mo-containing alloys are usually quite weak
and noisy, so it is difficult to carry out quantitative deconvolution analysis of the XPS spec-
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tra of Mo. In the literature, Mo4+ and Mo6+ are predominantly found in passive films; only a
few reports describe detailed quantitative XPS analyses of multiple Mo components [30,31].
This study utilized a state-of-the-art high flux synchrotron X-ray beam, an optimized exper-
imental setup, careful intensity normalization, and binding energy calibration based on the
measured Fermi level rather than the adventitious carbon peak. This approach enabled the
detection of Mo4+, Mo5+, and Mo6+ components, facilitating quantitative spectral analysis
and elucidating the composition of oxide films with a thickness of approximately 10–20 Å,
as confirmed by synchrotron X-ray reflectivity (XRR) measurements [85].

Using the EA01 end station at the FlexPES beamline at MAX IV, Sweden, we performed
in situ XPS experiments to study the dynamics of early-state oxide formation on Alloy 59 at
room temperature and up to 400 ◦C [86]. The sample was sputtered with Ar+ ions to remove
the native oxide from the surface, and then an XPS survey spectrum was measured to check
for and exclude the presence of any contamination. During the in situ oxidation experiment,
O2 was dosed from a leakage valve, and a pressure of 1 × 10−8 mbar was maintained in the
chamber. While dosing O2, the Cr 2p, Ni 2p, O 1s, and Mo 3d core levels were measured
repeatedly in sequence. The high-quality XPS data allowed quantitative deconvolution
fitting, showing the formation and growth of Cr3+, Mo4+, and Mo6+ oxides, reaching a
self-limiting oxide thickness of 6–8 Å, which did not depend on the temperature below
400 ◦C. The in situ XPS measurements confirmed that Ni does not contribute significantly
to the oxide film and showed sublimation of Mo6+ oxide at 400 ◦C [86].

In another study, we performed XPS measurements in UHV conditions of two Ni-base
superalloys (Alloys 59 and 625) at the FlexPES beamline at MAX IV, Sweden, to investigate
the aging effect on the passive films [87]. In this study, aged samples (stored in a desiccator
for several weeks) were first measured using synchrotron XPS to gain information about
the aged oxide films. The samples were then sputtered with Ar+ ions to remove the aged
oxides, followed by XPS measurement. The sputtered samples were then exposed to air
for 5 min, allowing a fresh oxide film to form before XPS measurements were taken again.
The Ni 2p, Cr 2p, O 1s, Mo 3d, and Nb 3d core levels were measured using selected photon
energies to achieve the same probing depth, and sufficient scans were performed to obtain
a high signal-to-noise ratio in the XPS data. The synchrotron XPS measurements provided
detailed information about the chemical states of the alloying elements in the passive film,
showing an inner oxide layer and an outer hydroxide layer. Despite the Mo content in
Alloy 625 (Ni22Cr9Mo3Nb) being somewhat lower than that in Alloy 59, the XPS spectra of
Mo are also of excellent quality, allowing for deconvolution fitting to be carried out in the
same way as for Alloy 59 [86,87]. The Nb content in Alloy 625 is approximately 3 wt.%. The
high-resolution XPS spectra of Nb 3d enabled quantitative analysis of the Nb2+, Nb4+, and
Nb6+ oxides in the passive film. The synchrotron XPS data allowed accurate determination
of the chemical composition and thickness of the hydroxide layer, the oxide layer, and the
underlying surface alloy layer. The results reveal that the Cr oxide in the inner layer grows
thicker with aging time, leading to Cr depletion in the subsurface region. Mo and Nb in
the alloy form mixed oxides and hydroxides, and aging in air leads to the transformation
of lower valence oxides to higher valence oxides [87]. The pie diagram in Figure 3 below
illustrates the aging effects on the passive film on Alloy 625.

