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ARTICLE OPEN

A multimodal approach to revisiting oxidation defects
in Cr2O3
R. Auguste 1✉, H. L. Chan 2✉, E. Romanovskaia 2, J. Qiu1, R. Schoell3, M. O. Liedke 4, M. Butterling 4, E. Hirschmann 4,
A. G. Attallah 4,5, A. Wagner4, F. A. Selim6, D. Kaoumi3, B. P. Uberuaga7, P. Hosemann1,8✉ and J. R. Scully 2✉

The oxidation of chromium in air at 700 °C was investigated with a focus on point defect behavior and transport during oxide layer
growth. A comprehensive set of characterization techniques targeted characteristics of chromium oxide microstructure and
chemical composition analysis. TEM showed that the oxide was thicker with longer oxidation times and that, for the thicker oxides,
voids formed at the metal/oxide interface. PAS revealed that the longer the oxidation time, there was an overall reduction in
vacancy-type defects, though chromium monovacancies were not found in either case. EIS found that the longer oxidized material
was more electrochemically stable and that, while all oxides displayed p-type character, the thicker oxide had an overall lower
charge carrier density. Together, the results suggest anion oxygen interstitials and chromium vacancy cluster complexes drive
transport in an oxidizing environment at this temperature, providing invaluable insight into the mechanisms that regulate
corrosion.

npj Materials Degradation            (2022) 6:61 ; https://doi.org/10.1038/s41529-022-00269-7

INTRODUCTION
Oxidation and corrosion of metals and alloys has been studied for
decades because of their technological importance. Oxidation can
occur at different temperatures, altering point defect types and
concentrations, which play an important role in corrosion.
Chromium, specifically, has been widely studied and implemented
because the passivating chromium oxide film formed during
oxidation can be highly corrosion resistant1–4. Unalloyed chro-
mium is not used as a construction material by itself, but in many
cases the primary reason for adding chromium to alloys is
precisely the development of a corrosion resistant oxide layer.
When a sufficient concentration of Cr is added to iron, nickel, or
cobalt based alloys, Cr2O3 is formed in a continuous layer on the
surface and ion transport is reduced to the point where corrosion
of the underlying metal is substantially suppressed. Ion mobility is
slower than in Fe2O3

5,6. Point defects play an important role in
regulating the effectiveness and establishing the limits of Cr2O3

corrosion protection, so significant theoretical, experimental, and
modelling efforts have been undertaken to understand the nature
of point defects that control oxidation and their diffusion
mechanisms7–23. Several theoretical efforts have focused on
growth kinetics of the oxide layer7–9. There is still a large spread
in the reported self-diffusion coefficients and defect formation
energies from various experimental studies9–19. In recent years,
some modelling efforts have focused on self-diffusion coefficients
in pure Cr, Cr2O3, and Cr-containing alloys using density functional
theory20–23. While each of these approaches provides its own
insights on the nature of point defects’ charge state, mobility, and
formation energies, there have been no efforts to unite the results
and insights of a variety of techniques in a single study.
Over the past six decades, a wide variety of experimental

techniques has been used to study the scale growth of the oxide

and point defect diffusion within the oxide layer. Raman spectro-
scopy can confirm the chemical and structural nature of the oxide
layer, which is expected to be Cr2O3, but cannot provide
microstructural information. Transmission electron microscopy
(TEM) is useful for assessing the oxide’s structure, composition,
and microstructure (including pores, grains and grain boundaries,
and dislocations) within the oxide layer and any interface with the
metal. Positron annihilation spectroscopy (PAS) and electroche-
mical impedance spectroscopy (EIS) probe smaller point defects
and their agglomerations. Coupling these experimental methods
can shine light on the fundamental mechanism for extended
defect formation and stability since each method can sample
different properties with different accuracy and confidence.
PAS has been widely used to probe atomic scale defects in

solids, such as vacancies, vacancy clusters, dislocations, and
nanometer-scale voids24. PAS has also been used for probing
radiation damage on neutron and ion-beam irradiated materi-
als25,26. The variable energy positron beams identify vacancy-type
defect density at specific depths by implanting positrons of
defined kinetic energy Ep into a solid. The two types of positron
spectroscopy used in this manuscript are complementary
techniques to evaluate point defects. Doppler broadening variable
energy positron annihilation spectroscopy (DB-VEPAS) can provide
information about the overall defect density as a function of depth
as well as fingerprints of the defects’ atomic arrangement. Variable
energy positron annihilation lifetime spectroscopy (VEPALS)
quantifies vacancy-type defect size and concentration based on
positron lifetimes that scale with the local electron density. Hence,
analyzing a given oxide layer’s defect population during corrosion
can be more robustly studied. Previous positron studies investi-
gated the relative defect content of corroded iron alloys contain-
ing chromium27–30 using DB-VEPAS, however the VEPALS
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technique can also provide a quantitative assessment of the
defect type and size.
Apart from spectroscopic studies based on positron annihila-

tion, AC electrochemical techniques have also been employed to
characterize point defects of semiconductors and passivity of
structural materials in aqueous media. A popular method is the
Mott-Schottky approach, where a high frequency AC sinusoidal
voltage is applied over a range of DC potentials to an electrode
with a semiconductor oxide in an electrolyte. Then, the measured
impedance can be mathematically correlated with the dopant
concentration or charge carrier density of ionic defects. This is
made possible because the oxide and its space charge region
exhibits a dielectric behavior31. The method relies on probing the
compensating electronic defects that maintain electroneutrality
with respect to the ionic defects of interest. The Mott-Schottky
approach can therefore determine whether an oxide is p-type or
n-type32. For example, Wielant et al. utilized electrochemical
impedance spectroscopy (EIS) and Mott-Schottky methods and
found that the charge carriers within iron thermal oxides
(hematite and magnetite) exhibit n-type behavior and their
concentration increase with higher N2 content in the oxidation
atmosphere33. This technique can help to quantify the correlation
between point defect population and characteristics of the
corrosion behavior of oxidized metals regulated by diffusive
processes. These processes are often observed in DC electro-
chemistry experiments, e.g. potentiostatic and potentiodynamic
polarization techniques of passivated transition metals used in
structural applications34–36.
However, the Mott-Schottky technique is insensitive to a

particular ionic crystal point defect identity and does not
distinguish between vacancy or interstitials. Using chromium
oxide formed in aqueous solution as an example, the Mott-
Schottky technique can identify the p-type characteristics and its
population34, but it is impossible to tell whether the predominant
point defect type is cation vacancies or anion interstitials as both
are charged compensated by holes. Furthermore, the Mott-
Schottky approach assumes uniform distribution of ionic defects
and does not provide information on the depth dependence of
dopant concentrations but rather the effective average property
assuming a parallel plate capacitor. This creates a challenge in fully
understanding passivity since the different types of point defects
and their concentrations dictate the mechanism of atomistic scale
transport processes contributing to or controlling corrosion of
passivated materials in thick films35. For instance, Wagner
oxidation processes rely on both ionic diffusivity and electronic
conductivity in the development of the classic parabolic rate
law37. The rate of iron oxidation in these cases is often limited by
anion or cation diffusion rates and defect densities. For instance,
the diffusion of cations through the ferrite spinel regulates redox
processes at the oxide/gas interface.
Despite the plethora of experimental and computational

techniques employed to study the properties of chromium oxides
as well as other semiconductors, efforts utilizing each technique
are parallel but separate, generating a knowledge gap that
hinders the progress of oxide research. For example, at the time of
writing, it is unclear whether vacancy sensitive PALS can be
quantitatively and qualitatively presented against electrochemical
methods, such as the Mott-Schottky technique, as well as data
predicted from Density Functional Theory calculations.
In this manuscript, the objective is to obtain a comprehensive

picture of the overall defect density and microstructure in the
oxide layer of thermally oxidized Cr. This work combines oxide
microstructure and chemical composition analysis by means of
Raman spectroscopy and transmission electron microscopy with
point defect evaluation from positron annihilation spectroscopy
and electrochemical impedance spectroscopy, thereby corrobor-
ating the findings of each technique. The results provide insights
on void agglomeration near the metal/oxide interface, decreasing

overall defect concentration, and defect transport during the
growth of chromium oxide layers.

