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High-temperature Corrosion of ~ 30 Pct Porous FeCr ®

Check for

Stainless Steels in Air: Long-Term Evaluation Up

to Breakaway
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and S. MOLIN

In this work, a long-term (up to 6000 hours) corrosion evaluation of three porous (~ 30 pct of
initial porosity) ferritic iron-chromium alloys with different Cr contents (20, 22, and 27 wt pct of
Cr) was carried out at 600 °C, 700 °C, 800 °C, and 900 °C in air. Mass gain measurements and
SEM analyses revealed that at temperatures above 600 °C, all alloys exhibit breakaway
corrosion, whereas at 600 °C, none of the alloys were heavily oxidized even after 6000 hours.
Based on the results, the diffusion character of the corrosion of porous chromia-forming alloys
was identified. The microstructure changes at high temperatures in porous alloys containing 22
wt pct of Cr were determined in detail by transmission electron microscopy. The proposed
prediction model indicated that the lifetimes of the Fe20Cr and Fe22Cr alloys were determined
as 1250 hours (£ 535 hours) and 1460 hours (£ 640 hours), respectively. It is in agreement with
the long-term oxidation experiment. For the Fe27Cr alloy, the deviation between predicted and
observed lifetimes occurs. The proposed model allows for qualitative estimation of the porous
alloys’ lifetime with experimentally validated accuracy.
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I. INTRODUCTION

THE porous form of ferritic alloys (characterized by
code centered cubic crystallographic structure—BCC)
was proposed as a support component in solid oxide
cells (SOCs).!'3 The advantages of using porous alloys
in such devices are their lower price, which allows for
decreasing a cost of the whole device when compared
with the SOCs that used advanced ceramic components,
as well as the manufacturability of complex shapes.!*!
Other possible applications of porous alloys include
their use as components of gas membranes® and sensor
systems.') However, use of porous iron-chromium
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alloys (as well as other porous alloys) at high temper-
atures is hindered by the limited knowledge of their
oxidation properties under operating conditions.

Porous alloys have significantly larger specific surface
areas than their dense forms, so the interface between
the air (oxygen source) and alloy is also greater. As
indicated in our previous work, the specific surface area
of a porous alloy is up to 28 times larger than that of its
dense form,!”’ which is expected to have a tremendous
impact on the corrosion kinetics. For the long-term
corrosion resistance of the ferritic FeCr alloys, the most
important factor is the chromium reservoir. During the
high-temperature exposure, the chromium oxidizes into
chromia up to the moment that there is large loss of
chromium in the alloy and oxidation of Fe starts. The
uncontrolled oxidation of Fe is called breakaway
corrosion process. Due to the increased interface area
between air and the alloy, for porous alloys, the
appearance of a breakaway corrosion is expected to be
faster than for the dense alloys. Nevertheless, the
influence of the alloys’ porosity on their corrosion
resistance has not been well described yet, and there are
still only a few papers on the corrosion of porous
alloys.®14

Stefan et al. demonstrated that the corrosion process
of porous FeCr alloys follows the parabolic rate law,
which confirms the diffusion character of the corrosion
process for porous ferritic alloys (similarly to the case of
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dense alloys).!"'"! Boccaccini et al. indicated the similarity
of the creep mechanism between porous and dense
alloys at 650 °C to 800 °C, which is important for
metal-supported solid oxide fuel cell applications."’
High creep resistance protects against electrolyte bend-
ing during operation.

To ensure a sufficient (> 10,000 hours) lifespan of
devices containing components consisting of porous
ferritic alloys, specific requirements, such as gas perme-
ation and high conductivity under operating conditions,
have to be fulfilled. High chromium content (usu-
ally > 16 wt pct) alloys seem to be the only good choice
because of their high corrosion resistance in air and
hydrogen atmospheres. Many research groups have
demonstrated the use of dense forms of these alloys
(such as Crofer 22 APU and Crofer 22 H by Sanerg
which contain 20 to 24 wt pct Cr) in SOC systems
During the exposure, a slow diffusion of Cr** cations
leads to the formation of a continuous passive layer of
Cr,05 on the alloy surface that protects the alloy from
further oxidation.”' >! The same mechanism of the
corrosion process is observed for porous FeCr alloys.
Although there are metal oxides with better corrosion
protective properties than Cr,O3 (i.e., Al,O; and
Si0,),?*2% they cannot be used for the discussed
application due to thelr poor electrlcal conduct1V1ty at
high temperatures (10 % to 5 X 107> mS cm at 500 °C
to 1000 °C for Al,O; and 107> to 2 x 10> mS cm ™' at
500 °C to 1000 °C for SiOz).m] In contrast, chromia
(Cr,03) has an electrical conductivity of 1 to 10 mS
m~" at 600 °C to 800 °C.P*

Several approaches have been developed to estimate
the lifespan of alloys in recent years. For instance,
Huczkowski er al. connected the thickness of an alloy
sheet with its lifespan.”” They observed that for
chromia-forming alloys, the time to the appearance of
breakaway corrosion increases with the specimen’s
thickness. For example, the lifespan of Crofer 22 APU
increases by almost 2 orders of magnitude when the
thickness of the oxidized sample increases from 0.1 to
I mm. Asens1o Jimenez et al. also confirmed a similar
dependence.®” On the other hand, Tucker et al. pro-
posed a 3 um thickness of oxide scale as a threshold
value for estimating the lifespan of the alloy.*!
Huczkowski et al. showed that there is a threshold
value of chromium content which provides a protectlve
feature (~ 12 wt pct of Cr in FeCr systems).>* In our
previous work, a similar model for estimating the
lifespan of porous Fe22Cr was proposed, and it assumed
a 10 to 12 pct chromium content threshold band to
reach a breakaway corrosion formation point.”) This
model took into consideration only short-term oxida-
tion data, so it should still be verified by long-term
experiments.

