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Developing cost-effective and durable interconnects for solid oxide cells is crucial to overcome currently
existing barriers for the commercialization of this promising energy technology. A systematic microstruc-
tural and electrical characterization of MnCo2O4 spinel coatings processed by electrophoretic deposition
on SUS 445 ferritic stainless steel, manufactured through powder metallurgy, is here reviewed and dis-
cussed for application in high temperature solid oxide cells stacks. The work presents a successful com-
bination of the powder metallurgy processing of metallic interconnects with the electrophoretic
deposition as a fast and versatile approach to coat complex interconnect shapes. Therefore, this study
assesses the effect of the sintering route of coated steel on the final microstructure. Remarkable results
in terms of electrical properties are here presented for EPD coated sample reduced at 1000 �C and re-
oxidised at 800 �C in static air, obtaining an area specific resistance degradation rate of 1.2 mX cm2/kh
together with an effective limitation of Cr outward diffusion despite the prolonged exposure in relevant
conditions. This novel approach opens the door for a new class of complex-shaped interconnects with
enhanced performance and durability and excellent scalability at a low cost.
� 2023 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The urgent need to replace conventional fossil fuels with
renewable energy sources can be accomplished only through the
implementation of efficient, durable and cost-competitive tech-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2023.111768&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2023.111768
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:elisa.zanchi@polito.it
https://doi.org/10.1016/j.matdes.2023.111768
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes


E. Zanchi, A.G. Sabato, M.C. Monterde et al. Materials & Design 227 (2023) 111768
nologies. Solid oxide cells (SOCs) offer a promising solution for
clean energy conversion and chemical energy storage of renewable
power sources. SOCs can work reversibly both in electrolysis mode
(SOEC), producing hydrogen from the steam reduction with renew-
able electricity, and in fuel cell mode (SOFC), converting the chem-
ical energy of hydrogen into clean electricity. Some of the SOC
advantages reside in the highly efficient exploitation of electro-
chemical reactions, with low emissions of pollutants and fuel flex-
ibility: indeed, not only H2 but also CO and their mixtures (syngas)
can be employed; other hydrocarbons-based fuels can broader the
selection if a gas reforming system is included [1]. An important
feature for SOC technology deployment is its capability to work
in the reversible mode (rSOC), allowing to switch working condi-
tions between SOEC and SOFC as needed [2]. The widespread com-
mercialisation of SOC devices is still held back by degradation
issues due to both material choice and scalability of the actual pro-
cessing [3–5]. The development of more reliable and scalable pro-
cesses on the different steps of SOC system fabrication will
decrease the manufacturing costs helping to their rollout.

Regardless of the operation mode, SOC cells need to be con-
nected in a stack through interconnects (ICs), which ensure gas
separation and electrical connections in series or parallel. Although
not directly involved in the electrochemical reactions, the inter-
connect is a complex component for both design and materials
selection since it undergoes degradation phenomena affecting the
performance of the whole stack [6]. Progress in electrolyte devel-
opment and consequent reduction of the stack working tempera-
ture allowed to use ferritic stainless steel interconnects, instead
of expensive, brittle and less conductive ceramic ones. Over the
past two decades, a variety of expensive alloys specifically devel-
oped for IC applications have been developed: common features
of these compositions involve Cr concentration >20 %, very low
level of impurities such as Si and Al, the addition of alloying ele-
ments (e.g. Mn, Ti, Mo, Ni) and reactive elements (Ce, La, Y) [7,8].
Despite the complex design of the alloys, excessive oxidation or
corrosion of the IC and chromium evaporation still constitute one
of the major causes of stack loss of performance [9–11].

To limit degradation phenomena related to the use of stainless
steel interconnects, applying a protective coating has been identi-
fied as the most practical route to ensure the requirements for
their rollout as commercial industrial systems involving harsher
corrosion conditions and longer working times [12]. Together with
limiting the continuous chromia scale thickening and blocking Cr
evaporation, the coating material must be electronically conduc-
tive at the stack working temperature, thermo-mechanically com-
patible with the IC and the cell, and chemically inert in selected
gases. Extensive research, focused on selecting optimum materials,
has identified the spinel family as the most appropriate for IC coat-
ing [13]. Among the various compositions, MnACo spinel (MCO)
has received special attention thanks to improved functional prop-
erties, adequate coefficient of thermal expansion, and sufficient
electrical conductivity [14,15].

