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Abstract

We report a systematic microstructural and electrical characterization of iron doped Mn-Co spinel coatings
processed by electrophoretic co-deposition of Mn;sC0150, and Fe,0s; powders on Crofer 22 APU and AlSI
441 steel substrates. Iron addition to Mn-Co spinel coating leads to a reduction of the area specific resistance
on both substrates, after 3200h at 750°C. The Fe doped Mn-Co coating both leads to a thinner oxide scale
and reduces the sub scale oxidation for the Crofer 22 APU substrate. Fe doped Mn-Co on AlSI 441 shows both
a thicker oxide scale and low area specific resistance values, likely due to a doping effect of the oxide scale

by minor alloying elements. The different mechanisms by which iron doping of Mn-Co spinels can influence
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elemental interdiffusion at the steel-oxide scale-coating interfaces and relative contributions to the overall
area specific resistance are evaluated by means of advanced electron microscopy. The promising results are
further confirmed in a cell test, where the Fe doped MnCo coated interconnect does not induce any

degradation of the oxygen electrode, proving its efficiency.

Keywords: electrophoretic deposition; coating; solid oxide cells; electron microscopy

1. Introduction

Chromia-forming ferritic stainless steels (FSSs) are widely employed in planar Solid Oxide Cell (SOC) stacks;
special FSSs have been specifically developed as interconnect alloys over the last years [1-3]. The common
feature of these steels is the high Cr concentration (>20 %), required to ensure satisfactory corrosion

resistance at the SOC operating temperature (500-900 °C [4]).

However, the interconnect performance and the durability of the whole SOC stack (whose typical lifetime
target is > 40 000 h) remain affected by two issues. First, the continuous growth of the chromia scale during
stack operation progressively reduces the electrical conductivity of the interconnect. Indeed, the conductivity
of Cr,03 (0.6—16 x 102 Scm™ at 800 °C [5]) is more than four orders of magnitude lower than that of the steel.
The second issue is related to the formation of volatile Cr-compounds that deposit on the air electrode,
degrading the electrochemical performance of the cells [6]. The Cr evaporation rate is partially reduced by
introducing 0,3-0,5 wt. % of Mn in the alloy; however, the well adherent Cr-Mn spinel that forms at the top

of Cr,03 scale has been reported to reduce, but not completely avoid the cathode poisoning [7,8].

Therefore, various protective coatings have been recently proposed, produced and tested [9]. Among them,
the (Mn,Co)304 spinel class was shown to be particularly promising due to satisfactory electrical conductivity
(50-90 Scm™ at 800 °C), TEC match with other SOC materials (11-12.5 x 10 K [10]) and good adhesion to
the steel [11-13]. Furthermore, several studies demonstrated that (Mn,Co)30,4 coatings effectively reduce
both chromium evaporation and corrosion degradation of the steel substrate [13—19]. Research is now

oriented to further improve the characteristics of the Mn-Co spinel coating by transition metal doping, mainly



Fe and Cu [20-28]. Properties and performance of obtained coatings strongly depend on both the production

and deposition methods.

In our previous work [29] we obtained Mn-Co spinel coatings doped with different Fe amounts by
electrophoretic co-deposition (EPD) of Fe;Os; and Mni1sCo150, on Crofer 22 APU. Fe-doped coatings
demonstrated a lower parabolic oxidation rate and thinner oxide scale in comparison with both the pristine
Mn15C01.504 spinel coating (MCO) and bare Crofer 22 APU after 2000 h aging at 750°C. Also Bednarz et al.
[27] concluded that Fe-modified MCO coatings exhibit an improved high-temperature oxidation resistance

compared to the unmodified MCO coating.

In terms of electrical properties, both Masi et al. [23] and Talic et al. [22] have shown that Fe-doped Mn-Co
spinels exhibit a lower electrical conductivity compared to the undoped spinel. This is related to the fact that
Fe¥* cations preferentially occupy the octahedral sites of the spinel structure, causing both an increase of the
lattice parameter and a reduction on the probability of polaron hopping between adjacent sites of the spinel
lattice [30]. However, the mechanism by which Fe-doping of Mn-Co spinels can influence elements inter-
diffusion at the FSS-oxide scale-coating interfaces and relative contributions to the overall electrical

resistance of different FSS interconnects has not been clearly established.

The present paper extends our previous study on Fe-doped MCO spinel and seeks to examine the
contribution of Fe-addition to the overall electrical resistance of FSS interconnects, in comparison with
undoped MCO coated substrates. In particular, we focus on the characterization of Mn1.35C01.35F€0.3004
coated steel, since this coating has already demonstrated the best performance in terms of oxidation kinetics

and stability at high-temperature, due to both a controlled level of Fe-doping and a two-step sintering.

Long-term area specific resistance has been evaluated for two different coated FFS substrates: the special
alloy Crofer 22 APU and the commercial-grade AISI 441. A comprehensive post-mortem characterization has
been carried out, highlighting phenomena occurring at different interfaces during tests at 750°C and the

influence of alloys compositions is discussed by making use of advanced microscopy techniques.



