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Abstract:  

This work describes manufacture, analysis and test of a new well conducting corrosion-protection 

coating that can be applied on steel types with high chromium content. Electrolytic deposition of 

yttrium salts is used to form thin (<100 nm) coatings on both flat steel sheets (material: Crofer 22 

APU) and its properties are proven on woven wire-meshes (materials from two different sources: 

SUS316 and SUS316L). The oxide scale on the coated Crofer 22 APU sheet remains intact after 2000 

hours operation at 750 °C in H2 with 90% H2O. The corrosion rate at 750 °C of the coated Crofer 22 

APU sheets is compared with that of uncoated samples and of samples with a commercial magneton 

sputtered CGO coating revealing that the coatings reduce the parabolic rate constant characteristic 

of the corrosion by a factor of 10 and 20 for the CGO and the Y, respectively. 

The coated meshes also exhibit high corrosion resistance and long-term-stable low electrical 

resistance at 650 °C, both in 90% H2O in H2, and in air. In addition to the experimental work, Y-Cr-O2 

phase diagrams are constructed illustrating the high stability of the YCrO3 phase (that forms during 

corrosion) over a wide temperature and pO2 range. 
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Introduction 

High temperature corrosion of interconnects (ICs) constitute an important and inevitable 

degradation source of solid oxide cell stacks [1–4]. Corrosion studies on different alloys have been 

performed, in particular for the air/oxygen side (high pO2) of the ICs [5,6]. Though the pO2 level in the 

hydrogen electrode compartment might seem low (10-15~10-22 atm), it is still above the oxidation 

threshold for Cr and thus Cr2O3 will form. Growth of a relatively poorly conducting chromium-oxide 

scale on the hydrogen side is thus thermodynamically inevitable. Corrosion rates (oxide scale growth 

rates) are in fact relatively similar in oxidizing and reducing conditions at typical stack temperatures 

of 700 °C-900 °C [7,8]. However, most of the corrosion studies performed in hydrogen considered 

relatively low steam content (3-4% of steam, which is easily realizable in the lab.). In case of the 

electrolysis (or considering the outlet of a fuel cell), the steam content might reach up to 90-95%. 

Therefore, studying steel interconnects corrosion behavior in high steam conditions is of interest 

since, for the current state-of the art ICs with protective coatings on the oxygen/air- side, corrosion 

on the hydrogen side might become the lifetime limiting factor. One of the possible solutions to limit 

extent of corrosion can be the application of protective coatings. This approach has been extensively 

used for protection of the interconnects on the oxygen side [6,9–14]. 

The most successful coatings to limit oxide scale growth rate are based on reactive elements, e.g. Y, 

Ce, La etc. Positive effects of the reactive elements on high temperature corrosion of alloys have 

been discovered many years ago [15]. Addition of even a small amount of Y2O3 results in greatly 

lowered corrosion rates and much better oxide scale adherence. One of the postulated mechanisms 

for the improved corrosion resistance is the change in the oxidation mechanism. From the 

predominantly outward growing scale, caused by outward cation diffusion, to anion limited diffusion 

due to the blocking effect of the large reactive ions located in the grain boundaries. Many different 

deposition methods were used to deposit reactive element coatings. Riffard et al. have used 

implantation and dip coating to develop an Y2O3 coating on 304 and FeCrAl alloys [16–18]. Piccardo 

et al. studied La2O3, Y2O3 and Nd2O3 layers deposited by Metal-Organic Chemical Vapor Deposition 

(MOCVD) on Crofer 22 APU steel [19]. Samples were tested in air for 100 hours. Gil et al. evaluated 

Y2O3 layers prepared by implantation, dip-coating and electrolytic deposition [20,21]. Coated alloys 

were subjected to cyclic oxidation in air at 900 °C. Tondo et al. electrodeposited yttria/cobalt oxide 

and yttria/gold coatings onto 430 steel and tested them in air for 500h at 800 °C [22]. In all these 

cases, addition of thin Y layers on the surface resulted in lowered corrosion rates. Some results have 

shown poor electrical properties of the Y2O3 coating [19], most probably caused by the insulating 

nature of yttria. High temperature fuel cell relevant publications studied Y-coated alloys in air, 



whereas tests in reducing atmosphere (humidified hydrogen) and at reduced temperatures are still 

an unexplored area. 