The porous form of high chromium FeCr alloys is
considered a potential support material in SOCs. The
chemical composition provides sufficient electrical con-
ductivity for efficient current collection. The open
porosity of the investigated alloy allows for gas trans-
port through the material, which is an important feature
for reactant supply to SOCs electrodes. The growing
oxide consumes Cr and also decreases gas transport
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through the porous alloy, shortening its lifespan. To the
best of our knowledge, this is the first work addressing
the lifespan evaluation of the porous FeCr alloys based
on long-term oxidation tests. Defining the lifespan of the
porous ferritic FeCr alloys allows for the determination
of the lifespan of metal-supported SOCs and gas
membranes. Thus, long-term oxidation research is
necessary for the creation of the lifespan prediction
model of porous FeCr alloys.

This study describes an evaluation of the long-term
(up to 6000 hours) corrosion process for porous FeCr
alloys with different Cr contents (20 to 27 wt pct Cr) in
the 600 °C to 900 °C temperature range. The obtained
results were compared with the available dense alloy
data. Then, the lifespan of the alloys was estimated
based on information from post-mortem analyses such
as mass gains and changes in the chromium level during
exposure for each alloy composition.

II. EXPERIMENTAL

A. Sample Preparation

Porous metal sheets were sourced from Hogands AB
(experimental alloys Fe20Cr, Fe22Cr and Fe27Cr,
Hogands, Sweden). These alloys were produced from
powders with a particle size fraction < 53 um by a
tape-casting process and were sintered in hydrogen
(1250 °C for 30 minutes). The sintered sheets had
dimensions of ~ 10 x 10 cm? and a thickness of ~ 0.35
mm. The composition of each investigated alloy
reported by the producer is presented in Table S.1.
These data were confirmed by the Inductively Coupled
Plasma (ICP) spectroscopy and energy-dispersive X-ray
(EDX) methods.

The initial porosity of the samples reported by the
producer is 30 pct. This value was confirmed using two
approaches: the Archimedes method—Iliquid displace-
ment (using kerosene), and an electron microscopy
image analysis using the commercial Phenom PoroMet-
ric Software (Thermo Fisher). The porosity was deter-
mined by analyzing 20 pictures taken at a magnification
of 2500x for each analyzed specimen. The error bars
were calculated as a standard deviation of the mean
value. The porosity was also determined via the image
analysis method after selected time intervals for each
oxidation temperature.

For the long-term oxidation experiments, the alloy
sheet was cut into 1 x 1 cm squares. For the short-term
thermogravimetric experiments, samples with dimen-
sions of 1 x 2 cm were used. After cutting, the samples
were cleaned in an ultrasonic bath sequentially in
acetone and ethanol.

B. Long-Term Oxidation Tests

Long-term cyclic high-temperature oxidation was
performed in a chamber furnace in an air atmosphere
at 600 °C, 700 °C, 800 °C, and 900 °C. For each
temperature, at least 10 specimens of each alloy were
used for statistics/reproducibility. The oxidation cycles
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at 600 °C, 700 °C, and 800 °C had a duration of 100 and
150 hours initially (total 250 hours) followed by cycles
of 250 hours up to breakaway. For 900 °C, the cycles
were 10, 20, and 70 hours, totalling 100 hours. The
heating and cooling rates were 180 °C h™'. The samples
were periodically removed from the furnace and
weighed on a microbalance (Radwag XA 5Y.M, accu-
racy of 1 ug, Poland). The mass gain was calculated as
the relative mass change (pct) with respect to the initial
sample mass. The mass gain was also recalculated to the
surface specific mass gain (mg cm™?), using the surface
area information from our previous work (0.022
em? g !, calculated from a tomographic experiment!’).

C. Thermogravimetric Analysis

Short-term thermogravimetric experiments were per-
formed using a CI Precision MK5-2 (United Kingdom)
thermobalance. The oxidation time at a holding tem-
perature of 700 °C was 300 hours and a heating rate of
180 °C h~'. Measurements were carried out with an
airflow rate of 30 mL min~".

The lifetimes of the porous alloys were predicted
based on short-term isothermal thermogravimetric data
and the methodology developed in Reference 7. For
Fe20Cr and Fe27Cr, the threshold mass gain values for
the appearance of breakaway corrosion were calculated
as 5.1 and 8.3 pct, respectively (determined at 900 °C).
Short-term mass gain curves, presented in log—log plots,
were extrapolated using the linear regression method.
The confidence interval was determined by the predic-
tion band method, assuming a 95 pct confidence level.
The predicted lifetime was the intersection of the fitting
and the threshold mass gain values. These data were
compared with the cyclic oxidation mass gains and
scanning electron microscopy (SEM) micrographs of the
alloys.

D. Microscopy Analysis

The microstructure of the samples was analyzed using
scanning (SEM) and transmission (TEM) -electron
microscopy. A Phenom XL SEM microscope (Thermo
Fisher Scientific, Netherlands) was used to observe
changes on the surface and polished cross-section
microstructure of the alloys. A backscatter electron
detector (BSE) was used. Changes in the chemical
compositions were determined by energy-dispersive
X-ray spectroscopy (EDX) using an integrated analyzer
(Thermo Fisher Scientific, 25 mm? Silicon Drift
Detector).

The Cr content of the as-produced and differently
oxidized alloys was calculated as the average of 15 EDX

icasurements carried out in different regions of the

umples. The error bars were determined as the standard
sviation.

The samples for the TEM investigations were pre-

ared as lamellae. They were prepared by sputtering the

imple surface with Ga™ ions emitted from a liquid
ietal ion source (FIB). A thin Pt layer was deposited on
1e region of interest to minimize the curtain effect while
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thinning the sample with the ion beam. The lamellae
were finished with thinning down to a level of several
dozen nanometers after being mounted in a TEM-ded-
icated copper grid.

