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Abstract. Manganese cobalt spinel oxides are promising materials for protective coatings for solid 

oxide fuel cell (SOFC) interconnects. To achieve high density such coatings are often sintered in a 

two-step procedure, involving heat treatment first in reducing and then in oxidizing atmospheres. 

Sintering the coating inside the SOFC stack during heating would reduce production costs, but may 
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result in a lower coating density. The importance of coating density is here assessed by 

characterization of the oxidation kinetics and Cr evaporation of Crofer 22 APU with MnCo1.7Fe0.3O4 

spinel coatings of different density. The coating density is shown to have minor influence on the long-

term oxidation behavior in air at 800 °C, evaluated over 5000 h. Sintering the spinel coating in air at 

900 °C, equivalent to an in-situ heat treatment, leads to an 88 % reduction of the Cr evaporation rate of 

Crofer 22 APU in air-3% H2O at 800 °C. The air sintered spinel coating is initially highly porous, 

however, densifies with time in interaction with the alloy. A two-step reduction and re-oxidation heat 

treatment results in a denser coating, which reduces Cr evaporation by 97 %. 

Keywords: Solid Oxide Fuel Cell, Metallic Interconnect, Manganese Cobalt Spinel, Ceramic Coating, 

High Temperature Oxidation, Chromium Evaporation 

 

 

1. Introduction 

As the operating temperature of Solid Oxide Fuel Cells (SOFC) has been reduced over the last 

decades, ferritic stainless steels (FSS) have become the preferred choice for the interconnect material 

[1]. FSS offer several advantages over the previously used LaCrO3-based ceramic interconnect such as 

lower costs, higher electrical and thermal conductivities, and a much easier manufacturing process 

[2,3]. Nevertheless, the use of FSS as the interconnect materials poses challenges. Under SOFC 

operating conditions, the steel oxidizes to form a scale consisting of Cr2O3 and (Mn,Cr)3O4 that grows 

with time. Because of the modest electrical conductivity of these oxides, the stack resistance increases 

[4]. Furthermore, the oxide scale in reaction with oxygen and water vapor forms volatile Cr(VI)-

species that have been reported to “poison” the SOFC cathode [5,6]. There have been some attempts to 

develop new cathode materials with higher Cr tolerance [7–9]. However, this does not eliminate the 

problem of high Cr evaporation rates as Cr depletion from the alloy below a certain limit may lead to 

break-away type oxidation [10,11]. Cr evaporation has a low activation energy and will therefore 

continue to be a challenge even if the operating temperature of SOFC is further reduced [12].  
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(Mn,Co)3O4 spinels are promising coating materials for reducing scale growth and Cr evaporation 

from FSS [13–18]. Several methods to deposit these coatings are under consideration, including 

various slurry spraying methods [19–21], screen printing [22], electrophoretic deposition (EPD) 

[23,24], electroplating [25] and atmospheric plasma spraying [26,27]. EPD is particularly promising as 

it is a fast and cheap method that offers good control of layer thickness and the opportunity to coat 

geometrically complex structures [28]. A common denominator for all powder-based methods such as 

EPD is the necessity to sinter the coating after deposition. To ensure a high coating density while 

attempting to avoid excessive oxidation of the steel, a two-step procedure has been employed for 

sintering of spinel coatings [15,22]. The first step is heat treatment in N2+H2 (or equivalent reducing 

atmosphere) where the spinel oxide decomposes into MnO and Co [29]. The second step is heat 

treatment in air where the spinel phase is re-formed and densification is promoted by a reaction-

sintering type mechanism [30,31]. The two-step sintering procedure has in some assessments been 

estimated to make up approximately 20 % of the total interconnect coating costs [32,33]. From a 

commercial point-of-view, it would therefore be beneficial if the coating instead could be densified 

inside of the SOFC stack during initial warm-up. However, very little densification of (Mn,Co)3O4 is 

achieved in air at moderate temperatures. Dilatometry measurements by Lee et al. [22] showed that the 

linear shrinkage of Mn1.5Co1.5O4 in air is less than 3 % below 1000 °C.  

 

Only few studies have investigated how the (Mn,Co)3O4 spinel coating density affects Cr evaporation 

and oxidation behavior of FSS. Kurokawa et al. [13] measured the Cr vaporization rate of MnCo2O4 

coated SS430, where differences in powder manufacturing methods lead to two different levels of 

coating density. After 24 h of exposure at 800 °C, the Cr vaporization rate was reduced by a factor of 

three with a porous coating, while a denser coating reduced the Cr vaporization rate by a factor of 40 

[13]. Akanda et al. [33] compared the ASR of  SS441 with a (Mn,Co)3O4 coating sintered either in air 

or by the two-step reduction and re-oxidation procedure. They concluded that a highly dense coating, 

achieved by the two-step procedure, was necessary to avoid excessive scale growth leading to 
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unacceptably high ASR. The conclusion was based on accelerated testing at 900 °C, while the initial 

measurement at 800 °C for 1000 h indicated a low and stable ASR also for the sample with a highly 

porous coating. Molin et al. [18] evaluated the ASR of MnCo2O4 and MnCo1.8Fe0.2O4 coated Crofer 22 

APU over 5000 h at 750 °C. The oxide powders were brush painted on the steel to create a porous 

matrix, which was impregnated with an ethanol based solution of Mn, Co and Fe nitrates containing 

ethylene glycol and citric acid. The impregnation was expected to improve sinterability and the 

coatings were not sintered before the ASR measurement. Coated samples resulted in a four times 

slower linear increase in ASR compared to uncoated Crofer 22 APU. Post-mortem analysis showed 

that the initially very porous coatings had densified near the thermally grown oxide interface.  

