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HIGHLIGHTS

e MnCo,04, Mn,Cu0Oy4, Mn; sCuFeq 104, Mn, ;CuFe, 304 were synthesized via a sol-gel method and compared as a coating material.
e The effect of Fe addition on structural and protective properties was investigated.

¢ Synchrotron multimodal chemical imaging allowed the phase composition to be identified.

e ASR of Mn, ;CuFey 30, coated steel after 3000 h of oxidation was excellent.

ARTICLE INFO ABSTRACT

Article history: The current state of the art steel interconnect coating materials are based on critical raw
Received 13 April 2023 material - Co-oxide spinels. Replacing Co-oxide spinels with alternative, abundant mate-
Received in revised form rials can reduce the dependence on the critical raw materials. Cobalt-free coatings with the
31 May 2023 general formula Mn, ,CuFe,O,4, where x = 0, 0.1, 0.3, were electrophoretically deposited on
Accepted 4 June 2023 a ferritic stainless-steel support and evaluated. Prior to deposition, the powders were
Available online xxx prepared by a soft chemistry process and studied in terms of crystallographic phase

analysis, electrical conductivity, thermal expansion, and sinterability behaviour. Coated
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electrical properties of the steel-coating system were evaluated by Area Specific Resistance
measurement. The results confirm that Mn—Cu—Fe oxides exhibit higher conductivity and
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lower TEC than Mn—Co oxide. Based on the obtained results, it might be concluded that the
proposed coatings are a promising alternative to coatings that contain cobalt.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

The current energy market situation and the growing neces-
sity to use renewable energy sources is the driving force
behind the development of electrochemical energy conver-
sion devices. Solid Oxide Cells (SOCs) can be used to convert
fuels to electrical energy and to store electrical energy via
electrolysis. There are, however, several factors limiting the
large-scale introduction of these devices to industries. One of
the main challenges is the degradation of the ferritic stainless
steel (FSS) used as an interconnect material. At high operating
temperatures, the FSS oxidises, forming a layer of corrosion
products (depending on the elemental composition of the
alloy, Cr,05; and/or (MnCr);04) on the surface. These oxides
have low electrical conductivity at high temperatures [1,2].
During cell operation, the oxide layer grows, further
decreasing the conductivity and therefore leading to power
losses. Furthermore, the chromium in the alloy evaporates
from the surface, forming chromium compounds that cause
oxygen electrode degradation also called cathode poisoning.
Thus, protective coatings have been developed to slow down
the oxidation of the steel and to stop the evaporation of
chromium. The current state of the art coatings are typically
made of (Mn,Co);0,4 spinel oxides. Researchers are currently
focusing on improving the physicochemical properties (e.g.
thermal expansion coefficient, electrical conductivity, etc.) of
these layers by doping them with other elements, mainly with
iron and copper [1—4] but there were also attempt to introduce
into structure nickel and cerium [3,4]. However, due to the
limited availability and rising cobalt prices, alternative coating
materials are sought. Mn—Cu spinels show potential to solve
problems caused by the current coatings, however, they have
been described in only a few papers [5—10] and a detailed
characterisation of these materials is still lacking.

In comparison to (Mn,Co)s;0, spinel oxides, (Mn,Cu);04
spinel oxides have a thermal expansion coefficient (TEC) better
matched to ferritic stainless steel. They also have a higher
electrical conductivity, are less expensive to produce, and are
more environmentally friendly as they do not contain carci-
nogenic cobalt. The challenge with replacing cobalt with cop-
per is that (Mn,Cu);04 spinel exhibits a lower phase stability.
Sun et al. prepared a Cu; sMn; ;0, coating by electrophoretic
deposition, in which, after sintering treatment, a CuO layer
was formed on the coating surface [11]. Joshi and Petric suc-
cessfully stabilised the spinel phase by adding nickel to
Cuq.18Mn; 8,04, which revealed a secondary, non-spinel, phase
[6]. However, there have also been successful attempts to
prepare a single-phase Mn—Cu spinel coating. For example,
Huang successfully deposited CuMn; 3O, spinel on Crofer 22
APU and obtained a dense spinel cubic phase coating [12].