Moreover, we have combined synchrotron-based hard/soft X-rays for in-depth XPS
analysis of passive films on a martensitic tool alloy, which contains 12 wt.% Cr, 2.3 wt.%
Mo, 0.5 wt.% V, and 0.4 wt.% C. The samples were subjected to tempering heat treatments
at 200 to 525 ◦C to study the effect of tempering temperature on the passive film [88]. In
this study, HAXPES experiments were conducted using the hard X-ray at the beamline P22
at PETRA III, DESY, Germany, with a photon energy of 6000 eV for all core levels, which
allowed for a deep probing depth to gain information from both the surface film and the
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underlying alloy layer [89]. The high photon energy exceeds the binding energy for all
measured core levels, allowing for the precise detection of XPS signals from each alloying
element. It also provides the benefit of negligible influence of surface contamination. By
varying the photon energy, HAXPES measurements were performed with probing depths of
19.0 and 12.2 nm, respectively. The soft X-ray synchrotron XPS measurement was performed
at the HIPPIE beamline at the MAX IV Laboratory in Sweden [90]. The tunable energy
at the synchrotron beamline allowed us to fix the kinetic energy of the photoelectrons at
200 eV for each core level. This resulted in a constant probing depth of the XPS signals from
each alloying element with high surface sensitivity, which is approximately 2.1 nm. The
exit slit was chosen to optimize the detection of the XPS signals, and the binding energy
of the XPS spectra was calibrated against the measured Fermi edge. The synchrotron XPS
spectra of Fe 2p, Cr 2p, Mo 3d, O 1s, and C 1s allowed quantitative data analysis, revealing
the composition of the oxide layer (Fe2+, Fe3+, Cr3+, Mo4+, Mo5+, and Mo6+), hydroxide
layer (Cr(OH)3, Fe(OH)3), and the underlying metallic layer. In addition to the oxidic
components of Fe, Cr, and Mo, V oxides and metal carbide components (Fe/Cr/Mo-C)
could also be detected, despite their low contents in the material. Overall, the results
indicate that the Cr- and Mo-contents in the passive film are influenced by the precipitation
of tempering carbides, and the tempering temperature has a significant impact on the
passive film. An increase in tempering temperature from 200 to 525 ◦C leads to enhanced
formation of Cr/Mo-rich tempering carbides and Cr depletion. Tempering at 525 ◦C results
in a Cr content below 11 at% in the underlying alloy layer and formation of a Cr-deficient
defective passive film, which explains the loss of passivity for the tool alloy in corrosive
conditions [88].

Figure 3. Pie diagrams showing relative compositions in at% (total contents normalized to 100%) of
the passive film on Ni22Cr9Mo3Nb, following brief air exposure (left) and prolonged aging (right),
derived from a layered model featuring a hydroxide layer atop an oxide layer, formed on the alloy
possessing a sub-surface alloy layer with different composition from the bulk alloy [87].



Corros. Mater. Degrad. 2025, 6, 56 8 of 25

4. In Situ Synchrotron AP-XPS Analysis of Passive Films—
Electrochemical Systems

The high brilliance of modern synchrotrons and advanced pumping systems leads to
the development of the AP-XPS technique, which enables in situ and operando studies of
chemical reactions with gases on solid surfaces, e.g., catalysis systems, and also chemical
and electrochemical reactions at liquid–solid interfaces, which are important for both
electrocatalysis and corrosion processes [80–82]. The state-of-the-art HIPPIE beamline at
MAX IV Laboratory in Sweden, featuring high-quality soft X-ray capabilities, facilitates AP-
XPS measurements in the energy range of 250–2200 eV at a high flux of 1013 photons s−1,
under pressures reaching 30 mbar. It enables the recording of spectra on the minute scale
and the fast acquisition of AP-XPS spectra with a frame rate of up to 120 Hz in fixed
mode [90], which is ideal for in situ and operando studies of the formation and stability of
passive films on industrial alloys.

We have utilized the HIPPIE beamline to perform in situ AP-XPS study of passive
film formation and evolution upon electrochemical polarization of three Ni-base superal-
loys (Alloys 59, 625, and 718). The results of Alloy 59, along with detailed data analysis,
are reported in a recent publication [91]. In this case, the vapor pressure in the chamber
was 17 mbar, and the adsorbed water layer on the sample surface, after immersion in the
electrolyte or electrochemical polarization, had a thickness of 20–30 nm. Thus, the electro-
chemical double layer remained at the sample-electrolyte interface, and the hydroxide layer
remained unchanged; in this context, the AP-XPS measurement was performed in situ. A
“dip-and-pull” approach was used for the AP-XPS measurement. The sample was first
dipped into the corrosive electrolyte inside an electrochemical cell, representing an open-
circuit condition. Then, the sample was polarized at a constant potential that was stepwise
increased to a higher potential. After the immersion or termination of each polarization
step, the sample was “pulled” out from the electrolyte and moved to the vicinity of the
analyzer for AP-XPS measurement (see photos in Figure 4). Despite the 17 mbar pressure in
the chamber and the presence of a liquid layer measuring 20–30 nm on the sample surface,
high-quality AP-XPS data were acquired (Figure 5), facilitating the deconvolution fitting
of the spectra to calculate the thickness and composition of the oxide (Cr3+, Mo4+, Mo5+,
Mo6+) and hydroxide (Cr(OH)3, Ni(OH)2) layers, as well as the adsorbed water layer. As
anticipated, a pronounced peak for O from water is observed in all O 1s spectra, except
for the one obtained in vacuum. The method developed for calculating the layer thickness
accounts for the attenuation of signals through each layer, including the oxide, hydroxide,
and liquid layers, as well as water vapor [91].

