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25 Abstract

28 A systematic microstructural, thermo-mechanical and electrical characterization of
31 simultaneous Fe—Cu doped Mn—Co spinel coatings processed by electrophoretic co-
33 deposition on Crofer 22 APU is here reported and discussed. An innovative approach for
36 the simultaneous electrophoretic deposition of three spinel precursors is designed,
38 conceived and optimised, with the aim of outlining time- and energy-saving spinel
modification routes. The effect of different levels of Cu and Fe co-doping is observed on
43 the stability of the modified Mn—Co spinel phase, the coefficient of thermal expansion
45 (CTE), the corrosion resistance and on the densification behaviour of the obtained
48 coatings. Cu determines an increase of CTE, while Fe has the opposite behavior. The
50 synergic effect of the simultaneous Fe and Cu co-doping results in an improved
53 densification and the stabilization of the MnCo0.04 cubic phase. The most interesting
55 results in terms of corrosion resistance are obtained for the Mn128C01.28F€0.15CU0.2004

spinel.
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Introduction

New low carbon technologies for clean hydrogen production and conversion require
fundamental advances in design and processing of advanced and functional ceramics.
Solid oxide cells (SOCs) devices are of great interest due to their high efficiency either
as clean power generators (SOFC) and convertors of surplus renewable electricity to
green hydrogen (SOEC) that can further be converted to synthetic clean fuels and
chemicals [1]. The core of this technology is the stack, where the ceramic cells and the
stainless steel interconnects are stacked together to reach the desired performance. The
degradation of stainless steel interconnects is one of the main issues limiting the durability
and highly compromising the efficiency and the performance of SOC stacks [2-4].
Ceramic protective coatings are widely used in order to reduce the chromium evaporation
and the excessive growth of the oxide scale on the interconnect, which determines an
increase of the electrical resistance [5]. The overall performance of a ceramic protective
coating is related to its high electronic conductivity, the coefficient of thermal expansion
and Cr and O»-blocking capability. Materials in the Mn—Co spinel family are considered
the state of the art coating materials [6,7]. Furthermore, the properties of the Mn-Co-
based spinels can be tuned and improved by substituting part of the spinel elements by
transition metals such as Fe and Cu [8-12]. Spinel protective coatings have been
deposited by different methods, such as sputtering, screen printing, thermal and plasma
spray, slurry deposition, dip coating and electrophoretic deposition (EPD) [5,13-15].
EPD offers the possibility to deposit homogeneous layers in a short time at RT condition
with a simple and adaptable setup, thus making EPD a cost-effective technique suitable
for industrial applications [16,17]. Anyway, the quality of the obtained coatings strongly
depends on the engineering of the EPD suspensions, the optimization of the deposition

parameters and the choice of an appropriate sintering route [18-20].
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In our previous works we demonstrated the possibility to process Cu-doped Mn-Co
spinels by EPD co-deposition [21,22]. The addition of Cu improves the coating density;
the long-term stability of the Mn-Co-Cu spinel coatings with respect to their effectiveness

in providing corrosion protection and Cr diffusion limitation were demonstrated.

In parallel, we reported a microstructural and electrical characterization of Fe-doped Mn—
Co spinel coatings processed by electrophoretic co-deposition of Mn-Co spinel and Fe;O3
powders on Crofer 22 APU and AISI 441 steel substrates [12,23]. Specifically, we
discussed the different mechanisms by which iron doping of Mn—Co spinels can influence
elemental interdiffusion at the steel-oxide scale-coating interfaces and relative
contributions to the overall area specific resistance. The Fe doped Mn-Co coatings lead

to the formation of a thinner oxide scale, significantly improving the oxidation resistance.

However, a comprehensive assessment of the simultaneous Cu and Fe addition into the
Mn-Co spinel dual phase structure is not treated in much detail in literature. Therefore,
the effect of mutual addition of Cu and Fe on microstructural, thermo-mechanical,
electrical and corrosion properties of modified Mn—Co spinel obtained by electrophoretic
co-deposition of three different precursors is here explored and discussed. Cu and Fe
doped Mn—Co spinels are usually processed “ex situ”, i.e. before the deposition process
[10,24]. The use of EPD technique to simultaneously co-deposit the Mn—Co spinel and
the dopants (Cu, Fe) by adding controlled amounts of CuO and Fe2O3 particles to the
suspension represents the novelty of this work. Indeed, this is the first investigation to
report a one-step electrophoretic co-deposition of three different precursors to process
modified spinel protective coatings. This study therefore set out to assess the
simultaneous effect of Cu and Fe on the functional properties of a dual phase Mn—Co

spinel structure.
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1. Experimental

1.1Sample preparation

Electrophoretic deposition was performed on 0.3-mm-thick Crofer 22 APU steel (Cr =23
wt.%, Mn = 0.45 wt.%, La = 0.1 wt.%, Ti = 0.06 wt.%, Si and Al <0.05 wt.%, Fe = Bal.;
VDM Metals, Verdohl, Germany); 15 x 15 mm coupons were cut from a steel plate and
a 3-mm hole was punched on one edge of each sample to allow hanging in the oxidation
furnace. The steel coupons were sonicated in acetone/ethanol mixture for 10 min prior to

deposition.

