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HIGHLIGHTS

e Uncoated ferritic steels have
different chromium evaporation
and oxidation rate.

e The steels show virtually identical,
improved behaviour when coated
with Ce/Co.

e The Ce/Co coatings reduced chro-
mium evaporation by 60-100
times to uncoated.

e Ce/Co-coated AISI 409 (11.4 %Cr)
didn't show breakaway corrosion
after 3000 h.
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ABSTRACT

The present work investigates the low-cost steels AISI 441, AISI 430, and AISI 444 against
the tailor-made high Cr steel Crofer 22 APU (22.9 wt% Cr) at 800 °C in simulated solid oxide
fuel cell (SOFC) cathode conditions. Furthermore, a low Cr steel, AISI 409 (11.4 wt% Cr) is
included in the study. The oxidation, chromium evaporation, and area-specific resistance
(ASR) of the uncoated and Ce/Co-coated steels are studied for up to 3000 h. Ce/Co-coated
steels showed significant improvement in behaviour compared to their uncoated coun-
terparts. The oxidation and chromium evaporation behaviour between the uncoated steels
varied substantially while the Ce/Co coated steels exhibited highly similar behaviour. The
area-specific resistance of the coated low-cost steels was on par with Crofer 22 APU.
However, 430 formed a continuous silica layer, resulting in a higher ASR after 3000 h.
Cross-sections of the uncoated and Ce/Co-coated steels were analysed using a scanning
electron microscope and energy dispersive X-ray spectroscopy.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
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Introduction

Solid Oxide Cells (SOC) are high temperature electrochemical
cells that can convert fuel to electricity or electricity to fuel
with very high efficiency. They are considered promising for
decentralised electricity generation when operating in Solid
Oxide Fuel Cell (SOFC) mode and hydrogen production when
operating in Solid Oxide Electrolysis Cell (SOEC) mode. The
interconnect is one of the critical components in a SOC stack,
which plays the role of electrically connecting individual cells
and acts as a physical barrier separating fuel and oxidant
gases. Interconnect operates in demanding conditions with
air and fuel atmospheres on either side. Therefore, the ma-
terial selection for the interconnect application is stringent.

Progress in materials and manufacturing has led to a
reduction in the working temperature of a SOC to the range of
600—900 °C, enabling metallic interconnects to replace tradi-
tional ceramics. Metallic materials usually have higher elec-
trical and thermal conductivity, greater toughness, easier
manufacturing, and lower cost than ceramics. Cr,05-forming
alloys exhibit good high temperature oxidation resistance and
adequate oxide scale electrical conductivity; thus, they have
been extensively investigated for use as SOC interconnects [1].
Among the Cr,03-forming alloys, ferritic stainless steels (FSSs)
are the most promising candidates because their thermal
expansion coefficient is compatible with other SOC compo-
nents (anode, cathode, and electrolyte), they are readily
available, and have low manufacturing costs [2].

Nevertheless, FSSs have two significant issues: 1. chromia
scale growth and 2. chromium evaporation. Chromia scale
growth during exposure leads to increased electrical resis-
tance across the cell, reducing cell efficiency. Furthermore,
the chromia scale reacts with air in the presence of water
vapour to form volatile chromium species Cr (VI) such as
CrO,(OH),. These volatile chromium species react with the
cathode and are deposited at triple-phase boundaries, block-
ing the oxygen reduction reaction, which is known as cathode
poisoning [3]. Cathode poisoning is an important degradation
mechanism in SOFCs. Moreover, oxidation and chromium
evaporation may lead to the depletion of Cr in the steel,
resulting in the eventual breakdown of the protective scale.

Specialised steels, such as Crofer 22APU, Crofer 22H, and
ZMG 232, have been developed to meet the challenging and, in
part contradictory, material selection criteria for in-
terconnects. These steels contain a large Cr reservoir for long-
term operation, minor Mn additions to form an outer
(Cr,Mn)304 spinel to mitigate chromium evaporation [4], and
reactive elements (RE) to improve oxidation resistance and
scale adherence [5]. The low-volume production and, in some
cases, very low Si and Al content required in specifications
make these tailor-made steels expensive.

Sachitanand et al. [6] have studied the oxidation and
chromium evaporation properties of these steels. Despite
advances made in adapting steel chemistry, these steels still
have very high chromium evaporation and chromia growth;
thus, they are not suitable for the long life expected for an
interconnect. Hence, these steels must be appropriately
coated with protective coatings to suppress chromium evap-
oration. Co and Mn-based spinel coatings (MCO) have been

extensively researched for this application [7—12]. Further-
more, reactive elements in the coatings are known to have a
beneficial effect on the oxidation performance of steel. Several
researchers have shown that the RE in coatings significantly
suppresses the chromia scale growth [13—15].