 

Figure 4. Photos showing the analyzer, EC cell, sample holder, and electrodes. (a) Sample submerged
in electrolyte beaker for electrochemical treatment. (b) Sample retracted from the beaker to measure
AP-XPS [91].
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Figure 5. AP-XPS spectra of Ni 2p, Cr 2p, Mo 3d, and O 1s core levels from Alloy 59, measured in
vacuum and water vapor, after immersion in the electrolyte (0.1 M NaCl), and after polarization at
400 mV, 600 mV, and 700 mV/Ag/gCl [91].

The results from the AP-XPS studies confirm the general observations regarding the
preferential dissolution of Ni and the formation of relatively more stable Ni(OH)2, as
well as the enrichment of Cr in the oxide, which is further enhanced by the presence of
Mo in the alloy [92]. In addition, the AP-XPS results provide more detailed information
about the changes in the hydroxide and oxide layers, as well as the underlying alloy layer,
with increasing applied potential. Furthermore, our work demonstrates the possibility of
following the in situ evolution of the electrochemical passive film and its dynamic changes
using AP-XPS, where the sample is exposed to an ambient aqueous environment at a
pressure of 17 mbar. The state-of-the-art synchrotron AP-XPS provides high-quality data
that enable quantitative analysis of the passive film composition and thickness, considering
the attenuation of photoelectrons through the liquid water layer and water vapor. The
native oxide on Alloy 59 was found to be 11.4 Å thick and rich in Cr3+. Passive film growth
reached 21.2 Å up to 700 mV/Ag/gCl in a 0.1 M NaCl electrolyte, and the oxide became
enriched in Mo6+, which is attributed to the depletion of Cr and enrichment of Mo directly
underneath the native oxide film. The work in this study presents a robust, fast, simple, and
widely applicable procedure for systematically studying, in situ, passive films on industrial
alloys in various electrochemical systems.
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In another study, similar AP-XPS measurements were performed on Alloy 59 and
Alloy 625 at the HIPPIE beamline to investigate the evolution of the passive film in an
acidic chloride solution during anodic polarization, to compare the stability of the pas-
sive film at higher anodic potentials in the transpassive region [93]. In this case, the
AP-XPS analysis of the passive films was performed after polarization to a potential of
approximately 900 mV/Ag/gCl in 0.1 M NaCl at pH 2. In contrast, thicker passive films
(several tens of nm in thickness) formed at further higher potentials (up to 1300 mV/Ag/gCl)
were analyzed ex situ using the glow discharge optical emission spectroscopy (GD-OES)
technique, which provides elemental in-depth profiles from the surface oxide down to
the alloy matrix. The synchrotron AP-XPS spectra enabled quantitative data analysis,
providing information on the thickness and composition of both the oxide layer and the
hydroxide layer. Consistent with the synchrotron UHV XPS analysis [85], transformation
of lower valence Mo- and Nb-oxides to higher valence oxides occurs with the increase
in applied polarization potential, and higher valence Mo- and Nb-oxides are enriched in
the passive film at higher applied potentials. Nb contributes to strengthening the passive
film despite its low content in Alloy 625. The complementary GDOES composition profiles
show that the enrichment of Nb oxide further enhances the enrichment of Mo oxides in the
passive film, which together impede the growth of thick passive film and metal dissolution
at high potentials in the transpassive region [93].

Furthermore, we performed synchrotron AP-XPS measurements at the HIPPIE beam-
line using the “dip-and-pull” approach, in combination with electrochemical measurements,
to study passivation behavior of an N- and V-containing martensitic stainless steel and
the influence of austenitization temperature [94]. This stainless steel contains 18.2 wt.% Cr,
3.5 wt.% V, 1.55 wt.% N, 1.1 wt.% Mo, 0.36 wt.% C, 0.3 wt.% Si, and 0.3 wt.5 Mn. It is
difficult or impossible to detect the minor elements in the passive films on this steel by a
conventional XPS instrument. Benefited from the advanced instrumentation at the HIPPIE
beamline and the effort to optimize the measurement, the AP-XPS spectra of O 1s, N 1s,
V 2p, Cr 2p, and Fe 2p all provided valuable information about the passive film. The data
quality of the spectra was sufficient for deconvolution fitting to determine the thickness
and composition of the hydroxide layer, oxide layer, and underlying metallic layer. The N
1s spectra can be deconvoluted into CrN, VN, and N-H components, while the V 2p spectra
can be deconvoluted into V2+, V3+, and V4+ oxide components (see Figure 6 below).