Commercially available Mn15C01504 (Fuelcellmaterials, USA, dso=634 nm), Fe>O3
(Fluka, dso= 75 nm) and CuO (Alfa Aesar, dso= 526 nm) powder precursors were used to
prepare the four EPD suspensions reported in Table 1 which were labelled respectively
5Fe5Cu, 10Fe10Cu, 10Fe5Cu and 5Fe10Cu. Oxide powders were dispersed in a 60 vol.%
ethanol/ 40 vo.% deionised water solution according to the relative concentration of
spinel precursors reported in Table 1, to reach a solid load of 37.5 gL ™. Each suspension
was stabilised for 30 min, alternating sonication and mechanical stirring prior to be used
for deposition. EPD was performed by a three-electrode setup to coat both surfaces of the
coupons and using stainless steel counter electrodes; uniform deposition was achieved
applying 50 V deposition voltage for 30 s at a sample-electrode distance of 15 mm. The
Mn—Co spinel is widely reported to undergo cathodic deposition, as it develops a positive
surface charge (zeta potential around + 13 mV ); also CuO particles have a positive zeta
potential (+ 6 mV) [22]. On the other hand, Fe>Os develops a negative surface charge in
the selected ethanol/water suspension: as already proposed in our previous study, Fe-O3
particles can associate with the Mn—Co spinel particles due to electrostatic interaction,
leading to cathodic deposition as well [23]. In the case of the present study, a possible co-

deposition mechanism is proposed and schematically reported in Figure 1.
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Figure 1: Schematic diagram showing the proposed co-deposition mechanism in the two-electrodes EPD set up.

After drying at room temperature, the coated coupons were sintered following a two-step
approach consisting of a first reduction treatment at 1000 °C for 2 h in flowing Ar/H; (2
vol.%) followed by a re-oxidation treatment in static air at 900 °C for 2 h (heating and

cooling ramps 10 °C/min).

To evaluate the effect of mutual addition of various amounts of Cu and Fe on the thermo-
mechanical properties of the modified spinels by dilatometric analysis, cylindrical pellets
of different compositions were prepared by mixing commercially available Mn15C01504
(Fuelcellmaterials, USA, dso=634 nm), Fe>O3 (Fluka, dso= 75 nm) and CuO (Alfa Aesar,
dso= 526 nm) powders. The selected spinel precursors were weighted in stoichiometric
amount to obtain the compositions labelled in Table 1 and mixed on rotating rollers for
24 hours; for each pellet, 2.5 g of powder precursors were prepared. As reported in Table
1, in addition to the aforementioned compositions used for the EPD suspensions
(5Fe5CuMCO, 10Fe10CuMCO, 10Fe5CuMCO and 5Fe10CuMCO) pellets consisting of
100 wt.% pristine Mn15C01504 spinel (MCO) were produced as benchmark; moreover,
spinel pellets modified respectively with 5 wt.% and 10 wt.% of either Fe;O3 (5Fe and
10Fe) or CuO (5Cu and 10Cu) were produced to assess the influence of single element
doping. After mixing, the precursors powders were placed in alumina boxed and
subjected to the same sintering treatment as for EPD coatings (reduction in Ar/H2 2 vol.%,

1000 °C, 2 h followed by re-oxidation in air, 900 °C, 2 h) during which the precursor

5



oxides react to form the modified spinels. Afterwards, obtained powders were pressed by
uniaxial cold pressing in cylindrical pellets of 15 mm diameter and around 5 mm
thickness, (suitable for dilatometric analysis). Pellets were sintered for 5 h at 1100 °C in

air, followed by annealing at 800 °C for 2 h (heating and cooling rate 2 °C/min).
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Table 1: Samples labelling, relative amount of spinel precursors and final compositions of the prepared spinels.

