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A B S T R A C T

Understanding the initial oxidation pathways on binary Ni-Cr surfaces is import for alloy development and
rational design. The early-stage oxidation of Ni-22wt% Cr is studied in-situ and in-operando with synchrotron-
based x-ray photoelectron microscopy (XPEEM) and x-ray photoelectron spectroscopy (XPS) at 500 ◦C and ox-
ygen exposure from 0 to 65 Langmuir. Preferential Cr oxidation is accompanied by Cr depletion in the alloy.
Analysis of XPEEM timeseries and hyperspectral datasets presented the combined challenge of large datasets and
varying image background. Hyperspectral data was approached using a combination of data dimensionality
reduction techniques including principal component analysis (PCA), non-negative matrix approximation
(NNMA), cosine similarity (CS), and tiling. These methods deliver spatially resolved chemical identi;cation and
extract the evolution of oxide island distribution over time. XPEEM timeseries thresholding shows that chromia
islands are embedded in a thinner layer of oxidic Cr components, and larger islands emerge at ~30 L. Their
growth rate and size distribution differs markedly for (104) and (212) surfaces studied here. The layer-plus-
island growth mode is reminiscent of a Stranski-Krastanov type growth and increases the oxide layer hetero-
geneity. This work demonstrates a local-background framework for island identi;cation and the utility of PCA,
NNMA, and cosine similarity for analysis of XPEEM datasets.

1. Introduction

Ni-Cr alloys are classi;ed as superalloys and resist oxidation due to
the formation of a stable oxide layer that limits internal oxidation at
high temperatures and promotes passivity in aqueous corrosion.[1–4]
The initial stage of oxidation where the Ni-Cr alloy surface is trans-
formed to an oxide establishes the conditions for the subsequent
steady-state behavior.[1] Recently there has been a signi;cant experi-
mental thrust to understand the early oxidation stages at the surface at
different temperatures and oxygen exposures.[5–9] The pursuit of a
comprehensive understanding of the chemical, structural, thermody-
namic and kinetic factors which control these initial reaction steps is
therefore highly relevant. The study presented here closes a gap in un-
derstanding of early oxidation[10,11] by using operando experiments
that access the time evolution of the oxide from alloy to thin oxide layer.
The initial oxidation process is accessible using surface science

experimental methods, many of which were developed to study crystal
growth, and catalytic reactions. The focus of the present work is the use
operando x-ray photoemission electron microscopy (XPEEM) to observe
the alloy transformation during the initial steps of oxide formation.

The competition between Ni and Cr oxide formation is one of the
central questions in binary Ni-Cr oxidation studies.[11] For alloy design,
a critical concentration limit of the passivating element(s) in the alloy,
which forms the desired protective oxide (Cr2O3 for Ni-Cr alloys), is
empirically targeted. Above this limit, the protective oxide forms a
closed layer and thus performs as intended. For the Ni-Cr alloy the
critical Cr concentration is about 14–16wt% for thermal oxidation, and
the work here uses a Ni-22wt%Cr alloy that is well above this limit.[12,
13] Oxidation of the pristine Ni-Cr alloy surface proceeds from
adsorption of oxygen, where surface reconstructions can occur. After
adsorption of oxygen at the surface, the growth of 2D oxides (surface
oxides) commences and is followed by 3D growth of oxide nodules and
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islands. Thermodynamically, the formation of Cr2O3 is preferred over
NiO but kinetic factors such as epitaxial growth and limited transport of
Cr through the alloy, can promote NiO. For example, NiO preferentially
and rapidly nucleates at step edges because of epitaxial matching at the
interface.[6,14,15] For temperatures below ~700 ◦C the Cr diffusion
from the bulk is limited,[1,16] but recent work by Larsson et al.[17]
shows that for temperatures> 400 ◦C[16] the Cr2O3 contributions to the
oxide increase signi;cantly in the early stages of growth. A recent
low-temperature (200 ◦C) oxidation study by Volders et al.[10] illus-
trates the severely diffusion-limited case where only Cr from very few
atomic layers is available for oxide formation.

Additionally, Ni-Cr based superalloys display good aqueous corro-
sion performance and are resistant to breakdown in chemically aggres-
sive environments, such as salt water. The primary passivation of binary
alloys in aqueous environments follows different reaction pathways,
[18] but many alloy characteristics such as alloy composition, critical Cr
concentration, and the surface orientation inMuence the passivity of the
oxides and hydroxides that form at the surface.[19,20] The nature of the
early-stage passive ;lm that forms on Ni-Cr alloys is complex and further
improvements can be achieved by adding minor alloying elements
speci;cally Mo and W.[3,19,20] Accordingly, binary Ni-Cr alloys have
emerged as model systems for building a comprehensive understanding
of the early stages of oxidation and corrosion.[10,11,21,22] These
studies highlight the important role that Ni-Cr based superalloys have in
assisting the oxidation and corrosion communities in building a com-
plete understanding of the protective oxides that grow at their surfaces.

The initial steps of oxidation can be framed using models developed
for thin-;lm nucleation and growth.[4,6,23] The interplay between
surface and interfacial energies, strain, diffusion, Ehrlich-Schwoebel
barriers, and nucleation processes de;ne the respective growth modes
such as island (Frank-van der Merwe), island-layer (Stranski-Krastanov),
and layer-by-layer (Vollmer-Weber) growth modes. [24,25] The
continued growth, once a complete oxide layer is present, can generally
be described by Mott-Cabrera then Wagner kinetics connected to the
point defect model.[1,26] Adding complexity is the possibility of
sub-surface nucleation of oxide on the more open surfaces where oxygen
atoms can reach higher coordinated sub-surface sites.[23] It is expected
that the crystallographic orientation of the Ni-Cr alloy inMuences the
oxide formation and performance, which has been shown in a compar-
ison of Ni-Cr(100) and (111) by Blades et al.,[6,8] and experiments in
aqueous corrosion by Gusieva et al.[19] The varied nature of interfaces
in aqueous passive ;lms, which can be crystalline and epitaxial[27,28]
or disordered,[29] makes it dif;cult to quantify and understand the role
of crystallographic orientation in this context. With respect to
high-temperature oxidation, Ni(100) and Ni-Cr(100)[7] oxidation is
particularly interesting since it relates the initial adsorption reaction to
oxide nucleation via a surface reconstruction: The pure Ni(100) surface
adopts a c(2×2)-O surface reconstruction which initiates step edge
faceting, and reduces the nucleation sites for NiO causing delayed
nucleation kinetics.[7,30–33] The addition of Cr disrupts this recon-
struction on Ni-Cr (100)[34] and removes the kinetic limitation leading
to rapid NiO growth.

