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coating deposited on the Crofer 22 H ferritic steel and exposed
to high-temperature oxidation under thermal cycling conditions
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Abstract

The Crofer 22 H ferritic steel substrate was coated with an Mn, 45Co, 45Cu, ;O, spinel by means of electrophoresis. After
high-temperature oxidation under thermal cycling conditions, the physicochemical properties of the obtained system were
evaluated. During 48-h cycles that involved heating the samples up to temperatures of either 750 or 800 °C, the oxidation
kinetics of both coated and unmodified steel approximately obeyed the parabolic rate law. The unmodified steel was oxidized
at a higher rate than the system consisting of the substrate and the coating. In its bulk form, the spinel consisted entirely
of the cubic phase and it exhibited high electrical conductivity. The Mn, 45Co,; 45Cu, ;O, coating, on the other hand, was
compact and consisted of two phases—the cubic and the tetragonal one—and it was characterized by good adhesion to the
metallic substrate. After cyclic oxidation studies conducted for the two investigated temperatures (750 or 800 °C), the coat-
ing was determined to provide a considerable improvement in the electrical properties of the Crofer 22 H ferritic steel, as
demonstrated by the area-specific resistance values measured for the steel/coating system. The evaporation rate of chromium
measured for these samples likewise indicates that the coating is capable of acting as an effective barrier against the formation
of volatile compounds of chromium. The Mn, 45Co, 45Cu, ;O, spinel can therefore be considered a suitable material for a
coating on the Crofer 22 H ferritic steel, with intermediate-temperature solid oxide electrolyzer cells as the target application.

Keywords Solid oxide electrolyzer cells (SOEC) - Metallic interconnects - Cobalt manganese spinels - Oxidation kinetics -
Electrical conductivity

Introduction most potential in this regard is the solid oxide electrolyzer

cell (SOEC) [1-4]. It is worth noting that the production of

Energy storage has become as important to the develop-
ment of human civilization as energy generation. Energy
storage technologies allow surplus electrical energy to be
converted into the chemical energy of fuel, which can be
utilized whenever required. One of the technologies with the
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hydrogen via the electrolysis of water is more efficient in
terms of conversion than the thermochemical and photocata-
lytic methods [5]. Since they operate at high temperatures,
SOECs are capable of converting electrical energy not only
into hydrogen, but also more complex gas fuels, such as syn-
gas. This gas is a mixture of hydrogen and carbon monox-
ide, and it can be used to synthesize numerous liquid fuels,
including ethanol, methanol, and synthetic gasoline [6, 7].
Last but not least, the production of syngas in SOECs with
the use of co-electrolysis of water vapour and carbon dioxide
might be considered one of the ways in which the climate
changes taking place on Earth can be somewhat mitigated.

The principle of operation of a SOEC is the reversal of
the reactions that occur in a solid oxide fuel cell (SOFC).
SOECs are constructed using the same materials and engi-
neering solutions as SOFCs [1, 3, 4, 8]. However, the rever-
sal of the direction in which the electrochemical reaction
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proceeds and a different composition of gas mixtures that
fuel the system causes an accelerated degradation of SOEC
components. The interconnect, which is also known as a
bipolar plate, is the basic structural component in both types
of devices. It has a number of functions: it connects indi-
vidual fuel or electrolyzer cells in series, gives the entire
construction rigidity, and it supplies the gas reagents to the
anode and cathode spaces via the channels located on both
of its sides [9-13].

Interconnects applied in SOECs that operate at tempera-
tures of up to 800 °C are generally manufactured from high-
chromium ferritic stainless steels (FSS), which contain at
least 22 mass% of chromium [9-16]. The thermal expansion
coefficient of such steels (11.5-14.0x 10 K~! [11]) is simi-
lar to the corresponding coefficients of the ceramic compo-
nents of the electrolyzer, namely the anode (12.8x 1076 K~!
for Lag 6951, 3,MnO; [17]), cathode (11.9x 107° K~! for
NiO-YSZ [17]), and the electrolyte (10.5x 10° K~! for YSZ
[17]). Compared to ceramic interconnects, metallic ones
have a number of advantages, including high mechanical
strength, gas-tightness, and low cost of fabrication. Their
main weakness is their low resistance to oxidation in reac-
tion gas media. A chromia (Cr,0;) scale gradually grows
on their surface during the operation of the SOEC [9-20].
This in turn causes a continuous increase in the area-specific
resistance (ASR) of the interconnect. After prolonged use
of the electrolyzer, this increase may significantly affect the
power efficiency of the entire unit. There is also another
adverse phenomenon that occurs as a result of a reaction
between the chromia scale and some of the gas oxidants (e.g.
oxygen, water vapour, carbon dioxide), namely the forma-
tion of volatile chromium compounds. Such compounds tend
to react with the material of the anode and cathode, causing
their catalytic properties to diminish [21-23].

A number of ways to reduce the impact of the afore-
mentioned phenomena have been proposed. One of them
is the surface modification of metallic interconnects, which
involves the deposition of a protective-conducting layer
by means of various methods, including screen-printing
[24-28], dip-coating [29], electroplating [30-34], RF-sput-
tering [35], cost-effective atmospheric plasma spray (APS)
[36, 37] and large area filtered arc deposition (LAFAD) [38].
The materials that seem most suitable for such modifications
based on current research are spinels with the following
compositions: (Mn,Co),05 [39-46], (Cu,Mn),0, [47-49],
(Co,Mn,Me),0; (where Me: Cu, Ni, Fe, Ag, Ce, Y) [50-57].
The prerequisites met by these materials meet are high elec-
tronic conductivity, a very low coefficient of oxygen diffu-
sion in the oxygen sublattice, and low O*~ anion and Cr**
cation components of electrical conductivity [58—60]. Last
but not least, these spinels are effective at blocking the out-
ward diffusion of chromium and its evaporation [61, 62].
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Since a bipolar interconnect has a relatively complex
shape, with a system of channels that supply fuel and the
oxidant in the interior of a fuel cell stack, it appears that the
most efficient method which can be used to deposit homo-
geneous spinel layers is electrophoretic deposition (EPD)
[63-68].

Of the many spinel compounds that had thus far been
investigated as materials for protective-conducting coatings
used to modify the surface of metallic interconnects applied
in intermediate-temperature solid oxide electrolyzer cells,
cobalt-manganese spinels with an addition of copper are
particularly worth noting [28, 50, 52, 54, 58, 59].