Different thin film coating technologies that include
physical vapour deposition (PVD) [10,16,17], sol-gel dip coating
[18], screen printing [19], electrophoretic deposition [20—22],
and atmospheric plasma spray [23—25] are employed to de-
posit these coatings. Co and Mn-based spinel coatings can be
formed by depositing metallic Co, which upon oxidation
transforms into (Co,Mn);0,4 due to the outward diffusion of Mn
from the steel [12,14]. These coatings are particularly suitable
because they can be efficiently applied in a roll-to-roll, high-
volume process [26]. Additionally, the self-healing properties
of the metallic PVD coatings allow steel sheets to be shaped
into an interconnect after coating [27]. Ce/Co coating with a
10 nm thick Ce layer beneath a 640 nm thick metallic Co layer
has been extensively studied for the interconnect application
[9,11,14,27—29].

The above studies show that a coating is inevitable for the
application of FSS as interconnects. Other studies have indi-
cated the possibility of using coated type 441 [9,11,24,29—-31],
444 [32—36], and 430 [17,20,30,36—39] for an interconnect
application. Goebel et al. [11] have shown that a Ce/Co-coated
AISI 441 steel is stable for up to 38 000 h in air at 800 °C.
Nevertheless, some challenges of using low-cost steels as in-
terconnects include the formation of insulating SiO, scales,
poor scale adherence, and lower oxidation resistance than the
tailored steels. SiO, scales are perceived to be detrimental to
SOFC performance due to high resistivity [2].

Some studies compared different bare substrates for their
application as interconnect [6,36]. As the protective coating is
inevitable, it is crucial to compare coated low-cost steels to
tailor-made steels for their application as interconnect. Very
few studies, however, have compared coated steels for their
application as interconnects [30]. This study evaluates the
oxidation, chromium evaporation, and ASR of Ce/Co-coated
and uncoated Crofer 22 APU, AISI 444, AISI 441, AISI 430, and
AISI 409 in typical SOFC conditions. Time-resolved mass
gains, chromium evaporation, and ASR were measured at
800 °C, and the oxide scale was further characterised with
SEM/EDX.

Experimental

Five chromia-forming FSS, AISI 409, AISI 430, AISI 441, AISI
444, and Crofer 22 APU were selected for this study. The
thickness of AISI 409, and AISI 430 was 0.38 mm, while the
thickness of AISI 441, AISI 444, and Crofer 22 APU was
0.3 mm. The materials are further referred to with their
respective AISI number (eg. 441 instead of AISI 441). The
compositions of the steels in weight% are shown in Table 1. A
Ce/Co coating with 10 nm of Ce and 600 nm of Co (<1% Ce)
was deposited on the steels using a proprietary PVD tech-
nique at Sandvik Materials Technology AB [26]. Coatings
were deposited on pre-cut steel sheets with a coupon size of
15 * 17 mm. These coupons were cleaned using acetone and
ethanol in an ultrasonic bath.
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Since the coating was deposited on pre-cut coupons, the
edges of the coupons were also coated despite that PVD is a
line-of-sight process. Reddy et al. [40] have found that the
uncoated edges significantly influence the chromium evapo-
ration measurements on the coated coupons.

The exposures were performed at 800 °C in a tubular
furnace (Entech AB) in an air atmosphere containing 3% H,0
with a flow rate of 6000 sml min—*.3% H,O in the air was
achieved by bubbling air through a heated water bath with a
temperature >28 °C. The humidified gas subsequently passed
a coil condenser maintained at 24.4 °C. The humidity was
checked using a Michell Instruments Optidew Vision™ chilled
mirror humidity sensor. A flow restrictor was used to mini-
mize convection and ensure a uniform flow pattern in the
reactor. Three coupons were used for each exposure in the
reactor. Two types of exposures were performed: discontin-
uous isothermal mass gain measurements and continuous
chromium evaporation measurements. The coupons in the
mass gain exposures were periodically cooled to room tem-
perature to follow mass gain over time measured using a
Mettler Toledo XP6 scale before reheating. The time-resolved
chromium evaporation behaviour of the coupons was inves-
tigated using the denuder technique, allowing in-situ deter-
mination of chromium evaporation. A Na,CO; coated denuder
tube was placed at the outlet of the reactor to collect Cr (VI)
species. The coated denuder tube was replaced at regular in-
tervals without affecting the exposure. A detailed description
of the measurement procedure is given elsewhere [41]. Chro-
mium evaporation exposures were performed on uncoated
and coated coupons for 500 h and 1000 h, respectively. After
chromium evaporation, the mass gain was measured, and
minimal difference in mass gain is observed from the
discontinuous exposures (mass gain exposures).

