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Abstract 
Fe-doped Mn1,5Co1,5O4 coatings on Crofer22APU were processed by an 
electrophoretic co-deposition method and the corrosion resistance was tested at 
750°C up to 2000 hours. 
The “in-situ” Fe-doping of the manganese cobalt spinel was achieved by 
electrophoretic co-deposition of Mn1,5Co1,5O4 and Fe2O3 powders followed by a two-
step reactive sintering treatment. The effects on the coating properties of two 
different Fe-doping levels (5 and 10 wt.% respectively) and two different 
temperatures of the reducing treatment (900 and 1000°C) are discussed. Samples 
with Fe-doped coatings demonstrated a lower parabolic oxidation rate and thinner 
oxide scale in comparison with both the undoped Mn1,5Co1,5O4 spinel coating and 
bare Crofer 22 APU. The best corrosion protection was achieved with the combined 
effect of Fe-doping and a higher temperature of the reducing step at 1000°C. 
 
Keywords: Electrophoretic deposition; Ceramic coating; Solid oxide cell 
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1. Introduction  
Solid Oxide Fuel Cells (SOFCs) are energy conversion devices that produce 
electricity through electrochemical reactions between a fuel and an oxidant. They are 
considered a promising technology towards the development of low-emission energy 
production methods [1,2]. To produce a usable power output, several cells can be 
stacked together and connected by interconnects. The interconnects provide an 
electrical connection between the cells and act as a physical barrier to prevent direct 
combination of the fuel and the oxidant [3]. SOFCs working temperatures lay in the 
range 500-850 °C [4]. 
 
Previous studies have established chromia-forming ferritic stainless steels (FSSs) as 
the most suitable interconnect material for SOFC stacks, due to their high electrical 
conductivity, gas tightness, thermo-mechanical stability and thermal expansion 
coefficient (TEC) match (11-12.5 × 10-6 K-1 [5]) with the other SOFC materials (ca. 
10.5-12.5 × 10-6 K-1 [6]). FSSs also offer a better mechanical strength, easier 
manufacturing and cost effectiveness compared to the previously used ceramic 
interconnect materials [7–9]. Different heat-resistant FSSs have been developed 
specially for SOFC applications, among which, Crofer 22 APU (ThyssenKrupp VDM) 
is the most widely used [10]. A high Cr content (22-24%) in the alloy ensures the 
formation of a continuous and well adherent Cr2O3 scale, which provides good 
resistance against high-temperature corrosion [11,12]. 
 
However, degradation of the FSSs interconnect under the stacks operating 
conditions is still a major issue for the durability of SOFC stacks. Long term service 
leads to excessive thickening of the chromia scale, which results in Cr depletion from 
the steel, lowering its corrosion resistance [13], as well as a decline of the electrical 
performance [14]. Even if the thermally-grown Cr2O3 scale behaves as a 
semiconductor, its conductivity (0.6–16 × 10-2 Scm-1 at 800 °C [15]) is much lower 
than that of the steel (around 90 × 102 Scm-1 [10]). In addition, the Cr2O3 can react 
with oxygen and H2O in the oxidizing atmosphere to form volatile Cr6+-compounds 
(such as CrO3 and CrO2(OH)2), which migrate to the cathode/electrolyte interface 
and degrade the electrochemical performances of the cell (so-called cathode 
poisoning) [16,17]. 
 
Applying a protective coating on the steel has been established as a promising 
approach to extend the interconnect life and mitigate cathode poisoning [18–20].  
Among the different coating materials investigated [21–23], the (Mn,Co)3O4  spinel 
family has been shown to be particularly promising. The (Mn,Co)3O4  spinels have a 
satisfactory electrical conductivity, TEC match with other SOFC materials and good 
adhesion to the steel [24–28]. Moreover, it has been demonstrated that (Mn,Co)3O4 
coatings reduce both chromium outward diffusion and the steel corrosion rate [29–
35]. Among the different compositions that may be expressed by the generic formula 
(Mn,Co)3O4, the greatest attention is given to MnCo2O4 and Mn1.5Co1.5O4 (which at 
room temperature exhibits a dual-phase microstructure of the cubic MnCo2O4 and 

tetragonal Mn2CoO4). 
 
The spinel coatings have been deposited by various techniques such as: slurry and 
spray deposition [24,29–31], screen printing [34,35], physical vapour deposition [36], 
thermal spray and thermal oxidation [37,38] and plasma spray [39]. Among the 
deposition methods, electrophoretic deposition (EPD) has gained great interest, 
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thanks to its simple and adaptable set-up, versatility for materials employed and 
coatings morphology, cost-effectiveness, low-energy demand, as well as the 
suitability for industrial applications [40]. EPD of cobalt-manganese spinel coatings 
has already demonstrated promising results in terms of green density, adhesion and 
protective effect on the steel substrate [25,41–43]. Molin et al. [33] tested (Mn,Co)3O4 
spinel coatings obtained by sputtering, thermal co-evaporation and EPD under SOFC 
relevant conditions for 5000 h and concluded that the EPD coating was the most 
satisfactory in terms of low Area Specific Resistance (ASR). 
 
