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H I G H L I G H T S  

� 3 SOFC 6-cell stacks are run for 10 000 h each and post-test characterized. 
� AISI441/K41 can operate as interconnect on long periods. 
� Commercial SRUs containing WPS coated interconnect are reliable on the long period. 
� SRUs containing PVD coated interconnect gave the lowest voltage degradation values.  
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A B S T R A C T   

The progress in the diffusion of solid oxide fuel cell (SOFC) as commercial devices is not paired by literature 
production. Articles describing the behaviour of SOFC stacks are rare because of confidentiality reasons for 
commercial suppliers while research centres prefer to focus on single components or low technology readiness 
level research. 

This article aim to fill this gap presenting the analysis of three short stacks run in operative conditions for 10 
000 h each. The stacks are characterized through voltage vs time curves, electron microscopy, and electro-
chemical impedance spectroscopy. Focus is given on the interconnect; notably on the different types of coatings, 
varying for composition (MnCo2O4, MnCo1.8Fe0.2O4) and deposition technique (atmospheric plasma spray-APS, 
physical vapour deposition-PVD, wet powder spraying-WPS). Nitriding of the steel substrate as a solution to 
improve the chromium retention properties is tested as well. 
Results: indicate that coating deposition technique is the most important parameter, with single repeat unit (SRU) 
containing PVD coating showing the lowest voltage degradation rate. Commercial ferritic stainless steel K41 
confirmed to be a reliable choice if coupled with a coating. Moreover, SRU containing WPS coating demonstrated 
to be more reliable than expected from standard area specific resistance 4-probe test.   

1. Introduction 

A solid oxide fuel cell (SOFC) stack in a stationary application is 
expected to operate for at least 40 000 h in order to match the specifi-
cations for conventional heating, combined heat and power, and power 
generation equipment [1–3]. This requires a set of materials able to 
withstand high temperature (600–900 �C) and a demanding environ-
ment with high temperatures and partially high humidity for several 

tens of thousands of hours [4–7]. 
Assessing the materials properties over such a span of time brings a 

substantial investment in equipment and working hours. Due to this 
high effort, is it a preferred practice to test single components (cells 
[8–11], interconnects, sealing [12–14], etc.) separately on a smaller 
scale and for shorter periods. Accelerated testing methods, that would 
solve this problem, have been much discussed but not successfully 
implemented yet [15–17]. The representativeness of single component 
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testing for evaluating real applications is however partial, since the 
multiple interactions between the single components are ignored in such 
assessment. Only long-term SOFC stack testing can deliver real insight 
into the lifetime and robustness of the technology. 

The interconnect component in SOFC stacks is especially critical 
[18]. Its material has to be electrically highly conductive, gastight, 
mechanically stable at high temperatures, stable in oxidising and 
reducing atmospheres, including high humidity, as well as in dual at-
mospheres (one side reducing, the other oxidising). At the same time it 
has to be cheap and easy to shape. Today, ferritic stainless steels are the 
most employed interconnect material. They supply most of the afore-
mentioned properties, although releasing volatile chromium species 
when presented with humid air [19]. This chromium hydroxide will 
interact with cathode materials of SOFC to form spinels [20–22] or de-
posit as chromium oxide, in both cases reducing the activity of the 
cathode [23–25]. 

In order to prevent this from happening, or at least reduce the effect, 
protective coatings are applied to SOFC interconnects [26–28]. The EU 
project SCORED 2:0 (contract no. 325331, ‘Steel Coatings for Reducing 
Degradation in SOFC’, 2014 to 2017) compared different ways of 
applying coatings on different steel qualities. Wet Powder Spraying 
(WPS), Inkjet Printing, Atmospheric Plasma Spraying (APS), Atomic 
Layer Deposition (ALD), Surface Modification, and Physical Vapour 
Deposition (PVD) were the methods assessed on Sandvik HT, CroFer 
22H, and AISI 441/K41 steels. The comparative study of SOFC inter-
connect materials and coatings has been previously published [29]. 
These results were obtained with a modified 4-probe testing method, 
which used 1 cm2 contact area samples [30,31]. The results were 
organised by ranking the area specific resistance (ASR) and the chro-
mium retention property of each tested sample. The conclusions indi-
cated that dense coatings, such as those deposited via atmospheric 
plasma spraying and physical vapour deposition, offer the best per-
forming solutions. In addition, the study suggested that, in presence of a 
coating, stainless steel Crofer 22H [32] did not outperform the cheaper 
commercial grade AISI441/K41 [33], at least not under the conditions 
and the span of time tested. 