The TEM/STEM analyses were performed using a Cs
probe-corrected Titan Cubed G2 60-300 microscope

(FEI) equipped with the ChemiSTEM™ system.
High-resolution STEM (HRSTEM) images were
acquired using a high-angle annular dark-field

(HAADF) detector.

III. RESULTS AND DISCUSSION

A. Characterization of the Raw Porous Alloys

The Fe20Cr, Fe22Cr, and Fe27Cr alloys have a
ferritic crystallographic structure and their chemical
compositions, as measured by the ICP and EDX
methods, which are presented in Table 1. The alloys
differ mainly in the Cr and Mn content. A good
correlation between the values obtained by the ICP
and EDX methods was obtained. The results of both
techniques are also consistent with the alloy composi-
tion provided by the manufacturer (Table S.1).

The surface and cross-section SEM images of the
Fe22Cr alloy are presented in Figure 1. The surfaces of
the Fe20Cr and Fe27Cr alloys were similar and are
presented in Figure S.1. Figure 1(b) shows well-con-
nected steel particles with grain boundaries. The poros-
ity of the alloy is clearly visible. The results of the
porosity measurements were similar for all alloys. Using
the Archimedes method, the porosity was 30 £ 2 pct,
while the porosity was determined as 29 + 5 pct for each
investigated alloy by the image analysis of the polished
cross sections. Based on the image analysis, the average
pore size (equivalent diameter) was ~ 11 um, with a
median pore size of ~ 7 um (results summarized in
Table S.2). No significant differences in the morphology
or porosity of the alloys were observed, which justifies
also using the experimentally determined specific surface
area of the Fe22Cr sample for Fe20Cr and Fe27Cr
alloys.

B. Long-Term Corrosion Exposures of Porous Alloys

The alloys were oxidized at high temperatures
(600 °C, 700 °C, 800 °C, and 900 °C) in an air atmo-
sphere to determine the properties of the corrosion
kinetics. The results of the mass changes are presented in
Figures 2(a) through (d).

At 600 °C, even though the oxidation time was quite
substantial (6000 hours, 24 thermal cycles), the overall
mass gain was low, i.e., < 2 pct. A noticeable difference
can be observed between the Fe20Cr and the Fe22Cr/
Fe27Cr alloys. For the Fe20Cr, the first oxidation cycle
(0 to 100 hours) caused a rapid ~ 1 pct mass gain, which
later on developed similarly to the Fe22Cr/Fe27Cr
(further ~ 1 wt pct increase). The cause for the initial
mass gain is the formation of iron oxide in this initial
oxidation time, as will be substantiated later.
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Table I. Chemical Composition of the Alloys Obtained from the ICP and EDX Measurements

Analyzed Chemical Composition, Wt F  [Information from the ICP Measurement] EDX, Wt Pct

Target Composition Fe Cr Mn Ni Ti Co Ca Na Cr Mn
Fe20Cr bal 20.86 0.03 0.05 0.08 0.01 0.02 0.00 0.02 20.2 0.0
Fe22Cr bal 21.87 0.25 0.02 0.08 0.01 0.01 0.00 0.00 21.3 0.1
Fe27Cr bal 26.77 0.33 0.01 0.08 0.01 0.01 0.04 0.00 27.6 0.2

Fig. 1—SEM (backscatter electron detector) images of (a, b) surface, (¢, d) cross section of the as-produced Fe22Cr alloy.

At 700 °C, the mass gain of the different alloys was
similar until ~ 2000 hours, where a deviation for the
Fe20Cr alloy was observed (at ~ 12 wt pct), due to the
start of breakaway oxidation. At ~ 2750 hours (~ 9 pct),
the Fe22Cr alloy started to increase its mass. For the
Fe27Cr, with the highest Cr content, the mass gain
increased steadily until ~ 4750 hours, when breakaway
could be observed via increased mass change.

At 800 °C and 900 °C, the mass gains were much
faster. At 800 °C, breakaway oxidation occurred in less
than 500 hours. At 900 °C, the time to breakaway for all
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the alloys was < 100 hours. The mass gain data show
the strong dependence on the temperature, and a
dependence on the alloy Cr content.

The appearance of breakaway corrosion could be
easily detected from Figures 2(b) and (c) as a change of
the curve’s slope. A deviation from linear dependence
was clearly visible for the Fe20Cr alloy after 2000 hours
of oxidation at 700 °C and after 500 hours of oxidation
at 800 °C. The same behavior was observed for the
Fe22Cr alloy after 3000 hours of oxidation at 700 °C
and 500 hours of oxidation at 800 °C. For the Fe27Cr
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Fig. 2—Percentage mass change of oxidized Fe20Cr, Fe22Cr, and Fe27Cr alloys at (a) 600 °C, (b) 700 °C, (c) 800 °C, and (d) 900 °C. (¢) The

Arrhenius plot for Fe20Cr, Fe22Cr, and Fe27Cr alloys.