RESULTS AND DISCUSSION
TEM and Raman spectroscopy
Figures 1 and 2 show the cross-sectional TEM bright field images
of the as-polished chromium oxidized at 700 °C in air for 24 h and
5 days, respectively. Selected area electron diffraction (SAED)
patterns label both grown oxide layers as Cr2O3. As expected, the
thickness of the oxide increases with increasing oxidation time.
There is a visible oxide film of 55 to 500 nm on chromium oxidized
at this temperature for 24 h. The oxide layer does not grow
uniformly in thickness across the sample. Increasing the oxidation
to 5 days creates an oxide with an average thickness of around
1000 nm. The 5 day Cr oxide also exhibited larger oxide grains
towards the outside surface of the sample while showing smaller
grains at the oxide/metal interface. Both oxides are polycrystalline
of various orientations and feature large pores near the chromium
oxide and metal interface, which suggest defect aggregation. The
pores are larger in the case of the 5 day Cr oxide. These pores are
caused by agglomeration of vacancies collecting at the oxide/
metal interface. These vacancies may either aggregate at discrete
sinks within the interface or migrate along the interface or into the
metal matrix to form cavities38.
The Raman spectra of the oxidized Cr (Fig. 3) are characterized

by the intense band at 553 cm−1. This band is attributed to the
bulk value for Cr2O3

39. Raman peaks at 296 cm−1, 351 cm−1,
529 cm−1, and 616 cm−1 can also be assigned to the Raman
modes of Cr2O3

40,41. There is a small band found at 1396 cm−1,
which is assigned to the combination band (two or more states
excited simultaneously)42. This combination band is more
pronounced after 24 h of oxidation and it loses intensity after
5 days of oxidation. Raman spectroscopy data prove that the thin
oxide film on Cr substrate obtained after 24 h and 5 days of
oxidation is Cr2O3.

DB-VEPAS
Figure 4 shows the results from the DB-VEPAS experiment on the
as-polished, annealed for 24 h and 5 day samples, as well as an
ultra-high vacuum (UHV) annealed Cr-reference. DB-VEPAS results
are often presented in terms of S-parameter versus energy (Ep),
where S is defined as the fraction of positron annihilation with free
and valence electrons. More details on the definition and
calculation of the S-parameter can be found in Selim (2021)43.
Typically, decreases in the S-parameter correspond to reductions
in the overall defect density in the material. The positron
implantation depth is estimated according to a Makhovian
implantation profile44. To obtain more quantitative information
about defect densities across sample thickness and approximate
thicknesses of the oxide layers, the VEPFit code45,46 has been
utilized. The code numerically solves the positron diffusion
equation and provides characteristic parameters i.e. positron
diffusion lengths and ranges of individual layers in multi-layer
systems. It allows for fits of S(Ep) curves for multilayered systems
and provides thicknesses and effective positron diffusion lengths
L+ (a parameter inversely proportional to defect concentration) for
each layer within a stack. The calculated L+ and corresponding
defected layer thicknesses are presented in Table 1.
First, a relatively well annealed (1000 °C, 10 h, at <10−8 mbar) Cr

reference sample (no oxide) is presented to give a baseline for the
S-parameter of a nearly defect free material. A long positron
diffusion length was obtained L+ ≈ 130 nm, indicating a material
with only residual open volume (for a defect free metal L+ > 150 nm
is expected43). In contrast, the as-polished Cr sample exhibits an
overall high defect level compared to this reference sample. There is
evidence of three layers with different defect structures in the
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subsurface region (<100 ± 20 nm) compared to the middle
(<627 ± 190 nm) and deep-bulk material, which is probably due to
polishing during sample preparation. This adds cold-work defects to
the subsurface and middle-bulk. There is also a thin oxide layer
(<10 nm) likely present after polishing. The trend of the S-parameter
after the subsurface region to converge toward the bulk literature
values is noted; however, the calculated L+ of bulk suggests at least
6 times larger defect density compared to the reference sample. In
order to obtain a reasonable S(Ep) fit for the Cr-polished sample, a
three-layer system is assumed. The lowest residuals were obtained
in case of L+ ≈ 10, 15, and 20 nm for the sub-surface, middle, and
deeper-bulk regions, respectively.

Fig. 3 Raman spectra of chromium samples oxidized at 700 °C in
air for 24 h (lower, blue spectrum) and 5 days (upper, red
spectrum). Both spectra were analyzed for evidence of Cr2O3
Raman peaks.

Fig. 4 DB-VEPAS results for annealed and as-polished chromium
versus thermally oxidized chromium. S-parameter for a reference
UHV 1000 °C, 10 h annealed Cr, as-polished Cr, and Cr oxides
annealed to both 24 h and 5 d from DB-VEPAS. The curves are fitted
using the VEPfit code44 and vertical lines represent interfaces
between specific regions of different open volume (Cr - polished
sample) or between the oxide and Cr (oxidized samples).

Table 1. Calculated using VEPFit code thickness, and effective
diffusion lengths, L+, for the oxidized and a reference sample.

Sample name d1 (nm) [oxide] L+,1 (nm)
[oxide]

L+,2 (nm)
[substrate]

Cr – 24 h 205 ± 80 8 ± 4 44

Cr – 5d 576 ± 281 13 ± 4 119

Cr-UHV-annealed – – 131 ± 11

Fig. 1 TEM bright field micrograph of chromium sample oxidized in air for 24 h at 700 °C. The formation of chromium oxide (evident from
selected area electron diffraction pattern) is shown as well as pores (bright white contrast) which are mostly found at the metal/oxide
interface. Scale bar for TEM: 500 nm. Scale bar for SAED: 2 nm.