However, the modified 4-probe testing method does not exactly 
represent the materials setting inside an SOFC stack. The contact surface 
is restricted to 1 cm2, the gases do not freely flow between the samples, 
the samples are not in contact with a complete cell, and the testing 
period is short compared to the desired SOFC device lifetime (1000 h vs. 
40 000 h). 

The results obtained with the small samples therefore needed to be 
validated in an SOFC stack. The best combinations resulting from the 
small samples, together with a standard commercial solution (K41 steel 
substrate coated through wet powder spray), were transferred onto 
commercially fabricated interconnects and tested in three 6-cell short- 
stacks for 10 000 h. 

Among the initial conclusions drawn in the preceding study [29], the 
present article aims to assess whether: 

� there is a correspondence in the ASR and Cr retention results be-
tween those small samples and the industrial size metal in-
terconnects tested in a real stack environment;  
� steel nitriding helps to reduce Cr evaporation also in real stack 

operating conditions;  
� K41 steel is a reliable alternative to higher Cr containing alloys, such 

as Crofer 22H. 

This article presents the results obtained from the tested short-stacks. 
i-V curves, impedance spectroscopy and SEM/EDS cross sections were 
used in the characterisation. 

The literature on post-test or post-operational analysis of SOFC 
stacks is scarce, partly because SOFC suppliers refrain from disclosing 
information related to interconnect geometry. As a result, the few 
published studies on metal interconnects (MICs) operated in stacks 

mainly come from research centres. For example, Forschungszentrum 
Jülich has published results from post-test characterisation of stacks 
tested up to 35 000 h and containing atmospheric plasma spray (APS) 
(densly) coated Crofer 22H interconnects or wet powder spray (WPS) 
(porous) coated Crofer 22 APU [34–38]. Their analyses confirmed the 
good adhesion of the coatings to the steel substrates and the presence of 
a mild degradation process in case of dense APS coating, while the WPS 
coating presented poorer performances. A dense coating would gener-
ally be expected to improve chromium retention properties. 

A few other sources are found in literature [39], but most of the 
solutions tested on small samples remain unexplored or not reported for 
long-term operation or under SOFC stack conditions. In addition, the 
excellent corrosion resistance at high temperature of Crofer 22 APU or H 
is counterbalanced by the high cost of these steel grades; one of the aims 
of this paper is to gather more information about the long-term reli-
ability of the cheaper commercial grade steel AISI441/K41 [40–42]. 

In this study, 6 combinations of AISI441/K41 interconnects with 
different types of coating composition, deposition methods, and surface 
treatment (nitriding [29]) were compared with a manganese cobalt 
oxide (MCO), wet powder spray (WPS) treated reference. 

2. Materials and experiments 

Three stacks containing 6 single repeating units (SRUs) were each 
tested for about 10 000 h, each SRU containing one cell and one metal 
interconnect. The cell (supplied by SOLIDpower S.p.a.) was identical for 
all the stacks, it is an anode supported cell with standard Ni-YSZ anode, 
on which an electrolyte (YSZ), a barrier layer (GDC), LSCF:GDC com-
posite cathode, LSCF, and current collector layer are deposited and 
sintered. The cells are produced by anode and electrolyte co-casting and 
co-sintering followed by screen-printing of the cathode layers. The cell 
layers’ thicknesses are 240 μm for the anode support, 10 μm for the thin 
electrolyte, 6–8 μm for the barrier layer, and 60 μm for the bilayer 
cathode, respectively. Whereas the coated metallic interconnects (MICs) 
varied in pairs, as described in Table 1. 

The MCO base coating composition was a spinel of manganese and 
cobalt with the stoichiometric formula MnCo2O4. The Fe-doped formula 
MnCo1.8Fe0.2O4 (MFC) was also tested. Three coating deposition tech-
niques were applied: atmospheric plasma spraying (APS) by Turbo-
coating S.p.a., physical vapour deposition (PVD) by Teer Coatings Ltd, 
and wet powder spraying (WPS) by SOLIDpower S.p.a. The choice of 
these coatings derived from the results obtained on small coupons [29]. 
The same article provides details on the coating processes. The main 
parameters of these coatings are repeated here: for WPS ones the coating 
as deposited is open porous and 10–30 μms thick; APS and PVD coatings 
are dense with thicknesses of ca. 50–60 μms and 10–30 μms respectively. 
MCF was the coating with the lowest average contact resistance (5–10 
mOhm*cm2); APS and PVD were chosen because of the Cr retention and 
electrical contact properties, and finally a nitrided steel substrate was 
added to the comparison to validate its chromium-blocking properties. 
WPS is the technique with lowest manufacturing cost among those 

Table 1 
MIC coating compositions, coating deposition techniques and application of a 
nitriding pre-process. MCO ¼ MnCo2O4; MCF ¼ MnCo1.8Fe0.2O4; APS ¼ Atmo-
spheric Plasma Spraying; WPS ¼ Wet Powder Spraying.   