In our previous work [13], we modified a manganese
copper spinel by adding iron, and obtained stoichiometry:
Mn, ;Cu4 3.xFe;04 where x = 0, 0.1, 0.3, 0.5. The powders were
evaluated in terms of phase stability at high temperatures,
and the research focused on the basic physico-chemistry of
the powders and sintered pellets. Fe substituted Mn1.7Cul.3-
xFexO4 spinel-based ceramics (x = 0, 0.1, 0.3, 0.5) were syn-
thesised and characterised. These studies showed that add-
ing more iron (x = 0.3 or 0.5) results in the formation of the
tetragonal spinel due to Jahn-Teller distortion of the octa-
hedra, the change in electrical conductivity properties,
improved stability of the spinel phase, and that Mn—Cu—Fe
oxides can be a promising alternative to the currently used
Mn—Co spinels.

Table 1 summarises the available reports on corrosion
studies performed on Mn—Cu oxide spinel-based coatings. The
studies were performed only for relatively short oxidation
times (< 2000h). Thus, there is a need to provide long-term data
which can validate the practical applicability of the spinel.

Table 1 — Summary of data on Mn—Cu-based coatings available in the literature.

Coating composition Substrate material =~ Temperature of oxidation test ~ Time of oxidation test =~ Reference
1 CuMn,04 AISI-430 steel 750 °C 100 h [14]
2 MnCu metallic coatings SUS 430 steel 800 °C 10 weeks [15]
3 CuqsMn; ;04 Crofer 22 APU 800 °C 120 h [16]
4 CuMn, gO4 Crofer 22 APU 750 °C, 800 °C 120 h [17]
5 Mn,CuO, Crofer 22 APU 800 °C 2000 h [18]
6 CuFe,04 SUS 430 steel 800 °C 15 weeks [19]
7 Copper—Iron coating Sanergy HT 850 °C 1000 h [20]
8 CuFe,04 Fe—16Cr alloy 800 °C 200 h [21]
9 CuFe,04 Crofer 22 APU 800 °C 600 h [22]
10  CuysMn;,0,4 AISI 430 750 °C 500 h [23]
11 CuMn; gO4 Crofer 22 APU 800 °C 12 days [24]
12 CuMn,04, CuNig,Mn; g04 SUS430 steel 700 °C, 800 °C 100 h [25]
13 Cuy3sMnyesOs 460FC steel 700 °C 1000 h [26]
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In the present work, three oxides with a general formula of
Mn,_xCuFe,O,4, where x = 0, 0.1, 0.3, were electrophoretically
deposited on a ferritic stainless-steel support, and their long-
term oxidation behaviour was characterised. The protective
properties, microstructure and electrical characteristics of the
prepared coatings were analysed before and after a high-
temperature ageing test. The results were compared to the
current state-of-the-art Mn—Co spinel coatings.

Experimental
Powder preparation

Four spinel oxide powders were prepared for this study. The
nominal chemical compositions of the powders, the corre-
sponding sample names and stoichiometry calculated from
EDX are presented in Table 2.

The powders were synthesised by a modified Pechini
method [27,28]. Aqueous nitrate solutions (with known cation
concentrations calibrated thermogravimetrically) were mixed
in the desired composition ratio. The solutions were heated
up to 80 °C, and pre-dissolved aqueous solutions of citric acid
and EDTA were added in a molar ratio 2:1:1-TMI (total molar
ions). Ammonia solution was gradually added to adjust the pH
to ~8. To start the transesterification process, ethylene glycol
was added (1 mol of polyalcohol to 1 mol of metal cations). The
liquid precursor was then held at 80 °C under continuous
stirring until a dense gel was obtained. Further heating up to
200 °C was used to remove any residual water and obtain
oxides. The resulting materials were finally calcined at 700 °C
for 2 h. More details about the synthesis procedure can be
found in Ref. [13]. After calcination, the powders were ground
in an agate mortar. For further processing, the particles were
then ball-milled in a Fritsch Pulverisette 7 planetary ball mill
with 3 mm zirconia balls. The process parameters were set
based on the milling machine's manual.

