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� The Ce/Co-coated steels 441, 444

and Crofer 22 APU form a protec-

tive oxide scale at 800 �C under

dual-atmosphere conditions.

� The Ce/Co-coating eliminates the

observed differences in oxide scale

thicknesses for the uncoated

steels at 800 �C.

� The oxide scales on the fuel side

(uncoated) vary in thickness

among the selected steels.

� At 600 �C, the coated steels 441 and

444 form non-protective oxides,

while the coated Crofer 22 APU

remains protective.
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Dual-atmosphere conditions are detrimental for the ferritic stainless steel interconnects

used in solid oxide fuel cells, resulting in non-protective oxide scale growth on the air side.

In this paper, low-cost steels AISI 441 and AISI 444 and the tailor-made Crofer 22 APU, were

investigated at 800 �C and 600 �C under dual-atmosphere conditions: air-3%H2O on one side

and Ar-5%H2-3%H2O on the other side. At 800 �C, the uncoated and Ce/Co-coated steels

formed protective layers of (Cr,Mn)3O4/Cr2O3 and (Co,Mn)3O4/Cr2O3 respectively on the air

side after 336 h. However, at 600 �C, the Ce/Co-coated AISI 441 and AISI 444 showed ~20

e25 mm thick Fe2O3/(Fe,Cr)3O4 oxide scale on the air side after 336 h. Ce/Co coated Crofer 22

APU remained protective after 772 h at 600 �C, indicating better resistance to the dual-
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atmosphere. The effect of Ce/Co coatings on the air side and the need for coatings on the

fuel side are discussed and compared with experimental data.
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Introduction

Tomeet the climate goals in linewith COP26, environmentally

friendly, clean and highly efficient energy conversion devices

are needed. Fuel cells and electrolysers are receiving great

attention as energy conversion devices. Among the various

types of fuel cells, solid oxide fuel cells (SOFC) are high-

temperature electrochemical devices that convert the chem-

ical energy of the fuel directly to electrical energy. Moreover,

they can be operated in reverse mode as solid oxide electro-

lyser cells (SOECs), producing hydrogen from electricity and,

thereby, supporting the hydrogen economy. SOFCs have

attracted considerable interest because of their high efficiency

(>70%) [1,2], low emissions, silent operation, and fuel flexi-

bility. A unit cell, comprising an anode, cathode and electro-

lyte, produces a voltage of approximately 1 V, and several unit

cells are connected electrically in series by interconnects, to

create stacks with a higher power output. Since an intercon-

nect connects the anode of one cell to the cathode of the next

cell, it is exposed to an oxidising atmosphere on one side

(usually air) and a reducing atmosphere on the other side (the

fuel, usually hydrogen or natural gas).

Recent improvements to the materials and manufacturing

techniques used for fuel cell components have lowered the

operating temperature of the SOFCs to the range of

600e850 �C, allowing the use of metallic interconnects [3].

Among the different metallic interconnects, chromia-forming

ferritic stainless steels (FSS) are most commonly used as in-

terconnects because they have the following characteristics: a

thermal expansion coefficient similar to that of the other cell

components; a moderately conductive oxide scale; low cost;

good formability; ease of manufacturing; and good mechani-

cal properties. However, using chromia-forming FSS results in

two major degradation mechanisms in the SOFC: (a) Cr(VI)

evaporation, which results in the blocking of the electro-

chemically active sites on the cathode, thereby preventing the

oxygen reduction reaction (also referred to as ‘chromium

poisoning’ [4e6]; and (b) chromia scale growth, resulting in

increased electrical resistance across the interconnect.

Although chromia scale growth increases the resistance

across the cell, it is important that the Cr2O3 forms, since it

protects the interconnect against rapid oxidation. The rates of

chromia scale growth on different alloys are dependent upon

the characteristics of the steel, such as composition and

microstructure, and the exposure conditions.

The aforementioned degradation mechanisms can be

mitigated by the application of protective coatings to the air

side of the interconnect [7e12]. In our previous papers [13], we

have shown that Cr evaporation decreases about 60-fold and

the chromia scale growth diminishes following the
estigation of coated FeCr
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application of Ce/Co coatings at 800 �C. The Co layer has a

beneficial effect on Cr evaporation. The most effective (in

terms of cost and reduced Cr evaporation) thickness of the

coating has been found to be 600 nm. In addition, Ce has been

found to reduce the oxidation rate of steel. Nevertheless, the

studies of the Ce/Co coatings were carried out under single-

atmosphere conditions (air). Since the interconnect is

exposed to a dual atmosphere (air on one side and fuel, for

example, H2, on the other), it is important to study the inter-

connect steels and coatings in a dual atmosphere. Yang et al.