alloy, linear dependence was observed for each temper-
ature and the first signs of breakaway corrosion
appeared after 4750 hours of oxidation at 700 °C, but
no trace of this was detected at 800 °C. The times that
breakaway corrosion were determined to occur are based
on macroscopically determined mass gain data. As
studied by tomography,®! the breakaway can occur
locally in separated regions within the sample, which
does not cause a large, measurable mass gain. Rough
estimation of the mass gain for a totally oxidized (~ 43
wt pct mass gain) single particle of 20 um diameter is
only ~ 10 ng, so, well below the balance accuracy
(~ 1 pg). Therefore, the macroscopically determined
start point of the breakaway oxidation is observed with
some delay and the local breakaway oxidation starts
earlier. Figures S.2 and S.3 present the mass gains of the
individual samples measured in each series. The scatter,
which corresponds to the breakaway corrosion starting
point, is noticeable. Therefore, the average breakaway
oxidation start time for the set of samples has to be
treated as a generalized, statistical process.
At 900 °C, the oxidation process is extremely fast.
After 100 hours of oxidation, full oxidation (~ 43 wt pct
1ass gain) was observed for each investigated alloy. For
1e Fe20Cr and Fe22Cr samples, the observed mass gain
as already significantly higher than for the Fe27Cr
ter 30 hours of oxidation, which might indicate the
yrmation of breakaway corrosion regions for these
loys.
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To determine the possible oxidation mechanism, the
mass gain data were plotted in a log-log graph
(Figure S.4). The mass gains follow linear curves, with
a slope approaching n ~ 0.5, which indicates a diffu-
sion-limited oxidation process. Typically, outward
cation diffusion (Cr’ ") is the rate-limiting step in FeCr
alloys. This mechanism can be described by the
parabolic rate law using the equation:

2
<A?m> =k, xt,

where S is the surface of the alloy, Am is a change of
the alloy’s mass, k,, is the parabolic rate constant, and
t is the time of exposure to high-temperature condi-
tions. Typically, the k, values are dependent on the
temperature according to the Arrhenius equation:

E
ky=A xexp(—R—r?),

which can be used to calculate the activation energy
(En)-

Based on the assumption of the parabolic kinetic law,
corrosion rate constants (k,) and activation energies
(EA) were fitted to Egs. [1] and [2] and are summarized
in Table II and presented in Figure 2(e).

The corrosion rates calculated from the parabolic rate
law were similar for each alloy composition at 600 °C
(1.2 x 107 t0 3.1 x 107'® g>em~* s7!) and at 700 °C

(1]

2]
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Corrosion Parameters After Oxidation at Different Temperatures of Fe20Cr, Fe22Cr, and Fe27Cr Alloys

Table II.
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Table III. Chemical Composition of Regions Marked in
Fig. 5 (Obtained from EDX Measurements)
Region Cr (At. Pct) O (At. Pct) N (At. Pct)
1 35.7 64.3 —
2 34.7 65.3 —
3 35.8 64.2 —
4 88.0 — 12.0
5 87.9 — 11.9
6 89.4 — 10.6

(13 x 107" to 2.3 x 107" g2 em *s7'). Differences
were clearly visible for higher temperatures, namely for
800 °C and 900 °C (data collected in Tables II and III).
The data obtained at 800 °C correspond well to the
corrosion rates obtained for dense alloys with a similar
chemical composition, e.g., Crofer 22 APU. Magdefrau
et al. calculated the corrosion rate for Crofer 22 APU as
48 x 107" gZem * s at 800 °C." Skilbred er al.
determined this parameter as 5.4 x 107'* g?ecm * s ' at
800 °C for Sandvik Sanergy HT.# These data are in
line with the results obtained for the Fe22Cr alloy. Small
changes of this parameter could be caused by compo-
sitional differences such as the Cr content or the
presence of other minor alloying elements.?”

The oxidation process before the occurrence of
breakaway corrosion can be considered similar to the
oxidation of dense alloys, even with more complex
geometry. The complex geometry is accounted for in the
limited Cr reservoir (due to the high surface-to-volume
ratio), but the underlying phenomena remain the same.

As presented in Figure 2(e), the values of activation
energies were similar (~ 3 eV) for each alloy. The
chemical composition, e.g., the different Cr contents
and addition of Mn, had no visible effects on the
dynamics of oxidation. The activation energy is consis-
tent with the values reported for ferritic chromia
formers. Wang et al. calculated the activation energy
of chromium diffusion in Cr,O5 as 240 to 280 kJ mol !
(~ 2.5t0 2.9 eV).B® Talic et al. calculated the activation
energy of the corrosion process for Crofer 22 APU as
310 kJ mol ™! (= 3.2 eV).*” Palcut er al. determined the
activation energy of the same alloy as 2.6 eV.1*®!

C. Post-mortem Analysis of Porous Alloys

1. Scanning electron microscopy study

SEM images of the cross sections of the heavily
oxidized alloys at 800 °C and slightly oxidized at 600 °C
are shown in Figure 3, whereas the images of the alloys
oxidized at 700 °C, which show an intermediate oxida-
tion stage, are presented in more detail in Figure 4.
Additionally, SEM images of the surfaces of Fe20Cer,
Fe22Cr, and Fe27Cr alloys after oxidation at 700 °C for
3000 hours are presented in Figure S.6 (Supplementary
Material).

In the first row (Figures 3(a) through (¢)), images of the
Fe20Cr, Fe22Cr, and Fe27Cr alloys oxidized at 800 °C
for 100 hours are presented. All samples show well-de-
fined and distinguishable oxide scale, which was detected
via X-Ray diffraction measurement as Cr,05./”? The XRD
patterns of unoxidized Fe22Cr alloy, as well as after
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Fig. 3—SEM images of Fe20Cr (a, d, g), Fe22Cr (b, e, h), and Fe27Cr (c, f, i) alloys oxidized at 800 °C for 100 h (a, b, c¢), 500 h (d, e, f) and

oxidized at 600 °C for 6000 h (g, h, 1).

different steps of oxidation are also presented in
Figure S.7 (Supplementary material). The Fe20Cr alloy
shows the highest amount of the oxide formed, with some
pores entirely filled and, therefore, exhibiting significantly
reduced porosity. The oxide is severely cracked, indicat-
ing its brittleness and poor mechanical properties.

For the Fe22Cr and Fe27Cr alloys, the cross sections
after 100 hours at 800 °C show similar a microstruc-
ture—a thinner layer (below 5 um) of Cr,Os;, when
compared with the Fe20Cr alloy, was observed.

