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Abstract

AISI 430 ferritic stainless steel is a promising candidate for utilising as interconnects of solid oxide
fuel cells due to its cost effectiveness and durability. Many methods for applying coating on steel
substrates have been developed in order to decrease the degradation of steel due to oxidation rate and
chromium volatile problems. Manganese-cobalt spinel exhibits high conductivity, thermal expansion
compatible with ferritic stainless steels, and forms a barrier to inhibit chromium migration during
oxidation. Copper can be added to manganese-cobalt spinel to improve electrical conductivity of the
spinel coating. This work investigated oxide scale formation and oxidation rate of Mn-Co and
Mn-Co-Cu coated samples in comparison with uncoated steel. The coated samples were prepared on
the AISI 430 ferritic stainless steel using the electrodeposition technique. The oxidation rate was tested
at 800°C in Ar-20% CO2-5% H20 for 96 h. The results showed that both Mn-Co and Mn-Co-Cu coated
samples could be formed continuous oxide layers. The SEM image showed a chromium oxide layer
under the manganese-cobalt coating layer. The oxidation rate of the samples coated with Mn-Co spinel
and Mn-Co-Cu spinel was lower than that of the uncoated steel.

1. Introduction

Solid oxide fuel cells (SOFCs) are considered one of the most
promising electrochemical devices for electric power generation
devices. SOFCs are devices that convert the energy of chemical
reactions into electrical energy at intermediate temperatures (600°C
to 800°C) [1-3]. SOFCs consist of two porous electrodes (cathode and
anode electrode) which are separated by a dense electrolyte layer.
On the cathode side, oxygen in air is reduced to oxygen ions which
are conducted through the electrolyte layer to the anode side. On the
anode side, hydrocarbon fuel reacts with oxygen ions to produce
electrons to the external circuit [4,5]. The hydrocarbon gas is used as
fuel instead of hydrogen gas at the anode side due to the limitation
of hydrogen storage [6]. The oxidation of hydrocarbon fuels produces
carbon dioxide and water as the final products [6]. Biogas is an
attractive option among emerging applications for fuel cells on the
anode side. Biogas is a product mainly composed of (40% to 80%)
methane (CH4) and (20% to 60%) carbon dioxide (COz2) and other
gas impurities [7-9]. Methane in biogas induces carburization whereas
carbon dioxide reduces the oxidation resistance of steel.

Interconnects are one of the most critical components for
connecting individual cells to SOFC stacks. Metallic materials can be
used as interconnect parts instead of traditional ceramic materials.
Ferritic stainless steels (FSSs) are being considered for usage as
interconnect parts in planar SOFC stacks. FSSs have good machinability
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for complicated shapes, suitable coefficient of thermal expansion
(CTE), high mechanical strength, and high electrical conductivity
[10-12]. Among diverse ferritic stainless steels, AISI 430 grade is
extensively considered a candidate for metallic interconnect materials.
The AISI 430 ferritic stainless steel has a good oxidation resistance
due to the formation of a protective chromium-rich oxide during
SOFC operation. Unfortunately, the presence of a Cr-containing oxide
can decrease the electrical conductivity resulting in a reduction of
power output [13,14]. Applying suitable coating has been used to
reduce the deterioration of SOFC stainless steel interconnects due
to oxidation reaction. Electrodeposition is a simple technique to
produce a thin layer coating for complex-shaped interconnects. The
coating layer is more homogenous, denser, and has a stronger physical
bond with the steel substrate [15-17]. The as-deposited coatings
were converted to oxide coatings using electrodeposition followed
by a subsequent treatment process [18-20]. Oxide spinel coatings
are widely used as protective coatings for stainless steel interconnects
[21,22]. Binary spinel coatings can enhance conductivity by doping
transition metals cations [20]. Moreover, the spinel coatings also
exhibit a high capability to reduce the migration of volatile chromium
species from Cr-rich oxide to the electrode-electrolyte-gas interface,
leading to a drastic degradation of SOFCs performance [23,24].
Many researchers have attempted to improve the performance of Mn-Co
spinel by adding elements of Cu [15,16,25-33], Ni [25,34,35], and
Fe [30,31,36]. Our previous works, Mn-Co spinel and doped Mn-Co
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spinel coatings have been done by using various techniques such as
electrochemical deposition [15,16,33] and slurry coating [37]. These
works reported that the oxidation rate and chromium volatilisation
of the coated samples were lower than the bare AISI 430 stainless
steel in humidified oxygen. It is possible that the Mn-Co oxide-coated
AISI 430 stainless steel is a promising material for SOFC interconnect
application on the cathode side. The metallic interconnect parts
must be stable in both air at the cathode side and fuel at the anode
side. Promdirerk et al. [7] studied the corrosion behaviour of AIST 441
stainless steel in synthetic biogas containing methane and carbon
dioxide as fuel at the anode side. They proposed that the kinetics of
corrosion of stainless steel in biogas are divided by two possible
parallel mechanisms: oxidation by CO:z and carburization by CHa.
The oxidation kinetic by CO2 was controlled by chemical limitation
at the oxide/gas interface. Promdirerk et al. [38] also studied the effect
of humidity on the corrosion kinetics of ferritic stainless steel type
AISI 441 subjected to biogas containing methane and carbon dioxide.
The results showed that the corrosion kinetic in dry biogas was
greater than in humid biogas. A molecule of H20O adsorbed in the
occupied site instead of CH4 and blocked C formation from adsorption
and decomposing of CHa. The corrosion kinetics was controlled by
chemical limitation at the oxide-gas interface as well as that in dry biogas.

