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ABSTRACT 

Atmospheric plasma sprayed (APS) Mn1.0Co1.9Fe0.1O4 (MCF) coating is regarded as one of 

the excellent materials in mitigating Cr-evaporation in Crofer 22 APU ferritic stainless steel 

during high-temperature operation (> 600 °C) in solid oxide fuel cell (SOFC) conditions. The 

aim of the present study is to characterize the structural integrity using a correlative scratch 

indentation test, physio-thermal integrity using in-situ high temperature X-ray diffraction 

(HT-XRD), and thermal integrity using a long-term thermal oxidation test of MCF coated 

Crofer steel for SOFC applications. 

A network of micro-cracks and globular pores were seen in the cross-section analysis. The 

porosity of the as-sprayed MCF coating was 10.93 ± 1.323 %. XRD data revealed α-Fe as the 

major phase in as-received Crofer steel and CoO as the major phase in MCF coating. The 

micro-hardness measurements revealed strong metallic interlocking between the coating and 

substrate. The adhesion strength of MCF coating deposited on Crofer 22 APU ferritic steel 

was found to be in the range between 30 to 36 N, evaluated by scratch indentation test under 

progressive and constant loading conditions. 

Initial stage oxidation of Crofer 22 APU steel carried out in an in-situ HT-XRD stage at        

950 °C and subsequent GD-OES characterization revealed the formation of two-layer oxides: 

Top layer spinel MnCr2O4 and fine-grained inner layer Cr2O3. The Cr2O3 formed initially led 

to the formation of MnCr2O4 spinel during the initial stage. The rapid diffusion of Mn through 

the fine-grained Cr2O3 layer results in an increased growth rate of MnCr2O4 spinel on the top 

of the fine-grained Cr2O3 layer. 

The thermal expansion mismatch of MCF coated Crofer steel interconnect has been 

investigated by in-situ HT-XRD from 25-900 °C. The results showed that the coefficient of 

thermal expansion of MCF coating was slightly higher than the steel substrate and showed no 

considerable thermal expansion mismatch as a function of temperature. The increase in lattice 

strain indicated the strain-induced phase transformation of MCF coating, supporting the phase 

transformation-induced self-healing phenomenon of MCF coating. 

The oxidation kinetics of plasma sprayed MCF spinel coating on the Crofer 22 APU substrate 

at 850 °C revealed phase transformation-induced crack healing and densification of the 

coating. MCF coating effectively acts as a Cr diffusion barrier and alters the kinetics of the 

two-layer oxide scale of the substrate. The UV-vis-NIR affirmed the reduction in band gap 

energy of the MCF coating, a beneficial effect to sustain the electrical conductivity at high 

temperatures. 
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1. INTRODUCTION 

Fuel cells are all solid devices which generate electricity by an electrochemical reaction 

between the fuel and an oxidant. Because of its low emissions, flexible fuel, and higher 

efficiency than traditional energy-conversion systems, solid oxide fuel cell (SOFC) 

technology is gaining popularity as a power generation method. Stationary power 

production unit, auxiliary power units (APU), and military requirements are among the 

major applications for SOFCs. SOFCs are designed for stationary high-power generation 

(100 kW up to megawatt), small-power system applications (1-20 kW), and portable 

electronic devices (20-250 W) (Bianco et al. 2017; Hui et al. 2007; Mah et al. 2017; 

Niewolak et al. 2016; Singheiser et al. 2010; Wu and Liu 2010). 

The basic mechanism of SOFC is the potential difference between the anode and cathode, 

caused by fuel oxidation at the anode and the oxygen reduction reaction at the cathode. The 

reaction compounds are H2O and CO2, and due to polarization and ohmic losses, the 

chemical energy of the reaction is released as electricity and heat (Singheiser et al. 2010). 

High-temperature SOFCs can provide clean, pollution-free technology for 

electrochemically producing electricity at high conversion efficiency. (Wu and Liu 2010). 

A single cell of SOFC stack comprises an anode, cathode, and electrolyte. A solid, non-

porous ceramic, generally Y2O3-stabilized ZrO2 (YSZ), is used as an electrolyte. The 

operating temperature of a SOFC is 600–1000 °C, which enables the conductive nature of 

the ceramic electrolyte to oxygen, but non-conductive to electrons. The advantage of high 

working temperatures is in reducing polarisation losses and the effects of fuel impurity 

tolerance. The anode is made of Nickel/yttria-stabilized zirconia (Ni/YSZ) cermet, and the 

cathode is electronically conductive perovskite Sr-doped LaMnO3 (LSM) or other 

perovskite materials (Bianco et al. 2017; Hui et al. 2007; Niewolak et al. 2016; Singheiser 

et al. 2010; Wu and Liu 2010). These SOFCs have numerous advantages over conventional 

energy-conversion systems, including high efficiency, dependability, modularity, fuel 

adaptability, and extremely low NOx and SOx emissions. SOFCs' quiet, vibration-free 

operation eliminates the noise generally associated with conventional power-generation 

systems (Singhal 2000). 

1.1. Working principle of solid oxide fuel cell (SOFC) 

SOFCs consist of two porous electrodes separated by a dense, oxygen-ion-conducting 

electrolyte.  Fuels, specifically hydrogen, is supplied to the anode and oxidized to liberate 
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electrons. Oxygen used as an oxidant is supplied to the cathode and reduced to oxygen ions. 

The O2 ions pass through the electrolyte at the anode and react with hydrogen forming 

water. The liberated electrons will move through an external circuit, known as 

interconnects, to generate electricity. The difference in oxygen partial pressure between the 

anode and the cathode is the driving force for oxygen diffusion through the dense 

electrolyte (Bianco et al. 2017; Hui et al. 2007; Mah et al. 2017; Niewolak et al. 2016; 

Singheiser et al. 2010; Wu and Liu 2010). 

 

Figure 1: Working Principle of SOFC (Mah et al. 2017) 

SOFCs of several different designs have been investigated; these include planar, 

monolithic, and tubular geometries. 

The planar design configures the cell components as thin, flat plates. The interconnection, 

ribbed on both sides, forms gas-flow channels and serves as a bipolar gas separator 

contacting the anode and the cathode of adjoining cells (Niewolak et al. 2016; Singhal 

2000). The dense electrolyte and interconnection are fabricated by tape casting, powder 

sintering, or chemical vapor deposition (CVD), whereas slurry methods, screen printing, or 

plasma spraying apply the porous electrodes. The planar cell design offers high power 

density but requires high-temperature gas seals at the edges of the plates to isolate the 

oxidant from the fuel (Bianco et al. 2019; Niewolak et al. 2016; Singhal 2000; Yamamoto 

2000). 
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Figure 2 (a) Schematic configuration of a planar SOFC stack (b) schematic cross-section 

showing means of contact between interconnect and electrodes (Singheiser et al. 2010) 

In the monolithic design, the different cell components are fabricated as thin layers. In the 

co-flow monolithic SOFC, the cell comprises a honeycomb-like array of adjacent fuel and 

oxidant channels. Such a cell consists of two laminated structures: 

anode/electrolyte/cathode and anode/interconnect/cathode. The anode/ electrolyte/cathode 

composite is corrugated and stacked alternately between flat anode/interconnect/cathode 

composites (Niewolak et al. 2016; Singhal 2000; Yamamoto 2000). 

In tubular design, the cell components are deposited as thin layers on a ceramic cathode 

(air electrode) tube. Each tube is manufactured like a large test tube, sealed at one end. The 

fuel flows along the outside of the tube towards the open end. Air is fed through a thin 

alumina air supply tube located centrally inside each tubular fuel cell. The heat generated 

within the cell brings the air up to the operating temperature. Then the airflow is channeled 

through the fuel cell back up to the open end. One significant advantage of the tubular 

SOFC design is the elimination of high-temperature gas-tight seals (Niewolak et al. 2016; 

Singhal 2000; Yamamoto 2000). 
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Figure 3: Monolithic Design SOFC (Yamamoto 2000) 

 

Figure 4: Tubular Design SOFC (Singhal 2000) 

In comparison to tubular cells, the anode-supported planar SOFCs have higher power 

densities and lower fabrication costs. The interconnect materials are selected based on 

different conditions. The materials must exhibit the following (Singhal 2000): 

a. Electrical conductive properties which allow the cells to function without losses 

incurred. 

b. Good chemical and structural stability at high temperatures  

c. Reactivity and inter-diffusion among different cell components should be minimized. 

d. Thermal expansion coefficients should match the other elements of the cell. 

1.2. Role of interconnects 

An essential part of the SOFC stack is the interconnect, which segregates the fuel at the 

anode from the air or oxygen at the cathode and offers an electrical network between 
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independent cell stacks. Hence, the interconnect material must effectively conduct 

electricity, be stable in oxidizing and reducing environments, and have a thermal expansion 

coefficient that complements other components of SOFC. (Wang et al. 2011). 

SOFCs are not operated as single units but as an array of units or “stack,” with interconnects 

joining the anodes and cathodes of adjacent units. Interconnects provide an electrical 

connection between the anode of one individual cell to the cathode of the neighboring one 

and act as a physical barrier to avoid any contact between the reducing and the oxidizing 

atmospheres (Bianco et al., 2017; Hui et al., 2007; Niewolak et al. 2016; Singheiser et al. 

2010; Wu and Liu 2010). 

In general terms, the interconnect has to meet the following demands (Bastidas 2006; 

Niewolak et al. 2016; Singheiser et al. 2010; Wu and Liu 2010): 

• Excellent electrical conductivity: Suitable area-specific resistance (ASR) < 0.1 Ωcm2 

• Excellent oxidation resistance in air and H2/H2O atmosphere 

• Excellent imperviousness for oxygen and hydrogen to prevent the direct combination of 

oxidant and fuel during operation 

• Coefficient of thermal expansion (CTE) matching those of electrodes and electrolyte, 

around 10.5×10-6 K-1 at 25 ̊C-1000 °C, in order to reduce the thermal stresses created 

during start-up and shutdown 

• Good thermal conductivity (minimum value of 5 Wm-1K-1) 

• No reaction or inter-diffusion between interconnect and its adjoining components 

• Adequate strength and creep resistance at elevated temperatures 

• Low cost, as well as ease of fabrication and shaping 

The formation of the Cr2O3 scale on the steel surface provides corrosion protection. At high 

temperatures, chromium oxide has a low electrical resistivity (1 x 102 Ω/cm at 800 °C). The 

corrosion of SOFC interconnectors is similar to that of heat exchangers in gasifiers, where 

the metal temperatures are relatively high, and the gas has very low oxygen activity but 

high carbon and sulfur activities. Because the deposits on the metal surface are typically 

less aggressive, the environment is less severe (Horita 2021; Niewolak et al. 2016; 

Singheiser et al. 2010). For SOFC interconnect, corrosion and mechanical deformation are 

the most known degradation phenomena. Corrosion increases the electrical resistivity of 

the interconnect due to poorer electrical conductivity of the thermally grown oxide layer, 
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and the deformation of the interconnect potentially reduces the contact area with the cell 

(Bianco et al. 2017). 

Lanthanum Chromite (LaCrO3) was the conventional material used for the high-

temperature (∼1000 ̊C) SOFC interconnect applications. Compared to typical ceramics, 

this material exhibits an exceptionally high electric conductivity when used in SOFCs, and 

the enhancement in the conductivity can be achieved by doping with Mg, Sr, or Ca. The 

melting point of LaCrO3 is 2783 ± 20 K (Zhuiykov 2018). The material stability was seen 

in both the cathode and anode environments. The average coefficient of thermal expansion 

(CTE) of LaCrO3 is 9.5×10−6 K−1, which is rather close to the CTE of YSZ (10.5×10−6 K−1) 

(Niewolak et al. 2016; Singheiser et al. 2010; Wu and Liu 2010). 

Doped lanthanum chromites (LaCrO3) were chosen for high-temperature SOFCs (about 

1000 °C). LaCrO3 shows excellent electrical conductivity, stability under both reducing 

and oxidizing atmospheres, and a compatible thermal expansion coefficient (TEC) match 

to adjacent material (Mah et al. 2017). LaCrO3, a p-type semiconductor, becomes oxygen 

deficient with decreasing oxygen partial pressure, which results in reduced conductivity. 

Lanthanum is also expensive as it is a rare-earth element (Wu and Liu 2010). 

At a high temperature of 900-1000 °C, chromium-based oxide dispersion strengthened 

(ODS) alloys were mainly used to replace LaCrO3. Cr-based oxide dispersed strengthened 

alloy, particularly Ducrolloy (Cr-5Fe-1Y2O3, designed by Plansee Company), can replace 

LaCrO3 for SOFCs operating nearly around 1000 °C (Mah et al. 2017). Ducrolloy shows 

exceptional oxidation resistance and excellent TEC compatibility with other SOFC 

components. Due to the good conductin behavior of chromia compared to other oxides, 

chromia-forming alloys are highly preferred. But the limitation lies in chromium poisoning 

of the cathode due to unavoidable excessive chromia growth in high Cr-containing alloys. 

After thermal cycles, an excessively grown chromia layer will lead to spallation and 

produce an unacceptably high area-specific resistance (ASR) after oxidation at 1000 °C for 

75 h (Wu and Liu 2010). 

The substrate alloy needs to contain enough Cr to produce a continuous chromia layer. 

According to a literature summary, a protective, continuous chromia scale is formed with 

a minimum of 20-25 wt.% Cr in the alloy. Using alloys with a Cr content of 5-10 wt.%) in 

interconnect has reduced the oxidation resistance remarkably (Zhuiykov 2018). Very low 

chromium (<5 wt.%), regarded as almost pure Fe oxide, contained internal oxide 
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precipitates of Cr2O3 and/or FeCr2O4 spinels (Niewolak et al. 2016; Singheiser et al. 2010; 

Wu and Liu 2010).  

Stainless steels are usually divided into four groups: (i) ferritic steels, (ii) austenitic steels, 

(iii) martensitic steels, and (iv) precipitation-hardening steels. Due to their body-centered 

cubic structure, which brings the CTE quite close to other SOFC materials, ferritic stainless 

steels are typically the most promising candidates among them for SOFC interconnect 

applications. But the effect of substrate impurities like Si and Al on the performance of the 

interconnect could not be neglected, especially silicon, which could form a continuous layer 

between substrate and scale. Interconnect will function in a reducing environment on the 

anode side of the SOFC stack and an oxidizing environment on the cathode side (Wu and 

Liu 2010). 

The oxidation resistance and electrical conductivity of Ni-Cr-based alloys are significantly 

better. A 15 wt.% Cr is sufficient for forming a continuous chromia layer to resist hot 

corrosion, less than Fe-Cr-based alloys, where the optimal content was 18-19 wt.%. The 

potential CTE mismatch to cell components is the main issue with Ni-Cr-base alloys (Wu 

and Liu 2010). 

Compared to ceramic interconnects, metallic interconnects have higher electrical and 

thermal conductivity, better mechanical strength, and manufacturability. A suitable 

metallic interconnects naturally forms a continuous scale of alumina (Al2O3) or chromia 

(Cr2O3) oxide layer, which prevents oxidation under SOFC working conditions. Hence, the 

insulating nature of Al2O3 scales is suited, which is observed in Cr-forming alloys. All Cr-

containing alloys, including Cr, Fe-Cr, and Ni-Cr-based alloys, are considered probable 

metallic candidates (Mah et al. 2017). 

Metallic materials can be used instead of LaCrO3 as interconnects due to its improved 

advantages compared with its high-temperature counterpart: 

i. Metallic interconnects possess high mechanical strength. The interconnect not only 

guides the flow of fuel or air, but also provides mechanical support to the other 

components of cell stack in SOFC. 

ii. Metallic materials exhibit high thermal conductivity. The elimination of temperature 

gradient can be achieved both along the interconnect plane and across the components. 

iii. Metallic materials show high electronic conductivity, decreasing the cell's resistance 

and increasing output. 
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iv. Ease of production, reduced expenditure, and availability of material. 

Ferritic stainless steels that form chromia are the most promising and widely used metallic 

alloys. When combined with significant growth stresses, the formation and growth of 

chromia scales, mainly in oxidizing environments, can induce porosity at the alloy-scale 

interface and result in scale cracking and spallation. Additionally, in the presence of oxygen 

or water, chromium-rich scales react to produce volatile chromium oxyhydroxides and 

oxides under SOFC operating conditions. At the cathode/electrolyte interface, volatile Cr 

species can accumulate and seriously impair cell performance. The vaporization of Cr 

species and the development of chromia scales are mitigated by coating the alloy surface 

with a protective coating. 

The primary problems of metallic interconnect used in SOFC operated at high temperatures 

at around 850 °C are (Yang et al. 2017): 

• Evaporation of chromium species and subsequent corrosion of steel, which reduces the 

lifespan of stacks 

• Deposition of Cr (III)-species (CrO3, or Cr(OH)2O2) in the functional layer of the 

cathode blocking the active sites, especially at the three-phase boundary (electrolyte-

cathode-oxygen) and worsening cell performance 

• Occurrence of buckling and oxide scale spalling from the interconnect due to exposure 

to thermal cycling 

After thousands of hours of exposure to the SOFC environment at intermediate 

temperatures, an assessment of oxidation behavior shows that chromia layer on ferritic 

steels grow up to tens of micrometers. ASR would increase due to this scale growth, and 

stack performance would deteriorate as a result. Increase in the thermal stress in the 

coating-substrate interface will lead to spallation. The electrical properties of SOFC may 

significantly deteriorate due to chromium vaporization from the metallic interconnect. This 

has been observed by various groups at the cathode side of SOFC using Y2O3-doped ZrO2 

as the solid electrolyte and LSM as the cathode, along with Cr2O3-forming alloys as 

interconnects. The vaporization of Cr2O3 from interconnect surfaces as CrO3(g) or 

CrO2(OH)2(g) as major gaseous species with chromium in the 6+ oxidation state is the basis 

of the reaction. When the oxygen partial pressure is higher, the vapor pressure rises. When 

operating at temperatures between 800 and 1000 °C, the CrO2(OH)2(g) exhibits the highest 

vapor pressure (Wu and Liu 2010). 
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CrO3(g) + H2O(g) = CrO2(OH)2(g)…………………….(1) 

The three-phase boundary (electrolyte/cathode/oxidant) will electrochemically or 

chemically reduce chromium-containing vapor species formed from the interconnect 

material. This form of poisoning is most likely to arise at the cathode because the vapor 

pressures in the air are higher. A reduction in cell voltage or a surge (i.e., more negative) 

in cell overvoltage can be used to illustrate this degradation. The schematic diagram of the 

Cr poisoning process is displayed below: 

  

Figure 5 Schematic diagram of Cr-poisoning in SOFC (Wu and Liu 2010) 

At high temperatures in dry air, the Cr2O3 surface scale present on Cr or Cr-based alloys 

evaporates according to the following reactions, forming volatile CrO, CrO2, and CrO3 

(Machkova et al. 2008; Wu and Liu 2010; Yang et al. 2017): 

Cr2O3 (s) + 
1

2
 O2 (g) ↔ 2CrO2 (g) …………………….(2) 

Cr2O3 (s) ↔ 2CrO (g) + ½ O2 (g) …………………….(3) 

Cr2O3 (s) + 
3

2
 O2 (g) ↔ 2CrO3 (g) …………………….(4) 

It has been demonstrated through experimentation that the reaction that produces volatile 

CrO2(OH)2 in wet air by the reaction: 

1

2
 Cr2O3 (s) + 

3

4
 O2 (g) + H2O (g) ↔ CrO2(OH)2 (g)……….….(5) 

At the cathode–electrolyte interface, the oxyhydroxides react according to the: 

2CrO2(OH)2
(g) + 6e- → Cr2O3

(s) + 2H2O(g) + 3O2-…………….(6) 
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Depending on the cathode side inlet atmosphere, using high chromium alloyed steels poses 

a risk of chromium trioxide (CrO3) and chromium hydroxides (CrO2(OH)2) formation and 

evaporating from the steel. The transport of CrO3 and CrO2(OH)2 ocuurs in the possible 

region of oxygen ionization, which is called as active cathode area (triple phase boundary, 

TPB). The reduction of the compounds to Cr2O3 diminishing the size of active region which 

reduces the efficiency of the SOFC stack (Bastidas 2006). 

 

Figure 6: Representation of a Three-Phase Boundary (TPB) (Bastidas 2006) 

The major disadvantage of these materials is the water vapor-induced Cr-evaporation from 

the chromia-containing scale formed on the ferritic steels at high temperatures under 

oxidative atmospheres. This evaporation leads to a poisoning of the cathode by either 

blocking active electrochemical sites by chromia deposition and further on reaction to 

chromium–manganese spinel (e.g., in the case of La1 − xSrxMnO3-δ based cathodes (LSM)) 

or by secondary phase formation like Sr-chromate (e.g., in case of using 

La1−xSrxFe1−yCoyO3-δ based cathodes (LSCF)) (Vaßen et al. 2016). 

Surface modification is the most effective way to reduce Cr evaporation in the interconnect 

material. Thermal spray coatings have the best-achieved chromium retention in the metallic 

interconnect. The appropriate coatings must have adequate conductivity, match thermal 

expansion and chemical compatibility with adjacent components, and have good stability 

in reducing and oxidizing atmospheres. Reasons for Atmospheric plasma sprayed (APS) 

Mn1.0Co1.9Fe0.1O4 (MCF) coating is the best possible option to tackle the Cr evaporation 

(Grünwald et al. 2017): 
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• The chromium evaporation can be decreased by providing a chromium protection layer 

between the interconnect and cathode, reducing the cathode degradation. 

• Atmospheric plasma sprayed (APS) Mn1.0Co1.9Fe0.1O4 (MCF) exhibited its long-term 

stability and low chromium poisoning within actual SOFC operation conditions. 

• APS-MCF layers are relatively dense. 

• APS-MCF coatings are favourable coating for chromium protection layers (it is 

assumed that maximum of the additional degradation is generated from contact 

between chromium and cathode). 
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2. LITERATURE SURVEY 

Surface coating has been a reliable and inexpensive process for a very long time to secure 

the product from corrosion, wear resistance and erosion, and adhesion. A coating material 

is applied to a moving web of a flexible substrate during the coating process. The 

coating delivers enhanced aesthetic and physical properties to the substrate derived from 

the coating material. Surface coating is employed in numerous processes for producing 

materials, tools, and machine parts. Several surface coating methods can also be used for 

functional and decorative purposes, such as adhesion, corrosion, wear resistance, and 

erosion, or for both purposes to enhance the product's appeal (Davis 2004; Espallargas 

2015). 

