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Abstract

:

Stainless steel interconnect materials used in solid oxide fuel cells and electrolysers need to be coated to improve oxidation resistance and to mitigate Cr-vaporization. This work aimed to explore the optimal steel/coating combinations suitable for use in reversible solid oxide stacks and evaluated (Co,Mn)3O4 spinel, LaFeO3 perovskite, Ce/Co and Y-based coatings, on AISI441 and Crofer 22 APU steels. The coatings were evaluated based on measurements of mass gain and oxide scale thickness after exposure at 700 and 800 °C to fuel side (90 vol.% H2O/10 vol.% H2) and air/oxygen side (pure O2) atmospheres. In pure O2, the most efficient coatings for limiting oxide scale formation and Cr evaporation, compared to the bare steel, were (Co,Mn)3O4 and CeCo on Crofer 22 APU. In 90 vol.% H2O/10 vol.% H2, the Y-based coating showed the largest improvement in oxidation resistance.
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1. Introduction


The use of renewable energy has gained increasing interest in recent years as the importance of the reduction in greenhouse gas emissions has been recognized. In the ongoing transition of the electricity market, spatiotemporal variations in energy demand and supply are increasing as renewable, variable energy sources, mainly wind and solar power, are becoming more common [1].



Solid oxide cell (SOC) technology offers a viable option for the long-term storage of energy [2]. A reversible solid oxide cell (rSOC) system can operate in electrolysis mode, to produce H2 and O2 from gaseous H2O, and in fuel cell mode, to convert the stored H2 to electricity. Moreover, SOCs can be used for co-electrolysis of water and carbon dioxide to produce syngas, which can be further processed into synthetic fuels [3]. The high operating temperature of SOC (typically 600–850 °C) enables a higher efficiency in comparison to other existing fuel cell and electrolysis technologies [4]. However, challenges with high material costs and degradation issues related to the high operation temperature hinder a more widespread commercial adaptation of SOC technology [5].



The interconnect plates are a critical component, and their durability affects the overall lifetime of the stack. The interconnects plates are used in stacks to separate fuel and oxidant, to connect the cells electrically in series, and to give mechanical support for the stack. To fulfill these functions, the optimal interconnect material for SOCs should have a low electrical resistivity, high thermal conductivity, and a coefficient of thermal expansion (CTE) matching with the other stack components [5,6]. It should also be chemically stable in both oxygen and fuel electrode atmospheres at high temperatures. Ferritic stainless steels meet many of these criteria and are therefore commonly used as interconnect material. Specially tailored steel grades with a high chromium content for enhanced oxidation resistance have been designed [7]. Nonetheless, there are several challenges with ferritic stainless steel interconnects that negatively impact the lifetime and performance of SOCs.



During the operation of the SOCs, oxidation of the ferritic stainless steel interconnect plates leads to the formation of a protective Cr2O3 scale that increases the electrical resistivity and thus lowers the efficiency of the fuel cell stack and system. Additionally, chromium evaporated from the interconnect surface as chromium oxyhydroxide CrO2(OH)2 and chromium oxide (CrO3) can deposit onto the oxygen electrode material and degrade its electrochemical activity and thereby the performance of the cell, stack, and system [6,8].



Although these issues have been extensively studied for solid oxide fuel cell (SOFC) mode of operation, less work has been undertaken to investigate the durability of interconnects in solid oxide electrolyser (SOEC) mode of operation, where the conditions to which the interconnects are exposed are somewhat different. As oxygen is produced during SOEC operation, there may be a higher partial pressure of oxygen on the air/oxygen side of the interconnect compared to SOFC operation. However, this depends on system design and how the produced oxygen is handled. In some solutions, high air purge is used, making the difference between SOFC and SOEC minimal. In other cases, a purge gas might not be used in order to valorize the produced oxygen, in which case the interconnect will be exposed to pure oxygen. Studies on how the oxygen partial pressure influences the corrosion rate of ferritic stainless steels have so far produced contradictory results. Palcut et al. [9] found that the oxidation rates were clearly higher when annealed in pure oxygen compared to air, whereas Alnegren et al. [10] reported that the oxidation rates were essentially independent of the oxygen partial pressure. There may be several explanations for this discrepancy, such as the use of different gas flow rates, different levels of humidification, or differences in the pre-treatment of the steel samples. Clearly, more research is needed to clarify the effect of the oxygen partial pressure.



On the fuel side, the difference between the two modes of operation is that in SOEC mode, the H2O/H2 ratio decreases from the inlet to the outlet, whereas, in SOFC mode, it is the opposite. Young et al. [11] showed that H2O (up to 20 vol.%) has a detrimental effect on the fuel side corrosion rate, especially at lower temperature. The H2O content in the fuel side of rSOC may be as high as 90 vol.%, but there is very little research on how such a high H2O content affects the degradation of the steel.



Regardless of the operating mode, protective coatings are needed to protect steel interconnect plates from oxidation and the oxygen electrodes from chromium poisoning. Different interconnect steel compositions and different coatings and deposition methods have been extensively investigated for SOFC operation [12,13].



For the oxygen side, (Co,Mn)3O4 spinel coatings have been shown to be good candidates with various deposition methods and compositional variations having been tested [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29]. Ce/Co coatings, deposited as a metallic layer and oxidized to a spinel during operation in the stack, have also showed promising chromium retention and oxidation protection properties [30,31,32,33,34,35]. Most of these oxidation studies have been in air (targeting SOFC mode of operation), but Molin et al. [36] studied a Co3O4 spinel-based coating in oxygen-rich atmospheres at temperatures between 800 and 900 °C and reported promising properties.