Sample label Spinel precursors Spinel composition
90 wt.% Mn15C01.504

5Fe5Cu 5 wt.% Fe 03 Mn1.35C01.35F€0.15CU0.1504
5 wt.% CuO
80 wt.% Mn1.5C01.504

10Fel0Cu 10 wt.% Fe20s3 Mn1.20C01.20F€0.30CU0.3004
10 wt.% CuO
85 wt.% Mn15C01.504

10Fe5Cu 10 wt.% Fe;03 Mn1.,8C01.28Fe0.29CU0.1504
5 wt.% CuO
85 wt.% Mn1.5C01.504

5Fel0Cu 5 wt.% Fe203 Mn1.,8C01.28Fe0.15CU0.2904
10 wt.% CuO

MCO 100wt.% Mn1.5C01.504 Mn15C01504
95 wt.% Mn15C01.50.

5Fe 5 wt.% ;ezozs Lo Mny,43C01,43F€0,1404
90 wt.% Mn1.5C01.50.

10Fe 10 wt ;: Fez(l)sa Lo Mn1,35C01,35F€0,3004
90 wt.% Mn15C01.50.

5Cu 5 wt% Zqu LT Mn1,43C01,43Cug,1404
90 wt.% Mn1.5C01.50.

10Cu 10 Wt.‘%j CuOlS Lo Mn1,35C01,35CU0,3004
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1.2 Characterization

The oxidation kinetics of coated Crofer 22 APU was evaluated by thermogravimetric test
in static air at 750 °C for 1000 h in total; every 250 h the furnaced was cooled down and
the sample weighted (Radwag analytical balance with an accuracy of 1.0 x 10) to
evaluate the mass gain after every thermal cycle and compared to the as-sintered samples.
For each coating composition, 4 coated coupons were treated in the oxidation furnace.

To characterize electrical properties of the coating at high temperature, area specific
resistance (ASR) measurements were performed. Circle shaped platinum contacts with a
diameter of 5 mm were applied on both sides of the spinel coated samples. The
measurement was carried out in a four-electrode system. The sample was heated up to
750 °C, and then cooled to 200 °C with simultaneous impedance measurement every 50

°C. Area specific resistance was calculated according to the following equation:
ASR = k4
-2

where: R-measured resistance [Q], A- surface of the platinum contact [cm?]. Electrical
tests were performed using a tube furnace with stagnant air atmosphere and a potentiostat

(Gamry Interface 1000 Potentiostat/Galvanostat/ZRA, Warminster, PA, USA).

The X-ray diffraction (XRD) patterns were obtained using a Bruker D8 diffractometer
with Cu-Ka radiation; the patterns were recorded at room temperature in a 28 range of
10°-70°, with a step size of 0.02626° and time per step of 10.20 s; recorded patterns were
analysed using PanAlytical X Pert software. The microstructures and compositions of the
coated samples were examined using a field-emission scanning electron microscope
(FESEM; SupraTM 40, Zeiss, Oberkochen, Germany) equipped with an energy
dispersive X-ray analyser (EDS, Bruker, Germany). To examine the cross sections of

coated Crofer 22 APU coupons, both as-sintered and oxidised samples were embedded
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in epoxy resin and polished up to 4000 SiC paper. Furthermore, as-sintered 10Fel0Cu
and 5Fe5Cu coated steel samples were analysed by means of transmission electron
microscopy (TEM). FIB lamellae for transmission electron microscopy analysis were
prepared using NEON Cross- Beam 40EsB of ZEISS. TEM investigations were
performed on high resolution, Titan Cubed G2 60-300 (FEI) — a probe Cs corrected
(S)TEM, equipped with ChemiSTEM EDS 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.

The Coefficient of thermal expansion (CTE) was evaluated by dilatometric measurements
(DIL 402 PC/4, Netzsch) on 5-mm-thick sintered pellets, from room temperature to
900°C with a heating rate of 5 °C/min. Average CTEs were calculated from 200 °C to

750 °C as:

where Lo is the initial length, AL is the length variation in the selected temperature range
defined by AT. The dilatometric curves and CTEs reported were obtained as the average

between 4 measurements for each kind of sample.

2. Results and discussion

2.1 Characterization of the as-prepared coatings

To evaluate the effectiveness of the selected sintering treatments, XRD patterns were
collected on EPD deposited and sintered coatings, after both reduction and re-oxidation
steps. XRD results after the reducing treatment are reported in Figure 2. Manganese

cobaltite reduced into metallic Co and MnO for all the studied cases, in accordance with