Materials characterisation

Phase composition

The X-ray diffraction (XRD) technique was used to determine
the phase composition of the obtained powders and coatings
after each stage of processing and after the oxidation tests.
The measurements of the coatings were performed on their
surfaces. All measurements were conducted at room tem-
perature using a Bruker D2 Phaser 2nd generation

Table 2 — Chemical composition of powders and sample's
name used in this paper.

Nominal composition Sample name EDX composition

MnCo,0,4 MCO Mng.95C05 0504
Mn/Co: 0.5 Mn/Co: 0.46
Mn,CuO,4 MnCuFe0 Mny; 0;CUg 9304
Mn/Cu: 2 Mn/Cu: 2.22

Mn; oCuFep 104 MnCuFe01 Mn; 9,CUg.93F€0.1504
Mn/Cu: 1.9 Mn/Cu: 2.06

Mn; ;CuFep 304 MnCuFe03 Mn; 74CUg.92F€0.3404
Mn/Cu: 1.7 Mn/Cu: 1.89

diffractometer with CuKa radiation and XE-T detectors. The
results were process by the Bruker Topas software.

Dilatometric studies

Determinations of the sintering and thermal expansion
properties of the materials were carried out using a Netzsch
DIL402 dilatometer. Pellets for the thermal expansion mea-
surement with a diameter of 16 mm were prepared by uniaxial
pressing of the powders and sintering at 1000 °C. The TEC
values were calculated based on the cooling data of the pre-
sintered pellets in temperature range 800 °C—100 °C. Mea-
surements were performed in synthetic air with a heating rate
of 5 °C/min and a cooling rate of 3 °C/min.

Electrical conductivity of the spinel materials

The electrical conductivities of the pellets were measured
with the van der Pauw method. Ceramic pellets were prepared
from the ball-milled powders by uniaxial pressing in a hy-
draulic press (Carver, USA) in a 16 mm (internal diameter)
hardened steel die. The powders were compacted using
54 MPa of pressure and sintered at 800 °C in air.

The electrical conductivity measurements were carried out
in air in the temperature range of 800 °C down to 200 °C (with
decrements/steps of 50 °C). The activation energy of electrical
conductivity, E,, was calculated using the Arrhenius formula:

E, 1
IneT= % XT+IHG'Q (2)

where ¢ — electrical conductivity, T — temperature, oo — pre-
exponential factor, E, — activation energy, and k — Boltz-
mann's constant.

The electrical conductivity results are presented including
correction for the porosity according to the Bruggeman
asymmetric model formula [29]:

(2)

where o — corrected conductivity, o, — measured conductiv-
ity, and p — sample-pore fraction. The porosity of the pellets
was calculated from SEM images using the Image] software
[30]. Five different SEM images of cross-sections of the pellets
were analysed and the porosity was calculated as the average
of these images for each sample.

Coating preparation

Deposition of the coatings
The spinel coatings were prepared on stainless steel coupons
using the synthesised powders by the Electrophoretic Deposi-
tion (EPD) method. Crofer 22 APU alloy (0.3 mm thick, batch
number 104754334, VDM-Metals, Germany) was used in this
study. Its nominal composition is given in Table 3. The steel
coupons were cut into 15 mm x 15 mm x 0.3 mm square
specimens. The edges of the samples were rounded with 180-
grit SiC paper to remove any post-cutting defects and avoid
accelerated oxidation in these areas [31]. The samples were
ultrasonically cleaned in deionised water, isopropanol, and
acetone to remove surface contaminants (grease and organic
compounds).

Using the synthesised powders, four EPD suspensions were
prepared. The recipe included 800 ml/L of acetone, 200 ml/L of
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Table 3 — Chemical composition of used alloy Crofer 22 APU, as provided by VDM-Metals.