Fig. 2 TEM bright field micrograph of chromium sample oxidized in air for 5 days at 700 °C. The formation of chromium oxide (evident
from selected area electron diffraction pattern) is shown as well as pores which are mostly found at the metal/oxide interface. Scale bar for
TEM: 500 nm. Scale bar for SAED: 2 nm.
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In the oxidized samples, further oxidation led to reduction of
the overall defect level and clear oxide layer growth. The 24 h
oxidation modified the subsurface region and annealed out the
defects in the bulk, which is seen in the overall S-parameter
decrease relative to the as-polished Cr. The calculated positron
diffusion length L+ ≈ 8 nm reflects large defect density in the sub-
surface oxide, which is reduced after further oxidation
(L+ ≈ 13 nm). The shape of the 24 h and 5 day S-parameter plot
suggests two layers, the sub-surface oxide and Cr-bulk, with
calculated oxide thickness of 205 ± 80 nm and 576 ± 281 nm,
respectively, which is in qualitative agreement with TEM
(measured around 250 nm and between 500 to 1000 nm,
respectively). The relatively large error (about 50%) of the
calculated defected layer is a consequence of large sample
roughness as well as the material density value, which has been
assumed as homogenously distributed across the layer thickness.
The latter is evidently lower in the porous part of the film, closer to
the substrate interface. A lower effective value of density would
bring the calculated oxide thickness closer to the measured by
TEM. Based on these results, increasing oxidation time not only
increases the oxide layer thickness, but also anneals out defects in
the previous oxide layer resulting in overall lower defect
concentration (24 h oxidation compared to 5 days). Similarly,
defects are annealed out in bulk chromium substrate with
increasing oxidation time (L+ increases).
In the oxidized samples, the large decreases in the S-parameter

in the first 50 nm are due to partial positron annihilation at surface
states from back-diffused positrons. Positrons after implantation
diffuse in any direction through the crystal, however, at low
implantation energies, they can back diffuse to the surface and are
trapped in the surface pseudo potential, where they annihilate
after longer lifetimes on average compared to bulk or localized
annihilation. This increases the S-parameter which accordingly
scales with the positron lifetime.

VEPALS
In order to evaluate defect microstructure in the oxide layers and
further characterize the decrease of defect concentration as a
function of annealing time, PALS measurements were performed
on the same samples. The 5 day oxidation decreased the average
defect size (τav) and defect density compared to the 24 h sample
(Fig. 5), in agreement with DB-VEPAS (Fig. 4). In addition, the slow
decay of the average lifetime as a function of Ep in the first 50 nm

confirms the persistent surface effects observed in the
S-parameter, especially for the as-polished Cr sample.
Notably, the largest achievable Ep= 12 keV during PALS did not

allow positrons to probe as deep as DB-VEPAS. Thus, in the 24 h
sample, only the deepest implanted positrons at Ep > 8 keV are
sampling the bulk Cr metal, resulting in the average lifetime
converging toward the as-polished Cr sample. The average oxide
layer thickness is marked in Fig. 5 to highlight the expected depth
of the 24 h metal-oxide interface. In the case of 5 day Cr oxide, the
available positron energy was not enough to implant positrons
into Cr-bulk, hence the obtained signal originates purely from the
oxide layer.
By fitting the PALS data using the PALSfit code47, specific

lifetimes and their relative intensities were obtained, which
represent defect sizes and concentrations within the oxide layers,
respectively (Fig. 6). Larger lifetimes correspond to larger defect
complexes, and higher intensities of respective lifetimes reflect
higher associated relative defect densities. Three lifetime compo-
nents were analyzed for each sample, as seen in the left half of
Fig. 6 (the third component originating from the surface ortho-
positronium was omitted for clarity due to its residual intensity).
As will be discussed, the first corresponds to smaller defects and/
or dislocations while the second component corresponds to larger
vacancy clusters.
In the as-polished Cr sample, despite the near surface effect, τ1

monotonically decreases to about 161 ps throughout the thick-
ness, but it shows no saturation yet. The further decrease in τ1 is
expected for larger Ep as evidenced from S(Ep). The value of the
bulk lifetime in Cr metal reported in the literature is 120 ps48. The
first (161 ps) component is larger than for bulk delocalized
annihilation but lower compared to the value of 184 ps for Cr
monovacancy49, suggesting this component is likely associated
with positron annihilation at dislocations50. Dislocations act as
shallow positron traps51,52 wherein positrons have a low binding
energy (10 to 100meV)53. Consequently, thermal positrons are
weakly localized in dislocations, and they get de-trapped and
annihilate with lifetimes slightly above the bulk value. Probably, τ1
is averaging the lifetime in bulk and at dislocations. Positron
trapping at dislocations in Cr2O3 is probable and has been
previously observed54. The second lifetime component τ2 is in the
range of 450 ps, indicating the presence of large vacancy clusters
of more than 15 vacancies. This measurement confirms an overall
high defect level from polishing in addition to the near surface
effects such as partial positron annihilation at surface states from
back-diffused positrons47,55.
Figure 7 shows theoretical calculations of positron lifetimes in

Cr2O3 for the delocalized (bulk lifetime) and localized (positrons
trapped at vacancy like defects and their agglomerations) states
obtained using the atomic superposition (ATSUP) method within
two-component density functional theory (DFT) ab initio calcula-
tions48. For the electron-positron correlation, the generalized
gradient approximation (GGA) scheme was used49.
For the oxide samples, the first lifetime component τ1 ~151 ps

represents the bulk lifetime or positron annihilation at oxygen
vacancies (see Fig. 7 for a reference of low order vacancy defect
configurations in Cr2O3). It should be noted that oxygen vacancies
are typically positively charged, hence repulsing to positrons,
however they are positron traps if they become neutral.
Considering the low L+ obtained for oxidized films from the VEPfit
S(Ep) analysis, trapping at oxygen vacancies becomes a viable
option. Another possibility is shallow trapping at dislocations not
associated with vacancies56. The second lifetime component, τ2
varies from 350 to 460 ps throughout the measured thickness of
the oxide. This large lifetime indicates the presence of large
vacancy clusters with more than 10 to ~25 vacancies [see Fig. 7].
This variance in lifetime values is more obvious in the oxidized
samples indicating the increase of the cluster size at higher depths.
Lastly, a positron lifetime representing the annihilation of surface

Fig. 5 Average positron lifetime τav for as-polished chromium
versus thermally oxidized chromium. The red line indicates the
average oxide thickness for the 24 h annealed sample. Average
lifetimes and standard errors were calculated using PALSfit spectra
decomposition47.
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positronium τ3 can be found in the PALS data with an intensity
dropping towards zero for larger implantation depths (with
decreasing influence of the surface). The fit algorithm usually
shows this component even if it has intensities less than 0.5%. For
PALS results, data points with less than 0.5% intensity are
not shown.
Two important trends emerge from the PALS lifetime intensity

data after associating τ1 with positron annihilation in the bulk,
oxygen vacancy, or dislocation states, and τ2 with large vacancy
clusters. First, aging the oxide increases the relative intensity I1 of
τ1 up to ~100% for the 5 days of oxidation, compared to about
90% for 24 h. This strongly suggests that nearly all positrons
annihilate at either the bulk Cr2O3 oxide, oxygen vacancies, or
dislocations. Second, aged oxide layers show lower relative defect
concentration. Increasing the oxidation time from 24 h to 5 days
decreases the relative intensity I2 of the defect cluster lifetime τ2.
These results confirm the trends from the DB-VEPAS data, so
increasing aging oxide layers results in relatively less overall
measured defects within the grown oxide. This suggests that
defects anneal with aging.