[14] have shown that the oxide scale formed on the air side of a

steel exposed to dual-atmosphere conditions is very different

from the oxide scale observed when exposed to air on both

sides of the steel. Subsequently, several other researchers

have shown the anomalous behaviours of steels when

exposed simultaneously to dual atmospheres [14e30]. These

anomalous behaviours of the steels are termed ‘dual-atmo-

sphere corrosion effect’, and they lead either to an increase in

the Fe content of the protective scale or to the formation of a

non-protective, iron-rich oxide on the air side.

Several authors have reported a dual-atmosphere effect

on uncoated steels at 800 �C, although the intensity of the

phenomenon varied significantly from one experiment to

another. Skilbred et al. [18] have described minor changes to

the oxide scale composition without any change to the oxide

scale structure. On the other hand, Yang et al. [14] have

shown a more severe effect with a significant change in the

oxide scale thickness. Such differences might be the result of

differences in surface conditions, pre-treatments, and

hydrogen concentrations. There is consensus that hydrogen

on the fuel side diffuses to the air side and interferes with the

oxidation on the air side, although the exact mechanism of

this process is highly debated and not yet completely un-

derstood. Yang et al. [14] have suggested that hydrogen

doping of the chromia scale alters the defect chemistry,

resulting in increased metal ion diffusivity; this idea has

received support from others [18,25]. Holcomb et al. [16] have

suggested that the diffused hydrogen reacts with the inward

diffusing oxygen to form water vapour and that this me-

chanically disrupts the scale. Gunduz et al. [19] have pro-

posed that hydrogen diffusion into the metal causes impaired

Cr diffusion along the grain boundaries, resulting in the

promotion of an Fe-rich oxide scale.

Yang et al. [31] have demonstrated that increasing the

concentration of Cr in the steel results in a less-pronounced

dual-atmosphere effect. Moreover, very few studies [32,33] in

the literature have compared different steels under dual-

atmosphere conditions. To lower the costs, many SOFC

manufacturers are considering low-cost commercial steels

such as AISI 441, AISI 430 and AISI 444. Thus, it is important to

compare the low-cost steels with tailor-made interconnect
steels for application as solid oxide fuel cell interconnects under
gy, https://doi.org/10.1016/j.ijhydene.2022.11.278

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijhydene.2022.11.278


i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 3
alloys such as Crofer 22 APU under dual-atmosphere condi-

tions. Since it has been established that uncoated steels

cannot be used as interconnects because they exhibit high

levels of Cr evaporation on the air side, understanding the

behaviour of coated steels under dual-atmosphere conditions

is highly relevant. Only a few studies have demonstrated the

effects of air-side coatings under dual-atmosphere conditions

[17,28,29,34]. Since Ce/Co coatings are reported to be

extremely effective at reducing Cr evaporation and oxide scale

growth, it is important to understand the behaviour of these

coating systems under dual-atmosphere conditions.

The dual-atmosphere effect is reported to be most severe

at 600 �C than at higher temperatures [19]. Several articles

detailing the effects of a dual atmosphere on uncoated steels

at 600 �C have been published recently [19,21,22,27,33,35,36].

In general, the air side of an uncoated material at 600 �C is

covered with a non-protective, Fe-rich scale due to dual-

atmosphere corrosion. However, the effect of coating on the

dual-atmosphere effect at this temperature is not discussed

in the literature. Since intermediate-temperature SOFCs are

operated at this temperature and have gained importance in

recent times, it is important to understand the dual-

atmosphere effects on coated steels at lower temperatures.

Since the Ce/Co coatings have been extensively researched

for lower temperatures [37e39], it is of paramount impor-

tance to understand the effects of these coatings at lower

temperatures.

The aim of this paper was to understand the effects of

dual-atmosphere conditions on different steel coating sys-

tems. For this reason, two low-cost commercial FSS, AISI 441

and AISI 444 were compared to the tailor-made alloy Crofer 22

APU, both when uncoated and Ce/Co-coated on the air side at

800 �C. Since the dual-atmosphere effects on uncoated steels

have been extensively reported at 600 �C, an effort is partic-

ularly made on understanding the behaviours of these steels

when they were coated on the air side.
Experimental

Samples

Three chromia-forming FSS, AISI 441, AISI 444, and Crofer 22

APU with a thickness of 0.3 mm, were selected for this study.

The compositions of these alloys are presented in Table 1. On

one surface, a Ce/Co coating with 10 nm of Ce and 600 nm of

Co was deposited on the steels using a proprietary Physical

Vapour Deposition (PVD) technique at Sandvik Materials

Technology AB [40], while the other surface was left in the as-

received condition. Circular coupons with a diameter of

21 mm were stamped with a hydraulic press and then
Table 1 e Chemical compositions of the selected alloys (in wt.