To date, much of the experimental data gathered on early-stage
oxidation use x-ray photoelectron spectroscopy (XPS)[35,36] and
x-ray absorption spectroscopy (XAS) to unravel the chemistry and
bonding, and scanning tunneling microscopy (STM) and spectroscopy
(STS) as a local probe for topography and electronic structure.[3,5,9,37]
Operando and in-situ investigations are gaining in importance and add
information on the oxide evolution such as the operando TEM studies by
Luo et al. [37] and deoxidation of steel by Zhu et al.[38] High resolution
probes of early oxidation have uncovered not only details on the oxide
growth,[7,36] highlighting deviation from known models,[39] but also
showed signi;cant nanoscale heterogeneities including islands during
oxidation ranging from 450 to 1100̊C.[15,22,40,41] Speci;cally, the
local Cr distribution that evolves during early-stage growth is proposed
to impact the steady-state growth of the oxide layer.[42] A

comprehensive understanding of these initial reaction steps is pursued
using synchrotron-based XPEEM. XPEEM has also been used to study
thin ;lm growth,[43] oxidation and deoxidation of stainless steel,[38,
44–46] and early oxidation of Ni(111) surfaces.[39] The study pre-
sented here closes the gap in understanding of how the early oxide
evolves using operando surface-science methods. XPEEM offers unique
insight in the early stages of oxidation by combining high spatial reso-
lution with local chemical information and near-video rate monitoring
of surface processes.

Moving past single-crystal to real-world polycrystalline systems
helps explain the role of crystallographic orientation and the impact of
grain boundaries on initial oxidation. The work presented here leverages
operando XPEEM to observe the alloy to oxide transformation simulta-
neously on two grain surfaces with different crystallographic orienta-
tion. This work is complemented by in situ XPS measurements, and
development of image analysis and processing code speci;cally for
XPEEM datasets. Complementary XPS studies con;rm the exclusive
formation of chromia. The Cr content in the alloy is above the critical
limit for a Cr-dominated oxide, and Cr diffusion from the bulk is not yet a
limiting factor at these exposures and temperatures. Results from data
dimensionality reduction in combination with the cosine similarity
deliver quantitative chemical information for each pixel and enable
reliable thresholding for measuring nucleation densities. The new
combination of data analysis and experimental techniques enables
tracking of the oxide layer growth in operando. The oxidation progres-
sion begins with the formation of an oxygen adsorbate and a thin oxidic
layer, followed by the emergence of well-de;ned chromia islands. This is
reminiscent of a combined layer-island growth mode,[23] and the
density, spatial and size distribution of the chromia islands differs be-
tween the two surfaces. [23]

2. Experimental

Herein the oxidation of polycrystalline Ni-22Cr and the emergence of
oxide islands is studied using XAS (X-ray absorption spectroscopy) and
photoelectron valence band spectroscopy (VB-PEEM). Individual grains
in the alloys are identi;ed prior to the XPEEM experiment using EBSD
(electron backscatter diffraction) and the crystallographic orientation is
con;rmed with LEEM (low energy electron microscopy). In this work
two grains with (104) and (212) surfaces and the grain boundary be-
tween them are observed. The oxidation is performed at 500̊C and
pressure of p(O2)= 7.5× 10−9 Torr with an exposure steps up to a total
exposure of 65 Langmuir, which allows for direct observation of the
oxidation process. A Langmuir (L) is a unit of exposure and corresponds
to exposure for the time of 1 s at a pressure of 10−6 Torr. The resulting
datasets include hyperspectral XAS maps and time-series images. For the
time series study, tools are developed to mitigate uneven illumination
within the ;eld of view and to segment the oxide islands. The hyper-
spectral images are interrogated with data dimensionality reduction
techniques principal component analysis (PCA) and non-negative matrix
approximation (NNMA).

Alloy Preparation: The alloy sample with Ni-22wt%Cr composition
was arc-melted, cast, cold rolled, solutionized at 1300 ◦C for 1 h,
recrystallized at 800 ◦C for 48 h, then sectioned. The polycrystalline Ni-
22wt%Cr alloy sample was subsequently annealed for 150 h at 1150̊ C to
increase the grain size while retaining a single-phase FCC alloy. Speci-
mens were polished with SiC grinding paper, then a diamond slurry, and
;nished with 0.05mm colloidal silica. Fiducial markers were placed on
each sample using a Vickers microhardness indenter. For the sake of
brevity, Ni-22Cr is used to denote the alloy composition moving
forward.

Alloy Characterization: The orientation of the grains was character-
ized via electron backscatter diffraction (EBSD) using an FEI Helios G4
UC dual-beam scanning electron microscope equipped with an Oxford
Instruments Symmetry camera. A 3× 3 montage of EBSD scans were
performed on each specimen at a magni;cation of 50× using step sizes
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between 5 and 10 μm, an accelerating voltage of 20 keV, and probe
current of 3.2 nA. Inverse pole ;gure maps for each scan were calculated
using the Oxford Aztec software. The location of the XPEEM experiment
section, as shown in Fig. 1, was identi;ed through comparison with the
EBSD map: images with successively smaller magni;cation in MEM
(mirror electron microscopy) mode in the XPEEM were matched to
features of the grain boundary, shape of adjacent grains, and position of
;ducial markers in the EBSD map. In addition to the grain boundary, a
few polishing grooves are still visible in the XPEEM image. From the
EBSD measurements the orientation of the grains can be assigned as
following: the top grain surface is the (212) plane, and the bottom grain
surface is the (104) plane. Their orientation was con;rmed with LEEM
(low energy electron diffraction microscopy). Fig. 1 also shows struc-
tural models of the (212) and (104) surfaces, which include terraces
with a width of 0.74 nm and 0.70 nm, respectively.

XPEEM Experiment and Sample Preparation: The Ni-22Cr sample was
studied at the MAXPEEM endstation at the MAX IV synchrotron facility
(Lund, Sweden) with an optimal X-ray spot size of 20–30 µm.[47] The
experiment is conducted with an Elmitec III LEEM.[47,48] The sample
was introduced to the preparation chamber with a base pressure of
1.2 × 10−10 Torr. The native oxide was removed by annealing for 1.25 h
at 600 C̊ and Mash annealing for 10 s at 700–800 C̊ for 18 cycles.
Cleanliness of the surface was con;rmed with XPS (x-ray photoelectron
spectroscopy) in the XPEEM setup, and only traces of oxygen remained.