Research conducted so far on developing spinel coating materi-
als allows to include cheaper commercial alloys - i.e. with lower Cr
addition and higher impurities content - among promising IC
materials; some examples are AISI 441 (�18 % Cr) [16–18], but also
AISI 430 (�16 % Cr) [19,20]. However, the total cost of the intercon-
nect is affected not only by the steel composition, but largely by
manufacturing and coating processing routes; therefore, the imple-
mentation of affordable and scalable production methods is still
strictly required.

Metallic interconnects are typically produced by conventional
lamination, forming and machining manufacturing techniques,
however, powder metallurgy (PM) may represent an attractive
alternative. Powder Metallurgy (PM) presents near-net-shape
capabilities and a good surface finishing, even with complex
2

geometries. In addition, it is cheaper than conventional manufac-
turing techniques since reduces the post-sintering processes while
decreasing the wasted material compared with machining. Indeed,
the energy costs of processing using PM can be estimated to be
7 kWh/Kg compared to >10 kWh/Kg for processing by stamping
metal sheet with lamination and subsequent machining
(15 kWh/Kg) [21], leading to a lower carbon footprint of the pro-
duct in manufacturing using conventional PM. The typical designs
of IC are exceptionally suitable to be processed via PM with almost
no need for additional manufacturing steps. Up to now, only a few
studies focused on PM for metallic IC [22–24] mainly focused on
the PM of Crofer22APU ferritic stainless steel and still leaving room
for improvement in terms of densification of the achieved
interconnects.

Due to the complex geometry of the type of interconnects
required for ensuring an optimal gas distribution through the
channels, the coating deposition technique should be properly
selected to ensure the protection of the different surfaces. To this
purpose, electrophoretic deposition (EPD) is considered a promis-
ing route, also when compared with other deposition methods
such as sputtering, dip coating or thermal evaporation [13,25,26].
Electrophoretically deposited coatings have been produced in a
series of different MnACo and MnACu spinel compositions and
tested under various working conditions in the recent years
[14,27–31]. The great advantage of the EPD technique resides in
the possibility to deposit homogenous conformal coatings in a
few seconds and at room temperature (RT). Moreover, EPD offers
wide versatility for material to be deposited: for example, Cu-
doped MCO [32], Fe-doped MCO [33,34], as well as CuAFe-doped
MCO [31] obtained by single step co-deposition of Mn1.5Co1.5O4,
CuO and Fe2O3 mixed in desired ratios. Thanks to the versatility
of materials employed and coatings morphology, as well as the
low-energy demand, EPD is considered a suitable technique for
industrial applications in SOC technology. The simple and adapt-
able EPD set-up enables the scaling-up from laboratory samples
to real-size interconnect: indeed Crofer22APU interconnects
coated with MCO coating deposited by EPD and tested in a stack
at 850 �C have already demonstrated excellent behaviour in terms
of both oxidation resistance, Cr-poisoning and stability over time
[35].

After the deposition, the optimisation of the coating sintering
step appears also as one of the key factors to take into considera-
tion [27]. High densification is ensured by a two-step reactive sin-
tering. On the other hand, single oxidation in air can be performed
during the stack consolidation treatment, lowering the achieved
densification but still ensuring the protective behaviour and Cr
retention capability of the coating [36,37].

The present study represents the first attempt to integrate the
powder metallurgy approach - a near-net-shape interconnect pro-
duction perspective - with electrophoretic deposition - a fast and
versatile coating deposition method – in the processing of SOC
metallic interconnects. SOC interconnects have been produced by
powder metallurgy with SUS 445 ferritic stainless steel with a Cr
content of �20 %. The alloy SUS 445 was selected as the result of
a first preliminary study (not reported here) between different
alloys, taking into consideration the Cr content (>20 %) necessary
to ensure high corrosion resistance, as well as the processability
of the alloy in form of powder first and then as sintered compo-
nents. Indeed, the density of the final component is a key factor
in powder metallurgy, especially when the final application as
SOC interconnect is considered: in this case the powders of the
selected alloy allowed to reach a density >96 % with the optimized
sintering treatment. In the present study, the interconnects pro-
duced by PM have a final thickness of 1.9 mm. Manganese-cobalt
spinel coating has been processed by EPD and subjected to differ-
ent post-deposition treatments to recreate conditions of possible
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industrial applications scenarios. The performance of the IC-
coating systems has been evaluated in terms of area specific resis-
tance for a total time of 1500 h.