Alloy Fe Cr C Mn

Crofer 22 APU Bal 22.92 0.004 0.38

AISI 444 Bal 19.03 0.015 0.35

AISI 441 Bal 17.56 0.014 0.35

Please cite this article as: Reddy MJ et al., Investigation of coated FeCr
dual-atmosphere conditions, International Journal of Hydrogen Ener
ultrasonically cleaned in acetone and ethanol for 10min each.

After the cleaning, the coupons were oxidised in air with a

flow rate of 280 ml/min at 800 �C for 20 min by placing the

samples in a pre-heated tube furnace. After 20 min, the

samples were removed and cooled in laboratory air. This step

is similar to stack conditioning, where the stack is heated to

ensure the gas tightness of the stack prior to the operation.

The conditioning step in the real world is usually long. How-

ever, it has previously been shown by Goebel et al. [20,21] that

the pre-oxidation time correlates well with the onset of break-

away corrosion. To accelerate the testing, a shorter pre-

oxidation step of 20 min was chosen.

Exposures

The samples were placed in a dual-atmosphere sample holder

made of 253 MA steel [25,27], with gold rings placed between

the sample and the sample holder to make the system gas-

tight. In the same exposure, coated and uncoated samples

were tested to ensure similar exposure conditions among the

different samples. The flow composition was Ar-5% H2þ3%

H2O with a flow rate of 100 sml min�1 at the fuel side, while

filtered laboratory airþ3% H2O with a flow rate of 8800 sml

min�1 was used on the air side. This high flow rate on the air

side results in a flow regime in which the rate of Cr evapora-

tion is independent of the gas flow [41]. The humid flow was

obtained by leading gas through a water bath set at 30 �C.
Subsequently, the humid air flow was cooled to 24.4 �C, to
obtain an accurate humidity concentration of 3%. A chilled

mirror hygrometer (Michell-Optidew Vision) was used to

check the humidity level.

The samples were placed in the hottest zone, and complete

calibration of the three hot zones of the furnaces was per-

formed, to ensure a homogeneous temperature of ± 5 �C over

the entire length of the sample holder. A heating/cooling rate of

1 �C min�1 was used for all exposures, to avoid imposing

thermal stresses on the oxide scale. Exposures were performed

at 600 �C and 800 �C. All exposures were repeated at least once

to ensure that the resultswere reproducible. The exposure time

was 2 weeks for all the samples. Some selected samples of

Crofer 22 APU were exposed at 600 �C for up to 4 weeks.

Analysis

The surface was analysed using the Zeiss LEO ULTRA 55 FE-

SEM scanning electron microscope (SEM). The cross-sections

of the coupons were prepared using the Leica EM TIC 3X

Broad Ion Beam (BIB) milling system. The resulting cross-

sections were analysed using the JEOL 7800F Prime SEM, and

the chemical analysis was performed using Energy Dispersive

X-ray (EDX) spectroscopy.
%).

Si Ti Nb Mo La

0.01 0.06 0.07

0.40 0.005 0.6 1.86

0.59 0.17 0.39
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Fig. 1 e Optical micrographs of the air-facing side of the uncoated and the Ce/Co air side coated AISI 441, AISI 444, and Crofer

22 APU, exposed for 336 h in discontinuous dual atmosphere exposure at 800 �C.
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Results and discussion

Exposures at 800 �C

Air side
Fig. 1 shows the optical micrographs of the air sides of the

uncoated and Ce/Co-coated coupons that were pre-oxidised at

800 �C for 15min and further exposed to 800 �C for 336 h under

dual-atmosphere conditions. All the samples exhibited a

protective oxide scale on the air side during the exposure

period. The difference in contrast between the uncoated and

coated coupons in Fig. 1 is attributed to the different oxide
Fig. 2 e SEM micrographs showing the top-view of the air-side o

22 APU, respectively, exposed for 336 h in discontinuous dual a

show the respective micrographs at higher magnification.

Please cite this article as: Reddy MJ et al., Investigation of coated FeCr
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scales formed on these steels, which will be discussed in a

later section.

Fig. 2 shows the SEM top views of the air side of the un-

coated and Ce/Co-coated coupons exposed at 800 �C for 336 h

under dual-atmosphere conditions. The uncoated Crofer 22

APU exhibited a topologically different surface morphology

than AISI 441 or AISI 444. Crofer 22 APU showed ridge for-

mation on the oxide scale surface, indicating preferential

oxidation at the alloy grain boundaries, while AISI 441 and

AISI 444 showed a relatively homogeneous oxide scale. These

differences may be attributable to the formation of Laves

phases in AISI 441 and AISI 444, which are reported to limit

cation diffusion along the grain boundaries. Horita et al. [42]
f uncoated (aec) and Ce/Co-coated (def) 441, 444 and Crofer