G S Cr Mn Si Ti Cu Fe P Al
Chemical composition (Weight %) 0.002 <0.002 22.81 0.44 0.02 0.08 0.01 76.47 0.003 0.01
EDX composition (Atomic %) 0.13 0.08 21.44 0.61 0.08 0.17 0.78 76.32 0.01 0.38

isopropanol, 10 g/L of the spinel powder, and 0.5 g/L of iodine
as a dispersant.

The spinel coatings were deposited in a symmetrical EPD
deposition cell in a glass container. The working electrode
(specimen) was placed between two counter electrodes with a
spacing of 10 mm, which were also made from Crofer 22 APU
steel. The deposition parameters were: an applied voltage of
60 V, and a deposition time of 60 s. After the deposition, the
samples were dried in air for 2 h. In total, 20 specimens of each
type were prepared. For quality control, the weight of the dry
deposits was measured.

Sintering of the coatings

The coatings were sintered via a two-stage procedure, which
is typical for spinel interconnect coatings [32,33]. Prior to
starting the process, an investigation of the effect of temper-
ature was carried out (Fig. S1), and the final sintering condi-
tions were chosen based on these results. First, the coated
samples were heated in a tube furnace in a dry hydrogen at-
mosphere at 1000 °C for 10 h to reduce the spinel oxide. In the
second stage, the samples were reoxidation at 800 °C for 2 h in
static air in a muffle furnace.

Oxidation experiments

In this study, two different types of reference samples were
used: non-coated steel coupons and pre-oxidised steel coupons.
The non-coated coupons were used in their “raw” form, while
the pre-oxidised samples were chemically treated prior to the
high-temperature ageing tests. The treatment mimicked the
two-stage sintering procedure described in section Sintering of
the coatings but performed on an uncoated steel coupon.

The cyclic oxidation experiment was carried out at 750 °C
in static air, 15 samples of each kind were used for this eval-
uation. At the beginning, when higher mass gain was ex-
pected, shorter oxidation cycles were applied: 50 h, 100 h,
100 h. Afterwards, each cycle lasted 250 h until the samples
reached 3000 h at 750 °C. After each cycle, the weight gain was
determined using a Radwag analytical balance with a 0.1 ug
resolution.

Table 4 — Parabolic oxidation rate constant of all the
investigated samples oxidised for 3000 h in air at 750 °C

(For the reference samples, two values of k, were
calculated, for two time ranges: 0—500 h and 500—3000 h).

kp [g7 cm* s7Y] ko sample/kpref
Reference 3.76E-15/2.28E-14 1
Reference — preox 3.25E-15 0.14
MnCuFeO 6.1E-15 0.27
MnCuFe0O1 4.92E-15 0.22
MnCuFe03 4.73E-15 0.21
MCO 5.22E-16 0.02

Sample analyses

Area specific resistance measurements

The electrical performance of the coated and uncoated sam-
ples was evaluated by ASR testing as a function of tempera-
ture (750 °C — 300 °C) in air (one measurement on each kind of
sample). For the ASR measurement, circular platinum con-
tacts with a diameter of 5 mm were applied in the centre of the
spinel-coated samples from both sides. The platinum paste
was dried at 100 °C on a hot plate and then the samples were
heated up to 750 °C for 10 min. The measurement was carried
out in a four-wire two-electrode system using a 1 Hz sinu-
soidal signal (Gamry 1010 analyser). The samples were heated
up to 750 °C, and then cooled to 200 °C with simultaneous
impedance measurement performed every 50 °C. These
measurements determined the ASR (surface resistance) of the
samples after different oxidation periods. The results were
calculated for the area of the platinum contact according to
the formula:

R-A

ASR=—- 3)

Where: R — electrical resistance [Q], and A — surface area of the
Pt layer [cm?].