The detailed quantitative AP-XPS data analysis revealed the changes in the hydroxide
layer, the oxide layer, and the underlying metallic layer caused by the increased anodic
polarization potential, and there are differences in the passivation behavior between the
samples austenitized at 1010 ◦C and 1080 ◦C. Overall, the results indicate that the passive
film comprises Cr3+, Fe2+,3+, and V2+,3+,4+ oxides as the inner layer, and Cr3+ and Fe3+

hydroxides as the outer layer. Austenitization at 1080 ◦C (rather than 1010 ◦C) and anodic
polarization facilitate the transformation of CrN to Cr2O3 in the surface layer, leading to
further enrichment of Cr3+ oxide in the passive film. This provides a higher stability of the
passive film and, consequently, a higher corrosion resistance [94].
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Figure 6. High resolution AP-XPS spectra of core levels of N and V for the 1010 ◦C (left column) and
1080 ◦C (right column) austenitized samples after exposure under different conditions. (a,b) N 1 s
spectra showing Cr-N, V-N, and N-H components. (c,d) V 2p spectra showing V2+ and V4+ oxides
and V3+ nitride/oxide [94].

5. HAXPEEM Mapping of Passive Films on Heterogeneous
Industrial Alloys

Advanced industrial alloys are often intrinsically heterogeneous, consisting of multiple
phases and different types of intermetallic particles (IPMs). It is anticipated that the passive
films on the surfaces of such alloys are also heterogeneous; however, it is difficult to reveal
this heterogeneity since local analysis is required to access chemical information on the
passive films associated with different phases and IMPs [95]. Different approaches have
been used to gain local chemical information of passive films on individual phases, e.g., AES



Corros. Mater. Degrad. 2025, 6, 56 12 of 25

analysis during local ion sputtering [96,97], selective etching of one phase and analyzing
the remaining phase by XPS [98], preparing single-phase materials of similar chemical
composition, and performing XPS analysis [99]. However, some approaches do not provide
chemical state information on the alloying elements, while others may introduce artifacts
due to sample preparation [95]. A more suitable method is needed for local analysis of
such passive films.

HAXPES has now matured into a well-established surface analytical technique with
bulk sensibility due to the larger escape depth of the highly energetic electrons. To enable
HAXPES studies with high lateral resolution, a dedicated energy-filtered HAXPEEM has
been developed, operating with electron kinetic energies of up to 10 keV, and placed at
the beamline P22 at PETRA III, in DESY, Germany. The technique can access site-specific
chemical information with a spatial resolution of up to 1 µm and depth information ranging
from a few nanometers to a few tens of nanometers. It is based on the NanoESCA design
and also preserves the imaging and spectroscopic performance in the low and medium
energy ranges. In this way, spectromicroscopy can be performed from threshold to hard
X-ray photoemission [100].

By utilizing the P22 beamline at PETRA III at DESY, we have performed synchrotron
HAXPEEM measurements of a 25Cr-7Ni super duplex stainless steel to analyze the native
air-formed oxide and anodic passive film on the austenite and ferrite phases [101]. Prior to
the measurement, by using the facilities at DESY NanoLab [102] and an established proto-
col, Pt fiducial makers were deposited on the surface of the samples in a dual-beam focused
ion beam FIB-SEM instrument to mark the region of interest (ROI) of ca. 200 µm × 200 µm,
representative of the whole microstructure. This enables easy finding of the ROI utilizing
UV imaging for subsequent HAXPEEM measurements before and after ex situ electro-
chemical polarization, and later re-access the ROI for SEM/EBSD characterization to gain
complementary microstructure information. This enables us to establish a one-to-one
correlation between the analyzed site and the microstructure feature. The procedures for
the HAXPEEM measurement are schematically shown in Figure 7.

Based on the HAXPEEM results and EBSD information, XPS spectra of Fe and Cr
could be extracted from similar-sized single grains of the ferrite and austenite phases
(Figure 2 in [101]), and analyzed to gain the Fe and Cr composition of the passive film
formed on the grains and their changes due to the anodic polarization. The results revealed
the certain differences in the native oxide film formed on the grains and also in the passive
film formed after the anodic polarization, i.e., the native oxide film on the (001) ferrite
grain contained more Cr2O3 than that on the (001) austenitic grain; anodic polarization up
to 1000 mV/Ag/AgCl in 1 M NaCl solution resulted in a growth of the Cr- and Fe-oxides,
diminish of Cr hydroxide, and an increased proportion of Fe3+ species [101].