Area-specific resistance measurements were carried out
ex-situ on the coated coupons exposed for 3000 h. A thin layer
of platinum was sputtered on top of the oxide scale after
exposure using a sputter coater. After sputtering, a platinum
paste (Metalor 6926) was applied to the sputtered area. These
coupons were further dried at 150 °C for 10 min followed by a
sintering step at 800 °C for 1 h. The resistance was conducted
at 800 °C using a 4-point mode. A Keithley 2400 source metre
was used for the measurement with the applied current set at
100 mA/cm?® Semiconductor behaviour was checked by
monitoring the ASR as the coupons cooled. A more detailed
description of ASR measurements is found elsewere [9].

After the exposure, cross-sections of coated coupons were
prepared using a Leica EM TIC 3X Broad Ion Beam (BIB) milling
system. The microstructure and chemical composition of the
oxide scale was analysed using a JEOL JSM-7800F Prime SEM

equipped with an Oxford Instruments Energy-Dispersive X-
ray spectrometer (EDX).

Results

Fig. 1a and b shows the cumulative chromium evaporation
and the rate of chromium evaporation of the uncoated steels
Crofer 22 APU, 444, 441, 430, and 409 exposed at 800 °C. The
uncoated steels exhibited dissimilar cumulative chromium
evaporation. 430, 441 and Crofer 22 APU had significantly
lower cumulative chromium evaporation than 444. Crofer 22
APU had the lowest cumulative chromium evaporation of the
investigated materials. All the uncoated coupons showed a
reduction in the rate of chromium evaporation as a function of
time except for 409. Crofer 22 APU, 430, and 441 showed a
significant decrease in chromium evaporation rate during the
first week, followed by a steady-state rate. In contrast, 444
took much longer to attain the steady-state rate, which caused
the higher cumulative chromium evaporation shown in
Fig. 1a. Nevertheless, 441 and 444 had a similar rate of chro-
mium evaporation, while 430, Crofer 22 APU was slightly
lower after 500 h. Uncoated 409 had the highest rate of chro-
mium evaporation after 500 h. Moreover, the chromium
evaporation of uncoated 409 increased as opposed to other
steels, which showed a gradual decrease with time. This is
attributed to severe spalling of the oxide scale observed on the
steel only after 168 h.

Fig. 2a and b shows the cumulative chromium evaporation
and the rate of chromium evaporation of Ce/Co-coated Crofer
22 APU, 444, 441, 430, and 409 exposed at 800 °C for 1000 h in
the air with 3% H,0. The cumulative chromium evaporation of
the coated coupons was extremely low. All the Ce/Co-coated
substrates showed similar cumulative chromium evapora-
tion after 500 h and the rate of chromium evaporation was
similar regardless of the behaviour of the uncoated material.
The rate of chromium evaporation of the coated coupons
remained constant throughout the exposure in contrast to the
uncoated steels. Ce/Co-coated steels have previously been
reported to reduce chromium evaporation by one order of
magnitude compared to uncoated steels [12,29,42—45]. The
coated coupons used in these studies were cut from a coated
steel sheet and thus had uncoated edges. More detailed in-
formation on the influence of uncoated edges on coated cou-
pons can be found here [40]. Ce/Co coatings on Crofer 22 APU,
444, 441, 430, and 409 in the present study reduced the chro-
mium evaporation by about 60—100 times compared to the
respective uncoated steels at 800 °C. The reduction in chro-
mium evaporation achieved with Ce/Co coatings was much

Table 1 — Chemical composition of the selected alloys in weight %.

Alloy Fe Cr @ Mn Si Ti Nb Mo La
Crofer 22 APU (1.4760) Bal 22.92 0.004 0.38 0.01 0.06 0.07
AISI 444 (1.4521) Bal 19.03 0.015 0.35 0.40 0.005 0.6 1.86

AIST 441 (1.45009) Bal 17.56 0.014 0.35 0.59 0.17 0.39

AIST 430 (1.4016) Bal 16.2 0.04 0.49 0.34

AIST 409 (1.4512) Bal 11.4 0.012 0.39 0.51 0.17
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Fig. 1 — (a) Cumulative chromium evaporation (b) rate of chromium evaporation as function of time of the uncoated steels
exposed to 800 °C in air + 3% H,O0 for 500 h isothermally. Open and filled symbols represent two individual exposures.
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Fig. 2 — (a) Cumulative chromium evaporation (b) rate of chromium evaporation as a function of time for the Ce/Co-coated
steels exposed to 800 °C in air + 3% H,O for 1000 h isothermally. Open and filled symbols represent two individual exposures.

greater for 444 and 409, as they had much higher chromium
evaporation when uncoated.

