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Fe-22Cr-0.5Mn based ferritic steels are used as interconnect materials for solid oxide fuel/electrolysis cells. Four steel samples,
including the commercial steel Crofer 22 H, were oxidized at 800 °C in a model Ar-4%H,—4%H,0 atmosphere simulating the fuel
side of the cells and investigated by atom probe tomography (APT) in conjunction with electron microscopy and thermogravimetry.
All steels form an oxide scale mainly consisting of MnCr,0, spinel on top of Cr,O;. APT revealed segregation of minor alloying
constituents (Nb and Ti) to chromia grain boundaries and highlighted their effect on mass transport through the chromia scale.
Relationships between segregation activity of individual elements (in terms of Gibbsian interfacial excess), oxide scale
microstructure and alloy oxidation rate have been established based on the APT results. Comparison of segregation activities
revealed that vacancies formation due to Wagner-Hauffe doping with aliovalent Ti and Nb impurities cannot be solely responsible
for faster oxidation, assuming alteration of the grain boundary structure and associated changes of their mass transport properties.
Controlled Si addition to the alloy (about 0.4 at%) suppresses the detrimental effect of Nb on the oxidation resistance but results in
formation of a thin, although still discontinuous, SiO, layer at the metal-oxide interface.
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Solid oxide fuel cells (SOFCs) have received a great deal of
attention as an alternative to conventional power generation due to
its high energy conversion efficiency and low greenhouse gas
emissions.! A solid oxide electrolyzer cell (SOEC) is the reverse
operation mode of a SOFC, which converts electric power to
chemical fuel enabling long-term storage of the energy obtained
from renewable sources.>® An important component of both these
cell types, the interconnect, serves to assemble individual cells into a
functional device, provides electrical connection between them and,
at the same time, separates different atmospheres present at the
cathode (air in SOFC/fuel in SOEC) and anode (fuel in SOFC/air in
SOEC) sides of the cell. Solid oxide cells currently operate at
temperatures of about 800 °C, although significant efforts are being
undertaken to further decrease the operating temperature. The
general demands to interconnect materials are good high-tempera-
ture strength, similarity of thermal expansion coefficients with the
active cell elements, good electrical conductivity as well as high
oxidation resistance in all relevant atmospheres to provide long
operational lifetime.’

One of the most promising materials for interconnects are high-
Cr ferritic steels due to their strength, resistance to brittle fracture
compared to ceramic counterparts and formation of a thermally-
grown Cr,O3 protective surface scale under high-temperature
oxidation.*” Cr,O; has a reasonable electronic conductivity at
high temperatures as compared to other typical protective scales,
such as Al,O5 or SiO,, which makes this steel class preferable for
interconnects manufacturing.® However, when exposed to wet air,
chromia may transform into volatile components, so it requires a
barrier layer to prevent direct contact with the gas components.® This
can be achieved e.g. by addition of Mn to the steel, which promotes
formation of a Mn-containing spinel layer on the top of chromia.'”
High-Cr ferritic steels may also contain other alloying elements,
either introduced intentionally to improve the microstructure and
properties (e.g. strengthening with intermetallic phases, oxide-
precipitation strengthening the vicinity of oxide-alloy interface,
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improvement of the oxide scale adherence etc.)° or remaining as
technical impurities from the steel manufacturing process. These
minor additives may enter the forming chromia/spinel scale under
operation temperatures, or even form an additional oxide layer,
thereby critically affecting the oxidation resistance or other alloy
properties.'! For example, residual Si used as a deoxidizer during
alloy melting can form a thin electrically insulating SiO, layer at the
alloy-oxide interface, which deteriorates current flow and disrupts
the operation of a SOFC/SOEC device.'” Therefore, careful alloy
design and compositional tuning is required to achieve high
interconnect performance, which requires understanding of the role
of all alloy constituents, including minor additives, in the oxidation
processes under operation conditions.

Extensive studies have been devoted to this topic in the recent
decades.'*™!” Although numerous empirical rules about the influence
of individual elements (and their interplay) on oxidation behavior
have been derived so far,17 there is still a lack of understanding of
the underlying oxidation mechanisms. Characterization of thermally
grown oxides at the nanoscale can retrieve the distribution of various
elements and reveal the diffusion pathways, which are responsible
for oxide scale formation and eventually for the oxidation resistance.
Electron microscopy based methods and especially transmission
electron microscopy (TEM) are conventionally used for the micro-
structure characterization of oxides.'®? Alternatively, atom probe
tomography (APT) has unique capabilities to reveal minor elements
presence and their segregation to grain boundaries (GBs) and
interfaces, which can play the key role in mass transport through
the oxide scale.!'**** APT has been successfully employed in the
recent years for studies of oxide scales thermally grown on
steels™> 27 as well as on other alloy types.”*>"