The second row of Figure 3 shows microstructures of
the Fe20Cr, Fe22Cr, and Fe27Cr alloys after 500 hours
of oxidation at 800 °C. The Fe20Cr alloy (Figure 3(d))
nresents a fully oxidized sample with no recognizable

itial morphology and porosity. The mass gain of the
umple was ~ 43 pct, which confirms full oxidation of
1e available chromium and iron.!”! For both the Fe22Cr
ad Fe27Cr alloys (Figures 3(e) and (f)), the microstruc-
ires show the remaining metallic core and also some
zavily oxidized regions where breakaway oxidation
speared. Most of the samples still show a retained
itial porosity reduced by the formed oxide.
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In contrast to oxidation at 800 °C, where breakaway
oxidation for all the alloys had already occurred by
500 hours, oxidation at 600 °C had a less severe effect.
Even after 6000 hours of oxidation, the oxide scale was
only easily visible on the Fe20Cr sample (Figure 3(g)),
whereas on the higher Cr-content alloys, it was slightly
visible (Figures 3(h) and (i)). Breakaway oxidation was
not observed for any of these samples. The SEM
micrographs correspond well with the mass gain of the
samples. For the Fe20Cr sample, the mass gain was ~
1.8 pct whereas for both the Fe22Cr and Fe27Cr, the
mass gains were ~ 1 pct. To justify the higher mass gain
of the Fe20Cr, an additional EDX analysis was per-
formed for this alloy oxidized at 600 °C for 6000 hours.
The obtained chemical element maps are presented in
Figure S.5 (Supplementary material). A two-phase
structure consisting of iron oxide (inner layer) and
chromium oxide (outer layer) can be observed in the
regions around the pores. The formation of such
structures could be caused by the iron oxidizing only
slightly slower than the chromium at 600 °C. At higher
temperatures, the chromium oxidizes significantly faster
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(a) Fe20Cr, 100h P ‘fe22Cr 100 h }} Fe27Cr, 100 h

000 h (@77

Fe22Cr 1000 h‘|(f) 3 Fe27Cr 1000 h

Fig. 4—SEM images of Fe20Cr (a, d, g), Fe22Cr (b, e, h) and Fe27Cr (c, f, i) alloys oxidized at 700 °C for 100 h (a, b, c), 1000 h (d, e, f),

3000 h (g, h), and 4500 h (i).

than the iron, so the two-phase structure is not observed
in that case.

Further analysis was focused on samples oxidized at
700 °C, which seems to be the upper limit temperature
for possible long-term operation of FeCr porous alloys.
SEM images of the cross section of the alloys oxidized at
700 °C for different times are presented in Figure 4.

In the first row (Figures 4(a) through (c)), images of
the Fe20Cr, Fe22Cr, and Fe27Cr alloys oxidized for
100 hours are shown. For each chemical composition,
the oxide scale is barely visible at the surface of the
particles. These micrographs correspond to an ~ 1.5 pct
mass gain for each investigated sample.

The second row of Figure 4 reveals microstructures of
Fe20Cr, Fe22Cr, and Fe27Cr alloys after 1000 hours of
oxidation at 700 °C. For each presented sample, the
oxide scale is distinguishable and limits the initial
porosity (discussed later in detail), but no breakaway
corrosion region was detected. The mass gain for the
Fe20Cr samples after 1000 hours at 700 °C is 4.8 pct,

METALLURGICAL AND MATERIALS TRANSACTIONS A

whereas for the Fe22Cr and Fe27Cr oxidized under the
same conditions, the mass gains are 5.6 and 6.1 pct,
respectively.

Images of the Fe20Cr and Fe22Cr samples after
3000 hours of oxidation at 700 °C are presented in
Figures 4(g) and (h), respectively. The Fe20Cr alloy
(Figure 4(g)) is fully oxidized with no sign of metallic
core and initial porosity, which corresponds with
the ~40 pct mass gain. For the Fe22Cr alloy
(Figure 4(h)), breakaway corrosion regions were
detected but the metallic core is still visible. This result
is in agreement with the mass gain plot (Figure 2(b)) that
shows a deviation from the linear dependence of the
mass growth after 3000 hours of oxidation at 700 °C.

In contrast to the Fe20Cr and Fe22Cr alloys, no
breakaway corrosion region was identified for the
Fe27Cr samples after 3000 hours of oxidation at
700 °C. After 3000 hours of oxidation at 700 °C, the
mass gain for the Fe27Cr samples was ~ 8.5 pct, while
for the Fe20Cr and Fe22Cr samples, it was 40 and 12.5
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Fig. 5—EDX analysis (qualitative maps) of sample oxidized at 700 °C for 4500 h.

pct, respectively. The mass gain measurements
(Figure 2(b)) for the Fe27Cr also did not show a rapid
increase in the mass change.

After 4500 hours of oxidation at 700 °C, breakaway
corrosion appeared for Fe27Cr alloy (Figure 4(i)), which
corresponds to a 9.4 pct mass gain of the samples. It seems
to be the start of the sample’s accelerated oxidation,
which might be caused by the appearance of breakaway
corrosion only in one region of the whole sample, and
thus, no rapid mass change, as observed in Figure 2(b).

2. Internal precipitations

Detailed analysis of the SEM images indicated the
presence of internal precipitates (e.g., Figure 5) in some
of the particles of the Fe22Cr and Fe27Cr alloys
oxidized at > 700 °C. For oxidation at 600 °C, no
precipitates were observed.

For the Fe20Cr alloy, which has the lowest Cr
content, no formation of the precipitates was detected
among the studied samples, but their formation cannot
be unambiguously ruled out.

For the Fe22Cr, the precipitates were observed after
oxidation at 700 °C for 3000 hours, whereas they were
not visible after 1000 hours of oxidation. For oxidation
at 800 °C, the precipitates were already visible after
100 hours.

