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Abstract. MnCo0,04, MNCo1.7Cuo 304 and MnCos.7Feq 304 are investigated as coatings for corrosion
protection of metallic interconnects in solid oxide fuel cell stacks. Electrophoretic deposition is used to
deposit the coatings on Crofer 22 APU alloy. All three coating materials reduce the parabolic oxidation
rate in air at 900 °C and 800 °C. At 700 °C there is no significant difference in oxidation rate between
coated samples and uncoated pre-oxidized Crofer 22 APU. The cross-scale area specific resistance
(ASR) is measured in air at 800 °C using LaggsSro.1Mn1.103 (LSM) contact plates to simulate the
interaction with the cathode in a SOFC stack. All coated samples have three times lower ASR than
uncoated Crofer 22 APU after 4370 h aging. The ASR increase with time is lowest with the MnCo,0,
coating, followed by the MnCos.7Fep304 and MnCos 7Cuo304 coatings. LSM plates contacted to
uncoated Crofer 22 APU contain significant amounts of Cr after aging, while all three coatings
effectively prevent Cr diffusion into the LSM. A complex Cr-rich reaction layer develops at the
coating-alloy interface during oxidation. Cu and Fe doping reduce the extent of this reaction layer at
900 °C, while at 800 °C the effect of doping is insignificant.

Keywords: Solid Oxide Fuel Cell, Metallic Interconnect, Manganese Cobalt Spinel, Coating, High
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1. Introduction

Solid oxide fuel cells (SOFC) are electrochemical devices that can covert the chemical energy of fuels
such as Hz, CH4 or CO to electrical energy at a high electrical efficiency. More than 10 000 domestic
SOFC units are currently in operation in Japan [1], but high costs and a limited lifetime are impeding
more widespread commercialization of the technology. One of the lifetime-limiting challenges is
degradation of the ferritic stainless steel (FSS) used as the interconnect material [2,3]. Under SOFC
operating conditions the FSS oxidizes, forming a several um thick Cr,0s; and (Mn,Cr)s04 scale on the
surface. Because of the modest electrical conductivity of these oxides the resistance through a SOFC
stack increases with time as the scale thickens, leading to a decrease in the power output [4].
Furthermore, the oxide scale is prone to form volatile Cr(V1)-species, that have been shown to degrade
the SOFC cathode performance [5,6].

A way to mitigate these adverse effects is to coat the FSS with a protective, electrically
conductive material. (Mn,Co)304 spinels are considered promising coating materials for the air side of



the interconnect, demonstrated to reduce both the area specific resistance (ASR) across the interconnect
[7,8] and the rate of Cr-evaporation [9]. The most extensively investigated compositions in this system
are MnCo,04 and Mn; 5Co1.504. The former is a cubic spinel, while the latter is a dual phase mixture of
cubic MnCo,04 and tetragonal Mn,CoQOys that transform into a single phase cubic spinel above ca.

400 °C [10,11]. Both materials have appreciable electrical conductivity (60-90 S cm™ at 800 °C
[11,12]) and an acceptable thermal expansion coefficient (TEC) (11.4-14.4x10° K! between 25 °C and
800 °C [13-15]). Attempts to improve the (Mn,Co)304 coating material by substituting some of the Co
with Fe or Cu have been reported [13,16-21]. The TEC of MnCo0,04 is reduced by replacing some of
the Co with Fe, which in some cases may be advantageous depending on what type of cell the
interconnect is connected to [15]. Although Fe-doping also reduces the electrical conductivity, the
conductivity measured for MnCo; 7Fe( 304 at 800 °C (47 S cm) is still several orders of magnitude
higher than the typically reported electrical conductivity of Cr,0s (0.1-0.01 S cm™) [22,23]. Substituting
Co with Cu improves the electrical conductivity [15] and has been suggested to enhance densification
of the coating [17]. Furthermore, diffusion couple studies indicate that both Cu and Fe substitution may
be beneficial for reducing the formation of a moderately conductive Cr-rich (Mn,Co,Cr);04 reaction
layer at the interface between the spinel coating and the thermally grown oxide scale [24,25]. The
electrical conductivity of spinel oxides generally decreases with increasing Cr content and in case of
Mny 5C005Cr204 the electrical conductivity at 800 °C is only 0.007 S cm™ [12,26]. Excessive growth of
a Cr-rich (Mn,Co,Cr)3;04 reaction layer may therefore be negative for the interconnect ASR.

Most studies of the oxidation resistance and ASR of FSS coated with Fe and Cu doped
(Mn,Co)304 are limited to relatively short exposure times (< 500 h) and do not provided a detailed
investigation of the interaction between the coating and the FSS [16,17,27-30]. Furthermore, since the
ASR has been measured using different set-ups and contact electrodes, it is difficult to compare the
performance of the different coating materials and thus evaluate whether Fe or Cu doping offers any
benefit.

In this work, we investigate the long-term (4000 h) oxidation behavior and cross-scale ASR of
MnCo,04, MnCoi 7Fe 304 and MnCo1 7Cug 304 coated Crofer 22 APU. The consequences of forming
Cr-rich reaction layers between the interconnect and these spinel coatings are further discussed.

2. Experimental
2.1 Sample preparation

A 1 mm thick plate of Crofer 22 APU (Thyssen Krupp) with the composition given in Table 1 was cut
into 20%20 mm coupons. A 3 mm hole was drilled in one of the corners to allow for hanging in the
oxidation furnace. The coupons were ground with SiC-paper, polished down to 1 um using diamond
abrasive, and cleaned in acetone and ethanol for 10 min each in an ultrasonic bath.

