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Thin foils (0.3 mm thick) of ferritic stainless steels Crofer 22 APU and Crofer 22 H typically used for SOFC/SOEC
applications were isothermally and discontinuously oxidized in air for up to 1000 h at 1000 °C. Both steel grades
suffered from breakaway oxidation, Crofer 22 APU failing faster (70 h) than Crofer 22 H (700 h). Counterin-
tuitively, isothermal exposure of Crofer 22 APU resulted in a more severe corrosion attack compared to
discontinuous exposures with intermediate cooling steps. In contrast, Crofer 22 H was not affected by the thermal
history of exposure. Breakaway oxidation of both steel grades is related to the a-to-y transformation occurring

above 900 °C. Crofer 22 H is less susceptible to austenitization.

1. Introduction

Ferritic stainless steels based on the Fe-Cr system [1] find numerous
industrial applications as structural materials in automotive exhaust
systems [2], heat processing, power-plant boilers [3], etc. High-alloy
ferritic steels have recently gained much attention as interconnect ma-
terials for solid oxide fuel cells (SOFCs) and electrolyzers (SOEC) [4-6].

The oxidation resistance of FeCr-based ferritic steels relies on the
formation of slowly growing, well-adherent and protective Cry03 scales.
Growth of CrpO3 on the surface depletes the underlying metal of Cr,
which is especially critical for thin-walled components such as thin
sheets, foils, wires, porous metal foams, etc. Such products therefore
have a limited chemical lifetime in service due to a critical depletion of
Cr followed by breakaway oxidation, i.e., extremely rapid growth of Fe-
rich oxides [7]. The time to breakaway or chemical lifetime can be
accurately predicted as a function of the intrinsic properties of the alloys
such as Cr reservoir (initial Cr concentration and component thickness)
as well as environmental factors such as temperature affecting transport
properties, oxide growth rate and Cr interdiffusion coefficient in the
alloy. The available lifetime prediction tools, e.g., the mass-balance
model by Quadakkers et al. [7,8] and the universal depletion model
by Whittle [9,10] were recently reviewed in [11].

In our previous publication [11], we demonstrated that the a-to-y
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phase-transformation occurring in the sharp corners/edges of the spec-
imens is the key trigger of chemical failure for ferritic steels Crofer 22
APU and Crofer 22 H at and above 900 °C. Oxidation-induced austeni-
tization of ferritic chromia-forming alloys has been hypothesized since
the 1970s [12-14] and was recently confirmed by Chyrkin et al. for
FeCr-based model alloys [15,16] via alloying them with
ferrite-stabilizing (Mo) or austenite-stabilizing (Ni) elements. Austeni-
tization of Crofer 22 APU and even Crofer 22 H was circumstantially
demonstrated in the post-exposure microstructure of the respective steel
samples [11] albeit after the transformation of y back to « on cooling to
room temperature. The austenitization affected zone (AAZ) was pri-
marily found at the edges of the 0.3 mm thick foil specimens. At 1000
and 1050 °C, Crofer 22 APU formed a continuous layer of AAZ which
gradually consumed the initial ferritic microstructure.

An unexpected reproducibility problem was revealed when expo-
sures of Crofer 22 APU at 1000 °C were repeated isothermally (without
intermediate cooling), compared with the standard discontinuous
exposure (cooling every 24 or 48 h for weighing the specimens). The
isothermal exposures resulted in a significantly more severe corrosion, i.
e., entire oxidation of the foil specimen after 500 h, while the discon-
tinuous specimens corroded only at the specimen edges up to 1000 h. At
the same time, no such difficulties were encountered in reproducing the
oxidation kinetics curve for Crofer 22 H irrespective of the exposure
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Table 1
Chemical composition in wt% of Crofer 22 APU and Crofer 22 H used in the present study.
Fe Cr Mn Si Ti w Nb C La
Crofer 22 APU
foil Bal. 229 0.38 0.01 0.06 - - 0.004 0.09
powder Bal. 22.3 0.43 0.03 0.047 - - 0.009 0.001
Crofer 22 H
foil Bal. 22.6 0.43 0.24 0.06 1.97 0.49 0.009 0.05
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Fig. 1. In-situ recorded weight change for 0.3 mm thick foils of Crofer 22 APU
(red solid line) and Crofer 22 H (black dashed line) exposed isothermally for
200 h to synthetic air at 1000 °C in thermobalance.

mode: isothermal or discontinuous. Experiments with another batch of
Crofer 22 APU resulted in the same oxidation pattern, i.e., thermal
cycling appeared, counterintuitively, beneficial for the oxidation resis-
tance of the steel.

The goal of the present study is thus to systematically explore the
effect of thermal cycling on oxidation resistance and lifetime of 0.3 mm
thick foils of Crofer 22 APU and Crofer 22 H at 1000 °C in air and
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Fig. 2. Weight change for Crofer 22 APU (circles) and Crofer 22 H (squares)
foils during cyclic (empty symbols) and isothermal (full symbols) air oxidation
for up to 1000 h at 1000 °C.

Table 2

Weight change of 0.3 mm thick foils of Crofer 22 APU and Crofer 22 H after
200 h of isothermal air exposure at 1000 °C in tubular furnace and
thermobalance.

Experiment Weight change [mg cm 2]

Crofer 22 APU Crofer 22 H
Furnace exposure 3.87 2.73
Thermobalance 3.75 2.74

elucidate the underlying mechanism behind the effect of thermal history
on the lifetime of ferritic steels such as Crofer 22 APU and Crofer 22 H.
To that end, the specimens were exposed in two different modes: i)
isothermal — one exposure is one data point and ii) discontinuous — the
specimens were cooled and re-heated every 48 h. The microstructural
and compositional evolution in the foils was investigated by scanning
electron microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDX), electron backscatter diffraction (EBSD) and transmission elec-
tron microscopy (TEM) along with EDX and electron diffraction. Addi-
tionally, the o-to-y transformation was studied in-situ via high-
temperature X-ray diffraction (HT XRD) of Crofer 22 APU powder.