Moreover, a significant effort was made to identify several tens of individual grains
of the ferrite and austenite phases, respectively, for statistical analysis of the HAXPEEM
data [103]. Figure 8 shows the selected grains used for the data analysis. The XPS data were
extracted and summed up to establish the average passive film thickness and composition
of the passive film, representing the average of all measured grains of the same orientation
and same phase, the average of the three orientations ((001), (101) and (111)) of the same
phase, and the average of all the analyzed ferrite and austenite grains, respectively. The
averaged results show that the passive film on this super duplex stainless steel consists of
an oxide inner layer and an oxyhydroxide outer layer, totaling 2.3 nm in thickness, with
the Cr content being higher in the outer layer than in the inner layer. Some variations in
the composition of the passive films among the grains become hidden by the averaging.
Nevertheless, the HAXPEEM results reveal that the Cr content in the passive film is higher
on the ferrite than on the austenite. On the grain level, the thickness of the oxide layer
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is rather uniform, whereas it varies significantly for the oxyhydroxide layer. The grain
orientation has a small but detectable influence on the Cr content, especially in the outer
layer of the passive film. Ferrite (111) grains have a lower Cr content than other ferrite
grains [103].

Figure 7. Procedures for the HAXPEEM measurement: (a) deposition of Pt fiducial markers using
FIB-SEM to define the ROI, (b) finding the ROI in UV mode for subsequent PEEM measurement,
(c,d) imaging the ROI in photoemission mode and defining a measurement area (half-moon) to collect
local spectroscopic information with a pinning of 1 µm × 1 µm size (mesh), (e) characterization of
the ROI using EBSD for allocation of crystallographic information, and (f) extracting the XPS spectra
associated with the local microstructure as shown by an example on the ferrite and austenite grains
with (001) orientation before and after anodic polarization in 1 M NaCl [101].

In another study of V- and N-containing martensite stainless steel with a complex mi-
crostructure, HAXPEEM and HAXPES measurements were performed at the P22 beamline
at PETRA III in DESY, Germany, to analyze the native oxide film formed on the surface. In
addition, micro-XAS measurements of the same samples were performed at the MAXPEEM
beamline at MAX IV Laboratory in Sweden, which offers in situ heating capabilities, to
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study the evolution of the oxide film with varying tempering temperatures. The results
from the combined synchrotron X-ray spectroscopy/microscopy measurements reveal
nanoscale chemical inhomogeneity in surface oxide films associated with the micro- and
nano-sized Cr- and V-nitrides present in the microstructure, and the changes due to the
heating up to 600 ◦C relevant for tempering heat treatment [104]. In this study, three Pt
fiducial markers defined the ROI with micron- and submicron-sized precipitated nitride
particles. The ROI could be observed in PEEM mode under UV light, and HAXPEEM was
measured at a 4 keV photon energy with a lateral resolution of 0.5 µm. In XPS mode, spectra
over a narrow energy range of Fe 2p, Cr 2p, V 2p, and N 1s were measured consecutively,
with an energy resolution of 1 eV, which is necessary to collect sufficient data to show
spatial resolution within small areas. The Pt 3d spectrum was measured for calibration
of the binding energy. Then, the sample was taken out from the HAXPEEM chamber,
transferred to the HAXPES chamber, and measured at 6 keV with a step width of 0.05 eV
and a high energy resolution of 0.23 eV for a large surface area, including the ROI. The
XPS peak identification and spectra fitting were performed based on the high-resolution
HAXPES results, which were used to assist in the quantification of the HAXPEEM signals
originating from different regions of the imaged surface, as exemplified in Figure 9. By
combining both results, one can achieve a high spatial resolution while compensating for
the lack of energy resolution of HAXPEEM. The photon energies used for the HAXPES and
HAXPEEM measurements were 6000 and 4000 eV, respectively, resulting in probing depths
of approximately 19 and 11 nm, respectively, which is approximately five or four times the
passive film thickness. This implies that the detected signals originate from both the surface
oxide film and the underlying metallic layer, including the nitride particles. In short, the
HAXPEEM results reveal that the oxide film composition is different on the surface of
the martensite matrix, the Cr nitrides, and the V nitrides. Although the signal intensity
is relatively low due to the nano-scaled areas, the difference in the intensity between the
matrix and second phase particles is significant, showing less Fe oxides on the second
phases, but more Cr oxides on the Cr nitride particles.

Figure 8. (a) EBSD phase image of the measured area with the austenite phase marked in blue
and ferrite phase in red, and the grains selected for analysis are numbered and marked in white.
Grains 1–22 are austenitic and 23–58 are ferritic. The crystallographic orientation of each grain is
shown in the inverse polar figure in (b), with austenite grains marked as blue squares and ferrite
grains as red triangles [103].



Corros. Mater. Degrad. 2025, 6, 56 15 of 25

 

580 578 576 574 572 570

 CrN-domain region
 martensite matrix
 VN-domain region

In
te

ns
ity

 (
i.u

.)