Table 1. Composition of Crofer 22 APU alloy used in this study in wt.%. Analyzed by Optical
Emission Spectroscopy at Force Technology, Denmark.
Alloy Fe Cr Mn Ti La C Si Al
Crofer22 APU Bal. 23 0.42 0.068 0.04-0.20' 0.003 0.049° 0.007

!l a was not measured by OES. Typical concentration according to manufacturer’s datasheet
2Determination of Si content by OES is associated with large uncertainty




MnCo0,04 (MC), MnCo 7Feo 304 (MCFe) and MnCoi 7Cuo 304 (MCCu) spinel powders were prepared
by spray pyrolysis of aqueous based nitrate solutions as described in detail elsewhere [15]. The powders
were calcined at 650 °C for 10 h in air, ball milled overnight in ethanol (& 10 mm YSZ milling balls),
dried in a rotary evaporator, and sieved at 250 um. The particle size of as-prepared powders was
characterized using a Beckman coulter I/S particle size analyzer. Small amounts of each powder were
dispersed in ethanol by ultrasonication before analysis. All powders had a bimodal particle size
distribution, with median sizes (dso) equal to 0.70 um for MC, 0.63 um for MCFe and 1.22 um MCCu.
Electrophoretic deposition (EPD) was used to coat the Crofer 22 APU coupons with the spinel
powders. The EPD set-up consisted of a 150 ml Teflon box and two 4x4 cm plates of Crofer 22 APU
serving as counter electrodes. Suspensions were made by ball milling 5 wt.% of powder in a
50/50 vol.% mixture of isopropanol and ethanol for 2 days (@ 10 mm Y SZ milling balls, 500 ml PE-
bottles). The steel coupon was connected to the negative terminal and mounted in parallel between the
counter electrodes at a distance of 15 mm. Deposition was carried out at 35 V for 40-100 s. After drying
in room temperature, the coated samples were heat treated in a tubular furnace at 900 °C for 2 h in N»-
9%H,, followed by 2 h at 800 °C in air. The heating and cooling rates were 120 °C h™!. Gasses were
bubbled through water at 5 °C to give a moisture content of ca. 1 %. Uncoated Crofer 22 APU was pre-
oxidized under the same conditions to serve as a reference.

2.2 Characterization

The oxidation kinetics of spinel coated and bare pre-oxidized Crofer 22 APU were studied in air at

700 °C, 800 °C and 900 °C in a chamber furnace. There was no forced airflow to the furnace (i.e. nearly
stagnant conditions). Three to five samples of each type were suspended vertically in the furnace. Every
250 h, the furnace was cooled to room temperature (180 °C h™") and the mass gain was determined by
weighing the samples on a scale with 0.00001 g accuracy (XS205 Mettler Toledo). The coated and
uncoated samples were oxidized separately to avoid any Cr(VI) (g) from the uncoated samples
depositing on the coated samples.

The cross-scale/coating area specific resistance (ASR) was characterized in air using the set-up
illustrated in Figure 1, described in detail in [31]. For the ASR measurement, Crofer 22 APU was cut
into 20x40 mm coupons and two 6 mm holes were drilled in the shorter ends for mounting purposes.
Platinum wire (@ 0.3 mm) was flattened on one end and welded to each coupon along the shorter edge.
The spinel coatings were subsequently deposited and sintered as described above. Porous
LaggsSro.1Mn;.103 (LSM) (20%20% 1mm) plates spray coated with a 50-60 um layer of LSM (89 wt.%)
and Co304 (11 wt.%) slurry mixture were used as contacting plates. The LSM plates were stacked
between the steel samples as illustrated in Figure 1. Gold foil (0.3 mm) connected to gold wires, was
placed on the top and bottom of the stack to distribute the current, and a dead load of 7 kg was put on
top.

The stack was heated up to 800 °C in a vertical furnace before a current of 2 A, corresponding to
0.5 A cm?, was applied. The current was monitored throughout the measurement by recording the
voltage drop across an external resistor. Ohmic behavior was confirmed by varying the current between
0.1 A and 2 A during a short portion of the measurement.

The aging program consisted of 2000 h at 800 °C, followed by 30 thermal cycles between 800 °C
and 100 °C and finally additional 2000 h at 800 °C. Temperature was monitored by two S-type
thermocouples, one positioned close to the center of the stack and one positioned close to the bottom
(see Fig. 1). The two thermocouples typically showed a difference of 10 °C at 800 °C. The area specific
resistance was determined from the voltage drop between the Pt-wire connected to the steel and the Pt-
wire between the LSM plates (see Fig. 1) according to:
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ASR = f ’ Asample €Y)

where AV umpe is the voltage drop, 1 is the current and Aampe is the nominal contact area (4 cm?)
between the steel coupon and the LSM plate. Assuming negligible resistance across the steel, this set-up
allows for measuring the ASR on each side of the sample independently (AV, and AV; in Fig 1). The
voltage drop across a single plate of LSM was also logged as a reference.

Microstructural characterization was performed using a scanning electron microscope (SEM, Zeiss
Supra 35 Field Emission SEM) equipped with an energy dispersive X-ray (EDX)-detector (Noran
System SIX X-ray microanalysis system). The steel coupons were cold vacuum embedded in epoxy,
ground and polished in successive steps down to 1 um to reveal the cross section, and carbon coated.
EDX data were collected at an acceleration voltage of 15 kV and analyzed using the Noran System SIX
software (Thermo Scientific, ver. 2.3). Quantification of the collected spectra was performed by
standardless analysis and the results must therefore be considered semi-quantitative. To avoid errors

due to overlapping peaks, quantification was based on the K-lines for Cr, Mn, Co and Fe, and the L-
lines for Sr and La.
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Figure 1. [llustration of set-up for measuring area specific resistance.

3. Results and discussion
3.1 Characterization of as-prepared coatings

Cross sectional SEM images and EDX analysis results of the coated samples after sintering (2h at

900 °C in N2-H» and 2h at 800 °C in air) are shown in Figure 2. The coating thickness after sintering
varies from sample to sample between 9 and 13 um. The MC and MCFe coatings have densified
similarly and have a porosity of 30-40 % after sintering. The sintering heat treatment led to some
oxidation of the alloy, evident by the ca. 0.6 pm thermally grown oxide scale at the coating/alloy
interface. According to EDX the oxide scale was mainly composed of Cr and O with minor amounts of
Mn (< 5 wt.%), indicating that the main component is Cr,O3. The compositions of the MC and MCFe
coatings are close to the nominal powder compositions, i.e. MnCo0,04 and MnCo; 7Fe304. The Co/Mn



fraction is ca. 20 % lower in both coatings, possibly due to Mn diffusion from the alloy. Both coatings
contain trace amounts (0.5 wt.%) of Cr and the MC coating contains trace amounts (0.7 wt.%) of Fe.

