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Manganese cobalt oxide spinel doped with Fe2O3 was studied as a protective coating on ferritic stainless
steel interconnects. Chromium alloying causes problems at high operation temperatures in such oxidizing
conditions where chromium compounds evaporate and poison the cathode active area, causing the
degradation of the solid oxide fuel cell. In order to prevent chromium evaporation, these interconnectors
need a protective coating to block the chromium evaporation and to maintain an adequate electrical
conductivity. Thermal spraying is regarded as a promising way to produce dense and protective layers. In
the present work, the ceramic Mn-Co-Fe oxide spinel coatings were produced by using the atmospheric
plasma spray process. Coatings with low thickness and low amount of porosity were produced by opti-
mizing deposition conditions. The original spinel structure decomposed because of the fast transfor-
mation of solid-liquid-solid states but was partially restored by using post-annealing treatment.
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1. Introduction

Interconnectors (ICs) are used in a solid oxide fuel cell
(SOFC) to provide an even fuel and oxidant distribution
through a cell construction, to prevent fuel and oxygen
gases from mixing and to connect the cells electrically in
series. Traditional IC materials used in the electrolyte-
supported cells, where operating temperatures were
above 800 �C, were mainly alloyed lanthanum chromites
(Ref 1, 2). By using the anode-supported cells, it is pos-

sible to use a thinner electrolyte layer and in this way
decrease the SOFC operating temperature under 800 �C.
Lower operating temperatures give the advance of using
new material alternatives. These have been developed in
order to obtain better electrical properties and especially
to lower manufacturing costs when designing co-, cross-
and counterflow gas channel configurations. Potential
materials for this use are chromium-based alloys, for
example, ferritic stainless steels. Chromium alloying gives
good corrosion protection and moderate corrosion resis-
tance at high operating temperatures (600-800 �C) and in
highly oxidizing environments (Ref 2).

The corrosion protection is based on the forming of
Cr2O3 scale on the steel surface. Chromium oxide tends to
have low electrical resistivity at elevated temperatures
(1 9 102 X/cm at 800 �C) and by alloying other elements,
for example, manganese, the formed oxide layer proper-
ties can be modified (Ref 2-4). The risk of using high
chromium alloyed steels is the forming and the evapora-
tion of chromium trioxide CrO3 and chromium hydroxides
CrO2(OH)2, depending on the cathode side inlet atmo-
sphere. These compounds may transfer to a cathode active
area (triple phase boundary, TPB), the area where oxygen
is able to ionize. Compounds reduce back to Cr2O3 and
cause the decreasing of the size of the active area causing a
drop in the efficiency of the cell. This process is called
chromium poisoning or degradation. The types of used
cathode materials have an effect on the degradation
speed. Some previous studies have reported that especially
cathodes with higher amount of Sr alloying (La-Sr-Co-Fe,
La-Sr-Fe, and La-Sr-Mn) suffer the most Cr-poisoning
effect. One possible reason for this is that Sr reacts with Cr
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and forms the SrCrO4 phase. Degradation speed was the
lowest when used cathode materials did not contain any Sr
alloying, for example, La-Ni-Fe (Ref 5-7).

The protective coatings are used in order to minimize
the oxidation of the IC and to prevent the evaporation of
chromium compounds. Ensuring long-term usability, the
coatings must fulfill the following requirements: (i) an
excellent electrical conductivity with the objective of
100% electronic conduction so the effect of ohmic losses
does not negatively affect the power density of the stack;
(ii) a good chemical, microstructural, and phase stability at
the stack operating temperature in an oxidizing environ-
ment; (iii) the coefficient of thermal expansion (CTE) of
the coating should be near the other stack components
such as the metallic IC and the cathode; (iv) a thermal
conductivity at the lowest limit of 5 W/m/K at the point
when generated heat from the cathode is transferred to
the anode for endothermic fuel reformation reactions; and
(v) the coatings together with the metallic substrate should
have high temperature strength and creep resistance
and provide structural support when used as a stationary
and an auxiliary power unit under external stresses and
vibrations (Ref 2).