©CO~NOOOTA~AWNPE

data reported in literature [18]. CuO particles reduced to metallic Cu after the reduction
treatment; the same phase was found by Molin et al. [21] for coatings produced by
electrophoretic co-deposition of MCO with 5 and 10 wt.% CuO. The intensity of Cu phase
in patterns of Figure 2 is low due to the small amount of copper oxide in the EPD
suspension; however, the peaks are more visible for samples with higher Cu addition (i.e.
10Fe10Cu and 5Fel0Cu). Interestingly, no phases associated with Fe were identified in
the XRD patterns of Figure 2. In a previous work on Fe-doped coatings processed by
electrophoretic co-deposition of MCO and Fe20s, it was found that intermetallic phase
Coo.7Feo.3 formed for samples doped with 10 wt.% Fe,Os [23] and that Fe addition lead
to a shift of metallic Co peaks toward lower 2Theta angle. In this case, the intermetallic
phase is not detected for Fe-Cu doped coatings, independently from the amount; however,
closer inspection of the XRD pattern in the excerpt in Figure 2 b, shows that the shift of
Co peaks is confirmed and it is more significant for coatings modified with the highest

addition of Fe (i.e. 10Fe10Cu and 10Fe5Cu).
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Figure 2: X-Ray diffraction patterns of the Fe and Cu doped coatings and pristine MCO after the reducing heat
treatment. Patterns are normalized to the intensity of the highest peak. (b) Excerpt of patterns between 40° and 45°.
X-ray diffraction patterns after the re-oxidizing sintering step are presented in Figure 3 in
comparison with the pattern recorded for pristine MCO spinel coating following the same
sintering procedure. As expected, the pure MCO consist of a mixture of cubic and
tetragonal spinel at room temperature; however, the main evidence is that all Fe-Cu doped
coatings are composed of single-phase cubic spinel matching with the MnCo0204
structure. This relevant result integrates and is consistent with data obtained in previous
studies concerning in-situ doping of either Cu or Fe. Indeed, both Molin et al. [21] and
Sabato et al. [22] reported a partial residual tetragonal spinel phase in coatings produced
by EPD with the addition of CuO up to 10 wt.% in the suspension. Similarly, Zanchi et
al. [23] showed that Fe-doped coatings determined lower intensity of the tetragonal phase
with increasing the iron content, as well as a shift of the peaks of the cubic phase toward
lower 2Theta angles: the evidence is explained by an increased cubic lattice parameter
due to the substitution of Co by Fe, with larger ionic radii, in the octahedral sites. Similar
hypotheses are confirmed by previous studies about Fe-doped spinels produced by ex-
situ techniques [8,11,25]. As shown in Figure 3 b, Fe-Cu doped spinels exhibit the same
shift of the cubic spinel already discussed; the shift results more significant for coatings
containing higher percentage of iron (10Fel0Cu and 10Fe5Cu), confirming that Fe
addition is the main responsible for the increase of the lattice parameter, even in the case
of double Fe-Cu doping. Indeed, as proved by the study of Talic et al. [11], the single

addition of Cu to the spinel does not lead to a consistent variation of the lattice parameter.

It is relevant to note that neither residual copper nor iron oxides are detected by XRD,

meaning that the in-situ doping procedure is fully successful in producing modified spinel

10
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layers. Therefore, the synergic effect of Fe and Cu completely stabilized the cubic

structure of the spinel at room temperature.
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Figure 3: X-Ray diffraction patterns of the Fe and Cu doped coatings and pristine MCO after the re-oxidizing treatment.
Patterns are normalized to the intensity of the highest peak. (b) Excerpt of patterns between 32° and 38"

Figure 4 shows SEM cross-section images of produced coatings subjected to the two-step
sintering. It is evident that all coatings adhere to the substrate very well and that there are
no visible cracks or delamination phenomena at the coatings/steel interface. The thickness
ranges between 10 and 15 pum, in agreement with the target of the electrophoretic co-
deposition process. All the samples express very high densification, with the best result
achieved by coatings with the highest Cu relative amount (i.e. 5Fe10Cu and 10Fe10Cu).
Indeed, the beneficial effect on densification of Cu addition in the spinel is reported in
previous studies [10,22]. Few pores of 3-5 um dimension are present, but these are

apparently closed porosity. EDS analysis confirmed that the three spinel precursors

11
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(Mn15C01504, CuO and Fe;0z3) in the EPD suspensions co-deposited homogeneously;
indeed, EDS reported in Figure 4 and the calculated coating composition show only
slightly variations from the nominal composition of the doped coatings (reported in Table
1). Moreover, the chosen sintering procedure did not lead to any Cr or Fe diffusion into
the coatings during the heat treatments, as these elements were not present in the EDS

results in any case.
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Figure 4: Cross section SEM (backscattered electron) images of the coatings after sintering, with semi-quantitative
EDS results in at. % collected from the marked regions. The composition (Comp.) is calculated on the base of cations
fractions, assuming the coatings are stoichiometric spinel oxides