tmosphere exposure at 800 �C. The inserts in the images

steels for application as solid oxide fuel cell interconnects under
gy, https://doi.org/10.1016/j.ijhydene.2022.11.278
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have shown similar ridge formation on a Laves phase free

alloy but found a homogeneous oxide scale on an alloy with

Laves phases. The inserts in the images in Fig. 2aec shows

that the surfaces of all the uncoated steels comprise uniform,

faceted crystallites of (Cr,Mn)3O4. On the Ce/Co-coated Crofer

22 APU, ridges at the grain boundaries are less-evident,

probably because of the coating. All the coated steel surfaces

shown in Fig. 2cee exhibits a similar morphology. The size of

the (Co,Mn)3O4 crystallites on the coated steels are larger than

the (Cr,Mn)3O4 crystallites on the uncoated steels. The trans-

formation of Co coating to (Co,Mn)3O4 spinel is widely re-

ported in the literature [17,18,43].

Fig. 3 shows the cross-sections of the air side of the un-

coated and Ce/Co-coated coupons exposed to 800 �C for 336 h

under dual-atmosphere conditions. The oxide scale thick-

nesses of the uncoated steels vary slightly. AISI 444 has the

thinnest oxide, followed in increasing thickness by Crofer 22

APU and AISI 441. This is similar to the results reported in an

earlier study [44]. The oxide scale thickness of the uncoated

steels is influenced by the Cr evaporation. It has been reported

earlier that Cr evaporation is higher on AISI 444 than from the

other steels at 800 �C, which may reflect a thinner oxide scale.

That being said, AISI 444 was reported to show lower mass

gains than AISI 441 in earlier studies [45,46,58] here the extent

of Cr evaporation is similar. In contrast to the uncoated steels,

the Ce/Co-coated steels showed similar oxide scale thick-

nesses after 336 h of exposure.

Laves phase precipitation was observed for AISI 441 and

AISI 444. Due to the presence of Mo in AISI 444, the volume of

the Laves phases was larger than in AISI 441. Moreover, laves

phases in AISI 441 were observed only at the grain boundaries,

whereas in AISI 444 they were present at the grain boundaries

and also inside the alloy grain. Ti internal oxidation was

observed for AISI 441 and Crofer 22 APU in the uncoated and

coated forms. The depth of internal oxidation was similar in
Fig. 3 e SEM micrographs showing the cross-sections of the air

444, and Crofer 22 APU, respectively, exposed for 336 h in disco

Please cite this article as: Reddy MJ et al., Investigation of coated FeCr
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the coated and the uncoated steels. However, a significant

differencewas that the patterns of Ti internal oxidation varied

significantly between the steels. AISI 441 had Ti internal

oxidation only in a region 1 mm deep from the metal-oxide

interface. However, Ti internal oxidation in Crofer 22 APU

was observed in a region located 10 mm deep from the metal-

oxide interface.

Fig. 4 shows the EDX maps of the cross-sections of the air

side of the uncoated and Ce/Co-coated AISI 441 coupons

exposed to 800 �C for 336 h under dual-atmosphere conditions.

The corresponding cross-sections for Crofer 22 APU and AISI

444 show very similar microstructures (supplemental material

Figure A1). Amore extensive analysis of thesematerials can be

found in Reddy et al. [44]. The oxide scale of the uncoated steel,

AISI 441, was composed of two layers: (Cr,Mn)3O4 spinel on the

top and Cr2O3 scale beneath, as is commonly found in

chromia-forming steels that contain Mn [47]. All the other

steels showed a similar oxide scale structure. A previous

investigation showed that the chromia scale is nano-grained

and that the spinel on the top has larger grains [22]. It has

been shown by Niewolak et al. [48] that the formation of spinel

on the surface of the metal occurs rapidly, and that complete

surface coverage is achieved after 24 h of exposure. The EDX

maps of the coated steels showed that the oxide scale is

composed of two layers with a (Co,Mn)3O4 spinel on the top

and a Cr2O3 scale beneath. The thicknesses of the chromia

scales on all the coated steels were similar, at about 1 mm.