Among many available ceramic deposition methods, electrolytic deposition offers important 

advantages for thin film deposition, especially when used with metallic, electrically conductive 

substrates [21,23,24]. As the deposition process is electrically driven, surface coverage by the coating 

is good and can be done in minutes. Electrolytic deposition (cathodic electrodeposition) works by 

hydrolysis of yttrium complexes on electrode surfaces to form yttrium hydroxide deposits, which can 

be converted to an oxide by thermal treatment [25,26]. In comparison to the sputtering deposition, 

which is a line of sight process which can be problematic for coating “hidden” surfaces, electrolytic 

deposition offers a clear advantage of coating even recessed channels and “hidden” features. The 

deposition process is also very efficient, as there is no loss of material caused by coating unwanted 

areas (as is the case for many spraying techniques). Depending on the particular method, water 

based, environmentally friendly solutions are also feasible. Though several reports exists on 

electrolytic deposition of ceria or yttria coatings for protection of steel at high temperatures [23–25], 

none of the studies have addressed the corrosion behavior in reducing atmospheres. Especially at 

low temperatures (T < 750 °C as typical targeted for operating state of the art SOFC/SOEC cells), 

there is a scarcity of reports about corrosion properties in general [27–29]. Relevant available data 

gathered from literature on corrosion behavior in reducing environment are summarized in Table 1. 

 

Table 1. Literature review - coatings for the hydrogen side of the ICs. 

No: Coating: Steel: Atmosphere: Temp: Refs. Note: 

1 (La,Sr)CrO3 DIN50049 
Ar-H2-H2O 
(pH2/pH2O 

94/6) 
800 °C [30] 

300h, kp=8.4x10-16 g2 cm-4 
s-1 

2 (La,Sr)MnO3 Crofer 22 APU 
pure H2O, 30 

bar 
800 °C [31] 

high pressure test in pure 
steam 

3 (La,Sr)MnO3 AISI 441   [32] 3000h 

4 La(Ni,Fe)O3 AISI 441   [33] the same as 3 

5 CeO2 Crofer 22 APU Ar-4H2-2H2O 800 °C [34] 
1000 h test, sputtered 

CeO2, inhibition of the Ni 
diffusion to the alloy 

6 CeO2 Crofer 22 APU N2-9H2-4H2O 800 °C [28,35] 
spray pyrolysis deposition 

and 1000 h test 

7 Ni Crofer 22 APU N2-9H2-4H2O 800 °C [36,37] 
1000 h test, electroplated 

Ni 

8 Ni Crofer 22 H 
Ar-4H2-
10H2O 

700 °C [38] 
500 h test, focus on phase 

transformations 

9 Ni Fe22Cr 9H2-Ar 850 °C [39] 
1200h test, effects of 

temperature also studied 
for short term 

10 Ni Fe22Cr H2-N2 850 °C [40] one year test 



11 - Crofer 22 APU H2-50%H2O 800 °C [41] 
4500 h, test of porous 

alloy 

12 - 
Crofer 22 

APU/H, 441, 
CFY 

50 H2 – 
50 H2O 

725-
875 °C 

[42] test at high temperatures 

13 - 
Inconel625/718, 

Haynes230, 
HastelloyX 

H2-7%H2O 
750-

1100 °C 
[43] 

test of Ni based alloys, 
wide temperature range 

 

This work describes an yttria based coating deposited by electrolytic deposition and a sputtering 

deposited CGO coating on stainless steel samples. The paper is organized as follows. The samples 

used for testing are first described. Then the deposition method is explained. After this, the weight 

gain data of steel sheet samples tested for 2000 hours in high steam hydrogen is provided. Selected 

sheet samples are then analyzed with respect to the phases formed by X-ray diffractometry and 

microstructurally using scanning electron microscope on surfaces and polished cross-sections. Kinetic 

parameters of corrosion are determined by microstructural analysis of samples and compared 

between uncoated and ceria coated samples. Further, conductivity tests of uncoated and Y-coated 

SUS316 and SUS316L wire mesh samples are provided (the measurements are conducted “across the 

mesh”, meaning that the measured resistance contains contributions from the oxide scales formed 

on the surface of the mesh wires). Finally, a thermodynamic assessment of the Y-Cr-O2 system is 

developed and discussed. 