 

Thus, there are indications in literature that even highly porous spinel coatings may provide protection 

of FSS interconnects. However, there is a shortage of long term studies at realistic SOFC operating 

temperatures where the effect of coating density is evaluated.  

 

In this work, we have investigated long term (5000 h) oxidation behavior of Crofer 22 APU with 

MnCo1.7Fe0.3O4 coatings heat treated to produce different levels of coating density. In addition, Cr 

evaporation from Crofer 22 APU with coatings of different density has been measured during 500 h 

exposure to humidified air. MnCo1.7Fe0.3O4 was chosen as the coating because the thermal expansion 

coefficient (TEC) of this material between room temperature and 800 °C (12.0×10-6 K-1) is lower than 

that of MnCo2O4 (14.4×10-6 K-1) [34]. The lower value provides a better match to the TEC of Crofer 

22 APU (11.9×10-6 K-1, 20-800 °C [35]), which reduces build-up of stresses during thermal cycling 

and consequently the risk of coating spallation.  

 

2. Experimental  

A plate of 1 mm thick Crofer 22 APU (Thyssen Krupp) with the composition given in Table 1 was cut 

into coupons of 20×20 mm. A 3 mm hole was drilled in one of the corners to allow for hanging in the 
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oxidation furnace. The coupons were ground with SiC-paper, polished down to 1 μm using diamond 

abrasive and cleaned in acetone and ethanol for 10 minutes each in an ultrasonic bath. Sample 

thickness measured after grinding was typically 0.8-0.9 mm.  

 

Table 1. Composition of Crofer 22 APU alloy used in this study in wt.%. Analyzed by Optical 

Emission Spectroscopy (OES) at Force Technology, Denmark. 

Alloy Fe Cr Mn Ti La C Si Al 

Crofer 22 APU Bal. 23 0.42 0.068 0.04-0.201 0.003 0.0492 0.007 

1La was not analyzed by OES. Concentration according to the manufacturer’s datasheet 

2Determination of Si content by OES is associated with large uncertainty  

 

 

The steel coupons were coated by electrophoretic deposition (EPD). MnCo1.7Fe0.3O4 spinel powder 

was synthesized by spray pyrolysis of an aqueous based nitrate solution as described in [34]. The 

powder was calcined at 650 °C for 5 h, ball milled overnight in 100 % ethanol (250 ml PE-bottle, 

Ø 10 mm YSZ milling balls), and dried in a rotary evaporator before use. The particle size distribution 

of the powder after milling was bimodal with a median size (d50) equal to 0.63 m. A suspension for 

EPD was prepared by ball milling 5 wt.% spinel powder in a 50/50 vol.% mixture of ethanol and 

isopropanol for 48 h (500 ml PE-bottle, Ø 10 mm YSZ milling balls). Two ca. 50×50 mm plates of 

Crofer 22 APU were used as counter electrodes during deposition. The sample was placed in parallel 

between these two plates at a distance of 15 mm. A constant voltage of 35 V was applied for 90 s with 

the negative terminal connected to the sample, resulting in a deposit of approximately 7.6 mg cm-2 of 

powder. A small area of the sample (~ 1 %) was left uncoated due to coverage by the electrode clip 

during EPD.  

 

After drying in air at room temperature, the samples were heat treated following one of the three 

procedures described in Table 2. The heating and cooling rates were 120 °C h-1. Gases were bubbled 
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through water at 5 °C to give a moisture content of ca. 1 %. Uncoated Crofer 22 APU was heat treated 

under the same conditions to estimate mass change due to oxidation of the alloy during coating 

sintering. Surface structural characterization of coated samples after sintering was performed on a 

Bruker D8 X-ray diffractometer (XRD) with Cu Kα radiation. The diffractograms were collected on 

rotating samples from 15-75° 2θ using a step size of 0.02° and a collection time of 1 s per step.  

 

Table 2. Heat treatment procedures for sintering MnCo1.7Fe0.3O4 spinel coating on Crofer 22 APU and 

abbreviations for each method, used throughout the text. 

Abbreviation  1: Reduction step (R) 2: Oxidation step (O) 

O900  2 h at 900 °C in air 

R900+O800 2 h at 900 °C in N2-9%H2  2 h at 800 °C in air 

R1100+O800 5 h at 1100 °C in N2-9%H2  5 h at 800 °C in air 

  

 

The oxidation behavior of coated samples was evaluated over 5000 h in air at 800 °C in a chamber 

furnace. There was no forced air flow to the furnace (i.e. nearly stagnant conditions) and the humidity 

content was not controlled. Polished Crofer 22 APU without any coating was oxidized under the same 

conditions for 2000 h. At least three samples of each type were suspended vertically in the furnace 

(hanging from an alumina rod). Every 250 h, the furnace was cooled to room temperature (180 °C h-1) 

and the samples were weight on a scale with 0.00001 g accuracy (XS205 Mettler Toledo). One sample 

of each type was taken out after 2000 h and 5000 h of oxidation for inspection by scanning electron 

microscopy (SEM, Zeiss Supra 35 field emission-SEM and Zeiss Merlin field emission-SEM) and 

energy dispersive X-ray spectroscopy (EDX, Bruker X-Flash 6160). The EDX data were collected at 

an acceleration voltage of 15 kV and analyzed using Esprit software (Bruker). Quantification 

(standardless) was performed using only the K lines for Cr, Mn, Co and Fe.   
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Additional samples were oxidized in flowing air with 3 % H2O while measuring chromium 

evaporation by the Denuder method. The method is described in detail in [36], and estimated to have a 

955 % collection efficiency. The targeted moisture content was ensured by passing cleaned, dry air 

through a membrane (Perma Pure FC-Series humidifier) connected to a water bath at 24.4 °C. The 

flow rate of the gas was set to 6000 ml min-1. A porous Al2O3 flow restrictor was placed in front of the 

samples to ensure a uniform flow pattern. A quartz tube (6 mm inner diameter) coated with Na2CO3 

was placed behind the samples to “catch” Cr-species in the gas outlet. Volatile Cr species from the 

sample react with the carbonate to form chromate according to reaction (1): 

 

(1) 

 

The quartz tubes were exchanged approximately every 100 h and rinsed with distilled water to 

dissolve the sodium chromate. The amount of chromate in the solution was quantified by 

spectrophotometry (Evolution 60S, Thermo Scientific). 