Dual atmosphere has been reported to have detrimental

effects on ferritic stainless steels exposed at high tempera-

tures in comparison with the same materials exposed to only

air. The protectiveness of a chromia scale on the air side can

be understood in the context of Wagner's classical theories of

internal [49] and selective [50] oxidation. The two important

requirements for the formation and maintenance of a chro-

mia scale are that: (i) there is a sufficient activity of the Cr to
side of uncoated (aec) and Ce/Co-coated (def) AISI 441, AISI

ntinuous dual atmosphere exposure at 800 �C.

steels for application as solid oxide fuel cell interconnects under
gy, https://doi.org/10.1016/j.ijhydene.2022.11.278
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Fig. 4 e SEMmicrographs and the corresponding EDXmaps of the air side of: (a) uncoated AISI 441; and (b) Ce/Co-coated AISI

441, exposed for 336 h in discontinuous dual atmosphere exposure at 800 �C.
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form a scale that covers the entire surface; and (ii) the supply

of Cr to the oxide scale is faster than the consumption of Cr at

the metal-oxide interface. Gunduz et al. [19] have described

the dual-atmosphere effect in great detail using Wagner's
classical theories. At 800 �C, the authors further showed that

as-received AISI 441 exposed to a dual atmosphere resulted in

break-away corrosion while AISI 441 that was peroxidised for

20 min at 800 �C showed no evidence of dual-atmosphere

corrosion. Based on that analysis, Gunduz et al. [19] hypoth-

esised that dissolved hydrogen retards grain boundary diffu-

sion of Cr, resulting in the formation of a non-protective, Fe-

rich oxide. Nevertheless, in the present study, after 336 h, the

uncoated and the Ce/Co-coated coupons showed the forma-

tion of a fully protective oxide scale on the air side at 800 �C.
Such a protective oxide scale on the uncoated FSS exposed to

dual-atmosphere conditions, when pre-oxidised, has been

reported by other researchers [19,22]. Moreover, the presence

of the coating does not change the protective behaviour of the
Fig. 5 e SEMmicrographs showing the top-view and cross-sectio

AISI 444; and (c,f) Crofer 22 APU, respectively, exposed for 336 h

inserts in the images show the respective micrographs at high

Please cite this article as: Reddy MJ et al., Investigation of coated FeCr
dual-atmosphere conditions, International Journal of Hydrogen Ener
material since no iron-rich oxide was detected on the air side

of any of the coupons.

The consumption of Cr on the air side of the uncoated steel

was higher in the presence of water vapour, due to Cr evap-

oration. Skilbred et al. [17] have shown that the water vapour

on the air side influences the oxidation behaviour. Uncoated

steels show significant variations in Cr evaporation behaviour

in air depending on the alloy composition. However, the Ce/

Co-coated steels showed similar Cr evaporation and the rate

of Cr evaporation from the coated steels was 60e100 times

lower than that from the uncoated steels [44]. Operating the

uncoated steels for long periods might result in break-away

corrosion due to the combined effect of Cr depletion (due to

evaporation) and slower Cr diffusion to the oxide scale due to

the presence of hydrogen. Thus, even if the coating is not

showing any immediate benefit in the dual atmosphere, it still

plays a beneficial role in terms of Cr evaporation, resulting in

the prolongation of the sample lifetime.
nal view of the fuel side of the uncoated: (a,d) AISI 441; (b,e)

in discontinuous dual atmosphere exposure at 800 �C. The
er magnification.
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Fuel side

Fig. 5aec shows the top view of the fuel side of the uncoated

coupons exposed to 800 �C for 336 h under dual-atmosphere

conditions. Since the fuel side is not coated, the behaviour,

texture, and microstructure at the fuel side of the uncoated

and air side Ce/Co-coated coupons are identical. Thus, the

top-view and cross-sectional view of the fuel side of the air

side Ce/Co-coated coupons are not presented. The top view

shows that the oxide scale on the fuel side of all the steels is

composed of plate like and needle like structures.

Fig. 5def shows cross-sections of the oxide scales, and

Fig. 6 shows the EDX maps of the cross-sections of the fuel

side of the uncoated coupons exposed to 800 �C for 336 h

under dual-atmosphere conditions. Similar to the oxide scale

on the uncoated air side, significant differences in oxide scale

thickness are observed between the steels. The oxide scale

thickness on the fuel side is only slightly thinner than that on

the air side of the corresponding uncoated steel. This is in line

with observations made by other groups, showing that the

oxide scale growth ofMn-containing Fe-Cr alloys in air andH2/

H2O environment is similar [26,51]. AISI 444 has the thinnest

oxide scale, followed by Crofer 22 APU and 441. The oxidation

kinetics of the uncoated steels follow similar trends in air and

fuel atmospheres. The low oxygen partial pressure (pO2

~10�18 bar) on the fuel side results in negligible rates of Cr

evaporation on the fuel side [52,53]. Since Cr evaporation does

not influence the oxide scale thickness, it is concluded that

AISI 444 has the lowest oxidation kinetics, followed by Crofer

22 APU and AISI 441 in the fuel atmospheres.

All the oxides in the fuel atmosphere showed a similar

structure with two layers, with a (Cr,Mn)3O4 spinel on the top

and a Cr2O3 scale at the metal-oxide interface. This observa-

tion of a duplex oxide scale in an H2/H2O atmosphere agrees

with the findings of previous studies on similarMn-containing

FSS [54,55]. A major difference in the oxide scale on the fuel
Fig. 6 e SEMmicrographs and the corresponding EDXmaps of th