 
Experimental 

Sample types 

Three sample types were prepared for the corrosion experiments: 1) uncoated and 2) Y-coated 

Crofer 22 APU (steel name abbreviated as Cr22APU) alloy steel sheets (thickness = 0.3 mm, area 

~1 x 1 cm2), and 3) CGO coated samples (a commercial coating) cut from a larger Crofer 22 APU steel 

sheet. The CGO coating procedure is described in [44–46]. All the sample types were from the same 

steel sheet batch. In order to hang the samples in the sample holder on a platinum wire (as described 

in [7]) a small hole (~1 mm diameter) was punched through them. For the study, at least 8 samples of 

each type were prepared. Due to the space limitation in the corrosion furnace, 4 were used for high 

temperature exposure. After 250h, 1000h and 2000h of oxidation, one sample was used for post 

mortem analysis. 

For the electrical conductivity experiment, two types of ~1 x 1 cm2 mesh samples were prepared: 1) 

SUS316 twill-woven wire meshes from Anping Jiufu Metal Wire Mesh Co. Ltd., and 2) SUS316L plain-

woven wire meshes from Hebei Haocheng Metal Wire Mesh Co.,Ltd. Both meshes had 500 

wires/inch. Two different producers were included for ensuring reproducibility - important for 

practical use of the coatings. The sample types are summarized in Table 2 and the Y-coating 

procedure is detailed below. 

 

Table 2. Sample types for corrosion testing (upper three) and conductivity testing (lower two). 

Sample ID: Info: 

Uncoated 
Cr22APU 

Crofer 22 steel sheet uncoated reference sample 

Y-coated 
Cr22APU 

Crofer 22 steel sheet coated with < 100 nm Y2O3 
prepared by electrolytic deposition 

CGO-coated 
Cr22APU  

Crofer 22 steel sheet coated with 2 µm Ce1.9Gd0.1O1.95 
prepared by magnetron sputtering 

Y-coated 
SUS316 

SUS316 twill woven mesh coated with < 100 nm Y2O3 
prepared by electrolytic deposition  

Y-coated 
SUS316L 

SUS316L plain woven mesh coated with < 100 nm 
Y2O3 prepared by electrolytic deposition 

 

Crofer 22 APU steel sheet was used in the as-delivered condition, no polishing or etching was 

performed before coating and corrosion exposures. 

 

Y-coating procedure 

All the samples were cleaned ultrasonically in ethanol before Y-coating. Electrolytic deposition was 

carried out using yttrium nitrate ethanol solution (0.05M). Two electrode cells were used for the 



deposition of the yttrium-based layer. The working electrode (WE) was the small alloy sample 

suspended on a platinum wire (the meshes were held with  a tweezer), whereas the counter 

electrode (CE) was a Crofer 22 APU sheet in a distance of 1 cm on both sides of the WE. Electrodes 

were connected to a power supply (Consort). A voltage of 40V was then applied between the 

samples (WE to CE) for 1 minute. This particular procedure was selected after many initial trials. The 

deposition sample was withdrawn from the container, rinsed with ethanol and dried at room 

temperature. Finally, the samples were heat treated on a hot plate at ~400 °C to decompose the 

nitrates. 

 

Corrosion tests 

High temperature corrosion evaluation of the steel sheet samples was performed in a dedicated 

corrosion test rig developed for high steam content tests. The samples were suspended on a 

platinum wire on a small tubular alumina holder. After insertion into the furnace, the tube was 

purged with nitrogen and the samples were heated to the aging test temperature of 750 °C. Then the 

nitrogen was replaced by a hydrogen and steam mixture (H2/H2O = 10/90). The steam was generated 

by feeding oxygen into the hydrogen in the hot zone of the furnace. Flows of the hydrogen and 

oxygen were controlled with precision flowmeters (Brooks). Samples were aged under these 

conditions for respectively 250, 1000 and 2000 hours. At these times the furnace was cooled and one 

sample of each type was removed for subsequent analysis.  

 

Conductivity tests 

Conductivity tests of the mesh samples were conducted by sandwiching two mesh samples between 

two Pt meshes to obtain two Pt-mesh/sample-mesh interfaces and one sample-mesh/sample-mesh 

interface. The samples were heated to 950 °C in N2, the atmosphere was then switched to 9% H2 in 

N2, and temperature reduced to 650 °C and finally the gas flow was changed to 90% H2O in H2. The 

measurements were carried out in a button-cell test setup and the electric resistance was measured 

as the real part of the impedance at 0.9868 MHz using a Solartron 1260 electrochemical interface 

with 0.033 V AC amplitude. 

 

Sample analysis 

Analysis of the samples was performed by X-ray diffractometry (XRD) using Bruker D8 Advance 

equipped with CuKα source and a LynxEye 1D detector. Samples were analyzed at room temperature 

in a standard Bragg-Brentano 2θ configuration.  