Steel substrate Nitriding Coating Deposition tech. 

STACK A K41 NO MCF WPS 
STACK A K41 YES MCO WPS 
STACK A K41 NO MCO WPS 
STACK B K41 NO MCF APS 
STACK B K41 YES MCO APS 
STACK B K41 NO MCO WPS 
STACK C K41 NO MCF PVD 
STACK C K41 NO MCO PVD 
STACK C K41 NO MCO WPS  
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presented here. 
SOLIDpower S.p.a. assembled all the stacks and the MICs according 

to their standard stack geometry. 
Each SRU type was applied twice in order to obtain statistically more 

meaningful results. The bottom and top SRUs in all stacks were those 
treated with WPS MCO, to be used as a baseline (3rd line for each stack 
A, B, C in Table 1). 

The short stacks were tested in three different research sites (EPFL, 
ENEA, SOLIDpower S.p.a) under the same operating conditions: air on 
the cathode side, N2/H2 (40/60 %vol.) on the anode side, average 
temperature of 750 �C, and a current density of 0.41 Acm� 2. After 
completion of the tests, each stack was cooled under forming gas (5% H2 
in N2), and removed from the test bench while maintaining stack 
compression. Subsequently, epoxy resin (Struers Epofix kit) was used to 
embed the entire short stack. Vacuum was applied to help the resin 
penetrating the pores of the porous ceramics. 

After the resin solidification, the stack was cut into smaller pieces of 
about 5*5*5 cm3 and then polished with SiC papers following a grit size 
sequence of: 320, 600, 1200, 2500, 4000 and finished with diamond 
paste of 6, 3 and 1 μm on felt discs. The polished surfaces were finally 
carbon coated to avoid charge accumulation during SEM observations. 

The cross sections for stacks A and B were taken in the middle of the 
stack, while stack C underwent a more detailed microstructural analysis 
with cuts at the inlet and the outlet. In all cases, the cuts were done 
perpendicular to the flow directions. 

The cross sections were observed with an FEI TENEO SEM coupled 
with a Bruker EDX detector. The typical SEM acceleration voltage was 
between 15 and 30 kV. Subsequently, The obtained images were treated 
with a semiautomatic routine. Imaging software Adobe Photoshop and 
Fiji were used to segment oxide layer. A Matlab routine calculated the 
average thickness out of six different region of interests. 

3. Results 

Voltage degradation of each stack is presented in Fig. 1. The stacks 
have been labelled A, B, and C as in Table 1. 

The voltage evolution over time for stack A presents multiple in-
terruptions, due to unwanted power cuts. Since the degradation value of 
each SRU is extrapolated from the V(t) curve, the degradation values for 
Stack A are not considered in the discussion. However, this stack is still 
analysed by SEM/EDS to assess the chromium retention properties 
related to the steel nitriding process. These observations are still rele-
vant since chromium diffusion from the steel substrate is assumed to be 
purely temperature-controlled [43], with no influence of conditions of 
electrochemical operation. 

Stack B and C underwent controlled shutdowns, with the peaks in the 
graphs resulting from i-V measurements taken at regular time intervals. 
In a few cases the short stack C was set in stand-by at OCV for laboratory 
maintenance reasons. 

The SRUs containing the same type of metal interconnect and coating 
are represented with the same colour. 

Table 2 reports the degradation rate for each SRU of stacks B and C. 
The SRUs are listed according to their position in the short stack (1–6), 
with the first and last lines being the bottom and top SRUs in the test 
furnace, respectively. Even if SRUs are labelled according to the type of 
the deposited coating (e.g. WPS MCO), the losses also include the 
contribution of the cell. This nomenclature will be retained hereafter. 

The degradation rate of the SRUs (Table 2) is calculated taking the 
value at 1000 h as starting reference and the last recorded point as final 
one. The first 1000 h are not considered, in order to exclude the influ-
ence of transient phenomena taking place in the cell and in the inter-
connect at the beginning of stack operation. 

Less than 0.5%kh� 1 of voltage degradation is the target value for a 
stack lifetime of 40 000 h, and below 0.25%kh� 1 for continuous oper-
ation over 10 years. In this sense, all tested SRUs in stacks C fulfil the 
requirements. The SRUs with WPS coatings show similar average 

degradation rates in the short stack B, while in short stack C, the values 
differ significantly. The WPS MCO #2 in STACK C and APS MCF #1 in 
Fig. 1 appear to differ from the others in behaviour. It is worth noting 
that WPS MCO #2 voltage curves suffer relevant drops at around 7200, 
8000 and 9200 h, and the overall degradation value hides this behav-
iour. The low number of samples might have an impact on the results 
shown in Fig. 1 and Table 2. Nevertheless, some indicative results can be 
drawn from the tests. 