Interesting results have been recently obtained also with chemical LaFeO3 (LFO) perovskite coatings produced by molten salt surface modification treatments [37,38,39]. These treatments have been carried out at around 600 °C in La2O3-containing molten carbonate reaction baths. The interconnect steel reacts with the La2O3 reactant dissolved in the melt to form a dual perovskite-spinel oxide structure comprising a mixed Fe-Cr oxide as the inner layer and LaFeO3 as the outer layer. Cr presence in the outer perovskite layer is minimized because Cr dissolves in the reaction bath as soluble chromate during the iron conversion process, which represents a further advantage. Perovskite LFO coatings with variable structures and thicknesses ranging from the sub-micron level to several microns can be obtained by properly tuning reaction conditions and bath chemical composition [37]. Functional properties and oxidation resistance, including the influence of coating thickness, were studied thoroughly on K41 and Crofer 22H steel grades under SOFC conditions, namely at 700 °C in humid air (3% relative humidity). The poorly aerated molten salt reaction medium causes the formation of an oxygen defective oxide structure, which undergoes a rapid mass gain during the initial stages of a high temperature air exposure. The best electrical contact properties and minimal initial mass gain were observed with thinner coatings layers produced under accelerated reaction conditions by adding CuO or nitrate accelerants to the reaction medium.



For the fuel side, few works have been published to date, and not necessarily with the coatings studied in the present work. The positive effect of Ce and La coatings on the oxidation rate of an interconnect steel in Ar/5 vol.% H2/3 vol.% H2O atmosphere has been demonstrated at 850 °C [40]. LSM and Co3O4 coatings have been demonstrated to limit the oxide scale growth and maintain a low ASR after 3000 h at 800 °C in Ar/1 vol.% H2/9 vol.% H2O [41]. However, the decomposition of LSM to La2O3 and MnO in fuel side atmosphere makes it disputable whether this coating will act as an efficient protective layer in the SOEC environment. No studies have been so far conducted on LFO coating stability in rSOC fuel side environments but thermogravimetric studies report that LaFeO3 is stable at 1000 °C in a wide O2 partial pressure range and that it decomposes to La2O3 and metallic Fe only at partial pressure of O2 below 10–16.95 bar [42]. This suggests that LaFeO3 should be stable under the typical reducing side SOC conditions. However, the dual spinel-perovskite nature may pose some doubts about the effective stability of the LFO coatings due to the presence of highly reducible mixed Fe-Cr spinel oxides underneath the perovskite layer. Finally, a thin yttrium-based coating has been shown to provide effective protection against corrosion of Crofer 22 APU steel at 750 °C in 90 vol.%/10 vol.% steam-hydrogen atmosphere [43].



In this study, (Co,Mn)3O4 spinel, LaFeO3 perovskite, Ce/Co, and Y-based coatings, which have shown promising properties in both SOFC and SOEC atmospheres, were studied at 700 and 800 °C in both fuel side and oxygen side atmospheres. The coatings were tested on AISI 441 steel, which is a low-cost commercial ferritic stainless steel, and on Crofer 22 APU, which is a more expensive, specially designed steel grade. The objective of the work was to determine the optimal steel/coating combinations to be used as interconnect materials in reversible solid oxide stacks.




2. Materials and Methods


2.1. Materials


For oxidation tests, two steel grades with and without coatings were studied in both O2 and H2O-H2 atmospheres representing the O2-enriched air and fuel sides in SOEC operation, respectively. The steel alloys Crofer 22 APU (EN. 1.4760) and AISI 441 (EN. 1.4509) in plates of 0.2 mm thickness were chosen as the interconnect substrate. AISI 441 steel is a low-cost commercial ferritic stainless steel grade, used in various applications, that contains ~18 wt.% chromium. Crofer 22 APU is a more expensive, specially designed steel grade, developed for solid oxide fuel cell applications, that contains ~22 wt.% chromium. The elemental compositions of both steels are specified in Table 1.



The steels were tested both in the “as-received” condition and coated. In total, two coatings on the H2O-H2 side and three coatings on the O2 side were evaluated. For the H2O-H2 atmosphere, uncoated, lanthanum ferrite (LFO) coated and Y-coated steels were tested. For the O2 side tests, Co1.5Mn1.5O4 (MCO), LFO and Ce/Co coated steels were studied in addition to uncoated steels.



Coating Preparation


Before deposition of the Co1.5Mn1.5O4 and Y-coatings the steel substrates were cleaned ultrasonically for 10 min in acetone and 10 min in ethanol. Before deposition of the LFO coating, the substrates were cleaned for 10 min in acetone.



The Co1.5Mn1.5O4 spinel coating with a thickness of about 20 µm was prepared by electrophoretic deposition (EPD) at DTU, similar to the way reported by Bobruk et al. [46]. The suspension for EPD was made by mixing ethanol and isopropanol (50:50 by volume) with iodine (0.2 wt.% of solvents) and adding the Co1.5Mn1.5O4 powder (2 wt.% of solvents, American Elements). The suspension was ball milled for two days before use. The set-up for EPD consisted of a Teflon box (ca. 150 mL) with two steel counter electrodes mounted in parallel in order to deposit on both sides of the sample. The steel coupon to be coated was mounted in parallel between the counter electrodes and immersed in the coating solution. The deposition was carried out at 60 V for 60 s. The coated sample was subsequently sintered in two steps (red-ox sintering): first at 1000 °C for 2 h in N2-9 vol.% H2 and thereafter at 800 °C for 5 h in air.



The Y-coating with a thickness less than 0.3 µm was prepared by electrolytic deposition (ELD) at DTU. The solution for ELD was prepared by dissolving 0.05 M Y(NO3)3 in ethanol. The same set-up as described for EPD was used for ELD, but the deposition was in this case carried out at 40 V for 60 s. After deposition, the coated samples were rinsed with ethanol, dried with compressed air, and heat treated on a hot plate (ca. 400 °C) for 1 min to convert the coating from a Y-hydroxide to Y2O3. A more detailed description of the coating procedure can be found in Ref. [43].