Scanning electron microscopy (SEM) images were taken using either a Hitachi TM3000 (lower 

magnification) or a Zeiss Supra 35 (higher magnifications) microscope. Energy dispersive X-ray 



spectroscopy (EDS) was performed to determine the chemical composition of samples. Bruker 

Quantax and Noran Thermo VI systems were used for the Hitachi and Zeiss microscopes, 

respectively. For the observations, cross-sections were prepared by embedding the samples in the 

epoxy (Struers EpoFix) and polishing down to 1 µm finish. 

 

Thermodynamic phase diagram 

Thermodynamic description of the Cr2O3-Y2O3 system was established using the CALPHAD 

(CALculation of PHAse Diagrams) method. The work was based on the descriptions of the two binary 

systems: Cr-O by Povoden et al. [47] and Y-O by Chen et al. [48], respectively. The Gibbs energy 

function of YCrO3 was then derived in the present work using the following experimental data: Heat 

capacity of YCrO3 from Stoppe et al. [49,50], Yokokawa et al. [51], Satoh et al. [52], Kim et al. [53] and 

Su et al. [54]; heat contents (enthalpy) of YCrO3 from Satoh et al. [52] and Suponitskii [55]; enthalpy 

of formation for YCrO3 from Suponitskii [55]; equilibrium oxygen pressure for the decomposition 

reaction of YCrO3 = 0.5Y2O3+Cr+0.75O2 from Kawamura et al. [56]; and finally the phase diagram data 

from Ranganathan [57]. Further details on the CALPHAD optimization of Cr2O3-Y2O3 are presented 

elsewhere [58]. 

 

Results and discussion 

Investigation of as-prepared samples 

Surfaces and cross-sections of the as-prepared samples are shown in Figure S1 in Supplementary 

Information (SI). The surface of the uncoated and Y-coated sample sheets remain rough due to the 

cold rolling of the steel in the factory. CGO coatings deposited on the alloy makes the surface 

smoother. In the cross-section, the CGO coating is easily distinguishable, whereas the Y coating, due 

to its low thickness (<100 nm) is difficult to see. It is visible in some places where the epoxy 

delaminated (due to shrinkage during epoxy curing) from the substrate and detached the coating. 

EDS analysis of the surface clearly reveals the presence of a small amount of Y and CGO on the 

respective samples. Electrolytic deposition is, as will be demonstrated in this work with the steel 

meshes, very suitable to coat even complex interconnect geometries. 

 

Evaluation of corrosion kinetics 

The three steel sheet samples were evaluated with respect to their corrosion resistance in 

hydrogen/steam gas mixtures with high steam content. 

For the description of the corrosion kinetics of the interconnect alloys a parabolic rate law is used: 

 [Equation 1] 



where: m is sample weight gain [g], A is the sample surface area [cm2], kp the corrosion rate 

parameter [g2 cm-4 s-1], t is the oxidation time [s], and C is an integration constant [g2 cm-4]. 

Measured weight gains of the samples after different aging times at 750 °C are shown in Figure 1 A-C. 

Data for the selected samples (samples number 03) is presented in Figure 2 D. For the uncoated 

samples, after 1250 h large weight changes occurred for the two remaining samples. None of the 

samples followed the expected parabolic behavior. For the CGO-coated samples, larger weight gain 

occurred for one of the samples (04). For the Y-coated samples, one sample oxidized heavily (sample 

04) whereas the other sample remained with a low weight gain. Based on the weight gain 

measurements for the most promising samples (sample 03 for all three sample types), a parabolic 

plot was prepared (Figure 1 E). Although the samples seem not to follow the parabolic rate law very 

well, it was nonetheless used in order to obtain kinetic values for comparison. Only the regular 

weight gain data region has been used for the estimations. The calculated corrosion rates are 

provided in Table 3. The application of both the CGO and Y coatings seems to result in a lowered 

corrosion rate. The lowest value is obtained for the Y-coated sample and is ~20x lower than for the 

uncoated sample which oxidized heavily. 

 

 

Figure 1. Weight gain data for uncoated (A), CGO-coated (B) and Y-coated samples tested at 

respectively 250 h (samples “01”), 1000 h (samples “02”), and 2000 h (samples “03” and “04”). 

Comparison of data for selected samples (D) and quadratic representation of this data (E). The 

experiment was carried out at 750 °C. 