The results of research on the physicochemical proper-
ties of Cu—Mn—Co-O spinels which had a copper admix-
ture introduced into the crystal lattice of cobalt-manganese
spinel indicate that it is possible to simultaneously increase
their electrical conductivity and reduce their sintering tem-
perature [50, 69]. The X-ray diffraction studies conducted
for CuMn, 5_5,Co; 5 5,04 powders (where y=0.1, 0.3 or
0.5) obtained using the citrate-gel method have shown the
sole presence of the cubic phase (MnCo,0,), whereas the
samples which had no copper addition contained both the
cubic and the tetragonal phase (Mn,CoO,) [50]. The intro-
duction of copper into the crystal lattice of the Mn, sCo, 50,
oxide clearly causes the cubic phase to stabilize. This phase
is characterized by higher electrical conductivity than the
tetragonal one [28, 50, 69]. Moreover, if transition metal
cations such as Cu, Ni, and Fe [51, 69-72] are considered,
Cu is the only element that—when added to the (Mn,Co);0,
spinel—significantly improves its thermal expansion coef-
ficient (TEC) and allows it to match the coefficient of fer-
ritic stainless steel [28, 69]; this improves the adhesion of
the coating to the metal substrate. As shown by the data
reported in [52], the deposition of a dense coating consisting
of Cu,,Mn, ,Co, 4O, with a cubic structure on the Crofer 22
APU ferritic steel by means of the powder reduction tech-
nique ensures high electrical conductivity and a good match
between the thermal expansion coefficients of the coating
and the metallic interconnect. In this case, the reported ASR
values were below 4 mQ c¢cm?, even after the coated alloy
had been exposed to 530 h of oxidation at 800 °C and four
thermal cycles that involved temperatures ranging between
room temperature and 800 °C [52].

An interesting modification of the composition of the
(Mn,Co),0, spinel was presented by Smeacetto et al. [68], who
introduced 5 or 10 mass% of CuO powder into a Mn, sCo, 5O,
powder suspension during the electrophoretic co-deposition of
a layer on the Crofer 22 APU ferritic steel. This made it pos-
sible to considerably simplify the technological process used to
obtain Mn—Co—Cu-O spinel coatings, which are characterized
by high phase stability, resistance to oxidation at 800 °C and,
moreover, low ASR comparable to that of a layered system
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consisting of steel and a coating based on spinel without any
copper addition.

High-chromium ferritic steel designed specifically for inter-
connects applied in SOECs/SOFCs includes the Crofer 22 H
manufactured by Thyssen Krupp VDM GmbH, Germany. This
steel had already been evaluated in terms of high-temperature
oxidation in various reaction media [73]. However, the major-
ity of performed research focused on the kinetics of the reac-
tion and the elucidation of the oxidation mechanism under
isothermal conditions, whereas the actual operating conditions
of SOECs involve thermal shocks during the startup of these
devices and their emergency shutdown.

In view of the above it seemed justified that subsequent
physicochemical investigations of the Crofer 22 H steel with a
manganese-cobalt coating with a copper admixture should be
conducted with thermal cycling. The presented research was
also motivated by the interesting conclusions of previous phys-
icochemical investigations involving the Mn, ;Co, sO, and
Mn, 45Co, 4sFe, ;O, spinel coatings deposited on the Crofer
22 H via electrophoresis [74]. It was conducted with the inten-
tion of gaining practical knowledge concerning the durability
of the layered system consisting of the Crofer 22 H steel and
an Mn, 45Co, 45Cu, ;O, coating deposited electrophoretically
under thermal cycling conditions, and in particular the suit-
ability of the deposited coating for the surface modification
of an interconnect applied in a SOEC. Moreover, the coating
material was evaluated in terms of its physicochemical prop-
erties via examination conducted for both the corresponding
powder and sinter.

Experimental procedure
Sample preparation

The Crofer 22 H ferritic steel manufactured by Thyssen Krupp
VDM GmbH, Germany, was used as the substrate. The chemi-
cal composition of this steel is given in Table 1. The samples
used for research were rectangular lamellae with dimensions
of 2x1x0.05 cm, which had been cut from a steel sheet.
Prior to the investigations, the surface of the steel was washed
using water with a detergent, and then degreased in acetone by
means of an ultrasound cleaner.

The surface of the substrate was coated with spinel with
the nominal composition of Mn, 45Co, 45Cu,;0, via elec-
trophoretic deposition (EPD). For this purpose, a suspen-
sion of ceramic particles was prepared with acetone and
isopropanol mixed at a volume ratio of 80:20. Afterwards,

0.2 g of Mn, 45Co, 45Cu, ;0, ceramic powder was added to
the obtained mixture together with 20 cm? of the solvent and
0.01 g of iodine. The beaker with the colloidal suspension was
cleaned ultrasonically for 15 min to allow the agglomerates to
be broken down and homogenized before electrophoresis was
applied to deposit the particles.

During the deposition of particles via cataphoresis, the
electrodes were placed ca. 10 mm from one another; the
deposition time was 30 s, and the applied voltage was 60 V.
After EPD had finished, the layered steel/coating samples
were dried in laboratory air at 80 °C for 10 h. The experi-
mental setup used to perform EPD consisted of a test bench
equipped with a PLH250 DC power supply (peak param-
eters: 250V, 0.375 A).

The heating process applied to give the coatings the
desired density involved two stages:

e Stage I: 2 h of heating in an Ar-H, gas mixture (Ar:H
ratio of 9:1) at 900 °C,
e Stage 2: 4 h of heating in air at 900 °C.

An uncoated Crofer 22 H sample served as the reference
after undergoing the exact same thermal treatment.

As mentioned, a fine Mn, 45Co, 45Cu, ;0, powder was
used to prepare a suspension of ceramic particles for EPD.
The same powder was also used to prepare dense sinters. It
had been synthesized using EDTA gel processes, in which
ethylenediaminetetraacetic acid (EDTA) serves as an agent
that complexes metal cations in an aqueous solution. A
detailed description of the applied powder preparation pro-
cedure can be found in [28].

The preparation of the sinters involved a number of steps,
including the calcination of the Mn, 45Co, 45Cu, 0, powder
in air at 800 °C (10 h), milling in anhydrous ethanol with
a 3 mass% admixture of oleic acid in a rotary-vibrational
mill, drying at room temperature, and the formation of green
bodies with the use of preliminary biaxial pressing under
100 MPa and isostatic pressing under 250 MPa. The last
stage was the free sintering of the green bodies for 2 h in air
at 1150 °C. The obtained pellets were 10 mm in diameter
and had a thickness of 2 to 3 mm.

Instrumentation
The NETZSCH STA 449 F3 apparatus was used to per-

form combined DTA/TG thermal analyses of the precursor
gels. This study was carried out in air heated at the rate of

Table 1 Chemical composition

A Chemical composition/mass%
of the Crofer 22 H ferritic steel

Fe Cr Mn Si

Ball 24.0 0.8 0.6

0.5 0.1 0.03 0.05 0.2 0.2 1.0 3.0
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10 °C min~!, over the range of 25-1050 °C, with alumina
as the reference.

The WDXRF Axios mAX spectrometer with an Rh lamp
and an output of 4 kW (PANalytical) was used for the XRF
study of the powders, performed to determine their chemical
composition.

The phase analysis of the powders and coatings was
performed with the use of the Bruker D8 Advanced XRD
diffractometer, with CuK, radiation and at a scan rate of
0.02° per step. XRD patterns were also recorded for the sin-
tered pellets by means of an MTC-High temp direct heating
stage with a PtRh strip heater. The samples were heated at
a rate of 0.5 °C min~" until they reached the selected tem-
perature; this temperature was then maintained for 30 min,
allowing the conditions to stabilize. The 20 configuration
for the measurements was a standard one (step: 0.02°, time
per step: 2 s, detector: LynxEye), and the temperature range
over which they were performed was 200-800 °C. Qualita-
tive investigations of the phase composition were carried out
by means of the HighScore Plus software (PANalytical), the
X’Pert diffractometer, and the standard data set of PCPD-
FWIN v.2.3. Rietveld profile refinement with a built-in pro-
gram module of the HighScore Plus software was applied to
determine the unit cell parameters of the constituent phases.
The Scherrer equation was used to calculate the average
crystallite size for the powder based on the XRD data [75].