 

For the O900 samples, Cr evaporation was measured during sintering to obtain a measure for the total 

Cr evaporation if the coating is sintered inside of the SOFC stack during warm-up (i.e. in-situ). For 

this purpose, coated samples were placed in the furnace at 150 °C, heated to 900 °C for 2 h and cooled 

to 500 °C before exchanging the quartz tube. Cr evaporation during the R1100+O800 reduction and 

re-oxidation heat treatment was not measured since this type of sintering would be performed before 

the interconnect is placed in the SOFC stack (i.e. ex-situ).  

 

Subsequent exposure of the O900 samples, those sintered ex-situ (R1100+O800) and uncoated Crofer 

22 APU was made by placing samples in the furnace at 300 °C and heating to 800 °C (heating rate 

240 °C h-1). The exposure was continuous for 500 h. All measurements were performed in two 
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different furnaces under identical conditions to check for reproducibility. The total surface area of 

samples in each test was 15.7 cm2. The sample cross sections were examined by SEM after exposure. 

 

 

3. Results  

3.1 Microstructure after coating preparation 

SEM cross sections of MnCo1.7Fe0.3O4 coated Crofer 22 APU after the three different sintering heat 

treatments are shown in Figure 1a)-c). The coating thickness varies among samples by around 5 µm. 

The alloy is oxidized to varying degree during the different sintering heat treatments. The thermally 

grown oxide scale is visible as the darker contrast phase between the brighter contrast alloy and 

coating in the backscatter electron (BSE) SEM images and is composed of Cr, O and Mn according to 

EDX. The average oxide scale thickness is reported in Table 3 and was determined by measuring 

every 2 m along the cross section of at least five different, representative SEM images of the same 

magnification as shown in Figure 1. EDX analysis was used to confirm the interface between the 

thermally grown oxide scale and the coating, defining the oxide scale to be the phase containing less 

than trace amount (0.5 wt.%) of Co. The mass gain of uncoated Crofer 22 APU after the sintering heat 

treatment is given in Table 3. The corresponding oxide scale thickness in Table 3 was calculated 

assuming all of the mass gain corresponds to oxygen uptake to form pure Cr2O3.  

 

XRD of the coating surface after the three different sintering heat treatments is shown in Figure 2. All 

diffraction peaks could be indexed to a cubic spinel phase, and are shifted slightly to the left in 

comparison with MnCo2O4 (JCPDS card no. 23-1237) The three sintering heat treatments do not result 

in significant difference in coating composition according to EDX analysis (< 3 wt.% difference on 

analysis of cations). The average composition is Mn1.1Co1.6Fe0.3O4, i.e. the Mn/Co fraction in the as-

sintered coatings is slightly higher compared to the nominal powder composition (MnCo1.7Fe0.3O4). 

Trace amounts of Cr (< 0.5 wt.%) are detected in all of the coatings.  
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The porosity of the as-sintered coatings was estimated based on five representative SEM images of the 

same magnification as in Figure 1a-c) using ImageJ software [37] and is reported in Table 3. Heat 

treatment in air at 900 °C is only sufficient to initiate neck formation between the ceramic particles 

(Fig. 1a). The coating detached from the substrate during mounting in epoxy, indicating poor adhesion 

to the steel and low strength of the coating itself. Heat treatment in reducing atmosphere at 900 °C 

before re-oxidation in air leads to visible improvements in both densification and adhesion (Fig. 1b). A 

thin, dense layer appears to cover most of the thermally grown oxide scale, while the porosity of the 

bulk part of the coating is still high. The increased temperature from 900 °C to 1100 °C during the 

reduction step improves densification considerably (Fig. 1c). The few remaining pores in the coating 

appear all to be isolated. The thermally grown oxide scale thickness is increased by nearly a factor of 

three due to the increased temperature during the reduction heat treatment step (Table 3).   

 

Bright particles were observed in the oxide scale of both samples heat-treated in reducing atmosphere 

(R900+O800 and R1100+O800). According to EDX point analysis the particles contained more Fe 

and less O compared to the surrounding scale, indicating that the bright particles are metallic 

inclusions. 

 

Table 3. Coating porosity and thermally grown oxide scale thickness measured on SEM images of 

MnCo1.7Fe0.3O4 spinel coated Crofer 22 APU after sintering. Mass gain of uncoated Crofer 22 APU 

after heat treatment under the same conditions, and calculated Cr2O3 thickness based on mass gain. 

Sample Coating 

porosity 

[%] 

Thermally grown oxide 

scale thickness  

[m] 

Mass gain of  

Crofer 22 APU 

 [mg cm-2] 

Calculated Cr2O3 

thickness  

[m] 

O900 53±5 0.3±0.2 0.06 0.36 

R900+O800 35±5 0.6±0.2 0.10 0.61 

R1100+O800 17±3 1.8±0.3 0.56 3.4 
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Figure 1. SEM backscatter electron images of MnCo1.7Fe0.3O4 coated Crofer 22 APU, a)-c) After 

sintering heat treatment, d)-f) After 2000 h oxidation in air at 800 °C, g)-i) After 5000 h oxidation in 

air at 800 °C and corresponding EDX maps.  
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Figure 2. XRD of the coating surface after different sintering heat treatments. Star indicates peaks 

belonging to a cubic spinel phase.  