Thermal spraying is an advanced materials processing method that has gained wide 

acceptance in many high-technology industries. In this process, the material is heated, 

melted, and sprayed into a high-temperature, high-velocity flame using either chemical or 

electrical energy. The feedstock injected into the flame is typically a powder, but it can also 

take the form of wire or rod. Thus, molten droplets are transported to an object to create 

overlay coatings for protection or performance purposes (Davis 2004; Espallargas 2015). 

  

(a) (b) 

Figure 7: (a) Wire or Rod type, (b) Powder type thermal spraying (Davis 2004) 

The performance of engineering materials and their surface properties are extensively 

improved by using thermal spray coatings as overlays. Fine molten or semi-molten particles 

are sprayed during the process onto substrates to generate a coating layer. The common 

processes include arc, flame, plasma, detonation spray, and high-velocity oxy-fuel 

spraying. The microstructure of coatings is composed of lamella structure and additional 
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characteristic features such as porosity and oxides. To create distinctive coating 

microstructures, various substrate materials can be coated with metals, alloys, metal oxides, 

metal/ceramic blends, carbides, wires, and rods. Thermal spray coatings provide a 

functional surface to protect or modify the behavior of substrate material and/or component 

(Davis 2004; Espallargas 2015). 

Depending on the spraying process, the particle speed and size distribution, and the spray 

distance, thermal spray coatings may have varying porosity levels. Porosity may be 

beneficial in tribological applications through the retention of lubricating oil films. Porosity 

also is beneficial in coatings on biomedical implants. Due to the lubricity of some oxides, 

lamellar oxide layers may also result in reduced wear and friction. The porosity of thermal 

spray coatings is typically <5% by volume (Davis 2004; Espallargas 2015). 

2.1. Basics of thermal spray coating 

The initial step is to clean and prepare the sample's surface before coating. Small softened 

particles are sprayed onto the prepared surface, where they adhere to form a continuous 

coating. Due to the combination of thermal and kinetic energy, the sprayed particles flatten 

or splat onto the surface to be coated, resulting in a cohesive coating. This method of 

spraying can be repeated for successive layer formation (Davis 2004; Espallargas 2015; 

Hui et al. 2007). 

 

Figure 8: Basics of Thermal Spraying (Espallargas 2015) 

The materials used in thermal spraying are principally powders, rods, and wires. Based on 

their intrinsic characteristics, materials used in industrial applications are selected for 

designing and manufacturing the component of the required specifications. Structural 

components, where strength or fracture resistance is critical, are a good example. 

Furthermore, any designed component will be exposed to a specific environment during 

https://www.sciencedirect.com/topics/materials-science/thermal-spray-coating
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the service operation. This interaction can significantly shorten the lifetime or change the 

properties to the point where they no longer meet the expected requirements. The two 

typical examples are components exposed to corrosive environments, where the combined 

effect of salt and humidity corrodes the component's surface, and high-temperature 

applications, like turbine blades, where the unprotected component would be damaged due 

to exposure to elevated temperature (Davis 2004; Espallargas 2015). 

2.2. Thermal spray coating processes and techniques 

These processes are grouped into three major categories: flame spray, electric arc spray, 

and plasma arc spray. 

 

Figure 9: Thermal Spray Coating Techniques (Davis 2004) 

2.3. Plasma arc (air or atmosphere) 

Plasma, often called the fourth state of matter, consists of neutral atoms, positive ions, and 

free electrons. Plasma is created by transferring energy into gas until the energy level is 

high enough to ionize the gas, allowing electrons and ions to act independently. The plasma 

state is attained in an electric field when currents can be sustained as free electrons move 
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through the ionized gas. When the energy input is removed, the electrons and ions 

recombine, releasing heat and light energy (Davis 2004; Espallargas 2015; Lech Pawlowski 

2008). The plasma generator consists of a circular anode, usually copper, and a tungsten 

cathode. The cathode is made of graphite in a water-stabilized torch. The electric arc 

discharge powered by a generator via the connector heats the working gases, which expand 

in the atmosphere and form a jet. The powder suspended in a carrier gas is injected into the 

jet. After the powder is melted and accelerated in the jet, the particles impact the substrate 

and form the coating (Davis 2004; Espallargas 2015; Hui et al. 2007). 

 

Figure 10: Plasma Arc Thermal Spray Process (Singhal 2000) 

2.4. Comparison of coating techniques 

There are a variety of coating techniques and coating materials available in the market. The 

figure below shows the processes' differences based on coating thickness and substrate 

temperature. Based on the application, a suitable process is chosen with appropriate 

parameters. The figure implies that the thermal spray coating process is versatile as it covers 

an extensive range of coating thicknesses and substrate temperatures (Espallargas 2015). 
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Figure 11: Comparison of different coating techniques (Espallargas 2015). 

2.5. Cross-section of thermally sprayed layer 

A cold-sprayed layer's structure is lamellar, somewhat similar to a cast iron structure. 

Micro-pores and oxide inclusions contribute to the low frictional coefficient and high 

hardness of some sprayed metal layers. Micro porous sprayed layers are also excellent at 

retaining lubricants, preventing wear caused by metal/metal contact. 

 

Figure 12: Schematic cross section of thermally sprayed layer (Kandeva-Ivanova et al. 

2016) 



 

18 

 

2.6. Bonding mechanisms 

 

Figure 13: Bonding Mechanisms (Kandeva-Ivanova et al. 2016) 

At the coating/substrate interface and between the particles 

1. Mechanical Keying: Interlocking/anchoring 

2. Diffusion bonding: Metallurgical bonding 

3. Other adhesive: Chemical and physical bonding mechanisms – oxide films, Van der 

Waals forces, etc. 

2.7. MCF coating obtained by air plasma spray (APS) coating process  

For a feasible coating material, it should possess the following characteristics (Wu and Liu 

2010)(Vaßen et al. 2016)(Puranen et al. 2011): 

i. A minimal value of diffusion coefficients of Cr and O is necessary for the coating to 

effectively inhibit chromium and oxygen transport. 

ii. Chemically compatible and stable with the substrate, electrodes, seal materials, and 

contact pastes are required. 

iii. Over the applied temperature range, it should exhibit thermodynamic stabililty in both 

oxidizing and reducing atmospheres. 

iv. It must have low ohmic resistance to maximize electrical efficiency. 

v. An excellent CTE match with substrate, thus reducing the coating spallation during 

themal cycling. 

vi. Thermal conductivity at the lowest limit of 5 W/m/K, when generated heat from the 

cathode, is transferred to the anode for endothermic fuel reformation reactions. 
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vii. When used as a stationary and auxiliary power unit under external stresses and 

vibrations, the coatings with the metallic substrate should have high-temperature 

strength, creep resistance, and structural support. 

Perovskite coating: The perovskite coatings mitigate inward oxygen movement and 

outward Cr diffusion from the substrate, but depositing dense perovskite coatings is 

challenging (Yang et al. 2017). The diffusion of Cr from Plansee Ducrolloy was 

significantly reduced by Mn–Co–O spinel coating. Deposition of MnCo2O4 coating on 

SS430 was done by slurry coating followed by mechanical compaction and air-heating. 

Densification of this spinel hindered Cr2O3 sub-scale growth, with a reduction in the 

electrical resistance across the scale. The Mn1.5Co1.5O4 spinel coating deposited on Crofer 

22 APU substrate showed an effective reduction in contact resistance between the cathode 

and the steel and hindered Cr outward diffusion. Crofer 22 APU steel coated with 

MnCo1.9Fe0.1O4 spinel improved the electronic conductivity of the substrate and effectively 

mitigated the Cr outward migration (Wu and Liu 2010; Yang et al. 2017). 

Nitride coatings: Nitride coating have superior wear resistance and has been widely used 

in tool coatings. The low resistance and high-temperature stability of nitride coating could 

be an alternate coating for SOFC interconnect. Physical Vapour Deposition (PVD) has been 

widely used to produce nitride coatings for SOFCs interconnect. According to the findings, 

incorporating oxide into nitride coatings reduces Fe and Cr migration from the substrate as 

nitride coatings could remain stable at 700 °C. The limitations include high capital cost, 

low deposition rate, and unstable nitride at temperatures higher than 600 °C (Mah et al. 

2017; Wu and Liu 2010; Yang et al. 2017). 

Perovskite coatings: The structure of perovskite has a general formula, ABO3, where A is 

a lanthanide (such as La in most cases but sometimes Ce, Pr, or Nd) and B a transition 

metal such as Co, Mn, Fe, Cr, Cu or V. Sites A are usually substituted by alkaline earth 

metals such as Sr, Ca or and transition metal for site B. LaCrO3 deposited by Radio 

Frequency sputtering showed a two-step phase transformation from the as-deposited 

amorphous phase. The first step is transforming the amorphous state to a significant 

intermediate phase: monoclinic LaCrO4 monazite. A limited amount of La2CrO6 phase was 

also formed. The LaCrO4 getting transformed into the LaCrO3 perovskite phase is the 

second step. During this transition, the appearance of nanostructures has excellent potential 

for use as SOFC interconnect coating. Due to the high electrical conductivity, thermal 
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compatibility, and stability in the oxidizing environment, LSM is widely used as SOFC 

cathode material (Mah et al. 2017; Wu and Liu 2010; Yang et al. 2017). 

Reactive element oxides: The reduction of high-temperature oxidation rate and contact 

resistance and restricted oxide-scale spallation was observed by with addition of reactive 

elements, such as Y, La, Ce, or their oxides as dispersed particles in the coating. The REO 

coatings were ineffective in mitigating chromium diffusion to surface as the coating is 

usually thin (less than 1 mm) and highly porous. Sol-gel and metal-organic chemical vapor 

deposition are the most desired techniques for depositing REO coatings (Mah et al. 2017; 

Wu and Liu 2010; Yang et al. 2017). 

Spinels: Spinel coatings have shown better results preventing oxygen inward and Cr 

outward diffusion than perovskite coatings. The reaction of chromium oxide and diffusion 

of Mn from the Crofer 22 APU steel leads to the formation of MnCr2O4.  Spinels conduct 

by hopping charges between cations in the octahedral sites. (Mn, Co)3O4 spinel was 

considered the most promising coating material for SOFC interconnect. Chromium 

migration was remarkably reduced due to the (Mn, Co)3O4 spinel layer and had a close 

CTE match with the substrate. The ASR predicted at 10000 h was 0.024 mΩ·cm2 (Mah et 

al. 2017; Wu and Liu 2010; Yang et al. 2007, 2017). 

A closely packed oxygen lattice with cations in tetrahedral and octahedral positions 

constitutes the spinel structure. The lattice parameters are observed in the range of        

0.805-0.850 nm. Among the various Mn1+δCo2−δO4 spinel compositions, Mn0.5Co2.5O4 

(δ=−0.5) and MnCo2O4 (δ=0) that exhibited a cubic spinel structure displayed Mn on 

octahedral interstitial sites and Co on both tetrahedral and octahedral interstitial sites in the 

face-centered cubic oxygen ion lattice. Mn2.5Co0.5O4 (δ=1.5) and Mn2CoO4 (δ=1.0) 

demonstrated a tetragonal spinel structure. A cubic and tetragonal phase were found in 

dual-phase material Mn1.5Co1.5O4 (δ=0.5) spinel. A cubic to tetragonal phase 

transformation occurred in Mn1.5Co1.5O4 around 400 ̊C, revealed by high-temperature XRD 

analysis. The reaction rate between the spinel material and chromia decreased significantly 

with the addition of Ti and Fe, improving the interconnect's long-term stability and cell 

performance (Wang et al. 2011). 

The doping of iron (Fe) in manganese-cobalt oxide spinel improved the electrical and 

mechanical properties of the coating. The appropriate amount of doping in MnCo2-xFexO4 

ranges from 0.1-0.25. Plasma-sprayed coatings typically exhibit pores, cracks, and large 
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pull-outs. The as-sprayed MCF coating showed a FeO (wuestite) structure with a cubic 

configuration formed due to the melting and rapid cooling of the coating material. The 

spinel structure can be restored by using separate annealing, according to the XRD results 

of annealed samples. The peaks of a FeO kind of structure and Co3O4 spinel were also 

present in all the coatings. The selective evaporation of the component leads to Co3O4 

spinel peaks. The plasma-sprayed MnCo1.8Fe0.2O4 crystal structure decomposes during the 

transformation (solid-liquid-solid), leading to metastatic compounds. Hence, the 

metastable phases are formed by the transformation through diffusion and grain size 

development to form stable compositions, eg., Co3O4 (Back et al. 2020; Grünwald et al. 

2019; Vaßen et al. 2016). 

Thin plates of Crofer 22 APU ferritic steel were coated with Mn1.05Co1.86Fe0.11O3.98 by the 

APS process. A Lanthanum–Copper– Cobalt oxide (LCC) contact was applied by wet 

powder spraying (WPS) on the APS diffusion barrier coating. The rapid cooling of the 

coating material from the molten state to the substrate temperature during thermal spray 

generates tensile stresses typically observed between 340 and 430 °C. The XRD of the as-

sprayed coating revealed a simple cubic CoO phase. A considerable amount of Fe3−xO4 

phase (about 40%), a high-temperature phase, was also seen. These two phases are 

quenched from high temperatures by fast cooling during the spray process. A sealing heat 

treatment performed at 850 °C for 10 h revealed four different spinel lattices with a minor 

amount of wuestite. Hence, a significant recovery of the spinel structure was observed after 

annealing. From the SEM and XRD results, a dark matrix of spinel phase similar to Co3O4, 

primary phase, and minor phase consisted of impurity phase of wuestite, magnetite, or 

MnCo2O4 spinel. At the interface of Mn1.05Co1.86Fe0.11O3.98 coating and Crofer 22 APU, Co 

diffuses into the steel (assuming the concentration reduction close to the interface) and Cr 

out of the steel. 

The Mn1.0Co1.9Fe0.1O4 (MCF) coated by the APS process revealed its long-term stability 

and reduced chromium poisoning in actual operating conditions. During the annealing of 

the coating, a crack-healing effect plays an essential role in mitigating chromium 

evaporation in stack operation. The elevated temperature of the substrate during the plasma 

spraying may cause the bending of the SOFC interconnectors. Mn1.00Co1.89Fe0.10O3.88 

coating on Crofer 22 APU ferritic steel by APS were heat treated under atmospheric 

condition for 3h at 500 °C, 100 h at 850 °C and 10000 h at 700 °C. Annealing at 850 °C 

simulates the stack sealing process, and the long-term annealing at 700 °C simulates typical 
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SOFC operating conditions in Jülich SOFCs. Short-term annealing for 3h at 500 °C was to 

study the crack-healing phenomenon (Back et al. 2020; Grünwald et al. 2019; Vaßen et al. 

2016). 

The primary microstructural features of an as-sprayed coating are micro-cracks and 

porosity. The porosity measurements determined 12.4 ± 0.8% porosity in the as-sprayed 

condition. The short-term annealing of 3h at 500 °C showed micro-cracks at higher 

magnifications, but the porosity decreased to 2.4 ± 0.8%. The samples annealed for 100 h 

at 850 °C revealed the absence of micro-cracks even at higher magnification, but the 

porosity increased to 6.3 ± 0.6%. Annealing the sample at 700 °C for 10000 h showed a 

porosity of 7.1 ± 1.3%. The X-ray diffraction of the as-sprayed and 3 h annealed samples 

revealed the occurrence of cubic rock salt phase (Mn, Co, Fe)O. In 3h annealing at 500 °C, 

a spinel phase close to powder’s diffraction pattern was detected, and a cobalt-containing 

cubic spinel phase Co3O4. After 100 h annealing at 850 °C, cobalt-rich spinel Co3O4 was 

observed. The initial spinel (Mn,Co,Fe)3O4 phase was retrieved after 10000 h annealing at 

700 °C (Back et al. 2020; Grünwald et al. 2019; Vaßen et al. 2016). 

 

Figure 14: Schematic drawing of crack-healing process. Annealling of as sprayed APS-

MCF in air, the MeO (Me = Mn1.0Co1.9Fe0.1) rock salt phase is transformed into the spinel 

configuration Me3O4. This results in volume expansion, which takes place at the MCF 

surfaces (c). Oxygen cannot penetrate to the bulk over the gas phase after the cracks are 

closed (d) (Grünwald et al. 2017). 
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The rock salt phase of (Mn, Co, Fe)O is only stable at high temperatures, as seen in the 

phase diagram of manganese-cobalt oxide (Fig. 15). The spinel-configured powder (Mn, 

Co, Fe)3O4 transforms to a rock salt configuration (Mn, Co, Fe)O in the as-sprayed coating. 

The method of diffusion to transform to the low-temperature stable spinel configuration is 

initiated by annealing the MCF coating in air. The chemical reaction of this phase 

transformation is described as follows: 

3(Mn, Co, Fe) O + ½ O2 → (Mn, Co, Fe)3 O4 ………………. (7) 

The above reaction shows that oxygen uptake occurs during annealing in the regions of 

high oxygen partial pressure leading to a volume expansion in the coating. The areas where 

oxygen uptake is observed are the coating’s surface, pores, and micro-cracks. Volume 

expansion induced by the phase transformation of rock salt configuration to spinel is called 

crack-healing (Back et al. 2020; Grünwald et al. 2017, 2019; Vaßen et al. 2016). The 

annealing, which leads to micro-cracks closure, restricts the diffusion of the gas phase 

through the coating, thereby reducing the oxidation rate. 

 
Figure 15: Phase relations in the system cobalt oxide - manganese oxide in air      

(Aukrust and Muan 1963) 

The crack-healing of the coating leads to densification of the coating diminishing the total 

chromium reaching the cathode through the gas phase. This has been beneficial in 

mitigating the chromium evaporation in SOFCs interconnect. The ability of the coating for 

a crack-healing mechanism to occur depends on the amount of rock salt phase present in 

the coating’s bulk. The major part of the oxidation is completed after the cracks are closed. 
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The velocity of the diffusion process is strongly dependent on temperature. By lowering 

the annealing temperature, the self-healing capability of APS-MCF can be prolonged over 

time (Grünwald et al. 2017). 

2.8. Various interconnect materials and coatings 

Ferritic stainless steel (FSS) coated with Co-W to reduce oxidation and Cr poisoning has 

been used as interconnect in SOFCs. The oxidation property and area-specific resistance 

(ASR) evaluated at 800 °C showed ASR values of 102 and 97 mΩ.cm2 with LSM and 

LSCF cathodes. The combination of Co-W-coated FSS steel as the cathode material and 

LSM as the anode material demonstrated the optimal combination of electrical conductivity 

and microstructural stability. (Gan et al., 2021). In the surface modification of Crofer 22 

APU steel, gadolinium oxide nanoparticles were deposited by dip-coating, and a protective-

conducting layer consisting of the MnCo2O4 spinel was deposited electrophoretically. The 

unmodified steel, steel coated with a manganese-cobalt spinel layer, steel modified with 

gadolinium oxide nanoparticles, and a system consisting of steel after both modifications 

were considered for the study. The oxidation of all samples at 1073 K for 1000 and 2260 h 

in air showed an improvement in adhesion of the chromia scale on the Crofer substrate was 

improved due to the segregation of gadolinium at the grain boundaries in Cr2O3 scale 

between the substrate and spinel, reducing the oxidation rate of the coated steel. The surface 

modification was also beneficial in reducing chromium evaporation and improving the 

electrical properties of the interconnect (Brylewski et al., 2021). 

The oxide formation on Crofer 22 APU metallic interconnect (fuel side) in SOFC stack 

operation up to 20000 h was investigated. When the Crofer interconnects are exposed to 

the fuel stream, a Cr-rich thermally grown oxide (TGO) is seen at the interface with the 

metal. A prominent MnxOy presence was seen on top of the Cr-rich scale, which supports 

the theory of the continued reaction of TGO with selective Cr depletion. But the oxides of 

manganese may pose problems due to lower electrical conductivity (Ghiara et al. 2021). A 

two-stage oxidation behavior was explored in the oxidation study of Crofer 22 APU at 800, 

825, 850, and 875 °C in air. Due to the fast diffusion of Mn ions, chromia and Mn-rich 

spinel phases were initially formed. In the first oxidation stage, the atmospheric oxygen 

and the oxygen in chromia favor the growth of chromia and Mn-Cr oxide. The second stage 

involves the diffusion of oxygen penetrating the Mn-Cr spinel oxide layer, which increases 

the growth rate of chromia. The growth of chromium-manganese spinel oxide governed by 
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the available atmospheric oxygen did not influence the parabolic rate constant (Park et al. 

2018). 

The purpose of developing a coating to increase the performance of Crofer 22 APU and 

other ferritic stainless steel for SOFC interconnect has led to the development of various 

coating materials and processes. Few coatings investigated for their characteristics and 

required properties in SOFC applications have been summarized. The plasma spray (PS) 

technique was used to spray protective Mn2CuO4 coating on Crofer 22 APU metallic 

interconnect. The deposition of molten Mn2CuO4 on the Crofer interconnect substrate 

forms a high-density coating without needing post-heat treatment. The Mn2CuO4 was 

coated by optimizing the parameter, which led to a coating with high adhesion strength and 

impervious to the diffusion of gases on to the substrate. The Chromia layer was not formed 

at the coating-substrate interface. Due to this, the Mn2CuO4-coated Crofer 22 APU 

interconnect shows an area-specific resistance below 10 mΩ-cm2 at 800 °C in air. The 

coating performed well in continuous stack operation and repeated thermal cycling 

(Waluyo et al. 2018). 

The Cu1.3Mn1.7O4 coating on Crofer 22 APU stainless steel by electrophoretic deposition 

was found to be uniform and adherent. The coated steel was exposed to a thermomechanical 

densification treatment which included pre-reduction uniaxial compression at 10 ksi, a 

reduction annealing for 1h at 850 °C in forming gas that phase-separated the spinel into Cu 

and MnO, a post-reduction uniaxial compression at 100 ksi, followed by a densification 

annealing in air at 850 °C for 100 h. A dense chromium-rich thermally grown oxide layer 

near the coating-substrate interface and an outer CuO scale with small porosity on the 

coating surface was seen. The coating reduced the oxidation rate of uncoated Crofer steel 

from 1.36 × 10−7 mg2 cm−4 s−1 to 6.25 × 10−8 mg2 cm−4 s−1 with Cu1.3Mn1.7O4 coating (Sun 

et al. 2017). 