In order to better understand the effect of simultaneous Fe and Cu doping on the spinel
structure and morphology, a further examination of the microstructure was carried out
using transmission electron microscopy (TEM) and selective area energy diffraction
(SAED) on 10Fel0Cu and 5Fe5Cu as-sintered samples. Figure 5 shows results of TEM
investigations on 10Fel0Cu as-sintered lamella. It is apparent that the coating is well
adherent to the substrate. The elemental maps reported in Figure 5 a show that Mn, Co,
Cu and Fe are homogeneously distributed in the coating. The intensity of Cu signal is
partially overestimated due to interaction with the sample holder. The microstructure of
the coating is better appreciable in Figure 5 b, where a BF image of the outer part of the
coating is shown: the grains appear homogeneous in shape and dimension, thus

confirming that the Fe-Cu modified is a single-phase spinel. As proved by SAED analysis

12
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in point b1, the coating matches with the MnCo204 cubic spinel structure (zone axis 112).
On the other hand, in a previous work on in-situ Fe modified spinel, the coating was found
to be a mixture of elongated and larger grains, belonging respectively to the tetragonal
and cubic spinel structure [12]; similar evidences are highlighted in ref. [17] where a
Mn15C01.504 spinel coating was used. EDS analysis of the coating (Figure 5 b) shows
that the elemental concentration is fairly similar to the theoretic one. Indeed, the
calculated coating composition based of cation fractions and assuming the coatings are
stoichiometric spinel oxides is Mn1.17Co1.16F€0.27Cu0.37Cr0.0204 (nominal composition:
Mn1.20C01.20Fe0.30CU0.3004); the chromium concentration is negligible. As presented in
Figure 5 a and c, the interface with the substrate is characterised by the presence of a
densified coating layer, the reaction layer and the chromia scale. The reaction layer is the
result of the interdiffusion of Cr, Co and Mn, as confirmed by SAED in point 3c solved
by CrMnCoO4 (zone axis 101). Interestingly, the first coating grain in contact with the
reaction layer (point c2 for SAED identification) matches with MnCo.04 cubic spinel

structure (zone axis 112), as the outer part of the coating.

13
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Figure 5: TEM images of 10Fe10Cu FIB lamella: a) HAADF image with EDS elemental analysis; b) BF TEM image from
outer part of the coating with EDS quantification and marked point b1 for SAED analysis; c) BF TEM image from the
coating-steel interface with marked point c2 and c3 for SAED analysis.

The morphology of the 5Fe5Cu outer part of the coating is reported in Figure 6, together
with EDS elemental maps and quantification. The distribution of Mn, Co, Fe and Cu is
completely homogeneous in this case as well, suggesting the formation of a single-phase
spinel. Indeed, SAED in point al is solved by the cubic spinel structure MnCo020s, as
already disclosed by the XRD analysis. The calculated composition based on EDS cation
distribution is Mny.28C01.27F€0.17Cu0.23Cr0.0204, Very close to the nominal composition

(Mny.35C01.35F€0.15CU0.1504).

14
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Figure 6: TEM images of 5Fe5Cu FIB lamella: BF TEM image with EDS elemental analysis and quantification from

marked area and SAED from marked point al.

2.2 Coefficient of thermal expansion

The evaluation of the coefficient of thermal expansion of the new modified spinels is
crucial to assess their thermo-mechanical compatibility with the steel interconnect, to
minimise the development of interfacial stress and avoid coating delamination during
SOC stack operation. Figure 7 reports the coefficient of thermal expansion (CTE)
calculated from 200 to 750 °C as a function of the iron content for all the analysed
modified spinels. Furthermore, Figure 8 a-c shows dilatometric curves of all the studied
spinels from room temperature to 900 °C; dilatometry curves are grouped as a function
of Fe ratio as well. Each symbol and line in Figure 7 and Figure 8 represent the average

obtained from 4 measurements of each kind of sample.

As displayed in Figure 7, at Fe 0 wt.% (corresponding to ordinate axis of the graph), the
addition of Cu alone to the pristine spinel causes the progressive increase of the CTE,
from 11.1 10° K of MCO, 12.8 10°® K™ of 5Cu to 13.5 10® K™ of 10Cu. Moreover,
dilatometric curves in Figure 8 a show that MCO undergoes a phase transition between
500 and 550 °C, which corresponds to the transformation from tetragonal to cubic phase
of the original Mn15C01504 spinel. For 5Cu sample, the intensity of the same transition

is significantly reduced, as confirmed by the fitting to the linear regression of the data (R?