When EPD or other slurry-based methods are used, a subsequent heat-treatment is 
generally required to sinter the deposited powders and form a dense and continuous 
layer on the steel. The coating density has been shown to have a strong influence on 
the steel corrosion rate and chromium volatilization [34,44]. In this regard, the 
advantages of a two-step sintering procedure, which is made up of a heat treatment 
in reducing atmosphere followed by a heat treatment in an oxidizing atmosphere, 
have already been reported [42,45]. For example Bobruk et al. [41] showed that 
reduction at 1000°C in H2/Ar and re-oxidation at 900 °C in air (both for 2 h) was the 
optimal sintering procedure for a MnCo2O4 coating deposited by EPD. The added 
cost of the reducing step is justified by the better protective performance of the 
coatings [46]. 
 
Currently, many  studies are focusing on the possibility to improve the (Mn,Co)3O4 

spinel further by transition metal doping, in particularly with Fe or/and Cu  [44,47–55]. 
Since the coating properties are strongly affected by the preparation procedure, there 
is considerable scatter in the literature results. Nevertheless, there is evidence that 
Fe-doping reduces the TEC of (Mn,Co)3O4, thus improving the thermo-mechanical 
compatibility with the substrate. For example, Talic et al. [49] found that the TEC  
decreased with Fe-doping from 14.4 × 10-6 K-1 for MnCo2O4 to 11.0 × 10-6 K-1 for 
MnCo1.5Fe0.5O4. In terms of oxidation resistance, it is not clear whether Fe-doping 
has a beneficial effect. Talic et al. [44,48] reported that the ASR and oxidation 
kinetics of MnCo1.7Fe0.3O4 were similar to those of MnCo2O4, while Bednarz et al. 
[55] concluded that Fe-modified coatings exhibit an improved high-temperature 
oxidation resistance in comparison with the Mn1.5Co1.5O4 coating. 
 
Up to now, Fe-doped manganese-cobaltite spinel has been synthetized before 
coating deposition, following what can be called an “ex-situ” procedure, requiring 
time-consuming, energy demanding and sequential processes such as: spray 
pyrolysis [44,48,49], high energy ball milling [50], solid state synthesis [54], and sol-
gel processes [52,55]. A novel prospective offered by the EPD technique is the 
possibility to achieve doped Mn-Co spinel coatings by a single-step co-deposition of 
different oxides. This “in-situ” approach allows to reduce the processing time and 
cost. Optimization of the sintering technique is even more relevant when different 
oxides are co-deposited since they need to react between each other and reach a 
homogenous microstructure. Recently, Molin et al. [56] investigated the effectiveness 
of the EPD method to obtain “in-situ” Cu-doped manganese-cobalt spinel by co-
depositing Mn1,5Co1,5O4 and CuO in a single-step and subjecting the coating to a two-
step reactive sintering treatment (2h in Ar-4%/H2 at 900°C and 2h in air at 900°C). 
The Cu-doped coatings demonstrated satisfactory results in terms of composition, 
ASR and corrosion resistance. 
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In the present work the possibility of using the EPD technique to co-deposit 
Mn1,5Co1,5O4 spinel and Fe2O3 powders on Crofer 22 APU is investigated. The 
achievement of the Fe-doping of the spinel by a two-step reactive sintering is 
assessed as well. The protective performance of the in-situ-Fe-modified coatings is 
evaluated and compared against a pristine Mn1,5Co1,5O4 coating and the bare Crofer 
22 APU steel through a study of the oxidation kinetics at 750 °C up to 2000 h. The 
effects on the coating properties of two different Fe-doping levels and two different 
temperatures of the reducing treatment are discussed.

2. Experimental 
Crofer 22 APU (Cr=23 wt.%, Mn=0.45 wt.%, La= 0.1 wt.%, Ti=0.06 wt.%, Si and Al 
<0.05 wt.%, Fe=Bal.) provided by Thyssen Krupp was chosen as substrate for the 
deposition. Coupons with the size of 20 × 20 mm2 were cut from a 0.3 mm thick steel 
plate and a Ø3 mm hole was punched in one of the corners, to allow for hanging in 
the furnace during the oxidation test. Before deposition the coupons were cleaned in 
acetone and ethanol for 10 min each. Commercially available Mn1.5Co1.5O4 (MCO) 
spinel powder from Fuelcellmaterials and Fe2O3 powder from Fluka were used for the 
co-deposition. 
 
The EPD suspensions were prepared using a solution containing 60 vol.% of ethanol 
and 40 vol.% of deionized water as dispersant medium; the powders were added to 
reach a total solid loading of 37.5 gL-1.  This formulation is based on suspensions 
previously optimized and tested for both MCO deposition [25,33] and MCO/CuO co-
deposition [56]. Three different suspensions were prepared, containing 0 wt.%, 5 
wt.% and 10 wt.% of Fe2O3, in the following labelled MCO, 5FeMCO and 10FeMCO, 
respectively. Before deposition, each suspension was sonicated for 10 s in an 
ultrasonic bath and mixed for 10 s with a magnetic stirrer, both for 3 times in a row. 
While not in use, the suspensions were kept on the magnetic stirrer. 
 