DC electrochemical characterization in aqueous media
Electrochemical experiments were performed both interrogating
corrosion performance of 24 h and 5 day air oxidized chromium as
well as assessing electronic defects. DC electrochemical corrosion
experiments were performed in aqueous (0.1 M borate buffer)
solution to assess the potential dependent anodic behavior of

as-polished and thermally oxidized chromium. Figure 8a shows
the initial 600 seconds of open circuit potential (EOC) monitoring
prior to the anodic potentiodynamic polarization tests. The OCP is
a mixed potential established between the anodic and cathodic
half-cell reactions determined by a combination of thermody-
namic and kinetic factors. All coupons displayed a stable potential
trend over the duration of the experiment and varied less than
20mV. The effect of high temperature oxidation is significant as
indicated by the +150 to +200mV shift to a nobler (more
positive) potential relative to the as-polished chromium coupons.
The OCP is defined by Cr oxidation and with sluggish oxygen
evolution reaction (OER) current occurred starting at +0.4 VSCE.
The 5 day oxidized chromium exhibits the most noble potential of
the three conditions. This suggests passivation is better or
improved after 5 days. The OCP scan was followed by linear
sweep voltammetry (LSV) using the cyclic potentiodynamic
polarization test method in the range of −0.1 V to +1.0 V relative
to EOC as indicated in Fig. 8b.
In the anodic potential domain of the polarization scan, the as-

polished coupon with a 20 nm thick and highly defective
damaged layer exhibits the highest current densities followed
by the 24 h air oxidized Cr, and the 5 day oxidation. The net
current densities observed are dominated by the electrochemical
passivation resulting in the formation of Cr(OH)357 and CrOOH
during the scan58 coupled with sluggish oxygen evolution
reaction (OER) current that starts at +0.4 VSCE. It is noted that
despite the borate buffer being deaerated with N2 purging,

Fig. 6 VEPALS results for as-polished versus thermally oxidized chromium. Positron lifetime components τi (a), their relative intensities Ii
(b), and standard errors were calculated from PALSfit spectra decomposition47 for as-polished Cr versus air oxidized Cr. Most error bars are
smaller than the size of the symbols used for data points representation and reside within the respective symbols.

Fig. 7 ATSUP simulated annihilation states for bulk and monovacancy configurations in Cr2O3. Calculated positron lifetime as a function of
vacancy cluster size with N agglomerated vacancies is also plotted. The spherical void was obtained by removing Cr and O atoms around a
reference point and sorted by distance.
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dissolved oxygen is still not completely removed59 but is at a low
background level. It is also noted that the borate buffer solution is
not destructive to either the polished oxide or thermally formed
oxide films60.
The anodic polarization also causes the EOC of the as-polished

and 24 h air oxidized Cr to shift to a more positive potential as
seen in their reverse scan. This can be explained by oxygen
generated during the anodic scan due to oxygen evolution which
is subsequently reduced on the downward scan. The cathodic
reaction is coupled with lower anodic oxidation rate governed by
oxide film point defects and increased oxide thickness. By
contrast, the 5 day air oxidized Cr shows a similar EOC compared
to the 24 h oxidized counterpart but ~3 orders of magnitudes
lower in anodic current densities. The absence of EOC shift in the
reverse scan also indicates that significant oxygen was not
generated on the upward scan. This indicates that the chromium
oxide (Cr2O3) formed after 5 days of air thermal oxidation is more
protective towards additional oxidation as well as redox reactions
(O2 evolution from oxidation of water) on the previously oxidized
surface in the borate buffer media than other variants. This is also
confirmed by an additional current versus time curve under an
applied +600 mVSCE potentiostatic hold (Fig. 8b).

Comparison of EIS in aqueous and liquid metal media
The DC electrochemistry results presented in Section “DC
electrochemical characterization in aqueous media” provide a
general perspective on the electrochemical behavior of chromium
covered with a thermal oxide. Additional insights regarding the
electronic, semiconducting, and interface properties of those
oxides were gathered via EIS. The measurements were carried out
in both room temperature aqueous solution (0.1 M borate buffer,
pH 9.2) and liquid metal media (LBE) at 200 °C to understand the
nature of the oxide-electrolyte interaction. Figure 9a, b show the
Bode plots of the 24 h and 5 day air oxidized Cr coupons in both
borate buffer and LBE media, respectively. The impedance spectra
of each curve were fitted with electrical equivalent circuit models
(EECs) presented from Fig. 9c–e. In all cases, the capacitance term
was represented as a constant phase element (CPE) to take into
account the non-ideality of each capacitor, based on such factors
as the normal distribution of oxide resistivity, surface rough-
ness61–63 for oxide capacitance, as well as the surface distribution
of time constants for electrochemical double layer33,64–67.
In borate buffer, the 24 h air oxidized Cr was fit with the EEC

shown in Fig. 9c with a chi-square value of 6.64·10−3. This circuit
represents a superimposed outer porous and inner compact layer

frequently used to characterize thermal oxides33,62,68. The CPE1/R1
represents the inner Cr2O3 oxide; CPE2 represents the outer porous
Cr(OH)3 hydroxide; CPEDL/Rct represents the electrochemical
double layer coupled with a charge transfer resistance (Rct), i.e.
faradaic reaction pertaining to aqueous oxide formation; R1
represents the solution resistance in the pore; Re represents the
solution resistance. The EEC in Fig. 9d was used to fit the 5 day
oxidized Cr coupon in borate buffer solution with a chi-square
value of 7.49·10−3. Based on the Bode plot, it is clear that the
impedance behavior was dominated by a single time constant,
likely physically represented by the inner layer in Fig. 9c and was
thus represented by a simplified Randles circuit (Fig. 9d). The CPE1/
R1 represents the dielectric capacitance of the oxide.
In the case of LBE, the impedance spectra of both the 24 h and

5 day oxidized Cr was fitted with a circuit of three-time constants
(CPE1/R1, CPE2/R2, CPE3/R3) in series with the electrolyte resistance
(Re), as shown in Fig. 9e. Despite this distinction made in the
fitting, the impedance spectra are remarkably similar between the
two media, which should be the case since the pre-oxidization
was the same and the EIS frequency range samples the time
constant. Since the EIS measurement in LBE was carried out in
open atmosphere at 200 °C, additional in-situ formation of Cr2O3 is
possible in LBE. Thus, the origin of the multiple time constants
may be the impedance of the Cr2O3 thermal oxide, as well as any
new Cr2O3 that is formed in-situ in LBE65 and the associated
faradaic impedance associated with passivation in LBE. Along
similar lines, some Cr(OH)3 is likely produced instead of the
thermal oxide in the borate buffer. Yet in 24 h or native oxide only
a few nm of hydroxide is grown in the LSV experiment. It is noted
that the EECs presented are simplified models that are mathema-
tically representative of the impedance spectra shown in Fig. 9;
the actual oxide structure is considered to be more complex
(containing grains of various orientations and porosity (e.g. Figs. 1
and 2).
In both aqueous and liquid metal media, 5 day air oxidized Cr

coupons behave as ideal capacitors as indicated by their high α
value (e.g., Borate buffer, 0.945; LBE, 0.868-0.937) shown in Table 2.
The resistive-capacitive impedance response remains relatively
stable from the medium (1–102 Hz) to high frequency domains
(102–106 Hz). The low frequency region (10−2–1 Hz) is associated
with the interfacial charge transfer reactions, at the oxide/metal
interface coupled with the transport of charged ionic defects
across oxides such as Cr3+ and O2- responsible for aqueous
passivation32,68. The residual oxidation in solution leads to
formation of the outer oxyhydroxide over the corundum59. As
displayed in Fig. 9a, b, the 5 day air oxidized coupon exhibits at