2. Experimental

2.1 Sample preparation

Two different steels were used as substrates for coating deposition: Crofer 22 APU (Thyssen Krupp, Cr=23
wt. %, Mn=0.5 wt. %, La= 0.1 wt. %, Ti<0.1 wt. %, Si and Al <0.05 wt. %, Fe=Bal.) and AISI 441 (Cr=17.5 wt. %,
Mn=0.4 wt. %, Si=0.6 wt. %, Nb= 0.4 wt. %, Ti=0.2 wt. %, Ni= 0.1 wt. %, Al <0.1 wt. %, Fe=Bal.). For ASR test,
20 x 60 mm coupons were cut from steel plates (0.3 mm thick) and @6 mm holes were punched on both
shorter sides. The steel coupons were ground with SiC paper and diamond abrasive to remove residual
oxides. After cleaning the coupons in ultrasonic bath (10 min in acetone and 10 min in ethanol), platinum

wires (0,3 mm diameter) were flattened and welded at the shorter edge of each of them.

Commercially available Mn; 5Co1504 spinel powder (Fuelcellmaterials, dso=634 nm) and Fe,03 powder (Fluka,
dso=75 nm) were chosen for the electrophoretic co-deposition. EPD suspensions were prepared dispersing
oxide powders in ethanol and deionised water (60/40 vol.%) solution. The concentration of solids was fixed
at 37.5 gL In order to coat both surfaces of steel substrates, EPD was performed by a three-electrode setup;
deposition voltage was fixed at 50 V and applied for 20 s. More details about the EPD process and the co-
deposition mechanism of MCO and Fe,0s are reported in our previous work [29]. Two suspensions were

prepared in this case: MCO (100 wt. % Mn1.5C01.504), and 10FeMCO (90 wt. % Mn1.5C01.504, 10 wt. % Fe,0s3).

Coated steel samples were dried at room temperature and then subjected to a two-step sintering. The first
treatment was performed in reducing atmosphere (Ar/H; 4 vol. %) for 2 h; temperature was fixed at 900 °C
for MCO coated samples and at 1000 °C for Fe-doped samples (in the following labelled 10FeMCO_R1000).
The second step was in oxidizing condition (static air) for 2 h at 900 °C for both undoped and Fe-doped coated
samples. The reason for the two different heat treatments for the MCO and Fe doped MCO originate from
our previous study [29], where the 1000 °C reducing step was necessary and processed only for the Fe doped

MCO.



2.2 Area specific resistance measurement
The evaluation of the high-temperature ASR was carried out in a specific measurement rig, already described
in previous studies [21,25]. Coated coupons were stacked together and separated from each other by two

porous plates (20 x 20 x 1 mm) of Lag.gsSro.1sMnOs (LSM), that was chosen as contact material. The production

method for the LSM plates is described in detail elsewhere [25]. Pt-wires-were—placed-betweentheLSM

at750-°C). When 750 °C was reached, a current of 2 A, equal to 0.5 Acm™?, was applied. The voltage drop

between each pair of Pt wire was measured by an external resistor for 3200 h at a constant temperature.
ASR measurements were carried out as following: steel substrates were coated on both sides by EPD
deposition method and Pt wires were connected and welded to both side before coating application and
sintering. ASR monitoring was reported as the average of the 2 detected voltage drops of the two surfaces.

The area specific resistance was calculated according to:

Vint

ASR =

X ACOTLt (1)

ext

where AV, is the voltage drop across each interface (up or down) of samples, /. is the set current (2 A) and

Acont is the contact area, determined by the LSM plates (4 cm?). Consideringthe-specification-of the-external

Ao
Ag—R—=—Rm—x—_—Xﬁ4m
v 2

After 3200 h at 750°C, the furnace was cooled down; the ASR values recorded during the cooling were used

to calculate the activation energy for the electrical conduction. -felewingthe-Arrhenius-equation:



constantfeV- Kl and HHsthe temperature [kK)-

The stack was then embedded in epoxy resin (Struers, Denmark), cut to obtain the cross section and polished.
Morphological and compositional characterization was performed by scanning electron microscope (SEM,
Zeiss Merlin) equipped with an energy dispersive X-Ray analyser (EDX, Bruker). For quantification of the EDX
spectra, Esprit 2.0 software from Bruker was used. The porosity of the coatings has been evaluated using
the Imagel software [31] and considering at least four images from different areas of each sample. FIB
lamellae for transmission electron microscopy (TEM) analysis were prepared using NEON CrossBeam 40EsB
of ZEISS. TEM investigations were performed on high resolution, Titan Cubed G2 60-300 (FEIl) - a probe Cs
corrected (S)TEM, equipped with ChemiSTEM EDX system based on a four windowless Silicon Drift Detectors
(Super X). STEM imaging was performed in high angle annular dark-field (HAADF) mode. Analysis of crystal

structure (phase composition) was performed using TEM-SAED method supported by JEMS software.

2.3 Fuel cell test

Anode supported fuel cell of 25 mm (produced by Department of Materials and Mineral Resources
Engineering, National Taipei University of Technology, Taiwan) was used in fuel cell test. The cell had a NiO-
YSZ anode, YSZ electrolyte with CGO barrier layer and a 1 cm? LSCF cathode. The cell was sealed to an alumina
tube using Aremco 552 ceramic adhesive. Gold mesh was used for current collection from the cathode. For
the test of the the influence of the interconnect, Crofer 22 APU steel with 10FeMCO_R1000 coating was used.
Electrophoretic deposition was performed according to the same procedure described in Section 2.1. Sample
with approximate dimensions of 2.5 x 2.5 cm? was placed 4 mm next to the cathode (with parallel surfaces)
on alumina spacer. Anode was fed with pure H, with a flow rate of 80 sccm, air was delivered to the inside of
the furnace (500 sccm). Electrochemical characterization was performed using Solartron 1260 coupled with
Solartron 1287. After initial reduction, the cell was tested at 750 °C under a current of 250 mA cm? for =12h

and then at a current of 500 mA cm™. Impedance spectra were recorded at OCV and after 45 and 175 hours.



