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Abstract

Chromia-forming metallic interconnects used for solid oxide cells require protective
coatings to prevent chromium poisoning of other cell components. This study focuses
on MnioCoi9Feo0104 -coated Crofer 22 H interconnects fabricated by wet powder
spraying, which is a versatile, cost-effective, and scalable coating technique. The
investigation and fine-tuning of relevant parameters along the process chain provide a
fundamental understanding of their impact on coating quality and thermomechanical
stability. The correlation with cross-sectional analysis and area-specific contact
resistance (ASR) measurements supports the parameter evaluation. Mid-term thermal
testing demonstrates excellent chromium retention, as well as chemical and
mechanical stability of the protective layer on real component interconnect substrates.
With an ASR below 10 mQ cm? after 1000 h at 800 °C, wet powder spraying
represents a viable alternative to established but more expensive processes.

1. Introduction

Solid oxide cells (SOCs) are fuel-flexible energy conversion devices that provide high
efficiency and environmental friendliness, making them a promising alternative to
traditional energy-conversion systems. In the early stages of SOC development,
operation temperatures of 900-1000 °C and ceramic interconnects were required. The
need to lower operating temperatures to reduce costs and improve long-term stability
has led to the exploration of metallic interconnects as more economically viable and
mechanically robust alternatives [1], especially for planar designs. Ferritic stainless
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steels with high chromium concentrations, such as Crofer 22 APU/H and AISI 441, are
particularly promising for fuel-electrode-supported cells due to their excellent oxidation
resistance and compatible coefficients of thermal expansion (CTE) [2—4]. Despite their
composition-tailored development, untreated interconnects are still not sufficiently
stable for long-term operation in commercial applications. Cr203 scale formation on the
steel surface during operation in O2/H20 leads to a sequence of different degradation
mechanisms which impacts on the whole cell performance:

(1) A decrease in electrical conductivity and, thus, an increase in the contact area
specific resistance (ASR)

(2) Cr203 reacts with oxygen and water vapor, forming volatile CrO2(OH)2 and
CrQOs, respectively [5]

(3) These volatile and highly toxic compounds migrate into the air electrode, leading
to the formation of unwanted and electrochemically inactive side products
depending on the electrode material

Even double-layer oxide-forming steels like Crofer 22 APU/H (inner chromia and outer
Cr-Mn-spinel layer) evaporate too much Cr species for envisaged real-world long-term
applications (>50,000 h). The evaporation “pressure” above a layer depends on the
source (layer chemistry and microstructure) and the sink (atmospheric conditions incl.
temperature, oxidizing/reducing environment, etc.). Above Cr-Mn-spinel, the Cr partial
pressure is lower than chromia, thus the interconnect evaporates less Cr species [6].

Protective layer coatings have proven to be highly effective in improving Cr retention
of the interconnects and thus improving the overall stack performance. So far, a variety
of different material compositions and coating techniques has been explored [7,8].
Most of the studied coatings either belong to the spinel or perovskite group. For
instance, lanthanum chromite (LaCrOs) has not only seen application as an
interconnect material, but also as a coating material for steel interconnects [9-11].
Although perovskite-based coatings show great electrical conductivity and high
temperature stability under oxidizing conditions, their ability to suppress chromium
evaporation is limited [12]. In recent years, Mn-Co and Mn-Cu-based spinels have
become more popular due to their excellent electrical conductivity, thermal expansion
match, high-temperature stability, and improved chromium retention functionality [13—
17]. Physical vapor deposition (PVD), electrophoretic deposition (EPD), screen printing
(SP), and atmospheric plasma spray (APS) are noteworthy techniques for the
application of interconnect coatings with mid- to long-term stability [18—-21].