2. Experimental

2.1. Samples preparation

Stainless steel interconnects with a dimension of 80 � 80 � 2.
5 mm were produced by AMES PM (Barcelona, Spain) using SUS
445 (Cr = 20.00–22.00 wt%, Mn = 0.61–0.69 wt%, Mo = 1.1–1.13 w
t%, Si = 0.01–0.33 wt%, trace of C, P and S; Fe = Bal.) powder as a
feedstock material. Selected powders were pressed in a cermet
die with uniaxial pressure of 300 MPa at room temperature and
afterwards sintered on cordierite-mullite ceramic plates at
1285 �C for 90 min under 100 % hydrogen atmosphere.

Commercial MnCo2O4 spinel powder (MC12) from KCeracell
(South Korea) was used as feedstock material for the deposition
of the protective coating. For the electrophoretic deposition,
0.5 g/l of I2 was dispersed in a solution of 50 vol% ethanol/50 vol
% acetone; afterwards, 15 g/L of MC12 was added and dispersed
by sonication and magnetic stirring for around 20 min to obtain
a stable suspension. Before EPD, SUS 445 IC were cleaned in etha-
nol/acetone for 10 min in an ultrasonic bath. Deposition parame-
ters were optimized at 50 V for the 30 s maintaining the sample-
electrode distance fixed at 15 mm. Three-electrode setup was used
to coat both sides of the IC in a single step process displayed in
Fig. 1a. After drying, samples were sintered under three different
procedures to be compared. A batch of IC, labelled as EPD_Ox,
was subjected to an oxidative sintering process for 5 h at 800 �C
in static air (2 �C/min). The second batch underwent a two-step
sintering, with a first reduction treatment at 1000 �C for 2 h in a
tubular furnace in flowing H2 2 vol%, heating/cooling ramps of
10 �C/min followed by a re-oxidation step at 800 �C for 5 h under
static air; these samples are in the following labelled as
EPD_R1000. The third group of samples was reduced at 1120 �C
for 15 min only, in flowing H2 5 vol%, heating/cooling ramps at
26 �C/min and therefore labelled as EPD_R1120. The three selected
sintering procedures were chosen to simulate typical sintering
conditions applied in continuous furnaces at the industrial level.
EPD was demonstrated to be effective also for coating real dimen-
sion ICs (see Fig. 1b).

To better evaluate EPD performance as a valuable deposition
method, additional steel coupons were coated by the roll painting
(RP) technique at AMES PM. A terpineol-based ink was prepared
with MC12 and 4 subsequent depositions were performed on the
steel samples. After drying, sintering was carried out in an indus-
trial continuous furnace (CREMER) in H2 5 vol% at 1120 �C for
15 min.
Fig. 1. Images of the EPD set-up with IC before (a) and after (b) coating deposition; (c)

3

Table 1 provides an overview of the fabrication conditions of
the different types of coated samples.

2.2. Characterization techniques

As prepared EPD-coated samples were subjected to preliminary
characterization after each sintering step (reduction, re-oxidation
or simple oxidation). X-ray diffraction (XRD) patterns were
obtained using a Bruker D8 diffractometer with Cu-Ka radiation,
recorded at room temperature in a 2Theta range of 10�–70�, with
a step size of 0.02626� and time per step of 10.20 s; recorded pat-
terns were analysed using HighScore Plus PANalytical software and
JCPDS PDF-2 database [38]. Morphological and compositional char-
acterizations were carried out by a field-emission scanning elec-
tron microscope (FE-SEM; SupraTM 40, Zeiss, Oberkochen,
Germany) equipped with an energy dispersive X-ray analyser
(EDX, Bruker, Germany). Samples were embedded in epoxy resin
and polished up to 4000 SiC paper to reveal the cross-sections.

Area specific resistance (ASR) was measured on 10 � 20 mm2

samples obtained from coated IC using a 4-probe method on each
couple of coupons. The electrical connection was realized by weld-
ing Pt-wires. Every sample was made up of the two coupons placed
one over the other ensuring the contact within the crests of the
channelled surface (Fig. 1c). The electrical connection between
the two coupons was obtained by manually deposition of Pt-
paste. Therefore, the contact area considered in the calculation of
the ASR corresponded to the sum of the crests of each interconnect
coupon (i.e., 1 cm2). The resistance was measured by applying a
constant current density of 400 mA cm�2 and measuring the volt-
age drop over each couple of coupons. The measurement was car-
ried out at 800 �C in static air during 1500 h. To calculate the ASR,
the considered area was the one strictly corresponding to the con-
tact, therefore the area corresponding to the crests. Post-mortem
morphological, microstructural and compositional characteriza-
tion was carried out on cross-sections using FE-SEM and EDX.