Fig. 8 Electrochemical corrosion results for as-polished versus thermally oxidized chromium. a Open circuit potential and b cyclic
potentiodynamic polarization plot of as-polished and thermally oxidized chromium tested in 0.1 M borate buffer solution (pH 9.3) deaerated
with N2. In Fig. 9b, the solid line (-) indicates the forward scan and the dash line (–) indicates the reverse scan.
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least an order of magnitude higher impedance modulus in both
test media relative to the 24 h air oxidized coupon. Less than 1 nm
of fresh oxide is grown after 5 days of oxidation and it is
speculated that the point defect population and ionic mobilities
are too low and the pre-oxidized layer is too thick for additional
growth. It is noted that the high phase angle seen in the high
frequency domain in Fig. 9a is attributed to an instrumentation
artifact due to the potentiostat.
The EIS spectra of the 24 h air oxidized Cr exhibits multiple time

constants in both the borate buffer (Fig. 9a) and LBE (Fig. 9b)
media. The time constant in the high frequency domain

(103–106 Hz) is assigned to the impedance of the oxyhydroxide
layer (R2= 774 ohm-cm2). The intermediate frequency (1–102Hz)
is likely a result of the impedance spectra of the Cr2O3 thermal
oxide. The low frequency region (10−1–10−3 Hz) represents the
charge transfer reactions in parallel with the interfacial capaci-
tance. A similar observation was seen when the coupon was
exposed to LBE. Therefore, based on Fig. 9, it is clear that the
chromium oxide fabricated after 24 h of air oxidation displays
higher electrochemical reactivity with the oxide-forming electro-
lyte and potential driving force (both borate buffer and LBE) in the
context of passivation than the 5 day sample.

Table 2. The fitting parameters for impedance spectra shown in Fig. 9.

Parameter (unit) Cr – 24 h 0.1 M Borate Buffer
(Room Temperature)

Cr – 5d 0.1 M Borate Buffer
(Room Temperature)

Cr – 24 h LBE (200 °C) Cr – 5d LBE (200 °C)

CPE1, Q (S sα cm−2) 6.67 × 10−5 2.93 × 10−9 3.22 × 10−7 6.80 × 10−8

CPE1, α 0.793 0.945 0.898 0.937

R1 (Ω cm2) 9.99 × 105 4.09 × 107 2.09 × 103 6.42 × 104

CPE2, Q (S sα cm−2) 4.07 × 10−6 – 0.807 1.52 × 10−7

CPE2, α 0.703 – 8.96 × 103 0.930

R2 (Ω cm2) 774 – 8.08 × 10−6 11.7

CPE3, Q (S sα cm−2) – – 0.742 3.79 × 10−7

CPE3, α – – 7.43 × 103 0.868

R3 (Ω cm2) – – – 1.07 × 106

CPEDL, Q (S sα cm−2) 9.08 × 10−6 – – –

CPEDL, α 0.763 – – –

Rct (Ω cm2) 3.99 × 103 – – –

Re (Ω cm2) 24.7 – 0.276 0.649

χ2 6.64 × 10−3 7.49 × 10−3 3.44 × 10−3 1.26 × 10−3

Fig. 9 Bode plots of 24 h and 5 day air oxidized chromium. Tests were conducted in a 0.1 M borate buffer at room temperature and b lead
bismuth eutectic (LBE) media at 200 °C. c–e shows the representative equivalent electronic circuit (EEC) utilized to fit the impedance data
shown in a and b the fits are given by the solid lines; c represents a dual layer oxide model consisting of an inner porous oxide; d represents a
simplified Randles circuit consisting of a time constant; e represents a model with three time constants.
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Given that the impedance response of the 5 day air oxidized Cr
shows no significant variation in either the borate buffer or LBE
environments; it can be stated that this oxide is chemically and
electrochemically stable. Less than 1 nm of fresh oxide is grown
after 5 days of oxidation and it is speculated that the point defect
population and ionic mobilities (intrinsic property of Cr oxides)
are too low and the pre-oxidized layer is too large for additional
growth despite a large potential driving force. Therefore, its
interface and structure were largely unaffected by the high
electrochemical driving force. Following a similar argument,
since the 24 h air oxidized Cr is comparatively reactive with
respect to 5 day oxidation in both media, their impedance
spectra becomes a function of both the existing oxide and new
oxide formed in the electrolyte where their interaction is dictated
by the faradaic reaction and mechanism associated with in-situ
passive film formation. However, only a few nm of new oxide
growth is observed. It is worth mentioning that the difference in
impedance modulus magnitude of oxidized Cr coupon between
borate buffer and LBE may also be affected by liquid metal
wettability, reducing the total exposed area (0.6 cm2 for LBE).
This will be discussed in the next section. Given this impedance
data, it is of interest to understand the origin of macroscopic
electrochemical properties which are linked to microscopic point
defects, and its relation to the overall stability/reactivity of the
oxide covered Cr.

Mott-Schottky analysis in aqueous and liquid metal media
The Mott-Schottky (MS) plot for the oxidized chromium is shown
in Fig. 10. In all cases, the effective capacitance was inversely
correlated with the applied potential, indicating that the

chromium thermal oxides display p-type semiconductor charac-
teristics69. By the definition of a p-type semiconductor, this also
suggests but does not prove that the possible ionic defects are
likely metal cation vacancies and/or anion interstitials, both of
which lead to compensating holes in the valence band to
maintain electroneutrality36,70. The slope of each MS plot was
extracted from the linear region in each MS plot. Based on the
Mott-Schottky theory, the linear dependence of C−2 versus V is
built upon the assumptions that (1) ionic donors with a net
negative charge (such as a Cr cation monovacancy or oxygen
interstitials) are the majority point defects and (2) the interface is
free of faradaic/electrochemical reactions, e.g., absorbed oxygen
can produce surface states (this is verified by small currents in
downward scans)70, and (3) space charge capacitance dominates
the overall measured capacitance31. The violation of any of these
conditions can lead to the departure of linearity seen in
excessively high or low overpotential shown in Fig. 10.
In Fig. 10, the slope of the linear region was extracted and the

acceptor densities for each test condition was calculated using Eq.
(2) as shown in Table 3. The dielectric constant was assumed to be
25 in the 0.1 M borate buffer considering both the chromium oxide
and oxyhydroxide layers36,71; and 12 in the LBE media72. The
acceptor densities of the 24 h air oxidized Cr were found to be
7.55·1017cm−3 in borate buffer and 3.00·1014 cm−3 in LBE; and the
5 day air oxidized Cr to be 1.75·1016cm−3 in borate buffer and
2.03·1014cm−3 in LBE. These concentrations are higher than in
typical intrinsic semiconductors such as Si65. In the case of metal
deficient or oxygen deficient transition metal oxides, a 1 ppm defect
level would result in a concentration of about 1017cm−3 given
a lattice concentration of ~1023 perfect lattice site ions per cm3.