To better understand the oxidation mechanism of each component
of the biogas, Promdirerk et al. [39] investigated the oxidation kinetics
of ferritic stainless steel under pure CO>. They found that the oxidation
kinetics is a linear rate at 700°C to 900°C. Wiman et al. [40] studied
the oxidation and adhesion behaviours of AISI 430 stainless steel
in Ar-COz at 800°C. The oxidation kinetics were parabolic with
increasing rate constant when the COz content increased. At high
COao, the scale exhibited worse scale adhesion due to the formation
of pores at the scale/steel interface. Gheno et al. [41,42] studied the
effect of gas on the oxidation mechanism and kinetics of Fe-Cr and
Fe-Cr-Ni alloys in dry and wet COz atmospheres. The water vapour
in CO2 accelerated the nucleation of Fe-rich oxide nodules. The
existence of water vapour plays an important role in the oxidation
behaviour of stainless steel in COz atmosphere. However, the oxidation
behaviour of Mn-Co coated stainless steel has not been reported in
humidified COz atmosphere. Thus, the objective of this work was
to study the oxidation behaviour of AISI 430 stainless steel coated
with Mn-Co and Mn-Co-Cu oxide in humidified CO2 atmosphere
at 800°C. The spinel coating on AISI 430 stainless steel was prepared
using an electroplating process followed by a two-step heat treatment.

2. Experimental
2.1 Sample preparation

The chemical composition of the AISI 430 ferritic stainless
steel used in this work is shown in Table 1. The steel was cut into

a rectangular shape (14.2 mm x 8.0 mm) with 1.0 mm. The edges
of the specimens were ground to avoid coating spallation caused

Table 1. Chemical composition of AISI 430 ferritic stainless steel (wt%).

by the sharp edge. All of the side surfaces were ground through 1000
grit SiC papers before being cleaned with ultrasonic bath in alcohol
and dried in hot air.

2.2 Electroplating

In the present work, the electrolyte solution consisted of 0.05 M
C0S04,0.55 M MnSO4, 0.001 M CuSO4, 1.0 M H3BO3, 0.7 M
Ce¢H1107Na, 0.1 M (NH4)2SO4, and 2.33 M H2SO4. Mn-Co, which
was prepared form mixing H3BO3 and CséH1107Na in deionized
water (DI) on magnetic stirrer for 30 min. CoSO4 was added with
gentle agitation and then stirred for 30 min. The solution was kept
at room temperature for 24 h to reach equilibrium state of reaction
between Co-species and gluconate [43]. MnSO4 and (NH4)2SO4,
were added together with continued agitation until completely
dissolved. Finally, the pH of the solution was then adjusted to 3
with H2SO4. CuSO4 was used instead of the CoSO4 in Mn-Co-Cu
electrolyte solution. After that, CoSO4 was added to the solution
and then agitated using a magnetic stirrer for 30 min. Following this
step, the electrolyte preparation was carried out in the same manner
as stated above for Mn-Co solution. The samples electroplated using
Mn-Co and Mn-Co-Cu solutions were referred to as the MC sample
and MCC sample, respectively.

For electroplating process, the workpiece sample was used as
the cathode electrode and was connected with the positive polarity
of DC power supply. The sample was hung parallel and set at the
middle of a two-anode electrode. The distance between cathode and
anode electrode was controlled in range of 2 cm to 3 cm to avoid
a voltage drop. A titanium mesh coated with Ir mixed oxide was used
as the anode electrode. The workpiece sample was electroplated at
electric current density of 300 mA-cm? for 20 min at room temperature.
After the electroplating process, the sample was cleaned with DI water
and dried in air.