3. Results and discussion

3.1. Characterization of as-prepared coatings

Overall, the whole set of samples presented homogeneous and
complete coatings (Fig. 1b). In order to study the crystalline phases
after the different sintering processes, XRD was performed on the
thermally treated samples. Fig. 2 shows the comparison of X-ray
diffraction patterns obtained for the EPD deposited samples after
the reducing step, performed at different parameters: EPD_R1000
and EPD_R1120 samples. Interestingly, XRD reveals that despite
the different temperatures, time and atmospheres, both samples
present identical phases, consisting of MnO (PDF #07-0230, cubic)
sketch of electrical connections for characterization of the Area Specific Resistance.



Table 1
Samples overview.

Coating
deposition

Sample
label

Reduction treatment Oxidation
treatment

EPD
50 V, 30 s

EPD_R1000 1000 �C, 2 h, H2 2 % 800 �C, 5 h, static
air
(In situ for ASR
test)

EPD_R1120 1120 �C, 15 min, H2

5 %

EPD_Ox – 800 �C, 5 h, static
air

Roll painting
4 depositions

RP 1120 �C, 15 min, H2

5 %
800 �C, 5 h, static
air
(In situ for ASR
test)

Fig. 2. XRD patterns of EPD_R1000 coating (a) and EPD_R1120 coating (b); phase
identification of MnO (squares) and Co (circles) as included in the PDF Database.
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and metallic Co (PDF #15-0806, cubic), which indicates that the
MC12 powder was completely reduced in both cases. Similar
XRD patterns were obtained in previous studies on the EPD depo-
sition of Mn1.5Co1.5O4 powder [31,33]. Therefore, treating depos-
ited MC12 powder at 1000 �C with 2 vol% H2 (not flammable
mixture) is sufficient to completely reduce the original spinel
phase.

Despite showing similar XRD patterns, EPD_R1000 and
EPD_R1120 exhibit clear differences at the morphological level
after the reducing treatment, displayed by FE-SEM cross-sections
in Fig. 3. Backscattered electrons imaging allows distinguishing
Co and MnO since brighter spots correspond to metallic Co parti-
cles while grey zones are related to the MnO phase. As noted in
Fig. 3a and c, both coatings are homogeneously deposited and
attached presenting a thickness of around 15 lm. One can con-
clude that EPD deposited coatings resulted to be very effective in
covering the complex shapes of the interconnect surface (including
both convex and concave features). EPD_R1120 coating is remark-
ably denser presenting better attachment to the steel substrate
than EPD_R1000 layers (comparison between Fig. 3d and b, respec-
4

tively). Indeed, reducing treatments at higher temperatures led to
enhanced coarsening of metallic cobalt particles, despite the rapid
treatment profile. In addition, EPD_R1120 samples also show more
pronounced oxidation as suggested by the darker contrast layer at
the steel/coating interface (Fig. 3d). Regarding chromium diffusion
into the EPD barriers, dark grey regions in EPD_R1120 (as the one
labelled as d3 in Fig. 3d) were evaluated by EDX containing high
values of Cr (around 17 at.%), together with the relevant concentra-
tion of Mn and Co, which proves substantial diffusion and reaction
of chromium with the coating element. The Mn/Co ratio in areas
labelled as d1 and d2 also in Fig. 3d show a slightly higher Co con-
tent in the outer part of the coating, where the chromium concen-
tration (>1 at.%) suggests that small Cr evaporation phenomena
possibly occurred during the treatment at 1120 �C. On the contrary,
EDX analysis on the EPD_R1000 sample marked in Fig. 3b, indicates
that the Mn/Co ratio is higher than expected in the inner region of
the coating. The composition of point labelled as b3 in the Fig. 3b,
collected on the middle of the oxide scale, points out a more
intense presence of Mn than Co. Moreover, the significant Fe con-
tent coming from the interaction of the steel substrate further
proves that the oxide scale is thinner than for the EPD_R1120 sam-
ple. Although EDX quantification at the interface is not fully consis-
tent on the identification of oxide scale thickness, the comparison
between EDX at the oxide scale of point b3 and d3, together with
morphological evidence discussed above, proves that performing
the reducing treatment at 1120 �C for only 15 min strongly affects
the reactions at the interfaces compared to a 2 h-treatment at
1000 �C.