A family of high-Cr steels including Crofer 22 H suitable for
operation as SOFC/SOEC interconnects has been developed in FZ
Jiilich and commercialized by VDM Metals.**~*” Beyond the base
elements (Fe, Cr and Mn) and processing impurities (Si and Al), the
alloy contains additions of Nb and W promoting formation of the
strengthening Laves phase,’ Ti to form fine titania-base precipitates
strengthening the sub-oxide region'? and La to improve oxide scale
adhesion.” The earlier studies revealed formation of a duplex-base
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oxide scale consisting of MnCr,O4 spinel over the base Cr,O; layer
in these alloys,* and demonstrated a strong detrimental effect of Nb
on the oxidation resistance of this steel class in H,-H,O containing
atmospheres.”'! APT helped to reveal strong Nb segregation to
chromia grain boundaries, which was assumed to result in formation
of cationic vacancies due to Cr’" substitution with higher charged
Nb**/Nb* ions and associated diffusion enhancement along GBs.
In the present work we employ APT for a more extended study of
the Crofer 22 steel family, in particular, to reveal the role and
interplay of Ti, Nb and Si in high-temperature (800 °C) oxidation
processes in the Ar-4%H,—4%H,0 atmosphere, modeling a fuel
side of SOFC/SOEC cells. A focus in the present study has been
made on the chromia layer, since it forms first under the given
oxidation conditions,3 % 50 its microstructure controls the diffusion of
oxygen and metallic ions during further oxidation stages. Another
focus has been put to the analysis of the metal-oxide interface, which
is critical for the oxide scale adherence as well as the electrical
conductivity of an interconnect.***'

Experimental

The commercial steel Crofer 22 H was selected as the base alloy,
and its modifications were produced by removal of Nb, Ti or Si to
study the effects of these additions. The steels were manufactured by
VDM Metals by vacuum melting. An ingot of approximately 10 kg
was cast and subsequently hot rolled down to sheets of 2 mm
thickness. The actual chemical compositions of the steels were
analyzed by inductively coupled plasma optical emission spectro-
scopy (ICP-OES) and are given in Table I. For reader’s convenience
the alloys were designated in the present paper following their minor
elements content, where Nb, Ti and Si stand for additions of these
elements. The alloys names given in the parenthesis refer to their
designations in commercial use or in the lab as well as in our earlier
publications.

Specimens of dimensions 20 x 10 x 2 mm for oxidation testing
were machined from the hot rolled sheet by laser cutting. All
machined samples were ground down to a 1200 grit surface finish
with SiC abrasive papers. Prior to high temperature exposure, the
specimens were ultrasonically cleaned with ethanol. Oxidation
kinetics at 800 °C in Ar-4%H,—4%H,0 test gas was measured by
thermogravimetry using a Setaram TG 92 microbalance. Specimens
were heated to the test temperature at a rate of 90 K min~" in the test
gas, kept at 800 °C for 72 h, and subsequently furnace cooled at
approximately 10 K min~"

The microstructure of the oxidized samples was examined by
scanning electron microscopy (SEM) using a Zeiss Supra S0VP
instrument (Carl Zeiss Microscopy GmbH, Germany). For cross
section SEM investigation, the specimens were mounted in an epoxy
resin. Prior to mounting, the specimens were coated with an
approximately 100 nm thick gold layer to create the electrically
conductive surface, and subsequently electroplated with Ni using
NiSOy solution. The Ni layer mechanically supports the oxide scale
during further metallographic preparation, and additionally improves
the contrast between the oxide scale and the mounting material
during optical and electron microscopy observations.

TEM samples were prepared using a Zeiss Auriga cross beam
focused ion beam (FIB) with a Ga ion source (Carl Zeiss

0.5
(@)
el
‘\F\ 0.41 P*\\O\J—
£ p—"
v N\o\l'Nb
[®)]
é 0.3
c
©
o 0.2
= ook
o R »
2 01 ey T
0.0+ y v - - . .
0 10 20 30 40 50 60
1071
(b) ¢ = Alloy-NbTi
i « Alloy-Nb
T 107 +  Alloy-Ti
TU)
g A
Nm 10—3_ °e®
E :
bl . e ,»p““, k"ﬂ("’w
< SN ; a0
L o
F g5l = &,‘M"'s ,,,u.,n...
1073

0 10 20 30 40 50 60
Exposure time (h)

Figure 1. Thermogravimetric test results acquired during isothermal oxida-
tion of four different alloys at 800 °C in Ar-4%H,—4%H,0: (a) mass change
as a function of the exposure time and (b) instantaneous “apparent” parabolic
rate constant k,,(¢) as a function of the exposure time. The error of the weight
gain measurements is <1 g cm™>

Microscopy GmbH, Germany). High resolution electron imaging
was carried out using a Zeiss Libra 200 transmission electron
microscope (Carl Zeiss Microscopy GmbH, Germany) with accel-
erating voltage of 200 kV. Elemental analysis of the oxide scale was
performed by energy dispersive X-ray spectroscopy (EDS) using a
X-Max 80 detector (Oxford Instruments, UK).