15
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moves from 99.7% of MCO to 99.8% of 5Cu); with the addition of 10 wt.% Cu the
transition is almost suppressed (R?= 99.9%). These evidences support the results provided
by Masi et al. [9] where the CTE at 800 °C of the dual-phase Mn15Co01504 is reported to
increase from 9.7 10 K to 13.5 10 K™ of the cubic MnCo204. In this regard, the Cu
addition is here proved to have the same effect in stabilizing the cubic phase of the spinel
and in enhancing the overall CTE. The CTE increase due to Cu addition is explained by
the preferential occupation of copper of tetrahedral sites in substitution of Co [26,27]: this
substitution increases the number of elements in the lattice with different valence and

therefore the CTE [8].

On the other hand, the single addition of Fe (samples labelled as 5Fe and 10Fe) to the
Mn15C01.504 spinel overall decreases the CTE, but without following the same clear trend
pointed out for Cu addition. In the case of iron doping, different data are reported in
literature. Indeed, some studies suggest that iron preferably occupies octahedral sites
instead of Co; due the greater ionic radius, Fe causes the increase of lattice parameter as
well as the reduction of elements with different valence in the octahedral sites and lower
CTE [8,25]. According to the observations of Talic et al. [11], iron replaces Co in the
tetrahedral sites, due to the lower tendency of Fe to occupy octahedral sites than Co and

Mn [28].

Another remarkable observation to emerge from these data is that when the ratio of iron
is fixed to 5 wt.%, the CTE decreases up to 10.3 10 K'1; however, when 5 wt.% or 10
wt.% Cu is included in the spinel composition (in 5Fe5Cu and 5Fel0Cu samples
respectively) the CTE progressively increases until reaching slightly lower values
compared to 5Cu and 10Cu samples (where no Fe is added). As shown in Figure 8 b, the
dual-to-single phase transition is still partially visible for the 5Fe sample (R?>= 99.8%)

between 500-550 °C, while it results almost completely suppressed for 5Fe5Cu and
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5Fe10Cu samples (R?= 99.9%). Similar trend is highlighted in Figure 8 ¢ for 10Fe (R?=
99.8%), 10Fe5Cu (R?= 99.9%) and 10Fe10Cu (R?= 99.9%) samples, but in this case the
CTE difference between the samples is less significant, as the dilatometry curves are
basically overlying. The same is appreciable in Figure 7 , where the CTE increases due
to addition of both 5 wt.% and 10wt. % Cu to 10Fe sample which leads to a narrower
range of CTE values. The fact that Fe-doping alone is not sufficient to fully suppress the

double-phase transition is consistent with data obtained in [23].

The analysis of the dilatometry data reveals that Cu determines an increase of CTE, while
Fe has the opposite effect: this property is better highlighted in Figure 8 d, when
dilatometric curve of pristine MCO spinel is compared with 5 wt% iron doping (5Fe) and
with 5 wt.% iron plus 10 wt.% copper doping (5Fe10Cu). Moreover, when both Cu and
Fe are added to the spinel they express a synergic effect on the dilatometry behavior. As
already suggested by Masi et al. [8], our study proves that the CTE of spinels can be tuned
by tailoring the amount of different additional transition metals; the validity of the
statement is here confirmed by evidence from a broader range of spinel compositions.
Considering that the CTE reported for Crofer 22 APU at 700 °C is 11.6 10° K and at
800 °C is 11.9 10° K1 [29], the modified spinel that better matches the CTE of the steel

substrate is the 10Fe5Cu composition.
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Figure 7: Coefficient of thermal expansion calculated at 750 °C as a function of Fe metal content.
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2.3 Oxidation kinetics and electrical characterization of coatings

Oxidation performances of the different Fe-Cu doped spinels on Crofer 22 APU were
evaluated up to 1000 h aging at 750 °C by thermogravimetric method. The mass gain
during aging of each sample was measured cyclically. Considering that Crofer 22 APU
coated by spinel coating has already been proved to follow parabolic oxidation
[10,12,30], the mass gain results can be plotted in parabolic unit according to the

following equation [31]:

2

Am
() =tom-t+c

where 4m is the measured mass gain [g] at a certain aging time (t) [s], A is the sample
area [cm?], C is an integration constant and kpm is the parabolic rate constant [gZ cm™ s
1]. Figure 9 reports the oxidation test results plotted in parabolic unit; k,m corresponds to
the slope of the trend lines. In order to neglect the contribution of the initial oxidation
phenomena but considering only the steady state growth of the oxide scale, mass gain
data from 0 to 250 h aging were not included in the calculation of the parabolic rate
constant. The fitting to the linear regression line (R?) is > 0.98 for 10Fe10Cu and
10Fe5Cu, but R? < 0.98 for 5Fe5Cu and 5Fe10Cu suggests that the oxidation could be

not fully parabolic in this case.