The MCCu coating can be divided into two parts, based on differences in density and composition.
The first 2-3 um of the coating above the thermally grown oxide scale is highly dense, while the outer
part has a density similar to the MC and MCFe coatings. The denser part is rich in Fe and lean in Mn
and Co compared to the nominal powder composition, MnCo1 7Cug 30s. Significant amounts of Fe (15-
20 wt.%) were also detected in the thermally grown oxide scale at the coating/alloy interface (see
Figure S1 in the Supplementary material). The partial densification of the MCCu coating can be
explained by Fe diffusion from the alloy into the coating leading to a volume expansion. Lower
quantities of Fe (up to 5 wt.%) have previously been observed in (Mn,Co)304 coatings after sintering
and were attributed to rapid diffusion of Fe in the Co metal that forms when the coating is reduced
during the first heat treatment step in N»-H, [32,33]. Here, Cu in the MCCu coating will also be reduced
to its metallic state during heat treatment in N,-Ha. The high diffusivity of Fe in Cu [34] allowed for
larger amounts of Fe to diffuse from the alloy before a dense and continuous oxide scale was formed.
Once the continuous oxide scale is formed, further diffusion of Fe is impeded.

Crofer 22 APU ———— Crofer 22 APU — Crofer 22 APU

5 um S5 um 5um
Mn Co O Fe Cu Cr
Mn Co O Fe Cr Mn Co O Fe Cr Porous [wt.%] 27.5 35.2 25.7 0.6 10.6 0.4
wt.%] 25.7 452 279 0.7 05 wt.%] 26.5 404 241 85 0.5 Comp. Mn1.17C01.41Cug 38F €0.03Cr0.0204
Comp. Mn1.12C01.83F€0.03Cro.0204 Comp. Mnj1.09C01.55F€0.34Cro 0204 Dense [Wt.%] 17.6 25.3 26.6 21.6 6.3 2.6
Comp. Mno.75C01.01CUo 23F €0 9Cro 1204

Figure 2: SEM backscatter images of as-prepared spinel coatings on Crofer 22 APU and the
composition in wt.% according to EDX analysis. The stippled rectangles indicate analyzed area. The
composition (comp.) is calculated based on cation fractions assuming the material is a stoichiometric
spinel oxide.

3.2 Oxidation Kinetics

Pre-oxidation of uncoated Crofer 22 APU (2 h at 900 °C in N»-H» and 2 h at 800 °C in air) resulted in
an average mass gain of 0.09+0.03 mg cm™. Assuming all of the mass gain corresponds to oxygen
uptake to form pure Cr,0O3, the oxide scale thickness can be calculated from:

. _m/a)-3.167
€205 7 p(Cr,05)

(2)

where Am is the mass change [g], 4 is the sample area [cm?*], p(Cr>0;) is the density of Cr,0;

(5.21 g em™ [35]) and 3.167 is the stoichiometric factor for converting the mass of oxygen to the
equivalent mass of Cr,0s;. As will be shown later, the thermally grown oxide scale on Crofer 22 APU in
reality consist of Cr,O3; and (Mn,Cr)304. However, due to the difficulty of determining the exact ratio
between these two oxidation products and the exact Mn/Cr ratio in (Mn,Cr);04, the oxide scale



thickness is calculated assuming formation of Cr,Oj3 only. This assumption leads to an at maximum 25
% error for the calculated oxide scale thickness (based on the difference in calculated thickness
assuming formation of pure Cr,O3 or pure Mn,CrOs).

According to Eq. 2 the mass gain of uncoated Crofer 22 APU during pre-oxidation corresponds to a
0.55 um thick Cr,Os3 scale. This is close to the oxide scale thickness measured for the coated samples
after the sintering heat treatment (2 h at 900 °C in N»-H; and 2 h at 800 °C in air), where a pre-oxidation
of the alloy also takes place (Fig. 2). Thus, the uncoated pre-oxidized alloy and the coated samples after
sintering are equally “aged” before they are subjected to further oxidation.

The mass change of uncoated and spinel coated Crofer 22 APU measured during oxidation in air at
700 °C, 800 °C and 900 °C is shown in Figure 3. Note that the mass change during sintering of the
coated samples and pre-oxidation of uncoated Crofer 22 APU is not included in these plots. The change
in mass with time can be well described by parabolic kinetics, indicating scale growth controlled by
solid state diffusion:

(Am/A)? = kpt + C 3)

where kp is the parabolic rate constant [g” cm™s™], ¢ is the time [s] and C is an integration constant. The
parabolic rate constants obtained by fitting the experimental data to Eq. 3 are listed in Table 2. The
mass gain during the first 250 h of oxidation was ignored in this evaluation, to avoid contributions from
transient oxidation kinetics [36]. The overall fit to the parabolic equation was good for all of the
samples (R? > 0.99) with exception of bare Crofer 22 APU oxidized at 800 °C, in which case the results
were better fitted to two segments: one between 250-1000 h (kp = 1.8x10™* g* cm™s™) and one between
1000-2000 h (kp = 2.9x10"* g cm™s™"). The increase in oxidation rate after 1000 h correlated with
observed local breakaway oxidation on the sample edges of the uncoated alloy (see Figure S2 in the
Supplementary material).

Uncoated Crofer 22 APU oxidized at 900 °C has a similar oxidation rate as reported by Huczkowski
etal. [37] (1x107'% g? cm™s™). The oxidation rate of uncoated Crofer 22 APU at 800 °C is however
somewhat lower than we have previously reported for the same alloy batch (4.2x10™* g? ecm™s™ [38])
and what was measured by Gavrilov et al. [39] (5.6x107* g cm™s™") and Molin et al. [40] (2.84x10* g
cm™s™). This can be attributed to the pre-oxidation heat treatment (900 °C, N»-Ha, 2 h and 800 °C, air,
2 h). The alloy was pre-oxidized to allow for a closer comparison with the coated samples, which are
oxidized during the sintering of the coatings.