For the Fe27Cr alloy, the precipitates were observed
after 1000 and 100 hours for oxidation temperatures of
700 °C and 800 °C, respectively.

A typical microstructure and chemical composition of
the precipitates are presented in Figure 5 based on the
Ee27Cr alloy oxidized at 700 °C for 4500 hours. The

arker regions inside the particles exhibit increased signal
om the nitrogen and chromium elements (based on

DX). The specific elemental compositions obtained for

1e point measurements indicated in Figure 5 are sum-
iarized in Table III. Points 1 to 3 correspond to oxide
:ale—Cr,Os—whereas an analysis of points 4 to 6
:vealed the presence of nitrogen and chromium, with no
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apparent oxygen signal, indicating the formation of a
Cr—N phase. Due to the low concentration of N in the raw
alloy, the nitrogen is believed to have diffused from the
atmosphere (air) to inside the grains.

Cr,N is a stable phase for ferritic alloys which contain
less than 20 wt pct of Cr in a nitriding atmosphere in a
temperature range of 500 °C to 1000 °C. Cr,N also
appears for alloys with more than 20 wt pct of Cr.?”)

Miyamoto et al. investigated the Fel8Cr system in a
nitriding atmosphere in a temperature range of 470 °C
to 670 °C. They recognized disk- and rod-shaped CrN
structures and rod-shaped Cr,N structures in the cross
sections of the samples. A Crp,N phase probably
transformed into CrN during nitriding at 670 °C.1*%" A
mostly rod-shaped precipitated phase was observed for
the samples investigated in this study.

For the samples oxidized at 700 °C and 800 °C, mixed
structures of CrN and Cr,N probably appeared. Inter-
estingly, Bianco et al. indicated that purposeful con-
trolled nitriding of the dense ferritic alloys could
improve their performance when used as interconnec-
tors in solid oxide fuel cells.*"! In our case, the samples
were not prenitrided before further experiments, but
spontancous nitridation was observed during the long-
term oxidation study.

Based on the limited number of analyzed samples, it
seems that a higher temperature (= 700 °C) and higher
Cr content in the alloys lead to formation of the CrNy
precipitates. The large surface area (and surface-to-vol-
ume ratio) of the porous alloys possibly also helps
ensure a possible high flux of N, as similar nitridation
has not been reported in the case of dense alloys with a
similar chemical composition and exposed to similar
conditions (e.g., Crofer 22 APU oxidized up to
900 °C).

The binding of Cr by N can cause an increase in
chromium consumption within the alloy, not connected
to the formation of oxide scale, which can decrease the
lifetime of porous ferritic alloys.
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Fig. 6—SEM (surface) and STEM (FIB-lamellae cut) images of Fe22Cr alloy oxidized at (a, b) 600 °C for 3000 h; (¢, d) 600 °C for 6000 h; (e, f)

700 °C for 100 h; (g, h) 700 °C for 3000 h.

3. Transmission electron microscopy study

Detailed characterization of the alloy-oxide was
carried out on the FIB-cut lamellac by STEM. The
analysis of the samples included the Fe22Cr after 3000
and 6000 hours at 600 °C and after 100 and 3000 hours
at 700 °C. SEM images from the FIB-cutting process are
also included. The lamellae were cut from the top parts
of the particles, where the Pt cap layers are visible. The
STEM images show the microstructure differences
between differently oxidized samples (Figure 6).

In Figure 6(b), an alloy—oxide interface of the alloy
oxidized for 3000 hours at 600 °C is presented. A thin,
continuous (~ 20 to 40 nm) layer of oxide phase is
visible but between the oxide and alloy phases, some
voids were detected (white color). The voids in the
alloy—oxide interface did not appear continuously and
their widths were ~ 30 to 50 nm. After 6000 hours of
oxidation at 600 °C, voids were also observed on the
alloy—oxide interface (Figure 6(c)). The chromium oxide
in the region close to the alloy had a fine grain structure
and the further away from the alloy, the larger the oxide
grains. The thickness of the discontinuous layer of voids
was still about 30 to 50 nm, but the thickness of the
continuous oxide scale increased to approximately 100
to 200 nm.

The changed chromium oxide grain size within the
oxide scale layer was observed after 100 hours of
oxidation at 700 °C (Figure 6(f)). The smallest grains
were located near the alloy (about 10 to 50 nm in
diameter) and the bigger grains were further away from
the alloy with diameters of approximately 50 to 250 nm.
The total thickness of the oxide scale was about 0.7 to
1.5 um, which was in agreement with the analysis of the
SEM images. The diameter of the voids was about 30 to
50 nm, so no changes of their size were identified in
comparison with the samples oxidized at 600 °C.

After 3000 hours of oxidation at 700 °C, all grains
had a similar diameter of ~ 200 to 300 um (Figure 6(g)).

METALLURGICAL AND MATERIALS TRANSACTIONS A

There were also cracks within the oxide scale which also
confirm destructive impact of the oxidation process.

The chemical composition of the lamellac was ana-
lyzed by EDX for the Fe22Cr samples oxidized at
600 °C for 6000 hours (Figure 7(a)) and at 700 °C for
3000 hours (Figure 7(b)). The results indicate that the
oxide scale is composed of chromia scale. A small
addition of Mn to the alloy did not result in the
formation of a continuous Mn—Cr spinel layer, probabl
because the amount of Mn was too small (0.23 wt pet).l”!
A trace of silicon (probably as a silica phase) can also be
observed at the steel-chromia interface on the sample
oxidized at 700 °C at 3000 hours.