2. Experimental
2.1. Materials

The 0.3 mm thick sheets of Crofer 22 APU and Crofer 22 H in bright
annealed state were supplied by VDM Metals (Werdohl, Germany). The
powder of Crofer 22 APU was supplied by Rosswag GmbH (Pfinztal,
Germany). The particle size varied from approximately 15-45 pm. The
chemical compositions of all materials used in the present study are
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listed in Table 1. Rectangular test coupons measuring 15 x 15 mm? were
cut from the sheets and degreased with acetone and ethanol prior to
exposure.

2.2. Thermobalance exposures

The in-situ oxidation kinetics measurements were isothermally per-
formed with a SETARAM thermobalance in flowing synthetic air for up
to 200 h at 1000 °C. The heating rate was 90 K min~'. The cooling rate
was 10 K min~L.

2.3. Furnace exposures

Exposures of the steel samples were carried out in a horizontal

isothermal

(b)

Fig. 3. BSE images of cross-sectioned foils of (a) Crofer 22 H and (b) Crofer 22 APU after cyclic and isothermal oxidation for up to 1000 h in lab air at 1000 °C.

tubular furnace with an inner diameter of 46 mm. Each test coupon was
suspended via a 2 mm hole drilled into the coupon, mounted on a 1 mm
thick alumina rod, and placed within a boat-shaped alumina crucible.
All exposures were carried out in stagnant lab air. For each exposure,
three steel coupons were tested to ensure reproducibility. The specimen
holder was immediately introduced into the hot zone of the furnace and
rapidly moved into the cold zone of the furnace after the dwell time.
Mass gains were measured at every cooling step with a Mettler Toledo
microbalance.

Two types of oxidation exposures were undertaken. The discontin-
uous exposures were interrupted every 48 h for weighing the specimens.
For the sake of simplicity, these exposures will be referred to as the
cyclic ones. Isothermal exposures were performed without interruption.
Every isothermal weight gain data point corresponds to an individual
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Fig. 4. BSE images of cross-sectioned foils of Crofer 22 APU (left column) and
Crofer 22 H (right column) demonstrating temporal evolution of specimen
edges during (a) cyclic and (b) isothermal oxidation in air for up to 1000 h at
1000 °C.

exposure, the specimens being weighed before and after the exposure.

2.4. Scanning electron microscopy, SEM

Cross-sections of the exposed steel specimens were prepared using a
Leica TIC 3X broad ion beam (BIB) for SEM-EDX analysis. An FEI ESEM
QUANTA 200 equipped with an Oxford X-max 80 EDX detector was used
for cross-sectional SEM-EDX analyses of the BIB cross-sections. The SEM
was operated at an accelerating voltage of 10-20 kV in high vacuum.
The working distance was 10 mm.

Selected specimens were cold mounted in epoxy resin to metallo-
graphically prepare full-length cross-sections and investigate the
corroded edges of the foils. The latter specimens were gold-sputtered
and electroplated with Ni prior to mounting. The mounted specimens
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Fig. 5. Oxide scaling kinetics determined from BSE images for (a) Crofer 22 H
and (b) Crofer 22 APU foils after isothermal (full symbols) and cyclic (empty
symbols) air oxidation for up to 1000 h at 1000 °C.

were mechanically ground to 4000 grit and polished with diamond
pastes to 0.25 pm surface finish.

2.5. Electron backscatter diffraction, EBSD

Electron backscatter diffraction (EBSD) phase contrast maps as well
as Kernel misorientation maps (KAM) were obtained using a FIB-SIM
TESCAN GAIA 3. The microscope was operated at 20 kV with a collec-
tion speed of 637.76 Hz and scanning step of 0.1 pm. The local misori-
entation was analyzed in a 3 x 3 matrix with a maximum angle of 2°.

2.6. Focused ion beam/scanning electron microscopy, FIB/SEM

An FEI Versa 3D combined Focused Ion Beam/SEM (FIB/SEM)
workstation was used to produce cross-section thin foils from the oxide
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Fig. 6. Kinetics of thickening of the austenitization affected zone (AAZ) in
Crofer 22 APU determined from BSE images after isothermal and cyclic air
oxidation for up to 1000 h at 1000 °C.

scale and subjacent metal. To protect the TEM specimen during the
subsequent ion milling, a thin Pt layer was first deposited with the aid of
electrons on the surface (25 x 5 pmz) and then a thicker Pt layer (with a
thickness of ~2 pm) was deposited on top using Ga-ions. At the initial
stages of the milling, higher ion currents were used, while lower currents
were chosen at the final stages to produce finer surfaces. Lower ion
energies (2 and 5 kV with ion currents of 49 and 27 nA, respectively)
were selected in the final stages of polishing to minimize the potential
artefacts from FIB milling.

2.7. Scanning transmission electron microscopy, STEM

Scanning transmission electron microscopy (STEM) was performed
using a JEOL ARM 200 F TEM/STEM equipped with an Oxford In-
struments EDS detector and a FEG to acquire STEM micrographs in High
Angle Annular Dark Field (HAADF) and Bright Field (BF) modes as well
as to obtain electron diffraction patterns. Selected area electron
diffraction (SAED) patterns were processed in the CrysTBox software
[17].

2.8. Transmission kikuchi diffraction, TKD

Transmission Kikuchi diffraction (TKD) maps were acquired using a
LEO Ultra 55 FEG-SEM equipped with an HKL Channel 5 EBSD system
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with a Nordlys II detector on thin-foil specimens extracted by the FIB/
SEM technique for STEM analyses. The analyses were performed using
parameters described in [18].