Oxidation Conditions The total oxidation with 65 Langmuir (L)
exposure to oxygen was conducted on the clean alloy surface at 500 C̊
and was divided into three time series videos which show the evolution
of the surface oxide at p(O2) = 7.5 × 10−9 Torr.[49] The oxidation
conditions for the operando experiments are: 1st oxidation: + 5 L
(11 min) of exposure; 2nd oxidation: + 15 L (33 min) for a total of 20 L
of exposure; 3rd oxidation + 45 L (99 min) for a total exposure of 65 L.
In between the time series hyperspectral images of the L-edge for Ni and
Cr were recorded and deliver two distinct set of data: (a) in-situ hyper-
spectral images, and (b) operando single-energy time series.

XPEEM Datasets: XPEEM was used to record the evolution of the
surface in operando by monitoring the Cr L3-edge at a single energy of
577.5 eV with µ-XAS (x-ray absorption) measured using energy-;ltered

secondary electron yield.[47] This energy is positioned on the Cr2O3
peak within the Cr L-edge which also includes contributions from the
metal Cr(0). The single energy time series delivered a total of 952 im-
ages, each capturing 8.63 seconds, which corresponds to approximately
0.07 L of exposure per image. A photon energy of 577.5 eV at the Cr
L3-edge was used since it aligns with the Cr2O3 feature; no such distinct
peak is available on the Ni L3-edge. µ-XAS hyperspectral mapswhere each
pixel corresponds to a single XAS spectrum, were recorded for the Cr- as
well as the Ni L-edge. Valence band spectra (VB-PEEM) were measured
in photoemission mode with a photon energy of 100 eV. The hyper-
spectral maps were recorded at 5, 20 and 65 L of exposure for the L-edge,
and the valence band (VB) spectra hyperspectral images were measured
at 20 and 65 L exposure. The probing depth of XAS for Cr is between 5
and 15 nm [50] and in the valence band spectra only the top 1–2 nm of
the surface is probed. The spatial resolution was 25 nm per pixel for
1024 × 1024 pixel images (corresponding to 2 ×2 detector binning) and
50 nm per pixel for 512 × 512 pixel (corresponding to 4 ×4 detector
binning) images covering a total area of 25.6 × 25.6 µm2.

XPS - Replica Experiment: The oxidation experiment was replicated in
a laboratory XPS system using the same sample, sample preparation
protocols and oxidation conditions. This affords quantitative informa-
tion about elemental concentrations and chemical species in alloy and
oxide. The XPS instrument is a Scienta OmicronMultiprobeMXPS with a
monochromatic Al-Kα x-ray source (hν = 1486.7 eV) and core levels
were recorded with a pass energy of 20 eV and step size of 0.05 eV. The
instrument was calibrated using Au 4 f7/2 at 84.0 eV. The O 1 s, C 1 s, Ni
2p3/2, and Cr 2p3/2 peaks were measured before oxidation, after 20 L,
and after 65 L of oxidation at p(O2) = 7.5 × 10−9 Torr. The XPS mea-
surement area is on the order of 1 mm2 and therefore averages over
several grains.

2.1. Data analysis

Fig. 2 includes a Mow chart summarizing the image-analysis process
from data acquisition to interpretable datasets. The analysis is split into
two branches: the in-situ, µ-XAS hyperspectral images (Fig. 2.A) and the
operando single energy time series (Fig. 2.B). The time series were

Fig. 1. (a) EBSD map of the Ni22Cr surface before oxidation; (b) the area of interest marked in (a). (c) XPEEM mode image taken in-situ of the region of interest
before oxidation. The XPEEM experiment area was identi;ed by using successively smaller magni;cation and feature matching of grain boundary and shape of
adjacent grains to EBSD. (d) and (e): structure model of the respective alloy surface. The terrace width is marked.
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recorded for three time-windows using single-energy[47] µ-XAS. The
photon energy was set to 577.5 eV at the Cr L3-edge since it aligns with
the Cr2O3 feature and a laboratory XPS study con;rmed that only traces
of NiO are detected under identical oxidation conditions. It is hence
suf;cient to monitor the Cr L3-edge. The videos from the time series
(Fig. 2.(a)) are available on Mendeley Data [49]. Fig. 2.(a) summarizes
the analysis of the µ-XAS hyperspectral images. They were processed by
correcting for image drift, normalizing of spectra to unit height, and
masking noisy spectra regions at the image edges. The images were then
analyzed using data-dimensionality reduction techniques, including
PCA, NNMA, and cosine similarity in combination with a linear ;t
method using reference spectra. The large number of spectra within a
hyperspectral image necessitates this approach.

Two complementary data dimensionality reduction techniques, PCA
and NNMA, were used for the hyperspectral images (Fig. 2.(a)) to
identify signi;cant compounds (metal and oxide) and to access their
spatial distribution. PCA decomposes the spectra into a set of orthogonal
components that can be linearly combined to construct the original
dataset through the relationship D = SLT, where D is the original data, S
is a matrix of scores, and L is the matrix of loadings (also referred to as
principal components).[51] The dataset is a matrix with the shape
(npixels × mvariables) where mvariables is the number of energy values in a
spectrum. Each component is a row in the loading matrix with same
dimensions as the XAS spectra (mvariables). These components are ranked
in order of importance, and typically only a few components are needed
to represent most of the variation in the data. A component is typically
determined to be signi;cant if it accounts for a signi;cant amount of
data variance, > 5 % for example. A score for each observation, the dot
product between a spectra and a component, can be interpreted simi-
larly to the concentration of that component at each pixel.[51] By
reshaping the score for each pixel into an image, variation in space and
concentration can be linked.[52] For a detailed explanation of PCA’s
application to large spectral datasets and hyperspectral images, see
excellent explanations in Beattie et al. [51] and Lerotic et al. [52]
respectively.