The morphology and chemical composition of the sam-
ples were examined using a scanning electron microscope
(FEI Nova NanoSEM 200) coupled with an EDAX Genesis
XM X-ray microanalysis system based on the EDAX Sap-
phire Si(Li) EDS detector.

The samples were oxidized via exposition to a tempera-
ture of either 750 or 800 °C in a horizontal tube furnace.
Three alundum crucibles with samples were placed in a
quartz boat, which was then inserted into the furnace. The
atmosphere used for the oxidation study was laboratory
air; temperature cycling was achieved via the application
of 25 cycles, each of which was 48 h in duration. The total
oxidation time was 1200 h. The experimental setup used
for sample oxidation had been described in [74]. Another
component of the experimental setup was an electronically
controlled, mechanized stage, which made it possible to
adjust the position of the furnace in two directions relative
to the sample holder, after pre-programmed heating and
cooling periods. The samples were allowed to cool down
to the ambient temperature between the applied 48-h heat-
ing cycles. After this temperature had been reached, another
heating—cooling cycle started.

After each heating—cooling cycle, the samples and the
crucibles were weighed by means of the Radwag XA 210
analytical balance. The net mass of the samples, the spall
mass of scales in the crucible, and the sum of the former
and the latter, were each determined with an accuracy of
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1.0x 1075, This made it possible to track the changes in
mass due to oxidation; these changes were calculated from
the following formulae [26]:

(a) net mass change (N):

m. —m

N — n1 no

e )
where m,; — mass of the sample after heating—cooling cycle
i/g, m,, — mass of the sample before this heating—cooling
cycle/g and A — surface area of the sample/cm?,

(b) gross mass change (G):
Mg — mgo

G=-2 ¢

y @

where: m; — total mass of the sample and crucible after heat-
ing—cooling cycle i/g and m,,— total mass of the sample and
crucible before this heating—cooling cycle/g,

(c) spall mass change (§):

S=G-N 3)

The rate at which chromium evaporates from the
studied samples was measured using an apparatus
with a design proposed by Kurokawa et al. [76]. These
measurements were conducted in a flowing air-H,O
(p(H,0)=9.72 % 1072 atm) gas mixture at either 750 or
800 °C, for 72 h, under conditions in which the flow rate
of the carrier gas was independent from the mass of chro-
mium, i.e. in the unsaturation zone [77, 78]. These require-
ments are met by gas flow rates of 95 and 120 cm® min~!
for 750 and 800 °C, respectively. A detailed description of
the experimental setup used for the measurement of the Cr
evaporation rate and the initial tests aimed at establishing
the dependence between the mass of chromium evolved
during the evaporation of pure chromia and the flow rate
of carrier gas is given in [77, 78]. The measurements of
the evaporation rate of Cr were performed for unmodified
Crofer 22 H steel as well as the Crofer 22 H/Mn, 5Co, 50,
and Crofer 22 H/Mn, 45Co, 45Cu, 0, layered systems;
each of these materials underwent 1200 h of cyclic oxida-
tion in air at 750 and 800 °C, which yielded a total of six
samples. Cr content was determined by means of ICP-OES
(OPTIMA 7300 DV, Perkin Elmer). The accuracy of this
determination was 2%.

The DC 2-probe, 4-point method with an external source
of current was applied to measure the electrical resistance
of the studied sample and the coating/steel systems over the
temperature range of 35-800 °C. This was performed in
laboratory air and with a 0.01 A current. The preparation of
the samples for these measurements, the applied apparatus,
and the ASR measurement procedure are described in [79].

The electrical resistance of an oxidized coating/
steel layered system is usually measured in terms of its
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area-specific resistance (ASR), since the exact thickness
of an oxide formed on a metallic surface might prove dif-
ficult to determine. The ASR of the studied samples was
therefore calculated based on the obtained resistance val-
ues using the formula:

AsrR=R-4 )

2

where: R — electrical resistance/Q and A — surface area of
the Pt layer/cm?.

Electrical conductivity was also determined for the sin-
ters based on the obtained electrical resistance values and
the dimensions of the sinter. The following dependence
was used for this purpose:
o= L 5

S-R ©)
where: R — electrical resistance/2, S — cross-sectional sur-
face area/cm” and L — sample thickness/cm'.

Results and discussion
Physicochemical characteristics of the gel precursor

The Mn—Co-Cu gel obtained using EDTA gel processes
underwent thermal analyses (DTA/TG); the optimal condi-
tions for the thermal decomposition of this gel via calci-
nation were thus determined, yielding fully reacted pow-
ders with the desired characteristics (phase composition,
chemical composition, fine-crystalline structure).

The DTA and TG curves that were recorded for the
Mn-Co—Cu gel over the range of 25-1050 °C are shown in
Fig. 1. The shape of the TG curve for the Mn—Co—Cu sam-
ple suggests a four-stage decomposition process accompa-
nied by exothermal reactions indicated by the DTA curve.
Another range in which a loss of mass (ca. 30% of initial
mass) was observed was 200-240 °C; in this case, it can
be attributed to the removal of water of crystallization.
The total mass loss was ca. 85%; 40% of the initial mass
was lost over the range of 245-320 °C, with one noticeable
exothermal effect. This was attributed to the combustion
of the gel’s organic matrix.

These results suggest that the prerequisite for the total
calcination of the gel precursor is a temperature of at least
350 °C. However, research that had also taken into account
the impact of calcination temperature on the crystal struc-
ture of the products of gel decomposition (for the relevant
results, see [45]) had proven that the optimal temperature
for the formation of a spinel phase with a cubic structure
is 800 °C.

i Y } Exo
80 |
i
2 @
£ 60F S
S =
- <
|_
40 ; O
—TG
o0l J —__DTA
40
0 1 1 1 1 1
0 200 400 600 800 1000

Temperature/°C

Fig.1 DTA and TG curves recorded for an Mn—Co—Cu gel obtained
via EDTA gel processes

Fig.2 SEM micrograph of Mn, 45Co,45Cu, 0, powder obtained
after calcination (800 °C /10 h/air); magnification of 10,000x

Physicochemical properties of the powder
Morphology

Figure 2 shows an SEM micrograph of the investigated
Mn, 45Co, 45Cu, ;04 powder, obtained after 10 h of calci-
nation in air at 800 °C.

As determined during the SEM examination, the studied
powder had irregular grains with a tendency to form com-
pact agglomerates; these agglomerates consisted of mul-
tiple grain clusters that ranged from ca. 0.2 pm to about
0.6 pm in size.