The La-Fe perovskite was applied by a chemical conversion coating process in a molten carbonate bath in a 20 h process at 600 °C under CO2 gas bubbling at ENEA. The molten carbonate chemical bath contained Li2CO3, Na2CO3, La2O3 and MgO, in addition to CuO, added to accelerate the reaction and to reduce coating thickness. Due to its scarce molten carbonate solubility, the accelerating effect of CuO is due to galvanic Fe/Cu coupling between the dispersed CuO particles in the molten salt and steel surface, which means that the galvanic coupling action is strongly dependent on particle size. For these experiments, LFO formation was accelerated using a CuO particle size of ca. 10 µm. Although these reaction conditions were not optimized for a maximum coating thickness reduction, nonetheless they were sufficient to reduce thickness by one-half as compared to non-accelerated coatings (see [38]). During the process, Fe in the steel component forms solid protective product layers with the molten carbonate bath, whereas Cr dissolves in the molten carbonate bath. A Cr-contaminated salt layer often remains adherent on the coating surface after the treatment. This layer was removed by soaking the coated steel samples in acetone followed by prolonged cleaning in boiling deionized water. The final coating structure was composed of a LaFeO3 polycrystalline perovskite layer (about 3–8 µm thickness) also containing some sporadically dispersed Cu metallic particles. The spinel sublayer consisted of a relatively thick (8–12 µm) structure, which was separated into two distinct layers consisting of a Fe-rich oxide layer above a mixed Fe-Cr oxide layer.



Finally, the Ce/Co coating was prepared by Sandvik Materials Technology AB using physical vapor deposition (PVD). The Co layer was 600 nm thick and the Ce layer beneath was 10 nm thick. The metallic layers are oxidized rapidly during first hours of exposure at high temperature (>700 °C) in an oxidizing atmosphere, and therefore the coating is in practice composed mainly of CeO2 and Co3O4 based on the work of J.-E. Svensson’s team [15,30,47]. The AISI 441 samples were coated with a Sandvik’s roll-to-roll mass production coating line, whereas the Crofer 22 APU samples were coated in a batch based PVD process.





2.2. Oxidation Tests


Oxidation tests were conducted at two different temperatures, 700 and 800 °C. With Crofer 22 APU, tests were performed at 700 and 800 °C in O2 and H2O-H2 atmospheres. With AISI 441, tests were carried out in O2 atmosphere at 700 and 800 °C and in an H2O-H2 atmosphere at 800 °C.



For each steel/coating combination, two to five parallel samples were tested. All samples, coated and uncoated, were cleaned before oxidation tests. First, samples were kept for 10 min in an ultrasonic bath in acetone and then for another 10 min in an ultrasonic bath in ethanol. Finally, they were dried at room temperature with compressed air.



The testing parameters are presented in Table 2. Tests were performed in three laboratories at VTT, DTU and CEA, using the same temperature and atmosphere, but slightly different gas velocities. The gas linear velocities calculated for the different reactor diameter and gas flows used at different partners laboratories are presented in Table 3. For all exposures, the samples were heated at 1 °C/min to the exposure temperature at which they were kept for a total of 1500 h. After 150, 300, 450, 600, 900 and 1500 h of aging at the exposure temperature, the furnace was cooled and each sample weighed before re-heating and continuation of the test. The sample weights were measured on a scale with 0.01 mg resolution. A heating rate of 1 °C/min was used in all transitions. In O2 atmosphere, heating, aging, and cooling were all carried out in pure O2. In H2O-H2 atmosphere, heating up and cooling down were performed in N2-5 vol.%H2 and at the exposure temperature, H2 and O2 were mixed to produce 90 vol.%H2O-10 vol.%H2. For safety reasons, the O2 was introduced 10 s after introducing pure H2.




2.3. Post-Test Characterization


After aging, the samples were cold vacuum embedded in epoxy resin and polished to reveal the cross section. A carbon coating was sputtered on the surface to enhance the conductivity of the sample. Once prepared, the samples were analyzed in a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDS). All imaging and analysis were conducted at an acceleration voltage between 15 and 20 kV. From the SEM/EDS analysis, the microstructure, composition, and thickness of the oxide scales and coatings were analyzed.





3. Results and Discussion


3.1. Weight Gain


3.1.1. O2 Atmosphere


The weight gains of the samples during aging in O2 at 700 and 800 °C are presented in Figure 1. Weight gains are presented as averages with standard deviations, except for LFO coated AISI 441 at both temperatures and for LFO coated Crofer 22 APU at 800 °C, for which the weight gains are plotted separately for the two samples tested due to the large difference in mass gain.



The Ce/Co coated samples showed a large weight gain during the first 150 h of oxidation, on average 0.30 ± 0.14 mg/cm² for both AISI 441 and Crofer 22 APU samples at both temperatures. Part of this weight gain can be explained by the fact that the originally metallic Ce/Co coating itself was oxidized during the first hours of exposure to high temperature, as shown previously by Froitzheim et al. [15]. Assuming complete oxidation of the 600 nm thick metallic Co coating to Co3O4 corresponds to a weight gain of 0.19 mg/cm2. This value was subtracted from the weight gain data of the Ce/Co coated samples presented in Figure 1. Thus, the weight gains presented in Figure 1 represent almost entirely the weight gain due to oxidation of the steel.



LFO coated samples clearly showed the largest weight gain on both steels at 700 °C. At 800 °C, spallation of the coating was observed after completion of the oxidation test (1500 h), as can be seen in Figure 2. There is a strong possibility that spallation also occurred earlier during the test and, thus, the weight gain data for LFO coated samples is not trustworthy at 800 °C. The mass loss behavior of some LFO coated samples at 700 °C indicates that spallation may also be a problem at this temperature, even though it was not visually observed after the test.



Visual inspection after the 1500 h oxidation test did not show any sign of spallation or Fe-oxide formation on the surface of uncoated, MCO, and Ce/Co coated steels at either temperature, with the exception of some Ce/Co coated AISI 441 samples at 800 °C. In these samples, some signs of delamination were observed after 300 h of oxidation, which likely explains the high variation in weight gain observed among the Ce/Co coated samples. This was not observed at 700 °C or with Ce/Co coated Crofer 22 APU at either temperature. Otherwise, the weight gain behavior was similar for the Crofer 22 APU and AISI 441 samples at both temperatures. In all cases, the MCO coated samples showed the lowest absolute weight gains.



At 800 °C, the Ce/Co coated samples had clearly lower weight gain rates compared to the uncoated samples. The weight gain of Ce/Co coated samples was 0.60 mg/cm2 for Crofer 22 APU and 0.35 mg/cm2 for AISI 441 samples, whereas the same numbers for uncoated samples were 1.0 and 0.65 mg/cm2, respectively. For MCO coated samples, weight gains at 800 °C were 0.25 mg/cm2 for Crofer 22 APU and 0.0 mg/cm2 for AISI 441.