Magnetron sputtering was used to deposit Mn-Cu metallic coatings (1:1 atomic ratio) on 

bare and pre-oxidized SUS 430 steel. The uncoated and coated samples thermally exposed 

to air at 800 °C showed a two-layer oxide structure. The outer oxide layer formed was (Mn, 

Cu)3O4 spinel, which consists of a distinct CuO, whereas the inner layer is a protective Cr-

rich oxide. The chromium-rich layer is believed to develop from the steel substrate. The 

outer (Mn, Cu)3O4 spinel effectively mitigated the Cr outward migration and improved the 

electrical performance of the surface oxide scale (Geng et al. 2017). Thin metallic Co- and 
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Ce/Co-coated steels considered to be used as the interconnect material in Intermediate 

Temperature Solid Oxide Fuel Cells (IT-SOFC) were investigated for Cr-species 

volatilization, oxide scale growth, and electrical performance at 650 °C and 750 °C. The 

study demonstrated that a decrease in temperature causes a substantial variation in the 

chemical composition of the oxide layer as well as thinner oxide scales and less Cr 

vaporization. Both Co- and Ce/Co-coated steel exhibited very low ASR values below         

10 mΩ-cm2 at 650 °C and 750 °C. The chemical composition change did not have a 

noticeable impact on the ASR. Even at low temperatures (650 °C), the Cr2O3 oxide layer is 

predicted to be the primary contributor to the ASR (Falk-Windisch et al. 2017). 

MnCo1.7Fe0.3O4 coating on Crofer 22 APU was assessed for its coating density effect on 

oxidation kinetics and Cr evaporation rate. Compared to the heat treatment in air, denser 

coatings were obtained by a two-step reduction and re-oxidation heat treatment process. 

Though initial coating density did not influence long-term oxidation behavior at 800 °C, 

assessing the Cr-depletion criterion in air sintered MnCo1.7Fe0.3O4 spinel coating provided 

an effective barrier to Crofer steel substrate in its service time of 40000 h at 800 °C (Talic 

et al. 2017a). Corrosion protection layers of MnCo2O4, MnCo1.7Cu0.3O4, and 

MnCo1.7Fe0.3O4 were deposited electrophoretically on Crofer 22 APU alloy used as metallic 

interconnects in solid oxide fuel cell stacks. The oxidation rate of the Crofer interconnect 

was reduced by the coating at 800 °C and 900 °C. After 4370 h aging, all coated samples 

exhibited three-time lower ASR than bare Crofer 22 APU steel. The MnCo2O4 showed the 

lowest increase in ASR with time, which was followed by MnCo1.7Fe0.3O4 and 

MnCo1.7Cu0.3O4 coatings. Though the doping of Fe and Cu in the coatings showed an 

insignificant effect at 800 °C, a decrease in the development of a Cr-rich reaction layer at 

900 °C was observed (Talic et al. 2017b). 

Hosseini et al. investigated the CuFe2O4 spinel coating deposited on bare and pre-oxidized 

Crofer 22 APU steel via screen-printing. A reactive sintering process achieved good 

adhesion between the coating and substrate. The deposition of spinel coating on the Crofer 

steel significantly decreased the ASR. It also acts as a diffusion barrier for the inward flow 

of oxygen by hindering subscale growth. The uncoated Crofer substrate showed and ASR 

of 48 mΩ⋅cm2, whereas the bare and pre-oxidized CuFe2O4 spinel coated Crofer steel 

showed an ASR of 13.8 and 26.7 mΩ⋅cm2 at 800 °C after 400 h oxidation (Hosseini et al. 

2016). 



 

27 

 

In order to diminish the degradation of cathode performance by Cr poisoning, SUS 430 

alloy used as metallic interconnect was coated with spinel oxides with difference 

stoichiometric compositions of MnCuxCo2-xO4 (x = 0.1, 0.3, 0.5, 0.7). In this study, the 

determination of oxidation characteristics and effectiveness of protective coating was 

investigated by evaluating the effect of Cu doping of spinel on electrical conductivity and 

CTE. In a comparison of all coating, MnCu0.5Co1.5O4 spinel showed the highest electrical 

conductivity of 105.46 S.cm-1 at 750 °C in air and an average CTE value of                 

12.27×10-6 K-1 at a temperature range of 20-960 °C. MnCu0.5Co1.5O4 spinel coating has 

effectively suppressed the growth of chromia and the Mn-Cr spinel layer. The oxidation 

rate constant was as low as 2.76×10-15 g2.cm-4.s-1, and the ASR contributed by the oxide 

scale is 8.04 mΩ⋅cm2 at 750 °C (Xiao et al. 2016). The electrodeposition process was used 

to coat five different CoFe coatings (Co0.9Fe0.1, Co0.8Fe0.2, Co0.7Fe0.3, Co0.6Fe0.4, and 

Co0.5Fe0.5) on AISI 441 substrate. The coated specimens were oxidized at 800 °C for 5 h. 

Lower content of Fe, about ≤30 at.%, showed lesser ASR and effective coating in restricting 

the chromia scale growth. The electrochemical performance of the cathode was improved 

with the low Fe coating than the bare interconnect (Shen and Lu 2016). 

The Crofer 22 APU steel coated with MnCo2O4 and MnCo1.8Fe0.2O4 was investigated for 

SOFC interconnect application at 750 °C. ASR of the coating was evaluated for 5300 h, 

which included several thermal cycles. The coated samples exhibited approximately four 

times slowed ASR increase than the uncoated samples. The average rate of increase in the 

ASR of the spinel coated sample was 0.3 mΩ.cm2/1000 h. The composition of the coating 

and the coating thickness showed no influence on the electrical conductivity. The prediction 

of ASR up to 40000 h operation would result in an ASR of 30 mΩ.cm2. The outcome 

showed the use of porous Mn-Co spinel coating as a protective barrier for steel in SOFC 

interconnect, which can hinder the chromia scale growth rate and enhance electrical 

properties (Molin et al. 2016).  

The oxide scale formed on AISI 430 ferritic stainless steel was investigated for its 

protective characteristics from chromium poisoning and enhancement in the ASR. The 

Cu1.3Mn1.7O4 spinel coating was deposited on AISI 430 steel by screen printing. The 

oxygen diffusivity between coating and substate was substantially decreased after 500 h 

oxidation at 750 °C, decreasing the sub-scale oxide growth rate. The uncoated sample had 

a ASR of 63.5 mΩ.cm2 after 500 h oxidation, while the spinel coated sample had a ASR of 

19.3 mΩ.cm2. A 70% reduction in the ASR of the Cu1.3Mn1.7O4 coating not only enhanced 
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the electrical conductivity but also effectively reduced sub-scale growth and prevented the 

diffusion of chromium from the steel substrate to the cathode (Hosseini et al. 2015). 

Doping of Cu in Mn-Co spinel has shown improved electrical properties, and CTE match 

with Crofer steel interconnect. A Mn1.4Co1.4Cu0.2O4 spinel coating was deposited on Crofer 

22 APU steel substrate by powder reduction technique. A reactive sintering process was 

employed to achieve good adhesion between the coating and the substrate. The oxidation 

of the spinel coated steel at 800 °C for 530 h showed an ASR less than 4 mΩ.cm2 (Chen et 

al. 2015). A Co-Mn alloy was electro-deposited on 430 stainless steel and heat treated at 

750 °C in argon and at 800 °C in the air to attain Co-Mn spinel coating. The heat treatment 

resulted in forming of an outer MnCo2O4 layer and an inner Cr-rich oxide layer on 430SS. 

The spinel coating has improved the oxidation resistance of the steel with reduced contact 

resistance(Zhang and Zeng 2014). 

A Cu and Ni-doped Mn1.5Co1.5O4 (MCO) spinel coating were deposited as a protective 

coating on Crofer 22 APU metallic interconnect slurry coating process, followed by heat-

treatment. An improvement in the sintering characteristics, electrical conductivity, and 

CTE match with Crofer interconnect due to the doping of Cu and Ni. The ASR of the coated 

samples at 800 °C was as low as 13.9-17.6 mΩ cm2. The Cu doped Mn1.5Co1.5O4 spinel 

coating mitigated the Cr-species migrating from the steel interconnect, thereby decreasing 

the Cr poisoning of a cathode (Park et al. 2013). 

A thin film of CoMn coating (~2 μm) was deposited on as-received and pre-oxidized      

(100 h at 800 °C in the air) Crofer 22 APU ferritic steel via magnetron sputtering. The 

samples were exposed to single atmosphere (moist air) and dual atmosphere environments 

(moist air/moist hydrogen) for 200 h at 800 °C. The pre-oxidation of the Crofer substrate 

inhibited the outward transport of iron from the steel to the surface, reducing the oxide layer 

thickness for both bare and CoMn coated steel (Amendola et al. 2012). 

The surface of ferritic stainless steel was modified by coating Cu-Mn-Co spinel powder via 

slurry dip-coating, followed by the sintering process. Adding Cu to Mn-Co spinel was 

advantageous in altering the thermal expansion behaviour to be more compatible with 

metallic interconnect material and reduce the sintering temperature. Excellent anti-

oxidation performance was achieved by the Cu–Mn–Co spinel coating and acted as a mass 

barrier to the outward diffusion of Cr (Xu et al. 2011). The spin coating technique was 

employed in depositing three lanthanum-based perovskite ceramic compounds, 
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La0.8Ca0.2CrO3, La0.8Sr0.2CrO3, and La0.8Sr0.2MnO3 on ferritic stainless steel. The aging of 

the coated samples at 800 °C in the air for 1600 h enabled the growth of (Mn, Cr)3O4 spinel 

phases with coarser crystalline structures and higher levels of Mn content. The coated 

samples exhibited an ASR of ∼3 mΩ cm2 after aging for 1600 h, which was one-third of 

the uncoated sample. The Mn content and the crystallite size of the spinel phase played an 

important role in the ASR difference (Shong et al., 2011). 

The surface modification of SUS 430 ferritic stainless steel was done by coating NiCo2O4 

spinel coating using the sol-gel process. The cyclic oxidation of the uncoated and coated 

steel in the air at 800 °C for 200 h resulted in a significant enhancement in oxidation 

resistance with a rate constant of 8.1 × 10−15 g2 cm−4 s−1. The inhibition of the resistive 

Cr2O3 growth and conductive spinel phase formed improved the electrical conductivity of 

the steel (Hua et al. 2010b). 

2.9. Area-specific resistance 

The area-specific resistance (ASR) was measured by analyzing the impedance spectra using 

Nyquist or Bode plots (Pan et al. 1998). The ASR value of about 0.1 Ω cm2 has been 

generally accepted upper limit for SOFC interconnect (Morán-Ruiz et al. 2015; Zhu and 

Deevi 2003). The coatings like MnCo2O4 and MnCo1.8Fe0.2O4 on Crofer 22 APU at 750 °C 

for 5000 h exhibited a four times lower ASR of coated samples compared to uncoated steel 

(Molin et al. 2016). The observation of the impedance data of cobalt-coated Crofer 22 APU 

showed oxide layers of chromia, chromium containing cobalt oxide, and spinel of cobalt 

chromium (Velraj et al. 2014). The oxidation of Mn-Co-O spinel coated 430SS at 850 °C 

predicted an ASR of approximately 0.5 Ω.cm2 after 50000 h in the air (Chen et al. 2005). 

Impedance spectroscopy of AISI 304 steel after oxidation at 800 °C for 200 h revealed the 

oxide layers of thin outer MnCr2O4 and thick inner Cr2O3 with an experimentally 

determined activation energy of about 0.45 and 0.35 eV for respective oxides (Song SH 

and Xiao P 2003). 

2.10. The adhesion strength of MCF coating 

Atmospheric plasma spray is known to be an overlay coating on a substrate. The coating is 

said to have strong adherence in the as-sprayed condition due to mechanical interlocking 

between the coating particles and the roughened substrate. Evaluating the adhesion strength 

of these coatings is of interest and can vary due to the difference in physical properties and 

thermal mismatch. 
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The quality of adhesion between the substrate and the coating can impact the interconnect 

lifespan of SOFCs. There is a wide range of methods for assessing adhesion/cohesion bond 

strength in coatings, but none is considered ideal. Every test method has its advantages and 

disadvantages. The scratch test method has proven to be reasonably reliable, wherein its 

advantages lie in the ease of use and no special requirement for specimen preparation (Das et 

al. 2019; Sekler et al. 1988; Vencl et al. 2011). The scratch tests can be performed under 

constant or variable loading conditions. This test has proven beneficial for many years for 

determining the adhesion between coating and substrate and evaluating various mechanical 

failure modes in coatings (Vencl et al. 2011). 

Researchers employed different methodologies to assess the adhesion strength of plasma 

sprayed coatings, with a scratch indentation test utilized in a few investigations. M. Hadad et 

al. (Hadad et al. 2007) showed that the interfacial indentation test is very effective in studying 

the impact of interfacial roughness and coating adhesion. S Hazra et al. (Hazra and 

Bandyopadhyay 2012) used a scratch indentation test to study the failure mechanism of 

plasma-sprayed alumina topcoats from crushed, agglomerated, nanostructured powders and 

two bond coats, nickel aluminum and nickel-chromium. Large area spallation was observed 

as a prominent failure mode in all coatings, and in most cases, tensile cracks were noticed. 

The scratch test was also used on different thermal sprayed ceramic, cermet, and metal 

coatings to analyze the intra-lamellar quality and long-range cohesion of the coatings (Nohava 

et al. 2010). The reliability and reproducibility of cross-sectional scratch test on plasma-

sprayed yttria-stabilized zirconia (YSZ) and TiO2 coatings with Ni-Cr bond coat were studied 

by E. Byon et al. (Byon et al. 2013). They emphasized that a scratch test on the cross-section 

of the plasma spray-coated specimen can be used as an effective way of quantifying the 

adhesion or cohesion strength. Even though the scratch indentation test is rarely utilized, the 

results suggest that it can be useful for measuring the coating's adhesion strength. A study on 

the scratch test using progressive and constant load on composite coatings deposited on 

Fe430B substrates was attempted, and their results were discussed independently (Barletta et 

al., 2013). However, the combined approach of progressive and constant loading conditions 

has not been attempted, interpreted, and correlated elsewhere. 

2.11. Early-stage oxidation of Crofer 22 APU steel 

The commercially available ferritic steels used for SOFC have a chromium content ranging 

from 18 to 28 wt.%. As the content of chromium increases in the alloy, the oxidation 
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resistance also increases (Niewolak et al. 2010; Quadakkers et al. 2000; Young et al. 2011). 

In the temperature range of 600-900 °C, chromia is the prominently formed oxide scale 

layer (Niewolak et al. 2016). At temperatures greater than 1000 °C, chromia acts as an 

electronic conductor, and the electrical conductivity is independent of oxygen partial 

pressure (Singheiser et al. 2010). Titanium presence in the alloy forms titania precipitates 

in the sub-scale region of chromia. At low oxygen partial pressure, titanium dissolves in 

the inner part of the chromia scale, and titanium re-precipitates at higher oxygen pressure 

in the outer part of the scale due to the reduced solubility in Cr2O3 as the oxygen partial 

pressure increases (Niewolak et al. 2014, 2016; Quadakkers 1987; Shindo et al. 1986; 

Singheiser et al. 2010). At elevated temperatures, the inclusion of Ti in the oxide layer will 

increase the growth rate of chromia (Singheiser et al. 2010). 

The conventional method to study the oxidation kinetics and mechanism involves 

characterization techniques such as XRD, FE-SEM, and depth profiling using cross-

sectioned samples exposed to long-term oxidation. Whereas the initial stage oxidation of 

high oxidation materials like Crofer 22 APU is carried out in a shorter duration in a 

controlled atmosphere, it would not be easy to identify and evaluate using state-of-the-art 

characterization tools. Understanding such early growth of complex two-layer oxide during 

initial stage oxidation mechanisms would be better when using surface analytical tools such 

as GIXRD and GD-OES for quantification. 

Besides conventional characterization tools, Glow Discharge Optical Emission 

Spectrometer (GD-OES) is an interesting tool for quick depth profiling surfaces, thin films, 

and coating. In GD-OES, the distribution of all elements can be obtained for a specific 

depth from the surface (Nelis and Pallosi 2006; R. Kenneth Marcus 2002). GD-OES can 

quantify the oxide scales formed on the surface by interpreting the intersection of the 

oxygen depth profile with the depth profile of other elements (Ghosh et al., 2013). 

The Grazing Incidence XRD (GIXRD) analysis is more accurate than traditional XRD for 

investigating thin films of tens of nanometres thick or the oxide scales formed after 

oxidation (Achilli et al. 2022). The GIXRD measurement uses a beam incidence angle (ω) 

of ˂5° when the detector is rotated around the sample. Due to the low ‘ω’ applied to the 

incidence beam, the signals from the surface of the specimen increases which is favourable 

in detecting the oxides of nanometre thickness (Stabrawa et al. 2019). The advantage of 

using GIXRD is that the incoming X-ray beam’s penetration depth can be accurately 

regulated. This method also allows the investigation of monolayers on single crystallite 
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surfaces and vital information of a crystalline surface can be obtained by non-destructive 

analysis (Marra et al. 1979; Scherzer et al. 2019).  

2.12. Thermal expansion induced thermal mismatch of MCF coated Crofer 22 APU 

metallic interconnect 

Chromia-forming alloys are a favorable choice to facilitate the thermal expansion coefficient 

match with other components. In addition, the electronic conductivity of chromia (Cr2O3) is 

higher than other oxide scales (Fergus 2005; Han et al. 2007; Öztürk et al. 2018; Zhu and 

Deevi 2003). But the continued growth of the Cr2O3 scale will result in ohmic losses and 

becomes incompatible with other components. The volatile gaseous components of chromium 

species can degrade the cathode and cathode/electrolyte interface (Hu et al. 2020; Mohamed 

et al. 2022; Park et al. 2018). The degradation of the interconnect, electrode, and electrolyte 

affects the long-term stability of the cells. The application of diffusion barrier coatings have 

been realized to mitigate the degradation of metallic interconnect (Huang et al. 2008; Miguel-

Pérez et al. 2012; Przybylski et al. 2014; Yang et al. 2005; Zhang et al. 2014). Ceramic 

protective coatings have shown promising results in minimizing chromium evaporation and 

controlling the oxide scale growth (Hassan et al., 2020). 

The thermal stresses generated require a detailed analysis of linear expansion and 

coefficient of thermal expansion (CTE) since the mismatch in thermal expansion between 

the coating and substrate is prevalent during the coating deposition, heat treatment, and 

real-time implementation of SOFC. The formation of oxides, induced residual stresses, and 

interfaces are the characteristics of coatings induced by the thermal spray process. As bulk 

expansion behavior is commonly observed in thermal spray coatings, determining the 

correct values of CTE is essential for designing SOFC and predicting the coating 

performance under thermal stress (Bejarano et al. 2019). The spray process parameters 

influence thermal expansion due to phase changes caused by oxidation, precipitate 

formation, etc. The thermal mismatch stresses generated due to the dissimilarity in CTE 

between coating and substrate result from a more significant temperature gradient during 

the long-term spraying process, phase transformation, etc. (Khan and Lu 2007; Kustov et 

al. 2001; Tao et al. 2022) The thermal mismatch strains strongly affect coated components' 

bond strength and thermal fatigue life (Khor et al. 1999). As significant stresses are 

generated during oxidation, the determination of thermal stresses associated with oxide 
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layer growth on the substrate and coating is important to predict the lifetime of the system 

(Panicaud et al. 2021). 

The growth stresses occurring during the isothermal oxidation process may influence the 

protective properties of the oxide scales by reducing the lifetime of the metallic substrate. 

Irrespective of the particular alloy being oxidized or the kind of oxide formed, the growing 

oxide film is usually under significant stresses (around GPa). Thus, it is important to 

accurately determine the strain and stress fields associated with the growth of oxide films 

on metallic substrates to investigate the lifetime of such systems (Panicaud et al. 2021). 

The coefficient of thermal expansion quantifies the expansion and shrinkage due to changes 

in the temperature of a material. The CTE of substrate and coating materials strongly 

influences the adhesion strength of the overlay coating. The large variation in CTEs leads 

to a mismatch in strain, causing cracks and degradation (Bednarz et al. 2019; Loghman-

Estarki et al. 2014; Öztürk et al. 2021). The influence of residual stress concentration due 

to a mismatch in thermal expansion behavior between the substrate and coating resulted in 

delamination/failure of the coating (Chen et al. 2010a; Jamali et al. 2012; Khor and Gu 

2000; Molin et al. 2014; Tao et al. 2022). The mismatched thermal expansion coefficient 

at the interface causes the local volume to change across the interface (Cernuschi et al. 

2005; Khan et al. 2021; Tao et al. 2020). In YSZ coating on Ni-based superalloy GH3128, 

the mismatch in strain generates internal stress in the coating resulting in damage to the 

outer/ inner layer of the coating interface (Tao et al. 2022). In a Fe doped Mn-Co spinel 

coating, the Co occupancy in octahedral sites is substituted by Fe due to higher ionic radius; 

the increase in lattice parameter and reduction in CTE is also caused by Fe addition (Liu et 

al. 2013; Masi et al. 2017; Talic et al. 2018). 

The thermal expansion behavior of various SOFC interconnect materials has been studied 

using the dilatometer, and the CTE match with other components was reported (Sakai et al. 

2005; Simner et al. 2003). A high-temperature vertical dilatometer measures the CTE of 

(Mn, Co)3O4 (25-1000 °C) doped with Fe. The CTE of MnCo1.66Fe0.34O4 and 

MnCo1.66Fe0.34O4 were 12 × 10-6 C-1 and 11.2 × 10-6 C-1, respectively, which showed a close 

match of CTE to ferritic stainless steel (11-13 × 10-6 C-1). The CTE increase with increasing 

cobalt was offset by doping with Fe (Wang et al. 2011). Few studies also focus on 

investigating the thermal mismatch behavior of other components of SOFC like anode, 

cathode, and electrolyte (Church et al. 2005; Ding et al. 2009; Nakajo et al. 2006). 
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2.13. Effect of MCF coating on the oxidation resistance of Crofer 22 APU steel 

Compared to the Al2O3 and SiO2 forming materials, the Cr2O3 scales formed on the alloy 

surface exhibited a lower oxide growth rate (Fergus 2005). But the Cr (VI)-species that 

evaporates from these steel results in Cr poisoning and a reduction in cell efficiency (Fergus 

2007). Cell performance is also affected by the low electric conductivity of the Cr2O3 oxide 

layer (Jiang et al. 2002). With the addition of a small percentage of Mn, the Fe-Cr alloys 

form spinels of Mn and Cr (Horita et al. 2003). These alloys with below 1 wt.% Mn content 

led to (Mn, Cr)3O4 spinel formation on top of Cr2O3, which increases the electrical 

conductivity and mitigates the Cr evaporation due to lower evaporation pressure of the 

spinel than chromia (Yang et al. 2004, 2007). Studies have shown that forming low 

conductivity Cr2O3 oxide increases the area-specific resistance (ASR) under long-term 

exposure (Fergus 2005). The growth of the oxide scales can be reduced, and a protective 

spinel coating can increase the electrical conductivity of the alloy (Zhao et al., 2020). 