NNMA, unlike PCA, is an iterative method that constrains the com-
ponents, so that they follow the rules of real spectra but this means they
lose the constraints of orthogonality.[53] NNMA is also referred to as

non-negative matrix (NMF) factorization in literature,[54] and has been
used to study hyperspectral XAS images.[55] What distinguishes NNMA
used here from NMF often discussed in literature, is the addition of
sparseness constraints which yields more interpretable components but
slower convergence.[53] PCA is fast and mathematically meaningful,
but the components are dif;cult to interpret compared to reference
spectra. NNMA is relatively slow and requires prior knowledge of the
number of signi;cant components, but since it follows the same physical
rules as real spectra it is easier to interpret with respect to chemical
information. PCA was performed to determine the number of signi;cant
components and informed the choice of the prede;ned number of
components in the NNMA calculation. PCA calculations were performed
with python scripts and theMantis package, [56] and for NNMA only the
Mantis package was used. The results of PCA are discussed in the Sup-
plementary Information S3.

A linear combination of reference spectra is commonly used for XAS
analysis and has been used to determine the Cr oxidation state by
assuming that the experimental spectra are the sum of metal and oxide
contributions.[57,58] The large number of relatively noisy spectra
limited the speed and convergence of linear combination ;tting, so
cosine similarity was used. Cosine similarity is a quantitative vector
comparison metric between spectra that has been used for large XAS
datasets[59] and provides unbiased similarity metric.[60] Cosine simi-
larity is computed by the dot product of each pixel spectrum (Ni) to a
reference spectrum (Refx) and dividing by the product of these vector’s
magnitude. This is shown below in Eq. (1).

Cosine Similarity =
Refx • Ni

||Refx|| ||Ni||
(1)

Cosine similarity is more limited than linear combination ;tting[60]
but because it is computed using the dot product instead of iterative
solving methods it is easy to compute for large datasets.[61] This is
critically advantageous for hyperspectral images that contain large
numbers of noisy spectra. Before analysis of the XPEEM timeseries
(Fig. 2.A) and the hyperspectral images, several artifacts were corrected
for. The individual frames in the XPEEM time series were aligned to
correct for drift using ImageJ/Fiji.[62] Regions of the timeseries and
hyperspectral images that were too bright or too dark to analyze

Fig. 2. Schematic representation of the workMow for XPEEM image analysis for (A) hyperspectral images and (B) timeseries images.
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accurately were removed by masking parts of the center and the edges of
the images. This affected XAS spectra in the central region of the image.
This procedure is discussed in more detail in the Supplemental Infor-
mation S1. The time-series data (Fig. 2.B) were affected intermittently
by loss of focus, which can be seen in the videos [49] as a gradual loss of
resolution for short periods followed by a sharp re-focus after manual
correction, this is shown in the Supplemental Information S1. These
unfocused images are excluded from the time-series analysis which leads
to two time-gaps. The oxide island distributions from the time series
after segmentation were compared to the oxide distribution measured in
the hyperspectral images which include the complete chemical infor-
mation. Python codes used for data preparation and analysis are avail-
able on Github (github.com/keithen-orson/XPEEM_NiCr) and discussed
in the Supplemental Information.

To measure the oxide island density and size distribution in the
timeseries datasets the images must be segmented, i.e. separated into
island and background. However, segmentation solely based on a global
intensity thresholding in the as-measured timeseries images is not ac-
curate because of background intensity variations over time and space.
[47] Therefore, the images were divided into 64 × 64 pixel tiles and
these tiles were then plane leveled individually to account for varying
background intensity - see “tile and level” step marked in Fig. 2.B.
Islands could then be identi;ed by setting a local threshold. The optimal
threshold was determined to be the median+ 12.2 % of overall image
intensity. This was determined by comparing different threshold con-
ditions to annotated images using the accuracy metrics adapted rand
error, precision, and recall. Quanti;cation of segmentation accuracy is
discussed in detail in the Supplemental Information S2.

3. Results

3.1. Observations from the XPS measurements

The results from the laboratory XPS experiment are summarized in
Fig. 3 which includes the Cr 2p3/2 and Ni 2p3/2 core levels as a function
of oxygen exposure. The exposure times match the ones for XPEEM
hyperspectral images. The pre-oxidation measurement after annealing
to 600 C̊ and Mashing repeatedly to 700 C̊ con;rms that native oxide is
removed. The Cr 2p3/2 and Ni 2p3/2 core levels show the pristine alloy.
The Ni 2p3/2 peak is positioned at 853.6 eV, and Cr 2p3/2 at 574.8 eV.
[63] The changes in the Ni core level during oxidation are minute, and
only a slight increase in intensity between 856 and 858 eV indicates a
small oxide contribution. Even exposure to 120 L does not change the Ni
2p3/2 core level. In contrast, Cr oxidizes immediately and Cr2O3 is pre-
sent in signi;cant amounts even after 20 L of oxygen exposure. The
spectral shape of the Cr 2p3/2 core level is consistent with Cr(0) and
Cr2O3 and the ;t is included in Fig. 3(b). [63,64] The oxide consists
almost exclusively of Cr2O3 and the alloy surface becomes depleted in
Cr: the fraction of Ni(0) in the alloy is 78 % before oxidation, 94 % Ni at
20 L of exposure and 97 % Ni after 65 L of exposure with Cr(0) as the
balance to 100%. This is expected for oxidation at 500 ◦C where bulk
diffusion is not suf;cient to replenish the Cr used during oxide forma-
tion. Consequently, this leads to the sub-surface alloy composition
within the information depth of XPS becomes Cr de;cient.[65] The
thickness of the chromia layer is estimated via the Strohmeier formula
[66] using an inelastic mean free path of 2.1 nm for Cr2O3 and 1.6 nm
for Cr.[67] The Cr2O3 equivalent thickness, assuming a uniform layer, is
1.5 nm, and 2.2 nm after 20 L and 65 L oxygen exposure, respectively.
The near exclusive oxidation of Cr and presence of Cr2O3 supports the
choice of the Cr L3-edge in XAS for the XPEEM experiments.