At 700 °C, no clear difference was seen in the weight gain rate between Ce/Co coated samples and uncoated samples, whereas MCO coated samples still had the lowest weight gain values. As has been shown previously, uncoated samples have higher Cr evaporation rates than coated ones [15,29,30]. Cr evaporation causes mass loss and, thus, the weight gain caused by oxidation might actually be higher for uncoated sample than the measured mass gain.



At 800 °C, the Crofer 22 APU samples had unexpectedly higher weight gain rates than AISI 441, whereas the weight gains were more similar at 700 °C. This could be due to the fact that the O2 gas flow velocity during the oxidation was 0.3 cm/s for Crofer 22 APU samples, whereas it was 3.9 cm/s for AISI 441 samples. The higher gas velocity can lead to a higher Cr evaporation rate, which may be the reason why AISI 441 samples had lower weight gain rates. However, the relative impact of Cr evaporation with respect to scale growth on the mass gain/loss typically increases with decreasing temperature [32], which implies that the difference between Crofer 22 APU and AISI 441 should be even bigger at 700 °C than at 800 °C. Here, the weight gain rates were more similar between steel grades at 700 °C, i.e., the opposite of what may be expected. Furthermore, it has been previously shown that Ce/Co and MCO coatings provide very good protection against Cr evaporation [14,15,16,30], so the difference between the Ce/Co and MCO samples at 800 °C cannot be explained based on Cr evaporation. A possible explanation for these unexpected results is that the Crofer 22 APU samples and AISI 441 samples were tested in different laboratories with different furnaces, so it is possible that there may have been minor differences in the temperature and gas humidity during the oxidation.



Based on the results at 700 and 800 °C on Crofer 22 APU and AISI 441, it appears that the MCO spinel deposited by EPD is an efficient coating for limiting steel oxidation in an oxidizing atmosphere.




3.1.2. H2-H2O Atmosphere


Oxidation resistance testing in H2-H2O was performed in an atmosphere containing 90 vol.% of H2O and 10 vol.% of H2 representing a high steam content at the SOEC fuel electrode inlet or the SOFC outlet when operated with a high fuel utilization. Weight gain data are shown in Figure 3. LFO coated samples already showed severe spallation after 150 h at 700 °C, as can be seen in Figure 4. The samples were not oxidized further and, because of the poor performance at 700 °C, it was decided to exclude this steel/coating combination from the test at 800 °C.



A high mass gain was recorded for uncoated Crofer 22 APU after 150 h of aging at 700 °C and visual inspection of the samples showed signs of oxide scale spallation (see Figure 4). This signals that uncoated Crofer 22 APU already undergoes break-away oxidation in the first 150 h of aging. With further oxidation, the mass decreased continuously, which can be attributed to further spallation of the oxide scale. From visual inspection at the end of the oxidation test (1500 h, Figure 4), the surface of the uncoated Crofer 22 APU samples appeared with severe spallation and a reddish hue, indicating Fe-oxide formation and break-away oxidation. The Y-coated samples showed promising behavior at 700 °C as there was only a small weight increase during the first 150 h and apparently no weight change with further oxidation. Visual inspection of the Y-coated samples after 1500 h of aging showed no sign of spallation (Figure 4). The edges of this sample appeared shinier than the center, possibly due to a difference in the thickness of the Y coating.



In contrast to the observations at 700 °C, the uncoated Crofer 22 APU showed no signs of spallation over the entire duration of the oxidation test at 800 °C (see Figure 1). Nevertheless, the Y-coated sample showed again more promising properties than the uncoated steel. At 800 °C, the total average weight gain for Y-coated Crofer 22 APU samples after 1500 h of aging was 0.25 mg/cm2, whereas it was 0.40 mg/cm2 for uncoated samples, as shown in Figure 5.



The uncoated AISI 441 samples showed similar weight gain values as the uncoated Crofer 22 APU. The Y-coating reduced the weight gain relative to the uncoated steel, but the reduction was relatively lower in the case of AISI 441 than in the case of Crofer 22 APU. Regarding Crofer 22 APU at 800 °C, no severe spallation was observed with visual inspection. However, one of the uncoated AISI 441 samples showed signs of iron oxide formation on parts of the sample surface (reddish hue, right-hand side of sample shown in Figure 1).



Based on the data at 700 and 800 °C, it may be concluded that the Y-coating deposited by ELD is an efficient coating for reducing the oxidation of both Crofer 22 APU and AISI 441 in the fuel side atmosphere. For the uncoated Crofer 22 APU, it is clear that exposure to 700 °C represents harsher conditions than exposure to 800 °C.





3.2. Post-Test Analysis


3.2.1. O2 Atmosphere


After oxidation in pure oxygen at both temperatures, a chromium oxide layer was formed on top of both uncoated steels. Above this oxide scale, there was an additional oxide layer that includes manganese and chromium. This layer was identified as a (Cr,Mn)3O4 spinel oxide, which usually has higher electrical conductivity than chromia. Moreover, internal oxidization was observed, especially in AISI 441 steel, but also in the Crofer 22 APU in the first microns beneath the steel surface. This can be seen as dark spots near the surface of the steels in Figure 6. The internal oxides were confirmed to be TiO2 and SiO2 particles via EDS analysis. These observations are in line with previous studies of Crofer 22 APU and AISI 441 oxidized in pure oxygen at the temperature range of 600–950 °C [10,48,49].