The deposition was carried out using a three-electrode configuration: it consisted of 
two steel counter-electrodes fixed at 1 cm from the sample, which was placed in the 
middle in order to coat both surfaces. A constant voltage of 50 V was applied for 20 
s. 
 
Dynamic light scattering (DLS) was used to determine the size distributions and Z 
potential of MCO and Fe2O3 powders in 60EtOH/40H2O solution by a Malvern 
Zetasizer Nano Series instrument. Due to limitations of the technique [57], 
measurements were performed for MCO and Fe2O3 separately and on diluted 
suspensions: concentration was fixed at 37.5 × 10-3 gL-1 (0.001 of that used for 
depositions). Suspensions were sonicated for 20 min and let stabilize for 20 min 
without any stirring, before being inserted in the instrument cuvette.   Measurements 
were repeated six time in order to average the results; the equilibration time of the 
instrument electrodes was chosen to be 120 s. The pH value of the 60EtOH/40H2O 
solution lays in the neutral range (pH=7.5); no other pH variations were considered. 
 
After drying at room temperature, the coated coupons were sintered by a two-step 
procedure. The first heat treatment in reducing atmosphere (Ar/H2 4%) was 
performed at 900°C for 2h. It was followed by the second sintering step in oxidizing 
atmosphere (static air) at 900 °C for 2 h. An additional set with 10FeMCO coating 
was prepared changing the temperature of the first treatment to 1000°C (in the 
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following labelled 10FeMCO_R1000) and keeping unchanged all the other sintering 
parameters. For each sample variant (amount of Fe and reducing temperature) 5 
samples were prepared and tested. Samples labels and main features are 
summarized in Table 1. The theoretical compositions of the coatings have been 
calculated assuming that the MCO and Fe2O3 powders homogeneously deposit and 
react fully to form the spinel structure during sintering. 
 
The oxidation kinetics of the coated steel and bare Crofer 22 APU was evaluated by 
thermo-gravimetric test, exposing 4 samples for each kind in static air at 750°C in a 
chamber furnace for a total time of 2000 h. The furnace was cooled every 250 h 
(cooling rate: 120 °C/h) and the sample weighted (XS205 Mettler Toledo scale, 10-5 g 
accuracy) to evaluate the mass gain after every thermal cycle. The measured mass 
gain reflects the oxygen uptake due to oxide scale formation and growth, assuming 
no other processes that could cause a change in weight (i.e. evaporation, spallation) 
occur [58]. After 1000 h and 2000 h of aging one coupon of each type was taken out 
of the furnace for characterization. 
 
The crystal structure of the coatings was studied by X-Ray diffraction (XRD) using a 
Bruker D8 instrument with Cu-Kα radiation; the patterns were recorded at room 
temperature on rotating samples in a 2θ configuration from 10° to 70°. XRD patterns 
for coatings after the reducing step were collected in grazing incidence angle mode 
using a PanAlytical X’Pert Pro PW 3040/60 Philips diffractometer with Cu-Kα 
radiation from 10°-70°. All the coupons were subsequently embedded in epoxy resin 
(Struers, Denmark) and polished to reveal the cross section. Morphological and 
compositional characterization of the cross sections was carried out by a scanning 
electron microscope (SEM, Zeiss Merlin) equipped with an energy dispersive X-Ray 
analyser (EDX, Bruker). The coatings porosity was evaluated by a graphical method 
using the IMAGEJ software [59]. Three SEM images of the same magnification from 
different regions of each sample were analysed to calculate a mean porosity value. 
EDX analysis was used to evaluate the thickness of the thermally grown oxide scale; 
at least three representative EDX line-scans from different areas of each sample 
were considered.  
 
Table 1: Samples nomenclature, EPD suspension compositions, sintering procedures and theoretical coatings 
compositions. 

Sample name 
EPD  
suspension 

Two-step  
sintering 

Coating 
theoretical 
composition 

MCO 
100wt.% 
Mn1.5Co1.5O4 

900°C, 2h, 
Ar/H2 

900°C, 2h, air 
Mn1,5Co1,5O4 

5FeMCO 
95wt.% 
Mn1.5Co1.5O4 

5wt.% Fe2O3 

900°C, 2h, 
Ar/H2 

900°C, 2h, air 
Mn1,43Co1,43Fe0,14O4 

10FeMCO 
90wt.% 
Mn1.5Co1.5O4 

10wt.% Fe2O3 

900°C, 2h, 
Ar/H2 

900°C, 2h, air 
Mn1,35Co1,35Fe0,30O4 

10FeMCO_R1000 
90wt.% 
Mn1.5Co1.5O4 

10wt.% Fe2O3 

1000°C, 2h, 
Ar/H2 

900°C, 2h, air 
Mn1,35Co1,35Fe0,30O4 
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3. Results and discussion 
3.1. Study of the co-deposition process 

Although the theoretical discussion of the EPD process is not the purpose of the 
present study, a series of experiments was carried out to characterize the 
suspensions used for the co-depositions, aiming at obtaining understanding about the 
correlation between suspension characteristics and coating properties. 
 