Fig. 3. XPS measurements of the oxidation process showing (a) Ni 2p3/2 and (b) Cr 2p3/2 core levels with ;t including alloy and oxide peaks. For visualization
purposes the spectra are normalized to unit height and a Shirley background is removed for the Cr 2p core level. The ;t for the oxide component (blue) is the
envelope of the multiplet.
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3.2. Hyperspectral images

Fig. 4 shows the Cr and Ni L3-edge spectra extracted from the
hyperspectral images for the pristine alloy, 5 L, 20 L, and 65 L of
exposure averaged over the entire image. Reference spectra for Cr(0)
and Cr2O3 are included in Fig. 4(c). These were measured by exposing
Ni-15at%Cr to p(O2)= 10−6 torr for 50 min which is the equivalent of
4200 L [Brookhaven National Laboratory, Beamline 23-ID-2, unpub-
lished results]. This oxidation produced a thick oxide layer suitable for
use as an experimental Cr2O3 L-edge XAS reference spectrum and the
oxide ;lm thickness exceeds the information depth of the measurement.
No Cr(0) remains within the information depth in this measurement and
the alloy surface can described as completely covered with an oxide
layer. The Cr2O3 reference spectrum has no spectral weight at the Cr(0)
edge position and the shift of the edge due to the oxidation state is
readily apparent. The spectral shape, and peak positions agree with
published measurements for Cr2O3.[68] The overall progression of the
oxidation from Fig. 4(a) shows the increasing contribution from oxide
spectral features to Cr L3. The Cr L3 edge shows very little change until
an exposure of at least 20 L is reached, where a broadening at high
energy side of the L3 peak is observed. At 65 L, a second peak assigned to
Cr2O3 appears at 577.5 eV.[68] The Ni L3,2-edge (Fig. 4(b)) remains
unchanged in agreement with the XPS results, and the analysis therefore
focusses on the components at the Cr L3-edge.

Three principal components are suf;cient to describe 98 % of the
cumulative variance in the Cr L3 hyperspectral images. No chemically
distinct components aside from Ni(0) are identi;ed from PCA analysis
for Ni L3. NNMA was performed on the Cr XAS images using three
components weighted towards sparseness. The results of the NNMA
analysis are summarized in Fig. 5. Fig. 5(a) summarizes the spectra and
components. Components 2 and 3 capture the variation in the Cr L3-
edge, including the shift in edge position related to the change in
oxidation state. Component 1 appears to represent the average of all
spectra in the image, as has been observed by others for PCA and is not
speci;c to the present analysis.[51] Component 2 has a peak at 576.0 eV
and closely resembles the Cr(0) spectrum, and component 3 exhibits the
characteristic double peak of the oxide spectrum between 577.0 and
578.0 eV. The jump in intensity at approximately 584 eV in both com-
ponents is caused by an imaging artifact.

The score images of components 2 and 3 are shown in Fig. 5(b) and
(c), respectively. Brightness in the score image is the dot product be-
tween the respective component and each pixel spectrum. In the score
image in Fig. 5(b), brightness can be interpreted similarly to the con-
centration of component 3 (oxide). Fig. 5(b) shows islands that are
spectrally distinct from the surrounding surface. In the component 2
score image, Fig. 5(c), brightness can be interpreted similarly to the
concentration of component 2 (metal). Here the same islands appear
dark with a higher brightness in the surrounding background, indicating
more metallic contribution outside of the islands. A comparison between

NNMA score images and manual inspection of the measured spectra
con;rms the assignment for oxide and metal rich regions. The island
density is higher in the (212) grain and lower in the (104) grain with a
region close to the grain boundary that is only sparsely populated. A
very weak signal might indicate a contamination with Sb but this
interpretation has low con;dence. The polishing scratches and grain
boundary are more similar to component 3 Cr(0), as can be seen by their
higher relative brightness in score image 5(c).

The analysis undertaken so far indicates two chemically distinct
species, Cr(0) and Cr2O3, and cosine similarity was used to quantify the
similarity of each pixel’s L3 spectrum (570–584 eV) to Cr(0) and Cr2O3,
respectively. The pixel spectra are a mix of oxide and metal con-
tributions– PCA and NNMA allowed us to identify the number and
identity of the chemical species, and cosine similarity now offers
quantitative information from the linear combination of reference
spectra. Since only two spectra are used in the cosine analysis, a
normalized cosine similarity is de;ned and given below in Eq. (2) where
Refx is the reference spectra, Ni is the spectrum at pixel i.

Normalized CS =

Refx•Ni
||Refx| | ||Ni | |

RefCr2O3•Ni
||RefCr2O3| | ||Ni | |

+
RefCr(0)•Ni

||RefCr(0)| | ||Ni | |

=
CSiX∑CSi (2)

The cosine similarity score images representing the quantitative
contributions of Cr(0) and Cr2O3 to the Cr L-edge hyperspectral image at
65 L exposure are included in Fig. 6. Fig. 6(a) shows the construction of
synthetic spectra with linear combination of Cr and Cr2O3 reference
spectra covering the entire composition range from 100 % Cr to 100 %
Cr2O3. Fig. 6(b) includes the function relating the cosine similarity
values to the known fraction of metal and oxide in percent. The
hyperspectral images in Fig. 6(c,d) show the quantitative information
about oxide and alloy contributions to each individual pixel using cosine
similarity to oxide and oxide fraction, respectively, derived from the
function shown in Fig. 6(b).

The entire surface contains both oxide and metal contributions. The
GB and one polishing mark have < 20 % oxide which is less than the
surrounding area, while the distinct islands possess oxide contributions
exceeding 60 %. The background pixels in Fig. 6(c,d) include mixtures
of oxide and alloy. The relative contributions of oxide and alloy to all
image pixels is summarized in Fig. 7. Fig. 7(a) shows a violin plot which
visualizes the variation in oxide contribution derived from cosine sim-
ilarity, and Fig. 7(b) includes representative spectra for island and
background. It can be concluded that the surface is populated by distinct
chromia islands. These islands are surrounded by a thinner oxidic layer
which could be nanoscale islands, surface oxide (2D oxide), or O-
adsorbate regions. The oxide islands also include some alloy contribu-
tion likely because their thickness is less than the information depth of
the XAS. This agrees with the VB-PEEM and XPS observations, which
support the presence of Cr-O phases and likely also nanoparticles of

Fig. 4. XAS spectra averaged over the entire ;eld of view in XPEEM for (a) the Cr L-edge and (b) the Ni L-edge throughout the oxidation. (c) an experimental
reference for XAS spectra of metallic Cr and Cr2O3 produced by completely oxidizing Ni-15Cr for 70 min at p(O2) = 10−6 Torr at T = 500̊C to produce an exper-
imental reference for Cr2O3.
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chromia early in the oxidation process and is commensurate with our
earlier STM observations.[6–8]

The next step is thresholding and segmentation to quantify the oxide
island density and size distributions throughout the time series. Island

;nding and segmentation using PCA, NNMA, and cosine similarity
metrics produces very similar results, with a dice index of 0.98.[69] The
details of this comparison are given in Supplemental Information S4. It is
notable that the unsupervised methods, NNMA and PCA, deliver near

Fig. 5. (a) Comparison of the XAS from hyperspectral images averaged over the entire image, the reference spectra for Cr and Cr2O3, and the NNMA derived
components 2 and 3 for 65 L of exposure with greatest similarity to reference spectra (label Cr(0) and Cr2O3). Component 3 can be assigned to Cr2O3 and component
2 to Cr(0). (b) score image of component 3 where brightness is linked to Cr2O3 concentration (c) score image of component 2 where brightness is linked to Cr(0)
concentration.