 



Corrosion exposures in high steam content (90% H2O/10% H2) at 750 °C revealed that the uncoated 

Crofer 22 APU does not “survive” a 2000 h exposure to this environment. In literature, the number of 

publications investigating steel corrosion in gases with such a high steam content is limited [[31,42]]. 

Even more so for investigations on the effects of protective coatings. As presented in Table 1, the 

majority of the tests were carried out at 800 °C in different steam contents - in most cases ~4%. In 

one of the studies [31], pure steam was used, but this is not directly comparable to conditions 

applied here, as the addition of hydrogen makes the atmosphere much more reducing [31]. Garcia-

Fresnillo has tested uncoated and Ni coated Crofer 22 H sheet in 700 °C in Ar-4H2-10H2O [38]. The 

focus of that work was on phase transformations caused by Ni diffusion and no data on corrosion 

rates was given. Zhang et al. have reported corrosion value of 8.8 x10-14 g2 cm-4 s-1 at 750 °C in 

reducing atmosphere (3.75 vol.% H2 + 25 vol.% H2O + N2) for a novel Fe-Cr-Mn experimental alloy 

[59]. Comparing to the available reported results, electrodeposited Y-coating seems to be very 

effective and promising for further development. 

In general, high temperature corrosion rates reported for reducing atmospheres are similar to 

corrosion rates reported for the air side corrosion [7]. In case of the recent developments of 

protective coatings for the oxygen side of the interconnects [1], the long term stability limiting 

interface might become the hydrogen side of the interconnect. Especially in reducing atmospheres 

with high steam content, measured corrosion rate seems relatively high. 

 

Table 3. Corrosion rates for the three Crofer 22 APU samples (based on data from [7,60,61]). 

Sample ID: 
Corrosion rate 

H2/H2O (750 °C): 
Corrosion rate 

Air (750 °C) 
Corrosion rate 

Air (800 °C) 

[g2 cm-4 s-1] 

Uncoated 
Cr22 APU 

3.66 x10-14 ~5 x10-15
  6-7 x10-14 

Y-coated 
Cr22 APU 

1.61 x10-15 - 1-2 x10-14 

CGO-coated 
Cr22 APU  

3.45 x10-15 - - 

 

 

Microstructural analysis 

Following the corrosion kinetics evaluation, microstructural post-test analysis of all alloys was 

performed by using X-ray diffraction and scanning electron microscopy. In order to determine the 

phase composition of the formed oxides XRD analysis of the sample surfaces was performed. 

Measured patterns  are shown in Figure 2. For the uncoated sample (Figure 2 A and D) up to 1000 h 

oxidation, only Cr2O3 and Mn1.5Cr1.5O4 oxides are detected. For the 2000 h sample, for which a large 



weight gain occurred, a strong peak from Fe2O3 is found showing that the alloy is no longer protected 

by the chromia. For the CGO coated sample (Figure 2 B and E), strong peaks from the ceria coating 

are visible. Reference spectra (after 0 h – no oxidation) have very broad ceria peaks caused by the 

small crystallite size of the deposited layer. Already after 250 h oxidation grain growth has occurred 

and peaks are visibly narrower. In addition to a strong CGO signal, small peaks from Cr2O3 and 

Mn1.5Cr1.5O4 are detected. For the Y coated sample, Y2O3 is clearly visible on the as-prepared sample 

(Figure 2 C and F). After oxidation for 250 h it is still visible, but peaks from a newly formed YCrO3 

phase emerge. Thus, the yttria coating reacts with Cr, forming the new perovskite phase. For the 

samples oxidized for 1000 h and 2000 h, peaks from the yttria phase are no longer visible and peaks 

from the new perovskite phase have higher relative intensity. As shown later in the text, YCrO3 

perovskite is a thermodynamically stable phase in the Y-Cr-O2 system, thus its forming is expected. In 

addition, peaks from Cr2O3 and Mn1.5Cr1.5O4 are present. The intensity of the MnCr spinel is visibly 

higher than the intensity from the Cr2O3 phase, whereas for the uncoated samples the intensity of 

chromia was higher. 

 

 

Figure 2. XRD of alloys after different corrosion exposures: A) uncoated alloy, B) CGO coated alloy, C) 

Y-coated alloy. D,E and F show a 23°-36° 2θ range for clarity. 

 

The results of SEM observations on sample surfaces are summarized in Figure 3. Time development 

(250 h → 1000 h → 2000 h) of the surface is presented. The average chemical composition of the 

surface was also determined using EDS analysis and is given in Table 4. The signal from the full 

surface was used to average the composition. 

