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ABSTRACT

Thin foils (0.2-0.3 mm thick) of commercially available ferritic stainless steels Crofer 22 APU and Crofer 22 H have been oxidized in air for up to 2000 h at 900, 950,
1000, and 1050 °C. Both steel grades suffered from premature breakaway oxidation, despite the remnant Cr content in the foils being 18-20 wt% at the oxide-metal
interface. Crofer 22 APU was found to be more susceptible to breakaway oxidation compared to Crofer 22 H. The classical lifetime prediction tools systematically
overestimated the time to breakaway. Premature breakaway oxidation above 900 °C is demonstrated to be triggered by austenitization (the a-to-y transformation in
the Fe-Cr system) occurring in the Cr-depleted corners and edges of the foils. A novel lifetime model accounting for austenitization and geometrical constraints was

introduced and validated.

1. Introduction

Ferritic stainless steels based on FeCr [1] and FeCrAl [2,3] alloy
systems form a special family of high-alloyed metallic materials.
FeCrAl-based alloys are known for their superior oxidation resistance up
to 1200 °C and find their application mainly as structural materials for
heating elements, catalyst support [3], recently also additively manu-
factured (AM) components [4,5]. Excellent oxidation properties of
FeCrAls rely on the formation of a well-adherent and slowly growing,
protective a-AlyO3 scale [6,7]. The FeCr-based ferritic steels containing
12 - 30 wt% Cr form CryOg3 scales, which limits their maximum oper-
ating temperature to 900 °C due to relatively high oxide growth rates [1]
and eventually intense oxide spallation during thermal cycling [8]. The
chromia-forming ferritic steels haven been used in e.g. automotive
exhaust systems but gained much attention as interconnect material for
solid oxide fuel cells (SOFCs) and electrolyzer (SOEC) operating at
600-850 °C [1].

Both FeCrAl- and FeCr-based steels are often used for manufacturing
thin-walled components such as tenths of a mm thick sheets, foils, wires,
porous metal foams, etc. These parts have a limited chemical lifetime in
service due to a critical oxidation-induced Al- or Cr-depletion followed
by breakaway oxidation, i.e., extremely rapid growth of Fe-rich oxides
[9]. Breakaway oxidation is known to start at edges and corners of
specimen/part due to a higher surface-to-volume ratio and, hence, a
locally higher depletion rate [10,11].

In the 1990s, a simple mathematical mass-balance model (MB) was
developed by Quadakkers for FeCrAls to quantitatively predict a time to
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breakaway as a function of temperature (parabolic rate constant, k;, or k.
if expressed in terms of metal recession, or just k for subparabolic ki-
netics), specimen thickness and Al-content [12]. The model was based
on equating the experimentally measurable oxide growth rate to the
total amount of consumed Al in the specimen assuming that the
Al-concentration across the specimens remains uniform due to a rela-
tively low k./D ratio. Here k. is the parabolic rate constant in terms of
metal recession and D the diffusion coefficient of the scale forming
element. For FeCrAl materials this approach has been successfully
demonstrated to accurately predict a chemical life of FeCrAl-based alloy
with k. /D ~107%, i.e., fast Al diffusion in comparison to scale growth.

An alternative way to mathematically describe the depletion process
in a thin-walled component is the diffusion analysis proposed by Whittle
[13], corrected by Cowen and Webster [14] and further applied to
mainly austenitic steels [15,16] and Ni-base alloys [17]. This model is a
generalized solution of a diffusion problem and does not require the
presumption of a uniform concentration profile. In [18], the Whittle
depletion (WD) model was demonstrated to converge to the
mass-balance (MB) equation when the k. /D ratio is negligible, i.e., faster
diffusion and a flat concentration profile. In other words, the
mass-balance model (MB) is a limited case of the generalized Whittle’s
solution and will be termed as Reduced Whittle (RW) model in this
work. A detailed derivation of the models can be found in the Data
Supplement.