Post mortem analysis of the interconnect and cell was performed using Thermo Fisher Phenom XL electron
microscope with energy dispersive x-ray analyser (EDX). Backscattered electrons were used for observation,
accelerating voltage was 15 kV. For observation, samples were embedded in epoxy (EpoFix, Struers) and

polished down to 1 um finish.

3. Results

3.1 Area specific resistance evaluation

Figure 1 shows the Area Specific Resistance (ASR) of AISI 441 (A) and Crofer 22 APU (B) coated samples

measured over 3200 h at 750 °C and under a current density of 0.5 Acm™. Since-no-significant-difference

All curves in Figure 1 exhibit an initial decreasing trend of ASR: this can be attributed to LSM sintering and
creep which caused an increase of the real contact area [25]. Depending on the sample, the contribution of
the LSM sintering is considerable till approximately 1000 h of aging. The jump in ASR visible at around 400 h
for the MCO samples was due to thermal adjustment of the furnace (the temperature mismatch between
the program and the thermocouples inside the measurement rig was balanced, bringing the real temperature

from around 700 to exactly 750 °C).

As summarized in Table 1, ASR values at the end of the test (3200 h) were found to be in the same range
(24.3 + 27.8 mQ cm?) for both undoped and Fe-doped samples. These values are comparable to the ASR of
Mn-Co spinel coated FSSs reported in previous studies [17,21,25,32,33]. However, ASR of both AlSI 441 and
Crofer 22 APU shows that 10FeMCO_R1000 coating led to a slight reduction of the area specific resistance of

about 2.5 + 3.5 mQ cm? during the test.

The comparison of Figure 1 A and B reveals that different phenomena involved AISI 441 and Crofer 22 APU
coated samples. Indeed, ASR of both MCO and 10FeMCO_R1000 coatings on AlSI 441 (Figure 1 A) reached a
steady state after about 1000 h of testing, maintaining an almost constant resistance value till the end of the

test. Coated Crofer 22 APU samples (Figure 1 B) exhibited an increasing ASR over time, starting from around
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2000 h at 750 °C. In order to quantify this effect, the degradation rates, or AASR/1000 h, were calculated by

considering the slope of the linear fits to the data between 2000 and 3200 h; results are reported in Table 1.

samples: The temperature dependence of the area specific resistance was determined by recording the ASR
of samples during the cooling of the measurement rig; plots are presented in the insets of Figure 1 A and B
respectively for the two steel substrates and the activation energies obtained by the slope of the trend lines

are reported in Table 1. Values of Ex range from 0.60 and 0.69 eV and lay in the same order of magnitude of

results in literature [19,21,27].
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Figure 1: ASR development over time (750 °C, 3200 h, 0.5 Acm=2) and as a function of temperature for respectively A) AlSI 441 and B)

Crofer 22 APU coated samples.

AlSI 441 Crofer 22 APU

ASR 3200h EA ASR 3200h  Lin. Degr. Rate Ea

[mQ cm?] [eV] [mQ cm?] [mQ cm?/1000h] [eV]
MCO 27.0 0.64 27.8 0.92 0.69
10FeMCO_R1000 24.3 0.60 25.2 1.70 0.66

Table 1: ASR after 3200 h at 750 °C. linear degradation rates and activation energies (between 750 and 450°C) of the studied
samples.

3.2 Microstructure after ASR test
Figure 2 provides FE-SEM pictures collected on the cross-sections of the samples at the end of the ASR test

(3200 h, 750 °C, air). Neither delamination nor spallation of the coatings was clearly visible at the end of the
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test in any of the measured samples; however the effect of the different substrate on the morphology is
evident comparing images of the same coatings deposited on Crofer 22 APU (Figure 2 a and b) and AISI 441
(Figure 2 c and d). In the first case, coatings exhibited a good interface with the substrate after aging. On the
other hand, all coated AISI 441 samples exhibited a crack between the steel and the oxide scale; in Figure 2
¢ the coating is detached from the substrate because of a reaction with the LSM contact layer. The
observation is consistent with other publications that reported on the weak interface between the AlISI 441

steel and its chromia scale [33,34].

The thermally grown oxide scale of Crofer 22 APU substrate (marked in dashed line in Figure 2 a and b)
presents irregular thickness and Mn-rich sub-scale nodules. The nodules are more evident in MCO coated
samples, that was subjected to two sintering treatment both at 900 °C. In Figure 2 b the same steel substrate
coated by 10FeMCO_R1000 exhibits both a thinner oxide scale and the absence of visible sub-scale nodules.
In particular, measurements on a significant number of EDX line-scans (not reported here) estimate that the
thickness of the chromia scale is 1.4 + 0.2 um and 0.9 £ 0.2 um respectively for MCO and 10FeMCO_R1000

coated Crofer 22 APU.

On the contrary, the thermally-grown oxide scale on coated AlISI 441 samples (marked in dashed line in Figure
2 c and d) presents regular depth, being overall thicker compared to the other steel substrate. An estimation
of the average thickness has been made by EDX line-scans (not reported here), finding a chromia scale of 2.1
+ 0.2 um for all AISI 441 samples. Moreover, the AlSI 441 steel surface presents various oxides in the sub-

scale area, as it is visible in Figure 2 d (representative for all AISI 441 samples).

