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Abstract 

Sintering of MnCo2O4 coatings prepared by electrophoretic deposition on steel substrates has been 

studied in air and in reducing-oxidizing atmosphere. Effect of temperature and pO2 on the resulting 

coating density was evaluated from scanning electron microscopy images of polished cross sections. 

Best sample microstructure was found after a reduction at 1000°C and reoxidation at 900°C treatment. 
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Introduction 

(Mn,Co)3O4 spinels are promising materials for protective coatings for steel interconnects used in high 

temperature solid oxide fuel/electrolysis stacks [1,2]. Many different deposition methods and sintering 

conditions have been applied and described in available literature [3], including electrophoretic 

deposition [4–6]. Effective sintering of coatings based on a reduction-oxidation procedure has been 

proposed by Yang et al. [7]. However, no systematic study of the influence of both the temperature and 

gas composition on the achievable coating density has been reported so far. 

This work evaluates the influence of the gas composition and reduction temperature on sintering of a 

commercial MnCo2O4 powder deposited on Crofer 22 APU steel by electrophoretic deposition. 



2 
 

Experimental 

A commercial MnCo2O4 powder (FuelCellMaterials, USA) was used to prepare coatings on 0.3 mm thick 

Crofer 22 APU samples. The steel sheet was cut to 20 x 20 mm2 and a small hole 3 mm in diameter was 

punched in each piece to allow hanging of the sample during the coating and in the furnace. The 

electrophoretic deposition of the coating was performed in a Teflon container of ~150 ml volume. A 

mixture of ethanol and isopropanol (50:50) was used as a solvent. The solid loading of the slurry was 1 

wt.%. As a dispersant, 0.5 g/L iodine (Aldrich, Denmark) was added and milled on a roll-mill with zirconia 

balls for 5 days. The deposition was carried out at 60V for 1 minute using a symmetrical setup with a 

stainless steel counter electrodes placed 15 mm from the sample. The procedure has been described in 

details in [8]. After the deposition, the coated samples were sintered in a tube furnace under a flowing 

gas, as described in the results section. Ramping rates during heating and cooling were always 120°/h. 

Materials analyses have been performed using Bruker D8 Advance x-ray diffractometer (XRD) and 

Hitachi TM3000 scanning electron microscope (SEM) with na energy dispersive spectroscopy (EDS) 

detector. 

Results and Discussion 

The microstructure, the XRD pattern and the particle size distribution of the applied MnCo2O4 powder 

are presented in Figure 1. The powder has a bimodal size distribution with d50=0.81 µm and d90=1.23 

µm. According to the EDS analysis (inset in Figure 1A), the ratio of Co to Mn in the raw powder is higher 

than 2 and the raw powder contains Al, most probably in the form of Al2O3 residues after milling, these 

were however not detected by XRD, where a phase pure cubic spinel structure is found. 

Figure 1. Analysis of the starting powder: (A) SEM, (B) XRD and (C) particle size analysis. 
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Powders were deposited on steel substrates according to procedure described in [8]. First, results from 

sintering in air shall be discussed. Sintering was carried out at 900°C, 1000°C and 1100°C for 2 hours. The 

resulting microstructures are shown in Figure 2. For the sample sintered at 900°C only a minor 

densification is observed and the microstructure is similar to the as-produced, “green” coatings. After 

sintering at 1000°C, some densification is visible, but the coating is still porous with open pores. 

Densification of the few µm thick layer next to steel/chromia (marked as “dense spinel”) occur due to a 

diffusion of Cr/Mn [2]. After a 1100°C firing the coating has densified significantly, but also some cracks 

are observed at the chromia/spinel interface. Significant growth of a chromia scale is visible on samples 

sintered at 1000°C/1100°C. 

Figure 2. SEM/EDS cross sections after sintering in air. 

 

In the next step, sintering via a reduction-oxidation (reactive sintering) process has been evaluated. In 

this method, coatings are first reduced, forming metallic Co and MnO and then are reoxidized, 

reforming the spinel with a higher density [7]. 