Figure 1 reports FE-SEM images of MCO (a) and Fe2O3 (b) used for the EPD co-
depositions. The Mn1.5Co1.5O4 powder shows fragments with irregular shape and 
broad size distribution (ranging from 150 to 750 nm, d50=634 nm). Iron oxide is 
composed of rounded particles with a diameter of 50 to 90 nm (d50=75 nm), thus 
considerably smaller than those of MCO. 
 
Zeta potential results obtained by DLS analysis of the two studied suspensions (37.5 
10-3 gL-1 in 60EtOh/40H2O, pH=7.5) resulted to be +12.7 mV for MCO and -9.9 mV for 
Fe2O3. 
Most studies in the field of MCO coatings deposited by EPD have mainly focused on 
morphological and electrical characterization of the coated steel substrates, while few 
data deal with the characterization of these powders in the EPD suspensions. For 
example, Smeacetto et. al [25] has reported that manganese-cobalt oxide undergoes 
cathodic deposition (positive surface charge) in the same solution here investigated. 
Moreover, Mikolajczyk et al. [60] has reported that Fe2O3 nanoparticles develop a zeta 
potential equal to -18.1 mV in liquid media (pH=7.5). 
The fact that Fe2O3 particles develop a negative surface charge in ethanol/water 
solution was here verified by depositing on steel coupons a EPD suspension of iron 
oxide (37.5 gL-1, EtOH/H2O 60/40 vol.%); the anodic deposition was obtained by 
applying 70 V for 20s, thus forming a homogeneous layer on the positive electrode. 
 
Considering the powders particle size, their relative concentration and the zeta 
potential data, a co-deposition mechanism is here proposed and reported 
schematically in Figure 1c. The Fe2O3 particles are associated by electrostatic 
interaction with those of MCO, which are generally larger. The deposition resulted 
cathodic due to the electrostatic interactions between opposite surface charges and to 
the greater concentration of MCO particles in the suspensions. A similar co-deposition 
mechanism of particles with opposite surface charge has already been proposed by 
Corni et. al [61].  
These experiments validated the rationale for the choice of the two different iron 
contents in the spinel; 5 and 10 wt.% of Fe2O3 doping precursor amounts were chosen 
in order to maintain a cathodic deposition process and to avoid the risk of reaching the 
maximum solubility of Fe in the pristine Mn1.5Co1.5O4 spinel. 
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Figure 1: FE-SEM images of MCO (a) and Fe2O3 (b) powders used for EPD and schematization of the proposed 
co-deposition mechanism in  the three-electrode set up (c). 

 

3.2. Characterization of the as-prepared coatings 
Figure 2 shows the XRD patterns collected on the coating surfaces after the first heat 
treatment in reducing atmosphere (Ar/H2). For all samples, the deposited Mn1.5Co1.5O4 
spinel was reduced to MnO and metallic Co. The coatings obtained by co-depositing 
the spinel powder and Fe2O3 do not show any residual iron oxide peaks, suggesting 
successful reduction at both 900 and 1000 °C in Ar/H2. The 10FeMCO and 
10FeMCO_R1000 coatings exhibit similar patters after reduction, both having an 
additional peak at around 45°, which may be assigned to the formation of the 
intermetallic compound Co0.7Fe0.3. The same phase was not detected in the 5FeMCO 
pattern, probably due to the smaller Fe addition. A further effect observed in all the Fe-
modified samples is the slight shift of the metallic Co peaks towards lower 2θ  angles 
compared to the Co peaks of the pristine MCO (see excerpt in Figure 2a). 
 

 
Figure 2: X-Ray diffraction patterns of the pristine and Fe-doped coatings after the reducing step. Patterns are 
normalized to the intensity of the highest peak. (a) Excerpt of patterns between 39° and 46°. 

 
SEM images comparing the cross section of the pristine and Fe-doped coatings after 
the reduction heat treatment are provided in Figure 3. Here, the bright particles in the 
coating layer correspond to metallic Co, while the darker contrast particles correspond 
to MnO. In the MCO coating (Figure 3a), the Co particles show a broad size 
distribution (0.1-1 µm), with irregular shapes (both spherical and elongated). From 

Fe2O3

MCO

a)

b)

c)

MCO

Fe2O3

Anode AnodeCrofer 22 APU: 
Cathode

10 20 30 40 50 60 70 40 45

MCO

5FeMCO

10FeMCO

10FeMCO_R1000

(a) (a)

In
te

n
si

ty
 [a

.u
.]