The coating materials that have been previously studied
as protective coatings are mainly the so-called perovskite
materials with a chemical structure of (AB)2O3, where A
and B are metallic cations. The most used materials have
been lanthanum-manganese oxides (Ref 8-12) and
lanthanum-cobalt/chromium oxides (Ref 3, 9, 12-18) with
selected alloying, mainly in order to modify electrical and
diffusion barrier properties. The use of these coatings is
based on the same kind of composition and crystal struc-
ture as in the cathode materials. The coatings and the
cathode have the same kind of mechanical behavior in
elevated temperatures. The main difference between the
cathode and the protective coating is that whereas the
cathode layer is porous the protective coating needs to
be dense to prevent the evaporation of harmful chromium
compounds and oxidation of the substrate. Thermal
spraying (Ref 8-16, 18) and spin coating (Ref 17) are used
as a fabrication method. The main problem in all studies
still seems to be manufacturing dense and thin coating
structures so that the oxidation of substrate materials can
fully be eliminated in long-time exposure.

An interesting alternative for perovskite are materials
with a spinel structure, (AB)3O4, where A and B are
metallic cations. Some previous studies have been
published where spinel materials with a composition of
manganese-cobalt oxides (Ref 3, 12, 19-21) and manga-
nese-chromium oxides (Ref 20) have been used as the
protective coating layer against the evaporation of harm-
ful chromium compounds, working as an active layer
forming more stable chromium oxide compounds. Larring
et al. (Ref 12) found in their experiments that (Mn,Co)3O4

spinel worked effectively as a chromium barrier, even
when compared with often used perovskite materials.
They also discovered that the mechanical properties of the
coating seem to match the used substrate alloy. When
using iron (Fe) doped manganese-cobalt oxide spinel, it
is possible to improve the electrical and mechanical

properties of the coating. Studies have shown that a
proper amount of Fe in MnCo2-xFexO4 is in the range of
0.1 < x < 0.25 (Ref 22). The spinel coatings are mainly
manufactured by slurry painting/spraying (Ref 12, 19-21),
physical vapor deposition (Ref 23), and DC electrode-
position methods (Ref 24) but there are no studies where
Mn-Co spinel, especially with Fe alloying, are being
manufactured by thermal spaying. In this article, the
suitability of atmospheric plasma spraying (APS) is being
studied as a fast manufacturing method for producing thin,
under 50 lm thick, protective coatings for thin 0.2 mm
ferritic stainless steel substrates.

2. Experimental

2.1 Powder Manufacturing

Fe2O3 doped Mn-Co spinel powder was produced by
solid state synthesis and agglomerated to spherical form by
spray drying. MnCo1.8Fe0.2O4 (MCF) powder was pre-
pared by weighing appropriate amounts of MnCO3,
CoCO3, and Fe2O3 powders together and milling them for
20 h in a drum ball mill. After the milling, the mixture was
calcinated at 1000 �C in air for 6 h to obtain the spinel
structure. The powder was dispersed in water using 1 wt.%
of dispersant (Dispex A40, Ciba, Basel, Switzerland) by a
planetary ball mill, 2 h at 300 rpm with ZrO2 balls (Fritsch
pulverisette 5, Fritsch GmbH, Germany). 2 wt.% of
bonding agent (PVA, Celanese, Dallas) was added to the
slurry by a high shear mixer. The suspension was spray
dried by spray dryer (Niro pilot, GEA Niro, Soeborg,
Denmark). A rotary nozzle with high rotation speed was
used in order to get the fine agglomerate size needed for
thin coating production. The powder was sintered at
1150 �C to improve powder strength, where an isothermal
step at 500 �C for 2 h was used in order to pyrolyze the
PVA without fracturing the agglomerates. After sintering,
the powder was sieved. Particle size of �29 + 13 lm (d90-
d10) was measured by laser diffraction sensor (Helos,
Sympatec GmbH, Clausthal-Zellerfeld, Germany).

2.2 Coating Manufacturing

The coatings were produced by using a plasma gun
(F4-MB, Sulzer Metco, Winterthur, Switzerland). Param-
eters were selected so that the influence of the used gun
power on coating properties could be studied. The lowest
energy parameter at which a stable coating could be
produced was selected to be as parameter P1. More
detailed parameters can be seen in Fig. 1. Constant
spraying distance (120 mm) and surface speed were
assured by using an X-Y manipulator. The desired average
coating thickness was about 15-20 lm.

Samples sprayed with parameters 1, 7, and 9 were
annealed to examine the restoring of the spinel structure.
The samples were annealed at 800 �C for 3 h at normal
atmosphere and the crystal structure was then analyzed.
By choosing samples 1, 7, and 9 the influence of gun power
could be estimated.
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The substrate material was ThyssenKrupp VDM
Crofer 22 APU specially tailored for SOFC use (Cr:
20-24 wt.%). The thickness of the substrate was 0.2 mm
with 70 9 70 mm outer dimensions. The substrates were
grit blasted (240 grit Al2O3) before plasma spraying so
that the needed adhesion could be reached. Grit blasting
was performed to both sides to avoid the bending of the
thin substrate. After being plasma sprayed, the samples
were laser cut to 15 9 20 mm pieces. The pieces were then
molded in cold resin in a chamber under reduced pressure
to prevent cracking and to give the samples an extra
support while grinding and polishing.