The mass change results show that all three coating materials provide roughly the same degree of
protection at 900 °C. The parabolic oxidation rate constant is reduced by more than a factor of four
compared to the uncoated alloy. The difference between coated and uncoated samples decreases with
decreasing temperature and at 700 °C the mass gain of the coated samples is higher than or equal to the
mass gain of uncoated Crofer 22 APU. This can in part be attributed to differences in Cr evaporation
from the coated and uncoated samples. We have previously shown that a MCFe coating reduces the Cr
evaporation rate of Crofer 22 APU by a factor of 10-30 at 800 °C in air with 3 % H,O [38]. Decreasing
the temperature from 800 °C to 700 °C is here shown to decrease the oxidation rate by a factor of 10,
while the rate of Cr evaporation has been shown to decrease by only a factor of 2-3 in this temperature
interval [41]. Thus, the relative influence of Cr evaporation on the mass change increases with
decreasing temperature. Due to the lack of Cr evaporation data at the testing conditions in this study it is
not possible to quantify the influence of Cr evaporation and conclude on whether the spinel coatings
effectively reduce the oxidation rate 700 °C. Extrapolating the measured mass gain of bare Crofer 22
APU at 700 °C forecasts a mass gain of 0.25 mg cm™ after 40 000 h, which corresponds to only 1.5 pm
of Cr,03 (Eq. 2). It may therefore be argued that the oxidation rate of Crofer 22 APU at 700 °C is



sufficiently low that further reduction by a protective coating is not needed. Nevertheless, to prevent Cr
poisoning of the oxygen electrode a protective coating will still be necessary [42,43].

At 700 °C and 800 °C MC displays the lowest oxidation rate among the three coating materials,
followed by MCFe and MCCau. It is noteworthy that the MCCu coating results in the highest oxidation
rate, considering this coating has a 2-3 pm thick inner layer of significantly higher density than the MC
and MCFe coatings after sintering (Fig. 2). This shows that the dense Mng.75C01.01Cuo.23Fe€0.9Cro.1204
layer is not effective in reducing oxygen inward diffusion or chromium outward diffusion.

The activation energy for oxidation was determined by fitting the parabolic rate constants to the
Arrhenius equation:

Ey
kp = ko exp (— E) (4)

where E is the activation energy [kJ mol'], R is the gas constant [k] mol™ K''], T is the temperature
[K] and ko is a constant. The plots of kp as function of temperature are shown in Figure 3d and the
deduced activation energies are listed in Table 2. The parabolic rate constants for the spinel coated
samples display good linearity in the Arrhenius plot in the investigated temperature range and the
activation energies fall within the same range (258-289 kJ mol™). These values are similar to the
activation energies previously reported for the oxidation of several uncoated FSS in the same
temperature range [41,44-46]. In these studies, the activation energy was compared to the activation
energy for cation self-diffusion in Cr,0; (255 kJ mol'[47]) to suggest that the oxidation rate is
determined by outward diffusion of Cr through the oxide scale. The similar activation energy for the
spinel-coated samples may suggest the same mechanism is valid, however, the activation energy could
also result from a combination of several mechanism. Horita et al. [48] showed that oxygen diffusion
through MnCo,04 coated FSS was slowest through a reaction layer formed at the interface between the
coating and thermally grown oxide scale, suggesting that the growth rate of the oxide scale on the alloy
may be limited by this reaction layer. A similar reaction layer was observed to form at the oxide
scale/coating interface in this study, as will be presented in Section 3.4.

The temperature variation of the parabolic rate constants for uncoated Crofer 22 APU deviates from
linearity in the Arrhenius plot and the apparent activation energy is significantly higher (370 kJ mol™)
than previously reported by Palcut et al. (252 kJ mol™") for the same alloy between 800 °C and 900 °C
[44]. The difference could be due to the pre-oxidation treatment in the current study. However, Skilbred
et al. [45] also reported a higher activation energy for oxidation of Sandvik HT between 700 and 1000
°C (396+33 kJ mol™) than between 800 and 900 °C (272+20 kJ mol™). It is thus possible that the
prevalent oxidation mechanism changes in the investigated temperature interval.

Table 2. Parabolic oxidation rate constants (k,) and activation energy (Ea) of oxidation of pre-oxidized
and spinel coated Crofer 22 APU oxidized in air

Sample ky [g2cm™s™] Ea [kJ mol™]
700 °C 800 °C 900 °C

MC coated 55x101" 09x10™ 25x10" 289

MCFe coated 6.9x10" 13x10" 2.6x10" 281

MCCu coated 11x10" 1.6x10™ 25x10" 258

Pre-oxidized Crofer 22 APU 4.3 x 107® 1.8x 10" 11 x 107" 370

* Evaluated between 250 and 1000 h of oxidation.
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Figure 3: a-c) Mass gain of uncoated pre-oxidized and spinel coated Crofer 22 APU during
discontinuous oxidation in air at (a) 700 °C, (b) 800 °C, and (c) 900 °C. Each point is the average of 3-5
samples and the error bars show the standard deviation. (d) Arrhenius plot of parabolic rate constant

(kp).

3.3 Area specific resistance

The area specific resistance (ASR) across the scale and coating was measured at 800 °C under a current
load of 0.5 A cm™. Figure 4 shows the development with time of selected, representative samples after
totally 3400 h at 800 °C, including 30 thermal cycles between 100 °C and 800 °C. Each measurement is
for one side of the sample (see Fig. 1). There was no systematic difference between the two sides of the
samples, i.e. there was no indication that the current direction across the sample influenced the ASR,
unlike what has been reported in some studies [49,50].

At the end of the aging test (4370 h at 800 °C), the ASR is 14+1 mQ cm? for the MC coated,
16+2 mQ cm? for the MCFe coated, 15+1 mQ cm? for the MCCu coated, and 50 mQ cm? for the
uncoated Crofer 22 APU (average and standard deviation of four individual measurements for the
coated samples). These values are in the same range as previously reported for Mn; sCo; 504 coated
Crofer 22 APU [8,31] and AISI441 [51] in contact with LSM.

The ASR measured here is a function of the thickness and conductivity of the thermally grown oxide
scale, the coating, the LSM plate, and any additional reaction products formed at these interfaces. A
dual layer of LSM and Co304 has previously been suggested as a possible coating material for SOFC
interconnects, shown to reduce the parabolic oxidation rate of Crofer 22 APU by more than a factor of 6
at 850 °C [52]. Thus, the LSM-Co304 contact layer used here for the ASR measurement likely aided in



limiting the ASR of uncoated Crofer 22 APU. Nevertheless, the ASR of uncoated Crofer 22 APU is
three times greater than the ASR of the spinel coated samples.