For APT investigation of chromia scales and metal-oxide
interfaces, specimens were prepared from the cross-sectional SEM
samples by a conventional lift-out method** using a Helios Nanolab
650i dual beam FIB (Thermo Fisher Scientific, USA). APT speci-
mens from the chromia scale were prepared perpendicular to the
growth direction (parallel to the oxide scale surface) to maximize the
number of grain boundaries in APT datasets, since chromia grains
appeared textured in the growth direction. APT specimens con-
taining the metal-oxide interface were prepared perpendicular (to

Table I. Chemical composition of the investigated alloys as determined by ICP-OES (in at %).” The alloys are designated based on the respective
additions of Nb, Ti and Si. The respective commercial/lab names are mentioned in the parenthesis.

Fe Cr Mn Al Si Nb Ti La w C N
Alloy-NbTiSi (Crofer 22 H) 73.31 24.64 0.44 0.04 0.42 0.31 0.08 0.03 0.3 0.03 0.06
Alloy-NbTi (KCL) 74.80 23.58 0.52 0.02 0.04 0.66 0.17 0.06 — 0.05 0.07
Alloy-Ti (Crofer 22 APU) 75.36 24 0.41 0.03 0.02 — 0.06 0.04 — <0.01 0.01
Alloy-Nb (KCD) 74.48 24.22 0.47 0.02 0.04 0.63 — — — 0.02 0.08

a) Alloys additionally contain B and S in concentrations <0.01 at%.
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Figure 2. Surface morphologies (left column) and cross sectional (right
column) SEM micrographs of the alloys exposed for 72h at 800 °C in
Ar-4%H,—4%H,0: (a) and (e) Alloy-NbTiSi, (b) and (f) Alloy-NbTi, (c)
and (g) Alloy-Ti, (d) and (h) Alloy-Nb.
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Figure 3. Thicknesses of the different layers in the oxide scale of the studied
alloys determined from SEM image analysis.

maximize the analyzed interface area) as well as parallel (to
minimize the influence of local magnification effect at the interface)
to the growth direction. APT analysis was performed using a
LEAP4000X HR instrument (Ametek Inc., USA) operating in laser
mode with laser pulse frequencies of 200-250 kHz, laser pulse
energies of 30-50 pJ and detection rate of 0.005 ions per pulse. The
base specimen temperature was maintained at 50K for all

measurements. At least three datasets were measured for each alloy
and region of interest. APT data reconstruction and analysis was
carried out using the Integrated Visualization and Analysis Software
(IVAS™) package 3.6.8 (Ametek Inc.). The details of the recon-
struction procedure are given in the Supplementary Information.
(available online at stacks.iop.org/JES/167/061502/mmedia).

Results

Oxidation kinetics.—Figure la shows the thermogravimetric
data obtained during isothermal oxidation of the alloys at 800 °C in
Ar-4%H,—4%H,0. All studied alloys exhibited weight gain from
the very beginning (transient oxidation stage). The base Alloy-
NbTiSi showed a maximal specific weight gain approximately equal
to 0.18 mg-cm™~2. When Alloy-Ti (i.e. the variant without Nb and Si)
was exposed, the maximal weight gain slightly reduced to
0.13 mg-cm 2 while for both Alloy-Nb and Alloy-NbTi (note
excess Nb content compared to Alloy-NbTiSi) the weight gain
increased significantly.

Figure 1b shows the instantaneous “apparent” parabolic rate
constants k() calculated from the mass change data plotted in
Fig. la. The procedure for the calculation was described
elsewhere.** After an initial transient period of about 10 h, the rate
constants become virtually time independent, except the base Alloy-
NbTiSi, indicating an approximate parabolic time dependence of the
oxide scale thickness. This would be expected from the classical
oxidation theory, if transport processes through the oxide are rate
determining:

(Am)> =k, - t [1]

where Am is the area specific weight gain (mg-cm™2) and 7 is the
exposure time (h).

It should be noted that only one sample for each alloy was tested
in the thermogravimetric measurements. However, as the specimen
surface preparation and the test procedures were identical for all
alloys, and the SEM cross-section analysis revealed very uniform
morphologies and compositions of the oxide scales, only small
discrepancies in the weight gain curves (compared to the differences
between the alloys) could be expected in replicated measurements.

Electron microscopy analysis.—Figure 2 depicts the surface
morphologies and cross sections of the studied alloys as imaged by
SEM. The oxides show a plate-like morphology with well-developed
plates for Alloy-NbTi (Fig. 2b) and Alloy-Nb (Fig. 2d), whereas this
morphology just started to develop on the surface of Alloy-Ti
(Fig. 2¢).

The cross-sectional SEM images show an oxide scale consisting
of the outermost MnCr,0, spinel and the inner chromia layers (see
the earlier work for structural identification''). Two Nb-containing
alloys (Alloy-Nb and Alloy-NbTi) show an additional layer of
100-200 nm thickness between the chromia layer and the metal
matrix. All Ti-containing alloys exhibit an internal precipitation
zone underneath the oxide scale. Additionally to the oxide phases,
bright regions in Alloy-NbTiSi show the presence of a Laves phase
of the Fe,Nb-base stoichiometry.