Despite great performance and scientific value, the approach that has the potential for
scale-up and industrial application has yet to be identified. The wet powder spraying
(WPS) technique originates from in-house feasibility studies conducted more than 20
years ago and has been further developed over the past few years [22,23]. The main
principle is straight-forward. A ceramic slurry is sprayed onto a substrate using an
automated spraying gun and a carrier gas, enabling the coating of small planar or
tubular substrates as well as real-shaped components within a few seconds. Organic
slurry additives are burned out and the coating layer is densified by a follow-up thermal
treatment. This gives rise to significant benefits regarding processing speed in contrast
to alternative coating techniques, such as PVD or APS. By contrast, thermomechanical
stress on the thin metallic substrate is not an issue for WPS processing which is



conducted at room temperature. If all coating, de-bindering, and heat treatment steps
are developed carefully, the final heat treatment could be integrated into the start-up
procedure of stacks, thereby omitting a prior additional heating step.

In this study, WPS is utilized to apply protective coatings of Mn1.0Co1.9Feo0.104 (MCF)
on Crofer 22 H. The aim of the present work is to develop a fundamental process
understanding by examining the correlation between WPS processing and post-
processing parameters with microstructure, coating quality, and ASR. For this purpose,
different parameter sets are evaluated via scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), and white light interferometry. ASR data
of coated and uncoated interconnect substrates derived by the 4-probe technique are
used for quality assessment. Finally, the adaption to a real component interconnect
and thermal mid-term studies will provide an answer to the question: Can wet powder
spraying for SOC interconnects accomplish both efficiency and competitive
performance?

2. Experimental

In the present study, the ferritic steel Crofer 22 H (VDM Metals, Germany) with a
thickness of 0.5 mm and a coupon size of 20 x 20 mm? was used as a first substrate
material [24]. Mid-term testing was performed on pre-cut sheets from a channel-type
interconnect. Coatings were applied by wet powder spraying of a MCF suspension.
Suspensions with a solid content of about 38wt% were prepared by dispersing
commercially available MCF powder (KCeracell, Republic of Korea) in a solvent based
on ethanol with suitable amounts of dispersant, binder, and defoaming agent to
enhance the processability. Particles in the suspension showed a monomodal particle
size distribution with d10=0,6 pm, ds0=0.8 um and dgo=1.0 um. Coating application was
performed using a large-scale wet powder spraying device with an automated spraying
gun (built in-house). The coating sequence was programmed in terms of sprayer head
movement speed and position in x- and y-direction. After the final layer application,
substrates were dried in ambient air conditions. Thermal treatment was conducted in
a two-step process in a chamber furnace. At sintering temperatures between 800 °C
and 1000 °C and holding times between 2 h and 100 h, samples were first reduced in
an Ar/ 3 % H2 atmosphere followed by re-oxidization in ambient air. Mid-term thermal
treatment studies were performed with holding times of 500 h or 1000 h, respectively.

Microstructural analysis was performed on the cross section of polished samples by
scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDS). Measurements were either performed with a tabletop scanning electron
microscope (TM3030, Hitachi High Technology, Japan) or a Zeiss Ultra 55 SEM (Carl
Zeiss NTS GmbH, Germany) equipped with an EDS system Oxford X-Max 80 mm?2
(Oxford Instruments, Germany). The porosity of SEM cross-sections was determined
by digital image analysis using Fiji/lmaged (Ver. 1.53k, Wayne Rasband and
contributors, National Institutes of Health, USA). Comparable sections of the individual
SEM images were selected for e.g. porosity calculations to provide comparability;
surface regions and interface regions were ruled out. Sample topography and



roughness were investigated by optical profilometry (Cyber Scan CT350T, Cyber
Technologies, Germany).

Area-specific resistance measurements were performed in a chamber furnace in air at
800 °C. Coated and uncoated interconnect specimens of 1 x 1 cm? were contacted to
an Lao.ssSro.4Coo.2Fe0.s03-x (LSCF) pellet with Pt paste. The sample was positioned
between two platinum mesh electrodes and pressed together during the measurement
with a surface weight of 1.5 kg cm2 (Figure 1). Voltage measurements were performed
with a Fluke 289 digital multimeter with a typical current density of 0.5 Acm™2. To
compensate for device- and sample-related deviations, mean ASR values and
standard deviations were calculated by measuring three identically processed
specimens for each sample type.

Surface weight = 1.5 kg/cm?