2.9. High-temperature X-ray diffraction

An Empyrean diffractometer (Malvern Panalytical) equipped with a
Cu-LFF X-ray tube (operated at 40 kV and 40 mA), Bragg-Brentano HD
mirror with 0.4° divergence, a PIXcel3D detector in 1D mode and a high
temperature oven chamber Anton Paar HTK 1200 N was used for the in-
situ powder diffraction experiments. The Crofer 22 APU powder samples
were heated in air with 90 K/min to the target temperature of 900 °C or
1000 °C and subsequently diffractograms were recorded. Due to fast
transformation, especially at 1000 °C, a short measurement time per
scan was necessary. A 20 range of 32°-45° which contains the strongest
Bragg reflections of all observed phases, a step size of 0.0525° and a step
time of 0.2 s were chosen. This results in an overall measurement time of
1.3 min.

Diffraction data were analyzed by the Rietveld method using the
TOPAS software (version 6, Bruker AXS) and crystal structures retrieved
from the Inorganic Crystal Structure Database (ICSD).

3. Results
3.1. Isothermal vs cyclic oxidation

Fig. 1 shows in-situ recorded oxygen uptakes by 0.3 mm thick foils of
Crofer 22 APU and Crofer 22 H isothermally exposed in synthetic air for
200 h at 1000 °C. Initially, both steel grades obey a parabolic time law
for oxidation and reveal a nearly identical parabolic rate constant for up
to 50 h of exposure. After approximately 70 h, the weight change for
Crofer 22 APU accelerates (Fig. 1a) while the oxidation kinetics of
Crofer 22 H remains protective and parabolic for at least 200 h (Fig. 1b).

Fig. 2 compares oxygen uptake by foil specimens of Crofer 22 APU
and Crofer 22 H during isothermal and cyclic furnace exposures in lab
air at 1000 °C for up to 1000 h. Irrespective of the exposure mode, both
steel grades suffered from breakaway oxidation: Crofer 22 APU after
100 h and Crofer 22 H after 700 h, respectively. The weight change
values obtained in the discontinuous furnace exposures were in very
good agreement with the in-situ TG-experiments (Fig. 1) as demon-
strated in Table 2 for the specimens isothermally exposed in air for 200 h
at 1000 °C.

The exposure mode had no effect on Crofer 22 H, i.e., the isothermal
weight gain curve coincides with the cyclic one in both protective and
breakaway regimes. For Crofer 22 APU, the situation is different. In the
protective regime (up to 100 h), the isothermal and cyclic Crofer 22 APU
specimens demonstrated the same oxygen uptake. After the onset of
breakaway, the isothermal specimens revealed a faster oxidation rate

Fe-rich oxide

Fig. 7. Oxide nodule formed on Crofer 22 APU foil after 400 h isothermal air oxidation at 1000 °C: (a) SE top-view image and (b) BSE image of cross-sectioned foil.
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|

Fig. 8. BSE images comparing foils of Crofer 22 APU (a-d) and Crofer 22 H (e-h) after 400 h cyclic and isothermal air oxidation at 1000 °C: overview (a,b,e,f) and
oxide scales (c,d,g,h). The bar in the upper right micrograph schematically shows sampling for TEM analysis.

compared to the cyclic ones and reached a weight gain plateau after
500 h. The average oxygen uptake of 51.5 mg/cm? of the foil specimens
corresponds to a stoichiometric ratio MOy 33 or M304 (M = Fe and/or Cr)
and implies a complete through-thickness oxidation of the Crofer 22
APU foils after 500 h of isothermal oxidation at 1000 °C. The cycled
Crofer 22 APU specimens demonstrated accelerated oxidation as well.
However, the oxidation rate significantly decreased after 400 h, the
slope of the oxidation curve being close to that of Crofer 22 H after
700 h.

BSE SEM images in Fig. 3 illustrate temporal evolution of the Crofer
22 H and Crofer 22 APU specimens during isothermal and cyclic air
oxidation for up to 1000 h at 1000 °C. Oxidation of the Crofer 22 H foils
is featured by i) gradual thickening of the Cr,0j3 scales on the surface, ii)
slow coarsening of the alloy grains, and iii) formation of cavities. No
significant differences could be established between the isothermal and
cyclic exposures of Crofer 22 H, in agreement with the weight change
curve in Fig. 2.

The oxidation behavior of Crofer 22 APU is more complicated. In
contrast to Crofer 22 H, the grade Crofer 22 APU upon oxidation at 1000
°C reveals i) rapid grain coarsening, ii) no cavities, iii) formation of a
new bright-contrast layer termed as austenitization affected zone (AAZ)
underneath the CryO3 scale, and iv) complete catastrophic oxidation of
the foils after 400 h if exposed isothermally. Surprisingly, Crofer 22 APU
demonstrates a better oxidation resistance during thermal cycling.

BSE SEM images in Fig. 4 demonstrate the temporal microstructural
evolution of the foil edges of Crofer 22 APU and Crofer 22 H during
isothermal and cyclic air oxidation at 1000 °C. It is important to stress
that breakaway corrosion shown in Fig. 4 was exclusively limited to the
edges of the foils. In the cyclic exposures (Fig. 4a), breakaway corrosion
at the edges of the Crofer 22 APU foil appeared after 400 h and further
laterally progressed into the specimen. Crofer 22 H demonstrated a
protective behavior of the foil edges for up to 800 h, but eventually
developed a similar corrosion pattern as Crofer 22 APU at earlier stages.
The isothermal exposures (Fig. 4b) revealed two significant differences
from the cyclic experiments. First, both Crofer 22 APU and Crofer 22 H
showed earlier signs of breakaway oxidation at the edges during
isothermal exposures. Second, Crofer 22 APU suffered from total
through-thickness oxidation (see also Fig. 3b).