The average thicknesses of the different oxide subscales derived
from SEM image analysis are presented in Fig. 3. It can be
concluded that the overall thickness increases after Nb addition to
the alloy, correlating with the thermogravimetric data and indicating
a decrease in oxidation resistance. Comparison of Alloy-Nb and
Alloy-NbTi reveals a qualitatively similar effect of Ti. Si addition to
the alloy greatly mitigates the detrimental Nb influence and
eliminates the formation of the additional inner layer between
Cr,03 and the alloy matrix.

More detailed information on the oxide structure formed in the
Ar-H,—H,0 atmosphere was retrieved by TEM analysis in the
scanning mode (STEM) in conjunction with EDS mapping. The
results for Alloy-NbTiSi, which contains all studied minor additives,
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are presented in Fig. 4a. Although a duplex spinel/chromia surface
scale with fine-grained structure can be distinguished, EDS maps
also reveal the presence of spinel grains deeply penetrating into the
Cr,03 layer. Additionally, a thin Si- and Nb-rich layer was found by
EDS at the alloy-oxide interface, which was not recognizable in
SEM due to either its lower resolution or a small step formed on the
polished SEM cross-sectional sample around the metal-oxide inter-
face. The region beneath the oxide scale contains numerous TiO,
precipitates and a few Laves phase inclusions rich in Nb, Si and W.

The duplex scale structure was observed by STEM for all other
studied alloys, although with a smaller amount of internal spinel
inclusions compared to the Alloy-NbTiSi. An example of the Ti-free
Alloy-Nb is presented in Fig. 4b, which additionally shows no
internal precipitation but a thick Nb-rich oxide subscale. Besides,
segregation of Nb at chromia grain boundaries is distinguishable in
the corresponding EDS map.

Unfortunately, STEM is not capable to provide reliable informa-
tion about chemistry of the grain boundaries and phase interfaces at
low segregation levels, as well as to accurately quantify and compare
the segregation activity of different elements in different alloys.
Since GBs and interfaces often serve as fast diffusion path and
provide accelerated mass transport through the oxide scale, this
information can be crucial for understanding the oxidation mechan-
isms. To address these issues, further investigations were performed
using atom probe tomography, which provides a higher level of
elemental detection sensitivity.

APT analysis of the chromia scale—STEM-EDS demonstrates
an apparently uniform GB segregation pattern in the chromia scale
(see e.g. Nb map in Fig. 4b) for all alloys. Nevertheless, variations of
segregation behavior across oxide scales can take place.**** In order
to ensure a correct comparison between the alloys, all APT speci-
mens from the chromia scales were taken from their middle part.

Nb-rich oxide

Figure 5a shows APT elemental maps of key impurities detected
in the Cr,0; scale on the Alloy-NbTiSi. Mn shows a clear tendency
to segregate at chromia GBs and is also present in local Mn-rich
regions with compositions matching MnCr,O,4 spinel, i.e. it forms
inner spinel inclusions in the chromia layer. Figs. 5b and 5S¢ shows
averaged elemental concentration profiles across chromia GBs and
proximity histograms*® across chromia/spinel interfaces, respec-
tively. Ti and especially Nb segregate to grain boundaries at
substantially lower levels compared to Mn. Si exhibits a weak
tendency to GB segregation and additionally enters in marginal
amounts the inner spinel precipitates. Al appears as a solute in
chromia grains without a pronounced tendency to segregate at GBs.

Table II summarizes the bulk composition of the chromia phase
in all studied alloys, including both grains and grain boundaries. All
measurements show oxygen deficiency of 2—4 at% as compared to
the nominal Cr,O; stoichiometry. Such a deficiency is often
observed in APT analysis of many oxide materials and originates
from artifacts of the field evaporation process, i.e. not related to any
true non-stoichiometry of the oxide phase.*®*’ Despite pronounced
GB segregation, the total amount of impurities in chromia does not
exceed 0.1 at% for each element, except Ti, in all alloys.

Figure 6a shows the elemental distribution within the chromia
scale as analyzed by APT for Alloy-NbTi (Si-lean version of the
base alloy), which demonstrates the highest oxidation rate.
Elemental segregation of Ti, Mn and Nb at chromia grain boundaries
was detected in this alloy as well. The quantitative analysis reveals
however substantial differences with respect to the base alloy: GBs
accumulate large levels of Ti and Nb, while the Mn peak
concentration remains at a similar level (see Fig. 6b). Beside GB
segregation, Ti also dissolves in chromia grains with concentrations
up to 0.8 at%, thereby increasing the total amount of Ti in the
chromia scale almost tenfold as compared to that of the base alloy.
At the same time, no inner spinel inclusions were found in Alloy-

Laves phase

)

Figure 4. Bright-field STEM images and corresponding EDS elemental maps of (a) base Alloy-NbTiSi and (b) Alloy-Nb oxidized for 72 h at 800 °C in

Ar-4%H,—4%H,0.