2theta [deg]

Co: 15-806 cubic
MnO: 7-230 cubic
Co0.7Fe0.3: 48-1816 cubic

ACCEPTED M
ANUSCRIP

T



8 
 

Figure 3b, it can be observed that the 5FeMCO coating contains a greater fraction of 
smaller (≈0.1 µm) metallic Co particles that are well distributed in the coating. With a 
higher Fe addition (10FeMCO, Figure 3c) the largest metallic particles become 
coarser (0.2-0.3 µm), but still a high fraction of small (< 0.1 µm) metallic particles can 
be observed. 
 
For the coating reduced at a higher temperature (10FeMCO_R1000, Figure 3d), the 
metallic particles appear even coarser, due to the higher temperature of the heat 
treatment enhancing agglomeration/sintering. However, the coarsening of the metallic 
particles did not affect the homogeneity of the metallic phase in the reduced coating; 
an appreciable fraction of smaller particles (< 0.1 µm) is still present. The heat-
treatment at 1000°C led to a thicker oxide scale (0.4±0.2 µm) than the one at 900°C 
(0.2±0.1 µm). Moreover, it is apparent that the higher temperature enhanced the 
wettability of the metallic particles onto the Cr2O3 layer (Figure 3d). 
 

 
Figure 3: Cross section SEM (backscatter electron mode) images of the coatings after the reduction heat 
treatment. 

 
The XRD patterns of the coating surfaces after the re-oxidizing step of the sintering 
heat treatment are shown in Figure 4. All of the patterns exhibit peaks belonging to 
both the cubic MnCo2O4 and tetragonal Mn2CoO4 spinel phases, thus proving that the 
spinel structure is re-formed after the re-oxidizing step. No Fe2O3 peaks are visible in 
the patterns of any of the Fe-doped coatings. However, comparing the patters of 
MCO, 5FeMCO and 10FeMCO, a gradual shift of the cubic phase peaks towards 
lower 2θ angles with the increasing amount of Fe-doping can be noted. The peak shift 
can be explained by an increased cubic lattice parameter due to the larger ionic radii 
of Fe compared to Co. In addition, the relative intensity of the peaks belonging to the 
tetragonal phase decreases with increasing Fe content, suggesting that Fe-doping 
stabilizes the cubic spinel structure. The same observations were made by authors in 
[49] and [50], where the Fe-doping of MnCo2O4 was achieved through “ex-situ” 
techniques. The results here demonstrate that Fe-doped MCO spinels can be 
achieved by electrophoretic co-deposition of Mn1.5Co1.5O4 and Fe2O3. No differences 

a) MCO b) 5FeMCO c) 10FeMCO d) 10FeMCO_R1000
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are visible between the spectra of 10FeMCO and 10FeMCO_R1000, thus suggesting 
that the higher reducing temperature did not affect the spinel structure. 
 

  
Figure 4: X-Ray diffraction patterns of sintered (reduced and re-oxidized) coatings. Patterns are normalized to the 
intensity of the highest peak. (a) Excerpt of patterns between 33 and 38°. (b) Excerpt between 56 and 64°. 

 
Figure 5 shows SEM cross sectional images of the coatings after the re-oxidizing step. 
The thickness of all the coatings was measured between 11 and 14 µm. All coatings 
appear to be well-adherent to the steel and no cracks were observed at the 
steel/coating interfaces. The porosity of the coatings reduced at 900 °C (reported in 
Figure 5) decreased slightly with increasing Fe-doping, from 27.5 % for MCO to 24.5 
% for 10FeMCO.  However, since these differences are close to the standard 
deviations (respectively: 4.9% for MCO, 5.3% for 5FeMCO and 3.8% for 10FeMCO), it 
cannot be concluded whether Fe-doping actually is promoting the densification (which 
is consistent with previous studies [48,50]). The higher temperature of the reducing 
step had a more pronounced effect on densification, decreasing the porosity of the 
FeMCO_R1000 coating to only 18.0% (with a standard deviation of 3.5%). 
 

 
Figure 5: Cross section SEM (secondary electron) images of the coatings after sintering and the mean porosity 
determined by image analysis. The semi-quantitative EDX results in at. % were collected from the regions marked 
in red. The composition (Comp.) is calculated on the base of cations fractions, assuming the coatings are 
stoichiometric spinel oxides. 

 
The elemental distribution of the coatings was investigated by EDX analysis and the 
average composition of each coating is given in Figure 5. The compositions were 
calculated on the basis of cations fractions, assuming that the coatings are 
stoichiometric spinel oxides, i.e. (A,B)3O4. The Co/Mn ratio is close to 1 for all of the 
coatings, as expected from to the initial spinel powder composition (Mn1.5Co1.5O4). The 
slight Mn enrichment measured for MCO and 5FeMCO could be due to Mn diffusion 
from the alloy. The composition of the Fe-doped coatings is very close to the nominal 
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(reported in Table 1), confirming that the chosen EPD parameters were appropriate to 
ensure an effective and homogeneous co-deposition of the two powders. As reported 
in Figure 5, only trace amounts of Cr (< 0.4 at.%) were detected in the coatings 
(marked areas). Comparing Figure 3 and Figure 5, it is apparent that both the oxide 
and metallic phases of the coating reacted with the chromia scale on the steel surface 
during the oxidizing treatment; the total thickness of the chromia scale and the 
intermediate layer between it and the coating was evaluated by EDX line scans, 
resulting < 1 µm for all the studied cases. 
 