exposed for 336 h in discontinuous dual atmosphere exposure

Please cite this article as: Reddy MJ et al., Investigation of coated FeCr
dual-atmosphere conditions, International Journal of Hydrogen Ener
side, as compared to the uncoated air side, is the porosity of

the oxide scale. This behaviour has been observed previously

[56], usually the porosity is concentrated at the chromia-

spinel interface. This might be because of the change in

ionic transport in H2/H2O compared to air. Ti internal oxida-

tion was observed for AISI 441 and Crofer 22 APU. Similar to

the observation made on the air side, the zone of Ti internal

oxidation was up to 1 mm deep for AISI 441 and 10 mm for

Crofer 22 APU from the oxide scale.

On the steels that were coated with Ce/Co, the Cr-rich scale

on the air side (Cr2O3) was thinner than the Cr-rich scale on the

fuel side [(Cr,Mn)3O4 and Cr2O3]. The thicker Cr-rich oxide scale

indicates that the rate of consumption of Cr on the fuel side is

higher than on the air side, for the steels when the Ce/Co

coating is present. Thus, the corrosion on the fuel side repre-

sents a significant degradationmechanism. This is noteworthy

because relatively few publications have addressed the

degradation mechanisms that occur on the fuel side.

Since there is a trend to move towards using low-cost

commercial steels, such as AISI 441 and AISI 444, as in-

terconnects, it is particularly important to study the coatings

to reduce the chromia scale growth on the fuel side. The Ce/Co

coatings used on the air side are not particularly suitable for

use on the fuel side. Skilbred et al. [17] and Sachitanand et al.

[56] have reported that Ce/Co coatings on the fuel side lead to

the formation of islands of metallic Co. Furthermore, Sachi-

tanand et al. [56] have shown that reactive element (RE)

coatings are extremely effective for the fuel side and reduce

the kp value four-fold, as compared to the uncoated steel at

850 �C in fuel atmospheres. Since studies have found no dif-

ferences in the oxide scales formed on the fuel side between a

dual atmosphere and an H2/H2O atmosphere [17], RE coatings

should be considered for the fuel side. Such coatings might be

more effective for use on low-cost steels such as AISI 441 and

AISI 444 than for application to Crofer 22 APU, which itself

contains REs in the alloy.
e fuel side of: (a) AISI 441; (b) AISI 444; and (c) Crofer 22 APU

at 800 �C.
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Exposure at 600 �C

Fig. 7 shows the optical micrographs of the air side of the Ce/

Co-coated coupons pre-oxidised at 800 �C for 20 min in air

with 3% H2O before being exposed to 600 �C for 336 h under

dual-atmosphere conditions. The optical images reveal the

presence of dark marks on the surface of Ce/Co-coated AISI

441 and AISI 444 after only 168 h of exposure, while such

marks are not visible on Crofer 22 APU. After 336 h, the dark

spots on Ce/Co-coated AISI 441 and AISI 444 appear to have

increased in number and size, while no discernible change is

observed on Ce/Co-coated Crofer 22 APU. These spots indicate

break-away corrosion due to the dual-atmosphere effect,

which results in the formation of iron-rich nodules on the

surface. No such spots are observed on Crofer 22 APU even

after 772 h of exposure, indicating a protective behaviour of

the oxide scale.

Fig. 8aec shows the SEMmicrographs in top-view of the air

side, while Fig. 8def shows cross-sections of the oxide scales

on the air side of the Ce/Co-coated steels exposed at 600 �C for

336 h under dual-atmosphere conditions. The surfaces of the

Ce/Co-coated AISI 441 and AISI 444 appear to be similar, in

that the surface is partially covered with a non-protective

oxide scale, observed as bright islands (50e200 mm in width)

and are partially covered with a protective oxide scale. How-

ever, the surface of the Ce/Co-coated Crofer 22 APU looks

different from the other Ce/Co-coated steels, in that it exhibits

an undulating behaviour. The insets in Fig. 8aec shows that

the surface topography of the oxide scale is similar on all the

steels for which the oxide scale is protective.