Coating characterisation

SEM

The sample surface and cross-section microstructure before
and after the oxidation tests (for periods of 250 h, 1000 h and
3000 h) were characterised by a Thermo Fisher Phenom XL
scanning electron microscope (SEM) equipped with an energy
dispersive X-ray (EDX) detector. The cross-sections for the SEM
and EDX analyses were prepared using epoxy embedding and
were polished to a 1 um diamond finish and carbon-coated.

TEM

An FEI Tecnai G? T20 transmission electron microscope (TEM),
operated at 200 kV, was used for electron diffraction, TEM
bright field (BF) and dark field (DF) imaging, scanning TEM
(STEM) imaging, as well as EDX analysis. The TEM specimens
were prepared using an FEI Versa3D focused ion beam —
scanning electron microscope (FIB-SEM). For the final polish-
ing of the TEM specimens, a low voltage (2 kV) ion beam was
used to minimise damage from sample preparation.

Synchrotron multimodal chemical imaging with micro-focused
X-ray beam

X-ray diffraction- and X-ray fluorescence — contrast micro-
scopy was performed at the microXAS beamline of the Swiss
Light Source (SLS) at the Paul Scherrer Institute. Images were
acquired by raster scanning of the samples with an X-ray
beam with an energy of 18.2 keV focused to a 1 x 1 um? spot
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size. The XRF spectra and XRD patterns were measured
simultaneously in transmission mode with a dwell-time of
200 ms per point. For each image pixel, data were acquired
using two SDD detectors for XRF and an Eiger4M (Dectris) 2D
detector for XRD. The diffraction measurements were cali-
brated by measurement of the LaBg standard. The XRD data
in the format of images of diffraction rings was first
azimuthally integrated using the PyFAI python library [34],
followed by an analysis performed using the XRDUA soft-
ware [http://xrdua.ua.ac.be/]. The XRF spectra were analysed
using the PyMca software [35]. Samples for the XRD — and
XRF — contrast microscopy were prepared by Plasma-FIB
milling in the form of lamellas with a thickness of about
50 um (Fig. S2).

Results and discussion
Powder characterisation

Chemical and morphological analysis of the powders

In this work, four powders were synthesised by the sol-gel
technique based on combined CA and EDTA chelating
agents. It is an effective technique for multi-cation oxides,
ensuring uniform cation distribution [36].

Fig. la presents an ex-situ XRD phase analysis of the
MnCuFe0, MnCuFe01, MnCuFe03, and MCO as-synthesised
powders (2 h of calcination in air at 700 °C, before the mill-
ing step). The samples containing copper reveal a two-phase
composition: cubic spinel phase (space group Fd-3m) and
Mn,05 (bixbyite, space group Ia-3). The cobalt—manganese
spinel consists of a single phase (cubic phase Fd-3m). These
results are consistent with the data reported by F. Afrani et al.
[37]. Mn,CuO,4 synthesised at 700 °C consists of a spinel with
secondary phases of «-Mn,03; and Cu, whereas the higher
calcination temperature produced a single phase spinel.

A high-energy milling process carried out in a planetary
mill led to a reduction of the crystallite size, which was eval-
uated based on a peak broadening analysis. XRD patterns
suggest a significant comminution of the powders. The XRD
patterns obtained after this step are presented in the supple-
mentary materials in Fig. S3. For the milled powder, the phase
composition remained the same as the as-synthesised
powder.

Dilatometry study

Fig. 1cillustrates the sintering behaviour of the materials. The
shrinkage of the MnCuFex materials starts at 755 °C—818 °C,
depending on the iron content. Cu—Mn based materials show
a lower sintering onset temperature than Co—Mn spinel. At

©Cubic spinel
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° ..o 1004 MnCuFe0 $ 7
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Fig. 1 — Powder characterisation: a) XRD patterns of synthesised powders after calcination at 700 °C obtained with CuKu; b)
electrical conductivity of pellets as a function of the temperature; the results were corrected for sample porosity; c)

dilatometry of the oxide pellets, pre-sintered at 1000 °C; d) TEC values calculated for the two temperature ranges are shown
in the inset table.