The mass-balance model was further applied to FeCr-based chromia-
forming ferritic such as Crofer 22 APU at 900 °C [19]. The k./D ratio for
FeCr is higher (~10~*) which is reflected in a slight Cr gradient towards
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the oxide-alloy interface (no more than 2 wt% difference between the
surface and the bulk) [19]. Furthermore, parabolic rate constants for
FeCr-based ferritic alloys have been shown to increase with a decreasing
specimen thickness due to a plastic deformation of the specimens [20,
21]. Nevertheless, the mass-balance model accurately enough predicted
time to breakaway for FeCr-based alloys. The mathematical expression
was the same while the only difference between the FeCrAl and FeCr
cases was the critical concentration of the scale-forming element. Thin
foils of FeCrAl are generally considered to run into breakaway oxidation
once Al is completely exhausted, i.e., depleted to zero, C§f' = 0 wt%.
At the same time, FeCr alloys are reported to fail at a relatively high
residual Cr content, C%’}t =8-16 wt% [19,22,23]. Hence, a critical Cr
concentration of ~10 % is commonly accepted although this limit lacks
a mechanistic foundation.

Recently, Chyrkin et al. [24,25] demonstrated that breakaway
oxidation of FeCr-base alloys is triggered by Cr-depletion driven auste-
nitization at 900°C. The working hypothesis for the present study is that
the a-to-y phase-transformation occurring e.g. between 10.7 and 12.2 wt
% at 900 °C and 13-14 wt% at 1000 °C according to the Fe-Cr phase
diagram [26] is responsible for the premature oxidation-induced failure
of chromia forming ferritic stainless steels. Apart from the metallurgical
considerations, multiple studies provide evidence of a better oxidation
performance of ferritic stainless steels alloyed with the a—BCC stabi-
lizing elements such as W, Nb, Si, etc.

For instance, 0.2 mm thick foils of the precipitation and solution
hardened Crofer 22 H demonstrate steady-state parabolic kinetics over
1000 h at 900 °C in air while those of Crofer 22 APU run into breakaway
after 300 h [27]. Hence, a premature failure of Crofer 22 APU compared
to Crofer 22 H might be related to the a-to-y phase-transformation in
Crofer 22 APU, which would explain its occurrence at C* ~ 10 wt%
at 900 °C as reported in [19,22,23].

The goal of the present work is to investigate the role of the a-to-y
phase-transformation in FeCr-based alloys, specifically in steel grades
Crofer 22 APU and Crofer 22 H, as well as the related chemical failure of
these materials during high-temperature exposures at 900 °C and above,
develop and validate a lifetime prediction tool considering the possi-
bility of austenitization, and finally explore potential alloying strategies
to extend the chemical life of ferritic stainless steels.

2. Experimental
2.1. Materials

The 0.3 mm thick sheets of Crofer 22 APU and Crofer 22 H were
supplied by VDM Metals. Their chemical compositions are listed in
Table 1. Test coupons measuring 15 x 15 mm? were cut from the sheets
and ground with SiC papers to 0.3 and 0.2 mm thickness and P1200
surface finish. Several rectangular specimens were rounded by grinding
to eliminate sharp corners and thereby explore the effect of specimen
geometry on lifetime. The samples were degreased with acetone and
ethanol prior to exposure.

2.2. Exposures

Exposure of the steel samples were carried out in horizontal tubular
furnace with an inner diameter of 46 mm. The test coupons were hanged
through a 2 mm orifice drilled in each coupon on a 1 mm thick alumina
rod in a boat-shaped alumina crucible or placed onto an alumina plate
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with 0.5 mm thick and 1.0 mm deep slots. The exposures were carried
out in stagnant lab air. The specimen holder was immediately intro-
duced into the hot zone of the furnace and readily moved into the cold
zone of the furnace after the dwell time (mainly 48 h). All oxidation
experiments were performed with 3 test coupons. Mass gains were
measured at every cooling step with Mettler Toledo microbalance. The
weight measurements were very reproducible in the protective mode, i.
e., parabolic growth of Cro03. The standard deviation did not exceed
0.02 mg/cm?. After the onset of breakaway, the standard deviation
increased to 0.3 mg/cm?.

The 0.2 mm thick specimen were tested for up to 2000 h at 900°C.
Testing of the Crofer 22 APU samples was interrupted after 1000 h due
to severe breakaway corrosion at the edges of the test coupons. The
0.3 mm thick foils were tested at 950, 1000 and 1050 °C for up to 1200
h.