The electrical conductivity of the spinel coating materials (47-142 S cm™ at 800 °C [15]) is at least
100 times larger than the electrical conductivity typically reported for Cr,O3 and (Mn,Cr);04[12,22],
which constitute the thermally grown oxide scale. For a 20 pm thick dense coating, a change in the
electrical conductivity from 47 to 142 S cm™ would only change the ASR by 0.03 mQ cm?.
Consequently, the thickness and conductivity of the coating itself has negligible influence on the ASR.
It affects the ASR only via its effect on the growth of the alloy’s oxide scale. Indeed, a similar ASR is
measured for the MCFe and MCCu coated samples despite MCFe having a three times lower electrical
conductivity than MCCu. Assuming the specific conductivity of the thermally grown oxide scale does
not change with time, the ASR should increase parabolically with time, reflecting the parabolic growth
rate of the oxide scale. Here, the increase in ASR with time is sub-parabolic (Fig. 4). This could be due
to changes in the specific electrical conductivity of the oxide scale with time. It is known that the
electrical conductivity of Cr,O3 may change by orders of magnitude depending on amount and type of
impurities present [22,23]. However, a contributing factor to the sub-parabolic behavior is that the ASR
across LSM decreases with time throughout the whole measurement. This can be attributed to
densification of the Co304/LSM contact layer on the LSM plates, which were not sintered after spray
coating and the mild sintering conditions of the LSM plates themselves. Furthermore, creep/sintering
effects leading to an improvement of the contact area between the LSM plates and the samples will
result in an ASR decrease [53]. Although changes in the oxide scale and the coating are somewhat
masked by changes related to the LSM contact plates, this type of ASR measurement is a valuable
compliment to measurements utilizing Pt or Ag contacts, as the contact resistance between the
interconnect and cathode current collector in a real SOFC stack is better imitated.

From the increase in ASR with time the degradation rate can be expressed as AASR/1000 h. The
degradation rates were calculated based on a linear fit of the measurement between 3870 and 4370 h
and are given in Figure 4. Bare Crofer 22 APU has a 3-6 times higher degradation rate than the coated
samples. The degradation rates of the coated samples follow the trends of the oxidation rate constants
(cf. Fig. 3b), i.e. MC coated samples have the lowest ASR degradation rate followed by the MCFe and
the MCCu coated samples.

The acceptable limit for the interconnect ASR depends on the specific application of the stack and
the quality of the cells. The stack ASR should generally not be dominated by the interconnect and hence
staying below 20 % of the total stack ASR would be a reasonable engineering target. In some
publications 50 mQcm? is suggested as an upper limit [4]. This limit is reached by uncoated Crofer 22
APU already after 4370 h at 800 °C when contacted to LSM. By making an extrapolation of the linear
degradation rates, the ASR after 40 000 h at 800 °C is predicted to reach 35+12 mQcm? for MC coated,
48424 mQcm? for MCFe coated, 51423 mQcm? for MCCu coated, and 178 mQcm? for uncoated Crofer
22 APU. Thus, all the coated samples meet the requirement of an interconnect ASR below 50 mQcm?.

As discussed above, the ASR of the LSM plate decreases with time, giving a negative degradation
rate. If the ASR change measured for the LSM plate is subtracted from the ASR measured for the steel
samples the degradation rate of the coated samples nearly doubles. An extrapolation of the degradation
rate now predicts the ASR after 40 000 h at 800 °C to reach 75+12 mQcm? for MC coated,
87+24 mQcm? for MCFe coated, 90+23 mQcm? for MCCu coated, and 217 mQcm? for uncoated Crofer
22 APU. The linear extrapolation of the ASR as well as subtracting the contribution from the LSM plate
may be viewed as the “worst-case-scenario” since the oxidation kinetics point to a parabolic
development of oxide scale thickness with time.

The temperature dependence of the ASR was determined by a step-wise cooling from 800 °C to
300 °C at the end of the measurement and is shown in Figure 4c. Each temperature step was held for



10 h to allow for equilibration, however, the change in ASR during this period of time was negligible.
The activation energies were determined from the slope of the curves according to:

ASR E,
= Aexp (ﬁ) ()

where 4 is a pre-exponential factor [Qcm? K], E, is the activation energy [kJ mol'], k is Boltzmann’s
constant [eV K™'] and T is the temperature [K]. The temperature dependence of spinel coated and bare
Crofer 22 APU is Arrhenius like over the whole temperature range and the activation energies for the
coated samples (77-78 kJ mol™) are slightly larger than the activation energy for bare Crofer 22 APU
(65 kJ mol™). These activation energy values are comparable to those previously reported by Kruk et al.
for Mn, 5Co,504 coated AL453 in contact with Lag gSro2CoosMngsO3 (65-68 kJ mol'l) [54]. The larger
activation energy for the coated samples may indicate that different parts of the coating/oxide scale
interface dominate the resistance or that the specific electrical conductivity of the oxide scale is
influenced by doping by the elements in the coating material. The temperature dependence of the LSM
reference plate is Arrhenius like in the range from 300-700°C and the activation energy is lower

(39 kJ mol ™).
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Figure 4: Area specific resistance of spinel coated and bare Crofer 22 APU measured in air at 800 °C
using LSM as contacting plates and a current density of 0.5 A cm™. b) Excerpt of a), scaled to better
display the difference between the spinel-coated samples. ¢) Area specific resistance as a function of
temperature determined by step-wise cooling.

3.4 Microstructural characterization after oxidation and ASR testing

3.4.1 Samples oxidized at 700 °C

Figure 5 shows a backscatter electron (BSE) SEM image and EDX linescan of MC coated Crofer 22
APU after 4000 h oxidation in air at 700 °C. There are minimal changes to the thermally grown oxide
scale and the coating compared to the as-prepared state (cf. Fig. 2). The thickness of the thermally
grown oxide scale varies between 0.5 and 1 um along the interface. These observations are in line with
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the mass change measurements, showing only 0.09 mg cm™ mass gain after 4000 h at 700 °C,
corresponding to growth of 0.55 um Cr,O;. The EDX linescan reveals a narrow (< 1 um) inter-diffusion
zone between the coating and thermally grown oxide scale consisting of Mn, Co, Cr, Fe and O. Due to
the narrow width of this inter-diffusion zone relative to the EDX interaction volume it was difficult to
determine its exact composition and measure the average thickness.
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Figure 5: MC coated Crofer 22 APU oxidized 4000 h in air at 700 °C. a) SEM-BSE, b) EDX linescan
along line indicated in a).