Binding Energy (eV)

Cr 2p 3/2

Cr0

Cr2-N

Cr-N
CrIII-O

CrIII-OH

(a)

518 516 514 512 510

In
te

ns
ity

 (
i.u

.)

Binding Energy (eV)

V 2p 3/2

V4+

V
V2+

VN
V5+

 CrN-domain region
 martensite matrix
 VN-domain region

(b)

714 712 710 708 706 704

In
te

ns
ity

 (
i.u

.)

Binding Energy (eV)

Fe 2p 3/2

Fe0

Fe5C2

Fe3C

FeII-O
FeIII-OFeIII-OH

 CrN-domain region
 martensite matrix
 VN-domain region

(c)

402 400 398 396 394

In
te

ns
ity

 (
i.u

.)

Binding Energy (eV)

N 1s

N-Cr
N-V/Cr2

N-H

N-C

 CrN-domain region
 martensite matrix
 VN-domain region

(d)

Figure 9. XPS spectra of the peak 2p3/2 for (a) Cr, (b) V, and (c) Fe and 1s for (d) N obtained utilizing
HAXPEEM from the central area of the Cr nitride and V nitride domains (0.5 × 0.5 µm2). These
spectra are compared with the high-resolution XPS spectra from the HAXPES for the whole ROI to
assist the peak identification [104].

The micro-XAS measurements provided additional information on the chemical in-
homogeneity in the surface oxide films on V- and N-containing martensite stainless steel,
and the heating possibility enabled in situ monitoring of the surface film evolution with
increasing temperature. The sample was heated from ambient temperature to 400 ◦C by
radiative heating and further heated up to 600 ◦C by e-beam bombardment. In XAS mode,
spectroscopic images of Fe L-edge, Cr L-edge, V L-edge, O K-edge, and N K-edge were col-
lected, with an energy resolution of 0.2 eV. Each absorption image stack was aligned using
the TurboReg plugin to correct any sample drift and normalized by an image recorded in
the pre-edge region to exclude any work function contrast. Then, the micro-XAS spectra
from selected regions corresponding to different phases were exported from the aligned
and normalized image stack. The interpretation and modeling of the X-ray absorption
near-edge structure (XANES) are complicated, so it is used as a fingerprinting technique to
evaluate the evolution of the electronic structure of the specific surface area, which depends
on the chemical environment and bonding geometry. Here, due to the UHV condition and
the heating, only oxides are considered in the discussion of the micro-XAS results. For
example, Figure 10 presents micro-XAS images obtained at a photon energy of 578.2 eV and
various temperatures, along with the Cr L-edge XANES spectra extracted from the corre-
sponding regions, as indicated in the images. Detailed results and discussion can be found
in the publication [104]. Synchrotron-based HAXPEEM/HAXPES, in combination with
micro-XAS measurements, enabled, for the first time, detailed analyses of thin oxide films
formed on micron- and nanoscale secondary phase particles within the martensitic matrix.
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Figure 10. Micro-XAS images at a photon energy of 578.2 eV and corresponding Cr L-edge XANES
spectra extracted from the martensite matrix (green), V nitride-rich region (orange), and Cr nitride-
rich region (gray), respectively, of the V- and N-containing martensite stainless steels at ambient
temperatures of 200, 400, and 600 ◦C. The colored circles on the images indicate the marked regions
from which the spectra were extracted [104].

6. Combined Synchrotron X-Ray Techniques for Operando Study of
Passive Film Degradation

Passivity breakdown of Fe-base and Ni-base alloys is commonly believed to occur at a
fixed potential (so-called breakdown potential) due to further oxidation of the stable Cr3+

in the passive film to soluble Cr6+ species. However, in electrochemical measurements, the
increased anodic current due to oxygen evolution at high potentials may be misleading in
the interpretation of the measured polarization curves. We have employed synchrotron-
based XRD, XRR, and XRF techniques in a single experimental setup, operating in situ
under electrochemical control, to study the passivity and breakdown of 2507 DSS in 1 M
NaCl solution. Operando synchrotron X-ray measurements were performed at the ID03
beamline of the European Synchrotron Radiation Facility (ESRF) in France. The XRD in
grazing incidence geometry probed the change in crystalline structure in the near-surface
region, including the passive film and the underlying alloy layer. The XRR provided
information on the thickness and density of the passive film. At the same time, the XRF
detected the dissolved metal ions in the corrosive solution in the vicinity of the sample
surface, all in real time. The applied potential was stepwise increased from the open-
circuit potential, through the passive region, up to a high value of 1.4 V/Al/AgCl, where
fast O2 evolution reaction occurs. Schematic illustrations of the experimental setup and
the detailed measuring procedures are shown in the publication [105]. The combined
XRR, XRD, and XRF results demonstrate that the passivity breakdown is a continuous
degradation of the passive film over a specific potential range, accompanied by enhanced Fe
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dissolution before rapid Cr dissolution, caused by an increased potential. The breakdown
process involves structural and compositional changes in both the passive film and the
underlying alloy surface layer, as well as selective metal dissolution depending on the
applied potential [105–107]. The passivity breakdown of the 2507 DSS started to occur
around 1000 mV/Ag/AgCl, and Fe dissolved more from the ferrite than the austenite. Upon
further increasing the potential, the passive film became thicker but less dense. In contrast,
the underlying alloy surface layer became denser, indicating enrichment of Ni and Mo, and
rapid Cr dissolution occurred at potentials greater than or equal to 1300 mV/Ag/AgCl [105].
These findings are schematically illustrated in Figure 11 below, which shows the different
processes occurring in various potential regions.