3.3. Oxidation kinetics 
The mass gain of uncoated and spinel coated Crofer 22 APU measured during 
discontinuous oxidation at 750°C for a total time of 2000 h is reported in Figure 6a. 
Each point represents the average of 3 to 4 samples of the same kind. The final mass 
gain after 2000 h of oxidation is summarized in Table 2. The mass gain 
measurements show that the MCO coating reduces the final mass gain in comparison 
with bare Crofer 22 APU and that the Fe-doped coatings further decrease the oxygen 
uptake. There is no apparent effect of increasing the Fe-content from 5FeMCO to 
10FeMCO. The highest reduction in oxygen uptake is achieved by the Fe-doped 
coating reduced at 1000°C during the sintering treatment (10FeMCO_R1000). This 
sample exhibited a final mass gain of 0.14 mg cm-2, corresponding to one third of that 
of the bare steel. 
 

      
Figure 6: (a) Mass gain of coated and bare Crofer 22 APU during cyclic oxidation at 750 °C in air (0-2000 h). Error 
bars are equal to one standard deviation. (b) Parabolic rate plot with linear trend lines (500-2000 h). 

 
Table 2: Mass gain after 2000 h aging at 750 °C, parabolic oxidation rate derived from Figure 6b  

and calculated oxide scale thickness (after 2000 h aging). 

Sample 
Mass gain 
[mg cm-2] 

kp,m 
[g2 cm-4 s-1] 

Oxide scale 
[µm] 

Uncoated Crofer 22 APU 0.41 ± 0.05 26.9 × 10-15 2.5 ± 0.3 
MCO 0.29 ± 0.03 14.5 × 10-15 1.8 ± 0.1 
5FeMCO 0.20 ± 0.02   6.6 × 10-15 1.2 ± 0.1 
10FeMCO 0.20 ± 0.02   6.6 × 10-15 1.2 ± 0.1 
10FeMCO_R1000 0.14 ± 0.03   3.3 × 10-15 0.8 ± 0.2 

 
It is important to note that the mass gain measurements do not reflect the differences 
in oxide scale thickness before the oxidation test at 750 °C. As seen in Figures 3 and 
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5, sintering of the spinel coatings leads to oxide scale formation, which is not included 
in Figure 6a. The bare Crofer 22 APU coupons were tested in the as-received state 
and were thus not pre-oxidized before the oxidation test at 750 °C. Therefore, the 
comparison of the mass gain results alone may be an oversimplification and a better 
comparison of the different samples may be achieved by examining the oxidation 
kinetics. Figure 6b shows the gravimetric results plotted in parabolic units (g2 cm-4) as 
a function of time (s), in accordance with the following equation [62]: 

 (
𝛥𝑚

𝐴
)

2

= 𝑘𝑝,𝑚 ∙ 𝑡 + 𝐶 (1) 

where Δm is the measured mass gain [g] at a certain aging time (t) [s], A is the sample 
area [cm2], C is an integration constant and kp,m is the parabolic rate constant [g2 cm-4 
s-1]. kp,m corresponds to the slope of the straight lines in Figure 6b. In the parabolic 
regime, the oxidation reactions are controlled by lattice diffusion of cations (Mn+) and 
anions (O2-) across the oxide scale [62]. In order to neglect the contribution of the 
initial transient period and only take into account the steady state growth of the oxide 
scale, only data from 500 to 2000 h were considered. The calculated values for kp,m 
are provided in Table 2. The linear fit to the parabolic equation is satisfactory for all the 
samples (R2 > 0,99 for the coated steel and R2 > 0,98 for the bare steel). We note that 
the data for the bare Crofer 22 APU fits slightly better to two linear segments, one 
from 500 to 1300 h (kp,m = 22.5 × 10-15 g2 cm-4 s-1) and one from 1300 to 2000 h (kp,m = 
32.4 × 10-15 g2 cm-4 s-1), indicating a change in the oxidation kinetics with time. A 
similar time dependence of the oxidation rate of Crofer 22 APU has been reported 
previously [48]. 
 
The application of the 5FeMCO and the 10FeMCO coatings leads to a comparable 
reduction in kp,m compared to the pristine MCO coating (from 14.5 to 6.6 × 10-15 [g2 cm-

4 s-1]); which confirms the beneficial effect of the Fe-doping in terms of oxidation 
resistance. Increasing the doping level from 5 to 10 wt.% does not give any added 
beneficial effect. The oxidation rate is further reduced by increasing the temperature of 
the reducing step from 900 °C to 1000 °C (kp,m decreased from 6.6 to 3.3 × 10-15 g2 
cm-4 s-1). These results suggest that, under the operating conditions adopted by this 
test, a Crofer 22 APU interconnect coated with 10FeMCO_R1000 could have an eight 
times longer lifetime than the bare steel. 
 