4. Chromium reservoir

The formation of a protective chromia scale depends on
the available chromium content in the bulk. Above a
certain threshold value, the formation of a continuous
chromia scale can be sustained, whereas below the
threshold value, the oxidation of iron starts taking place,
i.e., as an occurrence of breakaway oxidation. Determin-
ing the threshold value of the chromium content is
important for predicting the lifetime, as it defines the
conditions of breakaway oxidation formation.

Huczkowski et al. established a threshold value of
chromium content (10 wt pct) which determines the
occurrence of breakaway oxidation. Our previous
research®¥ confirmed that this threshold value is in
the range of 10 to 12 wt pct of Cr for short-term (up to
100 hours) oxidation experiments. The changes in the
chromium content based on long-term oxidation
research are presented in Figure 8.

For oxidation at 600 °C, even after 6000 hours,
negligible changes in the chromium content were noted
for all the alloys (Figure 8(a)). Barely visible microstruc-
ture changes were observed vie SEM for samples
oxidized at 600 °C, while the mass gains of these
samples did not exceed 2 pct.
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(b)

Fig. 7—EDX analysis based on TEM images for samples (a) oxidized at 600 °C for 6000 h, and () oxidized at 700 °C for 3000 h.

In the case of oxidation at 700 °C, changes in the
chromium content were measurable (Figure 8(b)). For
the Fe20Cr alloy, the level of the chromium content
decreased from the initial 22 wt pct to ~ 14 pct after
1000 hours of oxidation, which is only 2 pct above the
threshold band, and then after 2000 hours of oxidation,
the samples were fully oxidized. For the Fe22Cr alloy,
the Cr content after 3000 hours of oxidation was
calculated as 12.7 pct (£ 0.9 pct), which could be in
the threshold band. The SEM analysis of this sample
showed the formation of breakaway corrosion, but only
in a few regions at the edges of the samples. For the
Fe27Cr alloy, breakaway corrosion was not visible in
the SEM images, and the chromium content after
3000 hours of oxidation at 700 °C was determined as
19.3 wt pct, which is definitely in the safe band.

In comparison to lower temperatures, the chromium

ntent in the samples oxidized at 800 °C decreased

ister (Figure 8(c)). Exposure for only 250 hours was
ifficient for breakaway corrosion to occur in the
€20Cr and Fe22Cr alloys. The chromium content of
lese alloys was 8.5 and 8.4 pct, respectively. This is

»nsistent with the assumption that breakaway corro-

on starts at ~ 12 wt pct remaining Cr in the alloy.
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The Fe27Cr alloy had the highest remaining chro-
mium content after 250 hours of oxidation at 800 °C
(15.5 wt pct), which was still significantly above 12 wt
pct; therefore, no breakaway corrosion was expected in
this case. However, after 500 hours of oxidation at
850 °C, the remaining chromium in the Fe27Cr alloy
was ~ 8.5 wt pct, which is below the threshold band and
breakaway corrosion was expected to form. This is
supported by the SEM analysis (Figure 3(f)) and mass
gain data (Figure 2(c)), where breakaway oxidation was
indeed detected.

5. Porosity changes

Experimentally determined porosity changes caused
by the oxidation are shown in Figures 8(d) through (f)
for samples oxidized at 600 °C, 700 °C, and 800 °C,
respectively. A loss of porosity can lead to the functional
failure of the porous element.

For the samples oxidized at 600 °C, the porosity did
not change even after 6000 hours of exposure, which is
consistent with the small mass gain (Figure 2(a)) and no
visible microstructural changes (Figures 3(g) through

(@)
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Fig. 8—Cr content in the alloy determined by EDX for Fe20Cr, Fe22Cr, and Fe27Cr alloys oxidized at (a) 600 °C, (b) 700 °C, and (c¢) 800 °C.

Porosity of the samples oxidized at (d) 600 °C, (e) 700 °C, and (f) 800 °C.

Noticeable changes in porosity were observed for
samples oxidized at 700 °C. For the Fe20Cr alloy, a
small decrease in the porosity was observed during the
first 1000 hours of the experiment and then a fast
decrease in porosity followed. A similar, two-stage type
of decrease in porosity was also observed for the
Fe22Cr. Rapid porosity loss occurred after 3000 hours,
which is consistent with the mass gain data and the
occurrence of breakaway oxidation, as observed by
SEM (Figure 4(h)). For the Fe27Cr samples, a mono-
tonic decrease in porosity was observed up to
4500 hours.

For the samples oxidized at 800 °C, the porosity loss
was more pronounced than at lower temperatures. The
Fe20Cr alloy was fully oxidized after 500 hours of
oxidation. For the Fe22Cr and Fe27Cr samples, a
monotonic porosity loss was also observed. After
500 hours of exposure, the first indications of break-
away corrosion were observed for these samples
(Figures 3(e) and (f)), which is consistent with the high
mass changes—14.1 and 10.4 pct for the Fe22Cr and
Fe27Cr, respectively.

D. Lifetime Prediction of Porous Alloys

Based on the determined threshold chromium content
and oxidation kinetics data, a lifetime prediction can be
established.

In our previous work, we used only short-term
oxidation data for the long-term prediction. This study
supplements the short-term isothermal oxidation data

METALLURGICAL AND MATERIALS TRANSACTIONS A

with a long-term cyclic oxidation validation. Moreover,
in this study, changes in the chromium content were
studied in a wider range of temperatures and for three
alloys with different initial Cr contents, which are
presented in Figures 8(a) through (c).

Isothermal (700 °C) thermogravimetric mass gain
data for the alloys are presented in Figure 9. For each
alloy, a threshold value of the mass gain, when
breakaway corrosion should have appeared, was recal-
culated based on the experimentally determined value
for the Fe22Cr alloy (6 wt pct).”! Assuming that
breakaway corrosion starts when the Cr content in the
alloys decreases to ~ 12 wt pct (top of the threshold
range, 10 to 12 wt pct), the critical Cr consumption
(equivalent to a specific mass gain) can be calculated for
each of the alloys. For the Fe20Cr and Fe27Cr alloys,
the critical mass gain was 5.1 and 8.3 wt pct,
respectively.