Journal of The Electrochemical Society, 2020 167 061502

50 nm

®Ti ®MVn @Si O O

=

Concentration (at.%)

—_
(8]
~

Concentration (at.%)

GB
0.5 1
0.4 1

Mn

0.3 1
0.2 1

Ti
0.1 Si
0~0“»wl-v v\r‘\/@ AR N

-10 -5 0 5 10

Distance (nm)

Distance (nm)

Figure 5. APT analysis of the Cr,0Oj3 scale thermally grown on Alloy-NbTiSi (base alloy) after 72 h oxidation at 800 °C in Ar-4%H,—4%H,0: (a) atom maps of
Ti, Mn, Si, Nb and Al; (b) elemental concentration profiles across GBs in the chromia scale; (c) proximity histograms across an interface between chromia and
inner spinel grains. The inset shows a magnified view at the same interface to highlight minor impurities.

Table II. Bulk compositions (in at%) of the chromia scale retrieved from the APT analysis. Both grain interiors and grain boundaries were included

into the analyzed volumes.

(6] Cr Mn Si Ti Nb Al
Alloy-NbTiSi (base) 57.8 42.0 0.07 0.02 0.09 0.004 0.004
Alloy-NbTi 56.2 419 0.06 0.09 0.8 0.10 0.06
Alloy-Ti 56.3 42.7 0.10 0.01 0.7 — 0.04
Alloy-Nb 58.7 41.0 0.06 — — 0.10 0.001

NbTi. Residual Si was found in chromia predominantly as SiO,
inclusions sparsely localized at grain boundaries. More details of the
APT analysis of this alloy can be found in the previous work.'"

The oxide scale formed on Alloy-Ti and Alloy-Nb shows
segregation behavior for Ti and Nb at chromia grain boundaries
similar to that observed for Alloy-TiNb. Elemental concentration
profiles built across GBs (Fig. 7) show substantial enrichments for
these elements. Mn segregation shows slightly different trends:
while the Mn peak concentration at chromia GBs reaches nearly
0.6 at% for Alloy-Ti (being close to that in the base alloy), it remains
twice lower for Alloy-Nb.

The primary alloying element (Fe) was not detected by APT in
the chromia scale of all studied alloys. Aluminum was detected
predominantly as a non-homogeneous solute in grain interiors,
exhibiting no clear tendency to GB segregation. La, B and C were
not found in chromia either as a solute impurity or at grain
boundaries.

APT analysis of the oxide-alloy interface.—Since the electron
microscopy analysis revealed formation of additional layers at the
metal-oxide interface of three of the four studied alloys, this region
was selected for a further APT analysis. Figure 8 shows combined
APT atom maps for the chromia-alloy interface for the base Alloy-
NbTiSi. The chemical structure around the interface appears com-
plex, with a substantial accumulation of Nb, Si and Mn (>10 at%
local concentrations) detected in this region. Elemental concentra-
tion profiles in Fig. 8c demonstrate that concentration peaks of these
elements are spatially displaced with respect to each other, eviden-
cing formation of a multilayer nanostructure rather than a typical
segregation pattern with the coinciding spatial localization of the
segregating elements. A more detailed analysis reveals formation of
a discontinuous interfacial multilayer, especially for Mn and Si. The
peak Mn concentration indicates possible formation of an interfacial
thin MnCr,O, spinel layer, in addition to inner spinel grains formed
inside the chromia scale. Beneath the spinel-like layer, a few nm
thick Si- and O-rich layer emerges with local Si concentrations up to
40 at%, indicating formation of SiO, phase regions. These SiO,
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regions form however not a continuous film separating the oxide
scale from the alloy but rather a net-like structure with open
windows, as visualized by the Si isoconcentraiton surface in
Fig. 8b. Beneath the SiO, region, an additional thin layer of an
Nb-rich oxide can be distinguished, that contains also minor
additions of W and Ti. Al and La were not detected around the
metal-oxide interface, while B and C were detected in negligible
amounts (locally not exceeding 0.02 at%).

Unlike the base alloy, two other Nb-containing alloys (Alloy-
NbTi and Alloy-Nb) form a thick continuous Nb-rich oxide between
the chromia scale and the alloy. Figure 9 presents an elemental map
for the interfacial region and corresponding concentration profiles
across the oxide-alloy interface for Alloy-Nb (similar data for Alloy-
NbTi can be found elsewhere''). APT reveals this oxide layer
stoichiometry being close to NbO, rutile phase with partial
substitution of Nb with Cr and, if present in the alloy, Ti. The
formation of the rutile type Nb(Ti,Cr)O, phase in Alloy-TiNb was
earlier confirmed by XRD measurements.'' Si was found at the
interface only in marginal amounts, i.e. no interfacial SiO, layer
forms in these Si-lean alloys. Other minor alloying elements (Al and
La) were not detected in the Nb(Ti,Cr)O, oxide or at the metal-oxide
interface. An additional noticeable feature in the NbO,-base layer is
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Figure 7. APT elemental concentration profiles for segregating impurities
across GBs in chromia scale after 72h oxidation at 800 °C in
Ar-4%H,—4%H,0 for (a) Alloy-Ti and (b) Alloy-Nb.

the presence of Mn enrichment at grain boundaries, with occasional
appearance of inner spinel precipitates.