Assuming the mass gain can be entirely attributed to the oxygen uptake related to 
forming the Cr2O3 scale, the oxide layer thickness can be calculated from the following 
expression [48,62]: 

 𝜏𝐶𝑟2𝑂3
=  

𝑀𝑊𝐶𝑟2𝑂3

48∙𝜌𝐶𝑟2𝑂3

∙ (
𝛥𝑚

𝐴
) (3) 

where τ is the Cr2O3 thickness, ρ is its density (5.21 g cm-3), MW is its molar weight 
(152 g mol-1), 48 is a factor for converting the oxygen mass in the Cr2O3 (i.e. 16 × 3) 

and 
𝛥𝑚

𝐴
  is the mass gain at 2000 h. The obtained values are reported in Table 2. 

Considering these results, doping with Fe reduces the oxide scale thickness by 0.6 µm 
compared to a MCO coating, and increasing the sintering temperature reduces the 
oxide scale thickness further by 0.4 µm. The critical oxide scale thickness of Crofer 22 
APU, before spallation due to TEC mismatch, was previously estimated to be 11.4 µm 
[63]. According to the obtained oxidation rate constants (reported in Table 2), the 
oxide scale thickness after 40000h (typical SOFC lifetime target) will be considerably 
lower than the critical thickness for all of the applied coatings (MCO: 8.8 µm; 
5FeMCO: 5.9 µm; 10FeMCO: 5.9 µm; 10FeMCO_R1000: 4.2 µm), but not for the bare 
Crofer 22 APU (11.9 µm).
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3.4. Characterization of the aged coatings 
Samples from the oxidation kinetics test were characterized by X-Ray diffraction and 
SEM/EDX after 1000 and 2000 h aging at 750 °C. Figure 7 shows the X-Ray 
diffraction patterns of all the studied coatings after 2000 h of aging. The diffraction 
patterns are very similar to those after sintering (Figure 4), demonstrating the 
coatings stability over time. As after sintering, both the cubic and tetragonal spinel 
were detected and Fe-doping appears to stabilize the former (the same trend in the 
shift of the cubic phase can be appreciated). Increasing the Fe-doping level, the 
relative intensity of the peaks ascribed to the tetragonal phase is lower than the ones 
corresponding to the cubic one.  
 

 
Figure 7: X-Ray diffraction patterns of coatings aged for 2000 h at 750°C. The intensities have been normalized to 
the highest intensity peak of each pattern. (a) Excerpt of patterns between 33 and 38°. (b) Excerpt between 56 
and 64°. 

 
SEM cross sections of samples aged for 1000 and 2000 h are shown in Figure 8 and 
Figure 9, respectively. In all cases, no cracks could be observed at the coating/steel 
interface, thus confirming the good thermo-mechanical compatibility between Crofer 
22 APU and the produced coatings, despite the thermal cycling every 250h (cooling 
down for weighting of the samples). After oxidation at 750°C the coatings appear 
generally denser compared to after sintering (cf. Figure 5), possibly due to slight 
diffusion of metallic elements (i.e. Mn, Fe, Cr) from the steel. 
 

  
Figure 8: FE-SEM cross section images of the coatings after 1000 h aging at 750°C 
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Figure 9: FE-SEM cross section images of the coatings after 2000 h at 750°C. 

 
From Figure 8 and Figure 9 it can also be observed that all coatings that had been 
reduced at 900°C showed several sub-scale oxides, generally increasing in number 
and size from 1000 to 2000 h aging. Their average composition was determined by 
EDX as: Cr= 25 at.%, Mn=13 at.%, O= 60% and traces of Fe and Co. Manganese is 
added to the alloy to form an outer (Mn,Cr)3O4 layer that has been shown to reduce 
Cr vaporization of bare Crofer 22 APU during oxidation [64]. When a coating is 
applied on the steel, Mn cations can either migrate through the chromia scale toward 
the coating [65] or form the Mn-Cr sub-scale nodules (shown in Figure 8 and Figure 
9). Here, the second option is observed, indicating that the outward diffusion of Mn is 
slower than the inward transport of oxygen. 
 
Figure 8d and Figure 9d show representative images of the 10FeMCO_R1000 
samples after oxidation. In this case, the sub-scale nodules have smaller dimensions 
and generally do not extend far into the steel substrate. In a study about Crofer 22 
APU pre-oxidation [66], authors outlined that the (Mn,Cr)3O4 sub-scale nodules 
preferentially form at the alloy grain boundaries and it was shown that performing a 
pre-oxidation heat treatment of the steel at higher temperature (i.e. 1000 °C instead 
of 900 °C) promotes the increase of the grain size and thus fewer sub scale nodules. 
These evidences well explain the different morphology of samples reduced at 900 °C 
and 1000 °C. 
 