@ Springer
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Fig.3 XRD pattern recorded for an Mn, 45Co; 45sCuy,0, powder
obtained after 10 h of calcination in air at 800 °C

Phase and chemical composition

Figure 3 shows the XRD pattern recorded for the investi-
gated Mn, 45Co, 45Cu, 0, powder after calcination. The
analysis of the phase composition of the manganese-cobalt
spinel with a copper addition of 0.1 mol% indicated the
sole presence of a cubic phase with a lattice parameter of
a=_8.28454 A, whereas unmodified powder with the com-
position of Mn, sCo, s0,, obtained using the same method
and subjected to the same thermal treatment, is a dual-phase
spinel consisting of the Mn,CoO, tetragonal phase and the
MnCo,0, cubic phase [74]. The addition of copper there-
fore leads to the stabilization of the cubic phase at room
temperature. This phase was identified using the ICDD card
no. 23-1237. It should be emphasized that this result is con-
sistent with the reports published by other authors [80, 81].

The crystallite size of the Mn,; 45Co, 45Cu, 0, powder
was estimated to be 99 nm based on the Scherrer dependence
[75], which is quite considerable compared to the value of
21 nm, reported for the dual-phase Mn, sCo, 50, spinel in
[74]. This indicates that the investigated powder was highly
sinterable, as manifested by the increased grain size of the
cubic phase (Fig. 2).

The degree to which the Mn, 45Co, 45Cu, 0, powder
obtained after 10 h of calcination in air at 800 °C devi-
ated from its stoichiometric composition was determined
by means of XRF. The Mn:Co:Cu ion molar ratio was
1.46:1.43:0.11, which approximately corresponded to the
nominal composition.

The conducted analysis indicates that the EDTA gel pro-
cesses can be combined with the appropriate thermal treat-
ment and applied to obtain fully reacted powder with the
desired chemical composition.

@ Springer

Physicochemical properties of the sinter
Morphology

Figure 4 shows the SEM micrographs of the cross section
of the Mn, 45Co, 45Cu, O, sinter obtained from a powder
synthesized using EDTA gel processes and thermally treated
for 2 h in air at 1150 °C. The studied sinter was compact
and exhibited a degree of porosity. Its relative density was
92.4%, which corresponds to a porosity of 7.6%. The sample
was characterized by coarse grains in the form of connected
lamellae (inset: Fig. 4). The size of these grains varied
from ca. 5 to around 30 pm. When comparing the sample’s
morphology with that of the Mn, sCo, 50, sinter [74], it is
evident that the Mn, 45Co, 45Cu, O, sinter had much larger
grains due to its copper content, since the presence of this
element favours crystallite growth during high-temperature
thermal treatment.

Phase composition

In order to study the structural changes which the spinel
sinter might have undergone as a result of exposure to high
temperatures, XRD investigations were performed at room
temperature and over the temperature range of 200-800 °C.

Figure 5 shows a series of XRD patterns recorded for
the Mn, 45Co, 45Cu, 0, sinter thermally treated in air at
1150 °C for 2 h. The XRD spectra after a numerical Riet-
veld analysis run using the X’Pert Plus software indicate
the presence of a single phase only, namely the MnCo,0,
cubic phase with the Fd3m space group, as per the ICDD
card no. 23-1237. Additionally, the reflections from the alu-
mina substrate are also visible. It is worth noting that the
phase composition of heated samples did not change over

Fig.4 SEM micrograph of an Mn, 45Co, 45Cu, 0, sinter after ther-
mal treatment (1150 °C/2 h/air), under a magnification of 500X and
5000x (inset)
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Fig.5 Diffraction patterns recorded for the Mn, 45Co, 45Cu, 0, sin-
ter after 2 h of thermal treatment in air at 1150 °C

the 200-800 °C range. The only change observed with the
increase in temperature was in the positions of diffraction
reflections, which was due to the thermal expansion of the
studied material.

It can therefore be expected that at the planned operating
temperature of an IT-SOEC, i.e. 800 °C, an interconnect
composed of steel modified with a protective-conducting
coating with a cubic spinel structure should exhibit a low
area-specific resistance (ASR). This is a consequence of the
fact that a manganese-cobalt spinel with a cubic structure is
characterized by higher electrical conductivity than a spinel
with a tetragonal structure [28, 69].

Table 2 lists the values of lattice constant a of the cubic
phase of the Mn, 45Co, 45Cu, 0, sinter investigated by
means of XRD over the temperature range of 25-800 °C.
Corresponding data for the Mn, sCo, 5O, sinter are included
as a reference [74].

The lattice constants of the Mn,; 45Co, 45Cu, 0, are
clearly lower than those measured for the unmodified sin-
ter (Mn, sCo, 50O,) at every single measurement tempera-
ture. It is worth emphasizing that both the differences in
lattice parameters after Cu substitution and the associated
differences in cation distribution most probably stemmed
from thermal treatment conditions. The (Cu* (sMn** 5s)
[Cu** 35Co* Mn**, (]0%7, distribution was suggested by
Brabers and Setten [82]. Other authors, in contrast, postu-
lated that tetrahedral sites are occupied by both Cu** and
Cu*, whereas octahedral sites are occupied by Co®* and
Mn3+4+ [83, 84]. Talic demonstrated that an increased
degree of substitution with Cu entails improved electrical
conductivity and reduced energy of activation [69]. The
direct participation of copper ions in charge transfer is indi-
cated by the differences in activation energy. In a spinel
structure, small polaron hopping can only occur between

Table2 Lattice constants of the cubic phase of the
Mn, 45Co, 45sCu, O, sinter, as determined via XRD over the tempera-
ture range from room temperature to 800 °C, as compared to data for
the Mn, sCo, 5O, sinter, reported in [74]

Measurement tempera- Sinter

ture (XRD)/°C
Mn, 5Co, 50, [74] Mn, 45Co, 45Cuy 04
Lattice constant/nm

RT 0.83331(1) 0.82978(6)

200 0.83471(1) 0.83137(8)

300 0.83567(2) 0.83257(2)

400 0.83648(2) 0.83316(9)

500 0.83731(3) 0.83439(7)

600 0.83807(2) 0.83519(3)

700 0.83897(1) 0.83638(6)

800 0.83983(3) 0.83754(7)

equivalent sites. Since the cation-cation distance between
octahedral sites is the shortest, both Cu* and Cu?** can be
inferred to occupy this type of sites [51].

When concluding this section, it is worth adding that the
thermal expansion coefficient of the Mn,; 45Co, 45Cu, 0,
sinter, determined from a linear plot representing param-
eter a as a function of temperature, obtained based on the
results presented in Fig. 5, was equal to 11.9x 107/K~".
What is very significant, this value was highly consistent
with the thermal expansion coefficient of the Crofer 22 H
ferritic steel, which has a value of 11.8 x 10°%/K~! over the
temperature range of 20-800 °C [85].

Electrical conductivity

Figure 6 illustrates the Arrhenius dependence of electrical
conductivity on temperature for the Mn,; 45Co, 45Cu, ;O, sin-
ter investigated in the present study and the Mn,; sCo, 50O,
reference sinter [74]. Electrical resistance was found to
decrease with increasing temperature in the case of both
sinters, which indicates a thermally activated increase in
electrical conductivity.