Fig. 5 displays CrpO3 thickness as a function of time in the sound
areas where the Cr,0j3 scale remained protective plotted as a function of

\/t. The scaling kinetics of both steel grades obeys the parabolic time-
law. No significant differences could be established between the cyclic
and isothermal specimens of both steels. In other words, the mode of
exposure had no effect on the oxidation rate. The parabolic rate con-
stants calculated in terms of metal recession, k., were 2.7 x 1077 m%!
for Crofer 22 APU and 2.5 x 10~'” m?s™! for Crofer 22 H, respectively,
in very good agreement with our previous work [11].

Fig. 6 displays the thickening kinetics of the AAZ in the Crofer 22
APU foils during isothermal and cyclic air oxidation for up to 1000 h at
1000 °C. The AAZ thickness was measured in the corresponding SEM
images. The AAZ (Fig. 3b) appears after a certain incubation time.
Extrapolation of the more populated cyclic data to zero thickness yields
225 h. According to the microscopic observations, the AAZ layer forms
between 200 and 300 h. The growth kinetics of the AAZ layer is para-
bolic, i.e., diffusion controlled. The parabolic rate constant determined
from the slope of the linear fit in Fig. 6 is 1.3 x 107*®> m%s~!, which is
close to the interdiffusion coefficient of Cr in FCC at 1000 °C,
1.5 x 107 m%~! [19]. In the isothermal exposures, the AAZ seems to
appear earlier, however, the slope and thus the growth rate does not
differ from the cyclic data. The latter conclusion should be made with
utmost care as the number of data points in the isothermal experiment is
limited due to catastrophic oxidation occurring in the isothermal Crofer
22 APU specimens after 400 h.

3.2. Crofer 22 APU after 400 h — critical point

The catastrophic, through-thickness oxidation of the Crofer 22 APU
foils during isothermal oxidation was an unexpected result considering
the fact that the cyclic samples remained protective in the middle of the
foils up to 1000 h of exposure. The opposite behavior is generally re-
ported in most oxidation studies, i.e., thermal cycling is a detrimental
factor accelerating corrosion effects and degradation. The experimental
campaigns were repeated three times to ensure reproducibility of this
effect. It is obvious that a critical change occurred in the isothermally
oxidized Crofer 22 APU foils between 400 and 500 h that gave rise to a
catastrophic oxidation, not occurring in the cyclic exposures. In this
section, we will put more focus on the specimens after 400 h, i.e., the last
data point prior to catastrophic oxidation of the isothermal specimens.

A notable difference between the isothermal and cycled foils of
Crofer 22 APU were protruding oxide nodules on the surface of the
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Fig. 9. Cr-concentration profiles in (a) Crofer 22 H and (b)Crofer 22 APU foils
after isothermal (full symbols) and cyclic (empty symbols) air oxidation at 1000
°C. Cr concentrations were measured with EDX in cross-sectioned specimens
after 200, 400, 1000 h.

isothermal specimen. Fig. 7a shows a top-view SE image of a charac-
teristic oxide nodule grown on the surface of Crofer 22 APU after 400 h
of isothermal oxidation at 1000 °C. The nodule is approximately 100 pm
in diameter. Fig. 7b shows a BSE SEM image of a similar nodule grown
on the same specimen in cross-section. The outer part of the nodule is Fe-
rich oxide. The oxide layer underneath the nodule has a brighter
contrast, which is indicative of the transformation of CrpOs into
FeCry04. The spinel layer is followed by a porous mass of internal (Fe,
Cr)-rich oxide (EDX analysis not shown here). Finally, the innermost
layer is a classical internal oxidation zone (IOZ) containing dispersed
(Fe,Cr)-rich oxides. A layer of AAZ is visible underneath the sound Cr,O3
as well as along the IOZ in the inner part of the breakaway nodule. The

Corrosion Science 264 (2026) 113779

Fig. 10. EBSD (a,b) and Kernel misorientation map (KAM) of BCC phase in
Crofer 22 APU foil specimen after 400 h of isothermal (a,c) and cyclic (b,d)
exposure in air at 1000 °C. AAZ denotes austenitization affected zone.

10Zs in the immediate vicinity of the outer CroO3 on both sides of the
nodule suggest a critical depletion of Cr and transition from external to
internal oxidation. Clearly, internal/breakaway oxidation and propa-
gation of AAZ are closely related.

It is suggested that the spherical nodules are triggered by defects that
act as local weak points such as precipitate inclusions on the surface
triggering the nodule formation. Such a precipitate particle creates a
sharp edge in the plane surface and thus promotes an enhanced local
depletion of Cr, austenitization and the ensuing local Cr depletion to
virtually zero while the area around the nodule is still covered with
protective CryOs3. Once the spot is critically depleted of Cr, three parallel
phenomena start to locally govern the oxidation process: i) Cr oxidizes
internally in the underlying Cr-depleted alloy and forms internal (Fe,
Cr)304 precipitates [14], ii) Fe oxidizes externally forming the outer
nodule, iii) the Cr-free metal between the precipitates in the IOZ (mainly
pure iron) oxidizes inwards. Further lateral spreading of these nodules
eventually leads to the complete through-thickness oxidation of the
isothermally exposed Crofer 22 APU foils.

Fig. 8 displays BSE SEM images taken in the middle of cross-
sectioned Crofer 22 APU and Crofer 22 H foils after 400 h of
isothermal and cyclic air exposures at 1000 °C. Two main observations
can be made based on these BSE images: i) thermal cycling does not
affect oxide thickness (in agreement with Fig. 5), ii) the AAZ in Crofer 22
APU is thicker in the isothermal specimen compared to the cycled one
(in agreement with Fig. 6).