The WPS MCO SRUs (baseline case) show the highest average 
degradation rates. On average, these are followed by APS SRUs, with 
PVD layer containing SRUs generally showing the lowest degradation 
rates. This ranking agrees with the results obtained from small samples 
[29], though the degradation of APS MCF #1 was unexpectedly high. On 
the other hand, the degradation rates of SRUs containing nitrided steel 
substrates (APC MCO) were lower than expected from the area specific 
resistance (ASR) tests on small samples. 

Moreover, the comparison of the SRUs degradation rates shows a 
bigger gap between APS and PVD coated MICs than expected from small 
sample results [29]. APS and PVD technologies were expected to pro-
duce MICs with a rather similar degradation rate. 

Looking at the absolute voltage values after 10 000 h of operation 
instead (Fig. 1), the difference between the PVD and the APS containing 
SRUs were less relevant. The best voltage values are obtained for the 
SRUs with PVD applied coatings MCO#1 and MCF#2 at 0.775 V, with 
good coincidence of both level voltages and a very low degradation rate. 
For SRUs with APS protective layers the best performance is N þMCO#1 
with 0.75 V and finally 0.72 V were the highest value at 10 000 h for the 
WPS MCO group. The Fe doping in the PVD coatings did not lead to a 
noticeable improvement. 

Steel nitriding in the case of APS containing SRUs seems to help 
stabilizing the degradation process. 

The V(t) curves are a way of monitoring the global SRU performance. 
It is of equal interest to discriminate the cell and interconnect contri-
butions to the total ohmic losses. 

Therefore, the three stacks are embedded in epoxy resin, cross-cut 
and the cross-section surfaces analysed by SEM/EDS. The microscopy 
and chemical analyses supplied information about the status of the cell 
and of the interaction between the interconnects and the other SRU 
components. Stack A and B will be discussed together in the following, 
while stack C will be treated separately. 

3.1. SEM/EDS observations 

Fig. 2 provides SEM/EDS observations for WPS-deposited MCO on 
regular and nitrided K41 substrates, as well as for APS-deposited MCF on 
standard K41 substrate. These repeat elements stem from stacks A and B. 
The EDS element maps are reported for chromium, cobalt, iron and 
manganese. 

The APS coatings maintained the as deposited composition: the EDS 
analysis found no iron in the MCO and no excess of iron in the MCF. The 
steel corrosion below the coating consists of Cr2O3 and likely 
(CrMn)3O4. The latter spinel presence cannot be fully confirmed due to 
the overlap with the signal coming from Mn contained in the coating. 
Discontinuous layer of SiO2 is present at the chromia/steel interface. The 
diffusion barrier action is effective, no chromium is detected in any of 
the APS SRUs cathode contacting material and, at the same time, no 
third elements are detected in the coatings. The oxide scale grown on 
nitrided substrates has a homogenous morphology, whereas on non- 
nitrided substrate the scale profile is more irregular. The thick and 
dense APS spinel coatings hinder the oxygen migration towards the 
stainless steel [28], therefore the oxide layer is thin: an average 4.6 μm 
for non-nitrided versus 2.7 μm for nitrided ones. As observed also in 
small ASR tested samples [29], the presence of such a thick and dense 
coating (APS) masks the effect of the nitriding process on the Cr reten-
tion property. 

In contrast, the behaviour of WPS porous coatings on standard 
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Fig. 1. Voltage over time of 6-cell SOFC short stacks tested at different sites. Multiple interruptions damaged the cells in stack A. Stack B was tested by an industrial 
partner, Stack C was tested at EPFL. The testing protocol was the same for all stacks. 
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stainless steel is the sum of several interactions. Strontium, iron, and 
chromium ions diffused across the metal/coating/perovskite interfaces. 
The WPS SRUs containing iron-doped coating (MCF) have a corrosion 
behaviour coherent with the SRUs containing MICs coated with pure 
manganese cobalt spinel, both in terms of scale thickness and 
morphology. For the nitrided interconnects coated with porous WPS 
MCO instead, the reactivity at the MIC/coating/perovskite interface is 
reduced. The average oxide layer thickness can be considered as a 
parameter indicative of the corrosion kinetics: 11 μm for the standard 
MICs with WPS MCO, 7 μm on nitrided MIC with WPS MCO. The stan-
dard deviation in the value of the scale thickness for the nitrided sub-
strates is smaller than for the regular substrate (1.05 μm vs 5.3 μm). The 
inward corrosion front in the nitrided MICs was homogeneous all along 
the interface despite the presence of outward iron oxidation. In non- 
nitrided steel substrates instead, there are isolated spots with aggra-
vated corrosion, these regions present pits entering the steel substrate. 
The presence of an external iron oxidation has some similarities with the 
iron breakaway corrosion phenomenon [44]. The Fe distribution 