Fig. 3a shows the net mass gain of the uncoated steels
Crofer 22 APU, 444, 441, 430, and 409 exposed at 800 °C for
500 h in the air with 3% H,0. Net mass gain i.e., the gravi-
metrically measured mass gain is the sum of mass gain due to
oxidation and mass loss due to chromium evaporation. Each
pointis an average of at least six coupons, while the error bars
represent standard deviation. The uncoated steels showed an
increase in net mass with time. None of the steels showed
signs of spallation except 409 which had spallation already
after 168 h into the exposure. 444 had a rapid net mass gain
during the first 168 h but exhibited a slow mass gain later on
till 500 h. On the other hand, 409, 430, 441, and Crofer 22 APU
had a slower but continuous net mass gain with time. The
difference in the net mass gain between the selected steels
increased over time. After 500 h, 444 had the least mass gain,
followed by Crofer 22 APU, 430, 409, and 441. These findings
agree well with earlier published data on 444, showing that

444 has a slower rate of oxide scale growth than 441 at 750 °C
and 850 °C [46]. The mass gains measured after chromium
evaporation (isothermal exposure) for 500 h are similar to the
mass gains measured during the discontinuous exposure
except for 409. This is likely due to the excessive spallation
observed on 409.

Fig. 4 shows the broad ion beam milled cross-section of the
uncoated steels exposed for 500 h at 800 °C in air with 3% H,0.
The micrographs reveal that the oxide scale was intact after
500 h except for 409. Fig. 5 shows EDX maps of the cross-
sections of the uncoated steels exposed for 500 h at 800 °C.
The oxide scale structure was similar for all the uncoated
steels with a (Cr,Mn)3;0, spinel on the top and a Cr,03 layer
beneath it. Despite the excessive spallation on 409, no iron-
rich non-protective oxides were observed on 409, indicating
a protective layer. The steels 441 and 444 showed laves phase
precipitates in the matrix. A higher fraction of laves phase
precipitates was found in 444 than in 441. No laves phase
precipitates were found for 409, 430, and Crofer 22 APU, as
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Fig. 3 — Net mass gain as a function of time for (a) uncoated steels exposed for 500 h and (b) Ce/Co-coated steels exposed at
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Fig. 4 — BIB milled cross-sections of the uncoated steels (a) AISI 409, (b) AISI 430, (c) AISI 441 (d) AISI 444, and (e) Crofer 22

APU exposed for 500 h at 800 °C in air + 3% H,O.

expected. The chromia scale thicknesses were different on the
steels after 500 h, which agrees well with the observed net
mass gains.

Fig. 3b shows the net mass gain for the Ce/Co-coated steels
Crofer 22 APU, 444, 441, 430, and 409 exposed at 800 °C for
3000 h in air with 3% H,0. The coated steels showed a rapid
mass gain during the first 2 h. This was attributed to the
oxidation of the 600 nm metallic Co in the coating to Co304,
which corresponds to a theoretical mass gain of 0.21 mg/cm?,
as reported previously [14,29]. After the initial 2 h, all the
coated steels showed a continuous increase in mass with
time, following parabolic oxidation kinetics as shown in
Figure Al in the supplemental material. The mass gain was
not significantly influenced by chromium evaporation due to
the extremely low chromium evaporation from the coated
coupons. It is noteworthy that all the coated steels had very

similar mass gains despite the differences in the mass gains of
the uncoated steels. 409 with only 11.4 wt% Cr in the matrix,
which showed excessive spallation only after 168 h when
uncoated, did not show any signs of breakaway within 3000 h
when coated with Ce/Co.

Fig. 6 shows the broad ion beam milled cross-section of the
Ce/Co-coated steels exposed for 3000 h at 800 °C in air with 3%
H,0. The micrographs reveal that the coatings and the oxide
scale of all samples were intact after 3000 h. The oxide scale
structure was similar for all the Ce/Co-coated steels with an
oxidized coating on top and a chromia layer beneath it. The
chromia scale thicknesses were very similar after 3000 h,
which agrees well with the observed similarity in net mass
gains. The chromia scale on Crofer 22 APU is more undulating
than on the other steels. Fig. 7 shows the EDX maps of the
cross-sections of the Ce/Co-coated steels exposed for 3000 h at

Please cite this article as: Reddy MJ et al., 11—-23% Cr steels for solid oxide fuel cell interconnect applications at 800 °C — How the coating
determines oxidation kinetics, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2022.11.326



https://doi.org/10.1016/j.ijhydene.2022.11.326

6 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

e |

e
10um

T e ¥
10pm

10pm

10pm 10pm

Mn

10um

Fig. 5 — EDX maps of the BIB milled cross-sections of the uncoated steels (a) AISI 409, (b) AISI 430, and (c) AISI 441 (d) AISI 444

(e) Crofer 22 APU exposed for 500 h at 800 °C in air + 3% H,O0.

800 °C. The EDX maps indicate that all the Ce/Co-coated steels
had a multi-layered oxide scale structure. The outer scale was
rich in Co, Mn, with some Fe. Below the outer scale, a
continuous chromia scale is visible on all the coated steels in
Fig. 7. One significant difference is observed in the Simap. The
low-cost steels, 441, 444, 430, and 409, had a Si-rich scale
formation at the metal-oxide interface. Such a scale was not

observed in Crofer 22 APU as a consequence of the lower Si
content in the alloy.