 

 

3.2 Oxidation in air 

The mass change of uncoated and MnCo1.7Fe0.3O4 coated Crofer 22 APU measured during oxidation in 

air at 800 °C is shown in Figure 3a. For all of the coated samples, mass change over time follows to 

close approximation parabolic oxidation kinetics, described by (2): 

 

 (2) 

 

where m is the measured mass change [g], A is the sample area [cm2], kP is the parabolic rate constant 

[g2 cm-4s-1], t is the time [s] and C is an integration constant. The mass change of uncoated Crofer 22 

APU is parabolic only the first 1000 h of oxidation, after this the mass gain increases. Parabolic 

oxidation rate constants were obtained from a linear fit of the (mass gain)2 vs time data, shown in 

Figure 3b, and are summarized in Table 4. The mass gain during the first 250 h was ignored to avoid 
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potential contributions from continued re-oxidation of the coating or initial non-parabolic oxidation 

behavior [38]. For uncoated Crofer 22 APU, the mass change between 250 h and 1000 h (parabolic 

region) was used to determine the rate constant. During the first 250 h of oxidation, the mass gain of 

the two samples heat-treated under reducing conditions (R900+O800 and R1100+O800) is larger than 

the mass gain of the sample heat treated in air only (O900). This indicates that the coatings were not 

completely re-oxidized after the reduction heat treatment, even though XRD of the surface only shows 

peaks belonging to a cubic spinel. The sample with the densest coating (R1100+O800) displays the 

lowest oxidation rate, but also the most porous coating (O900) reduces the oxidation rate of Crofer 22 

APU.  

 

Table 4. Parabolic oxidation rate constant of uncoated and MnCo1.7Fe0.3O4 coated Crofer 22 APU in 

air at 800 °C calculated from mass gain measured over 5000 h (coated samples) or 1000 h (uncoated 

Crofer 22 APU) of oxidation. 

Sample kp [10-14 g2 cm-4s-1] 

O900 1.4 

R900+O800 1.3 

R1100+O800 0.34 

Uncoated Crofer 22 APU 4.2 

 

 

3.3 Cr evaporation 

The total amount of chromium species evaporated and the rate of Cr evaporation during continuous 

exposure to air-3% H2O is shown in Figure 4a and b, respectively. Note that in both graphs, the first 

measurement point for the O900 samples corresponds to exposure to 900 °C for 2 h (in-situ sintering). 

During this period the Cr evaporation rate of O900 is the same as the Cr evaporation rate of uncoated 

Crofer 22 APU measured at 800 °C. After the temperature is lowered to 800 °C, the Cr evaporation 
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rate of O900 decreases with time and stabilizes at a value ten times lower than measured for uncoated  

Crofer 22 APU. The evaporation rate from samples with denser coatings (R1100+O800) is nearly 

constant over time and on average three times lower than measured for the more porous coating 

(O900).  

 

 

Figure 3. (a) Mass change of uncoated  and MnCo1.7Fe0.3O4 coated Crofer 22 APU during cyclic 

oxidation in air at 800 °C. Each point is the average of 2-5 samples and the error bars are equal to one 

standard deviation. (b) Parabolic rate plot with lines showing the best linear fit. 

 



 14 

 

 

 

Figure 4. Cr evaporation from uncoated and MnCo1.7Fe0.3O4 coated Crofer 22 APU measured in air-

3% H2O at 800 °C. Results from two measurements in two different furnaces under identical 

conditions are shown. The first value for the O900 sample (at 2 h exposure time) was measured at 

900 °C. () Total amount of Cr-species evaporated (b) Rate of Cr evaporation over time.  
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3.4 Microstructure after oxidation 

The microstructural and compositional development of MnCo1.7Fe0.3O4 coated Crofer 22 APU during 

oxidation at 800 °C in air is shown in the SEM images and EDX maps in Figure 1d)-i). Along the 

interface of the intially highly porous coating (O900) and the thermally grown oxide scale, a 2-4 m 

dense layer formed after 2000 h of oxidation (Fig. 1d). According to quantitative EDX point analysis 

the amount of Cr in the densified layer is 3-5 wt.%, while the average amount in the porous portion of 

the coating is  1wt.%. There was no measurable differences in the concentration of Co, Mn and Fe in 

the dense and porous portions of the coating and no difference in composition within the porous part 

of the coating. The Co/Mn fraction in the whole coating (dense and porous part) decreases with 

increasing oxidation time from 1.7 in the as-prepared coating, to 1.4 after 2000 h at 800 °C, and finally 

to1.2 after 5000 h at 800 °C (fractions based on wt.%). The amount of Fe in the coating remaines 

constant (8±1 wt.%). The O900 samples exposed to air-3% H2O for 500 h during Cr evaporation 

measurement had a similar microstructure (not shown). The thickness of the densified region was 

slightly thinner for these samples, while it does not increase significantly from 2000 to 5000 h of 

oxidation in air. The adhesion between the O900 coating and the alloy substrate appears to have 

improved during oxidation as the coating did not detach during mounting in epoxy.  