I = 500 mA/cm” ‘
N
Pt mesh

Crofer 22 H
MCF
Pt paste

Pt mesh
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Figure 1: Schematic representation of the ASR test setup. The pre-sintered and polished LSCF electrode is
pressed against the coated interconnect steel with Pt paste during measurement at 800 °C.

3. Results and discussion
3.1 Processing of protective barrier coatings

In general, a wide range of process parameters must be considered for the WPS
process development and optimization: spraying speed, nozzle size, distance between
sprayer head and substrate, gas pressure, number of layers, and drying time between
the respective coating steps. Preliminary studies revealed a varying impact of these
parameters on the overall coating result. (Certain parameter pairs have shown cross-
interplay, e.g., gas pressure and coating speed or sprayer head distance and coating
speed.) Furthermore, surface pre-treatment, slurry composition, and post-sintering
must also be taken into account. Although a design of experiments may offer certain
advantages for process optimization, a semi-empirical approach was preferred due to
the quantity of co-dependent process variables. Herein, each process variable was
evaluated alone while keeping all other variables constant along the process chain.
Based on post-analysis results, the parameter was then either further refined or set as
a constant for further coating experiments. Following this routine, the spraying
distance, nozzle size, gas pressure, and drying time were refined prior to the actual
coating studies, providing satisfactory and reproduceable results.

The number of layers and the coating speed as remaining key variables were further
explored in detail to improve efficiency and controllability of the WPS process. Two
main findings resulted from SEM cross-sectional image analysis (Figure 2). First, the
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number of applied coating layers correlated linearly with the coating thickness under
the premise that the coating speed remained constant. This finding was revealed by
measuring the coating thickness in cross-sectional SEM images after sintering. With a
coating speed of 230 mm s, three coating layers yielded a thickness of 9.4 um, four
layers 12.1 um, and seven 20.7 um, for instance. Hence, all samples showed a
thickness per layer of ~3.0 um. Second, the layer thickness decreased with the coating
speed exponentially. As a consequence, coating speeds below 100 mm s led to high
coating thicknesses, exceeding reasonable values needed for the chromium barrier
functionality. Since values above 250 mm s only showed a minor impact on coating
thickness, 140-230 mm s can be considered the optimal coating speed range.
Overall, coating thickness can be fine-tuned more conveniently by adjusting the
number of layers. It should be noted that no “ideal” coating thickness exists. The
coating must have a minimum thickness to cover all interconnect areas, including
edges and flanks, but it should not be too thick as this would increase the overall ohmic
resistance in the repeat unit. Another aspect is the Cr diffusivity within the layer. If the
layer is gas-tight, diffusion can only take place via solid-state diffusion. The preliminary
work of Grinwald et al. and long-term tests showed that Cr diffusivity within plasma-
sprayed MCF is quite low. Even after 10,000 h of annealing time, no detectable
amounts of Cr could be found in a plasma-sprayed MCF layer [25].
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Figure 2: (a — d) Electron micrographs of polished cross sections of Crofer 2 H / MCF processed with different
coating speeds and number of layers. (e) Correlation diagram showing the impact of parameter variation on the
resulting layer thickness. The orange line shows the layer thickness as a function of the number of layers,
whereas the black line shows the layer thickness depending on the coating speed.

3.2 Microstructure

Regardless of process parameters, WPS-derived protective coatings have shown
comparable cross-sectional structures: an interlayer at the interface to the substrate,
followed by MCF with closed porosity in the middle area, and finally a dense area of
MCEF in the top region (Figure 3). Preliminary WPS studies showed that the porosity of
the MCF layer can be considerably reduced by increasing the drying time between the
respective coating steps, indicating the high porosity of thicker coatings could partly be
to solvent evaporation effects. A certain porous character remained, nevertheless. This
finding is consistent with previous studies on spinel-based interconnect coatings
derived by wet-chemical (slurry coating, electrophoresis, screen-printing) as well as
dry-chemical (physical vapor deposition, plasma spraying) coating techniques [26—28].
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Figure 3: SEM cross showing the typical microstructure section of MCF-coated Crofer 22 H
Distinct differences were observed regarding crack and pore formation tendency as
well as interlayer microstructure (Figure 2 a—d). At a coating speed of 140 m s, a more