Fig. 8 shows the ASR of the Ce/Co-coated steels exposed for
3000 h at 800 °C. The ASR of the Ce/Co-coated steels 409, 441,
444, and Crofer 22 APU ranged from 18 to 23 mohm cm 2 when
measured after 3000 h at 800 °C. The oxide scale showed
semiconducting behaviour with

increased electrical

Fig. 6 — BIB milled cross-sections of the Ce/Co-coated steels (a) AISI 409, (b) AISI 430, and (c) AISI 441 (d) AISI 444 (e) Crofer 22

APU exposed for 500 h at 800 °C in air + 3% H,0.
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Fig. 7 — EDX maps of the BIB milled cross-sections of the Ce/Co-coated steels (a) AISI 409, (b) AISI 430, and (c) AISI 441 (d) AISI
444 (e) Crofer 22 APU exposed for 3000 h at 800 °C in air + 3% H,O.

resistance as the temperature decreased. However, 430
showed a high ASR after 3000 h in the range of 45 mohmcm?.

Discussion
Chromium evaporation

Although the uncoated steels showed a difference in cumu-
lative chromium evaporation, this difference was mostly due
to variations in the initial rate of chromium evaporation. The
rate of chromium evaporation after 500 h was similar for 441
and 444, and it was slightly lower for Crofer 22 APU and 430.
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Fig. 8 — Ex-situ area-specific resistance measured with a
current of 100 mA on the Ce/Co-coated steels exposed for
3000 h at 800 °C in air +3% H,0.

The decrease in the rate of chromium evaporation was
because of the incorporation of Mn into the oxide layer. Mn
diffusion to the surface results in the formation of (Cr,Mn)304,
which is known to reduce chromium evaporation by 2-3
times at 800 °C compared to Cr,03 [4,47]. Despite that all the
steels had similar Mn content, 444 took much longer to reach a
similar rate of chromium evaporation as 441. This may be
attributable to the slower diffusion of Mn to the surface of Mo-
containing steel due to the higher fraction of laves phases in
the bulk and along the grain boundaries. Since Crofer 22 APU
and 430, have no laves phases, the chromium evaporation
decreased faster and have a lower rate of chromium evapo-
ration after 500 h.

The combined presence of Mo and Nb results in higher
laves phase precipitation than in Nb-containing steels such as
441 [48]. Higher laves phase precipitation might affect the
diffusion of Mn to the oxide scale. Ali-Loytty et al. [48] have
shown that (FeCrSi),(MoNb) laves phases formed at grain
boundaries strongly limit the diffusion of Mn to the oxide
scale at 650 °C. The initially higher rate of chromium evapo-
ration of Mo-containing steels has been reported earlier,
which supports this hypothesis: the initial rate of chromium
evaporation of 444 is higher than 441 [46], and Sanergy HT is
higher than Crofer 22H [49] at 750 °C. No difference in chro-
mium evaporation between 441 and 444, having similar Mn
concentrations, was found at 850 °C [46,50]. This finding is
attributed to the faster formation of a (Cr,Mn);0,4 spinel at
higher temperatures possibly in combination with a larger
share of bulk Mn diffusion to the surface, which would
minimize the effect of the laves phases on Mn diffusion.

Chromium evaporation increases the consumption of Cr in
steel and thus accelerates the depletion of the Cr reservoir in
an alloy. This might result in breakaway oxidation and rapid
oxidation due to the formation of less protective oxide scales,
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such as iron oxides. Based on the chromium evaporation data,
it can be concluded that none of the selected steels are suit-
able for interconnect applications without protective coatings
for the estimated 80000 h of service life for interconnects.

The Ce/Co coatings reduced the chromium evaporation of
the steels by 60—100 times, forming a (Co,Mn);0,4 spinel on a
chromia scale. The Co coating transforms to (Co,Mn)30, spinel
due to the diffusion of Mn from steel to the coating [12,51,52].
This data agrees with earlier reported data on the efficiency of
(Co,Mn)30, spinel in reducing chromium evaporation
[4,7,53—55]. The cumulative chromium evaporation of coated
444 was almost 100 times lower than the uncoated 444 after
500 h. Such a high reduction in chromium evaporation on a
Ce/Co-coated 444 was due to the higher chromium evapora-
tion of the uncoated 444. Metallic Ce/Co coatings form a cap
layer of Co304 upon exposure Over time this layer becomes
enriched in Mn and Fe. Thus, Cr evaporation is effectively
blocked, and the efficiency of the layer doesn't rely on Mn
diffusion. For this reason, all coated materials showed similar
chromium evaporation data irrespective of the slower diffu-
sion of Mn to the coating in the case of 444. Hence, the
development of steel coating combinations should focus on
oxidation and electrical properties.