Compared to other alloys, Alloy-Ti (without Nb and Si) shows a
direct junction of the chromia scale and the alloy matrix, as can be
seen from Fig. 10. Continuous Ti segregation with a peak concen-
tration of 2.5 at% was detected at the interface. Neither segregation
of other elements nor precipitation of other phases was found at the
interface or in its vicinity.

Discussion

General considerations of GB influence on the oxidation
behavior.—Grain boundaries in materials, including ionic com-
pounds and particularly oxides (e.g. bulk ceramics), provide path-
ways for accelerated mass transport in comparison with the
conventional bulk diffusion.*®*° Elemental segregation at GBs can
substantially alter their properties, including those related to diffu-
sion. Since the formation of the oxide scales in the current study is
diffusion-controlled, apart from the transient oxidation stage, knowl-
edge on GB segregation is important for understanding the oxidation
mechanisms and especially the differences in oxidation resistance of
the alloys.

Earlier studies of the oxidation behavior of high-Cr ferritic steels
concluded that chromia is the first oxide scale forming on the alloy
surface under high-temperature oxidation.> This determines the key
role of chromia GBs for further oxide scale growth and the
formation of the spinel layer. In particular, both inward diffusion
of oxygen and outward diffusion of metal species can be strongly
influenced by creating defects in the host lattice.’® Substitution of the
host ions (Cr’") at GBs with segregating ions of different charge
states promotes formation of vacancies due to the necessity to
maintain the charge neutrality or alter the space-charge
distribution®’* and can eventually accelerate the mass transport.
To understand the mechanism of the segregation effect, not only the
types but also the amounts of segregating species need to be
analyzed.
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Figure 8. APT analysis of the oxide-alloy interface region in Alloy-NbTiSi
(base alloy) after 72 h oxidation at 800 °C in Ar-4%H,—4%H,0: (a)
combined atom maps for the chromia-alloy interfacial region; (b) 15 at%
Si iso-concentration surface delineating the net-like SiO, layer forming at the
metal-oxide interface; (c) proximity histograms across the interface for
primary elements and impurities.

Beside the elemental segregation, the density of the grain
boundary network also directly affects the mass transport, since it
determines the amount of rapid diffusion paths. A denser GB
network provides higher total diffusion flux and can entail faster
oxidation rate in the present case of the diffusion-controlled
oxidation process. The comparison of chromia grain sizes for the
alloys reveals however the opposite observation (see TEM in Fig. 4):
the Alloy-NbTiSi sample with smaller chromia grains (denser GB
network) shows essentially slower oxidation in comparison to the
larger-grained sample of the Alloy-NbTi. This indicates the dom-
inating role of the GB segregation effect in the present study, which
is discussed below.

Quantification of GB segregation from APT data.—Calculation
of the Gibbsian interfacial excess G;, i.e. the number of segregating
atoms of the element i per GB unit area, represents a convenient and
physically explicit way for quantifying and comparing GB
segregation.>* Interfacial excess values can be easily derived from
APT data and, apart from that, are less affected by the data analysis
artifacts as compared to other usual metrics, e.g. peak elemental
concentrations at GB.%>~°

Figure 11 summarizes the Gibbsian interfacial excess values G;
(calculated using the approach described by Maugis and
Hoummada™) for the key elements segregating at chromia scale
GBs. At least three grain boundaries were used to calculate G; for
each element in each alloy, and the average value was taken. G;
values reveal substantial variations in segregation activity of the
same elements, with the most significant difference observed for Ti
and Nb between Alloy-NbTiSi and the other derivative alloys.
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Figure 9. APT analysis of the oxide-alloy interfacial region in Alloy-Nb
after 72 h oxidation at 800 °C in Ar-4%H,—4%H,0: (a) atom maps
demonstrating formation of a (Nb,Cr)O, layer next to the alloy; (b) proximity
histograms across the metal-oxide interface showing weak Si segregation.
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Figure 10. APT analysis of the chromia-alloy interface region in Alloy-Ti
after 72 h oxidation at 800 °C in Ar-4%H,—4%H,0: (a) a combined atom
map and (b) proximity histograms across the chromia-alloy interface. A
magnified inset highlights Ti segregation at the interface.

Comparing the summary interfacial excess values with the densest
cationic planes in the corundum type Cr,O5 phase (~10 at nm ™2 at
the (110) plane) and considering that a random GB generally has a
lower cationic density, it can be concluded that the summary
interfacial excess approaches or even exceeds (at least for Alloy-
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Figure 11. Gibbsian interfacial excess values G; for grain boundary
segregation of Mn, Ti and Nb in the chromia scales on the studied alloys.