suggests a failure of the passivation layer during the first stages of 
corrosion, so that iron oxidation in nitrided MICs affected the whole 
interconnect/coating/perovskite interface until the chromia passivation 
layer was established. In turn, this observed Fe oxidation suggests that 
nitrogen acts as a scavenger element for chromium in the first phase of 
the corrosion process [45]. 

In the surface-nitrided steel substrates, no chromium is found in the 
contacting perovskite. The nitrogen activity towards chromium there-
fore improves the chromium barrier properties of the WPS deposited 
coating and the stabilisation of the corrosion process. 

Referring to the performances in STACK B, the SRUs containing 
surface-nitrided MICs have lower degradation rates in the long-term. 
STACK A gives an opposite indication, but as explained before, these 
stack data are less reliable. 

Two cross-sections were extracted from stack C and analysed by 
SEM/EDS. To better assess the degradation, one sample was cut at the 
inlet and a second one at the outlet of the stack (Fig. 3). 

The tests previously performed on small ASR samples indicated that 

Table 2 
Degradation rates for stacks B and C. Degradation rates is calculated between 1000 and 10 000 h of operation. Stack planes are listed from bottom to top.  

STACK B (‘APS’ vs baseline) STACK C (‘PVD’ vs baseline) 

MIC Degrad. (%kh� 1) Degrad. (μV/h) MIC Degrad.(%kh� 1) Degrad. (μV/h) 

WPS MCO #1 0.72 23.14 WPS MCO #1 0.38 12.49 
APS MCF #1 1.14 37.5 PVD MCO #1 0.40 13.37 
APS N þ MCO #1 0.34 11.67 PVD MCF #1 0.042 1.45 
APS MCF #2 0.64 22.05 PVD MCO #2 0.059 2.03 
APS N þ MCO #2 0.45 15.31 PVD MCF #2 0.15 5.08 
WPS MCO #2 0.67 22.10 WPS MCO #2 1.35 46.85  

Fig. 2. Comparison of MICs tested for 10 000 h in 6-cell short stack B (Table 2) via MIC/cathode interface cross sections. Starting from the top: MCO deposited via 
APS on nitrided steel substrate (cell 3 or 5); MCF deposited with APS on standard stainless steel (cell 2 or 4); MCO deposited via WPS on standard steel substrate (cell 
1 or 6); WPS-deposited MCO on nitrided substrate (from stack A). (magnification ¼ 1500x). 
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Fig. 3. Comparison of MIC/perovskite interface for all 6 SRUs in stack C at inlet (left column) and outlet (right column). Magnification 250x  
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PVD-deposited coatings limit the oxidation layer thickness and succeed 
in stopping chromium migration towards the cathode materials [29]. 
However, the observations on the stack cross-sections indicate that for 
PVD-coated MICs tested in a real stack environment, this desired 
behaviour is present only in a limited portion of the whole MIC/per-
ovskite interface. In other words, looking at this interface in PVD coated 
MICs, most of the interface will present SrCrO4 or aggravated corrosion 
(represented by the thick light grey oxidation products). 

A different MIC corrosion behaviour is observed between inlet and 
outlet cross sections. When the interconnects are PVD coated, the 
aggravated corrosion takes place preferentially at the outlet and SrCrO4 
passivation at the inlet; whereas with WPS coated MICs, the behaviour is 
inverted. Similarly to Cr2O3, SrCrO4 passivates the surface because it is 
thermodynamically stable and decreases the oxidation reaction rate at 
the steel surface. For the SRUs containing a porous coating (WPS), the 
transport of strontium vapours at the outlet can explain the different 
behaviours. Strontium diffuses via the gas phase and the accumulation 
of chromium vapours could lead to preferred formation of SrCrO4 rather 
than other corrosion products. 

In Fig. 3 the aggravated corrosion regions are thicker, light-grey and 
the coating is densified. A good example is WPS MCO #2 at the inlet, 
where above the steel substrate (lightest grey) there is a dense oxide 
layer of ca. 50 μm. On the other hand, WPS MCO #2 at the outlet is the 
reference case for strontium chromate formation. The regions with 
strontium chromate are darker, penetrate into the steel substrate and the 
coating in presence of SrCrO4 is still porous. 