Corrected mass gains

The oxidation of a metal specimen is usually determined in
terms of mass gain due to the pickup of oxygen. Mass gain
data are used to understand and predict the oxidation
behaviour of steel. However, chromium evaporation results in
a loss of oxide scale and thus affects mass gain, too. The
measured mass gain in Fig. 3 is termed net mass gain. The
measured mass gain when corrected for chromium lost
through evaporation is termed as corrected or gross mass
gain.

Table 2 shows the net mass gains and corrected mass gains
of uncoated 430, 441, 444, and Crofer 22 APU after 500 h. Due to
excessive spallation and dissimilar mass gains in isothermal
and discontinuous measurements, the corrected mass gains
of 409 are not shown. The net mass gain (gravimetrically
measured) is the sum of mass gain due to oxidation and mass
loss due to chromium evaporation. Net mass gain gives an
inaccurate measure of the extent of oxidation and Cr con-
sumption in an alloy. The corrected mass gain (calculated
from chromium evaporation and net mass gain data), corre-
sponds to the total oxide scale formed on the surface of the
steel. The Cr surface from the steel is lost as Cr,0s. It was
calculated that 1 mg of Cr collected equals 1.46 mg of Cr,03
lost from the oxide scale [6,50]. For coated samples, the net-

Table 2 — Net mass gains and corrected mass gains of
uncoated 430, 441, 444, and Crofer 22 APU after 500 h.

Steel Net mass gain Gross mass gain
(mg/cm?) (mg/cm?)

AISI 430 0.27 0.42

AISI 441 0.33 0.50

AISI 444 0.11 0.34

Crofer 22 APU 0.21 0.34

and gross mass gain are virtually identical due to the low
chromium evaporation.

Oxidation behaviour — uncoated steels

444 showed the lowest net mass gain of the selected steels
after 500 h, roughly half of the Crofer 22 APU net mass gain.
Nevertheless, the Cr consumption of 444, as depicted by the
corrected mass gains, was similar to that for Crofer 22 APU
after 500 h. Conversely, 430, 441, and Crofer 22 APU showed
significant differences in net and corrected mass gains despite
having equivalent chromium evaporation. This is expected to
be due to the presence of La in Crofer 22 APU, which is known
to improve the oxidation resistance of Cr,05 forming alloys [5].
The corrected mass gain of 444 was still lower than that for 430
and 441 despite that it had higher chromium evaporation and
no reactive elements. The results are in agreement with
earlier studies on uncoated 441 and 444 [46,50,56,57]. The
beneficial effect of reactive elements has been known for de-
cades although the exact mechanism is still debated. The
most widely accepted explanation is that undoped Cr,03
grows primarily by outward diffusion of Cr™> with a secondary
contribution by inward diffusion of O~2 In contrast, in RE
doped Cr,03, REs block the outward diffusion of Cr*® ions [58].
Hence the overall growth rate is drastically reduced and the
chromia growth direction changes from primarily outward to
inward growth. A detailed discussion of the RE effect can be
found in Refs. [59-61].

Influence of steel composition

The significant differences observed in the oxidation and
chromium evaporation of the uncoated steels are related to
their chemical composition, given in Table 1. The presence of
a reactive element, La, in Crofer 22 APU is known to improve
the oxidation resistance [5,62]. Although the details of the
reactive element effect mechanism are still debated, minor
additions of reactive elements are known to enhance the
oxidation resistance, reduce spallation by improving oxide
scale adhesion, and modify the microstructure oxide scale.
Uncoated 409 showed excessive spallation, however, once
coated with a reactive element containing coating (Ce), no
spallation is observed even after 3000 h.

The presence of Ti in Crofer 22 APU, 409, and 441 might
increase the oxidation rate of these alloys. Ti is reported to
increase the oxidation rate of the steel by doping the chromia
scale. Ti** doping results in the creation of chromium va-
cancies, which increases the diffusion rate of Cr*3, resulting in
an increased oxidation rate [63,64]. A similar mechanism is
postulated for Nb doping of chromia scale, which is present in
441 and 444 [65].

The differences in the Si maps at the metal-oxide interface
in the EDX analysis as seen in Figs. 5 and 7 can be explained by
the chemical composition of the steels. Silicon is often a
remnant of the steel-making process where it is used as a
deoxidiser. The Si content in Crofer 22 APU is much lower
compared to the low-cost steels, 430, 441, and 444. This is due
to the vacuum melting process undergone by Crofer 22 APU,
which adds cost to the manufacturing process. The Si in the
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steel matrix diffuses to the metal-oxide interface over time
and oxidized to SiO,.