The MCO coated samples had a homogeneous oxide layer, comprised of chromium oxide (possibly with some Mn, Co, and Fe), between the steel and the coating material, as can be seen in Figure 7. There was only a minor amount of chromium detected in the coating layer—1.5 at.% with Crofer 22 APU and 0.2 at.% with AISI 441—as shown in Figure 8 and Table 4. This small difference in Cr content is explained by the fact that EDS analysis from the coating layer was undertaken further away from the steel-coating interface with AISI 441 than with Crofer 22 APU, as can be seen in Figure 8. Moreover, amount of iron in the coating layer was minimal in both cases. Thus, there was no clear presence of iron or chromium in the MCO coating layer, which indicates that the coating was efficient in limiting cation diffusion and Cr evaporation outward from the steel, as has been previously reported [26,28,50]. The adhesion of the coating was good on the Crofer 22 APU samples. In the AISI 441 samples, there was a gap between the steel and the oxide layer in part of the sample, which was most probably formed during the SEM sample preparation (see Figure 8). Nevertheless, this may indicate that the AISI 441 steel has poorer adhesion to the oxide scale than Crofer 22 APU. Oxide scale detachment was also seen with the Ce/Co samples and with all the AISI 441 samples tested in reducing atmosphere, as shown later in this article. Weak adhesion properties in AISI 441 steel have been previously reported in the literature. Chandra-Ambhorn et al. [51] explain that the oxidation of silicon to silica at the steel/scale interface facilitates crack propagation and scale spallation. Moreover, the high molybdenum content in AISI 441 causes intermetallic precipitates at the metal/scale interface and chromia scales have poor adhesion to these intermetallic phases that have very low chromium amount. Moreover, the absence of rare earth metals in AISI 441 has been suggested as the possible reason for the lower scale adhesion in AISI 441 [50,51,52].



The Ce/Co coated Crofer 22 APU and AISI 441 samples oxidized at 700 °C had a homogenous oxide layer structure with an inner (Cr,Co,Mn,Fe)-oxide layer which can be divided into Mn-containing chromia and (Co,Mn,Fe)-oxide for AISI 441 (see EDS maps in Figure 9), and an outer cobalt oxide layer. Between these layers, there was a thin ceria layer, which can be seen as bright particles in the SEM pictures in Figure 9. At 800 °C, the oxide layers between the Crofer 22 APU steel and ceria layer consisted of an inner Cr2O3 layer and an outer Cr,Mn,Co-spinel layer. The outermost coating layer is cobalt manganese oxide, in which only a minimal amount (<5 wt.%) of iron detected. For AISI 441 samples at 800 °C, inner Cr2O3 and (Cr,Mn)-spinel oxides were also characterized but neither Co nor Ce was detected by EDS. This indicated that the outer Co oxide and ceria layer probably delaminated after the 1500h oxidation test. This observation could be correlated with the presence of pores detected in Co oxide, and between the chromia and Co oxide layers, as reported by Grolig et al. [34] with the same steel and different oxidizing conditions, but to an excessive extent in this work compared to the situation in their work. The layer compositions analyzed with EDS are presented in Table 5 with the measurement points marked in Figure 9 EDS maps for Ce/Co coated AISI 441 at 700 °C are also presented in the same figure. The diffusion of manganese to the cobalt oxide coating has been reported before [31,33,47] and is beneficial for the electrical properties of the coating. Moreover, with more manganese, the coefficient of thermal expansion of the spinel is closer to that of ferritic stainless steels [19,53], which should improve the adhesion of the coating during the thermal cycling.



There was only a very slight diffusion of iron or chromium in the upper coating layer both at 700 and 800 °C (<5 wt.% of each element), which indicates that the Ce/Co coating was efficient in limiting cation diffusion and Cr evaporation outward from the steels, as has been reported in the literature [30,33,34].



LFO coated Crofer 22 APU and AISI 441 samples oxidized at 700 °C had a lanthanum ferrite layer clearly visible on the surface (seen as a bright layer in Figure 10). Beneath it there was a thick iron oxide layer that also included Cr and Cu and a thin chromium iron oxide layer. There was a ~7 wt.% maximum of chromium present in the thick iron oxide layer and no significant amount of chromium (max. 2.5 wt.%) was seen in the outmost lanthanum ferrite layer. This suggests that, at 700 °C, the LFO coating works as an effective barrier against chromium evaporation. However, after oxidation at 800 °C, there was much less lanthanum ferrite left in the coating than at 700 °C, in particular for AISI 441. The total thickness of the oxide layers was very heterogeneous after treatment at 800 °C (about 5 to 15 µm). These findings further confirm the observation that there was spallation in the LFO coated samples during or after the oxidation at 800 °C. Moreover, after oxidation at 800 °C, significant amounts of chromium were present in all the layers, in particularly for Crofer 22 APU, as shown in Figure 10 and Table 6.



Based on the SEM pictures, an average thickness of the thermally grown oxide scale was determined for each steel/coating combination tested in oxidizing atmosphere (see Figure 11). These measurements confirmed the positive effect of both MCO and Ce/Co coatings compared to the uncoated steels. Smaller average values for oxide scale thicknesses were found with MCO and Ce/Co coated samples, in particular when tested at 800 °C. Due to a lower precision of measurement with the submicronic thicknesses achieved at 700 °C, the analysis is less clear at this temperature.




3.2.2. H2-H2O Atmosphere


SEM analysis confirmed the formation of Fe oxide on the uncoated Crofer 22 APU tested at 700 °C, which was already seen by visual inspection. The top-most porous layer in Figure 12 was confirmed to be Fe,Cr-oxide by EDS analysis. Such iron-rich oxides were not formed with the Y-coated Crofer 22 APU (see Figure 13). Instead, the oxide layer above the Y-coating consisted of manganese and chromium rich oxide with only a minimal amount of iron detected (<5 wt.%), whereas chromia was observed below the Y-coating. The Y-coating itself was deposited as a hydroxide and was converted to Y2O3 during the first heat treatment of the coating phase. During long-term oxidation, the coating reacts with the Cr from the steel/oxide scale to form YCrO3, as shown by Molin et al. [43].



Interestingly, there was only a minimal amount of iron detected (<5 wt.%) in the oxide layers on the uncoated Crofer 22 APU after 1500 h at 800 °C in reducing atmosphere (see Figure 13). Instead, the oxide layer consisted of a thin inner Cr2O3 layer and a thicker (Mn,Cr)3O4 layer. The interface between the two oxide layers is characterized by pores. The same relationship between the temperature and oxidation properties and formation of protective oxide scales with ferritic stainless steels in H2-H2O atmosphere was previously shown by Young et al. [11]. They showed that at low temperatures of 500–550 °C, ferritic stainless steels do not form protective oxides scales when reacted with H2-H2O, but when the temperature increases to 650–700 °C protective chromia scales start to form. With still higher temperatures of 800–900 °C, the rate of chromia scale formation increases. These findings are aligned with the observations in this work that lower temperatures appear to be “more aggressive” in H2-H2O atmosphere.