3.4.2 Samples oxidized at 800 °C

Figure 6a shows a SEM image and EDX maps of bare Crofer 22 APU after the ASR measurement
(4370 h in air at 800 °C). The thermally grown oxide scale consists of an inner Cr-rich layer (Cr,03)
and an outer layer comprising both Cr and Mn ((Mn,Cr)304). The average thickness of the whole oxide
scale was measured to 3.0+1.1 um. Internal oxidation of Ti is observed in the subscale region as dark
spots in the brighter contrast alloy. The LSM-Co304 contact layer is well adherent and appears to have
reacted with the thermally grown oxide scale. As discussed in Section 3.3, the contact layer has likely
aided in limiting the ASR of the uncoated Crofer 22 APU. However, the contact layer does not act as an
adequate barrier against Cr diffusion/evaporation. On average 10 wt.% of Cr is measured in the first

20 um of the LSM-Co304 contact layer closest to the oxide scale.

Figure 6b shows a SEM image and EDX maps for one of the MC coated Crofer 22 APU samples
after ASR measurement. There is no systematic difference between the oxide scale and coating on the
two sides of the sample, i.e. there is no apparent influence of the current direction across the sample.
The average thickness of the thermally grown oxide scale is 0.6+0.4 um, which is effectively the same
as the oxide scale thickness observed on the as-prepared sample (Fig. 2). There is no measureable
change in composition of the thermally grown oxide scale compared to the as-prepared sample. I.e. the
scale consists of mainly Cr,Os, with minor amounts of Mn (< 5 wt.%).

The MC coating can be divided into two main parts, based on differences in both morphology and
composition. Closest to the thermally grown oxide scale the coating is highly dense, while further away
the coating porosity is similar to the state after sintering (Fig. 2). The densified part of the coating
contains on average 25 wt.% of Cr, 27 wt.% of Co, 17 wt.% of Mn, 1 wt.% of Fe and 30 wt.% of O
according to EDX analysis. The Cr concentration in the densified part of the coating decreased linearly
from the interface with the thermally grown oxide scale to the interface between the dense and porous
parts of the MC coating. Only trace amounts of Cr (< 1 wt.%) are detected in the porous part of the
coating. The parts of the coating containing more than 5 wt.% Cr will from hereon be designated as the
“reaction layer”. The Co content is nearly constant throughout the whole coating while the Mn content
increases from the oxide scale/coating interface into the porous part of the coating. The outermost 1 um
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of the coating at the interface with the LSM-Co304 contact layer are Mn-depleted, possibly due to Mn
diffusion into LSM-Co0304. No Cr could be detected in the contact layer by EDX analysis, thus the
spinel coating served as an effective barrier against Cr diffusion/evaporation. The protective action can
be attributed to the formation of the Cr-rich (Mn,Co,Cr, Fe);04 reaction layer at the oxide scale/coating
interface, which effectively retards outward diffusing Cr from the alloy. Partial densification of the MC
coating can be also be attributed to the incorporation of Cr resulting in a volume expansion.

The composition and morphology of the MCFe and MCCu coated samples follow the same trends as
described above for the MC coated sample (Figures S3 and S4 in the Supplementary material).i.e. the
coatings can be divided into a dense Cr-rich part (reaction layer) and a porous part containing less than
1 wt.% of Cr. The concentrations of Fe and Cu in the MCFe and MCCu coatings, respectively, are
constant in the porous parts of the coatings and decrease towards the oxide scale/coating interface.
Thus, the reaction layer is primarily composed of (Mn,Co,Cr);04, with minor amounts of Fe and Cu.
The whole MCCu coating (dense and porous parts) contains on average 2 wt.% Fe after the ASR
measurement, indicating Fe-diffusion into the LSM/Co304 contact layer. Also for the MCFe and MCCu
coated samples there is no detectable Cr in the LSM-Co304 contact layer, i.e. these coatings work well
as Cr-barriers.

The average thickness of the Cr-rich (Mn,Co,Cr)3O4 reaction layer was measured to 3.6+£1.0 pm on
the MC coated sample, 3.4+0.6 um on the MCFe coated sample and 4.2+0.7 um on the MCCu coated
sample. Thus, there is no significant difference in reaction layer thickness between MC and MCFe
coatings. Considering a dense Cr-containing layer formed on the MCCu coating after sintering (Fig. 2¢)
there appears to be minor differences in the growth rate of the reaction layers on the three coatings.

The microstructural features of the ASR tested samples and those oxidized freely hanging in air at
800 °C were similar. The thickness of the thermally grown oxide scale remained nearly unchanged from
the as-prepared state to more than 4000 h of oxidation at 800 °C, despite the fact that a significant mass
gain was measured during oxidation. For example, the thermally grown oxide scale on the MC coated
sample measured ca. 0.6 pm after 4000 h at 800 °C, while the mass gain (0.36 mg cm™) corresponds to
growth of a 2.2 pm thick Cr,Oj scale according to Eq. 2. On the other hand, the Cr-rich (Mn,Co,Cr)304
reaction layer grew with time. For the MC coated sample oxidized at 800 °C the reaction layer
increased from 2.1+0.6 um after 2000 h to 3.5+0.8 um after 4000 h of oxidation. i.e. Cr from the alloy
is oxidized to form a Cr»Oj scale, and Cr from this scale reacts at the same rate with the coating to form
a Cr-rich reaction layer between the coating and the Cr,Oj3 scale.
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Figure 6: SEM image and EDX maps after area specific resistance measurement at 800 °C for 4370 h.
a) bare Crofer 22 APU, b) MC coated Crofer 22 APU.

3.4.3 Samples oxidized at 900 °C

Figure 7a shows a cross sectional SEM image of bare Crofer 22 APU after 2000 h oxidation at 900 °C.
The thermally grown oxide scale consists of two distinct layers, distinguishable by a contrasts
difference in the BSE SEM image. Pores are observed at the interface between these two layers. The
outer layer has composition close to MnCr,O4 according to EDX analysis and varies in thickness
between 2-4 pm. The inner layer is 10-13 pm thick and consists of Cr,O3, except for in few distinct
areas closest to the interface with the alloy, which contain Mn. The Mn-enriched areas are emphasized
in Figure 7a and are distinguishable in the BSE SEM image by their slightly higher brightness relative
to Cr20;. The average thickness of the whole oxide scale was determined to be 15+2 pm based on
measurement of several representative SEM images. The calculated Cr,Oj3 thickness based on the mass
gain measurement is 17 pm according to Eq. 2. The calculated and measured oxide scale thickness are
in good agreement considering that the oxide scale consist of not only Cr,0Os3 and that some of the mass
gain is due to internal oxidation.