Various materials used as a coating for SOFC applications include rare earth perovskites, 

reactive element oxides, and conductive spinels (Shaigan et al. 2010). 

The oxidation kinetics of MnCo1.7Fe0.3O4 spinel coating on Crofer 22 APU showed that Cr 

evaporation was reduced by 97% by reduction and re-oxidation heat treatment causing the 

coating to densify (Talic et al. 2017a). The oxidation study on LSCF48 film deposited on 

Crofer 22 APU carried out at 800 °C for 200 h in air showed a reduction in oxidation rate 

by three times of LSCF48 coated Crofer steel than the uncoated steel. The reduction in 

oxide growth caused by the low oxygen diffusion coefficient of LSCF48 film was seen 

after 2400 h of oxidation at 800 °C (Durda et al. 2020). The evolution and growth of Cr2O3, 

MnCr2O4, and surface nodules were the reason for two-stage oxidation in Mn containing 

Fe-16Cr alloy oxidized at 650–850 °C in the air up to 500 h (Jian et al. 2006). The 

investigation of the oxidation behavior of Mn1.5Co1.5O4 (MCO) coated Crofer 22 APU and 

Haynes 230 (H230) between 700–900 °C showed a 5.5 times reduction in the oxidation 

rate of Crofer 22 APU but showed no effect on the kinetics of Haynes 230 alloy (Chen et 

al. 2010b). The effect of Mn content (Mn = 0.0, 0.5, 1.0, and 3.0 wt.%) in Fe-17Cr alloy 

on oxidation behavior and electrical conductivity were investigated. The increase in Mn 

content in the alloy increased the oxidation rate due to the faster diffusion of Mn. The ASR 

also increased due to forming thicker oxides at a high oxidation rate (Hua et al. 2011). 
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In the (Mn, Co)3O4 spinel coating on Crofer 22 APU, the Mn1+δCo2-δO4 spinels (δ=0.3-0.9) 

exhibiting a dual phase structure at room temperature undergoes a cubic-tetragonal spinel 

phase transformation during heat treatment. The phase transformation of Mn1.5Co1.5O4 

spinel coating from cubic to tetragonal at 400 °C was confirmed by XRD, which showed a 

negligible effect on the thermal expansion of the coating (Yang et al. 2007). MCF is an 

interesting candidate material for diffusion barrier coating as it exhibits a self-healing 

effect, and subsequent densification of the coating during annealing is chromium mitigation 

in the SOFC stack operation. The (Mn, Co, Fe)3O4 spinel configuration of the powder is 

transformed into (Mn, Co, Fe)O rock salt configuration in the as-sprayed coating. The 

Mn1.0Co1.9Fe0.1O4 coating on Crofer steel exhibited a complete phase transformation from 

cubic to spinel phase during annealing at 850 °C for 100 h. This phase transformation leads 

to a volume expansion in the coating, which helps to close the cracks, also called crack-

healing. The increase in annealing time influenced the two-phase regions (major simple 

cubic and spinel) observed in the as-sprayed condition leading to the formation of a single 

(Mn, Co, Fe)3O4 spinel phase (Grünwald et al. 2017; Vaßen et al. 2016). In these studies, 

conventional techniques like SEM-EDS and XRD were used to study the oxidation 

behavior of the coatings. 

However, the effect of plasma-sprayed MCF coating on the oxidation kinetics of the Crofer 

substrate has not been studied. No information is available about the effect of crack healing 

on other electrical properties of MCF coating for a prolonged period of high-temperature 

exposure. Particularly, the effect of coating on the oxidation resistance of the Crofer 

substrate with the help of advanced analytical techniques such as GD-OES, Raman 

spectroscopy, and UV-vis-NIR would bring more insight into the understanding of the 

oxidation resistance of such overlay coatings. Besides, these tools combined with 

conventional FE-SEM (EDS) can be complemented for better understanding, which has 

not been reported earlier. 
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3. SCOPE AND OBJECTIVES OF PRESENT WORK 

From the literature survey, it is observed that Cr poisoning is a major drawback of metallic 

interconnect. To overcome this issue, protective coatings by APS are being extensively 

used. Different coatings such as nitride, perovskite (LaCrO3), spinels (Mn1.5Co1.5O4, 

MnCr2O4, (Mn,Co)3O4, MnCo1.8Fe0.2O4, Cu1.3Mn1.7O4 CuFe2O4) have been studied 

extensively. Amongst all the coatings studied to date, spinel coatings have shown to be the 

most effective coating to suppress the evaporation of Cr. The study of MCF coating on 

Crofer 22 APU has been less explored. To our knowledge, not much work is done in 

characterizing MCF coating, and also the short and long-term oxidation behaviour of the 

coating has to be investigated. 

3.1. Research gap 

• Fundamental research activity has been carried out on Crofer 22 APU to a large extent, 

but research on APS coated MCF on Crofer steel has been limited. 

• However, fundamental characterization of MCF coated Crofer steel, like in-situ high 

temperature XRD, thermal expansion characteristics, adhesion strength, and oxidation 

mechanism using in-situ XRD, GIXRD, and GDOES are not seen in the open literature. 

The overall aim of this research work is to study the short, and long-term oxidation 

mechanism of Mn1.0Co1.9Fe0.1O4 (MCF) coated Crofer 22 APU and to evaluate the 

mechanical and electrical properties. The Mn1.0Co1.9Fe0.1O4 formulation used as the coating 

material provides a protective coating on the Crofer steel SOFC interconnect. The MCF 

powder coated by Atmospheric Plasma Spraying (APS) on interconnect material 

demonstrated a dense structure and self-healing phenomena of microcracks during 

annealing under oxidizing atmospheres. The MCF coating has also lowered the degradation 

rates in SOFC stack operation. The Mn1.0Co1.9Fe0.1O4 spinel powder has also demonstrated 

the decomposition of the spinel phase to the cubic structure during plasma spraying and 

transition to the spinel phase upon annealing. Also, spinels are shown to provide good 

electrical conductivity, which is beneficial for SOFC stack operation. 
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3.2. Proposed objectives 

1. To study and analyze the Crofer 22 APU substrate microstructure and its 

Mn1.0Co1.9Fe0.1O4 (MCF) protective coating deposited by Atmospheric Plasma Spray 

(APS) by using FE-SEM. 

2. To evaluate the adhesion strength and electrical conductivity of Mn1.0Co1.9Fe0.1O4 

(MCF) coating by Scratch Indentation Testing and Impedance Analyzer, respectively. 

3. To examine the short-term oxidation and thermal expansion characteristics of Crofer 22 

APU substrate and Mn1.0Co1.9Fe0.1O4 (MCF) coated substrate using in-situ high-

temperature XRD. 

4. To study the long-term oxidation behavior of the uncoated and coated Crofer 22 APU 

steel at 850 °C in ex-situ atmospheric conditions. 

5. To understand the short-term and long-term oxidation mechanism of uncoated and 

coated Crofer steel using GIXRD, FE-SEM, DSC, TGA, GDOES, Raman Spectroscopy, 

and UV-vis-NIR. 
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4. MATERIALS AND METHODS 

 

Figure 16: Flow chart showing the proposed methodology 
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4.1.  Materials and coating process 

The substrate material used for the plasma spray is ferritic steel Crofer 22 APU 

(ThyssenKrupp VDM GmbH, Werdohl, Germany). In order to obtain a realistic SOFC 

stack condition, the substrates will be laser cut to provide a linear channel structure similar 

to the original interconnect component. The substrate will then be sandblasted with F150 

alumina particles of size 60-105 µm. A manganese-cobalt-iron oxide powder having a 

spinel structure (H.C. Starck, Laufenburg, Germany) is used for the coating. The chemical 

composition of the coating powder was: 23.5 wt.% Mn, 47.6 wt.% Co, 2.4 wt.% Fe, and    

26.5 wt.% O (Grünwald et al. 2017, 2019; Vaßen et al. 2016). 

Table 1: Composition of Crofer 22 APU 

 Cr Fe C Mn Si Cu Al S P Ti La 

Min 20.0   0.3      0.03 0.04 

Max 24.0 Bal. 0.03 0.8 0.5 0.5 0.5 0.02 0.05 0.20 0.2 

The APS process parameters: applied current: 500 A, power: 49 kW, plasma gases: 50 slpm 

Ar and 4 slpm, and stand-off distance: 150 mm (Back et al. 2020; Grünwald et al. 2017; 

Vaßen et al. 2016). 

4.2. Methodology 

4.2.1. Characterization of MCF coating on Crofer 22 APU steel 

The surface morphology of the as-deposited coating was using a scanning electron 

microscope (JEOL JSM-6700F). The MCF-coated Crofer steel was then polished for cross-

sectional analysis. The coating thickness and porosity levels were assessed from the 

analysis of the cross-section images using ImageJ (version 1.53t) (Rueden et al. 2017). The 

coating thickness was measured at five different locations in the cross-section of the 

ridge/groove and side walls. The porosity was measured at three locations with the same 

area considered for measurement on the ridge/groove and side surface. 

The diffraction patterns were collected using Cu-Kα (λ =1.540 Å) radiation at 45 V and   

40 A in Malvern PANalytical 3rd generation empyrean XRD machine. The parameters for 

scanning: scan angle - 30° to 90°, scan step size - 0.0262606°, time per step - 67.065 s. 

"High Score Plus Software (version 5.0)" attached to the system was used for analyzing the 

XRD patterns, and the phases were identified using the standard Crystallographic Open 

Database (COD) and Powder Diffraction File (PDF-2) of the International Centre for 

Diffraction Data (ICDD). 
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The resistance of as-sprayed MCF-coated Crofer steel was measured using a four-point 

probe method. The measurements were recorded at room temperature, 50, 100, 150, and 

200 °C. As the heating was limited to 200 °C temperature, the data were extrapolated using 

exponential-curve fitting up to 850 °C, which is the typical operating temperature for 

SOFCs. 

A microhardness test was carried out on the polished cross-section of the MCF-coated 

Crofer steel interconnect using a Shimadzu micro-Vickers hardness tester (Shimadzu 

HMV-G20ST). Indentations were made at 0.01 N (100 g) load with a dwell time of 15 s. 

The micro-hardness at different places of the interconnect groove was estimated using:        

V = 1.854 (F/d2) (Tiegel et al. 2015), where F is the load and d is the mean penetrated 

diameter. 

4.2.2. Scratch adhesion testing 

A scratch tester (TR-101, Ducom, Netherlands) was used to carry out constant and progressive 

load tests with a Rockwell C-type diamond conical indenter tip radius of 200 µm and an apex 

angle of 120°. A load was applied at a constant speed by the indenter on the test specimen and 

the scratch path was created by the continuous sliding movement of the indenter against the 

specimen surface. The scratch testing on the coating was performed in progressive and 

constant loading conditions. The scratch testing conditions and parameters are provided in 

Table 2 and Table 3. The changes in friction force, coefficient of friction (COF), and acoustic 

emissions were continuously recorded. Based on the outcome of the progressive load test, 

parameters for the constant load scratch test were decided. The experiment was carried out in 

the same conditions three times for repeatability, and the standard deviations of the critical 

load, stroke length, friction force, and COF at coating failure were calculated. 

Table 2: Testing conditions of progressive load scratch test 

Parameter Value 

Initial load, N 10 

Final load, N 90 

Rate of load increase, N/s 0.89 

Scratch indenter velocity, mm/sec 0.1 

Stroke length, mm 9 
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Table 3: Testing conditions of constant load scratch test 

Parameter Value 

Constant loads, N 20, 30, 40 

Scratch indenter velocity, mm/sec 0.1 

Stroke length, mm 5 

The coated substrates were characterized using a 3D non-contact profilometer (ST400, 

NANOVEA, USA) before and after the scratch test. A high-speed sensor of 110 µm resolution 

was used for the scan. The step size for the scan was kept constant at 5 µm. The average 

surface roughness, 2D and 3D surface texture, and depth profile were evaluated. The 

EUR15178N standard was used for roughness characterization in three dimensions. A 

Scanning Electron Microscope (FE-SEM, GEMINI 300, Carl Zeiss, Germany) was used to 

characterize the cross-section, surface morphology, pre- and post-scratch test analysis. 

4.2.3. Early oxidation of Crofer 22 APU steel 

The X-ray diffraction (XRD) patterns were measured using Malvern PANalytical 3rd 

generation empyrean XRD machine using Cu-Kα (λ =1.540 Å) radiation at 45 V and 40 A. 

The Crofer 22 APU steel specimen was cut into a 10 mm × 10 mm piece. The thickness of 

the specimen was reduced to 0.5 mm using SiC polishing papers. The specimen was placed 

in the high temperature (HTK) stage, and a vacuum was created, maintaining a vacuum 

pressure of 10-4 mbar. The Crofer steel was heated from 25 °C  to 950 °C using a Pt strip. 

The heating rate was 60 °C/min, and the temperature increased to 950 °C in steps of 100 

°C with 30 minutes of holding time at each stage. The specimen was scanned from 20° to 

100° using a scan step size of 0.0262606° and the time per step was 36.465 seconds. The 

XRD patterns were analyzed using the "High Score Plus Software" attached to the system, 

and the phases were identified using the standard Crystallographic Open Database (COD) 

and Powder Diffraction File (PDF-2) of the International Centre for Diffraction Data 

(ICDD). 

The surface morphology of the Crofer 22 APU before and after in-situ oxidation was 

recorded using Jeol JSM-6700F to investigate the morphological changes. The surface of 

the Crofer steel after in-situ oxidation was characterized to investigate the formation of 

oxide layers. As the oxides formed on the surface were thin, it was difficult to detect in 

conventional XRD. GI-XRD was used to study and analyze the phases and oxides formed. 
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The GI-XRD parameters: a scan step size of 0.04°, 1.76 seconds/step, and an omega value 

of 1 was chosen for the scan. 

The surface topography and roughness of the Crofer steel before and after oxidation were 

investigated by Atomic Force Microscopy (Flex-Axiom AFM, M/s Nanosurf, Switzerland). 

The AFM tip used for this measurement was a Tapping Mode cantilever made of silicon 

nitride. The scan rate and area were 1 Hz and 2 µm × 2 µm, respectively. 

The GD-OES depth profiling (GD-Profiler 2TM, Horiba, France) was carried out using a 

2mm diameter anode. The Crofer steel sample was loaded into the GD-OES system, and 

the air between the sample and the anode was flushed with argon gas for 105 s. The          

GD-OES was performed using an RF generator with plasma conditions: argon gas pressure 

of 650 Pa and power of 15 W. The depth profiling was performed to a depth till the 

stabilization of alloying elements. It was 3 µm and 8 µm before and after oxidation samples. 

A Confocal Raman Microscope (Compact Raman Spectrometer, Renishaw, UK) was used 

to detect oxide levels at a wavelength of 532 nm in the spectral range of 100-1000 cm-1 

with an exposure time of 10 s. 

4.2.4. Thermal expansion mismatch of MCF coated Crofer 22 APU metallic 

interconnect 

The microstructures of Crofer 22 APU and MCF coated steel specimens before in-situ 

heating were studied using FE-SEM. Crofer steel and MCF coated steel diffraction patterns 

were obtained using Malvern PANalytical (3rd generation empyrean) XRD machine. The 

MCF-coated Crofer steel substrate was cut into two pieces. The coated surface and 

substrate surface were exposed to X-ray incidence independently at the high-temperature 

stage using two pieces of the specimen cut from the same condition. The specimen was 

placed in a high temperature (HTK) stage (Anton Paar, Pt strip crucible), and a vacuum 

with a pressure of 10-4 mbar was created inside the HTK chamber. The incidence beam was 

Cu-Kα (λ =1.540 Å) radiation at 45 V and 40 A. The specimen was heated from 25 °C to 

900 °C at a heating rate of 60 °C/min. The stability was created by holding the specimen 

for 15 minutes at each temperature. The diffraction patterns for Crofer 22 APU and MCF 

coating were recorded at 25 °C and 300 to 900 °C with a step of 100 °C. The specimen was 

scanned from 30° to 90° with a scan step size of 0.0262606°. High Score Plus Software 

(version 5.1) attached to the system was used to analyze the XRD pattern, and phase 

identification was made using the standard Crystallographic Open Database (COD) and 



 

44 

 

Powder Diffraction File (PDF-2) of the International Centre for Diffraction Data (ICDD). 

The lattice parameter, crystallite size, and thermal expansion coefficient for every 

temperature were evaluated, and the mismatch between substrate and coating was 

investigated. 

4.2.5. Long-term oxidation and characterization of oxidized specimens 

A table-top high-temperature furnace (Nabertherm LHT 04/17/P470) was used for the 

oxidation process. The specimens were heated from room temperature to 850 °C at a 

heating rate of 10 °C/min and heated isothermally for 50, 200, and 400 hours. The oxidation 

process was carried out in normal/standard atmospheric condition. The specimens were 

weighed on a high precision weight balance (Contech CAH-223) before placing them in 

the furnace and weighed again after every oxidation interval to calculate the weight gain 

on the sample. 

The microstructures and elemental analysis of Crofer 22 APU and MCF-coated steel after 

oxidation were studied using FE-SEM. The cross-section of the oxidized samples was 

characterized for oxide formation and to evaluate oxide layer thickness. Subsequently, to 

assess the porosity levels after each oxidation stage, the cross-section images were used for 

analysis using the image processing software ImageJ (version 1.53t) (Rueden et al. 2017). 

The porosity measurements were performed at different locations in the cross-section 

image, and the standard deviation was calculated. 

The X-ray diffraction (XRD) patterns were measured using Malvern PANalytical 3rd 

generation empyrean XRD machine using Cu-Kα (λ =1.540 Å) radiation at 45 V and 40 A. 

The oxidized Crofer steel and MCF coating were scanned from 20° to 80° using a scan step 

size of 0.026° and the time per step was 42.55 seconds. The XRD patterns were analyzed 

using the "High Score Plus Software" attached to the system, and the phases were identified 

using the standard Crystallographic Open Database (COD) and Powder Diffraction File 

(PDF-2) of the International Centre for Diffraction Data (ICDD). A Rietveld refinement 

was carried out to estimate the change in lattice parameters and quantification of phases 

and oxides. 

The GD-OES depth profiling (GD-Profiler 2TM, Horiba, France) was carried out on the 

oxidized Crofer steel using a 2 mm diameter anode. The oxidized sample was loaded into 

the GD-OES system, and argon gas was purged to flush the air between the sample and the 

anode for 105 s. An RF generator with a plasma condition of 650 Pa argon gas pressure 
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and 15 W power was used for the measurements. Depth profiling was performed on the 

samples till the alloying elements were stabilized. 

A Confocal Raman Microscope (Compact Raman Spectrometer, Renishaw, U.K.) was used 

to detect the oxide levels. Raman data were collected on excitation at the wavelength of 

532 nm in the spectral range of 100-800 cm-1 with an exposure time of 10 s. The absorbance 

spectra of as-sprayed and oxidized MCF coating were measured using a UV-vis-NIR 

spectrophotometer (Perkin-Elmer Lambda 950) equipped with an integrating sphere of   

150 mm. The reflectance and absorbance measurements were performed wavelength range 

of 190-850 nm. 
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5. RESULTS AND DISCUSSION 

5.1. Characterization of plasma sprayed Mn1.0Co1.9Fe0.1O4 coating on Crofer 22 

APU ferritic stainless steel used for solid oxide fuel cell interconnect 

5.1.1. FESEM and XRD analysis 

 

Figure 17: (a) Macro image of MCF coating on Crofer 22 APU steel interconnect with 

rectangular gas flow channels, (b), (c) Surface morphology of coating, (d), (e), (f) cross-

section image of the MCF-coated Crofer steel at different magnifications. 
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Figure 17a shows the macro-image of the Crofer steel interconnect coated with MCF. The 

laser-cut linear rectangular channel structure of the interconnect can be observed with 

alternate ridges and grooves. The channels enable the gas flow (typically hydrogen fuel in 

SOFC) to induce the chemical reaction at the anode side. The surface morphology of the 

as-sprayed MCF coating is shown in Fig. 17 b and c. The morphology shows unmolten and 

partially melted particles, usually an inherent defect in coatings produced by the 

atmospheric plasma spray process (N. Manjunath and B. Rajasekaran, 2022). The surface 

morphology indicates rapid solidification of the coating powder during atmospheric plasma 

spraying displaying flashy and rough surfaces (Back et al. 2020). Cracks on the surface of 

the coating are also visible. The back scattered cross-section analysis of the MCF-coated 

Crofer steel (Fig. 17 e and f) show a varied uniformity in the coating thickness on side walls 

compared to flat surfaces. The side walls of the metallic interconnect have a non-uniform 

thickness, whereas the thickness is uniform on the flat surfaces. 

It should be noted that the deposition of thermal spray coating on the substrate surface is 

perpendicular to the plasma plume than the parallel surfaces (side surfaces). The 

TriplexPro210 gun enables coating at the side surfaces of the metallic interconnects with 

non-uniform coating thickness. The probability of the molten MCF splats hitting the 

perpendicular surface is more than at the side wall, irrespective of the thermal spray variant. 

However, the adhesion of the coating was found to be adequate and intact in the cross-

section images. As shown in Fig. 17f, the coating showed typical plasma sprayed 

microstructure characterized by microcracks and globular porosity. The standard deviation 

of the porosity at different regions on ridges/grooves was 10.93 ± 1.323 %. The porosity of 

the coating on the side walls was found to be 10.3 ± 0.4 %. The coating thickness ranged 

between 60 and 80 μm on the ridges/grooves and the thickness range of 20-50 μm on the 

side walls. Chromium will also evaporate from the side walls upon high temperature 

exposure. So, the coating is equally important on the side walls of the interconnects. 

Figure 18 and Table 4 show the spot and area EDS data of the elemental composition in as-

sprayed MCF coating. The weight percentages of Mn, Co, Fe, and O were found to comply 

with the nominal composition of the coating powder used as feedstock for the deposition 

process. The deviation in the chemical composition of the as-deposited coating may be 

attributed to the decomposition of the feedstock in the plasms plume or during the rapid 

solidification. However, the as-deposited coating was found to be chemically homogeneous 

in the cross-sections and the marginal deviations can be attributed to the fully molten and 
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partially molten splats. In as-sprayed conditions, CoO is the primary phase confirmed by 

the highest weight percentage of Co in the coating. 