These differences in scale composition between the samples treated at 700 and 800 °C also produce different morphologies on the samples. The reason for differences in oxide scale structure is the competing inward oxygen and outward cation diffusion processes that are both involved in oxidation behavior of steels. In H2/H2O atmosphere, it seems that protective chromia scale formation is promoted at higher temperature, meaning no Fe oxides are found from the sample treated at 800 °C. This is due to the fact that outward Fe diffusion from the steel is quickly blocked by formation of protective chromia scale. As shown by the results in this work, and those reported by Young et al. [11], a temperature difference of 100 °C is sufficiently significant to result in a different behavior.



For the Y-coated Crofer 22 APU exposed for 1500 h at 800 °C, the oxide layer consisted of an inner Cr2O3 and an outer (Mn,Cr)3O4 layer with Y between them (see Figure 13). The morphology of the oxide scale was distinctly different after oxidation at 700 and 800 °C. At 700 °C, the inner scale was in the form of distinct nodules and the outer scale was in the form of facetted crystals. At 800 °C, the nodules of the inner scale were closer to each other, even continuous in some areas, whereas the outer scale was plate/whisker-like.



In AISI 441 (both uncoated and Y-coated) samples, the oxide scale was detached from the steel along most parts of the sample, as can be seen in Figure 14 As no significant scale of spallation was observed after the oxidation of these samples, this detachment likely happened during epoxy mounting. However, the wavy profile of the steel and the smooth profile of the lower part of the oxide layer (at the steel/oxide layer interface) indicates void formation at the steel/oxide scale interface, likely due to cation outward diffusion. Thus, there is a risk of oxide layer spallation with prolonged oxidation. Both the Y-coated and the uncoated AISI 441 formed similar oxide scales consisting of an inner Cr2O3 and an outer (Mn,Cr)3O4 layer (see Figure 15). The Y-coating appears to increase the relative thickness of the inner Cr2O3 scale and decrease the overall thickness of the whole oxide scale. The Y-coating did not have any apparent effects on the formation of the SiO2 scale or the adherence of the oxide scale to the steel substrate.



The thicknesses of the oxide scales after oxidation in H2-H2O atmosphere are presented in Figure 16. The steel material seems to have little effect on the oxide scale thickness. There is a small decrease in the oxide scale thickness at 800 °C with the Y-coating. More significantly, the Y-coating inhibited the formation of a Fe-oxide layer, thereby decreasing the risk of breakaway corrosion. Thus, the Y-coating is a good candidate for a protective coating for the fuel side on SOEC interconnects.






4. Conclusions


In this study, protective coatings for both the anodic and cathodic atmospheres present in the SOEC environment were fabricated and tested for 1500 h at 700 and 800 °C on Crofer 22 APU and AISI 441 steels. Mn1.5Co1.5O4 (MCO) spinel produced by electrophoretic deposition, Ce/Co metals deposited by a PVD process, and LaFeO3 (LFO) perovskite applied by a chemical conversion coating process in a molten carbonate bath were evaluated in pure O2 for the oxygen side. A Y-coating produced by electrolytic deposition was evaluated in 90 vol.% H2O/10 vol.% H2 for the hydrogen side. The main obtained results were as follows:




	
In pure O2, the most efficient coatings for limiting the oxide scale formation and Cr outward diffusion were MCO and Ce/Co on Crofer 22 APU at both temperatures. The LFO coating suffered from severe delamination, in particular at 800 °C. With AISI 441, best results were obtained with the MCO coating at both temperatures. Partial delamination of the Ce/Co coating was observed on some of the AISI 441 samples at 800 °C. The oxide scale thickness (Cr2O3 and (Cr,Mn)3O4 layers) was lower with the MCO and Ce/Co coatings compared to the bare steels. Moreover, no or very low Cr content (<5 wt.%) was detected in the MCO and Ce/Co coatings.



	
In 90 vol.% H2O/10 vol.% H2, the Y-coating tested in this work caused a clear decrease in the oxide scale thickness compared to the bare steels at both temperatures (although AISI 441 was not tested at 700 °C). Additionally, this coating was efficient in avoiding Fe oxide formation, which was observed on the uncoated Crofer 22 APU at 700 °C.



	
Globally, the oxide scale adhesion seemed weaker with the AISI 441 steel and voids were observed by SEM at the oxide scale/steel interface in some places of several samples.








In conclusion, the good protective properties of MCO, Ce/Co, and Y-coatings were confirmed in the SOEC environment at the sample level. To complete this study, microstructural characterizations after testing in dual atmospheres and ASR measurements would allow determination of their efficiency in more realistic SOEC conditions and also from an electrical perspective.
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Figure 1. Average weight gain of the samples in oxidizing atmosphere at 700 °C (upper row) and 800 °C (lower row) with standard deviations. For the Ce/Co coated samples, 0.19 mg/cm2 is subtracted from the initial weight gain to account for oxidation of Co. 
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Figure 2. LFO coated AISI 441 after 1500 h aging in O2 at 800 °C. 
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Figure 3. Average weight gain of the samples in reducing atmosphere at 700 °C and 800 °C with standard deviations. 
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Figure 4. Pictures of the samples after aging in H2-H2O atmosphere at 700 °C. 
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Figure 5. Pictures of the samples after aging in H2-H2O atmosphere at 800 °C. 
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Figure 6. Uncoated Crofer 22 APU (left) and AISI 441 (right) after 1500 h at 800 °C in oxidizing atmosphere, showing 2500× (upper) and 10,000× (lower) magnifications. Dashed black lines show approximately the interface between chromia and (Cr,Mn)3O4 spinel oxides in the pictures at higher magnification. 
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[image: Energies 15 01168 g006]







[image: Energies 15 01168 g007 550] 





Figure 7. MCO coated Crofer 22 APU (left) and AISI 441 (right) after 1500 h at 800 °C in oxidizing atmosphere at 2500× (upper) and 10,000× (lower) magnifications. Dashed black lines approximately show the interface between the oxide scale and the MCO coating in the pictures at higher magnification. 
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[image: Energies 15 01168 g007]







[image: Energies 15 01168 g008 550] 





Figure 8. MCO coated Crofer 22 APU (left) and AISI 441 (right) after 1500 h at 700 °C. EDS point analysis was conducted from three spots indicated by red markers. The compositions in these spots are given in Table 4. 
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Figure 9. Ce/Co coated Crofer 22 APU (upper) and AISI 441 (lower) after 1500 h at 700 °C (left) and at 800 °C (right) in oxidizing atmosphere. The dashed line approximately shows the interface between the Cr2O3 oxide scale and the (Cr,Mn)-spinel oxide on the picture at 800 °C for AISI 441 (bottom right). EDS point analysis was conducted from the spots indicated by red markers. The compositions in these spots are given in Table 5. The EDS maps on the bottom are for Ce/Co coated AISI 441 at 700 °C. 