The calculated values of the mean porosity of the studied coatings show distinct tendencies among the two
substrates. For MCO and 10FeMCO_R1000 on Crofer 22 APU similar results were found, 15+ 3 %. Acommon
feature of all Crofer 22 APU coated samples is the presence of a densified layer in the coating area alongside
the oxide scale interface; the outward part of the coating preserved a greater porosity instead. The difference
between the two areas of the coating seems to be more evident with Fe-doping. When the dense area is not

considered, the mean porosity becomes 20 + 4 % for MCO and 17 + 4 % for 10FeMCO_R1000.



Concerning AlSI 441 samples, mean porosities are 21 + 2 % for MCO and 9 £ 2 % for 10FeMCO_R1000. Both
pristine and Fe-doped MCO coating on AlISI 441 do not show any clear densified area after the oxide scale,
i.e. the pores of the coating reach the Cr,0s-rich scale. Indeed, even if the morphology of MCO coating on
the two steel substrates could seem fairly similar at the first glance, the calculated mean porosity values

differ of around 6 %. The 10FeMCO_R1000 coating on AlSI 441 exhibits greater densification through the

whole thickness and pores coalescence compared to the corresponding one Crofer 22 APU. Censideringthat

c) MCO on AlSI441
[ 4

~ Sub-scale
nodule =

5um |

Figure 2: Cross section FE-SEM (backscattered electron mode) images of different coatings after 3200 h at 750°C under a current

density of 0.5 Acm-2. a) MCO and b) 10FeMCO_R100 on Crofer 22 APU. c) MCO and d) 10FeMCO_R1000 on AlSI 441.

3.3 TEM study on Fe-doped coatings after ASR tests
A more detailed study of the morphology and composition of Fe-doped coatings on Crofer 22 APU and AlSI
441 after ASR tests was conducted by transmission electron microscopy (TEM) methods, supported by STEM-

EDX and SAED analysis. Results of 10FeMCO_R1000 coating on Crofer 22 APU substrate are reported in Figure
10



3; quantification results of marked areas and points are presented in Table 2 and Table 3 respectively. A-first

between-the Crofer22-ARPU-and-thecoating—Firstthe The Cr map (Figure 3 c) shows thata 0.5 - 1.2 um thick

Cr-rich layer grew as a result of the high-temperature oxidation. The definition of a more precise thickness
value is difficult due to uneven edges of the scale; the mean width estimated by various measurements in
different areas of these samples is 0.9 um. EDX analysis on this region (Table 2, area 1) revealed that the

composition of the scale is Cr,03, with only trace amount (< 0.5 at. %) of Mn, Co and Fe.

Fe, Cr, Co and Mn maps in Figure 3 reveal that a 1.0 - 1.5 um reaction layer developed between the Cr,0s-
scale and the coating as a result of the inter-diffusion of these elements. The microstructure of the reaction
layer can be better appreciated in Figure 3 g: it can be recognized for the presence of trapezoidal structures
that contain lamellar grains. No signs of delamination or cracking at the interface can be detected, despite
the different microstructures of the involved phases. Concerning TEM and SAED investigation on
10FeMCO_R1000 coated Crofer 22 APU sample, Table 2 (area 2 in Figure 3a) shows that the reaction layer
consists of a mixed spinel of Co, Mn and Cr in nearly equimolar amounts; iron is detected in the reaction layer
as well, even if in lower concentration (3.4 at. %) compared to the outer part of the coating (5.2 at. %) where
the stoichiometric composition is preserved. As shown in the Cr map and by the EDX point analysis reported
in Table 3, chromium concentration follows a concentration gradient: indeed, in points 4-7 the Cr
concentration varies from 24.2 to 0.9 at. %, while the Co, Mn and Fe concentrations follow opposite trends.
The SAED analysis of point 5 (reported in Figure 3 h), matches with the CrMnCoQ, tetragonal phase, in

agreement with the fact that Co, Mn and Cr are present in very similar quantities.
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Figure 3: Transmission electron microscopy images of 10FeMCO_R1000 / Crofer 22 APU FIB lamella: HAADF image with EDX

elemental analysis (a-f); BF TEM image (g) with SAED indexed analysis of point 5 (h). Composition of marked areas and points is

given in Table 2 and Table 3.

EDX Co Mn Fe Cr 0]
AREA At.% At.% At.% At.% At.% Area
1 0.3 0.5 0.2 37.8 61.2 Chromium oxide
2 15.6 13.6 3.4 11.1 56.3 Reaction layer
3 14.8 25.7 5.2 0.6 53.7 Coating

Table 2: Results of EDX semi-quantitative analyses collected on marked areas in Figure 3 a.

EDX Co Mn Fe Cr O Calculated
POINT At.% At.% At.% At.% At.% Composition
4 13.4 5.5 1.2 242 55.7 Mno.aCoo.sFeo.1Cr1.604
5 15.8 12.8 5.9 11.6 53.9 MnogCo1.0Fe0.4Cro.404
6 17.7 17.6 4.1 9.9 50.7 Mn11Co1.1Fe0.3Cros04
7 18.0 17.8 7.1 0.9 56.2 Mn12Co1.2FeosCro.104

Table 3: Results of EDX semi-quantitative analyses collected on marked points in Figure 4 g. The spinel compositions are calculated
on the base of cations fractions, assuming the coatings are stoichiometric spinel oxides.

Figure 4 shows a TEM image with STEM-EDX elemental maps of the 10FeMCO_R1000 / AISI 441 FIB lamella.

It is apparent from these data that silicon (Figure 4 b) diffused toward the steel surface during the test at 750

12



°C, forming a non-continuous layer of silicon oxide in the sub-scale region. Also titanium oxide (Figure 4 c)

was found to be concentrated beneath the steel interface.