 

Figure 18: EDS spot and area analysis of a cross-section of MCF-coated Crofer steel 

Table 4: EDS spot and area analysis from Fig. 18 

Location 
Elements (wt.%) 

Mn Co Fe O 

Spot 1 28.5 55.7 3.1 12.6 

Spot 2 28.9 58.4 2.9 9.7 

Spot 3 31.7 55.2 2.9 10.1 

Selected Area 29.4 57.8 2.9 9.9 

Phase analyses by x-ray diffraction of as-received Crofer steel and as-sprayed MCF coating 

are given in Fig. 19. The XRD patterns of the Crofer steel revealed α-Fe with cubic structure 

as the major phase. Though the chromia layer is readily formed on the steels, it was not 

detected in the normal XRD. The XRD analysis of MCF coating revealed CoO with cubic 

structure as the major phase. The lattice parameters, crystallite size, and micro-strain are 

detailed in table 5. 

The Crystallite size of the Crofer steel and MCF coating was measured using the Debye-

Scherrer equation. The measurements were performed with instrument-corrected profile 

fitting using SiO2 standards. The Debye-Scherrer equation for crystallite size is given by 

(Khorsand Zak et al. 2011): 

D = K/cosθ ..………….………………….(8) 
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where D is the crystallite size,  is the x-ray wavelength, θ is the diffraction angle, D is 

full width at half maximum intensity, and K is Scherrer constant (0.89). 

 

Figure 19: XRD patterns of as-received Crofer 22 APU steel (top) and as-sprayed MCF 

coating (bottom) 

Table 5:  Lattice parameter, crystallite size, and micro-strain of as-received Crofer 22 APU 

steel and as-sprayed MCF coating 

Material Lattice parameter (Å) Crystallite size (Å) Micro-strain (%) 

Crofer 22 APU 2.866 468 0.271 

MCF coating 4.258 224 0.563 

In the as-sprayed MCF coating, the cross-section EDS analysis (Table 5) and X-ray 

diffraction patterns (Fig. 19) reveal the spinel configured (Mn, Co, Fe)3O4 powder 

transformed to (Mn, Co, Fe)O, which has rock salt structure (Grünwald et al. 2017). The 

MCF coating can be considered as Mn-Co-O due to the very low content of Fe (Back et al. 

2020). Therefore, the CoO with cubic rock salt structure has been identified as the major 
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phase. The stability of the rock salt phase was seen only at high temperatures, as studied 

by the phase diagram of the Mn-Co system (Aukrust and Muan 1963). Due to the fast 

cooling of the (Mn, Co, Fe)3O4 spinel powder during plasma spraying on the cold Crofer 

steel substrate, the deposited MCF coating has a metastable rock salt configuration. This 

rapid cooling from the molten state did not provide adequate time to recover from the cubic 

spinel phase. The XRD analysis of the as-sprayed MCF coating exhibited a simple cubic 

phase of CoO and a considerable amount of Fe3-xO4 phase. This phase was regarded as Co- 

instead of Fe due to the highest weight percentage of Co in coating powder (Vaßen et al. 

2016). The globular pores, amounting to about 11% porosity, develop from improper 

volume filling during the plasma spraying, leading to gas entrapments (Back et al. 2020). 

5.1.2. Micro-hardness 

 

Figure 20: Schematic showing locations for micro-hardness measurements 

The micro-hardness was measured on the substrate, coating, and adjacent to the coating-

substrate interface. The schematic of the locations used for micro-hardness measurements 

is shown in Fig. 20. The parallel ridge/groove cross-section of the coated interconnect was 

used for the measurements. The measured values are detailed in Table 6. The micro-

hardness of the Crofer substrate varies in the range of 112 ± 6 HV0.1 N, and the values near 

the coating-substrate interface increase to 128 ± 8 HV0.1 N. The MCF coating had the highest 

hardness value (163.5 ± 1.5 HV0.1 N), and a good repeatability of the measurements was 

seen for the coating. The hardness value of the coating-substrate interface lies in between 

coating and substrate values measured individually. This indicates a strong metallic 

interlocking at the Crofer substrate and MCF coating interface (Chawla 2012). In addition, 

no interfacial delamination between the ceramic coating and metallic substrate was noticed 

when the microhardness test was performed nearer to the interface. A similar trend was 
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observed in the silicate glass ceramic micro-hardness study on Crofer 22 APU (Sharma and 

Singh 2019). 

Table 6: Hardness values of Crofer 22 APU, coating-substrate interface, and MCF coating 

in as-sprayed conditions 

Hardness (HV0.1 N) 

As-received Crofer 22 APU Interface As-sprayed MCF coating 

106 120 162 

113 136 163 

118 128 165 

 

5.1.3. Resistance of as-sprayed MCF coating as a function of temperature 

 

Figure 21: Graph of resistance of as-sprayed MCF coating as a function of temperature 

Figure 21 represents the graph of resistance of MCF coating as a function of temperature. 

A substantial drop in resistance can be seen with increasing temperature. This indicates that 

the MCF coating on the interconnect is suitable coating material for conduction at high 

temperatures. In Fig. 21, a drastic initial decrease in the resistance of the MCF-coated steel 

can be seen. E. Ruiz-Trejo. et al. made similar observations (Ruiz-Trejo et al. 2015). The 

time required for the resistivity of spinels to reach a saturation value is substantially less, 
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where no or very little change in resistivity is seen during annealing at 850 °C. This 

indicates that MCF powder has good sintering activity at lower temperatures (Megel et al. 

2011). Mn-Co spinel protective coatings application ferritic steels showed a reduced 

contact resistance and mitigated the chromium transport at the cathode side (Alvarez et al. 

2011). The doping of Fe, Ti, and Cu in Mn-Co spinel powder has shown higher enhanced 

electrical conductivity (Chen et al. 2005; Montero et al. 2008; Wang et al. 2011). The AISI-

SAE 430 stainless steel dip coated with Y, Co, and Y/Co-containing precursor using the 

sol-gel technique demonstrated a higher conductivity with the presence of Co-containing 

spinel phases (Qu et al. 2006). The transfer of ions among cations in the octahedral voids 

and the availability of various valence states between octahedral cations have enhanced the 

conductivity in MCF spinel. The MCF-coated Crofer 22 APU shows a reduction in the 

ASR value due to the formation of the MnCoCrO4 spinel phase, where the electrical 

conductivity increases by two orders of magnitude compared to Cr2O3. The MCF coating 

increases the electrical conductivity, acts as a diffusion barrier, and mitigates the Cr cations 

migration, improving the cell's performance (Miguel-Pérez et al. 2013). The MCF has been 

designed to sustain the good electrical conductivity of Crofer 22 APU even at the high 

operating temperature of SOFCs. It should also be noted here that the role of MCF coating 

is to act as a diffusion barrier coating to mitigate chromium poisoning while sustaining 

electrical conductivity. 

Spinels conduct by hopping charges between octahedral sites and conduction is facilitated 

by the presence of various valence states among octahedral cations. In the case of Fe3O4, 

Fe3+ occupies the tetrahedral sites and Fe2+ and Fe3+ ions occupy the octahedral sides 

equally. As the temperature increases, the hopping or mixing of cations between the sites 

is caused by the entropy and hence conductivity increases. Similarly, in MnFe2O4, a mixed 

distribution of cations occurs in the octahedral sites and hopping among the Mn2+, Mn3+, 

Fe2+, and Fe3+ ions on the octahedral sites will also increase the conductivity (Petric and 

Ling 2007).  The conductivity in MnCo2O4 spinel is caused by polarons hopping between 

Mn3+/Mn4+ and Co2+/CoIII on the octahedral sites. As the Mn2+ ions are substituted by Co2+ 

ions in the tetrahedral sites, the conduction occurs hopping between Mn3+/Mn4+ and 

Co2+/CoIII pairs at octahedral sites (Kruk et al. 2020). But for an extensive study on 

mechanism of conduction in spinels, factors like activation energy and cation distribution 

on tetrahedral and octahedral sites must be considered (Bordeneuve et al. 2010). 
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5.2. Mechanical integrity of the Mn1.0Co1.9Fe0.1O4 coating using scratch indentation 

testing 

5.2.1. Surface analysis of as-deposited MCF coating using a 3D non-contact 

profilometer 

Figure 22 shows the 3D surface view of the MCF-coated Crofer 22 APU substrate used for 

the adhesion test. The coated interconnect has uniformly machined ridges and grooves. The 

surface topography of a single ridge of coated interconnect is shown in Fig. 23a. An area of 

1mm × 6 mm on the coating surface was considered for surface roughness. The surface 

roughness profile along the area considered for analysis is shown in Fig. 23b. The analysis 

revealed that the surface roughness varied across the area. The coating was studied by 

selecting a defined area on the coating as shown in Fig. 24. Fig. 24 (a) shows the 2D view of 

the surface where the variation of the roughness throughout the surface was observed. The 

values of the parameters obtained are displayed in Table. 7. The arithmetic mean height or 

mean surface roughness, Sa, was 6.041 µm. Both surface porosity (seen in blue in Fig. 24a) 

of as-deposited coatings and rapidly solidified splats (seen in red in Fig. 24a) is attributed to 

the surface roughness. 

 

Figure 22: 3D profile of the specimen displaying the surface of the ridges and grooves 
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Figure 23: (a) Surface profile of coating depicting depth characteristics, (b) Primary 

surface profile in 3D for estimating average surface roughness 

 

Figure 24: Coating analysis area using a confocal profilometer, (a) selected area of the 

investigated coating for measuring surface roughness, (b) photo simulation of the coated 

surface, (c) 3D view of the selected coating area showing variation in roughness 
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Table 7: Surface profile parameters obtained from a 3D noncontact profilometer before 

the scratch test 

Height Parameters Value (µm) 

Root mean square height, Sq 7.608 

Maximum peak height, Sp 47.15 

Maximum pit height, Sv 46.21 

Maximum height, Sz 93.36 

Arithmetic mean height, Sa 6.041 

 

5.2.2.  Scratch test 

5.2.2.1 Scratch test under progressive loading 

The progressive load scratch test was carried out in the load range between 10-90 N. The 

result is shown in Fig. 25a. The scratch curve clearly depicts the critical load (Lc) value for 

coating failure where a sudden and predominant change in slope was observed. The sudden 

increase in friction force and coefficient of friction (COF) at the critical load also indicates 

the coating failure where the scratch indenter comes in contact with the steel substrate while 

the MCF coating has been peeled-off. The COF of the coated surface is low compared to the 

steel surface. The sudden change in slope could be delamination of coating, plastic 

deformation, cracking in the coating or substrate, etc. (Das et al. 1991; Jaworski et al. 2008; 

Xie and Hawthorne 1999). In this case, the delamination of the coating was observed at critical 

load. The critical load may be affected by several intrinsic and extrinsic parameters. Intrinsic 

parameters include indenter tip radius, loading rate, and scratch speed, and extrinsic 

parameters including friction coefficient, surface roughness, substrate properties like hardness 

and elastic modulus, coating properties like hardness, thickness, modulus, residual stress 

(Steinmann et al. 1987) (Bull and Berasetegui 2006). The penetration depth increased linearly 

until the critical load was attained. Coating delamination started when a sudden increase in 

depth of penetration was also observed in the scratch curve. Further increase in the load led 

to a linear increase in the penetration depth of the indenter. From the progressive scratch test 

result, the critical load, Lc, was found to be 35.7 N. The corresponding values of friction force 

and coefficient of friction were 4.501 N and 0.126, respectively. 

An in-situ acoustic emission test setup monitored the progressive scratch test. The testing is 

especially applicable when the adhesion between the substrate and coating is strong enough 

(Ariharan and Maurya 2021). A sudden change in the acoustic emission signal (indicated in a 
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dotted red color box in Fig. 25b) resulted from the release of internally stored elastic energy 

and an indication of crack initiation and complete delamination (Antolino et al. n.d.; Ariharan 

and Maurya 2021; Boháč et al. 2014; Tomastik et al. 2015). The corresponding load/critical 

load for failure was around 35N, which was noticed during the progressive load test in Fig. 

25a. 

 

Figure 25: (a) Scratch curve plotted for progressive scratch testing, (b) Acoustic Emission 

v/s Normal Load (dotted red rectangular box indicating failure of coating) 
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5.2.2.2 Scratch test under constant loading 

The scratch curves for the constant loads of 20 N, 30 N, and 40 N are shown in Fig. 26 a, b, 

and d, respectively. Based on the results of the progressive load scratch test, the load levels 

20 N, 30 N, and 40 N were chosen for the constant load scratch test. As the critical load for 

coating failure was observed around 35 N, the load levels above and below were also 

considered. When a constant load of 20 N was applied, a sudden increase in friction force and 

the COF as the indenter came in contact with the coating surface due to the tangential force 

acting on the specimen, as shown in Fig. 26a. As the test advances at the same load, a friction 

force and COF saturation is attained. But the increase in penetration depth is linear throughout 

the experiment; however, no coating delamination was noticed.  The coating was intact and 

sustained a load of 20 N throughout the entire stroke length. The scratch curve for 30 N 

constant load is shown in Fig. 26b. The sudden increase of initial friction force and COF was 

observed at the beginning of the test, and not much variation was noticed until the failure. The 

penetration depth was observed to increase gradually. A sharp increase in friction force and 

COF was observed after a stroke of about 3.5 mm, due to the partial peel-off of the coating. 

Similarly, penetration depth also soars up to a larger extent because of the complete 

delamination of the coating upon a further increase in stroke length. The coating failure can 

also be noticed from the acoustic emission signal, as shown in Fig. 26c. The critical 

load/critical stroke length exhibited the most noticeable shift in the acoustic emission signal. 

The coating failure was abrasion mode at the beginning of the scratch test, which shifted to 

interfacial delamination/peel-off immediately after the critical load to failure had reached. 

When the coating thickness is relatively small, the change in acoustic signal is highly 

distinguishable due to abrupt changes in the material removal/wear mechanism. (Antolino et 

al. n.d.; Ariharan and Maurya 2021; Boháč et al. 2014; Tomastik et al. 2015). 

Figure 26d shows an initial increase in penetration depth when the indenter comes in contact 

with the coating surface for the test carried out at 40 N. Similarly, the friction force and COF 

increase initially and can be seen to show slight variation as the indenter proceeds on the 

scratch path. When a constant load of 40 N was applied, the coating was completely 

delaminated in the initial test stage. The complete delamination indicates that the coating no 

longer sustains the constant load of 40 N. It should be noted that the applied load is greater 

than the critical load, which is 35 N, as identified by the progressive load test. 
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Figure 26: Scratch curves of constant loads, (a) 20 N, (b) 30 N, (d) 40 N, (c) Acoustic 

Emission vs. Stroke (dotted red rectangular box indicating failure of coating) 

5.2.3. Post-test failure analysis by FESEM 

5.2.3.1 Progressive load 

The FESEM images of the specimen after the progressive load scratch test are shown in       

Fig. 27 a, b, and c. FESEM images of the scratch path were linear as a function of load and 

were in good agreement with the result of the progressive load test reflected in the scratch 

curve (Fig. 25a).  The image shows evident coating delamination when the critical load is 

reached. The brittle mode of failure is observed where the exposed substrate area is 

significantly large and usually extends beyond the limit of the scratch track. Whereas, in a 

ductile mode of failure, after the coating delamination, the area of the uncovered substrate is 

small or restricted within the scratch track. The interfacial de-cohesion and large coating 

spallation can be observed in Fig. 27b, which implies that either the adhesion is inadequate 

due to residual stresses in the coating, which are usually tensile (Back et al. 2020). The cracks 

were observed on the coating surface over a stroke length well before the delamination, as 

shown in Fig. 27c. These cracks were initiated at the trailing edge of the diamond indenter 

and are expected to propagate towards the outward direction with speed higher than the 

indenter. During the scratch test, the cracks are believed to grow to a significant distance on 
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either side of the scratch path, resulting in a large interfacial flaw. The observed cracks may 

be caused by the tangential drag between the indenter and substrate due to tensile stresses 

generated during the slide (Bull 1991). The coating was peeled-off on both sides of the scratch 

(Fig. 27a). It is also logical that the coating is pushed into the substrate by the indenter 

(Damage et al. 1989). Subsequent load application induces scratch on the substrate once the 

entire coating is peeled off. The debris of the coating was also observed in the adjacent areas. 

 

Figure 27: FE-SEM image of progressive load scratch (a) Image covering the overall 

scratch length (b) magnified image of the area of failure (c) magnified image of the 

cracks formed before failure 

5.2.3.2 Constant load 

The constant load scratch tests were carried out for different loads: 20 N, 30 N, and 40 N, for 

a constant stroke length of 5 mm. Figure 28 shows the FE-SEM images of the constant load 

of scratch tests. The constant load scratch test using 20 N reveals no delamination of the 

coating, as shown in Fig. 28a. There were no significant defects in the coating surface, like 

microcracks formation or alterations, and the coating was completely intact. The constant load 
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scratch test using 30 N, as shown in Fig. 28b, shows the formation of microcracks at the 

beginning of the scratch and visible delamination of coating noticed after a stroke length of 

3.5 mm. The failure of the coating was due to the formation of the microcracks well before 

the complete delamination, as revealed by Fig. 28c. These cracks extended beyond the scratch 

path and propagated into the coating and substrate interface, resulting in complete 

delamination. The nature of the coating failure at a constant load of 30 N resembled that of 

failure under progressive loading conditions. The scratch induced by the constant load of       

40 N is shown in Fig. 28d. The coating has been delaminated as soon as the indenter comes 

in contact. It should be noted that the load applied (40 N) is above its critical load (35 N) as 

observed by the progressive load test; the coating delaminated totally, exposing the substrate. 

 

Figure 28: FE-SEM images of constant load scratch (a) 20 N, (b) 30 N, (c) magnified 

image of 30 N at the area of failure, (d) 40 N 
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5.2.4. 3D noncontact profilometer analysis 

The 3D surface topography of the coating after the progressive scratch test is shown in Fig. 

29a. The coating is intact at the beginning of the test, and the total peel-off is visible over a 

stroke length of above 3.5 mm, where the critical load for failure is reached. The impact of a 

load exceeding the critical load (30-35 N) has been extended laterally to the sides, causing the 

coating to peel off over the entire surface of the ridge. However, the effect load has not been 

transferred to the sidewall of the grooves/wall of the channels, where the coating is still 

adhering to the substrate. The load above the critical load is high enough to plow the substrate. 

Similar behavior was noticed during the constant load test carried at 30 N, where the 

delamination started above a certain stroke length while the coating was wholly peeled off at 

the beginning of the 40N load test, as shown in Fig. 29 c and d. The constant load test at          

20 N did not show a failure indication in Fig. 29b.  

 

Figure 29: (a) Confocal profilometer images of progressive load scratch test (a) and 

constant load test (b) 20N, (c) 30N, (d) 40N 

The MCF coating shows the tendency of abrasive wear during the scratch indentation test, 

while material removal in the Crofer steel substrate is entirely in plowing wear mode. The 

mechanism of coating failure is clearly interfacial delamination/peel-off due to the mechanical 

interlocking of asperities and molten-solidified particles. There was an absence of 



 

63 

 

metallurgical bonding and significant chemical in-homogeneity at the interface. Besides, the 

residual stress variation between the ceramic coating and metallic substrate can also be 

attributed to the interfacial delamination. The critical load to failure at around 30-35 N has 

been considered superior adhesion at the interface in the APS coating process. The critical 

load for failure for some of the ceramic coatings reported in the literature was relatively lower 

than that reported in the present study (Ariharan and Maurya 2021). 

It should be noted that a moderately thin coating, a thickness of around 50-60 µm, is sufficient 

to act as a Cr-diffusion barrier for SOFC applications. The present study emphasizes that the 

correlative scratch indentation test (combination of progressive and constant load) is 

beneficial for understanding the critical load to failure. It would be highly suggested to overlay 

ceramic coatings on metallic substrates when the coating thickness is relatively small. It 

should be noted that MCF coatings change and densify extensively after heat treatment, so 

the measurements do not reflect the coating properties observed in service. 

5.3. Early oxidation of Crofer 22 APU steel 

5.3.1. Surface morphology under scanning electron microscope (SEM) 

 

Figure 30: Surface morphology of Crofer 22 APU steel (a) before in-situ oxidation (b) 

after in-situ oxidation 

The surface morphology of Crofer 22 APU before and after in-situ oxidation is shown in 

Fig. 30. Table 8 provides comprehensive data on the composition of various elements in 

the sample before and after oxidation obtained from area EDS analysis. No notable surface 

morphology changes have been observed on the SEM images to identify the oxides. 

However, an increase in the weight percent of oxygen has been noticed after in-situ 

oxidation. It is clear from the results that conventional state-of-the-art characterization tools 

such as XRD and FE-SEM did not identify any prominent oxide formation on Crofer steel. 
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Thus, surface analytical tools such as GD-OES, GIXRD, Raman spectroscopy, and AFM 

become more significant in revealing the oxide formation. Besides, they complement 

quantifying the complex oxide formation. 

Table 8: Area EDS data of Crofer steel before and after in-situ oxidation 

Elements (wt.%) O Fe Cr Mn Si Ti Al La 

Before oxidation 1.03 73.29 24.11 0.45 0.00 0.34 0.01 0.76 

After oxidation 3.75 70.52 23.72 0.32 0.03 0.47 0.00 1.07 

 

5.3.2. X-Ray diffraction 

 

Figure 31: X-Ray Diffraction pattern of Crofer 22 APU (a) before oxidation at room 

temperature (b) at 950 ˚C in-situ oxidation (c) after in-situ oxidation at room temperature 

(d) GIXRD after in-situ oxidation 

In Fig. 31, the normal XRD pattern of RT and 950 ̊ C showed α-Fe peaks with no indication 

of oxide formation. Through the analysis, it can also be inferred that even though chromia 

(Cr2O3) and several other spinels like MnCr2O4 are readily formed with 15-30 seconds of 
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oxidation, under normal XRD conditions, detection of these oxides is difficult (Advisor 

and Aindow 2012). The GIXRD pattern reveals oxide formation, as shown in Fig. 31d. The 

peaks were designated as Fe (JCPDS File No. 080-3816), Cr2O3 (JCPDS File No. 076-

9511), MnCr2O4 (JCPDS File No. 38-1479) (Miguel-Pérez et al. 2012). The oxide scale in 

the oxidized Crofer steel contains chromia (Cr2O3) and spinel (MnCr2O4). The substrate 

peaks of α-Fe indicated that the oxide scales formed were very thin. Chromium has more 

affinity toward oxygen for the formation of chromium oxide (Rao et al. 2020). The weight 

percentage of chromium (20-24%) was favorable in forming its oxides. 