Few studies have investigated the microstructure evolution of
Mn—Co spinel coatings after the reducing sintering step. For exam-
ple, the present authors in a previous paper [33] showed that
increasing the reduction temperature from 900 �C to 1000 �C of
Fe-doped Mn1.5Co1.5O4 spinel improves the coating densification.
Lower Co relative content in the Mn1.5Co1.5O4 spinel led to less
intense Co coarsening phenomena at 1000 �C compared to the case
of the present study (EPD_R1000 sample). In the study of Bobruk
et al. [37], sintering parameters of MnCo2O4 spinel were more dee-
ply discussed from 900 �C to 1100 �C (thermal treatments were
performed for 2 h at different steam content) showing a clear tem-
perature dependence on the cobalt coarsening. Indeed, in the pre-
sent study, Co particles agglomeration is already detected after
15 min at 1120 �C.

Fig. 4 reports X-ray diffraction patterns of EPD coatings
recorded after oxidation treatment (EPD_Ox) or re-oxidation step
(EPD_R1000 and EPD_R1120 samples), in all cases performed at
800 �C for 5 h in static air. As a benchmark, the diffraction pattern
of MC12 as-received powder is also reported (Fig. 4d). A single-
phase cubic spinel is identified (PDF #23–1237). The diffraction
pattern obtained for the EPD_Ox coating (Fig. 4a) corresponds with
the MnCo2O4 phase in agreement with the as-received MC12 pow-
der; narrower diffraction peaks indicate the presumable grain
growth promoted by oxidation. Cubic spinel is also the only crys-
talline phase detected in EPD coatings subjected to two-step sin-
tering but different relative intensity of diffraction peaks is
observed. In this regard, EPD_R1000 (Fig. 4b) shows stronger inten-
sity of peak at 30.5�, corresponding to the (220) plane. This effect
is further enhanced for the EPD_R1120 sample (Fig. 4c) where both
(220) and (440) planes become the first and second most intense,
respectively. This suggests that MC12 powder subjected to two-
step sintering forms a cubic spinel structure with preferred
(110) crystal orientation and that the degree of orientation is influ-
enced by the parameters of the reducing heat treatment. Coating
reduced at higher temperatures with faster heating/cooling ramps
presents the most significant preferential orientation. In this same
direction, Talic et al. [39] previously reported a certain preferential



Fig. 3. FE-SEM cross-section images (backscattered electrons) at different magnifications of coatings after reduction treatment, with EDX elemental analysis of regions and
points marked in the red colour of EPD_R1000 (a,b) and EPD_R1120 (c,d) samples.

Fig. 4. XRD patters of EPD_Ox coating (a), EPD_R1000 coating after reoxidation (b),
EPD_R1120 coating after reoxidation (c) and MC12 powders (d) indexed in cubic
unit cells according to MnCo2O4 phase as included in the PDF Database.
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orientation of EPD deposited MnACo spinel reduced at 1100 �C and
re-oxidised at 800 �C.

The morphology of all EPD coatings after the sintering process is
reported in Fig. 5, where overviews at low magnification (a, d, g)
are presented to appreciate the uniformity of the coatings in differ-
ent parts of the interconnect, especially in the most critical areas
with concave (b, e, h) or convex (c, f, i) features. After the re-
oxidation treatment, the EPD_R1000 coating is 15–20 lm-thick,
it is well densified and remains perfectly attached to the steel sub-
strate. As clearly observed in Fig. 5c, outer areas of the coating
appear especially densified, as well as the inner 2 lm-thick regions
of the coating close to the interface with the steel. EDX elemental
5

analysis revealed negligible Cr content and a close to nominal Mn/
Co ratio throughout the whole coating.

On the other hand, the EPD_R1120 sample (Fig. 5d–f) exhibits
clear uneven coating densification, despite being continuous and
presenting good adhesion to the steel substrate. As observed in
Fig. 5f, the EPD_R1120 coating after re-oxidation presents two dif-
ferent morphologies: the outer area, which is fully dense, and the
inner layer with lower density. This morphology has not been iden-
tified in previous works on coatings deposited by electrophoretic
deposition. More often, the EPD coatings present a thin (few
microns) densified layer at the interface with the steel while, when
the maximum temperature of the reducing treatment is 1000 �C,
some coatings keep a residual porosity distributed on the outer
part [27,30]. On the other hand, for higher temperature of the
reducing sintering step, Bobruk et al. [37] showed similar charac-
teristics of MnCo2O4 reduced at 1100 �C for 2 h and subsequently
re-oxidised at 900 �C for 2 h. Interestingly, similar results were
obtained in the case of the EPD_R1120 sample despite the much
shorter time of the reduction treatment (15 min). EDX elemental
analysis of areas marked in Fig. 5f shows that the Mn/Co ratio of
EPD_R1120 remarkably differs from the nominal value, pointing
out that porous inner layers are rich in Co while dense outer
regions are rich in Mn. Overall, the reducing treatment carried
out at 1120 �C resulted in the formation of bigger Co particles; dur-
ing the re-oxidation treatment, the formation of the spinel and its
consequent densification ended up with a different distribution of
porosity between the outer and the inner part of the coating. It can
thus be suggested that an uneven Co particles dimension and rel-
ative distribution determined a different kinetic of the reaction
mechanism with the MnO and the oxygen during the re-
oxidation treatment, thus triggering the reaction from the outer
layer and the consequent different densification of the spinel
phase.