NbTi) a monolayer GB coverage, which must essentially alter the
microstructure and properties of the GBs.

Elemental diffusion through the chromia scale—Our previous
work concluded that Nb in the chromia scale must prevail as
aliovalent Nb*™ or Nb>* jons under the given oxidation
conditions.!' Replacement of Cr’™ with aliovalent Nb ions was
assumed to entail formation of GB cation vacancies in order to
maintain charge balance, which accelerates the outward diffusion
fluxes of metallic ions, especially of Mn needed to form the top
spinel layer. This mechanism can explain the high oxidation rate of
Nb-containing alloys: Alloy-Nb and Alloy-NbTi indeed demonstrate
high Gy, values, i.e. high segregation activity of Nb. The slowly
oxidizing base Alloy-NbTiSi shows an extremely low Gy, at
chromia GBs, probably due to the significant Nb consumption for
Laves phase formation in presence of Si (visible in TEM in Fig. 4a).”
The lowest oxidation rate of the Nb-free Alloy-Ti also aligns with
the proposed mechanism.

A similar influence on the vacancy formation in chromia and
eventually on the oxidation rate could be expected from titanium,
once Ti ions also possess a charge state of at least 4+ in the entire
oxide scale (TEM-EDS shows formation of TiO, precipitates
underneath the metal-oxide interface). Moreover, Ti was also found
within chromia grains with concentrations up to 0.8 at%, which must
generate bulk vacancies via the Wagner-Hauffe doping™ and
thereby additionally contribute to the ionic mass transport through
the chromia scale. Nevertheless, Alloy-Nb undergoes much faster
oxidation than Alloy-Ti despite the very close Gy, and Gr; values,
see Fig. 11. This observation indicates that the GB doping with
aliovalent ions does not fully explain at least the effect of Nb.

Since GB coverage with segregating Nb and Ti reaches or even
exceeds a monolayer thickness, as discussed above, one may assume
formation of a thin GB layer with a local atomic environment
corresponding to another phase rather than Cr,Os;. Earlier studies
demonstrated the existence of the bulk rutile-type CrNbO, phase
with a wide cationic concentration range.”’ Involvement of a
substantial amount of Cr into formation of a GB phase must expand
its volume to two or more atomic layers, rendering alteration of the
local atomic environment at GBs more plausible. The inner
NbO;-base rutile layer detected in Alloy-Nb and Alloy-NbTi shows
a relatively high Cr concentration (up to 10 at%), which aligns with
the wide range of Cr solubility in Nb-rich oxides. Besides, the alloys
forming this additional rutile layer demonstrate high oxidation rate,
indicating high permeability of the rutile phase for metallic cations.
If the off-stoichiometric rutile-type local atomic environment forms
at the chromia GBs, this may accelerate GB diffusion more
intensively than the Wagner-Hauffe doping. To prove the viability
of this mechanism, an accurate high-resolution TEM analysis of the
GB regions could be helpful.

Mn forms aliovalent ions of 2+ charge state in the chromia layer,
since this charge state is characteristic for the topmost MnCr,O4
spinel with the highest pO, level, i.e. with the highest possible
charge state in the oxide scale. In terms of GB vacancy formation,
this should counterweight the effect of Nb and Ti. The most notable
here is the base Alloy-NbTiSi, where Mn segregation at GBs
exceeds that of Ti and Nb together (Gy, > Gry + Gnp), Which
should reverse the charge balance at GBs toward positive charge
deficiency. This can be mitigated by partial removal of negative
charge, i.e. by creation of oxygen vacancies, promoting inward
oxygen transport instead of outward cation diffusion. This me-
chanism may explain the small thickness of the outer spinel layer in
Alloy-NbTiSi (due to slow outward Mn diffusion) as well as
appearance of small chromia grains in the vicinity of the metal-
oxide interface (fast O diffusion promotes inner nucleation of
Cr,03), which are distinguishable in TEM and even in APT by the
GB segregation pattern (Fig. 8a). Slow Mn diffusion may be also
responsible for the extensive formation of the inner spinel grains in
Alloy-NbTiSi due to accumulation of Mn at grain boundaries (the
highest Gy, value among all alloys) with further nucleation and
growth of the MnCr,0,4 phase in the inner region of the chromia.

Intermittent oxide phases between chromia and alloy.—Two of
the studied Nb-containing alloys, Alloy-Nb and Alloy-NbTi, form an
intermittent Nb-rich oxide layer of 100-200 nm thickness, with a
composition matching Nb(Ti,Cr)O, rutile (see Fig. 9b). As men-
tioned above, this phase does apparently not limit the cation
diffusion through the oxide scale, since these alloys show high
oxidation rates. APT was helpful to reveal the diffusion pathways of
the main oxide formers, Cr and Mn, through this rutile layer.
Namely, Mn can diffuse through rutile GBs, since APT evidences
Mn presence along them. Cr can diffuse along GBs as well and
additionally through its bulk, as Cr solubility in the rutile up to 9 at.
% was observed. Alloy-NbTiSi also forms a thin Nb-rich oxide
layer, as indicated by the Nb concentration peak at the metal-oxide
interface (Fig. 8c), but high Nb consumption by the Laves phase
limits its thickness to only a few nm.