2.3. Post-exposure characterization

After the exposures, cross-sections 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 error margin
of EDX analysis for Cr is estimated at 0.1 wt%. Selected specimens were
cold mounted in epoxy resin to metallographically prepare full-length
cross-sections and investigate the corroded edges of the foils. The
cold-mounted specimens were gold-coated and electroplated with Ni
prior to mounting. The mounted specimens were mechanically ground
to 4000 grit, polished with diamond pastes to 0.25 pm surface finish and
finally polished with a solution of colloidal silica. Selected cross-
sectioned specimens were chemically etched with a KALLING 1 solu-
tion (CuCly, HCI and ethanol, Morphisto GmbH, Offenbach am Main,
Germany) and analyzed with the optical microscope Zeiss Axio
Observer.

3. Results
3.1. Oxidation at 900 °C

Fig. 1 shows oxygen uptake for 0.2 mm thick foils of Crofer 22 APU
and Crofer 22 H during air exposure at 900 °C. For up to 700 h, both
steel grades demonstrate a protective behavior and parabolic oxidation
kinetics. The measured oxidation rate for Crofer 22 APU is in very good
agreement with the previously reported data [19]. Crofer 22 APU oxi-
dizes slightly faster than Crofer 22 H, in agreement with the data ac-
quired at 800 °C [20]. After 700 h, oxidation of Crofer 22 APU
dramatically accelerates while Crofer 22 H continues to oxidize para-
bolically up to 2000 h. The accelerated oxidation of Crofer 22 APU is
related to occurrence of breakaway, i.e., rapid growth of Fe-rich oxides
at the edges of the foil specimen.

Fig. 2 demonstrates BSE SEM images of cross-sectioned oxide scales
grown on Crofer 22 APU and Crofer 22 H after 1000 h air oxidation at
900 °C. Both steel grades form a duplex oxide scale consisting of an outer
thin (1-2 pm) layer of Mn-rich spinel (Mn,Cr)304 and a layer of CryOs,
16.1 + 0.8 pm thick for Crofer APU and 12.4 + 0.4 pm thick for Crofer
22 H. Crofer 22 APU grew a thicker CryO3 with characteristic oxide
intrusions into the steel substrate while Crofer 22 H tends to form a
smoother and thinner Cry0O3 scale. Crofer 22 H reveals characteristic
intermetallic precipitates segregated at the oxide-metal interface. These
precipitates are Laves-phases which are common for the Crofer 22 H

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 Bal. 22,9 0,38 0,01 0,06 - - 0004 0,09
Crofer 22 H Bal. 22,6 0,43 0,24 0,06 1,97 0,49 0009 0,05
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Fig. 1. Weight change for 0.2 mm thick foils of steel grades Crofer 22 APU and
Crofer 22 H during discontinuous air oxidation for up to 2000 h at 900°C.

microstructure and tend to precipitate at alloy grain boundaries [20,28]
and oxide-metal interface [29]. The specimen edges shown in Fig. 2c,
d demonstrate a significant difference in oxidation behaviour between
Crofer 22 APU and Crofer 22 H at 900 °C. While Crofer 22 APU suffered
from massive breakaway oxidation of the specimen edge, Crofer 22 H
demonstrated a fully protective oxidation behaviour and remained
protective after 2000 h of exposure (similar oxide scale morphology to
Fig. 2d, not shown here). At the same time, neither steel revealed any
sign of breakaway oxidation in the middle of the specimen.

Temporal evolution of oxide scale thickness at 900 °C measured in
BSE images is illustrated in Fig. 3. The scaling kinetics for Crofer APU are
slightly faster compared to Crofer 22 H in agreement with the ther-
mogravimetric data (Fig. 1). This effect is well documented for Crofer
steel grades and is attributed to a higher creep rate of Crofer 22 APU
compared to the solution hardened and precipitation strengthened
Crofer 22 H. It was suggested [30] that compressive stresses in the Cr,O3
scale affect the concentration of point defects in the oxide. In this
context, it was reported that a CryOs3 scale formed under lower stress on
thin Crofer 22 APU thickens faster [20].

.. Breakaway
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3.2. Oxidation at 950 °C

Fig. 4 shows weight change curves for 0.3 mm thick foils of Crofer 22
APU and Crofer 22 H during air exposure at 950 °C. This time, both steel
grades suffer from breakaway oxidation: Crofer 22 APU after approx.
200-250 h while Crofer 22 H after 1200 h.