Finally, images of EPD_Ox coating (Fig. 5g–i) proof the presence
of relevant residual porosity, due to a lower degree of densification
with thermal treatment: the coating, in this case, is thicker (25–
30 lm) and the EDX analysis shows slight Cr diffusion in the inner
part. However, the EPD_Ox coatings were fully adherent to the SUS
445 substrate with uniform distribution of Co and Mn throughout
its thickness.



Fig. 5. FE-SEM cross sections images (backscattered electrons) at different magnifications of as sintered EPD coatings after oxidation step and EDX elemental analysis of areas
marked in the red colour of EPD_R1000 (a, b, c), EPD_R1120 (d, e, f), EPD_Ox (g, h, i) coatings.

Table 2
ASR after 1.5 kh of ageing and degradation rate measured at 800 �C in static air.

Sample ASR after 1.5 kh
[mX cm2]

Deg. Rate [mX cm2/kh]

EPD_Ox 30.3 15
EPD_R1120 16.5 1.9
EPD_R1000 12.7 1.2
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3.2. Area specific resistance

Fig. 6 presents the evolution with time (during 1500 h) of the
area specific resistance associated to the 3 different EPD-coated
samples measured at 800 �C. Fig. 6 also includes values measured
for the uncoated SUS 445 and SUS 445 coated with MC12 by roll
painting for comparison. Complementary, Table 2 summarises final
resistance values and obtained degradation rates for all intercon-
nects under study.

The uncoated steel shows an ASR value much higher compared
than the coated samples. Despite an initial decrease in the resis-
tance, ASR of bare substrates never reached 100 mX cm2, which
is considered a threshold for SOC interconnect applications
[40,41]. Interestingly, the whole set of EPD deposited samples
showed better performance also when compared with the sample
coated by conventional methods (RP). The high degradation rate of
Fig. 6. Evolution of the Area Specific Resistance at 800 �C with time for the different
interconnects under study (uncoated bare SUS 445 is included for comparison).

6

EPD_Ox coating indicates a possible Cr diffusion phenomenon with
the continuous growth of the oxide scale, with higher electrical
resistance than the MnCo2O4 spinel. On the other hand, both EPD
coatings subjected to two-step sintering provided the best perfor-
mance, with low and comparable degradation rates (1.9 and
1.2 mX cm2/kh for EPD_R1120 and EPD_R1000, respectively). Con-
sidering the degradation rates measured here for the samples
labelled as EPD_R1120 and EPD_R1000, it is possible to extrapolate
extremely low ASR values for these ICs after 40 kh of operation (i.e.
�90 mX cm2 and �60 mX cm2, respectively). ASR data obtained in
the present work are in good agreement with previously reported
values collected fromMnACo spinel coated stainless steel coupons,
obtained by EPD. For example, in the work of Talic et al. [30]
undoped, FeA and Cu-doped MnCo2O4 EPD coatings revealed a
degradation rate in the same range as the present work
(1.35 mX cm2/kh at 800 �C). Moreover, a Mn1.5Co1.5O4 spinel coat-
ing deposited by EPD and tested at 800 �C for 5000 h showed a
degradation rate of 1.2 mX cm2/kh in the study by Molin et al.
[25]. However, it is worth noting that small and flat Crofer22APU
coupons were used as steel substrate in the previously mentioned
works: this special kind of stainless steel is produced by conven-
tional metallurgy methods, involving expensive vacuum remelting
to reduce the amount of impurities followed by hot or cold form-
ing. We report here for the first time ASR values for SUS 445 pro-
duced by near-net shape powder metallurgy with a complex
shape. Compared to Crofer22APU, SUS 445 alloy contains a higher
degree of impurities and slightly lower Cr content, which both con-
tribute to lower production costs; the differences in alloy composi-
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tion should be taken into consideration in the evaluation of test
results.