Fig. 10 Mott-Schottky plots displaying the effective capacitance (Ceff-2) versus applied voltage of 24 h and 5 day air oxidized chromium.
Tests were conducted in a 0.1 M borate buffer and b LBE. The solid line represents the linear region fitted with Eq. (2). The reference electrode
was saturated calomel (SCE) in borate buffer and tungsten wire (W) in LBE. All error bars are smaller than the size of the symbols used for data
points representation and reside within the respective symbols.
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In the literature, rapidly electrochemically grown Cr2O3, produced in
short times as well as those synthesized by sputtering, often report
higher defect concentrations by the MS approach than observed
here57,70. In both test media, the higher acceptor densities of the
24 h air oxidized Cr suggests that it contains a higher concentration
of ionic defects, possibly chromium vacancies and/or oxygen
interstitials both compensated by holes36,50,70, relative to the
5 day air oxidized counterpart. It is noted that the calculated
acceptor density correlates with a simplified and general value of
the point defect concentration but does not yield information
regarding the exact charge state or the specific identity of the point
defects.
It is noted that in both media the acceptor densities in LBE are

about 2 to 3 orders of magnitude lower than those of the 0.1 M
borate buffer solution. Careful considerations were taken to
understand the origin of such discrepancy. Firstly, the C-E linear
dependence suggests that the MS analysis is still applicable, and
the use of high single frequency in a downward sweep in an
environment with a high oxygen activity enables the defect
population to be “frozen-in.” It is also important to note that there
have not been fundamental reasons proposed that have
discredited the use of MS analysis in liquid metal. Secondly, due
to the low wettability of LBE on oxide surfaces, it is expected that
the effective surface area is reduced significantly from the original
exposure surface area (0.6 cm2). Thirdly, for the sake of a
straightforward comparison between acceptor densities, only
two dielectric constants (25 for borate buffer; 12 for LBE) were
considered. However, realistically the thermal oxides are more
complex, and the dielectric constant may need to be adjusted in
accordance with its environment.

DISCUSSION
The present study sheds light on defect identities and densities as
a function of oxidation time. Given the systemic and diverse
approach to characterization undertaken herein, corroborating
information was obtained heretofore lacking in separate compu-
tational and experimental studies and theoretical treatments.
Hence it is appropriate to emphasize the complementary aspects
of these experimental techniques, and their contribution in
revealing the identity and concentrations of point defects during
thermal oxidation and during exposure to oxidizing media, i.e.,
aqueous borate buffer and liquid metal. This information is often
obtained using disparate methods but is uncorroborated. To
address this gap, we first present a summary of the findings
associated with each technique:

● 24 h and 5 day Cr oxides are confirmed to be Cr2O3. (Raman/
TEM)

● Oxidation time introduces larger pores near the metal oxide
interface. (TEM)

● Oxidation time increases oxide layer thickness. (TEM/PAS)
● Oxidation time increases grain size near the oxide surface, and

smaller grains exist closer to the metal/oxide interface,
pointing to an annealing effect. (TEM)

● Total oxide defect population decreases with increasing
oxidation time. (PAS)

● The relative density of vacancy clusters in the oxides
decreases with oxidation time. (PAS)

● Cation chromium monovacancies are not found in
Cr2O3. (PAS)

● The 5 day Cr oxide is more electrochemically stable in both
aqueous and liquid metal media than the 24 h oxide. (Echem)

● Mott-Schottky results show that both Cr oxides display p-type
character. (Echem)

● The 5 day Cr oxide shows lower charge carrier density than
the 24 h sample. (Echem)

With this basis, we can more accurately understand the
atomistic origin of the reduced defect densities of chromium
oxides formed during longer air oxidation. Based on TEM results, it
was observed that voids aggregated at the metal/oxide interface,
which could act as a vacancy source for non-equilibrium point
defects73–75. Since the chromium coupons were polished to 1200
grit (P-4000) surface finish, the entire coupon surface is cold
worked, which creates dislocations that act as sinks for point
defects. This finding is strengthened by the PAS analysis showing
much larger values of the S-parameter in the polished versus
polished and UHV-annealed sample (Fig. 4). Also, the TEM
micrographs showing that the voids formed due to numerous
defects did not migrate to the bulk chromium substrate (Figs. 1
and 2). In this case, the measured acceptor density agrees with the
intrinsic point defect equilibrium concentration such as 10−6% at
high PO2 and 1100 °C11–13. Moreover, it is noted that Cr2O3

volatilization to CrO3 and Cr is excluded in this discussion since
these phenomena do not occur extensively until reaching 900 °C,
although it could still occur to a limited degree at lower
temperature32,33.
An important observation is that positron annihilation spectro-

scopy (DB-VEPAS and PALS) and electrochemical measurements
both consistently showed lower defect densities in 5 day air
oxidized chromium than in the 24-hour sample. In other words,
both fundamentally different experimental techniques can mea-
sure point defects separately with mutually complementary
results. For positron annihilation lifetime spectroscopy (PALS),
the positron lifetime signal pertaining to large vacancy clusters
defects vanished from I2 ≈ 10% to zero comparing 24 h to 5 days
of air oxidation, so no large vacancy clusters are observed in the
5 day sample at the same oxide layer depth. The PALS technique
provides information about the size of neutral and negatively-
charged vacancies, and although larger vacancy clusters were
observed in these oxides, exactly which particular charge state
cannot be probed. Isolated cation vacancies would be negatively
charged and seen by PALS.
Combining the analysis from Mott-Schottky and PALS reveals

insight into the predominant defect species within the oxide.
Mott-Schottky analysis indicates the p-type semiconductor
character of the chromium thermal oxides with close to an order
of magnitude decrease in acceptor densities after 5 days of air
oxidation. The percent decrease measured through electrochemi-
cal technique (~98% decrease in borate and ~33% decrease in
LBE) agrees qualitatively with the relative percent decrease in
measured defects found from PALS technique. The data suggests
that oxygen interstitials and larger chromium vacancy clusters
could provide charge carriers in the 24 h oxide. Longer oxidation
time (5 days) may anneal larger vacancy-type defects and leave
oxygen interstitials as the predominant defect type, which could

Table 3. Dielectric constants and Ionic acceptor densities (NA) calculated for the 24 h and 5 day air oxidized Cr in 0.1 M borate buffer and LBE
electrolyte.