An EDX map of the 10FeMCO_R1000 sample cross section after 2000 h aging at 
750 °C is shown in Figure 10. The Mn, Fe and Co maps (Figure 10 b, c and d) 
demonstrate that the element distribution is still homogeneous at the end of the 
oxidation test; the oxide scale is thin and Cr is well confined in it, as shown in Figure 
10 e. Comparing Figure 10 b and e, the formation of sub-scale (Mn,Cr)3O4 can be 
identified. Figure 10 a reports the average element distribution in the central part of 
the coating (marked area) and the composition calculated on the basis of the cations 
fraction. Compared to the EDX results from the as sintered coatings (Figure 5), there 
is no sign of Fe migration from the steel and the Cr diffusion is limited. However, the 
Mn/Co ratio (equal to 1.1) has slightly increased during aging. This can be explained 
by a decrease in cobalt due to evaporation and/or an increase in manganese by 
diffusion from the steel substrate during aging. The latter would promote coating 
densification. 
 

a) MCO b) 5FeMCO d) 10FeMCO_R1000c) 10FeMCO
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Figure 10: Cross section EDX mapping of 10FeMCO_R1000 sample after 2000 h at 750°C and EDX semi-
quantitative results in at. % collected on the marked region in a). The composition (Comp.) is calculated on the 
base of cations fractions, assuming the coatings are stoichiometric spinel oxides. 

 
The oxide scale thickness of every set of samples after 2000 h aging at 750 °C was 
determined from the analysis of EDX linescans, as illustrated in Figure 11. The 
images in Figure 11 correspond to the 5FeMCO coating on Crofer 22 APU and are 
representative for the other samples as well. The oxide scale thickness was irregular 
across the steel-coating interface (for example: 0.9 µm Figure 11a and 0.6 µm in 
Figure 11b). The presence of an inter-diffusion zone between the coating and the 
chromia scale can be observed in all cases. 
 

 
Figure 11: a) and b) EDX linescans along two different areas of the 5FeMCO coated Crofer 22 APU oxidized for 
2000 h at 750°C in air. 

 
Table 3 reports the average oxide scale thickness of all coated samples aged for 
2000 h, compared to the results calculated from the oxidation mass gain (see section 
3.2). According to the measurements, the Cr2O3 scale on Crofer 22 APU is on 
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average thicker with the MCO coating compared to any Fe-doped coatings. This 
result is in line with the lower mass gain exhibited by Fe-doped samples and 
suggests a beneficial effect of Fe-doping in reducing the growth of the chromia scale. 
Comparing the measured oxide scale thickness with that calculated from the mass 
gain shows that for all samples reduced at 900°C (MCO, 5FeMCO and 10FeMCO) 
the difference between the calculated and the measured oxide scale is on average 
0.5 µm. This difference may be assigned to the growth of sub-scale (Mn,Cr)3O4 
nodules (see Figure 8 and Figure 9). In case of the 10FeMCO_R1000 sample, the 
correspondence between the measured and calculated oxide scale thickness 
confirms the lower degree of internal oxidation observed. 
 
According to both the measured oxide scale thickness and the mass gain, the 
10FeMCO_R1000 coating provides the best protection against oxidation. This can be 
explained by two factors: 1) the higher coating density reduces the oxygen partial 
pressure at the oxide scale surface [41,44] and 2) a pre-oxidation effect of the steel 
substrate, as discussed in [66,67]. 
 
Table 3: Measured (from EDX) and calculated (from mass gain) oxide scale thickness 

of each sample after 2000 h aging at 750°C 

Sample 
Oxide scale [µm]  

Measured Calculated 
MCO 1.1 ± 0.1 1.8 ± 0.1 
5FeMCO 0.8 ± 0.1 1.2 ± 0.1 
10FeMCO 0.6 ± 0.2 1.2 ± 0.1 
10FeMCO_R1000 0.7 ± 0.2 0.8 ± 0.2 

4. Conclusions 
This work has demonstrated the possibility of achieving in-situ-Fe-doping of 
manganese cobalt spinel by electrophoretic co-deposition of Mn1,5Co1,5O4 and Fe2O3 
followed by a two-step reactive sintering treatment. XRD analysis confirmed that 
Fe2O3 was deposited and completely reduced. Diffraction patterns after re-oxidation 
showed a mixture of cubic and tetragonal spinel, with Fe stabilizing the former. After 
2000 h aging at 750°C, the XRD patterns were unchanged, confirming the high 
thermal stability of the obtained materials. EDX analysis demonstrated that the 
coating compositions were close to the nominal values (i.e. Mn1,43Co1,43Fe0,14O4 for 
the 5FeMCO suspension and Mn1,35Co1,35Fe0,30O4 for the 10FeMCO suspension) 
even after long-term aging. Therefore, EPD is proposed as an effective method for 
the processing of doped spinels. The Fe-doped coatings demonstrated a lower 
parabolic oxidation rate and thinner oxide scale in comparison with both the undoped 
Mn1,5Co1,5O4 spinel coating and bare Crofer 22 APU. The best protection was 
achieved with the 10FeMCO_R1000 coating, due to the combined beneficial effect of 
Fe-doping and a higher temperature of the reducing step (1000°C instead of 900°C). 
The higher temperature promoted greater densification of the coating and better pre-
oxidation of the steel substrate.  
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