Representative SEM images of the spinel-coated samples after oxidation at 900 °C for 2000 h are
shown in Figures 7b-d. The density of the coating has increased compared to the “as-prepared” state (cf.
Fig. 2). The thermally grown oxide scale on the coated samples consists of Cr,O3 with Mn-enrichment
in areas close to the interface with the alloy. The ratio of the Mn-enriched areas relative to pure Cr,Os is
greater than observed for uncoated Crofer 22 APU, particularly on the MCFe and MCCu coated
samples. The oxide scale on the MC coated sample (2.8+0.9 um) is slightly thinner than on the MCFe
(3.9+1.0 pm) and MCCu (4.5£1.4 um) coated samples. The variation in oxide scale thickness along the
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samples was large, as reflected by the large standard deviations. Nevertheless, the difference in oxide
scale thickness between the three coated samples is significantly greater than indicated by the mass
change measurements (Fig. 3¢). In all three cases, the measured oxide scale thickness is smaller than the
thickness calculated from the mass gain assuming formation of pure Cr,O;. An overview of the
calculated and measured oxide scale thicknesses on the spinel coated samples is given in Table 3.

Figure 8 shows an EDX linescan of the MC coated sample along the line indicated in Figure 7b. The
1-2 um of the coating closest to the thermally grown oxide scale contain 30-35 wt.% Cr and the
stoichiometry according to EDX is close to MngsCoCr1.504. The Cr-content decreases gradually
outwards into the coating, reaching below 1 wt.% approximately 8 pum away from the coating/oxide
scale interface. The thickness of the Cr-rich reaction layer on the MC coated sample varies between
0.5-10 um, with the thickest layers generally observed where the thermally grown oxide scale is
thinnest and vice versa. The average reaction layer thickness was determined to 5.1+1.5 pm. The
uneven thickness may be a result of local differences in composition after the reduction heat treatment
procedure, during which the coating first is reduced to MnO and Co, and then re-oxidized to MnCo,04
[32,33].

The trends seen in the linescan of the MC coated sample are also observed in case of the MCFe and
MCCu coated samples, although the thickness and morphology of the different layers varies (see Figure
S5 and S6 in the Supplementary material for EDX results). The extent of the reaction layer on each
sample has been highlighted with a stippled line in Figure 7b)-c). The reaction layer on the MCFe and
MCCu samples was completely absent along some portions of the interface. The average reaction layer
thickness for these two samples could not be accurately determined due to a too large variation;
however, the reaction layers are clearly thinner than in case of the MC coated sample.

The Fe content in the MCCu coating after oxidation at 900 °C for 2000 h is nearly constant
throughout the whole coating and on average 5 wt.%. l.e. the total amount of Fe in the coating does not
increase during oxidation, indicating that the thermally grown oxide scale over time densified and acted
as a barrier against outward diffusion of Fe from the alloy.

Table 3: Thickness of thermally grown oxide scale on spinel coated samples measured on SEM cross
sections and calculated from the mass gain using Eq. 2.

700 °C (4000h) 800°C (4000 h) 900°C (2000 h)

Measured Calculated Measured Calculated Measured Calculated
MC coated [pm] 0.6£0.4 1.1 0.6+0.4 2.8 2.8+0.9 8.3
MCFe coated [um]  0.5+0.4 1.1 0.6+0.4 3.1 3.9+1.0 8.7
MCCu coated [um]  0.7+0.3 1.3 0.9+0.6 34 4.5+1.4 8.7
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Figure 7: SEM backscatter images of spinel coated and uncoated Crofer 22 APU after 2000 h oxidation
at 900 °C. (a) Uncoated Crofer 22 APU (note lower magnification), (b) MC coated (arrow shows
position of EDX linescan in Figure 8), (c) MCFe coated, (d) MCCu coated. Stippled lines indicate the
interface between a Cr-containing reaction layer (> 5wt.% Cr) and the coating.
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Figure 8. EDX compositional linescan across MC coated Crofer 22 APU after 2000 h oxidation at
900 °C. The analyzed area is shown in Fig. 7b.
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3.4 Growth and implications of the Cr-rich reaction layer

The thickness of the thermally grown oxide scale on the spinel coated samples oxidized at 800 and

900 °C was significantly smaller than calculated from the mass change measurement assuming
formation of pure Cr,Os (see Table 3). Some of the mass gain is obviously due to internal oxidation,
which however is difficult to quantify accurately. The remaining difference between the measured
oxide scale thickness and the Cr,Oj3 thickness calculated based on the mass gain may be attributed to
growth of the Cr-rich (Mn,Co,Cr);04 reaction layer. The following reaction exemplifies how a reaction
between Cr (from the alloy or thermally grown oxide scale) and the MnCo,04 spinel coating leads to
mass gain:

2
yCr + (Ty) MnCo,0, + (?y) 0, - (MnCo,)3-yCr, 0, (6)
3

where it for simplicity is assumed that the Co:Mn fraction remains equal to 2. Measurements of
oxidation kinetics are used to both benchmark different alloys and coatings, and to estimate the lifetime
of the interconnect. Regardless of whether this lifetime estimation is based on criteria of Cr-depletion
from the alloy [37] or some critical oxide scale thickness [55], for the results to be reliable, all the Cr
that goes from metallic state to oxidized state, whether found as a Cr,O3 scale or in the reaction layer,
has to be accounted for.