For the reduction step, three different reducing atmospheres were evaluated. These were obtained by 

using a “dry” mixture of hydrogen and argon (9:91 vol.%) or bubbling it through water bath held at 

either 7°C/25°C (1%/4% steam in equilibrium). Respective equilibrium pO2 levels (calculated by FactSage 

6.4) are given in Table 1. It has been assumed, that steam content in the dry gas is 1 ppm. 
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Table 1. pO2 values calculated for gas mixtures and temperatures used in this study. 

 dry gas 1% H2O 4% H2O 

900°C 6.23E-27 6.24E-19 10E-18 

1000°C 3.44E-25 3.45E-17 5.51E-16 

1100°C 1.15E-23 1.10E-15 1.71E-14 

 

The microstructures of the coatings after reduction at 900°C, 1000°C and 1100°C in different 

atmospheres are shown in Figure 3. The main effect of the temperature increase is the growth of 

metallic cobalt particles. At 1100°C the cobalt even forms single grains through the entire coating 

thickness. No reaction between the coating material and the steel substrate occurred. Both the 

temperature and gas composition have an effect on the oxidation of the steel taking place during the 

heat treatment. For different atmospheres/temperatures, different oxide scale thicknesses are obtained 

as presented in Figure 3. It is clearly beneficial to use atmospheres with lower pH2O (and thus lower 

pO2) due to noticeably lower thickness of the chromia layer formed. 

Figure 3. SEM/EDS cross sections of coatings after reduction. 
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For the reoxidation step, a temperature of 900°C for 2 hours was selected. Sample microstructures after 

the initial reduction are shown in Figure 3 and images after reoxidation in Figure 4. Coatings reduced 

and reoxidized at 900°C show open porosity for all atmospheres, which would allow for gas access to the 

interface of the alloy/oxide. Comparing to coatings sintered only in the air, the reduction step clearly 

enhances the densification. Especially for reduction performed at 1000°C and 1100°C, microstructures 

of the reoxidized samples show visibly denser coatings. Some porosity is still visible, especially at 

samples reduced at 1000°C, but it seems to be closed porosity mainly. The densest coatings, obtained 

via reduction at 1100°C showed enhanced tendency of cracking on the cross section and on the surface. 

Coatings obtained by reduction/oxidation using gas with 4% steam show slightly higher porosity than 

other samples treated at the same temperatures. 

At several spots across the oxidized coatings, small bright particles are visible. These Zr rich 

contaminants come from the ball milling step and got deposited during the EPD process. Presence of 

this refractory phase might have a negative effect on the sintering. 

After the reoxidation, the chromia scale is a little difficult to distinguish from the now oxidized coating. It 

is marked in marked in Figure 4 by a dashed line. In addition to the chromia scale, Cr reacted with Co 
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and Mn forming a dense reaction layer, visible as a slightly darker grey region. For samples reduced at 

1100°C, the chromia scale after reoxidation is thinner than after the reduction. The reaction layer in turn 

contains ~10 at.% of Cr, originating from the chromia layer formed after reduction. Comparing the 

chemical composition of the coatings reduced in 1% steam hydrogen/Ar mixture, some diffusion of Fe 

and Cr from the alloy/oxide to the coating is detected. With increasing the temperature, the Co/Mn 

ratio increases, possibly due to evaporation of Mn at high temperatures. 

Comparing Figures 3 and 4, the aggregation of Co into large particles during the reduction step seems to 

play a key role in the densification of the coatings in the subsequent oxidation. Evidently, the density of 

the coatings can be to some degree tailored using appropriate reduction temperature and time prior to 

the reoxidation. 

Figure 4. SEM/EDS cross sections of coatings after reduction and reoxidation. 

 

Summary 

In this work sintering of protective MnCo2O4 coatings deposited by electrophoretic deposition was 

studied. Results show that maintaining a low pO2/pH2O during the reduction stage minimizes chromia 

growth. From microstructure analysis it is shown that the coarsening of Co during the reduction has a 

strong influence on the final coating density obtained after the reoxidation. Coatings reduced at 900°C 
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will provide some corrosion protection via the dense reaction layer formed at the coating/chromia 

interface, but a large part of the coating will remain porous. At 1100C the thickest chromia layer has 

formed, pores have coalesced forming large (> 10 µm) structures and in some cases cracks are observed. 

The best microstructure, with a thinner chromia and a dense coating is observed for pre-reduction in 

hydrogen/Ar (containing 1% H2O) at 1000°C and reoxidation in air at 900°C. 
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