3.3. Post-mortem characterization

Post-mortem characterization of the samples using backscat-
tered electrons imaging is presented in Fig. 7 (together with EDX
elemental analysis of marked regions). First, EPD_R1000 coating
looks continuous and well attached to the steel substrate. As
shown in Fig. 7a, the coating was effective in minimizing surface
defects on the interconnect; no cracks are visible, even if pores
seem to be more concentrated in the inner part of the coating.
EDX analysis reveals that Mn/Co ratio is completely balanced in
both the inner and outer parts, while Cr content is found to be
almost negligible (<1 at.%). On the other hand, EPD_R1120 coatings
maintain the morphology previously observed, i.e. composed by
two different layers where the outer part is densified while the
inner part is porous (Fig. 7c). Comparing the cross section with
the one of the as-prepared sample, the separation between the
two zones is here more severe due to pores coalescence during
the 1.5 kh ageing at 800 �C, but without spallation. Moreover, ver-
tical cracks are clearly observed, especially in the convex edges of
the steel interconnect, as reported in the Fig. 7c. Crack formation is
a sign of the presence of thermo-mechanical stresses in the coating
that may lead to mechanical failure during the cooling down or the
thermal cycling. Obtaining a highly dense coating is considered the
most efficient way to block Cr diffusion from the steel intercon-
nect. However, the formation of the described double-layer mor-
phology might arise detrimental consequences due to the
inhomogeneous microstructure of the coating. The Mn/Co ratio in
the outer and inner parts of the coatings shows perfectly balanced
Fig. 7. FE-SEM cross sections images (backscattered electrons) at different magnification
marked in red colour: EPD_R1000 (a, b), EPD_R1120 (c, d), EPD_Ox (e, f).
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elements distribution, which proves that the continuous oxidation
during the ASR test at 800 �C promoted Mn and Co interdiffusion,
restoring initial MC12 stoichiometry, despite notable inhomogene-
ity found in as-prepared samples (Fig. 5f). To summarise, after the
ASR test (1500 h at 800 �C) the uneven densification of the coatings
subjected to the two-step sintering is confirmed, with further den-
sification occurred during ageing. This effect is more visible for
EPD_R1120 than for EPD_R1000 samples.

Finally, images of the EPD_Ox sample in Fig. 7e and f describe a
similar morphology compared to the as-prepared samples. The
coating still appears highly porous, but with a well densified layer
at the interface with the steel substrate (around 5 lm-thick). Mn
and Co are present in stoichiometric amounts; moreover, Cr con-
centration is >1 at.% in the coating, reaching almost 2 at.% in the
inner part. Indeed, MnACo spinel coating subjected to one-step
sintering in air does not reach a satisfactory densification level
and is, therefore, unable to block Cr diffusion and evaporation from
the steel.

According to morphological results collected so far on the aged
samples, there is no evidence of possible different oxidation mech-
anism occurring between the flat surfaces or edges of the coated
interconnects. It is also important to discuss that in the EPD coated
interconnects, the major stress concentration has been proved to
be at the concave zones; therefore, the design of the curvature
radius plays a key role, especially in those areas [26]. In the case
of SUS 445 interconnects of the present study, the radius of the
concave areas is large enough to avoid the mentioned issue in all
three groups of samples, this in addition to the high degree of con-
formity offered by EPD. Only the sample EPD_R1120 exhibits
cracks in coating at the convex edges, which indicates that chosen
sintering parameters caused excessive stress accumulation, espe-
s of EPD coatings after 1500 h ASR test at 800 �C and EDX elemental analysis of areas
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cially due to the development of the double-layer morphology of
the MC12 coating. On the other hand, it is relevant to note that
the same type of cracks was not observed for the EPD_R1000 and
EPD_Ox samples. Considering all the mentioned aspects, the
results reported in the present study represent the first step
towards the integration of sustainable processing approaches like
powder metallurgy and electrophoretic deposition in the field of
SOC metallic interconnects together with the importance of inte-
grating an effective coating deposition method with the IC pro-
duced via PM.