Parameter (unit) Cr – 24 h 0.1M Borate Buffer Cr – 5d 0.1 M Borate Buffer Cr – 24 h LBE Cr – 5d LBE

ε (F cm−1) 25 25 12 12

NA (cm−3) 7.55 × 1017 1.75 × 1016 3.00 × 1014 1.03 × 1014
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be the reason for the order of magnitude decrease in acceptor
densities after 5 days of air oxidation.
PAS also shows a high concentration of Cr vacancy related

defects in 24 h, which could provide holes contributing to the
charge transport. For the 5 day sample, many of these chromium
larger vacancy defects could be annealed and therefore provide
more oxygen interstitials, but the acceptor concentration did not
increase. So even though both cation vacancy related defects and
oxygen interstitials provide holes, for the 5d sample, if chromium
vacancy clusters were annealed, oxygen interstitials became the
dominant acceptors driving the transport.
Density functional theory calculations performed by multiple

authors18–21 are divided on whether chromium or oxygen point
defects are predominant within the oxide, be it vacancies,
interstitials, or even Frenkel defects (composed by an interstitial
atom and a vacancy). From the Mott-Schottky analysis, p-type
behavior provides evidence that either chromium vacancies or
oxygen interstitials are predominant. PALS experiments show no
evidence of isolated chromium cation monovacancies in the
oxide, even though cation monovacancies are negatively charged
and readily observable by positrons, which leaves oxygen
interstitials or larger chromium vacancy clusters as the likely
predominant point defect types. In the DFT calculated migration
energies, oxygen interstitials are also shown to be relatively more
stable defects because contrary to the large lattice spacings
generated by chromium monovacancies, oxygen interstitials do
not generate considerable local structural distortions to the lattice.
This results in oxygen interstitials’ low migration energy barrier21,
which would be necessary to drive diffusion and migration,
especially compared to chromium vacancies’ high migration
energies20–23.
However, both electrochemical and positron annihilation-based

techniques do not prove the predominance or quantify the
absolute population of oxygen interstitials, which may be the
origin of this discrepancy in terms of measured point defect
populations. For reference, the thermal equilibrium concentration
of oxygen interstitials in Cr2O3 at 700 °C was calculated using the
migration and formation enthalpies from DFT simulations22

resulting in on the order of 1013 interstitials per cm3, which is
less than the Mott-Schottky acceptor density after 5 days of
oxidation. Even though 5 days of oxidation does not match
thermal equilibrium conditions, the acceptor density at longer
oxidation time trends toward the thermal equilibrium concentra-
tion, indicating that this oxide is significantly closer to equilibrium
than the 24 h sample.
Positron annihilation spectroscopy and electrochemistry sup-

ports, but does not prove, the primary role of chromium vacancy
cluster complexes and/or anion oxygen interstitials in dictating
transport in Cr2O3 in thermally oxidizing environments. Positron
spectroscopy results suggest the presence of larger vacancy
cluster complexes within the oxide, which can provide charge
carriers. When oxidizing a pure chromium coupon, the partial
pressure of oxygen (PO2) plays a critical role in dictating the
semiconductor properties of Cr2O3 during oxidation, in particular,
which point defect type dominates the oxidation diffusion
process. At low PO2 (e.g., air oxidation), the outward transport of
Cr interstitials dominates (n-type character)16,21,76,77; whereas at
high PO2, chromium vacancies dominate (p-type charac-
ter)16,21,76,77, but at the metal-oxide interface, relative oxygen
mobility is significantly higher than that of Cr22.
On the contrary, when Cr2O3 is exposed to oxidizing environ-

ments that are of interest to corrosion, the PO2 level is typically low
and fixed because they are in equilibrium with the atmosphere.
The driving force and its point defect transport mechanism
(limited to charged point defects) are thus electrochemical and
are dictated by the potential drop across the metal/oxide, oxide/
electrolyte interfaces and the oxide thickness itself. High applied
potentials enable such potential drops. The point defect transport

mechanism has also been investigated under the point defect
model (PDM), which is one of the macroscopic aqueous
passivation models that bridges between the role of point defects
and oxide formation from a kinetic point of view35. Additional
reviews were carried out by the Marcus group summarizing these
established models78. The same group also outlined a complete
model of oxide film growth kinetics, which will not be discussed in
detail here76. It is important to note that the potential drop across
the metal/electrolyte interface relates to surface potential applied
or by anodic potentiostatic polarization79–81.
When exposed to either borate buffer or LBE, the in-situ

formation of either Cr(OH)3 in borate buffer or additional Cr2O3 or
CrO3 in LBE were detected from linear sweep voltammetry. Based
on established models20,35,37,82 as well as results presented here,
the transport (by migration in thin film high field models) of
oxygen interstitials could be expected to dominate such local
passivation process. The oxygen interstitials or chromium vacancy
cluster complexes are suggested to be the dominant defects
resulting from air oxidation in atmospheric conditions.
On the basis that (i) no significant amount of chromium

monovacancies were generated during electrochemical measure-
ments as is typical of passivation of freshly polished surfaces; (ii)
the 5 day air oxidized chromium contains slightly less point
defects but roughly twice the thickness relative to the 24 h
counterpart, it may be concluded that the electromigration flux of
charge carriers within the 5 day oxide is significantly lower due to
higher oxide thickness and lower defect content (thus lower
strength of electric field), leading to the three orders of magnitude
drop in DC current density observed in Fig. 8b and overall
improved electrochemical stability. Based on this drop in current
density, in the case of thermal oxides on pure chromium, both the
thickness factor and point defect density could have a strong
influence in dictating the electrochemical/corrosion behavior of
the oxides.
The main purpose of this study is to utilize multiple

complimentary characterization techniques to evaluate the types
of defects, ionic point defect densities, and agglomeration of
defects during growth of Cr oxide layers in a single study. Defect
concentration was determined using positron annihilation spec-
troscopy, Mott-Schottky analysis, and electrochemical techniques
as well as TEM for larger scale defect structures. This approach
allows a comprehensive view on the defects in thermally grown
oxides. It was found that, while the oxide layer increases in
thickness as a function of oxidation time, the defect density is
greatly reduced. The most likely predominant defects were
identified as oxygen interstitials or chromium vacancy cluster
complexes, and these are responsible for the ionic transport. This
confirms the growth process for Cr2O3 is dependent on the
transport of oxygen interstitials and chromium vacancy clusters
while adding quantitative data to the process.

METHODS
Sample preparation
Polished Cr samples (1200 grit) were oxidized in air at 700 °C for 24 hours
(24 h) and 5 days (5 d) using a box furnace. The entire sample treatment
flow through the experimental procedures is shown in Fig. 11. It is
important to note that it was always the exact same traveling chromium
coupon (sample) that underwent the different characterization techniques.

TEM and Raman spectroscopy
An as-polished Cr sample was kept for reference. Characterization efforts
began with PAS to quantify vacancy and vacancy-related defect content.
After PAS investigations, the chemical compositions and structures of the
oxide scales on the thermally oxidized chromium were characterized by
TEM. TEM thin foils were cut from the oxide layer of the thermally oxidized
samples using a ThermoFisher Quanta 3D field emission gun focused ion
beam (FIB) instrument. TEM was conducted using a ThermoFisher Talos
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F200X with a field emission gun operating at 200 kV. A Renishaw InVia™
Confocal Raman microscope was utilized for chromium oxide layer confocal
Raman spectroscopy measurements, featuring a 514 nm laser (low power –
10%) with 1800 lines per millimeter diffraction grating and 50x long focal
length. A small region of the sample was inspected before and after analysis
by optical microscopy to ensure no laser-induced oxidation had occurred.