Figure 9. Ce/Co coated Crofer 22 APU (upper) and AISI 441 (lower) after 1500 h at 700 °C (left) and at 800 °C (right) in oxidizing atmosphere. The dashed line approximately shows the interface between the Cr2O3 oxide scale and the (Cr,Mn)-spinel oxide on the picture at 800 °C for AISI 441 (bottom right). EDS point analysis was conducted from the spots indicated by red markers. The compositions in these spots are given in Table 5. The EDS maps on the bottom are for Ce/Co coated AISI 441 at 700 °C.
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Figure 10. LFO coated Crofer 22 APU (top, ×5000) and AISI 441 (bottom, ×2500) after 1500 h at 700 °C (left) and at 800 °C (right) in oxidizing atmosphere. EDS point analysis was conducted from the spots indicated by red markers. The compositions in these spots are given in Table 6. For AISI 441 at 800 °C, EDS maps were also recorded as shown in this figure. 
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Figure 11. Average oxide scale thicknesses (including chromium-rich oxides) for Crofer 22 APU (left) and AISI 441 (right) samples tested in oxidizing atmosphere with standard deviations. 
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Figure 12. Uncoated Crofer 22 APU (left) and Y-coated Crofer 22 APU (right) after 1500 h at 700 and 800 °C in reducing atmosphere. The red line indicates the position of the EDS linescan profiles shown in Figure 13. 
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Figure 13. Profile line scans of uncoated Crofer 22 APU (left) and Y-coated Crofer 22 APU (right) after 1500 h at 700 °C (top) and 800 °C (bottom) in reducing atmosphere. The red lines in Figure 12 give the places of each. 
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Figure 14. Uncoated AISI 441 (left) and Y-coated AISI 441 (right) after 1500 h at 800 °C in reducing atmosphere. The red line indicates the place of profiles shown in Figure 15. 
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Figure 15. EDS line scans of uncoated AISI 441 (left) and Y-coated AISI 441 (right) after 1500 h at 800 °C in reducing atmosphere. The red lines (also marked in Figure 14) indicate the location of each profile. 
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Figure 16. Average oxide scale thicknesses for samples tested in H2-H2O atmosphere with standard deviations. For uncoated Crofer 22 APU at 700 °C, the thickness of the porous Fe-oxide layer is included. 
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Table 1. Composition of the steels used as interconnect substrates.






Table 1. Composition of the steels used as interconnect substrates.





	wt.%
	Cr
	C
	Si
	Mn
	P
	S
	Ti
	Nb
	Cu
	La
	Fe





	Crofer 22 APU [44]
	20–24
	0.03
	0.5
	0.3–0.8
	0.05
	0.02
	0.03–0.2
	-
	0.5
	0.04–0.2
	Bal.



	AISI 441 [45]
	17.5–18.5
	≤0.03
	≤1
	≤1
	≤0.04
	≤0.015
	0.1–0.6
	(3 × C + 0.30) − 1
	-
	-
	Bal.
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Table 2. Parameters for oxidation tests.






Table 2. Parameters for oxidation tests.





	Temperature Ramps
	Heating Up and Cooling Down Atmospheres
	Exposure Temperatures
	Exposure

Atmospheres
	Exposure Time





	1 °C/min
	Oxidizing atmosphere:

Pure O2

Reducing atmosphere:

N2/5 vol.% H2
	700 °C

800 °C
	Oxidizing atmosphere:

Pure O2

Reducing atmosphere:

90 vol.% H2O/10 vol.% H2
	1500 h
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Table 3. Gas linear velocities used in the tests.






Table 3. Gas linear velocities used in the tests.





	Steel
	Atmosphere
	Temperature (°C)
	Partner
	Gas Linear Velocity (cm/s)





	Crofer 22 APU
	O2
	700
	VTT
	0.2



	Crofer 22 APU
	O2
	800
	VTT
	0.3



	Crofer 22 APU
	H2-H2O
	700
	DTU
	1.1



	Crofer 22 APU
	H2-H2O
	800
	DTU
	1.3



	AISI 441
	O2
	700
	CEA
	3.5



	AISI 441
	O2
	800
	CEA
	3.9



	AISI 441
	H2-H2O
	800
	DTU
	1.3
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Table 4. Element concentrations in wt./at.% measured with EDS analysis of MCO coated Crofer 22 APU and AISI 441 after 1500 h at 700 °C. The location of the analysis spots is marked in Figure 8. The presence of Al likely originates from the polishing process.






Table 4. Element concentrations in wt./at.% measured with EDS analysis of MCO coated Crofer 22 APU and AISI 441 after 1500 h at 700 °C. The location of the analysis spots is marked in Figure 8. The presence of Al likely originates from the polishing process.