 

EDX maps of coatings heat treated under reducing atmosphere (R900+O800 and R1100+O800) show 

a reaction layer consisting of Mn, Cr, Co, Fe and O between the thermally grown  oxide scale and 

spinel coatings (Fig. 1h and i). The thickness of this reaction layer is 3-5 m,  with large variation 

along the interface, after both 2000 h and 5000 h of oxidation. The variation in reaction layer thickness 

is generally opposite the variation in oxide scale thickness, i.e. a thinner reaction layer is observed 

where the oxide scale is thicker and vice versa. In areas where there is no distinct reaction layer 

visible, micro-pores can be observed along the oxide scale/coating interface. These features are 

observed for both R900+O800 and R1100+O800 coatings and are most clearly seen in Figure 1h. In 

areas where the reaction layer was thick, EDX linescans indicated a compositional plateau of 30 wt.% 
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O, 25 wt.% Cr, 26 wt.% Co, 12 wt.% Mn, and 7 wt.% Fe. Thus, the reaction layer of coatings heat 

treated under reducing atmosphere (R900+O800 and R1100+O800) contains significantly larger 

amounts of Cr (up to 25 wt.%) than the densified layer of the O900 coating (up to 5 wt.% Cr). The  

average Cr content in the coating above the reaction layer, analyzed 7 µm away from the oxide 

scale/coating interface, is below 1 wt.%.  

 

The thermally grown oxide scale thickness varies along the interface for all samples, but is most 

uniform for the R900 samples. The average thickness is summarized in Table 5 and was determined 

by measuring every 2 m along the cross section of at least five different, representative SEM images 

at the same magnification as shown in Figure 1. The thickness of the scale under the O900 coating 

increases at a higher rate than the scale under the R900+O800 coating. The scale thickness under the 

R1100+O800 coating does not change significantly during oxidation. Figures 1f) and i) show that the 

scale is more porous after oxidation than it is directly after sintering (Fig. 1c). Metallic inclusions in 

the scale are still visible, but in lower quantities.  

 

In all of the samples, oxides rich in Mn and Cr were detected at the scale/alloy interface (see EDX 

maps in Figure 1). Internal oxides rich in Ti were detected further below the alloy surface, and are 

visible on the SEM backscatter electron images as darker particles in the brighter alloy matrix. No 

cracking or spallation of the coating or thermally grown oxide scale was observed for any of the 

samples after oxidation.   
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Table 5. Average thermally grown oxide scale thickness measured on SEM micrographs of 

MnCo1.7Fe0.3O4 coated Crofer 22 APU after 2000 h and 5000 h oxidation at 800 °C in air. 

Sample 

Oxide scale thickness [m] 

2000 h 5000 h 

O900 0.8±0.3 1.3±0.4 

R900+O800 0.8±0.4 1.1±0.6 

R1100+O800 1.7±0.7 1.5±0.5 

 

 

 

4. Discussion 

4.1 Oxidation kinetics  

Mass gain during oxidation is a measure of oxygen pick up from the atmosphere, leading to growth of 

oxide scales and/or internal oxidation. Parabolic mass gain with time, as exhibited by all of the tested 

samples (Fig. 3), is typically interpreted as oxide scale growth controlled by solid state diffusion 

through the scale [39]. As the oxide scale grows thicker with time, the diffusion path for the migrating 

species becomes longer and the mass gain slows down. Figure 3 shows that the R1100+O800 sample 

has the lowest mass gain during oxidation in air at 800 °C. However, this figure does not take into 

account the difference in oxide scale thickness among the coated samples after sintering. Because of 

the higher temperature and longer duration of the sintering heat treatment, the oxide scale on the 

R1100+O800 sample is three times thicker than the oxide scale on the R900+O800 sample (compare 

Fig. 1b and c).  

 

To account for differences in starting oxide scale thickness, the mass change results are recalculated 

by adding the mass gain during sintering to the mass gain measured at 800 °C. The mass gain of 
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uncoated Crofer 22 APU (Table 2) was used as an estimate for the mass gain during sintering heat 

treatment, as it was difficult to determine this accurately for the coated samples. Thus, it is assumed 

that the coating does not provide any significant protection during sintering. This was found to be a 

fair assumption when comparing the oxide scale thickness of uncoated and coated Crofer 22 APU 

after the same heat treatment. In addition to calculating the total mass gain, we adjust for the 

“equivalent age” of the samples after the sintering heat treatment. The equivalent age is here defined 

as the time uncoated Crofer 22 APU is oxidized at 800 °C before the mass gain of the sintering heat 

treatment is reached. For example, to achieve the same mass gain as during the R1100+O800 heat 

treatment (0.56 mg cm-2), uncoated Crofer 22 APU was oxidized for approximately 1650 h at 800 °C 

in air (see Fig. 3a). Thus, the equivalent age of the R1100+O800 sample after sintering is 1650 h.  

 

The results of the recalculation are shown in Figure 5. The total mass gain of the R1100+O800 sample 

is 10 % higher than the total mass gain of the O900 sample after 5000 h at 800 °C. This corresponds 

well with the difference in oxide scale thickness measured on SEM cross sections (Table 5). 

Nevertheless, the R1100+O800 sample a lower rate of oxidation than the O900 sample. 

Consequentially, the total mass gain of R1100+O800 should become lower than the total mass gain of 

O900 after a certain period of time. To estimate when this will occur, the mass gain beyond 5000 h 

was calculated using the parabolic rate constants in Table 4. The results are plotted as lines in Figure 5 

and indicate that the same total mass gain should be reached after approximately 15 000 h at 800 °C in 

air. Hence, the first 15 000 h the interconnect alloy will be less degraded (as expressed by total mass 

gain) with the O900 coating, whereas after this point, the alloy with the R1100+O800 coating will be 

less degraded. Considering the target lifetime of SOFCs usually is > 40 000 h, this extrapolation 

analysis points to that the denser coating will provide a small benefit on the long term oxidation 

resistance. The oxidation rate is reduced enough to make up for the more severe initial oxidation of the 

alloy that occurs at the high temperature needed to sinter the coating. However, in the long run, the 

difference in mass gain due to different coating densities is minor compared to the large reduction in 

mass gain of Crofer 22 APU provided by the MnCo1.7Fe0.3O4 spinel coating in any form.   
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The initial porosity of the O900 and R900+O800 coatings is above the 30 % proposed as minimum for 

physical gas permeability in similar systems [40,41]. Consequently, none of them initially provide a 

proper physical barrier against the oxidizing gas. However, with time the coatings densified in a 