diffuse interlayer between MCF and Crofer 22 H with a thickness ranging between
1.9 um and 4.7 um was observed. Furthermore, an enlarged area with closed porosity
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as well as several large cracks had formed. Even though these cracks did not
propagate through the whole coating layer, they may have detrimental effects on the
chromium evaporation rate in long-term application. Coating layers derived with
speeds between 140 mm st and 460 mm s were continuous without cracks or
defects, and the pore formation tendency slightly decreased with decreasing coating
thickness. The interlayers showed less thickness variation with comparable values in
the range of 1.2—-2.0 um. According to previous studies, this interlayer either consists
of Cr203, MnxCryO4 or a mixture of both[29]. In any case, the interlayer exhibits electric
conductivities 3—4 orders of magnitude lower than MCF [8]. (The composition of the
interlayer will be further addressed in 3.5). EDS analysis has shown that Cr migration
is not an issue for MCF layers with closed porosity [25]. Based on these findings, an
impact on interlayer scale thickness, however, is expected. It is therefore of great
importance to include the interlayer thickness process during parameter assessment.
(This topic will be further discussed in section 3.4.)

3.3 Coating layer thickness

This section aims to identify the optimal coating thickness based on ASR
measurements. Neither very thin nor thick coatings are desirable for different reasons:
Thinner coatings are prone to be consumed by reaction with the chromia scale or they
may not be able to cover rough-structured oxide scales completely [30]. Furthermore,
coating defects and pores become more critical for low coating thicknesses and can
lead to unhindered Cr evaporation. Increased mechanical stability and longevity of
thicker MCF coatings give rise to economic, ecological, and ethical disadvantages due
to the high cobalt content of MCF.

As discussed in Section 3.1, thick single-layer coatings derived at low coating speeds
tended to form cracks and an increased number of closed pores. This raised the
following question: can this issue be tackled by applying multiple thinner coating layers
instead, providing more time for particle arrangement and slow, controlled solvent
evaporation in the green body? To address this question, samples with a different
number of coating layers were prepared and ASR measurements were carried out and
compared to bare Crofer 22 H substrates. Samples with one, three, five, and seven
layers (applied with a coating speed of 230mm/s each) of MCF were tested after 24 h
(L1a-L7a) and after thermal treatment for 500 h at 800 °C (L1b-L7b) in each case.
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Figure 4: ASR values measured (a) after calcination and (b) after thermal treatment for 500 h at 800 °C. Samples
coated with one (L1), three (L3), five (L5), and seven (L7) layers and bare Crofer 22 H (R1) were tested.

According to Figure 4, the lowest ASR values were measured for samples with three
layers of MCF, which correlates with a layer thickness of about 9 um. Applying only
one layer of MCF resulted in surprisingly high ASR values. SEM overview images of
the surface (not shown) revealed a crack-free microstructure. However, they also
revealed several pores with diameters in the range of 1-10 um. These defects did not
occur for samples with multi-layer structure. The inferior coating quality and hence ASR
performance could be traced back to an insufficient WPS spraying pattern of thin MCF
single layers. In comparison to L3a/L3b, ASR values were slightly increased for
L5a/L5b and L7a/L7b with five and seven layers of MCF, respectively. Initially, the ASR
of uncoated Crofer 22H started in a similar range as for the coated samples (R1a).
Nevertheless, a drastic increase of an order of magnitude was measured after thermal
aging for 500 h (R1b). This was due to the formation of a thick, high-resistive chromia
scale that is well known for chromium steels.



Considering the previously discussed risk of coating defect formation for WPS coatings
with increased layer thickness, topologic profiles were conducted via white light
interferometry (Figure 5). For samples with one and three MCF layers, rather smooth
surfaces with pinholes of shallow depth were detected. In contrast, an increased
surface roughness and larger pinhole defects were observed for five- and seven-
layered samples. Even though ASR values were only slightly higher for L5 and L7, this
effect may become more relevant under real conditions. The reason is that platinum
contacting paste for ASR testing purposes is assumed to level out uneven surfaces. In
contrast to real conditions, interconnect surfaces are directly contacted to another
ceramic layer.