Fig. 5 demonstrates BSE SEM images of cross-sectioned Crofer 22
APU and Crofer 22 H foils after 1000 h of discontinuous air oxidation at
950 °C. The oxide scales grown at 950 °C are similar to those formed at
900 °C (Fig. 2): i) the Cro03 scale is overlaid by an outer layer of Mn-rich
spinel, ii) the CryO3 scale formed on Crofer 22 APU has more pro-
nounced oxide intrusion into the metal than the scale on Crofer 22 H.
The voids (Fig. 5a) in these inwardly grown CryOs intrusions suggest
oxidation of the interfacial voids which formed due to the oxidation-
induced Cr-loss and the following vacancy injection.

Comparison of Crofer 22 APU and Crofer 22 H reveals another
interesting microstructural feature of oxidation of these steels, i.e., in-
ternal oxidation. The internal oxidation zone (IOZ) in Crofer 22 APU
(Fig. 5a) is visible and well-pronounced while the precipitation of
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Fig. 3. Temporal evolution of oxide thickness on 0.2 mm thick foils of Crofer
22 APU and Crofer 22 H during air oxidation at 900 °C.
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Fig. 2. BSE images of cross-sectioned 0.2 mm thick specimens of Crofer 22 APU (a,c) and Crofer 22 H after 1000 h air exposure at 900°C: oxide scales in the middles

of the specimen (a,b) and specimen edges (c,d).
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Fig. 4. Weight change for 0.3 mm thick foils of steel grades Crofer 22 APU and
Crofer 22 H during discontinuous air oxidation for up to 1200 h at 950°C.

internal oxide (TiO3) is not obvious in Crofer 22 H (Fig. 5a). The internal
precipitates in Crofer 22 H tend to segregate to either alloy GBs or the
rolling lines parallel to the surface. A detailed analysis of multiple SEM
images revealed that the precipitation depth in both steels is similar
although the precipitation patterns are different, presumably due to the
differences in the composition of the steels and, hence, different nucle-
ation kinetics.
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3.3. Oxidation at 1000 °C

Fig. 6 shows weight change for 0.3 mm thick foils of Crofer 22 APU
and Crofer 22 H during air exposure at 1000 °C. In contrast to the 900 °C
exposure (Fig. 1), both steel grades demonstrate a breakaway behaviour
within 1000 h. Crofer 22 APU runs into accelerated oxidation after
100 h while Crofer 22 H remains in a protective oxidation mode for up
to 700 h.

Fig. 7a-d presents BSE SEM images of oxide scales grown on Crofer
22 APU and Crofer 22 H foils after 300 h and 1000 h air oxidation at
1000 °C. The oxide scale grown on Crofer 22 APU is slightly thicker than
that on Crofer 22 H, however the difference is smaller compared to 900
°C (Fig. 2). The oxide thickness evolution at 1000 °C is summarized in
Fig. 8. Both Crofer 22 APU and Crofer 22 H suffer from breakaway
oxidation at the edges of the foil specimens (Fig. 7e,f) after 1000 h in air
at 1000 °C (compare with 900 °C in Fig. 2c). The extent of lateral
damage is higher for Crofer 22 APU (1.5 mm from the edge) compared
to Crofer 22 H (1.0 mm).

The main difference between the exposures at 900-950 °C and 1000
°C is a layer that appears brighter in the BSE images underneath the
oxide scale in Crofer 22 APU after 300 h oxidation at 1000 °C (Fig. 7a,c).
This layer is not observed underneath the Cr,O3 scale at 950 °C (Fig. 5a),
however a bright-contrast layer is present underneath the non-
protective oxide at the edge of the specimen (Fig. 5c¢). This layer here-
after will be termed AAZ, austenitization affected zone.

3.4. Oxidation at 1050 °C

Fig. 9 shows oxidation kinetics curves for 0.3 mm thick foils of Crofer
22 APU and Crofer 22 H during air exposure at 1050 °C. The tempera-
ture is extreme for both Crofer 22 APU and Crofer 22 H which rapidly
degrade into breakaway oxidation mode within 300 h (first signs of
oxidation of the edges for Crofer 22 H) and only 50 h for Crofer 22 APU.

Crofgr 22 K8

Fig. 5. BSE images of cross-sectioned 0.3 mm thick specimens of Crofer 22 APU (a,c) and Crofer 22 H after 1000 h of discontinuous exposure in air at 950°C: oxide
scales in the middles of the specimen (a,b) and specimen edges (c,d). Symbol AAZ in fig. (c) denotes austenitization affected zone formed underneath the breakaway

area in Crofer 22 APU.
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Fig. 6. Weight change for 0.3 mm thick foils of Crofer 22 APU and Crofer 22 H
during discontinuous air oxidation for up to 1000 h at 1000°C.