2.3 Characterization Methods

The powder and the coatings were analyzed by using a
scanning electron microscope (SEM) (Philips XL 30,
Philips, Amsterdam, Netherlands). Secondary electron
(SE) and back-scattering electron (BSE) modes were used
for morphological inspections and energy dispersed spec-
troscopy (EDS) mode was used for quantitative analysis of

the elements. Porosity values were calculated by using an
image analysis tool. Qualitative phase analysis of the
powder and as-sprayed and annealed coatings was per-
formed by using a x-ray diffractometer using Cu-Ka radi-
ation source (Siemens D-500, Siemens, Berlin, Germany).

Hardness tests were performed by using a micro-
hardness tester (MMT-X7, Matsuzawa, Akita, Japan). The
hardness values were measured using a 250 mN cell load.
Using this extraordinarily low test load, it was ensured
that an indentation mark did not extend outside of the
coatings� cross-section area. Results are the average values
of five separate measurements.

3. Results and Discussion

3.1 Powder Characterization

The powder morphology is presented in Fig. 2. The
particles were spherical because of spray drying and
formed of primary particles of the size of 2-3 lm which
can be seen from a cross-sectional SEM image. Some
particles were attached to each other which affected flow
properties negatively in a powder feeder, but the powder
was still sprayable. When the chemical composition of the
powder was analyzed, the amount of Fe seemed to be
higher than it should be (Table 1). The calculated amount
of Fe was 6.7%, but the analyzed value was 12.4%.

Fig. 1 Plasma spraying parameters

Fig. 2 Secondary electron image (SEM) of MCF-spinel powder (left). Cross-sectional secondary electron image (SEM) of MCF-spinel
powder (right)

Table 1 Amount of elements in atomic percentages
(at.%) (EDS)

Elements Powder P1 P2 P3 P4

Mn (33.3) 31.3 30.5 31.4 32.0 31.0
Fe (6.7) 12.4 11.9 12.2 13.0 12.2
Co (60) 56.3 57.6 56.4 55.4 56.8

P5 P6 P7 P8 P9

Mn 29.3 30.7 31.2 30.0 30.4
Fe 12.5 11.7 12.0 11.7 11.7
Co 58.1 57.6 56.9 58.3 58.0
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The amount was probably altered because Fe-Ka radiation
was at the same value when compared to manganese-Kb

radiation and Fe-Kb radiation was at the same value
compared to cobalt-Ka radiation. Overlapping of radiation
peaks increases the values, even though the mixture ratios
were correct when the powder was manufactured.

3.2 Coating Structural Characterization

The coatings (Fig. 3) had a typical plasma-sprayed
structure. In all the coatings, some pores, cracks and some
large pull-outs were present. Clear boundaries in separate
spraying layers were not present. The desired coating
thickness was achieved with a relatively dense micro-
structure with small variations of porosity (Table 2). The
coatings had a good adhesion to the substrate and no
visible cracking on the interface, but in some coatings
vertical cracks were present, especially in the coatings
where high energy parameters were used. This might be
the result of small differences in CTE values. For
MnCo1.8Fe0.2O4 sintered at 1000 �C the CTE value is
12.3 9 10�6/K (Ref 22) and for Crofer 22 APU depending
on the temperature while spraying it, the CTE values
varies (200-1000 �C) 10.3-12.7 9 10�6/K (Ref 25). These
cracks may offer a pathway for oxygen access and chro-
mium evaporation.

3.3 Coating Chemical and Phase Analysis

The influence of the spraying parameters on selective
compound evaporation is presented in Table 1. Values
have been calculated by analyzing the whole image area.

When comparing EDS measurements with the values of
the powder, significant alteration could not be noticed.
In this case, the coating compositions were not altered,
although high energetic spraying parameters were used. It
is possible that the coatings include smaller areas where
selective evaporation has occurred. The reason for this is
the fluctuation of plasma flame/energy resulting in molten
droplets with altered composition. Due to the same rea-
son, a similar variation of Fe amount can be seen in EDS
analysis as was observed in the powder�s case.