The Mn, 45sCo, 45Cu, 0, sinter was characterized by
higher electrical conductivity than the spinel which had not
undergone chemical modification (Mn, sCo, sO,) across the
entire investigated range of temperature. At 900 °C, the elec-
trical conductivity of the sinter containing copper was 48
S cm™!, whereas that of the Mn, sCo, O, sinter was equal
to 30 S cm™! [74]. It is worth noting that these values are
significantly higher than the electrical conductivity of both
chromia (4.6 x 10 S cm™") [77] and the MnCr,0, spinel
(1.9%1072 S cm™") [77], the main constituents of the scale
that forms on high-chromium ferritic steel after oxidation at
temperatures of the order of 800 °C [9-14].
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Fig.6 Arrhenius plot showing the dependence of the electrical
conductivity of the investigated Mn, 45Co, 45Cu 0, sinter and an
unmodified Mn, sCo, 5O, sinter [74]

The following Arrhenius dependence was used to calcu-
late the activation energy of electrical conductivity [11]:

O, _Ea
”‘(?)eXp<kT> ©
where: 6 — conductivity of the sample/Q ™' cm™, G, — pre-
exponential factor/Q ™' cm™! K71, E, — activation energy/
eV, k — Boltzmann constant/eV K~! and 7 — absolute
temperature/K.

In the case of the Mn, 45Co, 45Cu, ;0, sinter, the activa-
tion energy (E,) for the temperature range of 280-800 °C
was 0.447 eV, which was lower than the values reported
for Mn, 5Co, 50, (0.543 €V) [74] and Mn, 45Co, 4sFe; 0,
(0.502 eV) [74]. The activation energy estimated for the
studied sinter was also slightly lower than the activation
energy of a sinter with the composition of MnCo, 4Cu, ,0,,
reported to be 0.50 eV [86]. However, the electrical con-
ductivity of the MnCo, 4Cu, ;0, sample obtained in the
above-cited paper was more than twice as high as that of
Mn, 45Co, 45Cu; 0, due to the significantly higher cobalt
content in the former.

Based on the literature data reported for a number of
spinels with compositions of CuMn;_, 0, (1.1 <x<1.6),
Mn,,,Cr,_, O, (0<x< 1), NiMn,O,, Mn,Fe;_ O, (x >2.6)
and Mn;0, [87, 88], it can be presumed that the under-
lying mechanism of electrical conductivity in the sinter
studied in the present paper is small polaron hopping. The
most recent research on the subject [89, 90] suggests that
small polaron hopping may result from the presence of
Co**/Co™ and Mn**/Mn** couples at octahedral sites. The
presence of cations with different valence at octahedral
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positions may therefore lead to the increased electrical
conductivity of the aforementioned spinels [90].

Physicochemical properties of the coating/steel
systems

Oxidation kinetics

To evaluate the oxidation resistance of the Crofer 22 H
ferritic steel which had its surface modified with an active
Mn, 45Co, 45Cu,,0, spinel coating, the kinetics of oxida-
tion of the Crofer 22 H/Mn, 45Co, 45Cu, ;O, layered sys-
tem were determined over a total time of 1200 h, in 25
cycles of 48 h, with temperature cycling, for oxidation
temperatures of 750 and 800 °C, and in an air atmosphere.
This also provided significant information regarding the
adhesion of the coating to the steel substrate.

The oxidation kinetics were measured using gravimetry.
Changes in net mass (N), the spall mass of the coating
and/or scale in the crucible (S), and gross mass (G) were
determined as a function of time, based on Eqgs. (1)-(3).
They are shown separately for the two applied oxidation
temperatures (750 °C — Fig. 7a, 800 °C — Fig. 7b).

The proportion of the mass of the oxidation products
collected in the crucible to the total mass of the oxida-
tion products formed on the coating was very low in
the case of both 750 and 800 °C. This proves that the
Mn, 45Co, 45Cu, ;O, coating exhibited very strong adhe-
sion to the steel substrate, which is especially evident
when these results are compared with those obtained for
unmodified Crofer 22 H steel oxidized under the same con-
ditions [74]. It should moreover be emphasized that the
investigated coating and the Mn, 5Co, 50, coating exhibit
similar protective properties [74].

Figure 8 shows curves that represent the kinetics of
cyclic oxidation of the Crofer 22 H/Mn, 45Co, 4,5Cu, ;0,
layered system as well the reference samples (Crofer 22
H/Mn, sCo, 50, [74] and unmodified Crofer 22 H ferritic
steel [74]), recorded over 1200 h of oxidation in air at
750 °C (Fig. 8a) and 800 °C (Fig. 8b), expressed as the
square of the net mass change per unit area in a function
of reaction time. It should be emphasized that the curves
in Fig. 8 are not adjusted for the formation of volatile
chromium compounds. For reaction times shorter than
1200 h, the relative error due to not taking this process
into account is below 3%.

As these plots show, the mass gain of the oxidation
product formed for the investigated sample during cyclic
oxidation approximately obeys the parabolic rate law—as
in the case of the reference samples [74]—and can be rep-
resented using the Pilling—Bedworth equation [91]:
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Fig.7 Net mass of the sample, spall mass, and gross mass over
1200 h of cyclic oxidation of the Crofer 22 H/Mn, 45Co, 45Cu, ;0,4
layered system oxidized in air at: a 750 °C, b 800 °C

2
(B2) =k 1+c @
where: Am/A — mass gain per unit area/g cm™2, k, — par-
abolic rate constant/g2 cm™ s7!, t — reaction time/s and
C - integration constant that defines the onset of parabolic
kinetics.

Based on this equation, which indicates that the slowest
contributing process that determines that oxidation rate
of the investigated samples is the diffusion of reagents
in the scale and/or the oxidation product, the parabolic
rate constants (kp) of oxidation at 750 °C and 800 °C
were determined for the Crofer 22 H/Mn, 4,5Co, 45Cu, ;0,
layered system by means of the graphical method. The
results, including sample oxidation temperature (7), para-
bolic rate constant (k,), correlation coefficients (r) from
the regression analysis, and the time intervals (#) in which

(@)
® Ncrofer 22 H [74] 750 °C
4| ® Ncrofer 22 H/Mn, (Co, ;0, [74]
-
‘ A
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Fig.8 Parabolic oxidation kinetics of the Crofer 22 H/
Mn, 45Co, 45sCu, O, layered system as well as the Crofer 22 H/
Mn, sCo, 50, [74] and Crofer 22 H [74] reference samples over
1200 h of cyclic oxidation in air at a 750 °C and b 800 °C

the parabolic rate law is obeyed, are collected in Table 3,
alongside the data for the reference samples—the unmodi-
fied Crofer 22 H [74] ferritic steel and the Crofer 22 H/
Mn, 5Co, 5O, layered system [74].