Fig. 8 shows images at higher magnification of the steel/coating
interface of the three variants of EPD coatings after the ASR test;
EDX quantitative analysis of marked points is reported in Table 3.
While comparing the figures, it is possible to observe different
morphologies of the interfaces. In the case of EPD_R1000 samples
in Fig. 8a, a thin (<1 lm) chromia scale is formed. Moreover, it is
evident that Si-rich nodules developed in the sub-scale area (point
a2). A low concentration of Si is also detected in the chromia (point
a1). Silicon is present in the stainless steel in low concentrations
(<0.5 %) as alloy impurity and can apparently accumulate at the
steel interface during long term ageing at high temperature. The
presence of this sub-scale oxide could strongly affect the electrical
conductivity of the system, but interestingly, EPD_R1000 samples
provided the best results in terms of ASR.

The sample labelled EPD_R1120 (Fig. 8b) shows a continuous
coating/steel interface, despite the high porosity of the coating in
the inner area. However, a chromia layer (point b2) with a thick-
ness between 1.5 and 2.0 lm is formed during ageing and a Si-
rich layer is detected (also by EDX in point b3) in the sub-scale
area. Chromium is slightly diffused into the coating forming a reac-
tion layer pointed out in EDX point b1; the thickness of the reac-
tion layer is difficult to assess, as the Cr concentration in the
coating layer goes rapidly down to an undetectable level, as
already shown in Fig. 7d.

It is interesting to discuss the unexpected morphology of the
EPD_Ox sample interface shown in Fig. 8c: the interface between
the coating and the steel substrate is composed of a first scale layer
composed of Si, Cr and Fe (point c2), followed by a second layer
formed by diffusion of both Cr and Fe in the CoAMn spinel coating
(point c1). The reaction layer in this case results in 3–4 lm thick
and fully dense; its formation justifies the highest ASR value as
well as degradation rate compared to other EPD coated samples.

The presence of silica at the oxide scale between the steel and
the coating determines the development of a weak interface, with
possible crack formation and delamination phenomena. Similar
behaviour was observed for EPD-coated, Si containing AISI 441
alloy when tested at 750 �C for 3200 h for ASR monitoring [34].
Compared to AISI 441, SUS 445 does not contain Nb, a Laves phase
forming element in charge of reducing silica formation [42,43];
this could clarify the evident silicon-rich oxides accumulation at
the steel surface after oxidation, as seen for the three sets of sam-
ples here described, even if with different features. Moreover, SUS
445 does not contain any alloying elements which could improve
Fig. 8. FE-SEM cross sections images (backscattered electrons) of steel substrate/EPD c
elemental analysis of points marked in the yellow colour is reported in Table 3.
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the adhesion of the oxide scale. Indeed, rare earth elements (like
La, Y, Ce) can be included as alloying elements in a small amount
(0.1–0.2 %) as they have been demonstrated to improve the adhe-
sion of the oxide scale and to decrease the oxidation rate [44]; this
is a common feature of special alloys developed for interconnects,
such as Crofer22APU. Therefore, it is suggested that a fine adjust-
ment on SUS 445 alloy composition could lead to a significant
improvement in the long-term performance of EPD coated
interconnects.

To summarize, the morphological results just discussed prove
that the choice of the coating sintering routes remarkably affects
the electrical behaviour of coated interconnects here investigated.
The activation of different interactions between the coating and
the steel substrate over ageing is mostly appreciable when coatings
subjected to one-step or two-step sintering are compared; how-
ever, for coatings exposed to two-step sintering, substantial varia-
tion of oxidation phenomena appears when the parameters of the
first heat treatment in reducing atmosphere are modified.

4. Conclusions

The present work assesses the use of SOC interconnects pro-
duced by powder metallurgy with cost-effective SUS 445 ferritic
stainless steel and coated by EPD technique with MnCo2O4 spinel.
The results indicate that the EPD deposition method is effective for
coating complex surfaces and that the parameters of the reducing
treatment have significant influences on the final microstructures
of the studied coating and their measured electrical properties.
The optimal sintering treatment is based on a reduction step at
1000 �C followed by a re-oxidation at 800 �C in air. The best per-
forming IC presents a very low specific resistance of 12.7 mX
cm2 after 1500 h at 800 �C, with degradation rate below 1.2 mX
cm2/kh. The current study presents new insights into the increas-
ing use of EPD as a reliable and scalable coating solution to reduce
degradation phenomena in SOCs. Furthermore, it lays the ground-
work for possible integration and synergy between the powder
metallurgy approach and the electrophoretic deposition, which,
combined, represent a cheap and scalable solution for complex-
shaped interconnects for high-temperature solid oxide cell appli-
cations. The effective combination between PM and EPD could lead
to a decrease in processing times that can be translated into a
reduction of costs of SOC stack, which is a key achievement for
the full commercialization of this technology.
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