The Debye-Scherrer equation for calculating the crystallite size of the oxides is given in 

Equation (8) (Devendra et al. 2021). 

Table 9: Crystallite size of Oxides from GIXRD 

Phases Peak position (°2Th) FWHM (°2Th) Crystallite Size (Å) 

MnCr2O4 
43.444 

74.502 

0.383 

0.340 

290 

418 

Cr2O3 

33.586 

50.599 

54.705 

1.078 

0.638 

0.452 

83 

159 

245 

In the present study, the crystallite size (Table 9) reveals that the chromia layer has been 

fine-grained during early oxidation, which makes it favorable for Mn to diffuse to the 

surface to form MnCr2O4. With the addition of a small percentage of Mn, the Fe-Cr alloys 

form spinels of Mn and Cr (Horita et al. 2003). These alloys with below 1 wt.% Mn content 

led to (Mn, Cr)3O4 spinel formation on top of Cr2O3, which increases the electrical 

conductivity and mitigates the Cr evaporation due to lower evaporation pressure of the 

spinel than chromia (Yang et al. 2004, 2007). The reaction to form MnCr2O4 will also lead 

to the depletion of the Cr reservoir for the formation of Cr2O3 (Advisor and Aindow 2012). 

The kinetics data indicated that thin oxide film formed on Fe-Cr alloys tends to break by 

the voids nucleated by vacancy condensation at the metal-oxide interface (Cox et al. 1975). 

These voids cause the chromia layer to expose the underlying substrate to the atmosphere 

leading to faster diffusion of Mn to form spinels. 

Chromia forming alloys are subjected to volatilization of chromium species (CrO2(OH)2)) 

during oxidation, and this makes it complex to investigate the oxidation behavior of Crofer 

steel (Niewolak et al. 2014). At low oxygen partial pressure of 10-21 bar and 1000 °C 

temperature, studies showed the formation of a stoichiometric compound MnCr2O4, but a 
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continuous solid solution of (MnxCr1-x)3O4 with 0<x<0.39 results in chromium site 

occupied by manganese when the oxide system is in equilibrium with air (Naoumidis et al. 

1991). The MnCr2O4 formed is a normal spinel that is stable at low pO2 (SOFC anode gas), 

and (Mn, Cr)3O4 is an inverse spinel that forms in gases with high pO2 (in the air) (Niewolak 

et al. 2016). The rapid growth of the outer spinel layer at higher oxygen partial pressure 

seemed possible with the existence of manganese of both cation sub-lattices leading to a 

higher diffusion coefficient (Niewolak et al. 2014). In the present study, oxidation was 

carried out at 10-4 mbar pressure, which is favorable for forming the top layer of MnCr2O4. 

5.3.3. Atomic force microscopy (AFM) 

 
Figure 32: AFM images of Crofer 22 APU before in-situ oxidation (a) 2D image, (b) 3D 

image, (c) line profile 1, (d) line profile 2, (e) roughness profile across line 1, (f) 

roughness profile across line 2. 
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Figure 33: AFM images of Crofer 22 APU after in-situ oxidation (a) 2D image, (b) 3D 

image (red dotted line indicated high structures), (c) line profile 1, (d) line profile 2, (e) 

roughness profile across line 1, (f) roughness profile across line 2. 

The AFM topographies and roughness profiles of Crofer steel before and after oxidation 

are shown in Fig. 32 and 33. The hump (red circles) and valley are indicated by bright and 

dark colors, respectively. The roughness parameters are given in Table 10. Ra is the average 

roughness of the considered line profile, Rq is the root-mean-square roughness of the 

profile, and Rz is the average maximum height of the profile. The change in roughness was 

noticed after the formation of oxide scales. The oxide scales formed showed a reduction in 

Rz value, indicating the surface of the specimen to be smooth after oxidation (Wei et al. 

2018). This showed a 60% decrease in surface roughness across both profiles, and oxide 

formation smoothened the steel surface. The roughness of WO3 thin films deposited on 

glass substrate at different temperatures, estimated by AFM, showed an initial increase up 

to 400 °C and reduced because of slower crystal growth and incomplete decomposition of 

WO3 film below 400 °C (Srinivasa Rao et al. 2022). The hump (red dotted circle in Fig. 

33b) indicates a heterogeneous oxide layer due to grain agglomeration. Similar findings 
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have been observed by AFM on Crofer 22 H (Gazdzicki et al. 2016), and the oxidized 

surface became more compact and smoother (Wei et al. 2018).  

Table 10:Roughness values of Crofer 22 APU from AFM 

 Before in-situ oxidation After in-situ oxidation 

Parameters (nm) Ra Rq Rz Ra Rq Rz 

Line profile 1 2.10319 3.34218 21.0122 2.11209 2.74366 9.30359 

Line profile 2 1.57616 2.56834 17.3053 1.84430 2.24399 7.86852 

 

5.3.4. Raman spectroscopy 

 

Figure 34: Confocal Raman Spectra of Crofer 22 APU after in-situ oxidation 

Figure 34 shows Raman spectrum of chromium oxide with an intensive peak at 555 cm-1 

and weak peaks at 300 and 351 cm-1 (Bik et al. 2022; Demeneva et al. 2019; Ghiara et al. 

2021; Mazur et al. 2022). The low intense peaks at 242 cm-1 represent Fe2O3 (Mazur et al. 

2022; Rao et al. 2020). The peaks at 614 and 692 cm-1 correspond to (Mn, Cr)3O4 and (Mn, 

Fe) Cr2O4 spinels, respectively (Bik et al. 2022). However, the formation of oxides like 

Fe2O3, (Mn, Cr)3 O4 was not detected in GIXRD. The change in cation distribution caused 
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by the phase transition results in a change in the relative intensity of the Raman peak 

(Priyadharsini et al., 2022). The Raman spectrum (Fig. 34) revealed the homogeneous 

formation of Cr2O3, whereas the Fe2O3, (Mn, Cr)3O4, and (Mn, Fe)Cr2O4 peaks have less 

intensity due to inhomogeneity (Mougin et al. 2001; Niewolak et al. 2016). The oxide layer 

formation (MnCr2O4 and Cr2O3) correlated to the AFM images and changes in surface 

roughness (Wei et al. 2018). 

5.3.5. Glow discharge optical emission spectroscopy (GD-OES) 

Analyzing FE-SEM images and XRD data provides qualitative information on the 

formation of oxide scales. In contrast, GD-OES provides a quantitative evaluation of the 

elemental distribution of the oxides scales as a function of the depth. Also, the time 

consumed for GD-OES testing and analysis was less than the SEM-EDS technique (Rao et 

al. 2020). The GD-OES depth profiles of Crofer steel before oxidation are shown in Fig. 

35 (a-c). Fe and oxygen signals are very strong at the surface, while oxygen depletes after 

about 300 nm. The depth of Cr at the surface is shown to be strong, and the signal is stable 

up to the measured depth of 3 μm. The enrichment of Cr is seen till a depth of about 15 nm, 

where Cr and O intersect. As the oxides of Cr are readily formed on the Crofer steel, it can 

be confirmed that the Cr2O3 scale thickness is about 15 nm. The weight percentage of Mn 

in Fig. 35a is observed to be more than the nominal weight percentage of Mn in Crofer 

steel. The depth profile of elements like Si, Ti, Al, and Ni comply with the nominal weight 

percentage of the Crofer steel. 

Figures 35 (d-f) show the depth profile of the Crofer steel after in-situ oxidation. The 

enrichment of Cr is seen from the top surface until the intensity of Fe increases. A very 

strong signal of O can be seen at the surface and become stable after a depth of about 2 µm. 

The determination of oxide layer formation from GD-OES results can be done in the 

material where the oxygen content exceeds 2 wt.%. This criterion is helpful in obtaining 

the oxide scale thickness as a function of exposure time (Zhu and Lindbergh 2001). The 

thickness of the oxide film can also be estimated by considering the depth profile of oxygen, 

where the signal drops to 50% of its value at the surface (Ghosh et al., 2013). But the 

intersection of the signal from Cr and O is seen after the signal of O drops well below 50%. 

Comparing the signals of Cr from Fig. 35a and 35d, the elemental composition shows an 

increase in Cr and O at the surface, confirming the formation of the Cr2O3 layer after in-

situ oxidation. 
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Figure 35: Depth Profile elemental composition by GD-OES (a) before oxidation (b & c) 

magnified view (d) after oxidation (e & f) magnified view, (line 1 – the intersection of all 

elements with O, line 2 – the intersection of elements with O, line 3 – the intersection of Cr 

with O, dotted square – enrichment of Ti) 

The depth profile in Fig. 35f indicates the existence of Ti-rich internal oxides in the 

subsurface of the oxidized sample, where the enrichment of Ti has usually been observed 

(Garcia-Fresnillo et al., 2018). The depletion in weight percentage of Si, Ni, and Al from 

the surface after in-situ oxidation corresponds to a decreased amount of the precipitated 
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phase. The formation of silicon oxides with low Si concentration was expected in the sub-

scale region, similar to titanium, due to more thermodynamic stability than Cr2O3 

(Niewolak et al. 2014). 

A thin oxide layer of chromia is readily formed on the steel, as confirmed by GD-OES (Fig. 

35b). As the specimen is exposed to in-situ high temperature conditions, the temperature 

increase enhances the chromia layer's growth. Mn diffuses through the chromia layer to 

form MnCr2O4 spinel as the top oxide layer. The formation of MnCr2O4 spinel and growth 

of the Cr2O3 layer was also confirmed by GD-OES (Fig. 35e). The two-layer oxidation 

scale formation in Crofer 22 APU can also be understood with the depth profile obtained 

by GD-OES in Fig. 35d, where the enrichment of Mn and Cr follow a similar pattern up to 

a depth of 100 nm, after which the Mn depletion is seen. The intersection of Cr and O is 

seen at a depth of 250 nm in Fig. 35e, which indicates that the Cr2O3 subscale layer 

thickness is 150 nm below the top layer MnCr2O4. The thickness of spinel growth after in-

situ oxidation accounts for 40% of the overall scale thickness, and the remaining 60% can 

be attributed to the Cr2O3 subscale. The thickness of the Cr2O3 subscale is more than the 

top layer MnCr2O4. A slow growth rate of formation of chromia was observed in pure 

chromium and chromium-based alloy at elevated temperatures (Singheiser et al. 2010). 

Chromium-containing alloys (Fe-15 wt.% Cr and Fe-20 wt.% Cr) showed a faster growth 

rate of spinel oxides compared to corundum oxides (Fe2O3, Cr2O3) (Cox et al. 1975). 

Hence, in the current study, growth rate of MnCr2O4 and Cr2O3 is 1:1.5. The formation of 

spinel is also in good agreement with Raman spectra peaks obtained at 614 and 692 cm-1 

(Fig. 34). 

The depletion of Ti from the surface to a depth of 70 nm is seen. Enrichment of Ti can be 

seen between 70 nm and 120 nm, after which the signal becomes stable. It was observed 

that the addition of a small amount of Ti forms a very thin precipitate of Ti oxides (TiOx) 

in the sub-surface region (Magdefrau et al. 2013). The Gibbs free energy change for the 

formation of oxide of Ti is -920 kJ/mol of O2 (Hasegawa 2013). As the weight percentage 

of Ti in Crofer steel is 0.03-0.2 (Table 1), TiOx is observed in the form of precipitates 

incorporated in the subscale surface of the oxide layer. This can be ascribed to the high 

solubility of titanium in the Cr2O3 subscale at low oxygen partial pressure in the alloy/scale 

interface (Naoumidis et al. 1991).  
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5.4. Thermal expansion induced thermal mismatch of Mn1.0Co1.9Fe0.1O4 coated 

Crofer 22 APU metallic interconnect used for SOFC – an experimental approach 

using in-situ high temperature X-ray diffraction 

5.4.1.  Phase analysis and thermal expansion mismatch 

 
Figure 36: In-situ high-temperature XRD stack (a) Crofer 22 APU (b) MCF coating 
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The analyzed XRD data of Crofer 22 APU and MCF coating at different temperatures are 

shown in Fig. 36. No difference in XRD pattern was noticed between room temperature 

and at high temperature except for peak narrowing and increase in intensity. The alpha-iron 

(α-Fe) with bcc structure is the prevalent phase at all temperatures (Fig. 36a). Even at high 

temperatures, the XRD pattern did not reveal the formation of oxides on the Crofer steel. 

The oxides such as Cr2O3 and MnCr2O4 are formed as thin films within 15-30 seconds of 

oxidation, but detecting these oxides is difficult in normal XRD (Magdefrau 2013). 

The analysis of the XRD pattern of MCF coated steel (Fig. 36b) revealed a two-phase 

mixture of CoO as the primary phase and Fe3-xO4, having a rock salt crystal structure. 

During the process of spraying MCF coating on Crofer steel, a sudden quenching leads to 

reduced time for the spinel phase of MCF powder to completely transform into a stable 

phase, resulting in the formation of metastable rock salt structure (Grünwald et al. 2019). 

The CoO and FeO phases are present at all temperatures. Upon isothermal heating of the 

specimen in the high-temperature stage, a new peak emerges in the temperature range of 

300 °C - 900 °C indicating the formation of Co3O4. A fraction of CoO having metastable 

rock salt structure is transformed into a stable Co3O4 spinel phase. The holding time at each 

temperature was about 15 minutes; therefore, the complete transformation of the CoO phase 

to Co3O4 was not observed. The Co3O4 phase detected in XRD shows an increase in 

intensity with an increase in temperature. 

The X’Pert high score analysis software was used to evaluate the lattice parameters for 

different temperatures using the available database (Space group: Im-3m - Crofer 22 APU 

& Fd-3m - MCF coating). The change in the lattice parameter in Crofer steel throughout 

the temperature range is entirely dependent on the variation of α-Fe crystallite size. 

Similarly, the change in the lattice parameter of the MCF coated steel is dependent on the 

Co3O4 stable phase formed during heating. The coefficient of thermal expansion (CTE) was 

calculated using the change in lattice parameters. Crystallite size at different temperatures 

was computed using the Scherer equation. The change in lattice parameter and CTE of 

Crofer 22 APU and MCF coating have been tabulated in Table 11 and Table 12, 

respectively. 
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Figure 37: Peak shift after in-situ (a) Crofer 22 APU (b) MCF coating 

The change in crystallite size and lattice strain of Crofer steel and MCF coating with a 

temperature estimated with Scherrer equation with instrument correction using SiO2 

standard (Kamalan Kirubaharan et al. 2017). 

D = k/Dcosθ ………………………………………(9) 
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where k is the shape factor (0.89),  is the wavelength of the radiation, θ is the peak 

position, D is the peak width at a half-maximum intensity, and the instrument corrected 

broadening given by (Rogers and Daniels 2002), 

βD
2 = [(β)measured

2 − (β)instrumental
2 ] …………………(10) 

The change in crystallite size and lattice strain of Crofer steel and MCF coating with a 

temperature estimated with the Williamson-Hall plot Uniform Deformation Model (UDM) 

is given by (Basak et al. 2022), 

βhkl cos θ = (
kλ

D
) + (4 sin θ) ….…………………(11) 

The results of the instrument corrected Scherrer equation cannot be intercorrelated with the 

Williamson-Hall plot. 

Calculation of CTE for the specimen between room temperature and 950 °C is given by 

(Corsepius et al. 2007; Halvarsson et al. 1995); 

By the definition of CTE, α = 
1

ai
 (

∂a

∂T
) = 

ao−ai

ai( To−Ti)
 …………………(11) 

where 𝜕a is the difference of lattice parameters a for the interval 𝜕T, 𝜕T is the difference 

in temperature (˚C), ai, ao are initial and final lattice parameters respectively (Å), Ti, To are 

initial and final temperature respectively (˚C). Here, Ti is considered at room temperature 

(25 ˚C), and ai is the lattice parameter with respect to Ti for all our calculations. 

Table 11: Lattice Parameter, Crystallite size, and Coefficient of thermal expansion (CTE) 

of Crofer 22 APU after in-situ oxidation 

Sl. 

No 

Temperature 

(˚C) 

Elements/ 

Compounds 

Crystal 

Structure 

Lattice 

Parameters (Å) 
CTE ‘α’ 

(x 10-6 /˚C) 
a = b = c 

1 25 α-Fe Cubic 2.866 - 

2 300 α-Fe Cubic 2.873 8.88 

3 400 α-Fe Cubic 2.877 10.24 

4 500 α-Fe Cubic 2.882 11.75 

5 600 α-Fe Cubic 2.886 12.13 

6 700 α-Fe Cubic 2.891 12.90 

7 800 α-Fe Cubic 2.895 13.06 

8 900 α-Fe Cubic 2.900 13.56 
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Table 12: Lattice Parameter, Crystallite size, and Coefficient of thermal expansion (CTE) 

of MCF coated steel after in-situ oxidation 

Sl. 

No 

Temperature 

(˚C) 

Elements/ 

Compounds 

Crystal 

Structure 

Lattice 

Parameters (Å) 
CTE ‘α’ 

(x 10-6 /˚C) 
a = b = c 

1 25 Co3O4 Cubic 8.0968 - 

2 300 Co3O4 Cubic 8.1180 9.52 

3 400 Co3O4 Cubic 8.1290 10.60 

4 500 Co3O4 Cubic 8.1440 12.23 

5 600 Co3O4 Cubic 8.1546 12.40 

6 700 Co3O4 Cubic 8.1690 13.20 

7 800 Co3O4 Cubic 8.1893 14.10 

8 900 Co3O4 Cubic 8.1975 14.20 

Crystallite size and lattice strain were plotted as a function of temperature, as shown in Fig. 

38 (a-d). In Fig. 38 a, b, the crystallite size and lattice strain variation for steel substrate are 

typical, while the lattice strain of MCF coating keeps increasing until 800 °C and then 

decreases. The crystallites of MCF coating are more stable and showed marginal variation 

as a function of temperature. The lattice parameter and coefficient of thermal expansion 

were plotted as a function of temperature, as shown in Fig. 39 a, b. The CTE of Crofer 22 

APU and MCF for different temperatures were listed in Tables 11 & 12. The CTE of 

substrate and coating at 900 °C were 13.56×10-6 /˚C and 14.20×10-6 /˚C, respectively. 

The obtained CTE values of substrate and coating for different temperatures were used to 

calculate the thermal stress based on the following equation (Daniel et al. 2011; Huntz et 

al. 2006) : 

σth =
EC

1−νC
(αS − αC) (T − Td) ….…….…..…..…..………..(12) 

Ec is the Elastic Modulus, and υc is the Poisson's ratio of coating. The αs and αc are the 

thermal expansion coefficients of the substrate and coating, respectively. T is the 

temperature at which thermal stress is measured, and Td is the deposition temperature 

(Assuming Td=0 and Td=200 °C). E and υ are 220 GPa and 0.3 for Crofer 22 APU (Stygar 

et al. 2013) and 210 GPa and 0.25 for Co3O4 (Meena et al. 2018), respectively. 
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The thermal expansion mismatch between the Crofer substrate and MCF coating upon 

heating from the zero-mismatch point of room temperature to a temperature T can be 

calculated using the equation (Church et al. 2005): 

     ΔEheating = [ 
Δl

l0
 ]

m,T
− [ 

Δl

l0
 ]

c,T
….…….…..…..…..………..(13) 

where ∆l is the change in lattice parameter, lo is the lattice parameter at room temperature, 

and T is the corresponding temperature. 

Table 13: Thermal stress between Crofer 22 APU and MCF, Thermal expansion mismatch 

(%) between Crofer steel and MCF coating upon heating from room temperature in MCF 

coated Crofer steel 

Temperature 

°C 

Thermal Stress (GPa) Thermal mismatch 

(%) Td = 0 °C Td = 200 °C 

300 -0.05 -0.018 -0.17 

400 -0.04 -0.02 -0.14 

500 -0.07 -0.043 -0.24 

600 -0.05 -0.034 -0.16 

700 -0.06 -0.042 -0.19 

800 -0.23 -0.17 -1.2 

900 -0.17 -0.125 -0.6 

 

Table 13 and Fig. 39 d & e show the thermal stress generated during heating. The mismatch 

in thermal expansion between Crofer steel and MCF coating upon heating from room 

temperature is shown in Fig. 39c. Up to 700 °C, the net thermal expansion mismatch is 

marginal and showed no significant mismatch. But the increase in temperature beyond     

700 °C showed a substantial variation in the mismatch, which is compressive. 
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Figure 38: Crystallite size & lattice strain vs. temperature, Scherrer Equation - (a) Crofer 

22 APU, (b) MCF, Williamson-Hall Plot - (c) Crofer 22 APU, (d) MCF 

5.4.2. Discussions 

The formation of Mn2O3 and Cr2O3 on a steel surface under a controlled atmosphere was 

in its early stage and difficult to detect by HTXRD. However, the thin film of these oxides 

did not influence the lattice parameter, lattice strain, and crystallite size CTE 

measurements. Therefore, this study has not considered the influence of these oxides on 

CTE and thermal mismatch. However, MCF coating under HTXRD showed traces of 

Co3O4 phase formation above 300 °C. This phase transformation is indeed reflected in the 

lattice strain variation as a function of time. Interestingly, lattice strain gradually increases 

with temperature until 800 °C, which is usually uncommon. The strained lattice usually 

relaxes at high temperatures. This phase transformation is martensitic in nature, which is 

deformation/strain-induced. The volume expansion associated with the phase 

transformation is the reason for a gradual increase in lattice strain until 800 °C; it may be 

the temperature at which the transformation is complete (Grünwald et al. 2017; Shen et al. 

2018; Vaßen et al. 2016). It was also seen that the Co3O4 phase emerging after 300 °C led 

to a volume expansion induced by the phase transformation of Co3O4 from cubic ↔ 
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tetragonal, which is believed to be the reason for crack-healing/self-healing in the MCF 

coating. The volume expansion of about 21.1% during the phase transformation was also 

attributed to the densification characteristics of MCF coating (Grünwald et al. 2017). (Mn, 

Co)3O4 spinel has a dual-phase microstructure consisting of cubic and tetragonal structures. 