L5a

Figure 5: Topologic profiles of Crofer 22 H coated with one (L1a), three (L3a), five (L5a), and seven (L7a) layers of
MCF.

In conclusion, the different performances observed were not related to the coating
thickness itself, but rather to the associated changes in surface morphology and
microstructure. The application of three layers of MCF represented the golden mean
between performance and efficiency. There was no obvious advantage in crossing a
threshold of 10 um in coating thickness for a WPS-based application of MCF.

3.4 Post-treatment

Spinel coatings applied by slurry-based techniques and sintered directly in air usually
result in a microstructure with open porosity. This is accompanied by a rapid increase
in area-specific contact resistance due to the formation of poorly conducting chromium
oxides at the unprotected interface interconnect/protection layer. Although a
densification of (Mn,Co)-based spinel coatings under stack conditions (700-850 °C,
air) is desirable, reactive sintering remains the most effective way to achieve an
adequate coating density and decrease interconnect degradation and thus ensure
long-term stack stability. This section will focus on the impact of post-treatment

9



parameters on the protective layer microstructure and the correlation with the
respective contact resistance value. Prior to thermal treatment, three layers of MCF
were applied to all Crofer 22 H samples in an identical procedure utilizing a coating
speed of 230mm/s. After reduction of the MCF to MnO and Co in Ar/H2 3 % at elevated
temperatures, the reduced layer was re-oxidized in air. Various post-treatment
parameter combinations, namely reduction temperature (Trep), reduction duration
(drep), oxidation temperature (Tox), and oxidation duration (dox), were tested (Table
1). Thermal treatment was conducted with temperatures ranging between 800 °C to
1000 °C and holding times ranging between 2 h and 100 h. The temperatures and
times were selected on the basis of i) retaining the metals' physical parameters (i.e.
avoid creeping or fast oxidation); ii) actual stack start-up procedures; and iii) goals for
the protective layer like densification, adhesion, or cracking.

Table 1: Thermal processing parameters for samples S1-S6 and results for porosity, interlayer thickness, and
ASR.

Trep drep | Tox dox Porosity [(MIN) I((MAX) ASR

[°C] [h] [°C] [h] (%] [Um] [um] [MQ cm?]
S1 | 1000 2 1000 10 8.4(1) 0.5 1.1 5.6(2)
S2 | 1000 2 900 48 8.9(3) 1.1 13 8.0(3)
S3 | 1000 2 800 48 14.6(5) 1.1 15 11.9(4)
S4 | 900 12 900 12 8.5(1) 1.3 1.7 19.4(1)
S5 | 900 12 850 100 8.9(2) 1.0 1.7 15.4(6)
S6 | 850 24 850 100 13.3(2) 1.3 2.3 24.9(6)