Fig. 10 demonstrates BSE SEM images of the oxide scales formed on
Crofer 22 APU after 200 h air exposures at 1050 °C. Similar to 1000 °C, a
continuous 50 pm thick bright-contrast AAZ formed immediately

ondiBe B A diinam

Cr,0,4
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underneath the CryO3 scale (Fig. 10a). The specimen edge shown in
Fig. 10b is heavily corroded and reveals a broad (700 pm) zone of full
transformation of the alloy from BCC to FCC (see also inset in Fig. 10c).

Fig. 11 shows BSE images of the oxide scales formed on the Crofer
22 H foil after 500 h air exposures at 1050 °C. Big cavities are visible at
the oxide-metal interface indicating a strong vacancy injection due to
Cr-loss and the following condensation of the vacancies. The specimen
edge shows signs of internal and breakaway oxidation, but no a-to-y
transformation is observed in Crofer 22 H in the BSE SEM image in
contrast to Crofer 22 APU in (Fig. 10c). Austenitization of Crofer 22 H at
1050 °C was revealed by etching the cross-sections with KALLING 1.
Optical micrographs shown in Fig. 12 demonstrate the fine-grained
microstructure of the AAZ underneath the CryO3 scale in Crofer 22
APU (Fig. 12a, compare with BSE SEM image in Fig. 10a) as well as the
presence of AAZ in Crofer 22 H in the vicinity of the IOZ and the
breakaway area at the foil edge (Fig. 12b, compare with BSE SEM image
in Fig. 11b). Austenitization is thereby confirmed also for Crofer 22 H.

3.5. Cr depletion dynamics

Fig. 13a shows Cr-concentration profiles measured with EDX in the
oxidized 0.2 mm thick foils of Crofer 22 APU (full symbols) and Crofer
22 H (empty symbols) exposed in air for up to 2000 h at 900 °C. After
100 h at 900 °C, the Cr depletion profiles are close to reaching the mid-
plane of the foil. The calculated Cr depletion distance, approximated as

¢ = V/4Dt, is 110 um after 100 h at 900 °C being close to the half-

austenitization affected zone

Crofer 22 APU

Crofer 22 APU

Crofer 22 H

Fig. 7. BSE images of cross-sectioned 0.3 mm thick specimens of Crofer 22 APU (a,c,e) and Crofer 22 H (b,d,f) after air exposure at 1000°C: oxide scales in the
middles of the specimen after 300 h (a,b), 1000 h (c,d) and specimen edges after 1000 h (e,f).
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thickness of the foil. Thus, the experimental Cr-interface concentrations
can still be reasonably predicted by Eq. S4 (see Data supplement and
Table 2). The calculated depletion by 3 wt% agrees well with the
measured Cr depletion values (see profiles after 100 h in Fig. 13a). This
implies that Cr depletion profiles in ferritic steels are not necessarily flat
and uniform in the beginning (see also [24]). However, the Cr profiles
flatten out as the oxidation proceeds. After the depletion fronts meet at
the mid-plane of the foil, the Cr gradient across the specimen gradually
decreases and virtually vanishes after 2000 h in the Crofer 22 H foil
Fig. 13a.

Fig. 13b shows a temporal evolution of the Cr-concentration at the
oxide-metal interface in 0.2 mm thick foils of Crofer 22 APU and Crofer
22 H during air exposure at 900 °C measured by EDS and calculated
using Eq. S7. The WD model accurately predicts the Cr depletion kinetics
in both Crofer 22 APU and Crofer 22 H. As can be expected from the
slightly faster oxidation kinetics of Crofer 22 APU compared to Crofer
22 H (Fig. 8), Crofer 22 APU is faster depleted of Cr. However, this effect
is not strong. After 2000 h, the WD model predicts 1,5 wt% difference
between Crofer 22 APU and Crofer 22 H. The remaining Cr-interface
concentration in Crofer 22 APU after the onset of breakaway at 700 h
is 17 wt%.