2.3 Heat treatment process

The coated samples were air-dried in a dehumidifier cabinet at
room temperature for 24 h. The coated samples were heat treated in
argon for 4 h, followed by oxygen for 4 h at 800°C. The heat treatment
used in the present work is referred two-steps heat treatment. The
oxidation test was performed in Ar-20% CO2-5% H20 at 800°C for
96 h. The linear gas velocity of the mixed gas was set to 1 cm-s!.
The humidity of the mixed gas was controlled by a bubble humidifier.
The temperature of water in humidifier was adjusted to 31°C which
corresponded to a 0.05 bar of water vapour partial pressure. The sample
was placed at the centre of the quartz tube in a horizontal furnace as
shown in Figure 1. The mass gain was measured using a Mettler Toledo
MS105 semi-micro balance with sensitivity of 0.01 mg. The surface
morphology was characterised using Scanning electron microscope
(SEM) operating at 5 kV coupled with an Energy dispersive spectroscopy
(EDS). The phase composition was identified by the International
Centre for Diffraction Data (ICDD) using X-ray diffractometer.

Cr Mn Ni Mo Al Ti

Si C S P Fe

16.41 0.791 0.048 0.013 0.097 0.005

0.200 0.102 0.002 0.029 Bal.
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Figure 1. Schematic diagram of horizontal furnace for measuring oxidation.
3. Results and discussion of the oxide surface for heat-treated MCC sample was greater than

in the heat-treated MC sample. The heat-treated MCC sample had
more crystalline nodes dispersed on the coating compared to the heat-
treated MC sample. The energy dispersive spectroscopy (EDS) results
revealed signal peaks of Mn, Co, Cu, and O on the surface of the heat-

Figure 2 shows the surface of MC and MCC samples after the
two-steps heat treatment process. The as-deposited particles tended

to bond with adjacent particles during the two-steps heat treatment ]
treated MC and MCC samples. The average atomic percentages of

Mn and Co in heat-treated MC sample were 5.54% and 36.54%,
respectively. The average atomic percentages of Mn, Co, and Cu in heat-
treated MCC samples were 2.28%, 41.45%, and 4.30%, respectively.

process. The bonding of adjacent particles takes place to minimize
the total surface energy [44,45]. The surfaces of coating layer were
well adhered to the substrate without traces of spallation. The size
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Figure 2. Backscattering electron images (BEIs) and EDS analysis on the surfaces of (a) MC and (b) MCC sample after two-steps heat treatment process in
argon for 4 h, followed by oxygen for 4 h at 800°C.

J. Met. Mater. Miner. 33(2). 2023



32 Thublaor, T., et al.

Intensity (counts/s)

Intensity (counts/s)

(b)

Spot 2
0.5 10 15 20
Energy (keV)
g Spot 1
o
fz ]
< - Spot 2
0.0 05 10 15 20
Energy (keV)

Figure 3. Backscattering electron images (BEIs) and EDS analysis on the surfaces of (a) MC and (b) MCC samples after oxidation test in Ar-20% CO, -

5% H,0 at 800°C for 96 h.

Figure 4. Cross-sectional SEM image and EDS maps of MC sample after oxidation in Ar-20% CO, - 5% H,O at 800°C for 96 h.

Figure 3 shows the surface of MC and MCC samples after
oxidation in Ar-20% CO2-5% H20 at 800°C for 96 h. It was found
there were no significant differences in surface coating between the
heat-treated and the oxidized samples. The EDS results showed that
the average atomic percentages of Mn and Co on the surface of the
oxidized MC sample were 9.75% and 38.17%, respectively, while
those of Mn, Co, and Cu on the surface of the oxidized MCC sample
were 4.47%, 19.00% and 35.02%. Small amounts of Cr signal were
also detected on the surface coatings. However, the coatings still
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exhibited stability, even though they were oxidised in an atmosphere
containing carbon dioxide and water.

Figure 4 shows the SEM cross-section and EDS mapping results
of'the MC sample after oxidation in Ar-20% CO2-5% H20 at 800°C
for 96 h. It was observed that the coating layer showed a good
adhesion to the steel substrate. The EDS mapping result revealed
that the coating surface comprised of Mn, Co, Fe, Cr, and O elements.
An inner Cr-rich oxide could be observed at interface between internal
coating and steel substrate. The EDS analysis in Figure 4 revealed
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that the oxide was rich in Cr and O with traces of Fe at interfaces as
reported in Table 2. However, the atomic percentage of Cr significantly
decreased at the outer surface of the coating layer. It seems that the
coating layer acted as mass-transport barrier, inhibiting Cr migration
from the steel substrate.