Fig. 6. (a) synthetic spectra including mixtures of oxide and metal spectra from zero to 100 %; (b) the cosine similarity calculated from the synthetic spectra covering
the whole range from pure alloy to oxide. (c) Cosine similarity of the Cr L3 edge hyperspectral image to Cr2O3. Image intensities are normalized to show contrast, and
(d) the cosine similarity values translated to linear combinations of oxide and metal spectra.

Fig. 7. Comparison of island and background contributions: (a) violin plot showing the cosine similarity for each pixel of the islands and background, and (b) the
average Cr XAS L-edge spectra at 65 L of exposure for the islands (blue) and background (orange).
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identical results to cosine similarity, where the choice of reference
spectra is decided fully by the researcher.

Fig. 8 shows the result of segmentation of score image for NNMA
component 3 from the Cr µ-XAS. The segmentation is done in ImageJ/
FIJI after manual selection of a suitable global threshold value. Local
thresholding and batch processing were not necessary for the score
images since there are only a few images and score images are not
affected by overall intensity variations. The evolution of particle den-
sities and size distribution with time is shown in Fig. 9 as the result from
the single energy timeseries data. Three pixels are used as the smallest
area to be counted as an oxide island which is an area of about 50 nm2

and island diameter of ~7 nm. On the (212) grain, the average island
density is 5.73 islands/µm2 with an average island size of 0.040 µm2.
The island distribution is quite uniform even adjacent to the grain
boundary and only slightly perturbed in the vicinity of a few more
prominent polishing scratches. The overall island coverage is 24 % and
the average distance between islands is 0.27 ± 0.07 µm. The island
distribution on the lower (104) grain is nonuniform with the lowest
density of islands near the grain boundary. The average island density
across is 1.94 islands/µm2. About 5 µm from the grain boundary, where
the island distribution is homogeneous, the island density has reached
5.76 islands/µm2 which corresponds to 17 % coverage with an average
island size of 0.029 µm2.

3.3. Time-series and island evolution

Fig. 9 showcases three frames extracted from the operando oxidation
timeseries [49] to illustrate the emergence of chromia islands. The
background has some darker variations on a longer length-scale which
cannot be tied to a speci;c chemical state in the XAS spectra. They are
likely caused by local variation in secondary electron emission intensity
and work function, possibly due to adsorbed oxygen or the presence of
other pre-chromia oxidic contributions. VB-PEEM spectra are more
surface sensitive and offer insight in the origin of this contrast and are
discussed below. The time series is recorded at a single photon energy of
577.5 eV which aligns with the Cr2O3 feature in the Cr L3 peaks, and
allows us to track the evolution and growth rate of the oxide islands with
a time resolution just below 10 s. The smallest islands included in the
count occupy an area of 3 pixels. Some instances of de-focusing are
observed across the entire image causing time gaps in the datasets: (i)
around 37 L followed by manual re-focusing around 44 L, (ii) a few dips
in the island count around 52 L and 55 L in both the upper and lower
grain images. The ;nal island densities from XAS hyperspectral images
at 65 L agree well with extrapolated values from the time series which
ends at 57.6 L.

The island density, size distribution, and median area are included in

Fig. 10. In Fig. 10(a) the island density as a function of time shows that
islands emerge for the (212) grain at about 30 L of exposure and thus
signi;cantly earlier than for the (104) grain. This is followed by a steep
increase in island density and a leveling off at about 50 L, and growth
begins to dominates over nucleation. For the (104) surface, the islands
become visible at about 45 L and the island density increases with a
constant but shallower slope throughout the experiment. The overall
density for the lower (104) grain includes the denuded region, so the
overall density is expected to be lower. The median island size increases
from 5.0 × 10−3 μm2 (4.5 ×10−3 μm2) to 7.5 × 10−3 μm2 (6.5 ×10−3
μm2) for (212) and (104), respectively. The increase in island size is
reMected in the size distributions in Fig. 10(c,d) where distributions
observed early and late in the oxidation experiment are compared. For
both grains the distribution has a maximum at small island sizes and
over time the abundance of larger island increases with a concomitant
loss of smaller ones. The island evolution seen here is characteristic of
the transition from nucleation to island growth, ripening and eventually
coalescence.

3.4. Valence band spectra – VB-PEEM

VB hyperspectral images with 1024 × 1024 pixels for the alloy sur-
face at 0, 20 and 65 L of oxygen exposure were collected in addition to
the XAS hyperspectral images at the L-edge. The photon energy was
100 eVwhich corresponds to an electron mean free path of about 0.6 nm
and is therefore highly surface sensitive. The energy range for the VB
spectra is 5.0 eV and ΔE = 0.2 eV. Fig. 11 (a-c) shows hyperspectral
images for select binding energies chosen to maximize contrast for
metallic or oxidic contributions, and Fig. 11(d) includes representative
VB spectra of distinct regions in the hyperspectral images which are
labeled according to brightness in correspondence with marked regions
in (a-c). The VB spectra on the (104) grain follow the same general
trends throughout the oxidation, but a small oxide contribution is visible
in the denuded region already on the alloy prior to the oxidation
experiment. The spectra are displayed with two x-axes: the kinetic en-
ergy, which is measured directly, and the binding energy, which is
determined by positioning the Fermi energy (EF) at the inMection point
of the Fermi edge.

The alloy before oxidation on (212) shows an intense peak close to EF
from the Ni-Cr d–band.[70–72] The binding energy of 0.2 eV chosen for
the hyperspectral image slice in Fig. 11(a,b) is close to EF and the
brightness in the image scales with the contribution frommetallic states.
The “large area average” spectrum and the VB spectra recorded for the
“bright” regions after 20 L and 65 L exposure correspond to the highest
metallic contributions within the images. The “grey” regions in Fig. 11
(a,b) have a lower density of states at EF and a shoulder centered at

Fig. 8. Result of islands segmentation using a manual threshold of the NNMA score image from (a) the upper (212) grain (b) and the lower (104) grain. The grain
boundary is marked in blue, and the denuded region on (104) is excluded in the count. The blue line indicates the grain boundary.
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Fig. 9. Select frames from the single energy timeseries (video) showing the emergence and growth of the chromia islands. The series is recorded at a ;xed photon
energy of 577.5 eV, which coincides with the chromia signal. The complete videos are included in the Supplemental Material.