Figure 11. Schematic summary of the key findings. Increasing arrow width indicates enhanced
dissolution with increasing potential. Selective dissolution of the ferrite (δ) is illustrated as a recession
in the vertical direction of the δ phase in comparison with the austenite (γ). The arrow thickness
indicates the extent of dissolution [105].

Furthermore, we have utilized several synchrotron X-ray techniques in combination
to study the transpassive behavior of three Ni-base superalloys. The in situ integrated
GI-XRD, XRR, and XRF measurements were performed at the Swedish Materials Science
beamline P21.2, while in situ XANES measurements were performed at the advanced XAFS
beamline P64, both at DESY, Germany. The in situ AP-XPS measurements were performed
at the HIPPIE beamline at MAX IV, Sweden, using the electrochemical end station. The
results from Alloy 59 are reported in a recent publication [108]. Due to the electrocatalytic
activity of the Ni and Mo components, OER starts to take place on the surface of the
alloy at a certain applied potential, giving rise to a largely increased anodic current. It
has been challenging to gain a fundamental understanding of the various chemical and
electrochemical processes occurring on the surface within the transpassive potential region.
In this study, we conducted a comprehensive in situ investigation of the surface region
of Alloy 59 immersed in NaCl solutions during electrochemical polarization at stepwise
increased anodic potentials. XRR and AP-XPS were employed to investigate the thickness
and chemical composition of the passive film. GI-XRD was used to determine the change
in the metal lattice underneath the oxide film. XRF was used to quantify the concentration
of dissolved elements in the electrolyte. XANES was used to study the chemical state of the
species dissolved into the electrolyte and the chemical state of corrosion products formed
on the surface. Figure 12 schematically illustrates the experimental synchrotron techniques.
Combining these techniques enabled us to study the corrosion process, detect passivity
breakdown in situ, and correlate it with the onset of the OER from data measured in the
NaCl solution.
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Figure 12. Schematic representation of the combination of experimental techniques. The orange
atoms represent the metal, blue represents the metal cations, and red represents the oxygen anions in
the oxide layer. XRR, XRF, and GI-XRD were integrated into one experimental setup. XANES and
AP-XPS were measured in separate experiments [108].

The multi-analytical in situ synchrotron measurements have generated comprehensive
results of the Ni-base alloy subjected to anodic polarization up to high potentials in the
transpassive region. For example, Figure 13 illustrates the composition and thickness of
the surface oxide film in the passive range, calculated from the AP-XPS data and plotted
against the potential, as shown in Figure 13a,b. The oxide film is enriched in Cr3+ oxide at
OCP and grows thicker and becomes enriched in Mo6+ oxide. The hydroxide layer also
grows thicker. The steady-state oxide thickness is smaller at pH 2 than at pH 7 within
the passive range. XRR was also used as a complementary method to quantify the oxide
thickness under operando conditions, and the data are given in Figure 13c,d, showing
the difference in oxide thickness for the different pH values, which is consistent with the
AP-XPS results.

Figure 14 illustrates the quantification of metal dissolution and the chemical state
of the dissolved products. The in situ XRF measurements detected pronounced metal
dissolution at potentials above 900 mV. The dissolution rate increases at higher anodic
potentials, and the base metal Ni exhibits the highest dissolution rates, as shown in the top
panel of Figure 14a. This demonstrates that passive film breakdown occurs at potentials of
900 mV or higher. The in situ XANES reveals the chemical state of the dissolved species, as
shown in Figure 14b, where the experimental data from the electrolyte are represented by a
thick black line and measured references are depicted in thin colored lines. Compared to
the reference spectra, the experimental XANES data suggest that Ni dissolves as Ni(OH)2,
Cr dissolves as Cr(OH)3, and Mo dissolves as MoO3. For highly alloyed steels and Ni
alloys with lower Mo content, the potential for the onset of dissolution is close to the
transpassive breakdown potential, where stable Cr3+ oxide species can be further oxidized
to soluble Cr6+ species. However, in this study, the observed onset of dissolution occurs at
much lower potentials than the classical breakdown potential. This suggests that another
mechanism for the observed low-potential metal dissolution is coupled with the OER. The
evidence for a significant OER contribution to the electrochemical current can be observed
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when comparing the dissolution current density to the total measured current density, as
shown in the bottom panel of Figure 14a. The dissolution current is calculated from the
in situ XRF data, which is lower than the total measured current. The difference between
them is attributed to the current association with OER.