Final mass gain data and calculated oxidation rate are reported in Table 2. Comparing the
graph in Figure 9 and data in Table 2, it is apparent that the coating modified with 5%
iron underwent the lowest oxidation, with the 5Fe10Cu samples reaching the best results.
On the other hand, both samples with 10% Fe expressed higher oxidation phenomena: in
particular, the coating with the highest quantity of modifying elements (i.e. 10Fe10Cu)
showed the most significant mass gain and oxidation rate. As a comparison, oxidation

results of bare Crofer 22 APU, unmodified MCO and 10Fe samples are reported in Table
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2 as well: these data have already been published by Zanchi et al. [23] in a study ap to
2000 h aging at 750 °C; here data have been reported only to 1000 h aging. It is clearly
appreciable that the Fe-Cu doped coatings of the present study remarkably reduce the
oxidation phenomena not only compared to bare steel and MCO coating, but also to the
10Fe coating, that in [23] was identified as the best candidate. The reason of the evidence
can be found in the synergic effect of both Fe and Cu in the spinel, leading to improved

oxidation resistance and great coating densification.

Based on the mass gain till 1000 h aging, the theoretical oxide scale thickness can be

calculated according to the following expression [10,31]:
MWer,0, Am
Ter,05 = 8 pero, =)

where 7 is the Cr,03 thickness, p is its density (5.21 g cm™), MW is its molar weight (152
g mol™), 48 is a factor for converting the oxygen mass in the Cr,0s (i.e. 16 x 3) and ATm

is the mass gain at 1000 h. The obtained values are reported in Table 2; all the obtained

oxide scale thickness are similar and very low, also compared to data reported in the

previous study [23].
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Figure 9: Parabolic rate plot with linear trend lines of coated Crofer 22 APU during cyclic oxidation at 750 °C in air

(250-1000 h).
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Table 2: Mass gain after 1000 h aging at 750 °C, oxidation rate Kp,m from 250 to 1000 h aging and calculated oxide

scale thickness.

Mass gain 1000h Kp,m Ca!culated

Sample [mg cm?] [g? cm* 5] oxide scale
[um]
10Fe10Cu 0.06 +0.005 1.0x 10" 0.36
10Fe5Cu 0.06 + 0.004 0.9x10™ 0.36
5Fe5Cu 0.05 +0.008 0.6 x10™ 0.30
5Fe10Cu 0.04 £ 0.006 0.4x 10" 0.24
Crofer 22 APU* [23] 0.24+0.014 17.9x 10" 1.46
MCO* [23] 0.18 £0.028 12.4x 10" 1.09
10Fe* [23] 0.08+ 0.004 2.7x10% 0.49

*Data of bare Crofer 22 APU, MCO and 10Fe are reported in Ref [23] for 2000 h discontinuous aging
at 750 °C in air; results have been here recalculated for 1000 h aging.

Electrical characterization was conducted for all coated samples before aging (as-
prepared samples) and after 1000 h discontinuous oxidation at 750 °C; results are
summarised in Table 3 As expected, ASR after aging increased due to the development
of the oxide scale, however, all the recorded values are very low: indeed all ASR are

largely smaller that the threshold accepted for interconnect materials of 100 mQ-cm? [32].

Figure 10 presents the temperature dependence of ASR (plotted in natural logarithm)
during cooling between 750 and 550 °C; in this temperature range ASR follows a fairly
linear trend, indicating the temperature-activated nature of electrical conduction for the
studied systems and allowing to calculate the activation energy for electrical conductivity

[33]:

where A is a pre-exponential factor [Q cm? K], Ea is the activation energy [eV], k is the

Boltzmann’s constant [eV K] and T is the temperature [K].
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The comparison of conductivity results with literature is not obvious, as measurements
are strongly affected by the choice of test setup [18]; however, both ASR and the
activation energies (Table 3) lay in the same range as reported by other studies and

[10,12,24,32,34,35].

As shown in Figure 10 a, the ASR dependence over temperature does not express a clear
trend depending on coatings composition for as-prepared samples. Samples aged for 1000
h at 750 °C (Figure 10 b) show that coatings with even amount of Fe and Cu (i.e. 5Fe5Cu
and 10Fel0Cu) have lower electrical resistance at higher temperature. In particular,
5Fe5Cu composition confirmed the lowest ASR in both as-prepared and oxidised state.
Moreover, the behaviour during cooling of respectively the two samples with 5 wt.% Fe

(i.e. 5Fe5Cu and 5Fe10Cu) or 10 wt.% Fe (10Fe10Cu and 10Fe5Cu) results similar.
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a) 7s0 700 50 600 550 b) 750 700 es0 600 550
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Figure 10: ASR dependence over temperature of a) as-prepared samples and b) 1000 h aged samples at 750°C