The data in Fig. 8 and Table 3 show that at 800 °C the
parabolic oxidation rate constant for the Crofer 22 H steel
without any coating is higher by ca. half an order of magni-
tude than that for the steel modified with manganese-cobalt
coating (Mn, 5sCo, sO,) and almost an order of magnitude
higher than the rate for the steel with the protective coating
based on manganese-cobalt spinel with a copper addition
(Mn, 45Co, 45Cug ;0,). A similar relationship between the
k, values is also observed when oxidation is conducted at
750 °C. This means that the layered system consisting of
the Crofer 22 H steel coated with Mn, 45Co,; 45Cu, O, has
the highest resistance to oxidation of all compared types of
samples.
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Table 3 Parabolic oxidation
rate constants for the Crofer

22 H/Mn, 45Co; 45Cuy ;04
layered system and the k;
values previously reported for
unmodified Crofer 22 H ferritic
steel and the Crofer 22 H/

Mn, sCo, 50, layered system
oxidized under corresponding
conditions [74]

Sample T/°C t/h kyl g ecm™*s7! r
Crofer 22 H [74] 750 288-1200 1.03x107" 0.9962
800 192-624 1.89%x 107 0.9869
5761200 3.85x 10714 0.9880
Crofer 22 H/Mn, 5Co, 50, [74] 750 48-912 1.66x 10716 0.9676
816-1200 420%107'° 0.9714
800 384-1200 8.64x1071 0.9746
Crofer 22 H/Mn, 45Co, ,5Cuq 0, 750 192-1200 1.63%1071 0.9900
800 336-1200 5.65x 1073 0.9937

The parabolic oxidation rate constants for the layered
systems investigated in the present study are in the range
of values obtained for steels and alloys referred to as "chro-
mia formers", often applied for the construction of metallic
interconnects for intermediate-temperature solid oxide fuel
cells and solid oxide electrolyzer cells [9-15].

Phase composition, morphology and chemical composition

Phase composition analyses of the products formed during
the cyclic oxidation of the Crofer 22 H/Mn, 45Co, 45Cu, 0,
samples at 750 and 800 °C, performed by means of X-ray
diffraction, revealed the sole presence of cubic manganese-
cobalt spinel (MnCo,0,) on their surface. According to
literature data [74], the oxidation of the Crofer 22 H steel
with the Mn, sCo, 5O, coating under identical conditions
leads to the formation of both cubic manganese-cobalt spinel
(MnCo,0,), which is predominant, and its tetragonal form
(Mn,Co0Oy,) [74]. On the other hand, the scales formed on
the unmodified Crofer 22 H steel were composed of chromia
(Cr,03) and the manganese-chromium spinel (MnCr,O,)
[74]. It is worth mentioning that the oxidation of both the
samples investigated in the present work as well as those
studied in [74] was associated with the formation of Laves
phase precipitates with the composition of NbFe,.

Figure 9 shows the SEM micrographs of the surface of
Mn, 45Co, 45Cu, O, coatings deposited via electropho-
retic deposition on a Crofer 22 H steel substrate, oxidized
for 1200 h in air at 750 °C (Fig. 9a) or 800 °C (Fig. 9b),
with temperature cycling. The SEM images show that the
obtained Mn, 45Co, 45Cu, O, coatings are characterized by
a certain level of porosity, which is less pronounced for the
sample oxidized at 750 °C (Fig. 9a). Both coatings consist
of irregularly shaped agglomerates with size from about 2
to 4 pm.

Oxidation at 800 °C is associated with larger grains
(Fig. 9b). At certain sites on the analysed coatings, numer-
ous cracks can be seen, with compact areas of cubic
MnCo,0, between them; this is confirmed by the XRD
results. The occurrence of these cracks can be traced to the
copper content in the investigated coating; copper makes the
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Fig.9 SEM micrographs of the surface of the Mn, 45Co, 45Cuy;0,
coating on the Crofer 22 H steel after 1200 h of cyclic oxidation in air
at: a 750 °C and b 800 °C

coating material more sinterable and thereby more shrink-
able. This is confirmed by the absence of such cracks in
Mn, sCo, 50, coatings [74]. On the other hand, the presence
of copper is advantageous with regard to the stability of
the cubic form of the manganese-cobalt spinel during long-
term exposure to high temperatures; the coatings without
copper (Mn, 5sCo, 5s0,) also contain a certain amount of the
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tetragonal phase [74]. Some research results indicate that the
latter phase might adversely affect the electrical conductiv-
ity of the investigated steel/coating layered system [28, 69].

Figure 10 shows the SEM micrographs of the
cross-sections of Crofer 22 H samples coated with
Mn, 45Co, 45Cu 0, and oxidized for 1200 h in air at
750 °C (Fig. 10a) or 800 °C (Fig. 10b), with temperature
cycling. As can be seen, the ceramic coatings deposited on
this ferritic steel via electrophoresis and thermally treated
at either of the investigated temperatures are composed of
grains in the form of agglomerates with a size between ca.
0.1 and 2.0 pm and—despite a certain level of porosity,
especially in the outer part—they exhibit strong adhesion
to the metallic core.

Their thickness is ca. 10 pm across nearly the entire sur-
face area of the sample. It should be added that the density
of these coatings is higher than that of Mn, sCo, 50, and
Mn, 45Co, 4sFe, 0, coatings deposited on the Crofer 22 H
and thermally treated under the same conditions [74]. The
higher density stems from the presence of copper, which—as

Mn; 45C0; 45CUG 104

Crofer 22 H steel

20 ym

Mn; 45C04 45CUG 104

Crofer 22 H steel

20 ym

Fig. 10 SEM micrographs showing the polished cross sections of
samples of the Crofer 22 H/Mn, 45Co, 45Cu, O, layered system after
1200 h of cyclic oxidation in air at: a 750 °C and b 800 °C

mentioned—improves the sinterability of manganese-cobalt
spinel. The coating in the steel/coating layered system oxi-
dized at 800 °C is characterized by cracks and fissures
(Fig. 10b), since the amplitude of thermal stress generated
in this case exceeds its tensile strength. The analysis of
sample morphology and chemical composition conducted
for the two steel/coating layered systems (750/800 °C) via
SEM-EDS revealed the presence of a continuous intermedi-
ate reaction layer between the Mn, 45Co, 45Cu, ;0,4 coating
and the Crofer 22 H substrate. The thickness of these layers
is 0.4 and 1.2 pm for 750 and 800 °C, respectively; these
values are significantly lower than those observed in the case
of scales formed on unmodified Crofer 22 H steel (2.1 and
3.7 pm for 750 and 800 °C, respectively [74]). The ceramic
coating prepared as described in the present study may there-
fore play the role of a protective barrier that reduces the rate
of oxidation in air at temperatures that vary periodically. In
the case of both samples, bright precipitates in the form of
the NbFe, phase are observed at the steel/coating interface
and along grain boundaries in the steel (Fig. 10a, b).

Figure 11 shows an SEM micrograph of the cross-sec-
tion of the Crofer 22 H/Mn, 45Co, 45Cu, ;0, layered system
obtained after 1200 h of cyclic oxidation in air at 750 °C as
well as the EDS point analysis spectra recorded for areas
marked "1", "2", "3" and "4" in the micrograph.

EDS point analysis for an area within the intermedi-
ate reaction layer revealed the presence of the MnCr,0,
manganese-chromium spinel (Fig. 11 —area "2"). The EDS
spectrum recorded for the upper part of the coating (Fig. 11
— area "1") features a peak originating from the Cry, line;
this indicates that chromium is present in this part of the
coating material. This is associated with Cr evaporation dur-
ing the long-term oxidation of this type of layered system.
The deposition of the Mn, 45Co, 45Cu, ;O, coating on the
investigated ferritic steel may therefore not only reduce the
rate at which it is oxidized, but also inhibit the evaporation
of chromium compounds into the anode side of the SOEC.