To better understand transport phenomena in the studied foil spec-
imens, Cr-concentration profiles presented in Fig. 9 were measured
across the foil thickness for Crofer 22 H and Crofer 22 APU after
isothermal and cyclic air exposures at 1000 °C. The Cr-profiles in Crofer
22 H (Fig. 9a) have a classical rainbow-shaped form of depletion profiles
and can be well approximated with the Whittle depletion (WD) model
[9,10] as described e.g. in [11]. The interdiffusion coefficient of, 5C,, for
ferritic BCC lattice, 3.6 x 1071* m?s™!, was taken from [19] while the
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Fig. 11. HAADF (a,c,e,g) and BF (b,d,f) TEM images of AAZ in Crofer 22 APU foil after 400 h of isothermal air oxidation at 1000 °C in the immediate vicinity of the

oxide-alloy interface. White line in Fig. (a) marks the EDX linescan position.

Fig. 12. TKD orientation maps of AAZ in the Crofer 22 APU foil after 400 h of
isothermal air oxidation at 1000 °C: a) band contrast, b) phase contrast, c) IPF-
X, d) IPF-Y, e) IPF-Z.

oxidation rate, k., for Crofer 22 H was adopted from our own experiment
(Fig. 5). The WD model accurately predicted the Cr-depletion dynamics
in the Crofer 22 H foils. More importantly, thermal cycling had no
measurable effect on Cr depletion, i.e., the measured Cr-profiles in the
isothermal specimens match those measured in the cycled specimens.
The situation is different in Crofer 22 APU (Fig. 9b). The Cr-depletion
profiles were measured only after 200 and 400 h because of complete
oxidation of the isothermal Crofer 22 APU specimens after 400 h.
Initially, the Cr-depletion pattern of Crofer 22 APU is very similar to that
of Crofer 22 H, i.e.,, almost identical rainbow-shaped curves were
measured in Crofer 22 APU after 200 h on both isothermal and cycled
specimens. After 400 h, the Cr-profiles in Crofer 22 APU are not
continuous. In the immediate vicinity of the oxide-metal interface the
Cr-concentration profile is steep indicating a slower diffusion of Cr
compared to the original ferritic alloy matrix. The steep sections of the
Cr-profiles correlate with the AAZ observed in BSE images (Fig. 8). Most
interestingly, the Cr-profiles in the isothermal Crofer 22 APU specimen
are steeper (11 wt% Cr at the oxide-metal interface) than the Cr-profiles
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Fig. 13. Concentration profiles of Fe, Cr, Ti and O measured in AAZ of the
Crofer 22 APU foil after 400 h of isothermal air oxidation at 1000 °C. Measured
with EDX in the TEM lamella as shown in Fig. 11.

in the cycled specimen (14 wt% Cr at the oxide-metal interface). The
latter implies a faster Cr diffusion through the FCC layer (observed as
AAZ in the BSE cross-sections) during the exposure.

3.3. Microstructure of AAZ

EBSD phase contrast and KAM (Kernel misorientation) maps in
Fig. 10 show that the AAZ formed in the Crofer 22 APU specimen is fine-
grained ferrite (BCC). No significant differences could be found in the
AAZ formed in the isothermal and the cycled specimen: neither in the
grain size nor in the misorientation degree distribution. Apparently, one
cooling is enough to produce a fine-grain microstructure in the AAZ and
secure thus fast-track grain-boundary diffusion through this layer.
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Fig. 14. High-temperature in-situ XRD analysis of Crofer 22 APU powder
during heating in air at (a) 900 °C and (b) 1000 °C. Colored markers at the
positions of characteristic Bragg reflections: blue — ferrite (110), red — austenite
(111), magenta — Cr,03 (104, 110), cyan - Fe,03 (104, 110, 113), green — Fe304
(311, 400), dark cyan — FeCry04 (311, 400), orange — FeO (111, 200).

TEM images displayed in Fig. 11 confirm the fine-grained micro-
structure of AAZ in the Crofer 22 APU foil isothermally exposed in air for
400 h at 1000 °C. The AAZ contains grains ranging in size from 0.2 to
1 um in the intermediate vicinity of the oxide-alloy interface along with
internal (Cr,Ti)-rich oxide particles. According to electron diffraction
patterns (Fig. S7 in Data supplement), the small grains are ferritic
(BCC). The BCC lattice in the entire AAZ was additionally confirmed by
the TKD analysis (Fig. 12) of the TEM lamella shown in Fig. 11. An EDX
line-scan measured across the AAZ towards the Cro,O3 oxide scale shown
in Fig. 13 measures the Cr concentration at the oxide-metal interface to
be close to 10 at% in agreement with the Cr concentration profiles in
Fig. 9b measured with SEM EDX.

3.4. In-situ X-ray diffraction

The post-mortem analyses of the AAZs presented in Fig. 9- Fig. 12
provide strong indirect evidence to interpret the microstructural
changes observed in Crofer 22 APU and thus the trigger of breakaway
oxidation as the a-to-y phase transformation. However, this evidence is
still circumstantial. In-situ diffraction would be therefore a perfect
experimental proof of the austenitization mechanism. An HT XRD
experiment on thin alloy foils, as presented e.g. in Fig. 3 is, however,
experimentally challenging for two reasons:
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e FCC appears after 225 h (Fig. 6) which is too long for an in-situ HT
XRD experiment without intermediate cooling steps or pre-
oxidation.

e More importantly, the CryO3 scale is already 15 pm thick (Fig. 5) by
the time the austenite starts to emerge, which makes it difficult to
reasonably acquire the diffraction patterns from the underlying
alloy.

To overcome both difficulties, Crofer 22 APU powder was used for
HT XRD instead: i) the small powder particles, due to their large surface/
volume ratio, are readily depleted of Cr to the critical austenitization
threshold within tens of minutes and ii) the oxide scale remains thin and
does not interfere with the measurement.