Chromium (Figure 4 e) diffused from the AISI 441 and formed a 1.5 - 2.0 um oxide scale. The manganese
concentration in the Cr,03 scale formed on AlISI 441 (visible in Figure 4 f as well) is significantly higher than
for coated Crofer 22 APU (Figure 3). A further difference between coated AlISI 441 and Crofer 22 APU samples
is the complete absence of any transition layer/phase between the oxide scale and the coating; Cr appeared
to be absolutely confined in the scale, not showing a concentration gradient towards the coating side (where
only Mn, Co and Fe were detected). This is better presented in Figure 4 i, where a bright-field TEM image of
the scale/coating interface is shown; EDX analysis was performed on marked points and reported in Table 4,
whereas SAED results are respectively presented in Figure 4 j, kand | . As it is shown, the room -temperature
structure of the oxide scale (points 1 and 2) can be described as mixture of pure Cr,03 and Mn-Cr mixed
oxide; the electrical conductivity of the second phase can be one or two orders of magnitude higher that the
former [35]. The comparison of SAED spectra reveals that Mn amount in point 2 caused a distortion of the
Cr,0s lattice, compared to SAED of point 1. On the other hand, in point 3, taken from the coating close to the
oxide scale, only a small amount of Cr was detected. The calculated composition of point 3 based on EDX
cations fractions is Mn; ,Co1 4Fe03Cro.104, which is very similar to the nominal composition of the coating; the
same structure is confirmed by SAED investigation on this point (Figure 4 ). This data suggests that the Fe-

doped coating is effectively limiting the Cr diffusion and consequently the evaporation.

13



SAED point 1 SAED point 2 SAED point 3

Figure 4: Transmission electron microscopy images of 10FeMCO_R1000 / AlSI441 FIB lamella: HAADF image with EDX elemental

analysis (a-h); BF TEM image (i) with SAED analysis of point 1-3 (j-I). Composition of marked points is given in Table 4.

EDX Co Mn Fe Cr (6]

point At.% At.% At.% At.% At.%

1 0.1 = = 32.9 66.9
2 - 5.6 - 244 70.0
3 18.5 15.7 4.2 14 60.2
Table 4: Results of EDX semi-quantitative analyses collected on marked points in Figure 4 .

A magnification of the previous FIB lamella, focused on the coating outer area, is reported in Figure 5; it is

representative for the Fe-doped coating on Crofer 22 APU as well. The STEM-EDX maps (a-d) demonstrate

that both the microstructure and the composition are not homogeneous, but exhibit variable elemental

has-beenprevioushyrwel-deseribed-forthe-MnisCo1s0,-composition{12,36}) Looking at Figure 5 b, it can be

observed that Mn concentration is higher in some thin elongated grains that surround broader areas where

14



Co and Fe presence is higher (see Figure 5 c and d). This is confirmed by EDX analysis and relative calculated
compositions reported in Table 5. According to SAED identification (Figure 5 e-g), the larger grains well fit to
the MnCo,0, spinel (cubic), whereas the elongated grains have been identified as Mn,CoO, phase

(tetragonal).

f) SAED point 5
MnCo,0, «  ° .

@.-..2::.’;3.‘7-‘??»: .

_8) SAED point6 . -
Mn,CaO, .

Figure 5: Transmission electron microscopy images of 10FeMCO/AISI 441 FIB lamella: HAADF image with EDX elemental analysis (a-

d) and BF TEM image with SAED indexed analysis of point 5 and 6 (e-g). Composition of marked points is given in Table 5.

Co Mn Fe O Calculated
EDX
At.% At.% At.% At.% composition

1 10.3 19.4 1.7 68.6 Mn1.9Co1.0Fe0.204
2 10.0 194 2.0 68.6  Mn19Co1.0Fe€0.204
3 18.7 13.0 2.5 65.8 Mn11Co1.6Fe0.204
4 15.5 12.7 3.7 68.1 Mn1:Co15Fe0304
5 23.7 14.0 2.2 60.1 Mn10Co1.8Fe0.204
6 13.6 26.6 0.6 59.2  Mn20C01.004

Table 5: Results of EDX semi-quantitative analyses collected on marked points in Figure 5. The spinel compositions are calculated on
the base of cations fractions, assuming the coatings are stoichiometric spinel oxides.

3.4 Fuel cell test
Two fuel cells were measured in this study: one without any Cr source (with ceramic contact plate — reference

measurement) and one with the 10FeMCO_R1000 coating on Crofer 22 APU interconnect close to the
15