Positron annihilation spectroscopy
The samples were sent to the Institute of Radiation Physics at Helmholtz-
Zentrum Dresden – Rossendorf (HZDR) for positron annihilation spectro-
scopy (PAS) to characterize the defect type and density at different depths
within the grown oxide layers. DB-VEPAS measurements were conducted
at the apparatus for in-situ defect analysis (AIDA)83 on the slow positron
beamline (SPONSOR)84. Positrons were implanted into each sample with
discrete kinetic energies Ep in the range between 0.05 and 35 keV, which
allows for depth profiling from the surface down to about 2 µm.
Depth-resolved variable energy positron annihilation lifetime spectro-

scopy (PALS) was also done to assess defect microstructure of the oxide
layers grown at different conditions. Positron implantation energies were
varied here from 0.5 – 12 keV in 0.5 keV increments, probing over the first
~380 nm of the samples. The PALS experiments were performed at the
mono-energetic positron spectroscopy (MePS) beamline, which is one of
the end stations of the radiation source ELBE (Electron Linac for beams
with high Brilliance and low Emittance) at HZDR (Germany)85,86. A CrBr3
scintillator detector coupled to a Hamamatsu R13089 PMT was utilized for
the gamma quanta acquisition and the signals were processed by
SPDevices ADQ14DC-2X digitizer73. The time resolution function achieved
a value of about 0.230 ns. The resolution function required for spectrum
analysis includes two Gaussian functions with distinct intensities and
relative shifts, which both depend on the positron implantation energy, Ep.
All spectra contained at least 107 counts. Typical lifetime spectrum N(t) is
described by Eq. 1:

NðtÞ ¼
X 1

τi

� �
Ii exp � t

τi

� �
(1)

where τi and Ii are the positron lifetime and intensity of the i-th
component, respectively, and the sum of intensities, Ii, must be equal to
one47. Spectra were deconvoluted into a few discrete lifetime components
using the PALSfit software47, which directly show evidence of different
defect types (sizes) and their corresponding relative intensities, quantifying
the overall concentration of each defect type.

Electrochemical measurements
To understand the corrosion and semiconducting properties of the as-
oxidized chromium metals, the electrochemical behavior of these coupons
in an analytical grate borate buffer aqueous electrolyte (0.1 M
Na2B4O7·10H2O, pH= 9.2, 20 °C) and a lead-bismuth eutectic liquid metal
electrolyte (45.5 wt.% Pb-55.5 wt.% Bi, 200 °C) was compared.
A conventional three-electrodes cell was used for the aqueous

electrochemical experiments, with a Pt mesh as the counter electrode, a
saturated calomel electrode (SCE) as the reference electrode, and the
oxidized Cr metals as the working electrode. The three-electrodes cell was
then connected to a Gamry 600+ ™ potentiostat utilized for electro-
chemical measurements. Prior to each test, deaeration was performed by
bubbling industry grade N2 directly to the aqueous electrolyte for
30minutes, and the N2 bubbling was continued throughout the duration
of the test. In the borate buffer solution, two separate measurements were
performed: (i) a 600 s open circuit potential (EOC) scan, followed by an EIS
scan at EOC in the frequency range between 1 mHz and 1MHz at 8 point
per decade with a 10mV sinewave perturbation, and ended with a
potentiodynamic polarization (PD) scan from −0.1 to +1.0 V relative to EOC
at a scan rate of 0.5 mV per second; (ii) a 600 s open circuit potential (EOC)

scan, followed by a Mott-Schottky analysis performed by sweeping the
potential from +0.8 V to +0.1 V versus EOC at a single frequency of 1000 Hz.
The step size was 5 mV. The potential range represents the passive region
of the coupons determined from their PD scans, whereas the measure-
ment frequency was determined from the EOC impedance spectra
representing the frequency dominated by oxide capacitance at a relatively
constant phase angle. This was carefully selected to avoid effects
pertaining to leakage current due to faradaic reactions or distribution of
the densities of states within the oxide. For the electrochemical
experiments in lead bismuth eutectic (LBE), we also chose a three-
electrodes system. A tungsten wire with a diameter of 0.5 mm was used as
the reference electrode (RE). The 304 L stainless steel crucible was
connected to the counter electrode (CE). To avoid repetition, details of
the experiments can be found in87. Two separate measurements were
performed in LBE: (i) a 600 s open circuit potential (EOC) scan, followed by
an EIS scan at EOC in the frequency range between 1MHz and 0.1 Hz at 8
point per decade and a 10mV sinewave perturbation. (ii) a 600 s open
circuit potential (EOC) scan, followed by a Mott-Schottky analysis performed
by sweeping the potential from +0.85 V to −0.3 V versus EOC at a single
frequency of 1000 Hz. The step size was 20mV.
The semiconductor properties of the chromium thermal oxides with

respect to the solid/electrolyte interface can be analyzed through the
Mott-Schottky method. When a semiconductor, i.e., oxide, is exposed to
the electrolyte, equilibration of the Fermi energies between oxide and
electrolyte (i.e., redox potential) results in the transport of electrons across
the solid/electrolyte interface to equalize the Fermi energies, i.e., this
creates band bending in the band energy landscape in the semi-conductor
oxide. Band bending results in an electron depleted or accumulated
region, yielding a dielectric capacitance known as the space charge
capacitance (CSC), which can be estimated from electrochemical techni-
ques. The space charge capacitance can be extracted by the Mott-Schottky
equation under the assumption of Boltzmann distribution of electrons
within the oxide and electroneutrality is ensured across the solid/
electrolyte interface through Gauss’s Law69.

1
C2
SC

¼ 2
ϵϵ0eNA

V � VFB � kT
e

� �
For a p� type semiconductor (2)

1
C2
SC

¼ �2
ϵϵ0eND

V � VFB � kT
e

� �
For an n� type semiconductor (3)

Where ϵ0 represents the permittivity of free space 8.85·10−14 Fper cm, ϵ
represents the dielectric constant of the oxide, ND (NA) is the donor
(acceptor) densities, V is the applied potential, VFB is the flat band potential,
k is the Boltzmann constant, e is the electron charge, and T is the absolute
temperature.
Based on Eqs. 2 and 3, the electronic donor/acceptor densities (ND or NA)

and flat band potential (VFB) can be extracted from the slope and intercept
of Eq. 2 or Eq. 3, respectively. The Mott-Schottky analysis was carried out by
measuring the capacitive impedance response at each bias voltage within
the electrochemically passive region of an oxide in a given electrolyte.
Therefore, when such a measurement is performed in an electrochemical
system, the effective capacitance, Ceff, needs to be considered:

1
Ceff

¼ 1
CCS

þ 1
CDL

(4)

where CDL is the double layer capacitance. In aqueous electrolyte, CDL is
typically on the order of ~102 µF per cm relative to CSC, which is on the
order of ~10−3 µF per cm. Thus, the CDL term is often neglected.
Additionally, the concept of an electrochemical double layer does not
apply in the case of liquid metal. Therefore, the space charge capacitance
is considered the effective capacitance in both cases. It is also noted that
the dielectric capacitance of the oxide is often considered as the space
charge capacitance (i.e., CSC ~ COX).

Fig. 11 Sample flow through the experimental procedure. The same oxidized chromium samples traveled among experimental facilities for
the different characterization techniques.
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