2-4 µm thick region above the thermally grown oxide scale. This densified layer is believed to be 

responsible for the improved oxidation resistance by reducing the oxygen partial pressure at the oxide 

scale/coating interface, thereby decreasing the driving force for oxidation [42]. The lower oxidation 

rate with the denser R1100+O900 coating can be attributed to the presence of a dense MnCo1.7Fe0.3O4 

layer above the densified reaction layer. A contributing factor to the lower oxidation rate could be that 

the high temperature heat treatment used to sinter the coating has modified the properties of the 

thermally grown oxide scale and thereby affected the oxidation kinetics. It is know that diffusion in 

Cr2O3 can vary with grain size and presence of minor impurities [43,44]. There is however limited 

information available on how pre-oxidation of Crofer 22 APU at different temperatures and in 

different atmospheres affects subsequent oxidation behavior in air [45,46]. This will be further 

investigated in a future study. 

 

It is important to note that the above analysis is based on oxidation in air at 800 °C. It is known that 

the oxidation rate of ferritic stainless steels decreases 10-30 times by a 100 °C reduction in the 

oxidation temperature [12,47,48]. Thus, if the SOFC operating temperature is decreased below 800 °C, 

the R1100+O800 sintering heat treatment will lead to an overall larger degradation of the ferritic 

stainless steel interconnect also in the long run. On the other hand, decreasing the temperature could 

result in less densification of the initially highly porous coatings. Without this densified layer, the 

coating is not expected to improve the oxidation resistance.  
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Figure 5. Mass change of uncoated and MnCo1.7Fe0.3O4 coated Crofer 22 APU at 800 °C in air 

recalculated to include mass change and “equivalent age” of samples after sintering heat treatment. 

Lines show an extrapolation of the mass change based on the parabolic rate constants. 

 

 

 

4.2 Cr evaporation 

The denser MnCo1.7Fe0.3O4 coating (R1100+O800) reduced the Cr evaporation rate of Crofer 22 APU 

by a factor of 37 (Fig. 3b), which is in line with what has previously been reported for (Mn,Co)3O4 

coatings [13,21,49]. The Cr evaporation rate with the R1100+O800 coating is nearly a factor of 10 

larger than reported for Co coated Crofer 22 APU in air with 1.88 % H2O at 800 °C [50]. Some of this 

difference is likely due to the differences in measurement technique, flow rate and humidity content, 

making it difficult to conclude on which coating is more effective. It should also be mentioned that 

approximately 1 % of the surface area of the tested samples was without coating due to coverage by 

the electrode clip during EPD. Assuming this area has the same Cr evaporation rate as uncoated Crofer 
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22 APU, it could make up to 45 % of the measured Cr evaporation for the R1100+O800 samples. 

Differences in the exact size of this area vary slightly from sample to sample, which can account for 

the measurement scatter.  

 

Nevertheless, since EDX analysis after oxidation showed up to 1 wt.% Cr in the bulk of the coating, 

some of the collected Cr must have diffused through the coating. Other longer term studies at 800 °C 

have also reported up to 1 wt.% incorporation of Cr in the (Mn,Co)3O4 spinel coating close to the air 

interface [15,51]. Thus, although the MnCo1.7Fe0.3O4 coating obviously is highly effective in reducing 

Cr volatilization, it does not completely block Cr outward diffusion. 

 

While the denser coating (R1100+O800) provided a better protection against Cr volatilization, even 

the highly porous coating (O900) reduced the Cr evaporation rate of Crofer 22 APU by a factor of 10. 

The decreasing Cr evaporation rate over time, and the observation that a dense layer gradually forms 

between the chromia scale and otherwise porous coating over 500 h of exposure, indicates that the 

protective action is due to this thin densified layer. Outward diffusing Cr from the alloy reacts with the 

MnCo1.7Fe0.3O4 spinel coating, thus reducing the amount of Cr released to the atmosphere. It has been 

shown that Cr diffusion through a (Mn,Co,Fe,Cr)3O4 reaction layer is slower than diffusion through 

the (Mn,Cr)3O4 spinel that typically forms on the outer surface of Crofer 22 APU [52]. The even lower 

Cr evaporation rate with a dense coating can be attributed to the presence of the denser MnCo1.7Fe0.3O4 

layer above a Cr containing reaction layer, acting as further barrier against Cr outward diffusion.   

 

Kurokawa et al. [13] has previously reported that a highly porous MnCo2O4 coating can reduce Cr 

vaporization. In their study a highly dense coating was ten times more effective while we found the 

difference to be only a factor of three. It should be mentioned that the measurements of Kurokawa 

were performed with a higher content of H2O in the gas (10 %), which is known to increase the rate of 

Cr vaporization [53,54]. Nevertheless, since the Cr evaporation rates reported for the bare alloy 

(9.8×10-10 kg m-2s-1) and with a highly dense spinel coating (2.3×10-11 kg m-2s-1) are comparable to 
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those measured in the current work, it is interesting to compare the results for the more porous 

coatings as well. The Cr evaporation rate we measured for the porous coated sample (O900) after 47 h 

of exposure is three times lower than that reported by Kurokawa et al. after 72 h at the same 

temperature. Kurokawa et al. used the same sintering heat treatment for all samples, the difference in 

coating density was attributed to different particle size distributions in the spinel powders used to 

fabricate the coatings. Powder prepared by co-precipitation and calcined at 800 °C had a finer particle 

size (ca. 0.3 µm) and thus better sinterability than powder prepared by GNP and calcined at 1100 °C 

(particle size 0.3-3 µm). No dense layer between the coating and chromia scale is visible in their SEM 

micrographs of the porous coating after exposure, which strengthens the hypothesis that the formation 

of a dense layer between the thermally grown oxide scale and otherwise porous coating is critical for 

the coatings protective abilities.   