	Spot
	O

wt./at.%
	Al

wt./at.%
	Si

wt./at.%
	Cr

wt./at.%
	Mn

wt./at.%
	Fe

wt./at.%
	Co

wt./at.%





	1—Crofer 22 APU
	29.9/60.1
	0.6/0.7
	0.2/0.2
	2.4/1.5
	23.2/13.6
	-
	43.8/23.9



	2—Crofer 22 APU
	32.2/61.7
	0.5/0.6
	0.2/0.2
	30.2/17.8
	8.8/4.9
	4.6/2.5
	23.4/12.2



	3—Crofer 22 APU
	-
	0.5/1.1
	0.1/0.2
	23.1/24.3
	-
	76.2/74.5
	-



	1—AISI 441
	25.4/54.8
	0.2/0.3
	0.4/0.5
	0.3/0.2
	23.7/14.9
	1.2/0.7
	48.5/28.4



	2—AISI 441
	28.3/57.4
	0.1/0.2

(Ti 1/0.7)
	0.2/0.3
	29.8/18.7
	9.9/5.8
	3.6/2.1
	26.7/14.7



	3—AISI 441
	-
	(Ti 0.5/0.4)
	0.7/1.4
	18.1/19.2
	0.3/0.3
	79.6/78.6
	(Nb 0.7/0.5)
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Table 5. Element concentrations in wt./at.% measured with EDS analysis from Ce/Co coated Crofer 22 APU and AISI 441 after 1500 h at 700 and 800 °C. The locations of the spots are marked in Figure 9. The presence of Al likely originates from the polishing process.






Table 5. Element concentrations in wt./at.% measured with EDS analysis from Ce/Co coated Crofer 22 APU and AISI 441 after 1500 h at 700 and 800 °C. The locations of the spots are marked in Figure 9. The presence of Al likely originates from the polishing process.















	Spot
	O

wt./at.%
	Al

wt./at.%
	Si

wt./at.%
	Cr

wt./at.%
	Mn

wt./at.%
	Fe

wt./at.%
	Co

wt./at.%





	700 °C
	
	
	
	
	
	
	



	1—Crofer 22 APU
	37.0/67.7
	0.8/0.9
	0.1/0.1
	1.5/0.8
	6.8/3.6
	3.1/1.6
	50.6/25.2



	2—Crofer 22 APU
	28.3/58.4
	0.6/0.8
	0.1/0.1
	17.1/10.9
	5.8/3.5
	9.5/5.6
	35.6/20.0



	1—AISI 441
	26.2/56.1
	0.2/0.3
	0.5/0.6
	1.3/0.9
	3.2/2.0
	7.4/4.5
	61.2/35.6



	2—AISI 441
	25.0/54.3
	0.1/0.1
	0.2/0.3
	4.4/2.9
	6.7/4.2
	17.9/11.2
	45.1/26.6



	3—AISI 441
	25.6/52.9
	0.1/0.2
	1.1/1.2

(Ti 2.5/1.7)
	52.5/33.4
	1.5/0.9
	9.6/5.7
	6.5/3.7



	800 °C
	
	
	
	
	
	
	



	3—Crofer 22 APU
	35.4/65.8
	0.7/0.8
	-
	4.7/2.7
	21.1/11.5
	-
	37.9/19.2



	4—Crofer 22 APU
	35.7/65.8
	0.6/0.6
	0.1/0.1
	14.9/8.5
	16.0/8.6
	-
	32.6/16.3



	5—Crofer 22 APU
	38.4/66.9
	0.4/0.4
	-
	58.3/31.2
	-
	2.6/1.3
	0.3/0.1



	4—AISI 441
	34.0/63.0
	-
	-
	43.9/25.1
	19.9/10.7
	1.2/0.6
	-



	5—AISI 441
	33.9/62.5
	-
	0.2/0.2
	60.5/34.4
	1.1/0.6
	3.6/1.9
	-
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Table 6. Element concentrations in wt./at.% measured with EDS analysis from LFO coated Crofer 22 APU and AISI 441 after 1500 h at 700 °C and 800 °C. The location of the spots is marked in Figure 10.






Table 6. Element concentrations in wt./at.% measured with EDS analysis from LFO coated Crofer 22 APU and AISI 441 after 1500 h at 700 °C and 800 °C. The location of the spots is marked in Figure 10.















	Spot
	O

wt./at.%
	Al

wt./at.%
	Cr

wt./at.%
	Mn

wt./at.%
	Fe

wt./at.%
	Cu

wt./at.%
	La

wt./at.%





	700 °C
	
	
	
	
	
	
	



	1—Crofer 22 APU
	18.7/56.3
	0.6/1.0
	0.4/0.3
	-
	28.4/24.4
	-
	51.9/17.9



	2—Crofer 22 APU
	29.4/59.0
	0.3/0.4
	7.2/4.5
	3.7/2.1
	53.0/30.4
	5.8/2.9
	-



	3—Crofer 22 APU
	1.7/5.6
	0.3/0.6
	22.3/22.5
	-
	75.5/71.1
	-
	-



	1—AISI 441
	19.4/54.2
	1.0/1.7
	2.5/2.2
	(Si 1.1/1.7)
	23.0/18.4
	9.9/7.0
	42.8/13.8



	2—AISI 441
	25.8/58.0
	0.3/0.4
	2.4/1.6
	(Si 0.8/1.1)
	48.9/31.5
	3.5/2.0
	17.9/4.6



	3—AISI 441
	29.9/58.7
	(Si 1.3/1.5)
	32.6/19.6
	2.1/1.1
	33.1/18.5
	-
	0.7/0.2



	800 °C
	
	
	
	
	
	
	



	4—Crofer 22 APU
	36.0/66.2
	0.3/0.3
	8.3/4.7
	21.2/11.3
	30.0/15.8
	-
	3.4/0.7



	5—Crofer 22 APU
	31.0/65.8
	0.5/0.6
	7.6/5.0
	10.7/6.6
	22.3/13.6
	-
	26.5/6.5



	6—Crofer 22 APU
	34.3/63.9
	0.2/0.2
	30.6/17.5
	17.0/9.2
	13.2/7.1
	0.3/0.2
	3.2/0.7



	7—Crofer 22 APU
	35.4/64.3
	0.3/0.3
	46.9/26.2
	2.9/1.5
	13.7/7.1
	-
	-



	4—AISI 441
	30.9/61.1
	0.2/0.3
	1.5/0.9
	2.8/1.6
	62.0/35.1
	1.6/0.8
	1.0/0.2



	5—AISI 441
	28.3/58.1
	(Si 0.2/0.3)
	3.7/2.3
	2.2/1.3
	63.1/37.1
	1.1/0.5
	1.0/0.2



	6—AISI 441
	29.9/58.3
	0.1/0.2
	43.3/26.0
	3.0/1.7
	21.1/11.8
	1.2/0.6
	(Si 1.2/1.3)
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