Fig. 10. (a) Time dependence of the island density determined by thresholding. Gaps in the graph correspond to de-focusing events. The ”+ ” and “x” symbols
represent the overall cluster density determined from NNMA cluster analysis for the XAS hyperspectral images.
(b) Median island size, and.
(c,d) island size distributions for both grains at exposure when oxide islands become ;rst visible, and at the end of the video. The distributions are normalized to the
island count.
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~2.0 eV binding energy develops and is indicative of the onset of
oxidation. The O 2p-states interact with the alloy 4 sp- and 3 d-bands
and hybridization leads to the characteristic oxygen related peaks. The
3d hybridized band is located between 1.5 eV and 3.0 eV for Cr-oxides,
and O 2p hybridized states would be seen at about 5.0 eV but are outside
the energy window in this experiment. [73,74] [75] The spectral
changes can be interpreted as regions of O-adsorption, surface oxides, or
nanocrystalline oxidic particles. The oxidic regions are relatively large
with ragged boundaries and cover a large percentage of the surface.
Well-de;ned oxide islands are only visible at 65 L in Fig. 11(b,c) and
appear as “dark grey” islands.[7,8] Their distribution correlates well
with the XAS analysis. In the valence band spectra of the “islands” the
alloy contributions are further diminished and oxidic states are promi-
nent. Fig. 11(c) includes an image slice at 1.2 eV binding energy which
maximizes contrast for the oxide islands appearing now as “dark grey”.
The slightly higher intensity of the background, labeled “grey” in Fig. 11
(d) is due to the larger contribution from the alloy which is only covered
by a thin oxidic adsorbate layer.

The observed chemical heterogeneity across the surface can be
explained by co-existence of a thin layer of oxidic species and chromia
islands. The VB-XPEEM observations agree with the XAS analysis (see
also Fig. 6 for cosine similarity results) and force us to rethink the
mechanism of oxidation, and its consequence for the formation of a
high-performing protective oxide layer. These observations lead us to
conclude that the growth mode of chromia islands is, in essence, a mixed
mode where layer and island growth occur during the early stages of
oxidation. This is reminiscent of the Stranski-Krastanov growth mode,
which has been observed in strained systems such as Si-Ge where a
wetting layer is formed prior to nucleation of distinct islands. This

observation is in agreement with earlier STM from our group on early-
stage Ni-Cr oxidation using (100) and (111) surfaces. STM has a
higher spatial resolution than XPEEM but is not sensitive to the details of
the island chemistry. STM and XPEEM can be seen as complementary
methods but differ in the information they can provide. [7,14]

4. Discussion

The present study opens a detailed view of the initial oxidation re-
actions on Ni-22Cr alloy at the transition of an alloy surface to the for-
mation of oxide islands. The use of XPEEM delivers simultaneously
nanoscale chemical, spatial and temporal resolution which enabled us to
follow the oxide formation in real time. The heterogeneity overserved in
these oxides develop from compositional and microstructural variations
in the surface. These are important factors in its long-term performance
and can ultimately limit protectiveness. In this work the oxidation of two
alloy grains is compared: (104) which is a 4(100)× (110) surface, and
(212) which is a 4(111)× (111) structure. The nomenclature n(h k l)×
(h k l) denotes the terrace with “n” as the number of atom rows followed
by the crystallographic orientation of the step. By coincidence, the two
grain surfaces have terraces with very similar widths but different
orientation. The grains are separated by a grain boundary (GB) and a few
polishing grooves are visible. However, only one larger polishing groove
on the left-hand side of the (212) grain appears to signi;cantly inMuence
the development of the oxide layer.

The GB bisecting the images stays predominantly metallic during
oxidation. This behavior seemingly contradicts a common assumption of
preferential oxidation caused by a high density of active sites. The
relatively low p(O2) throttles the reaction kinetics at the alloy surface

Fig. 11. Slices of hyperspectral valence band XPEEM image stacks for select energies. The slices are selected to maximize contrast for metallic or oxidic contri-
butions. The grain boundary between (212) and (104) bisects the images. (a) image slice at 0.2 eV at the maximum density of states for the alloy measured after 20 L
of exposure. (b) image slice at 0.2 eV after 65 L of exposure. Examples for bright, and grey regions are circled in (a) and (b). The inset shows in more detail the oxide
islands which appear as the darkest and localized feature. Two islands are marked with a blue circle: one embedded in a bright region (metallic) and one embedded in
a grey region (more oxidic). (c) image slice at 1.2 eV which selects for contrast in the oxidic contributions. (d) Representative valence bad spectra from distinct
regions in the hyperspectral images.
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and enables us to observe the oxidation process with XPEEM. It is sug-
gested that slow supply of oxygen combined with rapid metal atom
diffusion along the GBs leads to more unreacted metal where the GB
intersects with the surface, compared to grain surface which is highly
depleted in metallic Cr according to the XPS results. Experimental data
for bulk diffusion of Cr in Ni alloys can be found in Gheno et al. for
temperatures between 542 ◦C and 843 ◦C. [76] They measure the
diffusion coef;cient at 542◦C to be 9.3 × 10−19 cm2/s. Our oxidation
duration is 8800 s, which gives a characteristic diffusion length (D*t)1/2
of 0.9 nm at 542 ◦C. Using their constants for the Arrhenius relationship
for Cr bulk diffusion in Ni gives a diffusion coef;cient of 1.0 × 10−19
cm2/s and a characteristic diffusion length of 0.3 nm over the duration
of our experiment. For the grain boundary diffusion of Cr in NiCr alloys
Simonnin [77] shows that at high temperatures (1300K-1600K) grain
boundary diffusivity can be four orders of magnitude faster than in the
bulk and has an activation energy of 0.81 eV compared to the experi-
mental value of 2.9 eV in the bulk.[8] The question of surface diffusion
is much more dif;cult to address. Experimental data for surface diffu-
sion coef;cients for Cr on Ni is not available to the best of our knowl-
edge. The activation energy of adatom Ni surface diffusion on Ni ranges
from 0.2 eV to 0.4 eV, [10] which is a typical range for surface diffusion
coef;cients although step activation barriers can dominate in real sys-
tems.[11] The relative magnitude of diffusivity therefore could indeed
allow for replenishing of Cr at the GB.