Overall, with WPS coated interconnects, aggravated corrosion 
similar to iron-breakaway [46] is the most observed degradation pro-
cess. When this phenomenon takes place, oxygen migrates inwards into 
the steel substrate, leading to the formation of a hemispheric oxide layer. 
The EDS analyses of these regions reveal different spinel oxides con-
taining Mn, Co, Fe and Cr. Symmetrically, iron ions migrate from the 
steel substrate to the coating. 

The amount of iron diffused into the coating is not constant, it varies 
between 20 and 35 at.%. As a result, it is not possible to determine the 
stoichiometry of the new spinel phases. However, the infiltration of iron 
is positive in terms of electrical conduction; comparison of the electrical 
properties of MCF and MCO coated samples demonstrated that the 
former are performing better [47]. 

SrCrO4 presence is especially obvious in WPS MCO #2 at the outlet 
side. 

Besides SrCrO4 and outward growth of iron oxides, another unde-
sired reaction product in WPS MCO #2 is a 5 μm thick phase at the 
MCO/perovskite contact area. The EDS chemical analysis of this zone 
detected Mn (24 at.%), Sr (21 at.%), Co (4 at.%) and oxygen (51 at.%). It 
is mostly encountered at the inlet of WPS MCO #1. This stoichiometry, 
also considering the measurement error, does not clearly point to a 
compound, as the oxygen is not sufficient for SrMnO3 and other com-
pounds such as SrMnO2.5 are unlikely. Above this layer, an accumulation 
of strontium is found as well. The segregation of strontium from pe-
rovskites is a known phenomenon in the SOFC field [48–50]. The 
presence of a strontium containing oxide is problematic for the stack 

lifetime because of the low electrical conductivity of some of these 
compounds [51]. Beside this, a mismatch of coefficient of thermal 
expansion between SrCrO4 [20] and the cathode materials exists and it 
can explain the sharp decreases in the voltage values of WPS MCO #2, 
coincident with an unwanted temperature decrease in the stack. 

Regarding the PVD coated interconnects, the dense coating is ex-
pected to stop element diffusion, the same way as for the APS coatings in 
stack B. However, strontium chromate was regularly found below the 
original PVD coating. In addition, the coating itself presented porosity 
coalescence. A detailed analysis at high magnification revealed a 
strontium diffusion path through the PVD coatings, independent of their 
composition, as displayed in Fig. 4 with PVD MCO #2. 

Aggravated corrosion is present in the PVD coated SRUs. This is 
particularly visible in the PVD MCO #2 outlet cross section (Fig. 3). This 
interface is interesting because it alternates Fe oxidation areas (wide, 
smooth, light grey and protruded towards the perovskite) with SrCrO4 
ones (narrow, dark grey border, expanding towards the steel substrate). 

Close to the regions where the oxides of chromium and strontium are 
formed in the PVD coated interconnect, there is also a third region where 
the oxide is the expected SiO2/Cr2O3 only; i.e. the scale composition 
typically described for the oxidation of this type of ferritic stainless steel. 
These oxide regions are also thinner than those where the aggravated 
corrosion takes place; electrical current will therefore choose those 
preferred pathways. 

Referring to the whole Stack C, all six coatings failed in entirely 
blocking chromium contamination of the perovskite material. This was 
expected for the WPS coatings but not for PVD. Fig. 4 shows also the 
migration of chromium from the steel substrate. 

3.2. Electrochemical impedance spectroscopy 

Fig. 5 presents electrochemical impedance data taken for stack B at 
different operating times (hours 0, 1000 and 10 000). It confirms that 
the SRUs containing protective coating APS MCF #1 suffered aggravated 
degradation similar to WPS MCO #1. 

Fig. 6 displays in a more readable representation the ohmic and 
polarisation losses for the SRUs in stack B. The ohmic resistance values 
at the beginning of the test were markedly different among the six SRUs, 
with up to 0.15 (Ohm cm2) of difference between APS MCF #2 and WPS 
MCO #1. 

After 1000 h of operation, the increase in ohmic losses for all SRUs 
was modest, generally less than 0.02 Ohm cm2. Between 1000 and 1 
0000 h instead there was a significant increase in the ohmic resistance 
values, with the maximum increase of 0.24 Ohmcm2 for APS MCF #1. 
For this SRU and WPS MCO #1, the ohmic losses accounted for more 
than 60% of the total resistance. 