The growth of (Mn,Co,Cr)3;04 reaction layers has previously been studied by Wang et al. [24] using
diffusion couples consisting of sintered Cr,O3 and Mn, 5Co1.504 pellets. The reaction product consisted
primarily of (Mn,Co)Cr,0O4 and was proposed to grow at the Cr,03/(Mn,Co)Cr,04 interface by diffusion
of Mn and Co from the spinel pellet towards this interface. According to Wang [24], the growth rate of
the (Mn,Co)Cr,O4 reaction product was parabolic with a rate constant equal to 6.9x10° um?* s at
900 °C. This reaction rate forecasts a 22 um thick (Mn,Co)Cr,04 layer after 2000 h at 900 °C, which is
more than four times thicker than the reaction layer measured for MC coated Crofer 22 APU in our
work. The large difference could be due to different initial densities of the spinel oxide coating and the
sintered pellet or due to the different Cr-sources, i.e. a sintered Cr,Oj3 pellet vs. the oxide scale
thermally grown on FSS. The oxide scale on uncoated Crofer 22 APU has been shown to grow by
outward transport of cations [56,57]. Thus, the growth rate of the reaction layer on the coated alloy is
most likely limited by outward transport of Cr from the alloy to the oxide scale/reaction layer interface.
It was previously shown that a thicker (Mn,Co,Cr);04 reaction layer is formed if the spinel coating is
heat treated in a two-step reduction and re-oxidation procedure, compared to if the coating is heat
treated in a oxidizing atmosphere only [38]. During heat treatment in reducing atmosphere, the spinel
oxide decomposes to Co and MnO, and the latter reacts with the Cr,O3 thermally grown on the stainless
steel to form (Mn,Cr)3;04. Upon re-oxidation, (Mn,Cr);O4 reacts with the coating, forming the
(Mn,Co,Cr)304 reaction layer, which grows with time. To determine the growth rate of the Cr-rich
(Mn,Co,Cr)304 reaction layer the thickness will need to be measured over time on the spinel coated
samples.

The EDX linescan in Figure 8 shows that the Mn fraction increases steadily from the alloy/oxide
scale interface and outwards, and the EDX maps in Figure 6b show Mn depletion in the coating near the
thermally grown oxide scale. Overall, the Co/Mn fraction in the reaction layers is greater than the
Co/Mn fraction in the as-prepared coating. Cation distribution studies of MnCo,04 have shown that Mn
primarily occupies the octahedral sites in the spinel structure while the tetrahedral sites are mostly filled
by Co [10,58,59]. The distribution may be written as (Co)[Mn,Co]O4, where the round brackets
designate tetrahedral sites and the square brackets designate octahedral sites. Chromium is known to
have the strongest octahedral site preference among the transition metal cations [60,61] and is
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consequently expected to occupy only octahedral sites, viz. (Co)[Mn,Cr]304 [12,59]. The higher Co/Mn
fraction in the reaction layer compared to the as-prepared coating suggests that outward diffusing Cr
from the alloy primarily replaces Mn in the spinel, as expected from the site preference.

Diffusion couple experiments have indicated that doping (Mn,Co)304 with Cu or Fe could reduce the
formation of a (Mn,Co,Cr)30;4 reaction layer between the coating and alloy [24,25]. This is consistent
with the results observed here for spinel coated Crofer 22 APU oxidized at 900 °C, where the MCFe
and MCCu coated samples displayed thinner reaction layers compared to the MC coated sample (Fig.
7). However, at 800 °C the difference in reaction layer growth rate among the three coating materials is
minimal. This indicates that the growth mechanism changes within the investigated temperature
interval. Therefore, accelerating the lifetime testing of these coatings by increasing the aging
temperature requires careful interpretation.

Since the electrical conductivity of spinel oxides decreases with increasing chromium content, there
has been some concern that a fast growing reaction layer could have negative effects on the ASR of the
interconnect [12,24,62]. For example, at 800 °C the electrical conductivity of MnCo0,04is 89 S cm™!
[15], while the electrical conductivity of MngsCosCr204 is only 0.007 S cm™ [12]. Here, it was shown
that the ASR of spinel coated samples remains low despite the formation of a reaction layer
considerably thicker than the oxide scale. Based on the measured thickness of the thermally grown
oxide scale formed on uncoated Crofer 22 APU (ca. 3 um) and the ASR measured after 4370 h at
800 °C (ca. 50 mQ cm?), the electrical conductivity of the oxide scale can be estimated to 0.006 S cm™
assuming the thermally grown oxide scale is the only contributor to the interface ASR. If the oxide
scale grown on the MC coated sample has the same specific electrical conductivity, the measured scale
thickness (0.6 um) corresponds to an ASR of 10 mQ cm?. If the difference between this estimate and
the measured ASR (14 mQ c¢cm?) can be attributed to resistance across the (Mn,Co,Cr);O4 reaction layer,
the electrical conductivity of the ca. 3.5 um thick reaction layer formed after 4370 h at 800 °C is
estimated to 0.09 S cm™. In reality, the specific electrical conductivity of the oxide scale formed on
coated and bare alloy is likely different due to differences in impurity/defect level, and the ASR is
influenced by the contacting between the LSM plates and the oxide scale or coating. Nevertheless, these
simple calculations illustrate that the thickness of the thermally grown oxide scale has a greater
influence on the ASR than the thickness of the (Mn,Co,Cr);Os4 reaction layer. Thus, formation of a
(Mn,Co,Cr)304 reaction layer by consumption of the chromia scale is favorable for the electrical
properties of the interconnect.

5. Conclusion

MnCo0,04, MnCoj 7Feo 304 and MnCoi 7Cug 304 spinels were evaluated as protective coatings for SOFC
interconnects by investigating oxidation kinetics, ASR and the interaction with Crofer 22 APU alloy.
These investigations showed no beneficial effects of doping MnCo,04 with Cu or Fe. All of the spinel
coatings reduced the parabolic oxidation rate of Crofer 22 APU in air at 800 °C and 900 °C. The
protective effect of the coatings diminished with decreasing temperature and at 700 °C it was not
possible to conclude if the spinel coatings effectively improved the oxidation resistance of Crofer 22
APU over the time span here evaluated (4000 h).

The ASR of spinel coated and uncoated Crofer 22 APU in contact with LSM was measured over
4300 h in air at 800 °C. All three spinel coatings resulted in a three times lower ASR than uncoated
Crofer 22 APU at the end of this measurement and prevented Cr diffusion into the LSM. The MnCo0,04
coating material resulted in the lowest final ASR value and the lowest rate of ASR increase with time.
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Based on linear extrapolation of the ASR results, Crofer 22 APU coated with any of the investigated
spinel materials should ensure that the ASR remains below 50 mQcm? after 40 000 h service at 800 °C.

A Cr-rich reaction layer formed between the coating and thermally grown oxide scale. The thickness
of the Cr-rich reaction layer was concluded to have minor influences on the resistance across the
interconnect in comparison with the thickness of the thermally grown oxide scale.
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