For the Fe20Cr and Fe22Cr alloys, the cyclic and
isothermal mass gains show good agreement. The
prediction model indicated that the lifetimes of the
Fe20Cr and Fe22Cr alloys were determined as
1250 hours (£ 535 hours) and 1460 hours
(£ 640 hours), respectively. Even though the relative
error of the predicted alloy’s lifetime seems to be
relatively high, an assumed prediction band is deter-
mined for the log-log scale plot, resulting in artificially
high values of the relative error. The extrapolated curves
for the Fe20Cr and Fe22Cr are in line with the
experimentally measured mass gains, as presented in
Figures 9(a) and (b).
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Fig. 9—Linear extrapolation of thermogravimetric data for (a) Fe20Cr alloy, (b) Fe22Cr alloy, and (¢) Fe27Cr alloy. For each chemical
composition, a threshold level of chromium content and cyclic weight measurements were also plotted.

The experimentally determined times when break-
away corrosion appears are < 1750 and 2750 hours for
the Fe20Cr and Fe22Cr alloys, respectively. The model
seems to underestimate the lifetime of the alloys.

The breakaway oxidation time observed as a change
of the slope for the mass gain data could be mislead-
ing, as proved by a comparison of the thermogravi-
metric plot for the Fe27Cr oxidized at 700 °C
(Figure 2(b)) and a SEM image (Figure 4(i)). The
mass gain measurements reveal the occurrence of
breakaway corrosion with a delay of a few hundred
hours. The lifetime prediction obtained from the
proposed model seems to be more accurate and better
reflects the real lifetime of porous alloys. Such differ-
ence in the estimated lifetime based on the mass gain
measurements and real lifetime was also proven by the
SEM and tomography studies.*”

For the Fe27Cr alloy, the cyclic and isothermal mass
gain data show a visible difference. The cyclic measure-
ments provide an 8.3 wt pct mass gain after 3000 hours,
but the predicted lifetime of the alloy is about
5070 hours (£ 2740 hours).

For the Fe27Cr alloy, breakaway corrosion did not
appear after 3000 hours of oxidation at 700 °C. It was
observed after 4500 hours of oxidation at 700 °C. The
shorter lifetimes provided by the prediction model could
be caused by the log—log scale effect. The relative
distance between 1000 and 2000 hours in the log—log
plot was small, so the calculated lifetimes could be
disturbed.

The main goal of the applied prediction model was a
rough estimation of lifetimes of he alloys. Additionally,
the best way to predict the lifetime of a porous alloy was
to consider the chromium content data, mass gains, and
microscopy analysis.

IV. CONCLUSIONS

In this work, the lifetime of porous FeCr alloys was
redicted based on a long-term (up to 6000 hours)
»rrosion evaluation in a wide temperature range
100 °C to 900 °C). Alloys with a similar microstructure,
ut different chemical compositions (Fe20Cr, Fe22Cer,
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Fe27Cr) were studied. The main difference was the
chromium content, which is a key factor in determining
the lifetimes of the alloys.

Oxidation at 600 °C did not cause severe degradation of
any of the alloys. The oxide growth rate was low (~ 10~
g® em~* s~ ') and did not change the chemical composition
due to Cr consumption, nor modifies the porous structure
of the alloy by filling of pores by oxidation products.
Oxidation at 700 °C was characterized by an increased
oxide growth rate (~ 10~ g ecm~* s 1), which caused a
visible alteration of the properties of the samples. For the
oxidation at 800 °C, rapid %rowth of oxide scale was
observed (~ 1073 g em™* s71).

The initial porosity of the samples decreased from the
initial 30 pct during exposure, except for the samples
oxidized at 600 °C. These results are consistent with the
Cr consumption analysis. The Cr level for the samples
oxidized at 700 °C and 800 °C decreased, but was
constant for the samples oxidized at 600 °C. The
long-term results confirmed that, for the samples con-
sisting of 12 wt pct of Cr (or below), the formation of
breakaway corrosion was detected via SEM imaging.

A comparison of the mass gain data with SEM
micrographs indicated that determining the formation
of breakaway corrosion based on a change in the slope
of the thermogravimetric data can be misleading. The
SEM images of the Fe27Cr alloy oxidized at 700 °C for
4500 hours revealed the occurrence of breakaway cor-
rosion (Figure 4(i)), but no changes in the slope in the
mass gain plot (Figure 2(b)) were observed. The time of
the formation of breakaway corrosion estimated based
on the mass gain plot should be decreased by a few
hundred hours.

An analysis of the mass gains, SEM and TEM images,
and thermogravimetric data in the context of predicting
the lifetime of a porous alloy confirmed that an assumed
9 wt pct of chromium content in the alloy was the limit
value that determined the appearance of breakaway
corrosion (independently of the alloy’s chemical com-
position). The applied prediction model made it possible
to roughly estimate each alloy’s lifetime and confirmed
the diffusion character of the corrosion process for
porous alloys. The lifetime prediction was compared
with the long-term experimental oxidation results. The
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convergence of these data proved the concept of
estimating the lifetime of porous alloys based only on
short-term results. The model seems to accurately
predict the lifetime of the alloys, more precisely than
can be evaluated based on the average mass gain data.

To sum up, the corrosion process for porous alloys
was revealed to be limited by a diffusion process (slope
of the mass gain plots). The alloy’s lifetime depended on
its chemical composition—the more chromium in the
‘raw’ alloy, the longer the lifespan. Such porous alloys
can be considered promising materials for high-temper-
ature applications, especially at 600 °C, where a long
lifetime can be achieved.
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