Figure 5 shows the SEM cross-section and EDS mapping results
of the MCC samples after oxidation in Ar-20% CO2-5% H:O at
800°C for 96 h. The coating was still well-bonded with the steel
substrate and free from cracks after oxidation. However, the Cu
addition to Mn-Co spinel promoted the diffusion outward of Cr [31].
The atomic percent of Cr ranges from 17.6% to 18.8% at positions
1 and 2 at the outer coating layer. These values were approximately
equal to 19.7% at position 3 in the interface coating layer and substrate
as reported in Table 3. These results were in accordance with other
studied [15,16,31] which found that Cr outward diffuses in the Cu-
doped Mn-Co oxide was higher than in the Mn-Co oxide. In addition,

the dissolution of Cu into Mn-Co spinel was demonstrated by
Brywlewski et al. [28]. The XRD peaks shift in the right direction
resulting from decreasing the lattice parameter in Mn-Co oxide
spinel [28]. Lagros et al. [46] reported that Cu ions could jump into
the Mn site in the Mn2.6C00.404 structure and impel Mn to the
interstitial site. This indicated that the heat-treated MCC sample
was not effective for use as the thermal barrier coating.

The XRD pattern of the bare AISI 430 stainless steel and the
coated samples after oxidation in Ar-20% CO2-5% H-0 at 800°C for
96 h is shown in Figure 6. It was found that the oxide layer on the bare
AIST 430 stainless steel was composed of Cr203 (ICDD 82-1484)
combined with MnCr204 (ICDD 75-1614) and Mn203 (ICDD 06-
0540). The XRD result of the coated samples revealed the presence
of MnCo0204 (ICDD 23-1237) and Co304 (ICDD 42-1467) spinel
phases on the surface coating. Small Cr203 peaks were observed on
the surface of the coated samples after 96 h oxidation.

Figure 5. Cross-sectional SEM image and EDS maps of MCC sample after oxidation test in Ar-20% CO,-5% H,O at 800°C for 96 h.

Table 2. Element content (at%) of EDS mapping referring to Figure 4.

Position Content of element by atomic (%)
o Cr Mn Co Fe

Pl 50.37 7.64 10.44 15.15 16.40
P2 50.67 13.37 8.21 10.13 17.62
P3 17.90 20.51 0.00 0.00 61.60
P4 0.00 21.25 8.63 0.00 70.13
Table 3. Element content (at.%) of EDS mapping referring to Figure 5.
Position Content of element by atomic (%)

(0] Cr Mn Co Fe Cu
Pl 44.43 17.55 12.34 11.31 8.10 6.30
P2 53.54 18.77 6.94 7.08 10.55 3.14
P3 39.89 19.74 3.85 4.00 32.52 0.00
P4 0.00 23.82 0.00 0.00 76.19 0.00
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Figure 6. XRD result of AISI 430 stainless steel, MC sample, and MCC sample
after oxidation test in Ar-20% CO,-5% H,O at 800°C for 96 h.
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Cross-sectional SEM images with EDS line-scan analysis of the
coated steels are shown in Figure 7. It can be seen that the oxidised
MC sample was mainly composed of Mn, Co, and O. This layer was
identified as the MnCo0204. The formation of Cr-rich oxide was
observed between the coating layer and steel substrate interfaces.
This was indicated that the spinel coating layer acted as mass-
transport barrier and prevented chromium outward migration from
the substrate to the coating layer. It is worth noting that traces of Cr
were detected in the coating layer according to the EDS point analysis
as shown in Figure 5. The outward diffusion of Cr increased due to
the Cu doping effect. The Cu addition to the Mn-Co spinel enhanced
the diffusion of Cr as observed in previous work [15,16]. This result
was verified by Talic ef al. [31] who studied the chromium diffusion of
Cr203-MnCo204 couple oxidised in dry air at 900°C. It was found that
the Cu-doped Mn-Co spinel promoted the diffusion of Cr contributing
to an increased oxidation rate and chromium volatilisation [16,47].

Si
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0 2 4 6 8 10 12
Distance (um)

Figure 7. Cross-sectional SEM image with EDS line-scan of MC and MCC samples after oxidation in Ar-20% CO,-5% H,O at 800°C for 96 h.
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4. Conclusion

Electroplating followed by a two-step heat treatment process
was effective in producing Mn-Co and Mn-Co-Cu spinel coating on
AISI 430 stainless steel. After oxidation tests in Ar-20% CO2-5%
H>0 for 96 h, MnCo0204, and Co304 were detected for MC and MCC
coated samples. The formation of Cr-rich oxide was also observed
at interface for MC coated sample. The average mass gains of coated
samples were lower than those of bare AISI 430 stainless steel due to
the protective properties of the spinel oxide as a coating layer. However,
the Cu-doped Mn-Co spinel had higher oxidation rate than the steel
coated with Mn-Co spinel.
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