Excluding APS MCF #1, all APS containing SRUs had a starting value 
of ohmic resistance around 0.36 Ohm cm2. The WPS #2 starts with 0.41 
Ohm cm2 and the WPS #1 with 0.51 Ohm cm2. This difference at the 
starting point of operation is likely partly related to the temperature 
distribution: WPS #1 was closer to the bottom of the stack and therefore 
colder. Thermal losses influence the performances of the 6th repeat unit 

Fig. 4. Quantitative element map of the perovskite/MIC interface for PVD MCO #2, Stack C. Element concentration in at.%.  
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as well, this being partially counterbalanced by the temperature distri-
bution profile, with the temperature higher at the top. 

The changes in polarisation losses are similar among the different 
SRUs, with an increase between 50 and 90 mOhm cm2. From this data 
the coatings show no significant influence on the polarisation losses. 

The comparison with MICs made of Crofer 22 APU or H steels is 
unfortunately not possible, as few post-test observations from stacks 

have been disclosed in literature and the testing conditions are different 
from those of the stacks presented here [34,35]. 

The SEM/EDS observations of the APS SRU cross sections did not 
reveal significant morphological or chemical differences between APS 
MCF#1 and #2. Also, the cell in the APS MCF#1 does not present any 
clear defect or contamination It is therefore not possible to determine 
the cause for the higher degradation value. The presence of a defective 

Fig. 5. Electrochemical impedance spectra for Stack B (temperature 750 �C, gas flows air 27 mL/cm2 fuel 5.5 mL/cm2, current bias 0.125 A/cm2, amplitude of 
perturbation 50 mV, and frequency range 20 kHz to 10 mHz. 

Fig. 6. Representation of the ohmic and polarisation losses for the six SRUs of stack B at 0, 1000 and 10 000 h. Blue lines indicate ohmic type losses. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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region in a non-observed portion of the stack could be a possibility. 
Considering stack C, impedance spectra for the six SRUs were taken 

at 10 000 h of operation. The Nyquist plot in Fig. 7a displays an 
anomalous ohmic resistance of the WPS MCO #2 SRU, confirming the 
high degradation rate shown in Table 2. The EIS measurement condi-
tions are: temperature 750 �C, flows as operation, bias 8 A (0.1 A/cm2), 
amplitude 1 A (0.012 in A/cm2), frequency range 10 kHz–50 kHz. 

The investigation of its EI spectrum through the distribution of 
relaxation times (DRT) is reported in Fig. 7b. The peak P2 (gas con-
version) shows the highest peak amplitude for all the SRUs, which is 
expected since the impedance measurements are acquired with a very 
small bias current (0.1 A/cm2 bias) in dry hydrogen condition. Thus, 
polarisation losses due to gas conversion at these operating conditions 
are dominant but independent of the electrode performances. Consid-
ering the polarisation losses in the middle frequency range (10–1000 
Hz), it is clear that the SRU WPS MCO #2 deviates from the others 
because of higher polarisation losses. Both peaks P3 and P4 register an 
increase in resistance and a shift towards smaller frequencies. The same 
behaviour was observed with another stack test where an SRU (the 4th) 

was purposefully assembled with an insulating material covering 11% of 
the interconnect contact area (Fig. 7c) [52]). In this figure, the DRT 
spectra of the two WPS-MCO SRUs (#1 and #2) are compared with the 
aforementioned stack to look for similarity. The variation of the DRT 
peaks between the healthy and faulty element of this stack follow the 
same trend as the WPS MCO SRUs (Fig. 7c) [52]. 

On the other hand, the remaining spectra revealed no anomalies of 
the corresponding SRUs. The similarity shift of the peaks in WPS MCO 
#2 spectrum suggests that the Sr–Mn oxides found at the MIC/perov-
skite interface has low electrical conductivity such as the insulating 
material covering the stack [52]. 

Regarding polarisation losses, the difference in values between the 
PVD and WPS SRUs is below 0.1 Ohm cm2, while the difference in ohmic 
losses is almost 0.3 Ohm cm2. Moreover, the comparison of impedance 
spectra of WPS MCO SRUs (Figs. 5 and 7a) taken at different times, up to 
10 000 h of operation, indicates a stabilisation over time of the polar-
isation losses. Hence, ohmic losses are the main responsible for voltage 
degradation during prolonged operation. 

To summarise, merging the information obtained from SEM-EDS 

Fig. 7. a) Impedance spectra of the SRUs tested in stack C at 10 000 h. b) Distribution of relaxation times (DRT) treated spectra of the SRUs tested in stack C. c) 
Comparison of DRT spectra for the WPS MCO SRU in stack C and an SRU with a known contact defect (analysed in a parallel EU project, ‘SoSLeM’). 
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analysis with that coming from electrochemical impedance spectros-
copy, in presence of a porous WPS coating the ohmic losses and the 
degradation rate in AISI 441/K41 MICs increase due to: i) the thickening 
of the oxide layer growing on the interconnect surface, ii) the formation 
of a low conductive phase, SrCrO4, instead of Cr2O3 at the steel/coating 
interface, and iii) the formation of a Sr containing compound at the MIC/ 
perovskite interface. 