Fig. 14 presents XRD diffractograms measured on powder of Crofer
22 APU using in-situ high-temperature XRD at 900 (Fig. 14a) and 1000
°C (Fig. 14b). At room temperature (Fig. S1 in Data supplement),
Crofer 22 APU is fully ferritic. The oxidation process at 900 and 1000 °C
is featured initially by the Bragg reflections of CrpO3 and Fe3O4
concluding the reaction with the formation of Fe;Os in the later stages
signaling breakaway oxidation. A characteristic peak of austenite
(reflection 111 at 42.8 °) emerges after 60 min at 900 °C and 7 min at
1000 °C (see the detailed temporal evolution of the XRD patterns during
high-temperature exposures, the cooling process and after oxidation in
Figs S2-S6 in Data supplement). Clearly, the formation of austenite
precedes breakaway oxidation. The austenite transformed back into
ferrite on cooling (Figs S3 and S6 in Data supplement).

Fig. 15 shows the BSE SEM images of cross-sectioned specimens of
Crofer 22 APU powders prior to and after exposures in the HT X-ray
diffractometer. The as-received alloy powder contained particles of
15-45 pm in diameter in agreement with the powder specification. After
high-temperature exposures at 900 and 1000 °C, smaller powder parti-
cles were completely oxidized while the bigger particles were covered
with a thin layer of CryOs.

4. Discussion
4.1. Austenitization

4.1.1. Crofer 22 APU

Ferritic stainless steels such as Crofer 22 APU [4,20] and Crofer 22 H
[21,22] are based on the binary Fe-Cr alloy system [23] in which the
body-centered cubic (BCC) structure dominates. Similar to pure iron, at
high temperature the Fe-Cr alloys may transform to austenite with a
face-centered cubic (FCC) structure. The transition temperatures depend
on the exact composition, the austenite or y-loop extending between 846
and 1392 °C and from zero to 11.0 wt% in terms of Cr content. Fig. 16a
displays a part of the Fe-Cr phase diagram calculated in Thermo-Calc
using the TCFE9 database [24]. Given its chemical composition
(Table 1), Crofer 22 APU can be reasonably approximated as Fe-Cr as
discussed in [11]. At the beginning of the exposure at 1000 °C (point A),
the alloy is ferritic. As oxidation of Crofer 22 APU proceeds, the growth
of Cry03 on the surface depletes the alloy of Cr (Fig. 9) reaching after a
certain time the o/y-boundary (13.5 wt%, point B in Fig. 16a).

The y-FCC phase forms at the most Cr-depleted site, i.e., in the im-
mediate vicinity of the oxide-metal interface (Fig. 3b). The Cr depletion
process is well-known to be more intense at the corners and edges of the
specimens due to a higher surface-to-volume ratio [25], the alloy vol-
ume being depleted of Cr faster from multiple surfaces. Therefore, the
afore-mentioned a-to-y transformation is more likely to initiate earlier at
the corners/edges (Fig. 4) than underneath a flat Cr,O3 scale growing on
the alloy (Fig. 3b). The formation of FCC further depletes the
oxide-metal interface of Cr as Cr diffusion in austenitic iron (FCC) is
almost an order of magnitude slower compared to ferritic iron (BCC): at

1000°C, Dy’ = 1.5 x 10”5 while Dy . = 3.6 x 1014 [19]. The slower
Cr transport in FCC impedes the Cr supply to the oxide-metal interface
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Fig. 15. BSE SEM micrographs of sectioned powder specimen of Crofer 22 APU before (a,d) and after air oxidation for (b,e) 160 min at 900 °C and (c,f) 12 min at

1000 °C. The frames in low-magnification images indicate the sampling area.

lowering the interfacial concentration of Cr. The enhanced Cr depletion
at the oxide-metal interface is clearly observed in Crofer 22 APU after
400 h (Fig. 9b and Fig. 13). Oxidation-induced austenitization of Crofer
22 APU has been previously demonstrated to occur at 950-1050 °C by
Chyrkin and Froitzheim [11]. These post-mortem morphologies were
fully reproduced in the present study (Fig. 3b). At the same time, the
entire evidence of austenitization in Crofer 22 APU presented in [11]
was circumstantial and based on the analyses of the cooled specimens
after the a-to-y transformation had occurred. To experimentally validate
the austenitization mechanism, an in-situ high-temperature X-ray
diffraction experiment was undertaken on powder of Crofer 22 APU.
Small powder particles (15-41 pm) were expected to be rapidly depleted
of Cr to reach the austenitization threshold (13-15 wt% Cr) within hours
(900 °C) or even minutes (1000 °C) and subsequently suffer from
breakaway oxidation as can be seen in the post-exposure micrographs of
the powders in Fig. 15. The HT diffractograms in Fig. 14 (see also Figs
$2-56 in Data supplement) unequivocally demonstrate the presence of
austenite (FCC) in the Crofer 22 APU powder during the air exposures at
900 and 1000 °C. On cooling, the FCC phase transformed back to BCC
(AAZ).

4.1.2. Crofer 22H

Austenitization can occur in Crofer 22 H as well. The latter steel
grade was developed based on the chemical composition of Crofer 22
APU (Table 1) via further alloying with W, Si and Nb to improve the
alloy creep strength introducing the Laves-phase into the microstruc-
ture. Alloying with W had an additional solution strengthening effect
while the Laves-phase had a high solubility for Si tying it up and
decreasing its availability for internal oxidation [21,22]. All three
alloying additions are well-known ferrite stabilizers [26]. Fig. 16b
shows the calculated y-loop for Crofer 22 H using the TCFE9 database
[24] as well as the alloy composition from Table 1. The construction of
the phase diagram for Crofer 22 H is described in detail in [11]. Alloying
with W, Nb and Si resulted in a shrinkage of the y-loop. At 1000 °C, the
a/y-boundary (point B) is shifted to 9.5 wt% Cr, which implies that
austenitization of Crofer 22 H will occur later than in Crofer 22 APU.
Furthermore, no austenitization of Crofer 22 H is expected at 900 °C as
the alloy is fully ferritic in the entire Cr concentration range. Although
Fig. 16b predicts austenitization in Crofer 22 H at 950 °C, the austeni-
tization affected zone in Crofer 22 H was experimentally observed only
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at 1050 °C [11] in the immediate vicinity of the corroded specimen
edge, i.e. breakaway oxidation.