When analyzing the crystal structures of the as-sprayed
coatings (Fig. 4), it can be noticed that the original spinel
structure is decomposed. Peaks in the coatings were ana-
lyzed to be near the FeO (wuestite) kind of structure with
a cubic form. When comparing low energy spraying
parameters with high energy parameters the peaks were
equal, meaning that the variations of spraying parameters
did not affect the formed crystal structure. The reason for
the presented structure lies in the coating preparation
method where material is melted and cooled rapidly.
When droplets hit the substrate and metastable crystal
structures, material decomposition occurs and new com-
positions are being formed.

The XRD results of pre-selected annealed samples
(Fig. 5) reveal that the spinel structure can be restored by
using a separate annealing. When comparing the coatings
with the powder, it can be seen that small intensity peaks
of MnCo1.8Fe0.2O4 spinel are present. In sample P1 there
is also a high intensity peak of Fe, which was the result
of the reflection of the substrate material and can be
neglected. In all the coatings, the peaks of an FeO kind of
structure and Co3O4 spinel were also present. The peaks
of FeO were a result of a situation where the restoring of
the spinel structure was not fully completed and where it
may need more time for a complete reformation reaction.
The presence of Co3O4 spinel peaks was an interesting
result. These peaks might be the result of the selective
evaporation of those components which cannot be seen
in the EDS analysis taken from the whole coating area.

Fig. 3 Cross-sectional secondary electron image (SEM) of
plasma sprayed spinel coatings. Lowest porosity coating (P3) and
highest porosity coating (P5)

Table 2 Amount of porosity in percentages (%)

Parameter Porosity, % Parameter Porosity, %

P1 6.1 P6 6.6
P2 5.3 P7 5.7
P3 3.8 P8 5.3
P4 5.7 P9 6.7
P5 6.9 Fig. 4 XRD-analysis of as-sprayed coatings with all spraying

parameters

Journal of Thermal Spray Technology Volume 20(1-2) January 2011—157

P
e
e
r

R
e
v
ie

w
e
d



In this case, it may be that manganese was evaporated
during spraying. The result of this was the metastable form
of Mn-Co-Fe spinel, Fe oxide and an excess amount of
cobalt in the form of cobalt oxide spinel. Lim et al. (Ref
11) got the same results of evaporation of manganese
when plasma spraying perovskite structured La0.8Sr0.2M-
nO3 on metallic ICs.

3.4 Coatings� Mechanical Properties

Hardnesses of the protective coatings varied from 320
to 600 HV0.025. When plotting the hardness as a function
of gun power (Fig. 6) and inspecting the interdependency
fitting with linear regression (R value 0.521), it can be seen
that the hardness values are related to the used gun power.
By increasing the used gun power by 80%, the coatings�
hardness values increased by 35% on average.

The reason for the increased hardness values could be
related to single splat behavior in the coating process.
When low gun power was used the particles were not able
to fully melt and, as a result, coatings contained partially

melted particles. These particles have poor adhesion and
degrade the internal strength of the coating. When the
used gun power was increased, the single particles were
able to melt more homogeneously and form a coating
where un-melted particles were not present. The coating
was then formed of splats with good adhesion, which may
influence the crack networks between splats so that they
are smaller compared to the coatings prepared by using
low gun power. In this case, the use of high energy
parameters is an advantage that could provide a coating
which provides better protection against chromium evap-
oration from the substrate.

4. Conclusions

The spinel materials are an interesting option for
protective coatings on ferritic stainless steels instead of
perovskites that are already being used. Earlier studies in
this area were based on manufacturing these coatings by
slurry- or thin film techniques. In this study, APS has been
used to produce Mn-Co-Fe spinel coating on the thin
metallic IC in SOFCs.

The conventional plasma sprayed coating has always
included some pores and cracks because of the nature of
the spraying process. When plasma spraying Mn-Co-Fe
spinel, the original MnCo1.8Fe0.2O4 crystal structure seems
to decompose in the fast changes of transformation (solid-
liquid-solid) which leads to the forming of metastable
compounds. Also some selective evaporation of the com-
ponents, for example, manganese, can happen. The ori-
ginal spinel structure will decompose but it can be
partially restored by using a separate annealing process. In
this process, metastable phases will transform by diffusion
and growth of grain size and form stable compositions, for
example, Co3O4.

The mechanical properties of the coatings were highly
dependent on the used spray parameters. By increasing
the used gun power, a harder coating structure could
be achieved and the amount of un-melted particles
decreased. Negative influences of using high energy
spraying parameters on coating composition in this
research were not noticed.
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