The presence of Nb in 441 and 444 leads to the formation of
laves phases, a Fe,Nb based intermetallic phase with a C14
hexagonal crystal structure [31]. The precipitation of laves
phases is also enhanced by Ti in 441 [31] and Mo in 444 [66].
The volume of laves phase precipitates is higher for 444 than
for 441.Itis speculated that a higher amount of laves phases in
444 leads to low oxidation as observed in Fig. 7 [56]. Laves
phases are known to bind Si, reducing the free Siin the matrix,
resulting in a thinner silica scale at the metal-oxide interface
[67]. Nevertheless, the formation of SiO, cannot be entirely
avoided by optimising the ratio between Si and Nb [31]. Hence,
the Si maps in Fig. 5 show the silica layer formed at the metal-
oxide interface. The EDX maps in Figs. 5 and 7 show more
prominent SiO, at the metal-oxide interface in 444 despite
that 444 has a lower Si content and a higher fraction of laves
phases than 441. The reasons for this are not clearly under-
stood. 430 which does not contain Ti, Mo, and Nb showed a
prominent Si scale formation at the metal-oxide interface.
The point analysis in Figure A2 (appendix) shows that up to 10
atomic % of Si is found at the metal-oxide interface.

Oxidation behaviour — coated steels

The mass gain data of Ce/Co-coated steels in Fig. 4 shows that
there is no difference in the mass gains of the coated steels
after 3000 h, in contrast to the uncoated steels. This is sur-
prising considering the variation in mass gain behaviour of
the uncoated steels. These results agree with earlier published
results showing that Co/CeO, coated Crofer 22 APU and Crofer
22H have similar mass gains [51]. However, the results do not
confirm the previous research by Talic et al. [30], where dif-
ferences in the oxidation rates of MnCo,0, coated steels 430,
441, and Crofer 22H at 650, 700, and 750 °C were observed.
Such differences can be attributed to two reasons: Firstly, the
MnCo,0, coated steels had been sintered at 900 °C before
exposure. The different oxide scales formed during sintering
might have different thicknesses resulting in different
oxidation kinetics. Secondly, the lack of reactive elements in
the MnCo,0, coating might result in different oxidation
properties.

Froitzheim et al. [12] have shown that a thin Co coating
without Ce does not improve the oxidation behaviour of
Sanergy HT. Several authors have reported an improvement in
the oxidation rate of Crofer 22 APU with reactive element
coatings despite the alloy containing La [18,68—70]. Thus, a
beneficial effect either due to a higher concentration of RE at
the surface or a combined effect of different REs seems likely.
Although the reactive element effect mechanism is not fully
understood, the Ce/Co-coated steels seem to benefit from the
same kind of RE doping resulting in highly similar oxide scales.
Results show that increasing the doping of the Ce in the coating
from 10 nm to 20 and 50 nm did not show any improvement in
the oxidation behaviour up to 6000 h at 800 °C [71].

Cr reservoir

Chromium content in steel plays an important role in the
design of alloys for the interconnect. The Cr content of 20 wt%

or more was used in the steels designed for the interconnect
application, in part to match thermal expansion but also to
maintain long-term oxidation resistance at high operating
temperatures. This was the idea behind the development of
Crofer 22 APU, Crofer 22H, and Sanergy HT. Several authors
[44,72] proposed that the interconnect will undergo break-
away corrosion once the Cr content in the steel falls below
15 wt%. However, in the present study, it is found that 409,
with Cr 11.4 wt% lasted for 3000 h without breakaway
corrosion. Similarly, Goebel et al. [11] have reported that the
Cr content in bulk of Ce/Co-coated 441 exposed for 38 000 h is
12 wt% and breakaway corrosion is not observed.

Area-specific resistance

Besides reducing Cr evaporation several authors have
established that coated steels have much lower ASR than
uncoated steels [9,11,29,73]. The ASR data from the present
work show that coated steels have highly similar ASR values
except 430. This might be surprising considering the varying
Si content in the steels. A SiO, layer formed at the metal-
oxide interface is clearly visible on 409, 430, 441, and 444,
as shown in the EDX maps in Fig. 5. Nevertheless, such SiO,
subscale is not formed on Crofer 22 APU due to low Si content
in the steel. The formation of a SiO, subscale has been re-
ported to increase ASR and decrease SOFC performance. SiO,
is highly resistive with a conductivity of 107> to 107’ S. cm™*
at 800 °C [74]. It can be estimated that 10 nm of silica trans-
lates into an ASR of 100—10000 mQ cm? for a 1 cm? contact
area at 800 °C.