In addition, a signi;cant part of the (104) lower grain in the vicinity
of the GB is nearly denuded of oxide islands but shows in the VB-XPEEM
spectra slightly more oxide remnants than other parts of the surface. The
origin of this denuded region remains an open question and might be
due to the contamination with trace elements which impede nucleation.
Therefore, the discussion of oxidation process for (104) focusses on the
regions where a homogeneous oxide island density is observed (see
Fig. 8).

The oxidation reaction begins with the adsorption of oxygen, and
formation of surface oxides, sub-oxides or nanocrystalline oxides as
chromia island precursor. The initial oxidation step is seen clearly with
VB-PEEM hyperspectral images where the attenuation of the metal
signal at EF is accompanied with an increase in oxidic contributions. For
exposures < 30 L, the intermediate reaction products will contribute to
the image background with contrast variations on a longer length scale.
This can be seen in Figs. 5 and 9 and is supported by the VB-PEEM and
XPS analysis. It is proposed that oxidic features such as adsorbates,
nanoparticles, surface oxides (2D oxides), and sub-stoichiometric oxide
particles are already present at lower exposures and continue to co-exist
with the chromia islands.[6,9,14] The growth mode for chromia cannot
be described as a well-de;ned island growth or layer-by-layer growth
but is more akin to a Stranski-Krastanov[25] type growth where a
wetting layer coexists with islands. This model is not intended to imply
here a role of epitaxy or strain that is generally associated with
Stranski-Krastanov type growth modes but focuses on the combined
layer and island formation. The co-existence of the layers and chromia
islands is the origin of a signi;cant heterogeneity observed at the sur-
face. This can inMuence the continued growth of the oxide, the diffusion
of reactants and the Ehrlich-Schwoebel barrier, as the oxide evolves
towards the Mott-Cabrera and Wagner regimes.

The increase in island density for (212) follows a logistic function,
agrees with the form of the Johnson-Mehl-Avrami (JMA) model for
nucleation[78] while the coverage range for (104) is too limited to
conclude the functional form. However, despite a reasonable functional
agreement the utility of JMA is limited here by the coexistence of pre-
cursor or intermediate oxidic con;gurations. In addition, the condition
of constant reactant Muence for JMA is violated for Cr whose supply is
controlled by the transport through the bulk alloy. So while the JMA
model broadly ;ts the time-dependence it may not be appropriate for
this system [79,80]. The earlier leveling off in the island density for
(212) was initially thought to be caused by reduced Cr supply from the
alloy although the nucleation rate of oxide islands is not impeded on

(104), and the existing islands on (212) continue to grow as seen in the
island distributions (Fig. 10). These competing arguments might be
reconciled if the Cr supply is suf;cient to overcome the activation bar-
rier for nucleation on (104) but not on (212). [17]

It can be argued that the variations in the oxide evolution and spe-
ci;cally in the evolution of chromia islands, is caused by variation in the
crystallographic orientation. Prior work by Blades et al.[6,7] reported
signi;cant variations in oxidation for Ni-Cr single crystal (100) and
(111) surface, and dependence of passive layer formation on the grain
orientation is also seen in aqueous corrosion.[19,27] Hence the presence
of (100) and (111) terraces in the two surfaces studied might indeed lead
to the observed variation in chromia island evolution. A larger set of
surface orientations is needed to fully capture the role of crystallo-
graphic orientation. In summary, the transformation of the alloy begins
with the formation of a complex layer of chromia precursors with an
abundance of oxidic Cr-O bonds leading to a oxide growth mode remi-
niscent of Stranski-Krastanov.

The results presented here make a strong argument for using unsu-
pervised machine learning techniques for the inspection and analysis of
hyperspectral, and time series data. The size and complexity of the
datasets requires augmenting well-established methods in XAS analysis
with PCA, NNMA, and related methods. NNMA and PCA can also
identify sources in spectral variation that come from experimental ar-
tifacts and appear as an additional component, which can help prevent
over-interpretation of data. Identifying the components builds naturally
into quantifying relative concentrations of Cr and Cr2O3 using cosine
similarity to reference spectra for Cr and Cr2O3. Additional challenges to
the translation of qualitative information to quantitative information
arise from the experimental factors such as uneven illumination of the
;eld of view, and drift to loss-of-focus events. The experimental vari-
ability limits thresholding and segmentation without corrections. PCA,
NNMA, and cosine similarity work in concert and lead to a reasonable
segmentation process to understand island development. The use of
several methods with different strengths such as PCA and NNMA proved
to be critical and allowed us to test the outcomes of each procedure. In
addition, a laboratory based XPS experiment offered an important in-
dependent check on the oxide composition.

Overall, the analysis of hyperspectral and time series datasets can be
performed successfully using the following workMow (see Fig. 2): (1)
Correct for drift, and variations in illumination. (2) Perform PCA to
identify howmany different components are present. (3) Perform NNMA
to gain insight into what compounds are present based on physically
meaningful reference spectra, and isolate components which might be
introduced by experimental artefacts. (4) Use a quantitative metric, like
cosine similarity, to determine relative concentrations of those species
across the image in hyperspectral images, and (5) apply thresholding
and segmentation algorithms to hyperspectral and time series datasets.
Comparison of segmentation for both data types at set experimental
condition serves as a check on the overall process.

5. Conclusions

The oxidation of Ni-22Cr at 500̊C is studied using a combination of
in-situ and operando techniques. The dominant oxide is Cr2O3, which
accumulates in prominent islands embedded in a layer of adsorbates,
and other oxidic or sub-stoichiometric intermediates. The results
described here show that the oxide growth mode is akin to a Stranski-
Krastanov, a combined layer and island growth. Altered oxide
morphology at the grain boundary and (some) polishing grooves, and a
signi;cant difference in chromia formation and growth as a function of
crystallographic orientation contribute to the heterogeneity of the sur-
face. The role of trace contaminants emanating from the grain boundary
remains an open question and must be addressed in future work. XPEEM
and related method offers unique insight in dynamics of oxidation. The
complexity of the process can only be fully captured through an
implementation of several analytical tools from statistical and machine
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learning techniques. Segmentation and thresholding are required to
capture the quantitative information on oxide evolution from the
operando time series, which proved both challenging and informative.
In conclusion, XPEEM and related techniques provide a unique window
in the processes of oxidation and passive layer heterogeneity at alloy
surfaces.
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