The cross-sections of Ce/Co-coated AISI 441 and AISI 444

shown in Fig. 8d and e, respectively, confirm that the oxide

scale comprises both a thin protective region (1 mm) and a

thick non-protective region (20 mm). However, on Crofer 22

APU, there are minimal thickness variations (1e2 mm). Fig. 9
Fig. 7 e Optical micrographs of the air-facing side of Ce/Co air sid

336 h in discontinuous dual atmosphere exposure at 600 �C.
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shows the EDX maps of the cross-sections of the air side of

the Ce/Co-coated AISI 441 and AISI 444 and Crofer 22 APU

coupons exposed at 600 �C for 336 h under dual-atmosphere

conditions. The oxide scale structure is similar on all the Ce/

Co-coated steels in the protective region, with a Co3O4 spinel

on the top and a Cr2O3 scale beneath. Froitzheim et al. [43]

have demonstrated that the 600 nm Co coating is oxidised

after 30 s at 850 �C. The rate of diffusion of Mn into the Co3O4

spinel is much lower at 600 �C than at 800 �C due to slower

diffusion kinetics. Thus, only a weak Mn signal is observed in

the coatings (see EDX maps in Fig. 9). Falk-Windisch et al. [57]

have detected, using STEM/EDX, only 2e3 cation% Mn in the

Co spinel after 3300 h at 650 �C.
The oxide scales on the non-protective regions of Ce/Co-

coated AISI 441 and AISI 444 are substantially thicker

(20e40 mm) than on the protective regions (about 1 mm). These

thicker oxide scales are composed of four distinct layers and

are observed to have inward-growing and outward-growing

parts. On the top is the (Co,Fe)3O4 spinel. Based on the EDX

and TEM analyses carried out by Alnegren et al. [27] and Falk-

Windisch et al. [57], the oxide under the (Co,Fe)3O4 spinel is

identified as being Fe-rich. The inward-growing oxide scale is

composed of a (Fe,Cr)3O4 spinel, and the fourth layer is an

internal oxidisation zone (IOZ), located at the metal-oxide

interface. The inner spinel and the IOZ are formed due to

external break-away of the scale, resulting in enhanced in-

ward diffusion of oxygen in that region. Patches of Cr oxide are

observed in the IOZ of AISI 441 and AISI 444.

The oxide scale on Ce/Co-coated Crofer 22 APU has both

thick and thin regions. The oxide scale in the thinner regions

is similar to that observed on Ce/Co-coated AISI 441 and AISI

444 in the protective regions. However, in the thicker regions,

the oxide scale on Ce/Co-coated Crofer 22 APU is different in

several aspects from the others. First, the oxide scale in the

non-protective regions of Ce/Co-coated Crofer 22 APU has a
e coated AISI 441, AISI 444, and Crofer 22 APU, after 168 and

steels for application as solid oxide fuel cell interconnects under
gy, https://doi.org/10.1016/j.ijhydene.2022.11.278

https://doi.org/10.1016/j.ijhydene.2022.11.278


Fig. 8 e SEM micrographs showing the top-view and cross-section view of the air side of Ce/Co-coated (a,d) AISI 441, (b,e)

AISI 444 and (c,f) Crofer 22 APU, respectively, exposed for 336 h in discontinuous dual atmosphere exposure at 600 �C. The
inserts in the images show the respective micrographs at higher magnification.
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thickness of only 3e4 mm, as compared to 20e40 mm thick

oxide scales on Ce/Co-coated AISI 441 and AISI 444. The oxide

layer on Ce/Co-coated Crofer 22 APU is composed of three

layers. The (Co,Fe)3O4 spinel is on the top, due to coating

oxidation. Beneath the (Co,Fe)3O4 spinel lies an Fe-rich oxide.

At the metal-oxide interface, a Cr-rich oxide is found. The

undulating behaviour observed in the top-view images

(Fig. 8c) is due to the presence of an iron-rich scale underneath

the oxidised coating in some regions. From Figs. 8f and 9c, it is

unclear as to whether the Ce/Co-coated Crofer 22 APU has

started to undergo break-away corrosion or the break-away
Fig. 9 e SEM micrographs and the corresponding EDX maps of th

22 APU, exposed for 336 h in discontinuous dual atmosphere e
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corrosion has stopped due to the formation of a protective

layer under the Fe-rich oxide. Nonetheless, the extent of the

phenomenon is much more limited, or at least delayed in

time, than in the other two steels, as can be seen from the

thicknesses of the non-protective oxides. To explore the ways

in which the corrosion progresses, microscopywas performed

on the Ce/Co-coated Crofer 22 APU that was exposed for 0 h

and 772 h, and the cross-sections are shown in Fig. 10. Already

after the pre-oxidation step, an Fe-rich oxide is observed at the

metal-oxide interface (Fig. 10a). In contrast, such Fe-rich oxide

patches are not evident on AISI 441 or AISI 444 treated in the
e air side of Ce/Co-coated (a) 441, (b) AISI 444 and (c) Crofer

xposure at 600 �C.
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Fig. 10 e SEM micrographs showing the cross-sectional view of the air side of Ce/Co-coated Crofer 22 APU, after

discontinuous exposure to a dual atmosphere at 600�Cfor: (a) 0 h (pre-oxidation) (b) 336 h; and (c) 772 h. The inserts in the

images show the respective micrographs at higher magnification.
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same way. The formation of the Fe-rich oxide after the pre-

oxidation step is speculated to be due to the surface finish.