The ASR of the Ce/Co-coated steels measured after 3000 h
depends on the oxide scales formed. It can be seen in the EDX
maps in Fig. 5 that the scale has three types of layers:
(Co,Mn);04; Cr,03; and SiO,. SiO;, is not present in the case of
Ce/Co-coated Crofer 22 APU. The three oxides are interpreted
as in-series connected resistors. At 800 °C, the conductivity
of CoyMns_,O,4 varies from 6.4 to 60 S cm™* [75] and Cr,05
varies from 0.001 to 0.05 S cm™! [76,77]. Table 3 shows the
contribution of ASR by CoxMnj 404, Cry,03, and SiO,. Due to
the high conductivity of CoyMns;_,O, the contribution of the
coating to ASR is negligible compared to the chromia scale.
Moreover, all coated materials had a chromia scale with a
similar thickness, which is expected to result in similar
contributions to ASR. Based on the literature data, the
calculated ASR for the coated steels varied from 4 to
200 mQ cm? without considering the presence of a SiO, scale.
This fits well with the measured ASR of 20 + 3 mQ cm? except
for 430 which showed 50 + 4 mQ cm?.

The predicted influence of the SiO, subscale on the
measured ASR was not observed experimentally. However,
these results agree with earlier published findings where
several authors have found little effect of Si on ASR for up to
3000 h [78,79]. The reasons that the Si scale had little influence
might be that either the Si-rich resistive oxide scale is not
continuous, or the Si-rich resistive oxide is substantially more
conductive than the literature value for SiO,. However, 430
exhibits a substantially higher ASR. This is attributed to the Si-
rich subscale as 430 does not have any laves phase that binds
Siin the steel matrix, consequently, the Si layer is most pro-
nounced in 430 (see Fig. 7 and Figure A2).
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Table 3 — ASR values calculated from the thickness of the Co,Mn; 04, Cr,0; and SiO, layers.

Oxide Average thickness Conductivity (S cm™?) ASR (mohm cm?)
Min Max Min Max
CoxMn3.404 [75] 1 um 6.4 60 0.001 0.015
Cr,05 [76,77] 2 um 0.001 0.05 4 200
Si0, [74] 10 nm 1077 10°° 100 10 000

Possibilities and limitations of low-cost steels

409 has only 11.4 wt% Cr in the steel, which is extremely low
and cannot be used as an interconnect for several 10 000 h.
430, 441, and 444 are low-cost steels and readily available in
the market with at least 16 wt% Cr. The lack of reactive ele-
ments and high production volumes make these steels
cheaper. However, the uncoated low-cost steels, 430, 441, and
444, performed worse than Crofer 22 APU with respect to
chromium evaporation and/or oxidation. Nevertheless, it has
been established that uncoated steels cannot be used for
interconnect applications due to the high chromium evapo-
ration and oxidation of these materials. The results of this
work show that the performance of Ce/Co-coated steels alle-
viates these problems.

The differences between the five investigated materials in
terms of chromium evaporation and oxidation were negligible
once a Ce/Co coating had been applied. Particularly inter-
esting is that no difference in ASR was found between the
coated steels except for 430. Despite the long exposure dura-
tion of 3000 h, this represents only a small fraction of the
required lifetime of interconnect. Based on the ASR data of Ce/
Co 430, the effect of Si on the performance of the interconnect
must not be ignored.

Moreover, SiO, can cause spallation in low-cost FSS due to
the low CTE of SiO, [80,81]. Although no spallation was
observed till 3000 h, adhesion of the oxide scale in the long
term must be evaluated. The evolution of the SiO, subscale
and its effect on long-term operation must be explored. 441
and 444 have a lower Cr reservoir than Crofer 22 APU. Since
the Cr consumption behaviour of all the coated steels was
identical as indicated by the mass gain measurements, ma-
terial failure might occur first on low-cost steels when the Cr
concentration falls below a certain level. Detailed consump-
tion of Cr by the oxide layer in the long term must be
evaluated.

Conclusion

The effect of Ce/Co coating on AISI 409, AISI 430, AISI 444, AISI
441, and Crofer 22 APU was investigated in air with 3% H,0 at
800 °C and compared with the uncoated steels. The steels
exhibited different levels of chromium evaporation and
chromia scale growth. Once coated with a Ce/Co coating, the
performance of the steels was significantly better than that of
the uncoated steels for the interconnect application. The
coated steels exhibited highly similar levels of chromium
evaporation, and the coatings reduced the chromium evapo-
ration of the selected steels by at least 60 times at 800 °C

compared to the uncoated ones. All the coated steels showed
similar oxide scale structure and thickness. The ASR of the
coated steels after 3000 h was similar, about 18—23 mQ cm?
except for AISI 430. The high ASR for AISI 430 is attributed to
the formation of continuous SiO, subscale formation at the
metal-oxide interface. Although a SiO, subscale was found at
the metal-oxide interface of 409, 441, and 444, it did not
significantly influence the ASR measurements of these steels.
Low-cost steels appear to be as effective as tailor-made Crofer
22 APU in chromium evaporation, mass gain, and ASR at
800 °C for 3000 h.
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