cathode electrode. Initial performance of the cells was very similar, maximum power density of both cells
was 660 mW cm (obtained at 540 mV) at 750 °C. For the aging experiment, the fuel cell was operated
initially at 0.25 A cm load and then at 0.5 A cm™ load, for a total of 200 hours. Results are presented in
Figure 6 A. Cells have shown basically the same electrical and electrochemical performance over time. Visible
degradation was observed, but as it was similar in both cases. As a results, the presence of the coated alloy
does not induce any additional degradation, therefore the coating serves its designed protective role. For the
0.5 A cm? current load, cell voltage dropped from the initial *0.84 V to =0.80 V over =200 hours. Maximum
power after the aging occurs for the same voltage and is *625 mW cm. Measured impedance spectra (at
OCV) show a slight increase of the ohmic resistance (from the initial 242 mQ cm? to 265 mQ cm?) and changes
in the impedance part. The higher frequency (HF, peak frequency =800 Hz) semicircle seems to first decrease
between the 0 h and 45 h measurements (from =170 to =130 mQ cm?) and then increase over time (=205
mQ cm? after 175 hours), whereas the medium frequency (MF, =20 Hz) contribution remains unchanged
(310-330 mQ cm?). The lowest frequency (LF, =0.2 Hz) contribution originates due to gas diffusion and
remains constant. We postulate that the HF contribution comes from the hydrogen electrode, which is
consistent with the available literature data, pointing to a charge transfer reaction between the Ni and YSZ
[37,38]. Our other tests (not shown here) confirm degradation of the used hydrogen electrode due to
coarsening of nickel, which stops after =600 hours. The MF contribution comes most probably from the
oxygen electrode. The presence of coated interconnect does not influence the degradation rate, therefore
the potential electrochemical/chemical poisoning of the cell by Cr species is negligible. Though the test was
relatively short, previously published reports concluded that the potential Cr poisoning, if present, is very
noticeable in the first hours [39,40]. Yang et al. [40] have shown that the cell in contact with not-coated
interconnect degrades very fast in the first 100 hours of operation. Power density decreased from 0.4 W cm’
2t0 0.15 W cm2 after only 100 hours. The cell in contact with coated interconnect has activated and increased
its power. Sun et al. have observed very similar effects [39]. To determine whether any Cr could be found in

the cathode or in the protective coating, SEM/EDX analysis of the cross sections have been performed.
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Results are presented in Figure 6 C-D and—in—TFable—6. EDX point scans have been performed across the

coating/cathode.
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Figure 6: Polarization curve (A) and post mortem SEM analysis of the interconnect (B) and fuel cell cathode (C.) Cheraiced

Analysis of the interconnect sample with the protective coating after the fuel cell measurement reveals
{pointsBI-B5-inFigure-6-C} minimal amount of Cr (< 1 at. %) that partially might originate from the high
temperature sintering step. In the outer layer of the coating {peirtB1} the amount of Cr is within an
experimental error. There is some increasing trend of the Cr content towards the steel/oxide/coating
interface. The chemical composition of the coating is as-expected: indeed, calculation of the coating
composition (based on EDX cations fractions) confirm what discussed in Section 3.1. Analysis of the LSCF
cathode shows no clear peaks from chromium, though its analysis might be subjected to an error caused by
overlapping peaks. Additional surface SEM/EDX analysis (not shown here) was in-line with the cross-section

study, i.e. the amount of Cr was negligible; the coating has performed its protective role during the fuel cell

measurement.

17



3
&
3
?

Coati -

B1-coating 2259 2064 546 027 5103  MnuisCoiacFe0ssCroo:Os
B2 —coating 2357 2116 587 047 4892 Mni3sCoiaFeqssCroo:Os
B3 —coating 2361 2127 583 071 4858 Mni1sCo1aFe0s4Cro0Os
B4—interface 13.73 145% 1094 1656 44.27
B5—steel 101 132 6982 2385  4.00
LSCFcathode{Figure 6-D)
Point/element: La St co Fe cr Ce G4 o
C4—interface 1343 733 421 17317 000 769 046 5001

4. Discussion

4.1 Area Specific Resistance

Figure1-A-and-B- In principle, the total ASR of the interconnect can be considered as the sum of different

resistances connected in series, as expressed by:

ASRinterconnect = Pcoating * Tcoating T Poxide scale * Toxide scale (2)

where, p is the specific resistivity and t is the thickness of each layer. The contribution of the steel substrate

is ignored due to its high electrical conductivity, while the most significant contribution to the total ASR is
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given by the growing oxide scale (based on Cr,03; and/or (Mn,Cr);04), whose conductivity is at least two
orders of magnitude lower than the coating. During high-temperature aging Toxide scale iNCreases, tipicatly
reducing Tesatingas-Wethas Tseel; in this regard, the oxidation kinetics of both Crofer 22 APU and AlSI 441 have
already proved to follow a parabolic law [29,33]. The evidence that coated AlSI 441 samples settles to an
almost constant resistance value after the completion of the sintering of the LSM contact, despite the growth
of a > 2 um oxide scale, is a clear evidence of a gradual decrease of Qoxide scale. The reason for this is ascribed
to the Mn enrichment of the scale, that can significantly improve the electrical conductivity of the scale

compared to pure chromia [41,42].

On the other hand, the ASR increase of coated Crofer 22 APU has to be related to the growth of a poor
conductive phase between the coating and the oxide scale, already identified in Sec. 3.3 as reaction layer
(RL). To this purpose, several studies have already reported that MCO deposited on Crofer 22 APU interacts
with the chromia scale during high-temperature oxidation, developing an intermediate phase; it is due to the
inter-diffusion of Cr, Mn and Co elements from the oxide scale and the coating and consists of (Mn,Co,Cr)304
spinel [43,44]. The thickness of the RL becomes significant only after long-term tests; indeed, no evident
proof of it was found when the oxidation kinetic of the same systems was tested for 2000 h at 750°C [29].
The electrical conductivity of the reaction layer ranges from that of chromia and the coating, as it gradually
decreases by increasing Cr concentration [44,45]. On this basis, expression (2) needs to be modified for

coated Crofer 22 APU to:

ASRinterconnect = pcoating * 7'-coai:ing + Poxide scale * Toxide scale + PRL * TRL (3)

According to the calculated degradation rates (0.92 and 1.70 mQ ¢cm?/1000 h for MCO and 10FeMCO_R1000

coating respectively), it could be argued that ASR of coated Crofer 22 APU samples will constantly increase,

following linear trends. Nevertheless, we-have-already-proved-thatthe-oxidationkinetic-of Crofer22-ARU

in a recent article of Talic et al. [46]

the growth of the reaction layer of MCO and Fe-doped MCO coatings on Crofer 22 APU was proved to be

parabolic as well. These evidences suggest that the ASR increase due to both chromia and/or reaction layer
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development will not follow a linear trend for MCO and 10FeMCO_R1000 coated Crofer 22 APU

interconnects, but a parabolic one.