These degradation phenomena also took place in the PVD coated 
SRUs but with slower kinetics. However, the voltage degradation rate 
for these SRUs is far below the desired threshold of 0.5 %kh� 1. A likely 
explanation is that the presence of contact regions where there is no 
major corrosion (i.e. no Fe oxidation or SrCrO4 formation) helped the 
performance of the PVD coated MICs via preferred current paths, thus 
representing the main reason for the better behaviour of PVD SRUs as 
compared to WPS SRUs. 

APS coated MICs presented satisfactory stability, with a performance 
degradation between that for WPS and PVD MICs. The thick protective 
coating (>50 μm) and its hardness, preventing a good contact between 
the MIC and the perovskite, are the main technical limitations of this 
deposition method. 

3.3. Practical application 

40 000 and 80 000 h are, respectively, the minimum and the desired 
operation lifetimes for SOFC stacks in stationary applications. Consid-
ering the empirical values of Table 2, an attempt to predict the voltage 
values to these lifetimes is performed in Table 3 on 4 cases of interest, 
assuming a simple linear extrapolation. The degradation performance is 
sorted lowest to highest as PVD MCO #1 > PVD average > APS average 
> WPS average. WPS MCO #2 stack C and APS MCF #1 degradation 
values were not considered in the average as these SRUs showed an 
anomalous behaviour. 

To calculate these values, the voltage of the cells at 1 000 h was taken 
as a starting point. Then the degradation values of Table 2 are multiplied 
for 41 000 and 81 000 h, and results were subtracted from the values at 
1000 h. 

These numbers are only very crudely indicative, but it can none-
theless be inferred that among PVD and APS technology, the former 
seems preferable. This is interesting because currently APS is preferred 
over PVD for depositing dense coatings [34]. 

The MICs represent 10%–30% of the stack cost [5], and, in turn, the 
raw materials are estimated to account for 40% of the MIC production 
cost. Initial infrastructure investment is certainly higher for APS and 
PVD techniques. A complete cost estimation is however not included in 
this article as it is strongly influenced by the volume production, and the 
definition of production scenarios is out of the scope of the paper. 

4. Conclusion 

This study compared different solutions for AISI441/K41 metal in-
terconnects tested in SOFC stack operating conditions and provided 
information on their behaviour up to 10 000 h. Specifically, single 
repeating units containing interconnects coated with Mn–Co-based 
spinels deposited via atmospheric plasma spraying, physical vapour 
deposition, and wet powder spraying were compared. The cells were 
identical in all the SRUs; the steel substrate in some cases underwent a 
surface-nitriding process. The short stack degradation was analysed both 
at the macroscopic (V(t) curves, EIS analysis) and at the microscopic 
level (SEM/EDS). The analyses of the results gave new indications for 
the future choices of MICs and their coatings. 

The main findings were:  

� Despite its reduced chromium content, AISI441/K41 demonstrated 
to be a reliable interconnect solution in SOFC stacks over extended 
test time if coated appropriately. Its degradation was influenced 
mainly by the coating deposition technique.  

� Nitriding of the steel substrates helped the chromium retention 
properties in case of porous coatings. The diffused chromium 
measured in the perovskite contact layer for the case of nitrided SRUs 
was similar to that of (dense) APS-coated SRUs.  
� APS-coating confirmed excellent chromium retention properties, 

independently of the coating composition. However, the SRUs con-
taining MICs coated with APS showed a faster degradation compared 
to PVD-coated SRUs. The hardness and the thickness of the coating 
were suspected to be the main responsible sources for higher ohmic 
losses.  
� Single repeating units containing PVD coatings showed the lowest 

degradation rates, despite the presence of non-uniform corrosion 
processes: aggravated corrosion (outward growth of iron oxides and 
inwards oxidation of the steel substrate), similar to iron breakaway 
corrosion, and strontium chromate are found after SEM 
investigations.  
� A forecasting of the voltage degradation for 40 000 and 80 000 h of 

operation assuming linear extrapolation indicates PVD-containing 
SRUs as the preferable ones, followed by APS and finally WPS.  
� Results derived from small samples [29] were not always confirmed 

by results on short stacks (this study). 
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Table 3 
Average voltage values (Volts) extrapolated for four types of SRU.   

PVD MCO #1 PVD average APS average WPS average 

40000 h 0.764 0.717 0.624 0.562 
80000 h 0.75 0.668 0.477 0.388  
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