From this perspective, the formation of manganese-chro-
mium spinel at the steel/coating interface instead of chro-
mia is also beneficial because of the ability of this spinel to
inhibit the diffusion of chromium towards the outer part of
the coating [59]. EDS point analysis also revealed the pres-
ence of numerous NbFe, phase precipitates just underneath
the intermediate reaction layer located at the steel/coating
interface (Fig. 11 —area "3") as well as at grain boundaries
in the metallic core.

The concentration of tungsten, chromium and silicon in
these precipitates is higher than in the ferritic steel itself
(Fig. 11 — area "4"). The composition of the Laves phase
may thus be expressed as (Fe,Cr),(Nb,W). Its presence leads
to a reduced rate of chromium diffusion towards the coating/
gas interface, which translates to lower oxidation rate of the
Crofer 22 H steel.
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Fig. 11 SEM micrograph of the Crofer 22 H/Mn, 45Co; 45sCu, 0, layered system after 1200 h of cyclic oxidation in air at 800 °C, with EDS
point analysis spectra recorded for regions marked "1", "2", "3" and "4" in the micrograph
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Chromium vapouratization rate

The ability of the Mn, 45Co, 45Cu, ;O, coating to limit the
emission of volatile compounds of chromium from the Cro-
fer 22 H steel substrate was determined by measuring the
evaporation rate of Cr. The respective measurements were
conducted using the surface of the samples of unmodified
Crofer 22 H steel and the two layered systems (Crofer 22
H/Mn,; 45Co 45Cu, ;04 and Crofer 22 H/Mn, sCo, 50,),
all after the previously described thermal treatment. The
Crofer 22 H/Mn, sCo, 50, sample was prepared specifi-
cally for these measurements, since no relevant data had
been reported in the literature and it would have otherwise
been impossible to determine the influence of the copper
addition to the coating on Cr volatilization. The tests were
conducted at temperatures of 750 and 800 °C, for 72 h, and
in a flowing gas atmosphere consisting of humidified air
(p(H,0)=9.72x 1072 atm).

Figure 12 shows the results of the above-described meas-
urements, obtained under the assumption that the CrO,(OH),
molecule is a predominant component of the volatile Cr
compounds formed during the evaporation of Cr at 750 and
800 °C [76-78]. Of all studied samples, the Crofer 22 H/
scale system exhibited the highest rate of Cr evaporation.
In the case of this sample, which consisted of unmodified
steel, the scale formed on its surface was dual-layer, and
consisted of an inner layer of chromium(III) oxide and an
outer layer in the form of the MnCr,0, spinel. Research by
Konycheva et al. [92] had shown that the continuous layer of
the MnCr,O, spinel that forms on the outer part of the Cr,0;
scale during the oxidation of the Crofer 22 APU at 800 °C
reduces the evaporation rate of Cr by more than three times
compared to the rate observed for an ODS alloy, in the case

800

700
600
500

400 -

Crofter 22 H/scale

(800 °C)

300

Crofter 22 H/Mn, ,.Co, ,.Cu,,0,

Crofter 22 H/Mn, .Co, ;O,
(800 °C)

(800 °C)

200

Chromium transport rate x10-9/g m=2 s

100 A

Samples

Fig. 12 Chromium transport rate determined for Crofer 22 H steel
without any coating and steel coated with either Mn, ;Co, O, or
Mn, 45Co, 45sCu, ,O,. Test temperature: 750 or 800 °C. Test atmos-
phere: humidified air

of which a single-phase scale composed entirely of chromia
is formed.

Although the activity of chromium in the MnCr,0O, spi-
nel is lower than in chromia, the chromium in the MnCr,0O,
evaporates; this is represented by the mass loss observed in
the case of the Crofer 22 H/scale system (Fig. 12). On the
other hand, the surface modification of the Crofer 22 H steel
with the Mn, 45Co, 45Cu, 0, and Mn, sCo, O, ceramic
coatings leads to drop in the rate of Cr evaporation from
the surface of the investigated steel/coating layered systems.
For the oxidation temperature of 750 °C and the same test
temperature, the Crofer 22 H/Mn, 45Co, 45Cu, ;0, system is
characterized by a mass loss that is ca. 20% lower than that
observed for the second layered system. For the oxidation
and test temperature of 800 °C, the opposite tendency was
observed (Fig. 12). This is presumably connected with the
occurrence of cracks and fissures in the Mn,; 45Co, 45Cu, 0,
coating (Fig. 10b). Another possible explanation is that
the copper present in the Mn—Co-O coating may favour
the diffusion of a greater amount of chromium in the
Mn, 45Co, 45Cuy 0, coating than in the Mn, sCo, sO, one.
This possibility is supported by the results of the study of
the Cr,03-MnCo,0, diffusion couple oxidized at 900 °C
in dry air, presented in paper [93]; these results indicate
that the presence of Cu in the Mn—Co spinel enhances the
diffusion of Cr from Cr,0; to MnCo,0,. In the context of
previous achievements concerning the protection of ferritic
steels from the effects of chromium evaporation, as reported
in [27, 28, 94], these results may not seem overly impres-
sive. However, given the method used to deposit the ceramic
coatings, i.e. electrophoresis, which usually yields porous
coating materials, as well as the disadvantageous thermal
treatment conditions involving cyclic temperature changes,
these results may actually provide a rationale for the design
of dense and compact protective coatings effective at pre-
venting the formation of volatile compounds of Cr.

Area-specific resistance

To determine the electrical properties of the steel/coating
layered system and thereby the usefulness of the proposed
method used to obtain such systems for application in metal-
lic interconnects for SOECs, electrical resistance measure-
ments were conducted with the use of the 2-probe 4-point
method (“Instrumentation” section).

This test was performed for two samples of the Crofer 22
H/Mn, 45Co, 45Cu, 0, layered system, obtained after 1200 h
of cyclic oxidation in air at either 750 or 800 °C. The elec-
trical resistance values measured for the samples over the
temperature range from 35 to either 750 or 800 °C—depend-
ing on the temperature of the preceding cyclic oxidation—
were used to calculate their area-specific resistance (ASR)
according to Eq. (4). The determined values as well as the
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corresponding results for the reference samples, i.e. Crofer
22 H/Mn, sCo, 50, [74] and Crofer 22 H/scale [74], are pre-
sented in Fig. 13, in the form of Arrhenius plots representing
the temperature dependence of ASR. Figure 13a shows the
ASR data obtained after cyclic oxidation at 750 °C, while
Fig. 13b shows those obtained at 800 °C. A linear correla-
tion between the ASR of the samples and temperature can be
seen in these plots. The investigated layered systems there-
fore exhibited a thermally activated character of electrical
conduction. Assuming that small polaron hopping is the
mechanism responsible for conduction in the studied lay-
ered systems, their ASR may be expressed as follows [11]:

ASR = (%)exp <f—;> (8)

where: A—pre-exponential factor/Q cm=> K™, E . —activa-
tion energy/k] mol~!, k—Boltzmann constant/eV K~! and
T—absolute temperature/K.