For the uncoated samples (Figure 3 A,B,C), the surface seems to become more uniform with 

increasing oxidation time. After 250 h of oxidation some particles are sticking out from the surface, 



which after 1000 h seems quite porous. After 2000 h, the surface seems to be much denser. Looking 

at the average chemical composition (Table 4), the detected Fe content decreases with time. Ratio of 

the Mn/Cr is ~1.5, probably interfered by the chromia layer laying beneath. 

After 250 h the surface of the CGO coated sample (Figure 3 D) is in a relatively good condition, and 

the CGO seems intact. However, after 1000 h (Figure 3 E), cracks become noticeable throughout the 

entire surface. When observed under an angle (Figure S2 in SI), waviness of the surface was evident, 

showing buckling of the coating and possible poor adhesion. Also growth of Mn rich crystals is 

noticed. After 2000 h oxidation even more cracking occurred and spallation of large areas of the CGO 

layer are observed. Therefore the weight gains shown in Figure 1 and corrosion rates in Table 3 are 

clearly underestimated (material is lost from the sample surface by spallation). The chemical 

composition of the surface shows an increase in Mn and Cr content over time, probably due to an 

increased amount of MnCr crystals growing on top of the CGO coating. CGO has a large chemical 

expansion coefficient, when switching between the oxidizing and reducing atmospheres, together 

with a thermal expansion upon thermal cycles that might be the cause for the buckling and 

delamination of the coatings [62,63]. 

The surface of the Y-coated sample (Figure 3 G,H,I) appears very similar  to the uncoated sample and 

crystallites growing from the surface are visible. In some places, a thicker Y-coating was deposited (as 

seen in Figure 6 A). In comparison to the uncoated sample, the surface did not densify over time. The 

Y-coat surface was uniform for all three samples and no defects were noticed. Analysis of the 

chemical composition shows a small amount of Y present (~1 at.%) and an a Mn/Cr ratio of ~2. 

 

 

Figure 3. SEM images of sample surfaces after different oxidation times (250 h/1000 h/2000 h). 



 

Table 4. Chemical compositions of sample surfaces after different oxidation times. EDS analyses were 

performed on images shown in Figure 3 A-I. 

 Fig.3: at.% Fe Cr Mn Al Ti Ce Gd Y O 

Uncoated 

A 250 h 7.12 24.31 10.80 0.71 0.50 - - - 56.56 

B 1000 h 1.79 21.32 14.41 0.40 0.50 - - - 61.59 

C 2000 h 3.03 21.82 14.47 0.76 0.49 - - - 59.43 

CGO-
coated 

D 250 h 2.16 1.83 0.89 - - 33.15 3.16 - 58.80 

E 1000 h 1.39 2.13 5.46 0.82 - 25.37 2.37 - 62.43 

F 2000 h 1.78 4.22 3.72 0.81 - 27.26 2.86 - 59.35 

Y-coated 

G 250 h 16.68 19.99 10.48 0.13 0.58 - - 1.25 50.89 

G 1000 h 7.33 19.30 13.90 - 0.52 - - 0.65 57.84 

I 2000h 6.04 21.77 11.25 0.27 0.47 - - 1.86 58.34 

 

After performing the surface analysis, cross-sections of samples taken out of the furnace after 

250 h / 1000 h and 2000 h were analyzed. Results are shown in Figure 4. In Figure 5 cross section 

obtained on areas where break away corrosion has taken place are reproduced. Clearly the uncoated 

sample shows the thickest oxide scale. After 2000 h it is 2-3 µm thick on average. Initially, after 250 

h, a thicker Mn-Cr spinel grows on top a thin Cr2O3 scale. For 1000 h and 2000 h oxidation, the Cr2O3–

layer increases in thickness, with the the Mn-Cr spinel appears also slightly growing. For the CGO 

coated sample, after 250 h the coating adheres well to the oxide, which is forming in between the 

coating and the steel. After 1000 h, a detachment of CGO, almost on the full length of the interface, 

is visible. Only in very few spots, the CGO adheres to the oxide scale. The oxide scale is visibly thinner 

(~1 µm) in comparison to the uncoated sample. The oxide scale consists of internally growing 

(Mn,Cr)3O4“pockets”, which in this case are almost continuous. 

For the Y-coated sample, the oxide scale thickness is also lower than in the case for the uncoated 

sample. The coating itself is noticeable only in a few places (see also Figure 6). MnCr spinel large 

crystallites are growing from the surface. As is the case for the CGO coatings, thickness of the Cr2O3 

layer is very low. 