 

 

4.3 Microstructural development  

The MnCo1.7Fe0.3O4 coating density increased by more than 25 % after heat-treating in N2-H2 at 

900 °C compared to when heat-treating in air at the same temperature. This is in accordance with 

previous studies, where improved densification in reducing atmosphere was attributed to a reaction-

sintering type mechanism [22,29]. The bright particles observed in the thermally grown oxide scale are 

metallic inclusions, caused by stress build-up due to internal oxidation [55]. For Crofer 22 APU, 

internal oxidation of Ti and (Mn,Cr)3O4 formation at the scale/alloy interface are likely origins of the 

stress build-up [30,56]. Although manganese chromium oxide usually is reported to form above the 

chromia scale during oxidation of Crofer 22 APU and similar alloys, the MnCr2O4 composition has 

previously been observed at the alloy/scale interface [51,56]. Thermodynamically, MnCr2O4 is stable 

down to lower oxygen partial pressures than Cr2O3, i.e. MnCr2O4 is the more stable oxide at the 

alloy/scale interface [57,58]. The reason why (Mn,Cr)3O4 also forms at the scale/atmosphere interface 

has been attributed to the high oxygen affinity of Mn2+ and the greater diffusivity of Mn2+ compared to 

Cr3+ in thermally grown chromia [59,60].    
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The initially highly porous O900 and R900+O800 coatings densified with time in vicinity of the 

thermally grown oxide scale. It is improbable that continued normal sintering is responsible for this 

densification, as the temperature during aging is low (800 °C) and densification is restricted to a 

narrow region above the scale. Molin et al. [18] observed similarly that an initially highly porous 

MnCo2O4 coating densified near the thermally grown oxide interface after 5000 h aging at 750 °C. The 

porous coatings were in Molin’s case [18] impregnated with Mn and Co nitrates and the nano-particles 

formed on heating likely facilitated the densification. Here, where oxidation is carried out at a slightly 

higher temperature of 800 °C, a similar densification at the interface between the thermally grown 

oxide scale and the coating is observed without an impregnation pre-treatment.  

 

Given that the densified layer of the R900+O800 coating contained up to 25 wt.% of Cr,  densification 

can be attributed to the volume expansion associated with incorporation of Cr from the alloy/oxide 

scale into the coating. The same explanation cannot not apply for densification of the O900 coating, 

since in this case the densified region contained less than 5 wt.% Cr. The Mn content in the O900 

coating had increased after oxidation compared to in the as-prepared state, which can only be due to 

diffusion of Mn from the alloy. Although there were no detectable differences in the Co/Mn ratio 

between the dense and porous parts of the coating, it is possible that the local densification of the 

O900 coating in part is due to reaction with outward diffusing Mn. Higher resolution microscopy will 

be necessary to investigate this mechanism further.  

 

The large difference in Cr concentration in the densified regions of the R900+O800 and O900 coatings 

may be explained on basis of the compositional changes taking place during the two sintering heat 

treatments. The microstructural development of the coatings from deposition to long term aging at 800 

°C in air is summarized schematically in Figure 6. Gambino et al. [30] showed that during heat 

treatment of Mn1.5Co1.5O4 coated Crofer 22 APU in N2-H2 at 900 °C, the Mn1.5Co1.5O4 coating is 

reduced to MnO and Co, as expected from the phase diagram for this system [61]. Simultaneously, a 
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ca. 3 µm thick Cr2O3 + (Mn,Cr)3O4 scale forms at the coating/alloy interface  [30]. After a re-oxidation 

heat treatment, a reaction layer comprising Mn, Cr, Co and Fe is detected between the oxide scale and 

the re-oxidized coating [51]. The oxide scale now consists of primarily Cr2O3. Thus, during re-

oxidation, Mn in (Mn,Cr)3O4 is partially replaced by Co and Fe to form a Cr-rich reaction layer.  

 

Based on results in the current study, it is argued that the formation of (Mn,Cr)3O4 is a prerequisite for 

the formation of the Cr-rich reaction layer. Gambino et al. [30] proposed that Cr2O3 is formed first on 

Crofer 22 APU and that the (Mn,Cr)3O4 spinel grows with time due to outward diffusion of Mn from 

the alloy. We suggest that a contributing factor to the growth of (Mn,Cr)3O4 during the reduction heat 

treatment step is reaction between thermally grown Cr2O3 on the alloy and MnO from the reduced 

coating. This reaction would allow for the formation of a thicker spinel layer due to the more 

accessible source of Mn. The low amount of Cr in the densified layer of the O900 coating is thus due 

to limited growth of (Mn,Cr)3O4. Since this coating is not reduced to MnO and Co, (Mn,Cr)3O4 can 

only form by diffusion of Mn from the alloy. In contrast, the reaction layer of the R900+O800 coated 

sample contains more Cr due to the initial formation of a thicker (Mn,Cr)3O4 layer, which reacts with 

Co and Fe from the coating during re-oxidation.  
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Figure 6. Schematic illustration of the microstructural development during sintering heat treatment 

and oxidation aging of spinel coated Crofer 22 APU. Iron in the coating has been omitted for 

simplicity. The thermally grown oxide scale consists of Cr, O and Mn.  