4.2. Beneficial effect of thermal cycling

The most striking finding in the present study is the effect of thermal
history on the chemical life of Crofer 22 APU (Fig. 2 and Fig. 3b).
Clearly, intermediate cooling, which can also be regarded as thermal
cycling had a beneficial effect on the performance of Crofer 22 APU.
Despite the significant corrosion attack at the edges (Fig. 4), the middle
of the cycled specimen (upper row in Fig. 3b) continued to grow external
Cr203 and retained the integrity of the metallic core material for up to
1000 h at 1000 °C albeit the alloy microstructure underwent a profound
transformation. At the same time, the isothermal Crofer 22 APU speci-
mens were fully consumed by oxidation after 400 h (Fig. 2 and Fig. 3b).

The idea of a beneficial effect of thermal cycling on the long-term
performance of a high-temperature alloy during oxidation is highly
counterintuitive. Thermal cycling is well-known to accumulate me-
chanical stresses in the oxide scale [27,28] leading to oxide scale
spallation [29,30] especially at sharp edges [31], tensile
through-thickness cracking of the oxide scales [32,33] and as result
diminished lifetimes [34,35]. To the best of the authors’ knowledge,
there are no studies in literature questioning this relationship between
thermal cycling and protective oxidation or providing any
counterevidence.

It is obvious that the classical mechanism “thermal cycling — stresses
in the scale — oxide damage - intensified Cr-depletion — breakaway
oxidation” is not applicable to the present case for several reasons. First,
there is no measurable difference between the weight change of the
isothermal and cycled specimens (Fig. 2) and/or oxide scale thickness
(Fig. 5) before the onset of breakaway. Thus, there is no detectable
Cr,03 spallation or (micro) cracking in the protective oxidation regime.
Second, thermal cycling does not affect the weight change of Crofer 22 H
(Fig. 2), which substantiates the previous statement and implies that the
observed beneficial effect of thermal cycling applies exclusively to
Crofer 22 APU (Fig. 3b). Third, the main difference between Crofer 22
APU and Crofer 22 H in the present experiment is the formation of a sub-
surface austenite layer in the former (Fig. 3b).

The beneficial effect of thermal cycling on the performance of Crofer
22 APU is thus related to the evolution of the AAZ and the phase
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Fig. 16. Austenite loop in (a) Fe-Cr binary phase diagram simulating Crofer 22
APU and in (b) Crofer 22 H calculated with Thermo-Calc using TCFE9 database.

transformations in it [11], but not to the mechanics of the oxide-metal
interface and the eventual oxide spalling.

4.3. Thermal cycling and AAZ

The austenitization affected zone (AAZ) in the Crofer 22 APU foils
has a characteristic microstructure. The EBSD maps in Fig. 10 as well as
TEM images in Fig. 11 revealed a layer of fine-grained, highly misor-
iented BCC immediately beneath the oxide scale, the average grain size
in the AAZ at the oxide-metal interface being 2.5 pm (Fig. 11). Such a
dense network of misoriented grain-boundaries (Fig. 10) provides a
multitude of short-circuit diffusion paths for Cr to the surface. In
contrast to the isothermal exposure, the grains of austenite are expected
to nucleate after 225 h according to Fig. 6 and continue to grow. The GB
density in this growing austenite layer gradually decreases as the FCC
grains grow and coarsen. Cr transport towards the surface is limited
mainly to lattice diffusion through the FCC grains. Slower Cr diffusion in
FCC compared to BCC and its implication for breakaway oxidation was
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discussed above (Fig. 9b). The Cr concentration profiles in the Crofer 22
APU foil after 400 h at 1000 °C (Fig. 9b) are significantly steeper in the
isothermal specimen (G = 11.0 wt%) compared to the cycled spec-
imen (Ci(fl,‘ = 14.0 wt%). In other words, thermal cycling enhances Cr
transport through the AAZ. It needs to be stressed that Cr diffusion in
fully ferritic Crofer 22 H (Fig. 9a) is not affected by thermal cycling, i.e.,
the Cr depletion profiles are virtually identical in the isothermal and
cycled foils.

Faster Cr diffusion through the AAZ in the cycled Crofer 22 APU
specimen is easy to understand. The fine-grained AAZ forms already
after the first cooling step (see TEM and compare Fig. (a) with Fig. (b) in
Fig. 10). Further heating-cooling cycles additionally refine the micro-
structure of the AAZ and promote thereby GB diffusion of Cr and its
supply to the oxide-metal interface. Another indirect proof of the
beneficial effect of thermal cycling via enhanced Cr transport in AAZ is
the absence of oxide nodules on the surface of the cycled specimens in
contrast to the isothermal ones (Fig. 7).

4.4. Granularity or defects: is one cooling sufficient?

The positive effect of thermal cycling on protective oxidation of
Crofer 22 APU is based on the enhanced Cr transport through the fine-
grained AAZ due to repetitive recrystallization and grain refinement of
this zone during heating-cooling cycles. One question that remains to be
answered is what kind of short-circuit diffusion paths dominate in the
AAZ: exclusively grain boundaries of the small alloy grains in the AAZs
or dislocations and other defects introduced to the microstructure due to
recurring phase transformations?