According to the microstructure and calculated porosity of the selected sections, the
results can be divided into two groups: low porosity below 9 % (S1, S2, S4, S5) and
high porosity above 13 % (S3, S6). Cross-sections of the layers and the region
evaluated for porosity determination are shown in Figure 6. Considering only porosity
and time-efficiency, the sintering programs for S1 and S4 were the favored parameter
settings. ASR values determined for coated samples S1-S6 did, however, reveal a
slightly different picture (see Figure 6). With Trep = 1000 °C, ASR values for S1-S3
were inversely proportional to the oxidation temperature. This trend was consistent
with a decreasing sintering activity and thus increasing porosity of the protective layer
from S1 to S3. The results for S4, S5, and S6 were less consistent. The highest ASR
was measured for S6 despite the comparable porosity to S3. The ASR of S5 was
5 mQ cm? lower on average with an almost identical porosity compared to S4. With
Tox 50 °C higher for S4, the opposite result was expected. A possible explanation for
this deviation could be the increased sintering activity due to the increased holding
time of 100 h. The negative impact on the ASR by lowering the Trep could not be
counterbalanced by increasing the holding time (S4 vs. S2). A high reduction
temperature of 1000 °C with low holding times was therefore crucial to obtain the best
results. This can be explained by the enhanced reaction rate from MCF to its reduced
form MnO/Co/Fe, which facilitates better sintering in the downstream oxidation step.
High oxidation temperatures benefit lower ASR values as well. However, the impact of
a decreased Tox is lower and viable ASR values were still achievable. This facilitates
densification of the protective layer during stack formation (850 °C, 100 h) and reduces
the energy and time consumption of thermal processing significantly.
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Overall, the degree of porosity alone could not provide sufficient assessment of the
sintering parameters. As previously discussed, a negative influence on ASR was
expected in dependence on the Cr203/MnCr204 interlayer thickness. Therefore,
minimum (I(MIN)) and maximum interlayer thickness (I(MAX)) values of this scale were
measured for each SEM cross section S1-S6. Including these values and the sum of
both (labeled as I(TOTAL)) made the ASR measurement data more comprehensible
(Fehler! Verweisquelle konnte nicht gefunden werden.). The higher the interlayer
scale thickness, the higher the ASR, and thus the less favored the parameter set for
sintering. This agrees with previous studies, and corresponds to the reduced electrical
conductivity of Cr20z and MnCr204 compared to MCF. High reduction temperatures
were needed to promote proper and fast densification during oxidation, reduce
thickness of the interlayer scale during thermal treatment, and hence reduce the
contact resistance.
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Figure 6: S1-S6: SEM cross sectional images of MCF-coated Crofer 22 H samples, which underwent different
thermal post-processing. The segments for porosity determination are positioned over the SEM images as an
overlay with 20 % transparency and dashed white lines (Please note that the magnifications shown for samples
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S1-S3 and S4-S6 differ). Bottom graph: Correlation between interlayer scale thickness and ASR with minimum
(I(MIN) and maximum (I(MAX)) values determined from cross sectional SEM images S1 to S6.

3.5 Mid-term stability

An ASR of 20 mQ cm? is often regarded as a threshold for quality evaluation in mid-
term and long-term thermal testing scenarios for SOC interconnect coatings [8,31-34].
Although this criterion is met for all samples L1b, L3b, L5b, and L7b after thermal
treatment for 500 h at 800 °C, considerable performance differences were observed
(cf. Figure 4). To confirm the improved performance of sample L3, a time-dependent
study over 1000 h was conducted and compared to an uncoated Crofer 22 H substrate
(Figure 7). Starting with an initial ASR of 6.5 mQ cm?, only a slight increase to
7.8 mQ cm? was measured after 1000 h operation. The resulting value after 500 h
thermal treatment (7.4 mQ cm?) agreed well with the ex situ sample L3b (8.4 mQ cm?).
Surprisingly, the ASR increase in uncoated Crofer 22 H was much slower (500 h at
800 °C: 19.6 mQ cm?; 1000 h at 800 °C: 25.2 mQ cm?) compared to sample R1, which
was thermally aged prior to testing (500 h at 800 °C: 156.3 mQ cm?). A reasonable
explanation for this finding is a passivation of the steel surface by the Pt paste, which
was applied prior to the heat treatment. In the case of samples treated in an external
furnace, the surface is exposed to air and more prone to chromia scale formation.
Consequently, further uncoated interconnect substrates were thermally treated for
20 h, 100 h, and 400 h and tested. The resulting ASR amounted for 9.0 mQ cm?,
49.9 mQ cm?, and 96.2 mQ cm?, respectively. These results support the thesis of an
enhanced oxidation resistance by platinum contacting paste. Due to similar ASR
values measured for ex situ and in situ sample L3, an influence of platinum paste on
the measurement of coated samples could be ruled out.

Overall, ASR values in the range of 5-10 mQ cm? after 500 h or 1000 h, respectively,
can be considered competitive results. Bianco et al. [33] compared WPS, APS, and
PVD coatings of different materials on Crofer 22 H concluding best coating solution
was a Fe-doped MnCo204 deposited by PVD resulting in 5mohm cm? at 1000 h of
testing. According to the reported ASR values after 1000 h at 700 °C, coatings derived
by two different WPS processes led to considerably poorer performances (20 mQ cm?
and 38 mQ cm?, respectively) The authors attributed this to an irregular shape of the
interlayer and the high porosity of the WPS-derived coatings. Molin et al. [30] used
electrophoretic deposition, thermal co-evaporation and RF magnetron sputtering.
Despite showing high porosity with just a dense layer at the interface electrophoretic
deposition showed lowest ASR with 22mohm cm? after 5000 h of oxidation and a three
times lower degradation rate.