 

 

 

4.4 Implications for long-term performance as protective coatings  

One way of evaluating the lifetime of interconnect alloys is based on the time it takes to decrease the 

concentration of Cr in the alloy beneath a critical level where break-away oxidation may occur. This 

can be used as a criterion for determining whether the spinel coating is protective enough. For ferritic 

stainless steels such as Crofer 22 APU, the critical Cr concentration before break-away has been 

determined to be approximately 16 wt.% [10]. Quadakkers et al. [62] derived an expression for the 

time to break-away for alumina forming steel, which Huczkowski et al. [10] later showed was 
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applicable for chromia forming alloys. For a rectangular sheet of infinite width and breadth, it can be 

shown that the time to break-away is given by:  

 

 

 

where C0 and CB are the initial and final Cr-concentrations in the alloy, alloy is the density of the alloy, 

d is the alloy thickness, wpre is the initial mass gain during sintering of the coating and kP is the 

parabolic rate constant. In the following, it is assumed that all of the measured mass gain is due to 

oxidation of Cr to Cr2O3, that oxide spallation does not occur and that kP is independent of the 

component thickness. For oxidation of uncoated Crofer 22 APU at 800 °C the last assumption has 

been found to be valid as long as the thickness is between 0.3 and 2 mm; below this the parabolic rate 

constant increases with decreasing alloy thickness [10]. 

 

Figure 7 shows the time to break-away with the different coatings as a function of alloy thickness. The 

calculations indicate that based on a Cr depletion criterion, a plate of Crofer 22 APU with the most 

porous spinel coating (O900) only needs to be > 0.15 mm thick to withstand 40 000 h at 800 °C. 

Without any coating, the required thickness nearly doubles. This is without taking evaporation of the 

scale into account. Sachitanand et al. [11] has shown that the time for break-away of 0.2 mm thick 

Sandvik HT at 850 °C decreases by a factor of two when exposed to high flow rate conditions, 

compared to when Cr evaporation is suppressed. Although Cr evaporation will decrease the lifetime of 

the porous coated samples as well, the influence will be considerably smaller due to the 10 times lower 

Cr evaporation rate compared to uncoated Crofer 22 APU. 
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Figure 7. Time to break-away oxidation as a function of component thickness for uncoated and spinel 

coated Crofer 22 APU calculated based on measured oxidation rate at 800 °C in air. The black 

horizontal line marks 40 000 h. 

 

Based on the oxidation behavior and from a Cr-depletion perspective alone it can be concluded that 

even an initially highly porous MnCo1.7Fe0.3O4 coating, which results from heat treatment in air at 

900 °C, will provide sufficient protection of an interconnect alloy like Crofer 22 APU to meet SOFC 

lifetime requirements. The predicted mass gain difference between the dense and porous coating is 

less than 10 % after 40 000 h (Fig. 5), which is not expected to result in a significant difference in 

ASR as this is mainly a function of the oxide scale thickness and conductivity [4]. In terms of thermo-

mechanical properties, porous coatings could prove to be superior to dense by providing some strain 

tolerance, if sufficient adherence between coating and steel is ensured over the first few hundred hours 

of stack use [29,63]. Also, the ease with which a good electrical contact between the electrode and the 

coated interconnect can be established will differ between the porous and dense coating. 

 

The main uncertainty with the use of porous coatings is whether the higher rate of Cr evaporation will 

lead to unacceptably high degradation of the SOFC cathode. Stanislowski et al. [50] estimated that for 
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every 3.96 µg cm-2 of Cr released from the interconnect, the cell voltage of a typical SOFC stack with 

a LaxSryMnO3 (LSM) cathode operated at Research Center Juelich would degrade by 1 %. From the 

measured Cr-vaporization rates in the current study, this corresponds to a cell voltage degradation rate 

of 43 %/1000 h for uncoated Crofer 22 APU, 4.7 %/1000 h with the coating sintered in air (O900) and 

1.7 %/1000 h with the coating sintered by the two-step procedure (R1100+O800). The estimated 

degradation rates indicate that not even the highly dense coating is protective enough. More recent 

SOFC stack tests at Juelich show a cell voltage degradation rate of only 0.5 %/1000 h with Crofer 22 

APU coated with MnCo1.9Fe0.1O4 by atmospheric plasma spraying (stack operated with 

La0.65Sr0.3MnO3 cathode and La(Mn,Cu,Co)O3 contact at 800 °C, 0.5 A cm-2, 39.8 % fuel utilization) 

[14,64]. Degradation by Cr poisoning is a complex issue, which depends among other factors on the 

cathode material, operating temperature, and current density [65]. It has been questioned whether a 

direct correlation exist between the cell degradation rate and the amount of Cr deposited [66]. Thus, 

the question about whether the here applied highly porous coating provides sufficient reduction of Cr 

evaporation for operation in current state-of-the-art stacks remains to be resolved.  

 

 

 

5. Conclusion 

 

The effect of MnCo1.7Fe0.3O4 coating density on the oxidation kinetics and Cr evaporation rate of 

Crofer 22 APU was assessed. Denser coatings were achieved with a two-step reduction and re-

oxidation heat treatment, compared to heat treating in air only. However, the initially highly porous air 

sintered coatings densified with time during aging at 800 °C in air.  

 

The initial coating density did not have major influence on the long-term oxidation behavior in air at 

800 °C. If the lifetime is assessed on a Cr-depletion criterion alone, it was shown that even an air 
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sintered MnCo1.7Fe0.3O4 spinel coating provides sufficient protection of Crofer 22 APU to survive 40 

000 h service at 800 °C when the interconnect thickness is above 0.15 mm. The potentially largest 

drawback with a porous, air-treated coating is the higher Cr evaporation rate. Although the Cr 

evaporation rate was reduced 10 times relative to uncoated Crofer 22 APU, it was still 3-4 times 

higher than what was measured for the dense coating. The protective action of this initially highly 

porous coating was attributed to partial densification of the coating in vicinity of the thermally grown 

oxide scale.  
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