Table 3: ASR and activation energy determined for coatings deposited on Crofer 22 APU of as-prepared samples and

after 1000 h cyclic oxidation in air at 750 °C

Before aging After 1000 h aging @750°C

sample f‘CSR @ 750 Ea ':-\CSR @ 750 ASR increase Ea
Q 2

[MQ x cm?] [eV] [MQ x cm?] [mQ xcm’] [ev]
5Fe5Cu 5.6 0.57 13.8 +8.2 0.57
5Fel0Cu 124 0.40 22.3 +9.9 0.39
10Fe5Cu 9.7 0.49 24.8 +15.1 0.45
10Fe10Cu 8.9 0.36 18.3 +9.4 0.58
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2.4 Post-mortem characterization

Figure 11 a-d shows SEM cross sections of different coatings after 1000 h discontinuous
aging at 750°C. All coatings are fully continuous and well attached to the steel substrate
confirming the good thermo-mechanical compatibility between Crofer 22 APU and the
produced coatings, despite the thermal cycles during oxidation. All samples exhibit good
densification, but coatings with higher copper relative amount reach the lowest residual
porosity; in particular, 10Fe10Cu (Figure 11 c) results almost fully dense. On the other
hand, the less densified coating is 10Fe5Cu, due to the greater Fe addition. The great
densification of the coatings is certainly related to the choice of the two-step sintering
treatment, as already found and discussed in previous studies [18,36]. Moreover, the
enhanced sinterability due to copper addition is confirmed for Cu-doping alone as well
[10,22]. On the other hand, Fe addition partially reduces the maximum densification
reached in the coatings [12,23]. The oxide scale is visible as the darker-contrast layer at
the interface between the steel substrate and coating, where few sub scale nodules are
visible as well. The formation of these Mn-rich nodules is typical for high-temperature
oxidation of Crofer 22 APU [12,17,23,37]. In agreement with the oxidation resistance
test (showing very low mass increase related to oxygen uptake), the oxide scale is thin (<

0.5 um)

Compositional analysis carried out by EDS presented in Figure 11 a-d shows the absence
of Cr in the coatings, thus confirming the successful chromium retention capability for
all produced compositions during oxidation. Moreover, EDS analysis r proves that
coating compositions are preserved even after aging. Indeed, Figure 11 e reports X-ray
diffraction patterns collected on the surface of samples after aging: as presented, all

coatings exhibit the cubic spinel phase after 1000 h at 750°C and no formation of
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secondary phases is detected, thus confirming the excellent stability of the processed Mn-

Co-Cu-Fe coatings.
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Figure 11: Cross section SEM (backscattered electron) images of the coatings after oxidation (1000 h, 750 °C, air) with
semi-quantitative EDS results in at. % collected from the marked regions of coatings: a) 5Fel0Cu, b) 10Fe5Ccu,

¢)10Fel0Cu, d) 5Fe5Cu. e) XRD patters of studied coatings after oxidation.

3. Conclusions

The present study was designed to determine the effect of mutual addition of Cu and Fe
on microstructural, thermo-mechanical, electrical and corrosion properties of modified
Mn-Co spinels obtained by electrophoretic co-deposition of three different precursors.
Evidences found in this work have confirmed EPD as a valuable method to design and
produce in-situ modified spinel coatings through co-deposition of oxide precursors; the
optimization of the two-step sintering treatment assured the formation of the spinel phase,
stable even after 1000 h aging. This study has shown that Cu determines an increase of
the overall CTE of the spinel, according to the percentage of copper addition; on the other
hand, within the same sintering route, the addition of Fe has an opposite effect. The

research has also demonstrated the synergic effect of the simultaneous Fe and Cu spinel
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co-doping on tuning the thermo-mechanical properties of the spinel, an improved
densification, as well as the stabilization of the MnCo204 cubic phase. All Fe-Cu doped
coatings have demonstrated improved corrosion resistance at 750 °C, compared not only
to uncoated and pristine Mn—Co spinel coated Crofer 22 APU, but also to Fe-doped
coatings tested at the same conditions. Electrical properties have been confirmed to be
satisfactory for the application of the coatings on stainless steel SOC interconnects. The
findings reported here provide the first comprehensive assessment of simultaneous Cu
and Fe addition into the Mn—Co spinel dual phase structure and lay the groundwork for
future research into the tuning of Mn-based spinel properties. In the view of improving
the durability, robustness and lowering the degradation and manufacturing costs of SOCs,
a natural progression of this work is to explore the design of new spinel families, avoiding
Co as critical raw material, by using EPD as a viable method to simultaneously deposit

different precursors and to form the desired spinels by a reactive sintering.
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