Please cite this article as: Ignaczak J et al., Fe-modified Mn,CuO, spinel oxides: coatings based on abundant elements for solid oxide cell
interconnects, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2023.06.041



http://xrdua.ua.ac.be/
https://doi.org/10.1016/j.ijhydene.2023.06.041

6 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

1100 °C (maximum sintering temperature), the sintering of the
MnCuFex pellets seems to be accomplished, since there is no
further change in the dimensions of the pellets and the ob-
tained shrinkage is in the range 22—-25%, while for the MCO
pellets, the process did not finish.

In comparison to MCO, MnCuFex materials show a sub-
stantial reduction in the onset temperature and increased
shrinkage at elevated temperatures. Cu—Mn spinels show
enhanced sintering properties. Partly replacing Mn by Fe af-
fects the sintering behaviour by further lowering the onset
temperature and reaching the final shrinkage at a lower
temperature.

Thermal expansion measurements are shown in Fig. 1d.
The calculated TEC values are summarised in the inset table in
the same figure. The TEC values were calculated by linear
fitting in two temperature ranges, a lower one from 150 °C to
600 °C and a higher one from 650 °C to 800 °C.

For the MnCuFe0 sample, the transition point on thermal
expansion is the most visible and the values of TEC calculated
for lower temperatures and for higher temperatures differ the
most, at 11.5 107 K~* and 16.2 10°°® K !, respectively. For
material containing the highest fraction of Fe (MnCuFe03) the
transition point on thermal expansion is least visible and
differences between values calculated for two temperature
ranges also differs the least. The TEC calculated for all
MnCuFex pellets is lower than these calculated for the MCO
pellet. Value of TEC obtained for state of the art material is
higher than reported before [38,39], this can be due to poor
sintering, bigger particle size obtained after milling step than
for MnCuFe oxides. Lowering the TEC at high temperatures
makes this material more suitable for applications as a pro-
tective coating for interconnectors, used in this study alloy
Crofer 22 APU exhibits the TEC of 11.5 10~® K~ [40]For SOFCs
operating at high temperatures, which are exposed to thermal
cycling, good matching of the interconnect TEC and coating
TEC is essential for the mechanical stability of the coating, and
thus for its performance.

Electrical conductivity characterisation
The electrical conductivity of the synthetised materials was
measured in the temperature range 200—800 °C in air. The
results are presented in Fig. 1b. MnCuFex materials show
quite similar electrical behaviour with a monotonic increase
of conductivity on heating and a maximum conductivity of
90-110 S cm™! at 800 °C. There is no relation between the
conductivity and iron content in MnCuFex oxides, which in-
dicates that the higher ratio Cu/Mn favours the concentration
of Mn*"/Mn*" ions that participate in the electronic conduc-
tivity through small polaron hoping between the octahedral
sites [41]. The maximum conductivity for MCO spinel is
60 S cm™! at 800 °C. At an intermediate temperature range
(500—600 °C), the electrical conductivity of the MnCuFex spi-
nels is 2—3 times higher than the conductivity of the MCO
spinel. At high temperatures, the differences in conductivity
are minor. These materials are therefore promising for ap-
plications as intermediate temperature protective coatings.
In our previous work, where the copper was substituted
with Fe (Mn; ;Cu; 3.xFexO4), the electrical conductivity of the
pellets was higher (~180 S cm ! at 650 °C for Mn, ,Cu; 304 and
Mn, ;Cuq oFeq 104 samples), but the materials were not phase

stable and CuO precipitated at temperatures higher than
650 °C, causing lowering of the conductivity above this tem-
perature [13]. Substitution of Fe in place of Mn, as studied in
this work, increases the stability of the material at the
expense of the electrical conductivity.

The Arrhenius plots for electrical conductivity are shown
in Fig. S4. The activation energies were calculated for two
temperature ranges 200 °C—400 °C and 450 °C—800 °C, similar
as for the dilatometric measurement. Results are summarised
in table insert in the same figure. The observed trend for
MnCuFe samples is in agreement with previous findings, re-
ported in our previous work [13]. At high temperatures, the
activation energies were low compared to the values calcu-
lated for low temperature regime. There is a clear dependence
between the iron content and activation energies, which
decrease with increasing amount of iron. For the MCO spinel,
for the temperature range 200 °C—400 °C the value is 0.356 eV
and 450 °C—800 °C is 0.49 eV.