Figure 13. (a) Oxide and hydroxide thickness in 0.1 M NaCl at pH 7 and pH 2, calculated from the
AP-XPS data. (b) Oxide composition extracted from the AP-XPS data. (c) Fitted in situ XRR data
obtained at OCP and under polarization at 400 and 600 mV vs. Ag/AgCl in 1 M NaCl at pH 7 and
pH 2. (d) Oxide thickness extracted from the XRR data. (e) Alloy layer thickness from the XRR data.
(f) Schematic model of the surface region [108].

Figure 14. (a) (Top) Metal dissolution rate calculated from in situ XRF data. (Bottom) Dissolution
current density and OER current density, compared to the total current density. (b) Chemical state
determination of the dissolved species using in situ XANES (only for pH 7). Spectra of references are
also shown for comparison [108].

In summary, by combining these synchrotron-based X-ray techniques and electro-
chemical methods, we demonstrate that the Ni–Cr–Mo alloy exhibits activity toward OER,
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resulting in a current increase and gas bubble formation at relatively low overpotentials
compared to other highly corrosion-resistant alloys. The Ni–Cr–Mo alloy exhibits a stable
passive film in the NaCl solution until the onset of OER. At the onset of OER, the passive
film begins to degrade. In contrast, catalytically active Mo4+ oxide sites within the oxide
film are further oxidized into Mo6+ complexes, which are dissolved and partly redeposited
on the surface during the catalytic OER cycle. This results in the breakdown of passivity
and the dissolution of Ni and Cr ions without a change in their oxidation state compared
to that in the oxide film. This interplay between OER and material degradation makes
simple electrochemical assessment and accelerated industrial tests of Ni alloys question-
able. The role of OER must be considered when evaluating the degradation of catalytically
active alloys.

7. Conclusions
Passive films formed on various alloys have been extensively studied, and our un-

derstanding of the formation and stability of these films has been significantly enhanced
thanks to the development and application of advanced analytical techniques. Synchrotron
radiation generates high-brilliance, monochromatic, and collimated beams for various
X-ray techniques, such as XPS, AP-XPS, HAXPES, HAXPEMM, micro-XAS, GI-XRD, XRR,
and XRF, all of which can be used for analyzing passive films on industrial alloys. Modern
synchrotron facilities, equipped with advanced X-ray techniques, offer unprecedented
possibilities for detailed analysis of passive films. The high intensity (several magnitudes
higher than X-ray tubes) and tunable energy of synchrotron X-beams enable XPS studies
of the surface layers of multi-element industrial alloys with high sensitivity and spatial
resolution, and allow for in situ and operando studies of passive films in gaseous/aqueous
environments, as well as in electrochemical systems.

Our recent publications demonstrate that synchrotron XPS measurements provide
high-quality data, allowing for detailed quantitative analysis of the thickness and com-
position of the hydroxide and oxide layers in the passive film, as well as the underlying
alloy layer. Synchrotron AP-XPS measurements enable in situ studies of the changes in the
passive film and underlying alloy layer caused by electrochemical polarization, providing
unique information about the transformation of the passive film from its passive state
to transpassive breakdown and the role of specific alloying elements. Synchrotron HAX-
PES/HAXPEEM, combined with micro-XAS measurements, enables microscopic analyses
of the passive films formed on heterogeneous alloys with a complicated microstructure
(multiple phases and IMP particles), revealing micro- and nanoscale inhomogeneity in the
passive films and the effects of heat treatments. Moreover, a combination of several in situ
synchrotron techniques, including GI-XRD, XRR, XRF, AP-XPS, and XANES, enables a com-
prehensive electrochemical operando study of the transpassive breakdown of super duplex
stainless steel and the complex transpassive processes on Ni-base superalloys, involving
both corrosion and electrocatalytic reactions. The increasing accessibility of synchrotron
facilities encourages the use of state-of-the-art synchrotron techniques in the study of the
formation, stability, and degradation of passive films on advanced industrial alloys, aiming
to achieve a deep fundamental understanding of the passivity and corrosion resistance of
these alloys.
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