Although the area specific resistance of the Fe-doped coating on Crofer 22 APU was slightly lower than for
the MCO coating at the end of the test, its degradation rate was found to be significantly higher. In reference
to equation (5), it is apparent that iron doping brought to either the growth of a thicker and/or less

conductive RL. According to the microscopy results of the present study, any clear difference between the

thickness of MCO and Fe-doped MCO reaction layers could be accurately determined. Mereever—previous

[24,44)- As reported in Table 2, the Fe content in the RL is on average 3.4 at. %, with a Co/Mn/Fe ratio that is
fairly approximable to that of the nominal composition of the coating; the EDX point analysis (Table 3) also
shows that the iron amount can be even higher in some zones. This result is particularly interesting, as the
remarkable Fe concentration in the reaction layer could be the reason for ASR increase and the higher
degradation rate compared to pristine MCO coating. No previous research has reported on a similar RL
composition; Talic et al. [46] found around 1 at. % of iron in the RL formed after annealing at 900°C of similar

Fe-doped coating.

4.2 Coated Crofer 22 APU: evolution of microstructural and compositional properties at 750°C

Crofer 22 APU samples coated by pristine or Fe-doped coatings (Figure 2 a, b and Figure 3) exhibit two main

differences related to the sub-scale nodules and the oxide scale thickness.
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The formation of Mn-Cr mixed oxides in the sub-scale region of MCO coated Crofer 22 APU is widely reported
in the literature [21,25,43]. As for the growth of the chromia layer, the development of the mixed Mn-Cr
spinel is regulated by the inward transport of oxygen and outward diffusion of metallic cations through grain
boundaries, where they preferentially form [47]: since the nodules are positioned in the subscale area, it is
indicated that the first mechanism is the predominant one. This evidence agrees with the fact that the oxygen
partial pressure required for the formation of Mn-Cr spinel is lower than for Cr,0s. TEM investigation has
revealed that small Mn-rich grains are also present in in the sub-scale region 10FeMCO_R1000 coated
samples (Figure 3 e); in agreement with what we have already discussed in [29], the higher temperature of
the reducing treatment caused a pre-oxidation of the steel, promoting both the increase of the grain size and
the reduction of the preferential sites for outward/inward ions diffusion [48]. However, the lower degree of
internal oxidation gives further explanation to the lower ASR values for Fe-doped coating with Crofer 22 APU

substrate.

On the other hand, the oxide scale results well adherent to the substrate on all coated Crofer 22 APU samples.
In this regard, the minor addition of La to the alloy confirms to be a key element. Indeed, rare earth elements
(La, Y, Ce) are generally added in small amounts (0.1-0.2 %) to the special alloys for interconnects, as they
have been demonstrated to improve the adhesion of the oxide scale and to decrease the oxidation rate
[42,49]. In particular La can modify the predominant diffusion mechanism of vacancies in the chromia scale,
from chromium outward diffusion to oxygen inward diffusion [42,50]. Uneven edges of the steel/oxide scale

interface (Figure 2 a and b) seem to confirm that oxidation proceeds in the inward direction.

The major evidence is that Fe-doped coating led to the development of a thinner oxide scale compared to
pristine MCO. A first explanation is that the higher temperature of the reducing step (1000 °C instead of 900
°C) promoted coating densification, effectively reducing the oxygen partial pressure at the steel interface.
However, we have already shown that when the Fe-doped coatings are reduced at 900 °C the oxide scale
developed during aging is thinner than that of pure MCO [29]. Therefore, the reason should be found in the
microstructure of the Fe-modified MCO spinel. Literature reports that Fe3* cations preferentially occupy

2+/3+

octahedral sites of the spinel structure; also Mn cations exhibit the same tendency, while the tetrahedral
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sites are mostly occupied by Co?* cations [22,23,30]. Therefore, iron and manganese compete to occupy the
same sites. A careful analysis of EDX analysis results reported in Table 5 can confirm the same observation,
as the Fe and Mn relative amounts in different grains follow opposite trends. Similarly to iron cations, Cr**
have a strong preference for octahedral sites and are reported to stabilize the cubic structure as well [68]. It
is suggested that the tendency of both Cr and Fe cations to occupy similar positions in the spinel lattice have

a positive effect in blocking further chromium diffusion.

This hypothesis matches with EDX results reported in Table 3.-where—itis-demonstrated-thatintheareaof

The progressive compositional variation from chromia to the coating made possible by the RL is here
considered a key element to avoid the formation of cracks due to TEC mismatch between the involved

phases. Moreover, the reaction layer is beneficial for the oxidation resistance of the interconnect, as it

effectively reduces the oxygen partial pressure at the scale/coating interface [43,51]. Qurresultsagree-with

4.3 Coated AISI 441: evolution of microstructural and compositional properties at 750°C

SEM and TEM investigations of coated AISI 441 samples revealed the presence of Si and Ti sub-scale oxides,
as it is visible in Figure 2 d (representative for all AISI 441 samples). The formation of silica is particularly
detrimental for both the electrical conductivity and adhesion of the scale [52,53]. trdeed,silica—resistivity-is

therangeof 10%-10%-Q cm {54} andreported FECsare between0-5and-5-8-10° K55}

bloek-Si-diffusion{52-53} In the present study, evidences suggest that the Nb addition in the AISI 441 alloy
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(0.4 wt. %) is not completely effective in preventing the development of the Si-rich phase. However, it is
apparent that ASR was not negatively affected. Figure 4 b shows that the silica does not form a continuous
layer; therefore, considering the much higher electrical conductivity of the steel surrounding the silica

particles, the remaining pathways could be enough to ensure a sufficient electrical conduction.