The situation is fundamentally different at 1000 °C (Fig. 14a). First,
the depletion fronts reached the mid-plane before the first sampling
point (100 h) and the Cr profiles are already virtually flat after 100 h.
Second, the Cr profiles in Crofer 22 APU become steeper in the near-
surface region after 300 h. The Cr profiles in Crofer 22 H remain flat
up to 1000 h at 1000 °C. This time, the WD model correctly predicts the
temporal evolution of the Cr-interface concentration only for Crofer
22 H (Fig. 14b). In contrast to 900 °C, the difference in Cr-concentration
between Crofer 22 APU Crofer 22 H after 1000 h at 1000 °C amounts to
9 wt%.

3.6. Austenitization in Crofer 22 APU

The steeper part in the Cr depletion profiles in Crofer 22 APU
(Fig. 14a) is due to the FCC layer formed in the immediate vicinity of the
Cry03 scale (Fig. 7a). At 1000°C, the Cr diffusion in the FCC lattice by an
order of magnitude slower than in BCC [31], which is expected to
decrease the Cr-interface concentration. The austenitization affected
zone (AAZ) is not observed at 950 °C (Fig. 5a) but it forms at the edge of
the foil (Fig. 5b) where Cr-depletion is more intense.

The microstructural evolution, i.e., the growth of AAZ in the Crofer
22 APU foil during the exposure at 1000 °C, is visually summarized in
Fig. 15 along with the corresponding micrographs for Crofer 22 H in
which no austenitization occurred. Crofer 22 H (upper row) continues to
have a BCC matrix for up to 1000 h of exposure and reveals a gradual
grain coarsening and formation of voids. The grains in Crofer 22 APU

Crofer 22 APU 20 pm

Fig. 10. BSE images of cross-sectioned 0.3 mm thick specimens of Crofer 22 APU after 200 h of discontinuous exposure in air at 1050°C: (a) oxide scale in the
middles of the specimen, (b) specimen edge, and (c) zone of complete BCC to FCC transformation. AAZ marks austenitization affected zone.
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- Breakaway

Fig. 11. BSE images of cross-sectioned 0.3 mm thick specimens of Crofer 22 H after 500 h of discontinuous exposure in air at 1050°C: (a) oxide scale in the middles

of the specimen and (b) specimen edge.
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Crofer 22 APU

]

Crofer 22 H

Fig. 12. Optical micrographs of cross-sectioned specimens of (a) Crofer 22 APU after 200 h and (b) Crofer 22 H after 500 h air oxidation at 1050 °C. Etched with

KALLING 1. AAZ marks austenitization affected zone.

coarsened rapidly after 100 h. A bright-contrasts layer (Fig. 7a,c) can be
observed after 300 h oxidation. After 1000 h of oxidation, the initial
BCC phase in Crofer 22 APU is almost completely consumed by AAZ. At
1050 °C, the AAZ fully consumed the ferritic matrix in the specimen
edge Fig. 10. It is obvious that AAZ appears primarily in Crofer 22 APU
and is susceptible to Cr-depletion which is more intense at the edges/
corner of the specimens due to a higher surface-to-volume ratio. How-
ever, the austenitization has also been detected in Crofer 22 H (Fig. 12b)
albeit in the extreme conditions of exposure at 1050 °C.

4. Discussion
4.1. Criteria of chemical failure

The accuracy of the lifetime prediction tools critically depends on
two input parameters: i) kinetic data (k. and D) and ii) the critical
concentration Ng’if. While k. and D are directly measurable, well tabu-
lated and can be re-measured for every specific case, determination of
NZ is not always straightforward. According to the classical theory of
selective oxidation [32], oxidation of the base metal A (with A = Fe or
Ni) is possible only if the oxygen potential at the oxide-metal interface
set by the equilibrium BO, /B (Cry03/Cr in the present study) increases
to the level of that for AOg4/A (FeO/Fe), see also [33] or [34]. In prac-
tical terms, this implies that Ng* = 0. Indeed, zero concentration of Al is
commonly adopted for lifetime calculations for thin foils of FeCrAl using
the MB model [12], with corrections being made for sub-parabolic
oxidation kinetics.