Analysis of the interfacial region in Alloy-NbTiSi reveals also
the formation of an additional Si-rich oxide layer. A continuous SiO,
layer at the metal-oxide interface is considered to be strongly
detrimental for the interconnect performance in an SOFC/SOEC
due to its high electrical resistivity.® TEM-EDS analysis indeed
shows an apparently continuous Si-rich oxide at the interface. APT
analysis confirms the SiO, stoichiometry of these Si-rich regions but
reveals its net-like morphology with only partial interface coverage
(see Fig. 8b). Open windows in the SiO, layer should provide the
necessary electrical conductivity after oxidation, thus not preventing
an interconnect plate made of this alloy to act as a current collector
in fuel/electrolysis cell devices. Although the interfacial coverage
with SiO, is quite high after 72 h oxidation, further SiO, formation
is apparently hindered or even prevented due to active Si consump-
tion by the forming Laves phase, and no continuous silica subscale
emerges, since this alloy demonstrates a good long-term SOFC/
SOEC performance.'®

Reactive element effect.—An additional comment should be
given to the role of La as a reactive element. Earlier studies
concluded that it has a positive influence on oxide scale adherence
or oxidation rate on many high-Cr steels.*® The assumed explana-
tions for the reactive element effect were (1) its segregation in the
oxide scale with a direct influence on the growth process, (2) its
segregation at the metal-oxide interface and thereby direct alteration
of the adhesion properties and (3) binding detrimental impurities,
first of all sulphur, inside the cast alloy. La was added to three of the
studied alloys in order to directly check the first two assumptions by
APT. Possible peaks of La or LaOj ions of different charge states in
the mass spectra do not overlap with other ions, so La detection by
APT was expected to be easy. Nevertheless, no La was found by
APT in any part of the oxide scale, at the metal-oxide interface or in
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the alloy matrix directly beneath the interface for all alloys (see the
Supplementary Information for more detail). This observation seems
to rule out the mentioned mechanisms (1) and (2) for the studied
alloys, which imply a direct involvement of La in the oxidation
process.

Conclusions

Four high-Cr ferritic steels with a nominal base composition Fe-
22Cr-0.4Mn (wt%) and various contents of minor Nb, Ti and Si
additions were oxidized in a model Ar-4%H,—4%H,0 atmosphere
at 800 °C. All studied materials showed formation of a duplex oxide
scale consisting of MnCr,O,4 spinel forming on top of Cr,03. A
thermogravimetric analysis of oxidation kinetics indicated that, after
the transient oxidation, the scale growth was controlled by diffusion
processes within the oxide. A detailed APT analysis of the key
regions influencing the diffusion through the oxide scale (chromia
and metal-oxide interface) revealed the determining role of GB
segregation in the oxidation processes, and established relationships
between the composition, the microstructure and oxidation behavior.

The main conclusions can be formulated as follows:

1) Mn, Ti and Nb actively segregate at chromia GBs. Gibbsian
interfacial excess G; values indicate a monolayer or higher GB
coverage with Nb + Ti in alloys with low Si content.
Substitution of the host Cr’" ions with higher-charged
Nb*™/Nb>* and Ti** ions (Wagner-Hauffe doping) can promote
formation of cationic vacancies, thereby accelerating outward
cation diffusion along GBs and eventually increasing the
oxidation rate. Nevertheless, the vacancy formation mechanism
cannot solely explain the much stronger effect of Nb compared
to that of Ti, indicating a possible alteration of GB structure in
presence of Nb with further changes in GB diffusion properties.

2) Nb-containing alloys with low Si concentration exhibit an
additional rutile-type Nb(Cr,Ti)O, layer between chromia and
metal matrix. This layer does not inhibit outward diffusion of
Mn (proceeding through GBs) and Cr (proceeding through GB
and/or bulk) necessary to form the main chromia/spinel scale.
Addition of Si promotes Laves phase formation within the steel,
which actively binds Nb and prevents it from entering the oxide
scale, thereby providing a low oxidation rate for the base Alloy-
NbTiSi.

3) GB segregation of lower charged Mn®" ions apparently
mitigates the effect of Nb and Ti. Alloys showing at chromia
GBs a relatively high Gibbs interfacial excess of Mn (Gyy,) in
comparison to Gnp + Grj (Alloy-Ti and Alloy-NbTiSi) exhibit
slower oxidation, which may be explained by lower concentra-
tion of cation vacancies and even the counter-formation of
oxygen vacancies promoting inward O diffusion. This results in
slow growth of the outermost spinel layer and formation of
inner spinel grains (due to slow outward Mn diffusion) in Alloy-
NbTiSi.

4) La (reactive element) was not detected by APT in the oxide
scale as well as around the metal-oxide interface for all La-
containing alloys, indicating no direct influence of La on the
oxide scale formation.
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