Nevertheless, the presence of the mentioned internal oxidation is believed to have a great impact on the
diffusion of metallic cations from the steel. Indeed, grain boundaries act as fast diffusion paths for transition
metals [33]; it is evident that the presence of such secondary phases increased the extension of grain
boundaries compared to the original alloy, allowing ions to diffuse easily. The absence of rare earth elements

in the AISI 441 composition gives additional support to the enhanced chromium diffusion from the steel.

The last observations find confirmation in the SEM and TEM results of coated AlISI 441 samples (Figure 2 ¢, d
and Figure 4). The thickness of Cr-oxide scale of coated AlSI 441 (on average more than double that of Crofer
22 APU), its morphology, as well as the weak substrate/scale interface prove that the mechanism for the
oxide scale growth of AISI 441 is dominated by outward diffusion of cations, rather than oxygen inward
diffusion. Moreover, the significant Mn enrichment of the oxide scale, together with the absence of sub-scale

nodules, give further confirmation to the proposed mechanism.

In this regard, it is reminded that the high-temperature conductivity of Cr,0Osis strongly influenced by the
presence of lattice defects. Many studies reported that the conductivity of the oxide scale can be moderately
improved thanks to a slight diffusion of elements from the steel into the scale, where they act as dopant
elements; the major positive effect was attributed to Mn but also Ti and Ni [44,54-58]. It is believed that the
diffusion of few ppm of Ti, Si or Ni cations can statistically occur during aging, leading to an additional
enhancement of the chromia conductivity despite the considerable thickness of the scale. Therefore, the
different composition of the two steels have influence on diffusion mechanisms at the interfaces between

the steel and coating.

Additional considerations are required to examine the effect of the Fe-doped coating on AlSI 441 alloy; due

to the intensity of cations outward diffusion, the mechanism proposed for coated Crofer 22 APU cannot be
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validated for this substrate. Fe-doping apparently led to a marked densification on the whole coating

thickness. This suggest that the iron containing spinel has higher reactivity with oxygen and cations diffusing

either from the steel or LSM contact.

4.3 Discussion on different oxidation and diffusion mechanisms at the interfaces

The substantial morphological differences between Crofer 22 APU and AISI 441 oxide scale have to be
ascribed to the different alloys composition. Schematics of different mechanism at the steel/oxide
scale/coating interfaces are shown in Figure 7 as discussed in Sections 4.2 and 4.3. The area bordered in red

in Figure 8 A represents the main mechanisms occurring during the first stage of oxidation for Crofer 22 APU.

mm SiO,
0. 0, A TiO,

NII < Fe,Nb

Coating

Oxide

scale
<NVeak

interface

AlISI 441

Figure 7: Schematic representation of different mechanism of diffusion, reactivity and oxidation mechanism at the interface during

aging at 750°C. A) coated Crofer 22 APU and B) coated AlSI 441. (layers thickness not to scale).
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While considering the Crofer 22 APU substrate, a first observation is related to the fact that the

10FeMCO_R1000 coating both resulted in a thinner oxide scale and reduced the sub scale oxidation.
Furthermore, it is interesting that the reaction layer (RL), with negligible traces of Cr, partially replaces the
chromia scale; this consequence, together with the positive effect of Fe-doping in reducing the oxide scale
growth (and Cr depletion) and promoting the densification of the coating has a beneficial effect in both

reducing the contribution to the overall electrical resistivity and minimizing possible CTEs mismatch.

In the case of AISI 441 stainless steel, Ti and Si-based oxides are present in the sub-scale layer; the oxide scale
is enriched in Mn, coming from the substrate and contributing to an increase of the electrical conductivity of
the oxide scale. One of the issues that emerges from these findings is that a crack developed at the interface
between the oxide scale and the Si-rich layer. A further study could assess this behaviour related to dynamic
operation effects on the long term resistance and efficacy of the coating, if AISI 441 is used as the

interconnect.

Based on the discussed mechanisms, the findings of this research provide insights for the use of
Mn1.35C01.35F€03004 coatings obtained by a simple, versatile and low cost EPD co-deposition method,
evaluating and highlighting phenomena taking places by depositing these coatings on different steel

substrates with dissimilar oxidation mechanisms.

5. Conclusions

This work showed a systematic study of electrical and microstructural properties of Fe-doped MCO spinel as
protective coatings for Crofer 22 APU and AISI 441 interconnects. The ASR of 10FeMCO_R1000 coated

substrates demonstrated the lowest resistance values on both Crofer 22 APU and AlISI 441 throughout the
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test at 750°C. Post mortem investigations revealed that different phenomena occurred for coated Crofer 22
APU and AISI 441 substrates, despite the similar ASR values. The development of a Mn-Co-Cr-Fe reaction

layer determined an increase of the ASR for the coated Crofer 22 APU. -hewever—itisbelieved-thatthe

seuree: AlSI 441 exhibited both a thicker oxide scale and low ASR values; this results can be explained by a

doping effect of the scale by minor alloying elements. Despite the absence of a reaction layer, no significant

amount of Cr was found in the Fe-doped coating on AISI 441 substrate.
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