After 772 h (Fig. 10c), the oxide scale in the thicker regions is

similar to that observed at 0 h and 336 h. Moreover, the oxide

scale at themetal-oxide interface appears to be protective and

chromia-rich, as shown in the inset of Fig. 10c. This indicates

that Ce/Co-coated Crofer 22 APU does not undergo break-

away corrosion due to the dual-atmosphere effect, as is the

case for Ce/Co-coated AISI 441 or AISI 444.

In the cases of the Ce/Co-coated steels at 600 �C, break-
away corrosion is evident on AISI 441 and AISI 444 already

after 168 h of exposure. However, such break-away corrosion

is not observed on the coated coupons exposed to only air.

The observed difference in the oxidation behaviour of the

coupons exposed to a single and dual atmosphere is probably

due to insufficient diffusion of Cr to the surface, which is

related primarily to the presence of hydrogen. This results in

the formation of non-protective, Fe-rich oxides on the air side

of the steels. However, the dual-atmosphere effect was not

observed for Crofer 22 APU even after 772 h because it has a

higher Cr content (23 wt%) than either AISI 441 (17 wt%) or

AISI 444 (19 wt%). Another reason for the difference could be

the presence of Laves phases in AISI 441 and AISI 444, which

are known to inhibit the diffusion of Cr and Mn through the

grain boundary [42]. Insufficient Cr diffusion towards the

surface might then lead to the early formation of iron oxides.

Thus, despite the presence of a Ce/Co coating on the air side,

the low-cost steels AISI 441 and AISI 444 failed after 168 h,

suffering break-away corrosion on the air side, as shown in

Fig. 8a and b.

The Ce/Co coatings at the lower temperature of 600 �C
behaved slightly different from those at 800 �C. Falk-Windisch

et al. [57] have shown that the presence of the reactive element

Ce at 650 �C does not influence the oxidisation kinetics of the

chromia scale for up to 3300 h. The effect of Ce on chromia

scale growth has clearly been observed at higher temperatures,

and this phenomenon has been extensively reported at 750 �C
[57], 800 �C [44], and 850 �C [45]. However, the presence of Ce in

the Ce/Co coating during exposures at lower temperatures

results in a lower rate of Fe diffusion into the Co coating [57].

The Ce/Co coating, however, is reported to be very effective in

reducing Cr evaporation at 650 �C [39,57]. Cr loss due to evap-

oration is known to be very important at lower temperatures.

Indeed, AISI 441 [58], Crofer 22H [57], and AISI 444 [58] exposed
Please cite this article as: Reddy MJ et al., Investigation of coated FeCr
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at 650 �C manifested negative mass gains after 500 h because

themass loss due to Cr evaporation was greater than themass

gain due to oxidation. Application of the Ce/Co coating would

result in a significantly lower rate of Cr evaporation, which

would reduce Cr consumption. Alnegren et al. [22] investigated

AISI 441 exposed to dry or to wet (3% H2O) air under dual-

atmosphere conditions, after pre-oxidation for 3 h at 800 �C,
and showed that this resulted in break-away corrosion after

1000 h of exposure at 600 �C. These results suggest that other

factors, related to hydrogen, are more relevant than Cr evap-

oration. Nonetheless, the effect of Cr evaporation may still be

significant during longer exposures.
Conclusions

This study investigated the effects of airside coatings under

dual-atmosphere conditions by exposing 0.3 mm thick un-

coated and Ce/Co single-side coated AISI 441, AISI 444 and

Crofer 22 APU at 800 �C and 600 �C for 336 h. The uncoated

and coated coupons exhibited the formation of a fully pro-

tective oxide scale on both the air side and fuel side at 800 �C.
The uncoated steels had similar oxidation kinetics on the air

side and fuel side at 800 �C. However, the oxidation kinetics of

the steels varied slightly. AISI 444 had the lowest oxidation

kinetics, followed by Crofer 22 APU and AISI 441. However,

the Ce/Co-coated steels had similar oxide scale structures

and thicknesses after 336 h. When coated with Ce/Co on the

air side, the oxide scale growth was lower than on the fuel

side, indicating a need for coating on the fuel side. At 600 �C,
the Ce/Co-coated AISI 441 and AISI 444 showed the formation

of fast-growing iron-rich oxides in the dual atmosphere.

Therefore, a different coating solution needs to be found for

the IT-SOFC application. However, Ce/Co-coated Crofer 22

APU did not show the formation of fast-growing, iron-rich

oxides, indicating at least a temporary resistance against

dual-atmosphere corrosion at 600 �C.
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