Coated samples preparation

To achieve a satisfactory density, spinel coatings are typically
sintered in a two-step process. The first step is the reduction
of the coating, where the oxide is reduced, followed by the
second step, the reoxidation, where the spinel should re-form.
In the case of MnCo spinel, the sintering conditions have been
studied extensively [33,42,43], whereas for MnCu spinels, such
studies are not yet reported. The summary of the sintering
deposition processes and the sintering conditions used for the
preparation of the spinel coatings is given in Table S1.

In the case of the MnCuFe03 coatings, the microstructure of
the coating after the reduction (10 h in H, at 1000 °C) and
reoxidation (2 h in air at 800 °C) steps are presented in Fig. 2a
and b, respectively. The reduced sample shows a porous
structure and the presence of metallic particles (Fe + Cu) and
MnO, as also confirmed by XRD (Fig. 2d). Exposure to high
temperatures also results in the formation of interfacial oxide
scale. In the case of the MnCuFe0 and MnCuFe01, the micro-
structures are similar (not shown here). In the case of the MCO
spinel, the reduction leads to the formation of metallic Co and
MnO. The reoxidation step leads to densification of the coat-
ings, as is visible in Fig. 2b. The final density of the coatings
depends strongly on the initial reduction conditions, as pre-
sented in Fig. S1. A clear relationship can be seen between the
metallic grain size and low porosity. Similar results were ob-
tained by Bobruk et al. [33] in their MCO spinel sintering study.
Based on these results, the reduction temperature of 1000 °C
was selected, asitresults in a high final density of the coatings.

To check the phase composition after the densification
process, XRD analysis was performed for the final samples,
which is presented in Fig. 2e. The analysis showed that the
MnCuFe01 and MnCuFe03 samples are single phase and are
crystallised in the cubic spinel phase with a Fd-3m space
group. The diffraction peaks corresponding to this phase are
slightly shifted to higher diffraction angles as compared to
that of the MnCo,0, coating due to the replacement of Co with
Mn, Cu and Fe [39]. The MnCuFeO coating also features a
second phase — Mn,0s.

To evaluate how the sintering conditions affect the mass
change, the samples’ masses were measured after each stage
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Fig. 2 — a) SEM images of reduced MnCuFe03 coating, b) SEM images of the MnCuFe03 coating after sintering treatment, c)
Mass gain measured during the coating preparation, d) XRD pattern of the coatings after the reduction step, e) XRD pattern of

the coatings after the sintering treatment.

of sample preparation. The results are presented in Fig. 2c.
The first bar for each sample type corresponds to the mass of
powder deposited by means of electrophoretic deposition on
1 cm?. The obtained values are at the same level and should
produce coatings of approximately the same thickness, which
simplifies determining the corrosion properties of the
different materials.

The second bar of mass change corresponds to the mass of
the samples after the first step of the sintering process,
namely sintering in dry hydrogen at 1000 °C for 10 h. Thereis a
noticeable decrease in the mass of each sample, which is due
to the above-described phenomena of reduction of the
coating. At the same time, it should be noted that under these
conditions, the steel is oxidised and high-temperature corro-
sion products are formed on its surface, as is illustrated by the
SEM image of the MnCuFe03 layer (Fig. 2b).