Figure 8 shows SEM and EDS measurements of MCF WPS-coated Crofer 22 H with
processing parameters analogous to S1 and L3 followed by thermal aging at 800 °C
for 1000 h in air. In contrast to the previous planar samples, the Crofer 22 H substrate
was cut out of a real component interconnect with channel-type structure. The SEM
overview image of the coated surface proved good adherence of the MCF layer over
the whole component surface, even in the critical edge region. No cracks or
delamination could be observed. Several pores enlarged during the mid-term thermal
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treatment. EDS elemental maps were conducted for the relevant elements, namely
manganese, cobalt, iron, and chromium. No increased Cr migration could be observed,
neither at the edges nor in areas with enlarged pores. Furthermore, the enlarged area
of the EDS elemental mapping revealed the presence of what is assumed to be
MnxCryO4 (greyish) and Cr203 (deep blue) at the interface interconnect/protective
layer. The EDS map suggests that MnxCryO4 contains some Co. Cr203 might react with
MCF and form (Mn,Cr,C0)304 where the higher Cr content probably decreases
electrical conductivity.

We already tested a stack with two layers being coated with an MCF protective layer
applied by non-optimized WPS but with redox treatment and two layers non post-
treated for comparison. The stack was tested for almost 3500 h. Unfortunately, both
inner layers, one with and one without pre-treatment, showed contacting issues leading
to data with insufficient quality for evaluation. But to visualize a first behavior
comparison of treated and untreated interconnects we put a Figure of this stack test in
an added Supplementary (Figure S1). At the moment another stack with MCF
protective coatings applied by WPS is under assembly and will be tested in the near
future to evaluate long-term performance of the optimized WPS MCF coatings.

Long-term stability
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Figure 7: Time-dependent ASR measurement over 1000 h at 800 °C showing the contrasting ASR development
for MCF-coated and uncoated Crofer 22 H.
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100 um

Figure 8: SEM cross sectional overview of channel-type Crofer 22 H coated with MCF after thermal treatment for
1000 h at 800 °C. The enlarged segment shows the EDS combined elemental map for Mn, Co, Fe, and Cr. The
separated elemental maps demonstrate good Cr retention of the protective coating in mid-term operation.

4. Conclusion

In the past, WPS has often been considered inferior to other coating techniques due
to their characteristic porous microstructure and comparably high ASR values. The
present study highlighted the advantages of combining the well-known interconnect
coating material Mn1.0Co1.9Feo0.104 with wet powder spraying, a highly efficient and
scalable slurry coating technique. For the first time, a detailed study on the complex
interplay between WPS and post-processing parameters and between interlayer
microstructure and contact resistance was presented here. This study identified the
most suitable parameter set, leading to competitive ASR values, significantly lower
than previously published results for WPS-derived interconnect coatings.

The production of protective layers with a thickness above 20 um was rather
challenging due to the formation of cracks and pinhole defects. However, a coating
thickness in the range of 10 um derived by the application of three MCF layers and
thermal treatment at 1000 °C was found to be most effective. According to
microstructural analysis, protective layers remained mechanically and chemically
stable with improved Cr retention and contact resistance in mid-term operation for
1000 h at 800 °C for planar as well as channel-type interconnect steel substrates.
Time-dependent measurements over 1000 h confirmed the improved degradation
resistance of MCF-coated Crofer 22 H with an ASR increase rate of only
0.13 mQ cm?/100 h. (Limited improvement was achieved for single-layered coatings
and thermal treatment at temperatures below 900 °C.)
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Overall, wet powder spraying has shown great potential as a highly efficient, scalable,
and economically viable technique for the application of gas-tight ceramic protective
layers in the micrometer range. A batch process with processing times of a few
seconds is equally as conceivable as a continuous process involving roll-to-roll coating.
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