To answer this question, an additional set of specimens was tested in
a specific manner. The specimens were cooled only once after 350 h:
after the formation of AAZ and before the onset of the isothermal
breakaway oxidation. The specimens were re-heated and further
exposed isothermally to reach a total exposure duration of 600 and
800 h. Fig. 17 illustrates the effect of one-time cooling. The optical
macro images in Fig. 17a,b show that the specimens are heavily
corroded at the edges. However, the middle of the Crofer 22 APU foil
retained extensive areas of protective Cro03. The SEM BSE images of the
cross-sectioned specimen in (Fig. 17c-i) demonstrated the initiation of
breakaway corrosion at the edges of the foil (Fig. 17¢,d) and a high
degree of integrity of the sound uncorroded metal in the middle of the
specimen even after 800 h (Fig. 17c-h). This is in stark contrast to the
isothermally exposed Crofer 22 APU specimen that is fully corroded
after 600 h (Fig. 3). The one-time cooling event is enough for Crofer 22
APU to form the characteristic AAZ layers underneath the CryO3 scale
(Fig. 17e,g). The alloy adjacent to the fully corroded edge of the foil
(Fig. 17f,h) was attacked by internal oxidation and nitridation (Fig. 17i,
see also Figures S10 and S11 in the Data supplement). The character-
istic needle-like precipitates containing Cr and N (EDX analysis not
shown here) are well-known to appear in post-breakaway alloys [35].

Comparison of the cycled, isothermal and one-time cooled Crofer 22
APU foils is given in Fig. 18. To ensure a reasonable comparison,
uncorroded sections in the middle of the cross-sectioned one-time
cooled specimens are presented in Fig. 18. Clearly, one cooling is suf-
ficient to prevent or postpone the catastrophic full-scale oxidation
observed in the isothermal specimens. At the same time, recurring
thermal cycling has a stronger beneficial effect (compare Fig. 4a and
Fig. 17d). The one-time cooling experiment leads to an important
conclusion: the main contribution to the enhanced Cr transport through
the AAZ is the dense network of the grain boundaries in the fine-grained
subsurface AAZ layer which forms already after one single cooling event.
Further thermal cycling additionally refines this layer via the nucleation
of new fine grains in the subsequent heating-cooling cycles.

EBSD maps in Fig. 19 compare the AAZs in Crofer 22 APU after 800 h
at 1000 °C. The sample in Fig. 19a experienced thermal cycling every
100 h while the sample in Fig. 19b was subject to a one-time cooling
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Fig. 17. Effect of one cooling on isothermal air oxidation of Crofer 22 APU at 1000 °C. The 0.3 mm thick foil specimens were isothermally exposed for 350 h at 1000
°C, cooled to room temperature and further isothermally exposed for a total duration of 600 h (Figs. a,c,e,g) and 800 h (Figs. b,d,f,h). Optical macro-images in (a,b)
demonstrate the overall corrosion damage. SEM BSE images in (c-h) illustrate cross-sectioned specimens. The frame in fig. (f) delineates fig. (h) while the frame in fig

(h) delineates fig. (i).

event after 350 h ( presented in Fig. 17c-h). The EBSD maps show a finer
grain structure in the AAZ of the specimen that has been exposed under
cyclic conditions. The grain size histogram in Fig. 19¢ reveals a peak of
the average equivalent diameter at 15 pm for this sample. The grain size
distribution in the AAZ in the one-time cooled specimen (Fig. 19d)
shows the AAZ contains two populations of grains, i.e., the smaller ones
(average equivalent diameter of 15 pum) closer to the oxide-metal
interface (Fig. 19b) and larger grains (average equivalent diameter of
39 um) at the bottom of the AAZ. Clearly, multiple thermal cycles
resulted in a refinement of these larger grains closer to the ferritic alloy
matrix and thus additionally promoted faster Cr diffusion through the
AAZ.
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5. Conclusions

This study presents two major experimental findings with respect to
breakaway oxidation of ferritic stainless steels exposed to oxidizing
environments above 900 °C.

First, the formation of austenite during oxidation of a ferritic stain-
less steel, Crofer 22 APU in the present case, was experimentally evi-
denced by means of in-situ high-temperature XRD of the pulverized
Crofer 22 APU. Oxidation of steel particles 15-45 pym in diameter at 900
and 1000 °C rapidly depleted them of Cr and induced the a-to-y trans-
formation which was directly detected in the in-situ diffractograms. The
previous conclusions about the austenitization-driven nature of this
breakaway oxidation mechanism were based on the circumstantial ev-
idence such as a beneficial effect of the ferrite-stabilizing alloying
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600 h

800 h

Fig. 18. SEM BSE images of cross-sectioned Crofer 22 APU specimens after (a-c) 600 and (d-f) 800 h of air oxidation at 1000 °C: comparison of (a,d) cyclic, (b,e)
isothermal (c,f) and one-cooling exposures. Areas of sound uncorroded metal are displayed in (c,f).
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Fig. 19. EBSD maps (a,b) and grain size distribution (c,d) within AAZ in foils of Crofer 22 APU after 800 h air exposure at 1000 °C: (a,c) the specimen cooled every
100 h, (b,d) the specimen intermediately cooled only once after 350 h.
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additions or post-exposure analyses of the austenitization affected zones
(AAZ).

Second, thermal cycling was found beneficial for the Crofer 22 APU
exposed in air for up to 1000 h at 1000 °C while the isothermally
exposed specimens of Crofer 22 APU suffered from catastrophic
through-thickness (0.3 mm) oxidation already after 400 h. At the same
time, no effect of thermal history was detected for Crofer 22 H. The
abnormal behavior of Crofer 22 APU is related to the formation of the
AAZ at the oxide-metal interface. The austenitic layer impeded Cr
diffusion to the alloy surface thereby facilitating breakaway oxidation.
The heating-cooling cycles result in the transformation of the newly
formed austenite back into ferrite upon cooling. The re-formed ferrite in
the AAZ is highly fine-grained and provides multiple short-circuit
diffusion paths for Cr transport through the AAZ resulting in a more
protective oxidation behavior of the alloy during thermal cycling
compared to isothermal exposure.
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