 



 

Figure 4. Overview SEM cross-section of A-C) uncoated, D-F) CGO-coated and G-I) Y-coated Crofer 22 

APU steel after 250 h, 1000 h, and 2000 h oxidation in 90% H2O in H2 respectively. 

 

Lower magnification SEM cross-sections with a longer length scale were obtained by combining 

several SEM images of the sample after 2000 h of oxidation This comparison of the corrosion effects 

on the three samples is shown in SI in Figure S3. The oxide is clearly visible on the uncoated sample. 

Also the formed oxide and the detachment of the CGO coating observed on the surface pictures is 

evident. Evidently this is not caused by metallographic preparation, as buckling was also seen from 

surface images and the coating is not cracked. CGO deformed either during the thermal cycling or 

more likely when stressed by the atmosphere change (N2 → H2/H2O at 750 °C); CGO will expand on 

reduction [63]. For the Y-coated sample, the oxide scale is hardly visible at low magnification, 

confirming the good protective effect. 

On all uncoated samples aged for 2000 h heavy corrosion was observed in many areas. This is 

illustrated by the cross sectional images reproduced in Figure 5. Only on small parts of the area the 

preferred behavior, with a thin protective Cr2O3 layer underneath a (Cr,Mn)3O4 layer (as was 

illustrated  in Figure 3 and 4) is observed. In many places, iron oxidized excessively and an internal 

oxide formation occurred. The oxides are visible up to 50 µm in depth. Formed iron-rich oxide has a 

porous structure with a chemical composition of 44.98 at.% Fe, 2.44 at.% Cr, 1.10 at.% Mn and 51.48 

at.% O (integrated composition from Figure 5 C). Additional EDS analysis of the uncoated steel is 



included in Figure S4 and Table S1 in the SI. Analysis of the cross-section shows the porous oxide is a 

mixed FeCr oxide (composition of ~24 at.% Fe, ~20 at.% Cr, bal. O). 

 

 

Figure 5. SEM images of heavily corroded uncoated Crofer 22 APU alloy after 2000 h oxidation in 

90% H2O in H2. A-D) surface, E-H) cross-section images. 

 

A more detailed analysis of the Y-coated steel after the oxidation is presented in Figure 6 A. 

Elemental mapping shows Y to be present all over the surface but with some local enrichment. Cr is 

evenly distributed whereas Mn is found to be locally enriched in some areas in an island-like 

configuration (length-scale ~ 5 m). Average surface composition (determined by EDS) is given in 

Table 5. It is likely that a MnCr2O4 phase has formed. Figure 6 E presents a higher magnification cross-

section image. A bright line of the Y-containing phase can be noticed on the oxide scale (along the p2, 

p3, p4 points). The point analyses at these locations confirm the presence of Y in small amount. 

Points p1 and p6 consist of mostly oxygen and chromium, indicating formation of an inner layer of 

Cr2O3. Points p2, p3 and p4 contain (in addition to Y) 12-15% of Mn, so presence of a Cr rich spinel 

(Mn,Cr)3O4 is likely. The outermost analysed point p5 fits well with a Mn2CrO4 spinel. Looking at the 

cross-section, good adherence of the oxide scale to the alloy can be observed. No defects were 

noticed. 

 

 



Figure 6. Surface SEM image (A) with elemental maps of Y (B), Cr (C), Mn (D) and cross-section SEM 

image (E) of the Y-coated steel after 2000 h oxidation in 90% H2O in H2. 

 

Table 5. Chemical composition (measured by EDS) of the surface (Figure 6 A) and of the selected 

points in the cross-section (Figure 6 E). 

at.% Fe Cr Mn Al Ti Y O 

surface 6.47 20.52 11.33  0.46 2.36 58.85 

p1 8.20 35.69 0.44 - 0.56 - 55.11 

p2 2.26 30.98 12.00 - 0.62 1.71 52.43 

p3 2.86 21.08 15.15 - 0.41 1.42 59.09 

p4 3.27 21.60 12.58 0.22 0.51 1.92 59.90 

p5 3.92 15.46 30.90 0.59 0.10 0.18 48.85 

p6 3.21 33.70 3.14 0.24 0.8 0.09 58.73 

 

 