The linear character of the In(ASR) =£(1/T) dependence
allowed the calculation of the activation energy of electrical
conduction of the studied Crofer 22 H/Mn, 4,5Co, 45Cu, 0,
layered system based on Eq. (8). Table 4 lists the ASR values
of the investigated samples, measured at 750 or 800 °C, as
well as the activation energy values determined for the two
corresponding cyclic oxidation temperatures. Data for the
Crofer 22 H/Mn, sCo, 5O, [74] and Crofer 22 H/scale [74]
reference samples are shown for comparison. Whether at 750
or 800 °C, the steel/scale system exhibits the lowest activa-
tion energy of conduction (E,). Oxidation at 750 °C results
in the highest E, value for the Crofer 22 H/Mn, 5Co, 50, sys-
tem [74], whereas Crofer 22 H/Mn, 4,5Co, 45Cu, ;O, exhibits
the highest value when oxidized at 800 °C.

In the case of the samples which had undergone cyclic
oxidation at 750 °C, it was found that below a measurement
temperature of 550 °C, the ASR value of the investigated
Crofer 22 H/Mn, 45Co, 45Cu, 0, layered system is compa-
rable (taking into account the measurement error) to that of
the Crofer 22 H/Mn, sCo, 5O, system [74], but significantly
lower than the ASR value measured for the Crofer 22 H
steel without any surface modification [74]. Moreover, for
temperatures below 600 °C the ASR of this layered system
does not exceed the 0.1 Q cm? threshold defined for inter-
connect materials applied in both SOFCs and SOECs [14]
(Fig. 13a, Table 4). The fact that its ASR value is at such a
low level is related to the absence of a continuous layer of
chromia in the intermediate reaction zone in this layered
system; chromia exhibits high electrical resistance [73] and
is the main oxidation product formed in the case of unmodi-
fied ferritic steel [74].

The data presented in Fig. 13b and Table 4 lead to the
observation that below 480 °C the Crofer 22 H/scale layered
system exhibits the lowest ASR [74], whereas the Crofer 22
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Fig. 13 ASR vs. temperature for the Crofer 22 H/Mn, 45Co, 45Cu, 0,
system compared to the corresponding dependences of the reference
samples (Crofer 22 H/Mn, sCo,; 5O, [74] and Crofer 22 H/scale [74])
after 1200 h of cyclic oxidation in air at: a 750 °C and b 800 °C

H/Mn, 5Co, 50, [74] and Crofer 22 H/Mn, 45Co, 45Cu, 0,
layered systems are characterized by comparable ASR val-
ues that are higher than those for the system with unmodified
steel. Above 480 °C, the opposite relationship is observed.
In the case of the Crofer 22 H steel which had not undergone
any surface modification and was oxidized at 800 °C, the
ASR measured at this temperature is 0.2449 Q cm?. This
value exceeds the level acceptable for interconnect materi-
als intended for use in electrochemical devices by a large
margin. On the other hand, the layered systems consisting
of the Crofer 22 H steel and protective-conducting coatings
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Table4 ASR values measured at 750 and 800 °C as well as activa-
tion energy of electrical conduction for layered systems—steel/scale
and two variants of steel/coating—obtained after 1200 h of cyclic
oxidation in air at 750 and 800 °C

Sample Cyclic oxidation ASR/Qcm? E/eV
temperature/°C

Crofer 22 H/scale [74] 750 0.0772 0.342

800 0.2449 0.419

Crofer 22 H/Mn, sCo, s0, 750 0.0214 0.828

[74] 800 0.0527 0.773

Crofer 22 H/ 750 0.0223 0.812

Mn 45Co, 45Cug 04 800 0.0293 0.877

meet this criterion (Table 4). Furthermore, it was determined
that introducing copper into the structure of manganese-
cobalt spinel has an advantageous effect as far as ASR is
concerned, leading to a lower value than that observed for
the spinel without any copper addition (Fig. 13b, Table 4).
The conducted research leads to the conclusion that the
electrophoretic deposition of a protective-conducting coating
with the composition of Mn, 45Co, 45Cu, ;O, on the surface
of the Crofer 22 H ferritic steel, combined with the appro-
priate thermal treatment, should yield a layered system that
exhibits improved oxidation resistance and better electrical
properties under cyclic oxidation conditions, as compared
to the steel/scale system based on unmodified steel. The
proposed surface modification of ferritic steel provides the
opportunity to construct a metallic interconnect that should
enable a failure-free, long-term operation of intermediate-
temperature SOECs in which it is implemented.

Conclusions

e EDTA gel processes were applied to synthesize fine
Mn, 45Co, 45Cu, 0, powders with a spinel structure.
The use of electrophoretic deposition combined with the
appropriate thermal treatment made it possible to obtain
protective-conducting coatings with strong adhesion to
the Crofer 22 H steel substrate.

¢ Dense single-phase Mn, 45Co, 45Cu, ;O, sinters were
obtained from green bodies via 2 h of free sintering
in air at 1150 °C. These sinters consisted of cubic
phase grains. Their electrical conductivity measured
at 800 °C was 48 S cm™".

e The oxidation kinetics study conducted for the Crofer
22 H/Mn, 45Co, 45sCu, 0, layered system over 48-h
cycles, in air at temperatures of 750 and 800 °C and
for a total time of 1200 h, showed that the oxidation
process approximately follows the parabolic rate law.

The investigated layered system was characterized by
better oxidation resistance than steel without any sur-
face modification.

e Investigations of the microstructure of the Crofer 22
H/Mn, 45Co,; 45Cu;, 0, samples obtained as a result of
long-term oxidation at one of the two applied tempera-
tures (750/800 °C) confirmed that the coatings depos-
ited electrophoretically on the selected steel substrate
and thermally treated in the appropriate manner exhib-
ited strong adhesion to the metallic substrate. SEM-
EDS observations showed that an intermediate reaction
layer consisting of the MnCr,0, spinel had formed at
the steel/coating interface.

e Measurements of the formation rate of volatile chro-
mium compounds for the Crofer 22 H steel without
any modification and after the deposition of one of two
coatings—Mn, sCo, 50, or Mn, 4Co, 45Cu, ,0,—in a
flowing air/H,O mixture and at temperatures of either
750 or 800 °C demonstrated that these coatings may
serve as barriers that effectively prevent the formation
of volatile compounds of chromium.

e Measurements of the area-specific resistance of the
layered systems obtained after long-term exposure to
cyclic temperature changes revealed that the Crofer 22
H steel modified with the Mn, 45sCo, 45Cu, 0, coat-
ing was characterized by low values of this parameter
above 600 and 480 °C for cyclic oxidation temperatures
of 750 and 800 °C, respectively. For both of these tem-
perature ranges, the measured ASR values were below
the threshold set for interconnect materials intended for
application in solid oxide electrolyzer cells (SOECs).

e The conducted experiments proved that the Crofer 22
H/Mn, 45Co, 45Cu, 0, layered system is a viable inter-
connect material for application in SOECs.
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