MCF coating having a similar spinel structure undergoes a displacive phase transformation 

at higher temperatures (Aukrust and Muan 1963; Naka et al. 1972; Yang et al. 2007). Once 

the phase transformation is complete, the lattice strain decreases above 800 °C. Similar 

observations were seen in Ti-6Al-4V. A decrease in the lattice strain in the temperature 

range of 800-900 °C implied that the strain was no longer compressive but became tensile 

(Kaschel et al. 2020). The increase in the crystallite of mechanically alloyed Mg(Ni1-xMnx)2 

was due to the growth of crystal grains and microstrain reductio(Gkanas et al. 2019). The 

grain growth in the MCF coating was sluggish up to 600 °C (Fig. 38b), and the growth rate 

is seen to increase after 600 °C due to the decrease in compressive lattice strain with 

increasing temperature. The change of tensile strain to compressive after 800 °C and the 

phase transformation to Co3O4 in MCF were detected in small traces in the XRD patterns 

(Fig. 36b). The formation of new Co3O4 grains hinders grain growth (Grünwald et al. 2017; 

Vaßen et al. 2016). Hence the microstructure (crystallite size) of MCF coating is stable at 

higher temperatures. 

In the analysis of high-temperature XRD, cubic ↔ tetragonal transformation of the spinel 

phase in Mn1.5Co1.5O4 was observed around 400 °C. Still, the thermal expansion behavior 

of the spinel was not affected by the phase transformation (Yang et al. 2007). In the present 

study, Co3O4 phase transformation did not influence the CTE of MCF coating, which is 

14.20 × 10-6 /°C, while the CTE of steel substrate is 13.56 × 10-6 /°C. The CTE of MCF 

coating is marginally higher than that of Crofer steel substrate. Indeed, MCF was designed 

to have comparable CTE to ferritic stainless steels used for SOFC interconnects. In Table 

11, the CTE of Crofer steel at 950 °C was 13.56×10-6 /°C. The average CTE of Cr2O3 and 

Crofer 22 APU between room temperature and 800 °C are 9.6 and 12.4 ppm K-1, 

respectively (Bi et al. 2013). The insignificant difference in CTE of Crofer steel and MCF 

coating shows good compliance of the interconnect material with other components of 

SOFCs, having CTE values in the range of 10-13×10-6 /˚C. The XRD peak shift to the left 

is caused due to the thermal expansion of the crystal lattice with the temperature rise, as 

shown in Fig. 37. The XRD peak with high FWHM values is attributed to poor crystalline 

quality or an existing amorphous phase. The increase in crystallite size results in the 
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narrowing of diffraction peaks (Londoño-Restrepo et al., 2020). At low temperatures, 

thermal expansion of crystal lattice due to annealing leads to a change in the lattice 

parameter. The diffusion of elements at low temperatures is very slow to cause notable 

phase transformation; hence, the variation in lattice parameters could be related to 

relaxation in stress (Elmer et al. 2005; Mortalò et al. 2019). 

 

Figure 39: Variation of Lattice Parameter vs. Temperature (a), Coefficient of Thermal 

Expansion (CTE) (α) vs. temperature (b), Thermal mismatch between Crofer steel and 

MCF coating upon heating from room temperature (c), Thermal stress vs. temperature Td 

= 0 & (d) Td = 200 °C (e) 

The phenomenon of peak shift and narrowing for steel substrate as a function of 

temperature in Crofer steel is as expected. In contrast, the shifting of the peak in MCF is 
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constrained. The narrowing is not prominent/significant as a function of temperature, 

especially at temperatures 400, 500, 600 and 700 °C. The strain-induced phase 

transformation of (Mn, Co, Fe)3O4 from cubic ↔ tetragonal is accompanied by induced 

volume expansion and is responsible for the absence of narrowing. The same can be seen 

in Fig. 38b, where the micro-strain increases as a function of temperature. However, the 

CTE of MCF has not been influenced by phase transformation. The same observation was 

also seen by Z. Yang et al. (Yang et al. 2007). 

The overall residual stress in the components comprises intrinsic stress (σi), thermal stress 

(σth), and extrinsic stress (σe). During thermal treatment, a variation in each residual stress 

component influences the substrate due to the difference in CTE and is attributed to a 

change in thermal stress with temperature. An increase in compressive stress was observed 

during the heating Cr, and CrN layers as the CTE of the Cr and CrN layers was larger than 

that of the silicon substrate (Daniel et al. 2011). The in-situ high-temperature testing was 

performed on the as-received MCF-coated Crofer interconnect. As the Crofer substrate was 

laser cut to obtain the linear gas channel structure similar to the original SOFC interconnect, 

tensile residual stress could have been induced during the process. The magnitude of the 

thermal stress and thermal mismatch strain is compressive, as shown in Fig. 39 c & d. The 

higher CTE of MCF is beneficial as it induces the compressive mismatch stresses and 

prolongs coated interconnects' life. The thermal stress and mismatch are also compressive, 

assuming the plasma spray deposition temperature is about 200 °C. Relatively, a thin 

coating of thickness around 50 to 60 μm is sufficient to provide diffusion barrier coating 

on Crofer steel.  

Similar behavior is seen in Fig. 39 b and c, where the initial sharp increase in CTE up to 

500 °C was due to the formation of compressive Thermal Mismatch Stress (TMS). The 

further increase in the CTE above 500 °C is not sharp, which can be attributed to 

compressive stress relaxation. The creep rates of Crofer 22 APU are relatively high at 

elevated temperatures, i.e., ≈10-5 s-1 at 800 °C at 20 MPa, which leads to a faster stress 

reduction (Chiu et al. 2011). The thermal mismatch between the Crofer substrate and MCF 

coating is shown in Fig. 39c. A sharp increase in the thermal mismatch at 800 °C could be 

due to a higher creep rate of the Crofer substrate. In summary, and as revealed by the in-

situ HT-XRD study, the thermal mismatch and recrystallization between the steel substrate 

and MCF can be controlled by controlling the operating temperature of SOFC stacks by 

about 700 °C or below for the prolonged life of metallic interconnects. 
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5.5. Effect of plasma sprayed Mn1.0Co1.9Fe0.1O4 protective coating on the oxidation 

resistance of Crofer 22 APU SOFC interconnect 

5.5.1. Microstructure analysis 

Figures 40, 41, and 42 show the SEM secondary electron images of the substrate and 

coating surface morphology. Similarly, the backscattered cross-section image, 

corresponding elemental mapping, and line scan are shown. Table 14 shows EDS analysis 

of the surface oxide isothermally formed on Crofer 22 APU steel and MCF coating after 

50, 200, and 400 hours at 850 °C in the air. Scale spallation was not observed on any of the 

samples after oxidation. After 50 h oxidation, as shown in Fig. 40a, SEM-EDS analysis of 

the oxide scales formed on the substrate revealed that the Mn- rich and Cr- rich products. 

The cross-section image (Fig. 40b) shows the oxide scale formed on the alloy surface with 

internal oxides of Ti distributed near the substrate-oxide interface, confirmed by the line 

scan. The elemental mapping and line scan (Fig. 40. c & d) show a Cr-rich oxide layer 

formed adjacent to the substrate and a top layer of Mn and Cr-rich oxide layer, indicating 

the spinel layer. After 200 h oxidation, as shown in   Fig. 41a, the substrate surface consists 

of prism-like grains and clusters. The EDS results (Table 14) show that the atomic ratio of 

Mn to Cr is approximately 1:1 indicating the non-stoichiometric Mn1.5Cr1.5O4 spinel layer 

formed uniformly on the underlying Cr2O3 because of the faster diffusion on Mn through 

fine-grained Cr2O3 structure. As seen in Fig. 41b, the oxides of Ti are seen as precipitates 

(black dots) near the substrate-oxide interface, which was also confirmed by the line scan 

(Fig. 41d). The elemental mapping (Fig. 41c) shows the distribution of the Mn and Cr-rich 

oxide scale on the substrate surface where the oxide scale can be seen to be non-uniform in 

few areas. After 400 h oxidation, as shown in Fig. 42a, the surface majorly consists of 

prism-like structures. From the EDS results in Table 14, the atomic ratio of Mn to Cr is 

approximately 1:2 for prism-like grains, indicating the structure's composition is close to 

MnCr2O4. The clusters formed seem rich in Cr, indicating that the structures are probably 

Cr2O3. The line scan (Fig. 42d) reveals the two-layer oxides of Cr and Mn-Cr spinel, where 

the signal of Cr increases near the substrate-oxide interface and the Mn signal increase near 

the top surface. The elemental mapping differentiates the oxides from the substrate. 

In as-sprayed conditions, MCF coating exhibits a cubic rock salt phase of (Mn, Co, Fe) O. 

Upon annealing, the rock salt phase is transformed into a spinel phase, similar to the coating 

powder configuration (Grünwald et al. 2017). The EDS analysis (Table 14) at various 

points on the coating for 50, 200, and 400 h oxidation time shows the presence of Co and 
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O in the highest atomic percentage compared to Mn and Fe. The cubic rock salt phase of 

CoO in the as-sprayed condition is transformed to spinel phase Co3O4. The Co3O4 spinel is 

dominated due to the higher weight percentage of Co in the coating powder. The cross-

section of the MCF coating (Fig. 40f, 41f, 42f) shows the coating-substrate interface, and 

a reduction in porosity can be observed. The interface between the substrate and coating 

exhibits an oxide layer consisting of oxides of Cr and Al formed by the diffusion of the 

elements from the substrate. This elemental mapping confirmed this (Fig. 40g, 41g, 42g) 

and line scan images (Fig. 40h, 41h, 42h) of the MCF coating where the signal of Cr and 

Al enriches at the interface with the enrichment of oxygen and depletes towards the coating. 

This implies that the diffusion of Cr from the substrate is very low, and coating can 

effectively reduce the Cr-poisoning in stack operation. The thickness of this oxide layer is 

seen to grow with the increase in oxidation time. Porosity measurements from the image 

analysis determine an average porosity of 7.84 ± 1.4%, 7.27 ± 1.1%, and 6.64 ± 1.1% for 

50, 200, and 400 h oxidation conditions, respectively. The resulting decreasing porosity 

levels indicate the densification of the coating. 



 

84 

 

 

Figure 40: FE-SEM analysis after 50 h oxidation at 850 °C of Crofer 22 APU and MCF 

coating respectively, (a), (e) surface morphology, (b), (f) back scattered cross-section, (c), 

(g) elemental mapping, (d), (h) line scan 
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Figure 41: FE-SEM analysis after 200 h oxidation at 850 °C of Crofer 22 APU and MCF 

coating respectively, (a), (e) surface morphology, (b), (f) back scattered cross-section, (c), 

(g) elemental mapping, (d), (h) line scan. 
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Figure 42: FE-SEM analysis after 400 h oxidation at 850 °C of Crofer 22 APU and MCF 

coating respectively, (a), (e) surface morphology, (b), (f) back scattered cross-section, (c), 

(g) elemental mapping, (d), (h) line scan. 
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Table 14: EDS analysis results of Crofer steel and MCF coating after oxidation at 850 °C 

as shown in Figures 40, 41 and 42 

Oxidation 

time (h) 

Figure 

No. 
Area 

Mn 

(at.%) 

Cr 

(at.%) 

Co 

(at.%) 

Fe 

(at.%) 

O 

(at.%) 

50 40 

A 17.4 23.5 - 3.6 55.5 

B 18.5 27.0 - 2.5 52.0 

C 19.3 28.8 - 2.5 49.3 

D 1.0 - 41.3 0.1 57.6 

E 1.7 - 40.1 0.4 57.8 

F 1.6 - 44.8 0.2 53.4 

200 41 

G 20.6 24.7 - 2.2 52.5 

H 21.1 23.5 - 1.8 53.6 

I 22.4 25.1 - 2.4 50.1 

J 2.6 - 33.8 0.0 63.6 

K 3.4 - 36.4 0.1 60.1 

L 2.9 - 31.3 0.0 65.8 

400 42 

M 14.7 28.9 - 2.0 54.5 

N 17.8 33.1 - 2.4 46.7 

O 15.8 49.9 - 2.2 48.2 

P 1.6 - 45.6 0.2 52.6 

Q 2.9 - 59.1 0.2 59.1 

R 1.4 - 43.2 0.1 55.4 

 

5.5.2. GDOES depth profiling of oxidized Crofer substrate 

Figure 43 provides the elemental depth profiles of Crofer 22 APU steel after oxidation at 

50, 200, and 400 h at 850 °C. To estimate the oxide layer thickness, an interface has to be 

determined between the oxide film and the metal, which can be set at a distance where the 

oxygen signal drops to 50% of its value at the surface (Takeda et al. 2006). In the case of 

50 h oxidation, the oxide film/metal interface is determined at about 1.7 μm, indicating the 

total thickness of the oxide layer. Similarly, the total oxide layer thickness corresponding 

to 200 h and 400 h oxidation is 3.2 μm and 4.1 μm. Fig. 43a shows the enrichment of Mn 

and Cr from the top surface. The depth at which the intensity of Mn decreases indicates the 

MnCr2O4 layer thickness, i.e., 0.4 μm, and the Cr2O3 layer thickness is about 1.3 μm. In 

Fig. 43b, the signal of Mn and Cr are seen to be enriched to a larger depth. The estimated 

thickness of the top MnCr2O4 spinel and subscale Cr2O3 is about 1 μm and 2.2 μm, 

respectively. Similarly, in Fig. 43c, the oxide layer thickness of spinel was 2 μm, and that 

of chromia was 2.1 μm. 
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Figure 43: GD-OES depth profiles of Crofer 22 APU, (a) & (b) after 50 h, (c) & (d) after 

200 h, (e) & (f) after 400 h [lines A, B, C, D, E, F represents the oxide layer thickness] 

The enrichment of Fe and Ti can be seen in the subscale region in all conditions indicating 

the internal oxidation product of Fe and Ti. The signal of Si is weak at the surface and is 

seen to enrich in the subscale region, which could also be one of the products of internal 

oxidation. The depletion of the signal of Al from the surface indicates that no oxides of Al 

are formed. 
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5.5.3. X-ray diffraction 

The XRD analysis of the oxidized Crofer steel, as shown in Fig. 44a, demonstrates the 

formation of MnCr2O4 spinel and Cr2O3 as the primary oxidation products. As the oxidation 

time increases, the intensity of the diffraction pattern of MnCr2O4 spinel and chromia 

increases, and the intensity of the substrate peaks decreases gradually. This implies that the 

oxide scales grew thicker or became more uniform with increased oxidation time. The 

decrease in the intensity of diffraction of the substrate is because of oxidation. It is 

controlled by the outward diffusion of Mn from the alloy, which depletes the alloying 

elements at the steel surface (Hua et al. 2010a). Rietveld refinement results of oxidized 

Crofer steel are detailed in Table 15. The increase in the peak intensity of the MnCr2O4 and 

Cr2O3 is supported by the increase in the volume fraction with oxidation time. Similarly, 

the decrease in the Fe content is due to the faster outward diffusion of Mn through the Cr2O3 

layer, which depleted the Fe content on the surface of the steel. 

The XRD analysis of the MCF coating after oxidation, as shown in Fig. 44b, reveals Co3O4, 

(Mn, Co, Fe)3O4, and CoO as oxidation products. The XRD pattern after 50 h oxidation 

reveals high intense peaks of the Co3O4 cubic spinel phase. As the oxidation time is 

increased, the relative intensity between Co3O4 and (Mn, Co, Fe)3O4 decreases. This could 

be due to the transformation of the CoO phase to spinel. The intensity of (Mn, Co, Fe)3O4 

increases with the oxidation time. Rietveld refinement results of MCF coating after 

oxidation, as shown in Table 16, indicates the increase in the (Mn, Co, Fe)3O4 phase over 

the oxidation time, which supports the phase transformation. As the Fe content in the 

coating is significantly less, the phase can be considered as (Mn, Co)3O4. 

The effect of oxidation time on the crystallite size of Crofer 22 APU steel and MCF coating 

was estimated with the Scherrer equation (Equation (8)) with instrument correction using 

the SiO2 standard (Khorsand Zak et al. 2011). 

It is observed that the crystallite size of α-Fe reduces, whereas the chromia layer formed 

grows with an increase in oxidation time. But the crystallite size of the MnCr2O4 spinel 

layer is seen to reduce with the oxidation time. Similarly, the crystallite size of CoO and 

Co3O4 decreases, whereas the crystallite size of (Mn, Co)3O4 increases with oxidation time. 

The variation of crystallite size with oxidation is detailed in Table 17. 
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Figure 44: XRD of (a) Crofer 22 APU (b) MCF coating after oxidation at 850 °C 
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Table 15: Results of Rietveld Refinement made on the XRD patterns of Crofer 22 APU 

shown in Fig. 44a 

Condition Phases Lattice constant (Å) Phase Fraction (%) 

As-received α-Fe 2.8660 100 

50 h MnCr2O4 

Cr2O3 

α-Fe 

8.4360 

4.9530 

2.8710 

12.7 

49.7 

37.6 

200 h MnCr2O4 

Cr2O3 

α-Fe 

8.4470 

4.9580 

2.8780 

50.7 

31.4 

17.8 

400 h MnCr2O4 

Cr2O3 

α-Fe 

8.5110 

4.9610 

2.8860 

59.7 

25.5 

14.8 

Table 16: Results of Rietveld Refinement made on the XRD patterns of MCF coating 

shown in Fig. 44b 

Condition Phases Lattice constant (Å) Phase Fraction (%) 

As-sprayed CoO 4.2710 100 

50 h Co3O4 

(Mn, Co, Fe)3O4 

CoO 

8.0820 

8.2630 

4.2400 

49.2 

34.8 

16.0 

200 h Co3O4 

(Mn, Co, Fe)3O4 

CoO 

8.1100 

8.2970 

4.2580 

53.0 

37.2 

9.8 

400 h Co3O4 

(Mn, Co, Fe)3O4 

CoO 

8.1290 

8.3200 

4.2670 

48.4 

40.1 

11.5 

Table 17: Crystallite size variation with oxidation time at 850 °C 

Condition 
Crofer 22 APU (Å) MCF coating (Å) 

Cr2O3 MnCr2O4 CoO Co3O4 (Mn,Co)3O4 

As-

sprayed 
- - 254.5 - - 

50 h 418.75 1679.3 535 568.5 144.3 

200 h 711.75 804 693 524.75 134 

400 h 857.5 670 597.5 423.75 174 
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5.5.4. Raman spectroscopy 

 

Figure 45: Raman Spectra of (a) Crofer 22 APU (b) MCF coating after oxidation 

Figure 45 shows the Raman spectra of the oxidized Crofer steel and MCF coating. In Fig. 

45a, the Raman peaks correspond to Cr2O3 and (Mn, Cr)3O4 spinel formed on the surface 
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of Crofer steel after oxidation. The two-layer oxide formation on the Crofer steel can be 

confirmed from these results. After 50 h oxidation, the peaks of Cr2O3 have a higher 

intensity than those corresponding to the spinel. The Mn-Cr spinel formed is not 

homogenous compared to the Cr2O3 layer. As the oxidation time increases, the thickness 

of the spinel layer increases (confirmed by FESEM) and becomes more homogeneous. 

Hence, the effect of both oxide layers can be observed by the intense peaks of Cr2O3 at     

556 cm-1 and Mn-Cr spinel at 679 cm-1 after 400 h oxidation. In Fig. 45b, the Raman peaks 

are dominated by the Co3O4 peaks. The growth of the Co3O4 layer in the MCF coating can 

be interpreted by the increase in the intensity of the Raman peaks corresponding to Co3O4 

with an increase in the oxidation time. The peak at 554, 555, and 566 cm-1 can be attributed 

to the CoO phase (as seen in XRD). 

Table 18: Raman spectra observed on the Crofer 22 APU and MCF coating after oxidation 

for 50, 200, and 400 h at 850 °C. 

Observed Raman peak positions (cm-1) Compound Reference 

304, 349, 555 

306, 348, 551 

305, 352, 556 

Cr2O3 

(Gomes et al. 2017; 

Mohammad taheri et 

al. 2018) 

192, 390, 678 

192, 384, 671 

195, 385, 679 

(Mn, Cr)3O4 

(Demeneva et al. 

2019; Mazur et al. 

2022) 

196, 482, 523, 621, 693 

190, 469, 514, 613, 682 

192, 469, 514, 608, 678 

Co3O4 

(Hadjievl and 

Vergilovs 1988; 

Wang et al. 2019) 

566 

555 

554 

CoO (Khalil et al. 2020) 

 

5.5.5. Optical analysis of MCF coating using UV-vis-NIR 

The absorbance spectra (Fig. 46) indicate an increase in the absorption in MCF coating 

with the increase in oxidation time. This increase could be due to the growth of the Co3O4 

layer on the coating. Similar absorption spectra were observed for Co3O4 nanoparticles at 

800 °C (Nasser A. M. Barakat et al. 2008). The average absorbance in the visible range 



 

94 

 

(380-740 nm) was determined as 0.974, 0.997, and 1.118 for 50, 200, and 400 h oxidation, 

respectively. As the value indicates, there is a substantial increase in the absorbance of the 

MCF coating after 400 h oxidation indicating the growth of the oxide layer thickness. 

The relationship between the optical density and band gap energy (Eg) is given by the 

equation: αhυ = K (hυ- Eg)n, where α is the absorption coefficient, K is a constant relative 

to material, hυ is the photon energy, Eg is the band gap, and n is the value depending on the 

nature of transition (1/2 for direct and 2 for indirect allowed transition) (Reena et al. 2020). 

Assuming a direct transition with n=1/2, the Tauc plot of (αhυ)2 as a function of hυ was 

plotted to estimate the optical band gap energy of the oxidized samples. The values of hυ 

were extrapolated to α=0, which approximates the band gap energy. 

 

Figure 46: UV-vis-NIR absorbance spectra MCF coating after oxidation at 850 °C 

mentioning the band gap energy 

5.5.6. Oxidation kinetics 

Figure 47 shows the specific area weight gain of MCF-coated Crofer 22 APU composite 

as a function of oxidation time at 850 °C in air. As predicted, the weight gain increases with 

the oxidation time. In order to study and understand the oxidation kinetics, the square of 

the area-specific weight gain as a function of oxidation time (Hua et al. 2011; Jian et al. 

2006): 
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(
ΔW

A
)

2
= Kt  …………………………………. 14 

where ∆W is the weight gain of the oxidized specimen, A is the surface area of the oxidized 

sample, K is the parabolic rate constant, and t is the oxidation time. 