The original publications [13,14] introducing the WD model also

postulated N%'= 0 as an ultimate end-of-life criterion. However, Cowen
and Webster [14] experimentally measured 7-16 wt% of remaining Cr
in the foil specimens (5-10 pm thick) of 25Cr20Ni austenitic steel
exposed to COy at 750 °C removed from the exposure prior breakaway
oxidation. Evans et al. experimentally demonstrated in numerous
studies [16,34,35] describing Cr-depletion in foils of 20Cr25Ni austen-
itic steels at 900-950 °C that breakaway oxidation occurred while the
foils still contained 8 (at the surface) to 16 (in the middle) wt% Cr. In
these studies, as well as in the later ones [15], WD accurately predicted
the Cr depletion profiles. Finally, an averaged value of N&* = 0.11
(10 wt%) Cr was reported for a ferritic steel grade Crofer 22 APU at 900
°C [19] and a porous model alloy Fe22Cr at 750 °C [22,23]. The
afore-mentioned experimental evidence can be summarized as follows:
in contrast to alumina-formers, austenitic and ferritic steels forming
chromia scales suffer from breakaway oxidation long before the avail-
able Cr reservoir is completely exhausted ( C’:t =0).

Despite the obvious similarities, the mechanisms explaining this
phenomenon are different for austenitic (FCC) and ferritic (BCC) alloys.
The case of austenitic steels was thoroughly elaborated by Evans et. al. in
[34] who differentiated between two separate phenomena: i) intrinsic
chemical failure (InCF) and ii) mechanically induced chemical failure
(MICF). The concept of InCF originates from a thermodynamic analysis
showing that Cr needs to be depleted virtually to zero for iron to start to
oxidize. MICF occurs in the event of oxide spallation when the
Cr-depleted subsurface alloy is unable to re-grow Crz03.

MICF is easy to interpret based on the classical Wagnerian diffusion
analysis [32,36] (see Data supplement for more details). For instance, at
900 °C when an austenitic alloy is depleted to 8-10 wt% at the
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Fig. 13. Cr-depletion profiles (a) and temporal evolution of Cr-interface con-
centration (b) in 0.2 mm thick foils of Crofer 22 APU and Crofer 22 H after air
oxidation at 900 °C. Cr concentrations were measured with EDX in cross-
sectioned specimens after up to 2000 h.

oxide-metal interface and the depleted alloy is exposed to the oxidizing
atmosphere (e.g. after oxide spallation), neither Wagnerian criterion 1
(Eq. S9) nor criterion 2 (Eq. S10) are fulfilled (see Table S1). The area of
oxide spallation will suffer from breakaway while the area covered with
Cry03 will remain protective. Therefore, the main reason for the high
remnant Cr content in post-breakaway austenitic specimens is slow Cr
diffusion in FCC resulting in the intense Cr surface depletion and
increasing the risk of MICF due to e.g. oxide spallation or cracking.

The situation with ferrites is different because Cr diffusion is rapid
and the second Wagnerian criterium is fulfilled almost throughout the
entire compositional range of Cr virtually to zero. Despite rapid diffusion
of Cr in BCC, ferritic steels are also reported to fail after being depleted
to 8-10 wt%. This may have two explanations.

First, a Cr depleted ferritic FeCr alloys will face the same re-healing
problem once exposed to oxidizing gas after oxide spallation/cracking.
The supply criterion (Eq. S10) is fulfilled for such an alloy at 800-1000
°C. However, this Cr depleted alloy will be close to the formation
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criterion (Eq. S9), which is estimated to vary between 8 and 10 wt% for
FeCr at 800-1000 °C (see for more details in [25]). In other words, MICF
is also relevant for ferritic steels once the Cr level drops below 10 wt%.

In the present study, the Crofer 22 APU specimens ran into break-
away oxidation while the foils still contained 18-21 wt% in the middle
of the specimen. This is hard to explain with MICF because with the
measured interface concentration of 17 wt%, both Wagnerian criteria
(Eq. S9 and S10) were fulfilled.

The second reason of breakaway in ferritic steels at relatively high Cr
concentration is the a-to-y phase transformation occurring above 850 °C
in ferritic steels unless they are alloyed with ferrite-stabilizing elements
[24]. This phenomenon will be discussed in detail in the following
sections. To summarize, premature breakaway oxidation of FeCr-base
alloys occurs due to two reasons:

i) inability to re-grow CryO3 once depleted to 8-10 wt% at the oxide-
metal interface and exposed to oxidation via mechanical failure
(valid for FCC and BCC alloys in the entire temperature range)

ii) Austenitization of Fe-Cr due to Cr depletion (valid for BCC alloy