Proof of viability of the Y coating; electrical characteristics 

In order to prove the viability of the coating for use in SOFC/SOECs also electrical conductivity tests 

were performed. The developed coating process was also used to protect two types of steels in form 

of meshes, which can possibly be used for contacting and current collection between cells and 

interconnects in a stack. Due to a complex shape (Figure 7 A, round cross-section) and a limited 

diameter (~30 µm), the chromium reservoir for forming a protective chromia scale is limited and 

scale adherence can be an issue due to the surface curvature. Reactive element coatings such as the 

one presented here is a possible route to alleviate these issues if providing sufficient reduction in 

corrosion rate and ensuring improved scale adhesion. The meshes were made from austenitic 

SUS316 and SUS316L grade steels (two from different producers, version “L” is a low carbon content 

alloy). The Y-coating was made with the same parameters as were used for the flat plates, i.e. no 

optimization of the coating procedure was performed. Meshes were tested for their electrical 

conductivity at 650 °C in air and hydrogen/steam (90% H2O in H2). In the measurements electrical 

current is passed across the plane of the mesh (perpendicular to the fibers) thus passing over the 

surface scale. A clear positive effect of the Y-coating on the effective cross sample (cross scale) 

conductance is evident form the results depicted in Figure 7. Only the Y-coated meshes retain a low 

Area Specific Resistance (ASR), proving that the protective action of the coating is not associated with 

any adverse effects on the cross-scale-conductivity. This is observed in both air and in 

hydrogen/steam. In contrast, steel meshes with no coating corroded heavily, as seen from the 

increase in ASR in Figure 7 A. Post-test SEM analysis revealed good adherence of the oxide scale and 

moderate oxide thickness, as observed in Figure 7 C, whereas the uncoated alloys were corroded to a 

much greater extent, as shown in Figure 7 D. 



 

 

Figure 7. “Area Specific Resistance” (cross sample resistance/total sample area) of SUS316 and 

SUS316L meshes in air (A) and hydrogen/steam (B). Post-mortem SEM cross-sections of a Y-coated 

SUS316L mesh after test in reducing atmosphere (C), and a non-coated SUS316 mesh after test in air 

(D). 

 

Thermodynamic considerations 

In order to evaluate the thermodynamic stability of the formed Y-Cr-reaction products, especially in 

the context of long term stability, a Y-Cr-O2 phase diagram was constructed. Figure 8 B presents the 

calculated phase diagrams of Y2O3-Cr2O3 in air, showing that YCrO3 is stable all the way up to its 

melting point (2300 ˚C). YCrO3 is stable also in the pO2 characteristic of the fuel side in SOFC/SOECs. 

Figure 8 A shows the calculated isothermal pO2-composition phase diagram at 750 ˚C. YCrO3 is stable 

down to pO2 = 10-34.1 bar, under which it decomposes into Y2O3, Cr metal, and oxygen. Y2O3 is then 

reduced to Y metal and oxygen when the oxygen partial pressure is further reduced. 

As confirmed by XRD in this work, YCrO3 forms due to reaction of the coating material (Y2O3) with 

chromium from chromia. Though possibly also other oxides might form between the coating material 

and the available element (i.e. YMnO3), large amount of available Cr and high stability of the YCrO3 

phase look promising for long term application. 

 



    

Figure 8. Calculated isothermal pO2-composition phase diagram at 750 ˚C (A), and calculated phase 

diagram of Cr2O3-Y2O3 in air (B). 

 

Conclusions 

High temperature corrosion of steel interconnects in SOFC/SOEC-stacks is an important engineering 

challenge. As shown in this work, uncoated alloys corroded heavily in 90%/10% steam-hydrogen 

mixtures at 750 °C. Electrodeposited thin Y-coatings (thickness less than 100 nm) proved to be 

effective in protecting the surface of both the Crofer 22 APU steel sheets and SUS316 and SUS316L 

meshes in corrosive atmospheres. Initially formed electrically insulating Y2O3 reacts with Cr and 

forms a better conducting and very stable YCrO3 phase. The simple application process is well suited 

for coating of even complex geometries and it results in both reduction of oxide scale thickness and 

in high, stable electrical conductivity (tracked over 1000 hr). Further, as shown by thermodynamic 

modelling, YCrO3 is a very stable phase. 

The proposed Y-coating holds a great potential for practical application in solid oxide cell stack 

interconnects. The simplicity of the proposed coating procedure, the ability to coat even complex 

structures and the low amount of material used are important technical features. More details about 

the protective nature of the Y-coatings prepared by the electrolytic deposition on different alloys and 

oxidized at different atmospheres will be presented in future. 
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