 

Figure 47: Oxidation kinetics of the MCF-coated Crofer 22 APU composite oxidized at 

850 °C in air 

The initial rapid oxidation (0-50 h) of MCF-coated Crofer 22 APU steel with a rate constant 

of 2.267 × 10-11 g2 cm-4 s-1 was accompanied by a slower oxidation rate with a rate constant 

of 0.591 × 10-11 g2 cm-4 s-1 between 50 h and 400 h. A linear rate constant is observed in 

the initial stage of oxidation upto 50 h. The oxidation rate constant between 50 h and         

400 h obeys parabolic law. A similar observation was made in the oxidation behavior of 

Ni-Mo-Cr alloy, where the transition in oxidation was attributed to the double layer oxide 

of Mn and Cr formed on the alloy (Hua et al. 2009). 

The thickness of oxide layers formed on the Crofer substrate and substrate-coating interface 

after oxidation at 850 °C for 50, 200, and 400 h are detailed in Table 19. The thickness of 

the oxide layers was measured from the line scan images obtained from FE-SEM analysis. 

The measured oxide thickness was used to study the oxide growth kinetics in the Crofer 
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substrate and coating-substrate interface. The parabolic rate constant for the chromia layer 

growth is given by the equation (Cruchley et al. 2013): 

Kp =
ξ2

t
  …………………………………. ..15 

where ξ is the thickness of the oxide layer formed, and t is oxidation time. Graphs of oxide 

layer thickness and growth kinetics as a function of oxidation time are plotted as shown in 

Fig. 48. The oxide layer on the Crofer steel is seen to grow rapidly in the initial 50 h 

oxidation and stabilizes after 200 h oxidation. The layer is seen to grow further with an 

increase in oxidation time. But in the substrate-coating interface, the oxide layer's growth 

is hindered by increased oxidation time. 

Table 19: Change in oxide layer thickness and growth kinetics with oxidation time 

Oxidation time 

(h) 

Crofer 22 APU Substrate-Coating Interface 

Thickness 

(μm) 

Kp × 10-11 

(mm/s) 

Thickness 

(μm) 

Kp × 10-11 

(mm/s) 

50 1.82 1.84 3.6 7.20  

200 2.75 1.05 3.7 1.90 

400 7.44 3.84 4.75 1.57 

 

 

Figure 48: Graphs depicting (a) oxide layer thickness v/s oxidation time and, (b) Oxide 

growth kinetics v/s oxidation time 
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5.5.7. Discussion 

5.5.7.1 Mechanism of two-layer oxide formation in Crofer 22 APU 

Table 20: Energy of formation of oxides at 0 K and 1200 K 

Sl. 

No 
Oxides Structure 

Space 

group 

Space 

group 

No. 

Formation 

energy at 0 

K (kJ/mol) 

Gibbs Energy 

(kJ/mol) at 

1200 K 

1 α-Al2O3 Trigonal R/3c 167 -331.524 -1295.23 

2 SiO2 Trigonal P3_221 154 -315.314 -695.426 

3 Cr2O3 Trigonal R/3c 167 -229.732 -818.475 

4 MnO Cubic Fd/3m 225 -192.295 -297.490$ 

5 Fe2O3 Trigonal R/3c 167 -183.998 -512.374 

6 CuO Monoclinic C2/c 15 -91.6611 -49.73 

7 MnCr2O4 Cubic Fd/3m 227 -226.934 -1186.4* 

8 FeCr2O4 Cubic Fd/3m 227 -217.96 -1061.87* 

$ (Jacob et al. 2008)  * (Young 2016) 

The scales formed on the Crofer 22 APU steel after isothermal oxidation analyzed by SEM-

EDS showed a two-layer oxide formation consisting of a thin MnCr2O4 spinel top layer and 

an underlying thick and continuous fine-crystalline Cr2O3 layer. The oxide layer formed is 

seen to adhere well to the substrate material. The phenomenon of the formation of two-

layer oxide is due to the fast diffusion of manganese through the chromia grain boundaries. 

The reaction of manganese with chromia with inward diffusion of oxygen forms the Mn-

Cr spinel phase (Atkinson and Gardner 1981; Przybylski et al. 2014; Saeidpour and 

Ebrahimifar 2021). As seen in the line scan results (Fig. 49, 41, and 42), the two-layer oxide 

grows with the increase in oxidation time. The presence of Ti (line scan results) confirms 

the formation of internal oxidation products. It was observed in the oxidation of a Fe-Cr 

alloy that Ti migrates from metal to the oxide layer due to the high mobility of Ti in Cr2O3, 

which substitutes the Cr ions partially. This Ti migration may lead to the expansion in 

lattice parameters of Cr2O3, which can be observed in shifting XRD peaks to lower angles 

(Hua et al. 2010a). In the present study, the outward diffusion of Mn and Cr after each 

oxidation stage leading to the formation and growth of Cr2O3 and MnCr2O4 was confirmed 

by the elemental mapping and EDS-line scan along the cross-section, also confirmed by 

XRD. 
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Figure 49: GD-OES Cr-concentration profiles of Crofer 22 APU from the surface after 

oxidation at 850 °C in air 

Figure 49 represents the chromium concentration profile of the oxidized Crofer steel 

substrate extracted from the GDOES depth profiling. As oxidation time progress, the 

depletion of Cr extends more and more into the interior of the substrate due to the increase 

in the oxide layer thickness. The oxidation resistance of an alloy is designed based on the 

selective oxidation of the elemental components in the alloy. In an ideal scenario, forming 

a dense adherent layer of refractory oxides, such as Cr2O3, SiO2, or Al2O3, indicates 

complete selectivity, and oxidation occurs by ionic transport through the oxide scale. This 

phenomenon of selective oxidation creates a zone within an alloy where the oxidized 

elements are depleted and significantly affects phase transformation (Evans and Lobb 

1984). Below the temperature range of about 700 °C in steels, the diffusion of Cr is not 

sufficiently fast, and oxide growth is governed by combined diffusion in alloy and oxide 

(Ostwald and Grabke 2004). In Fig. 49, the chromium-rich layer is dense, restricting the 

entry of oxidizing species. The oxidation rate is eventually controlled by cation diffusion 

to the surface. Thus, the enrichment in manganese concentration above the chromia layer 

depleted (Fig. 43) in the metal (Evans et al. 1980). 

The major oxide-forming elements in Crofer 22 APU are Fe, Cr, Mn, Si, Cu, and Al. The 

formation of oxide depends on the oxygen affinity, which is in the order of 

Al>Si>Mn>Cr>Fe>Cu, which reflects the Density Functional Theory (DFT) based 

calculation at 0 K and experimental result at 1200K in Table 20. But the growth rate 

depends on the diffusivity of the alloying elements, which is influenced by the 

concentration gradient, membrane permeability, temperature, and pressure. The minimum 
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required oxygen partial pressure for formation oxides is the order of Al<Si<Mn<Cr<Fe<Cu 

when calculated from the Ellingham diagram. The formation of Al2O3 and SiO2, which 

were seen only during long-term oxidation, is ruled out in this study due to their lower 

concentration (Mitchell et al. 1998)(“NIST-JANAF Thermochemical Tables”). The Gibbs 

free energy change for the formation of MnCr2O4 is -1231.7 kJ/mol of O2 (Swaminathan et 

al. 2014) (-1186.4 kJ/mol of O2 (Young 2016)), and that of Cr2O3 is -818.475 kJ/mol of O2 

(Table. 20). The free energy of formation of MnCr2O4 suggests that the Mn-Cr spinel is 

more stable than the Cr2O3. Though MnCr2O4 spinel is a less protective oxide layer than 

Cr2O3, the MnCr2O4 has more affinity for the formation than Cr2O3 because of the rapid 

diffusion of Mn than Cr to the top surface (Rao et al. 2020). 

The solubility and outward diffusion of Mn and Fe cation over Cr2O3 forms the spinel as 

supported by Raman Spectroscopy. The spinel is observed on the surface of the Cr2O3 

during the initial oxidation stage despite the low concentration of Mn for the following 

reason (Young 2016): 

i. MnCr2O4 is more stable than MnO 

ii. Mn is soluble in Cr2O3 of max. 1.6 wt.% at 1000 °C. 

iii. Mn diffuses rapidly through lattice than grain boundary diffusion 

As per the first principle calculations at 0 K (Young 2016) 

MnO + Cr2O3 --> MnCr2O4,    Formation energy = -55 kJ/mol……..….16 

Mn + 0.5O2 + 2Cr2O3--> MnCr2O4,   Formation energy = -437 kJ/mol……….17 

The diffusion of Mn over chromia occurs rapidly despite the stability of MnO as per the 

equation (16) reaction given above. In addition, Mn diffuses two order magnitude of Fe in 

Cr2O3 (Lobnig et al. 1992; Wild 1977). Hence, MnCr2O4 dominated FeCr2O4. Hence, in 

XRD and Raman spectroscopy, Al2O3, SiO2, and MnO were not observed. 

Figure 50 shows the proposed oxidation mechanism in Crofer 22 APU steel and MCF-

coated steel at 850 °C for varying oxidation times. The oxides formed on the Crofer steel 

consisted of chromia and Mn-Cr spinel, while the oxides formed in the coating-substrate 

interface consisted of a chromia layer. The mechanism proposes that in the uncoated part 

of the steel, the oxygen intake increases, and Cr and Mn diffusion from the substrate to the 

surface increases with oxidation time. Hence, growth in both chromia and the Mn-Cr spinel 
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layer thickness is observed. The crystallite size of chromia increase with oxidation, as seen 

in Table 17. The decrease in the crystallite size of Mn-Cr spinel as a function of oxidation 

time is attributed to the evaporation of chromium on the substrate, which is not protected 

by the coating. The rate of evaporation is higher for prolonged oxidation time (Asensio-

Jimenez et al. 2013). 

 

Figure 50: Proposed mechanism of two-layer oxide formation during oxidation in 

uncoated Crofer steel 

5.5.7.2 Effect of MCF coating on the oxidation resistance of Crofer 22 APU 

Achieving dense coating when spraying oxide ceramics is difficult, and the same has been 

seen in the microstructure of as-sprayed MCF spinel. MCF has been an interesting material 

that exhibits self-healing characteristics upon volume expansion during phase 

transformation (Grünwald et al. 2017). The oxidation of MCF coating at 850 °C for 50, 

200, and 400 h revealed the formation of (Mn, Fe, Co)3O4 spinel as the major phase in the 

analysis of XRD data. Due to the low content of Fe in the coating, the coating system can 

be considered an Mn-Co-O system for better estimation (Back et al. 2020). Sintering of the 

coating is visible, and the micro-cracks are completely healed with a decrease in porosity 

substantially. However, larger globular pores are still seen even after 400 h oxidation. A 

crack-healing phenomenon studied in the annealing of APS-MCF coating showed that 

phase transformation of rock-salt configuration of as-sprayed coating to spinel phase led to 

porosity decrease and increase in the gas-tightness. This phase transformation is given by 

the equation (Grünwald et al. 2017): 

3(Mn, Co, Fe)O +
1

2
O2 → (Mn, Co, Fe)3O4 …………………. (18) 

The uptake of oxygen by the MCF coating surface during the heat treatment, which faces 

a high oxygen partial pressure, leads to volume expansion, decreasing the porosity. This 

phenomenon leads to the closure of the cracks in the coating. Self-healing cracks and 
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subsequent densification prevent the oxygen from reaching the substrate, reducing the 

alloying elements from diffusing out of the substrate. Once the tiny micro-cracks are closed, 

they block the flow of gas into the substrate, creating a significantly low oxygen partial 

pressure near the coating-substrate interface. Therefore, further oxidation proceeds via 

solid-state diffusion, reducing the oxidation speed (Grünwald et al. 2017). Hence, the APS-

MCF coating on Crofer steel can act as an effective diffusion barrier for SOFC interconnect 

and diminish the Cr-evaporation from the steel. In the present study, the reduction in the 

average porosity of the MCF coating was analyzed from the cross-section images. Also, 

the line scan and elemental mapping clearly depict that the coating has successfully reduced 

the diffusion of Cr from the substrate. 

The MCF-coated interface consists of oxides of Cr and Al, as confirmed from the line scan, 

and the growth of the interface oxide layer is due to the diffusion of Cr and Al from the 

steel substrate. The formation of alumina is due to the difference in partial pressure from 

the coating surface to the interface. When the uncoated Crofer substrate is exposed to an 

oxidation environment, due to high oxygen partial pressure, chromia and Mn-Cr spinel 

form with a faster growth rate; hence, alumina formation was not observed. But due to low 

partial pressure on the coated side of the substrate, Al diffuses near the coating-substrate 

interface, and alumina is formed adjacent to the substrate below the chromia layer. The 

formation of alumina was confirmed from the line scan where the signal of alumina and 

oxygen enriches adjacent to the substrate (Fig. 40h, 41h, 42h). Similar observations were 

found in a study of the oxidation behavior of alumina-forming austenitic and high entropy 

alloys at 1200 °C. The equilibrium oxygen partial pressures calculated for different oxides 

in the temperature range of 900-1300 °C show that at 900 °C, the partial pressure for the 

formation of Al2O3 is very low compared to Cr2O3 formation (Shi et al. 2020). 

The self-healing mechanism of MCF coating is observed by the densification of the coating, 

where the micro-cracks present in the as-sprayed condition diminish with the increase in 

oxidation time. The crack-healing mechanism occurs in the coating due to the 

transformation of the CoO phase into Co3O4 and (Mn, Co)3O4 spinel on the coating surface. 

The transformation of CoO to spinel and the growth of the spinels can be observed in the 

Rietveld refinement of XRD data. The Rietveld refinement data (Table 16) shows a 

decrease in the phase fraction of the CoO phase and an increase in the phase fraction of the 

spinel phase. The phase fraction of spinel also stabilizes over the oxidation time, indicating 

the majority of the CoO phase is transformed into spinel. 
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The oxidation kinetics of Crofer 22 APU usually follow parabolic law/trend, which is also 

obvious in the present study. However, the oxidation rate is significantly higher in the 

grooved Crofer substrate with machined gas flow channels in this study than in the other 

reported earlier (Przybylski et al. 2014). It should be noted that the thickness of the substrate 

plays a crucial role in deciding the oxidation rate and kinetics. The lower the thickness of 

the sample, the higher the oxidation rate (Asensio-Jimenez et al., 2013). The thickness of 

the interconnect used in the present study is about 3 mm with the ridge and 2 mm without 

the ridge. As seen in Fig. 47, the initial oxidation of MCF-coated Crofer steel up to 50 h 

accelerates with a rate constant of 2.267 × 10-11 g2 cm-4 s-1, followed by slower steady 

oxidation up to 400 h. In the study of Fe-Ni-Co spinel oxide coated on Crofer 22 APU by 

sol-gel method, a large weight gain was seen within the first 100 h (Saeidpour and 

Ebrahimifar 2021). The (Mn, Cr)3O4 spinel and Mn2O3 scale formed on the alloys was 

expected to reduce the Cr-poisoning (Geng et al. 2006). The oxidation kinetics could be 

fitted to a near-parabolic relationship with time as the diffusion of the ions through the 

oxide scale controls the growth of the oxide scale (Chen et al. 2005). The oxide scale 

thickness measured with an increase in oxidation time (Fig. 48a) on the oxidized Crofer 

substrate and coating-substrate interface shows that the coating has efficiently reduced the 

diffusion of Cr from the substrate. Hence, the MCF coating successfully reduced the Cr-

evaporation from the Crofer substrate. 

 
Figure 51: Proposed mechanism of oxidation in MCF-coated Crofer steel 

Figure 51 shows the proposed oxidation mechanism for MCF-coated steel at 850 °C for 

varying oxidation times. The MCF coating substantially reduces the oxygen intake of the 

substrate. Therefore, the growth of the oxide at the coating-substrate interface is hindered. 

As per the EDS line scan, the thickness of the oxide layer is less in the substrate-coating 

interface than on the uncoated surface. This phenomenon is caused by the crack-healing 

tendency of the coating, which was seen to heal the micro-cracks as a function of time and 

reduce porosity. The crack-healing of the coating also induces densification of the coating. 
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The Raman spectra (Fig. 45) showed the formation of oxides of Cr and Mn-Cr spinel on 

the surface of Crofer steel and also detected mainly Co3O4 spinel on the MCF coating. As 

seen in the Raman spectra, a shift in the peaks can be observed in all the spectra. This peak 

shift is caused by changes in chemical composition (cation substitution) and structure 

variations (Chen et al. 2007). The intense Raman peak of chromia was observed at 555, 

551, and 556 cm-1 for 50, 200, and 400 h, respectively. Small shifts in the main band 

observed at 555 cm-1 are due to the distortion of the chromia crystallite structure caused by 

the partial doping effect (Madern et al. 2018; Srisrual et al. 2009). The oxidation time 

increases the thickness of the oxide layers formed, increasing the Raman peak intensity. A 

similar observation was made in the study of Crofer steel interconnect extracted from SOFC 

stacks operated up to 20000 h (Ghiara et al. 2021). 

The MCF has also been designed for good electrical conductivity while acting as a Cr-

diffusion barrier. The MCF coating is known to exhibit crack-healing characteristics, which 

seem to be beneficial in increasing the electrical conductivity of the coating. The 

determined band gap (Eg) for MCF coating is 1.180, 1.761, 1.825, and 1.076 eV for as-

sprayed, 50, 200, and 400 h oxidation conditions, respectively. The band gap in the coating 

can be attributed to the charge transfer process (valence to conduction band excitation) 

from oxygen to cobalt ions (Xu and Zeng 2004). Co3O4 is the most stable phase in the Co-

O system, with a mixed-valence compound (CoIICoIIIO4) having a normal spinel structure 

(Barreca et al. 2001). CoII+ occupies tetrahedral sites, and CoIII+ occupies the octahedral 

sites. The electrical property of stoichiometric Co3O4 is due to a small exchange in the ion 

charge states among the two sites (Makhlouf et al., 2013). In the study of absorbance spectra 

of Cobalt oxide thin film, absorption at =730 nm and  <500 nm was attributed to ligand-

metal charge transfer (LMCT) (events O(-II) → Co(III) and O(-II) → Co(II)). Here, the 

ligand is ions, and metal charges are CoII+ and CoIII+ ions. 

The conduction band has a contribution from mainly CoII 3d orbitals. The CoIII centres 

present in Co3O4 induce a sub-band inside the energy gap. This phenomenon yields two-

band gap energies (Barreca et al. 2001). In the present study, only one band gap energy 

could be evaluated. The band gap energy was sufficient for understanding the variation in 

the electrical conductivity of the coating. As the band gap energy decreases after 400 h 

oxidation, the growth of spinel oxides on the coating (estimated by Rietveld refinement) 

and the increase in the electrical conductivity of the coating can be confirmed. A thin film 

of Co3O4 deposited on a glass substrate by the sol-gel spin coating technique was studied 
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for its electrical conductivity and band gap energy. A decrease in the band gap energy and 

an increase in the electrical conductivity were observed. The effect of crystallite size on the 

bang gap energy was studied on Co3O4 thin film for varying annealing times. It was 

observed that an increase in the crystallite size decreases the band gap (Patil et al. 2012). 

Therefore, an initial increase in the band gap can be attributed to the phase transformation 

of CoO to Co3O4. The band gap increases from 1.761 to 1.825, where a decrease in the 

crystallite size of Co3O4 is seen. After 400 h oxidation, the band gap energy decreases to 

1.076 eV, which could be ascribed to the growth of (Mn, Co)3O4 spinel. A 'red shift' in the 

band gap energy was reported, which was attributed to an increase in the crystallite size of 

ZnSe films after annealing (Chaparro et al. 2000). As time progressed, most of the phase 

fraction was acquired by transforming CoO to Co3O4 and (Mn, Co)3O4 spinels. In the 

present study, the UV-vis-NIR interpretation was found to be an effective approach for the 

oxidation resistance of Crofer 22 APU and the effect of plasma-sprayed MCF coating. 
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6. CONCLUSIONS 

Atmospheric plasma sprayed Mn1.0Co1.9Fe0.1O4 spinel coating deposited on Crofer 22 APU 

ferritic stainless steel SOFC interconnect have been studied in detail to examine their 

structural, physio-thermal, and thermal integrity. The following conclusions were drawn:  

1. The APS coating on the surface (line of sight) of the ridges/grooves of the substrate was 

uniform. However, the thickness was uneven on the side walls. The MCF coatings were 

comprised of micro-cracks and porosities. No variation in the microstructural features 

of the as-deposited surface and cross-sections was observed. The decrease in the 

electrical resistance of MCF coating as a function of temperature revealed its suitability 

for high-temperature operations of SOFC.  

2. The adhesion strength of MCF coating on Crofer 22 APU steel was found to be in the 

range of 30 to 36 N, evaluated by scratch indentation test under progressive and constant 

loading conditions.  

3. The early-stage oxidation of Crofer 22 APU revealed the formation of Cr2O3 and 

MnCr2O4. The depth profiling has confirmed the two-layer oxide on the surface of 

Crofer steel, discontinuous top spinel layer MnCr2O4 was 100 nm, while the continuous 

subscale Cr2O3 layer had a thickness of 150 nm. 

4. MCF coating exhibited comparable thermal expansion to the Crofer 22 APU steel; 

therefore, the thermal expansion mismatch is insignificant. Marginally higher thermal 

expansion of MCF coating than Crofer steel results in compressive stresses at the 

interface. The thermal mismatch between the Crofer substrate and MCF protective 

coating is significant, only above 700 °C.  

5. The effect of MCF coating on the long term oxidation resistance of Crofer 22 APU steel 

at 850 °C showed the formation of a two-layer oxide scale on the Crofer steel consisting 

of a thin MnCr2O4 spinel top layer and an underlying thick and continuous fine-

crystalline Cr2O3 layer. The phase transformation of CoO to Co3O4 and the increase in 

phase fraction of Co3O4 spinel over oxidation time leads to crack-healing and 

densification of MCF coating. The densification of MCF coating acts as an effective 

diffusion barrier to mitigate the chromium evaporation from the Crofer 22 APU steel.   
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6.1. Scope for future work 

1. The effect of thermal spray coating processes like High velocity oxy-fuel (HVOF) and 

Detonation gun (D-Gun), can be attempted to achieve dense coatings. 

2. The MCF coating thickness can be varied by APS process and assessed for its adhesion 

and long term oxidation exposure. 

3. The long term oxidation up to 2000 h can be performed to study the microstructural 

changes, phase transformation, property changes of substrate and coating. 

4. The potential alternative for Crofer 22 APU steel substrate, e.g. Ni-based superalloy, 

can be studied with MCF protective coating due to Crofer steel being expensive. 

5. Surface remelting with laser remelting process of the MCF coating can be examined. 
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