The third bar represents the weight gain after the second
sintering step, when the spinel structure reforms, and further
oxidation of the substrate material occurs. The difference
between Amj; and Am; represent the mass of the corrosion
product and is shown in the graph above other bars. The

thickness of chromium oxides was calculated from these
values, assuming that only chromium oxide is formed, since
the ratio of the formed spinel MnCr,0, to Cr,03 is unknown.
Accepting this simplification introduces an error of 25% at
most. These data are shown in Table 5. The thickness of the
oxide scale formed during the sintering process on steel
coated with a MnCuFeO spinel coating is 0.80 um, for
MnCuFe01 — 0.85 pm, for MnCuFe03 — 0.75 um, and for MCO —
0.97 um. These values are comparable with coatings contain-
ing copper and smaller than for uncoated steel sintered under
the same conditions, for which the thickness of corrosion
products is 1.16 um.

Microstructures of the as-prepared samples

Fig. 3a depicts SEM images of cross-sections of the MCO and
Mn,.,CuFe,O, spinel coatings deposited by EPD after the two-
step heat treatment under selected conditions. The obtained
coatings have a similar thickness of about 12 um. Only the
MCO has a slightly lower thickness of about 8 ym. The porosity
of the coatings is low and ranges from 6% to 15%, depending

Table 5 — Thickness of oxide scale after peroxidation treatment and after 3000 h oxidation test at 750 °C.

ref-preoxidated reference MnCuFeO MnCuFe01 MnCuFe03 MCO

thickness of the oxide scale [um] Sintering treatment 1.16
After oxidation (3000 h) 1.14
Total thickness 2.30

= 0.80 0.85 0.75 1.40
2.85 1.63 1.41 1.38 0.41
2.85 243 2.26 2.18 1.81
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Fig. 3 — a) SEM images of the cross-sections of each type of the coatings obtained after sintering treatment; b) EDX map

analysis of the MnCuFe03 coating.

on the iron content, which significantly influences the
porosity. The lowest porosity of 6% was achieved for the
MnCuFe03 coating.

EDX analysis for the MnCuFe03 coating shown in Fig. 3b
revealed that the formed oxide scale was mainly composed of
Cr and O with a minor addition of Mn. It has been reported in
previous research that oxidation of ferritic stainless steel
leads to the formation of a dual scale of corrosion product:
Cr,03 and a top layer of (MnCr);0, spinel [44,45].

No chromium content was detected in the inner part of the
coating, and no reaction layer between the oxide scale and the
spinel was observed.

The particles of ZrO, visible in Fig. 3 are contamination
from the high-energy ball milling process. The ZrO, particles
can be used as an indicator of the direction of the diffusion
process that occurs during oxidation.

The manganese-cobalt spinel coatings prepared as the
reference coating also show low porosity and a morphology
similar to Mn, yCuFe,O4. According to the SEM analysis, the
thickness of the oxide scale is also 1—2 ym.

EDX scans were also performed on the surface of the as-
prepared samples (Table 6). The atomic composition of the
MnCuFex coating after sintering differs from that of the raw
powder; the ratio of manganese to copper in each of these

Table 6 — Element atomic concentration, collected from the surfaces of the coated samples after 0 h, 250 h, 1000 h, 3000 h of

oxidation at 750 °C.

Oh O[at. %] Mn[at. %] Cu/Colat. %] Fe[at.%] Crlat. %] Mn/Cucalculated  Mn/Cu from powder
from EDX stoichiometry

MCO 71.6 9.5 18.5 0.3 0.1
MnCuFe0 70.9 17.3 11.0 0.5 0.2 1.6 2
MnCuFe01 69.2 17.6 11.7 1.3 0.1 1.5 1.9
MnCuFe03 69.1 15.4 11.5 3.6 0.2 1.3 1.7
250 h

(o] Mn Cu/Co Fe Cr Mn/Cu Mn/Cu
MCO 70.8 9.4 18.3 1.6 0.3
MnCuFe0O 71.2 19.6 10.4 0.9 0.2 1.9 2
MnCuFe0O1 69.5 18.3 11.2 1.5 0.2 1.6 1.9
MnCuFe03 69.4 17.1 10.2 4.0 0.2 17 1.7
1000 h

(0] Mn Cu/Co Fe Cr Mn/Cu Mn/Cu
MCO 70.8 9.6 16.8 2.3 0.5
MnCuFe0O 70.1 19.5 8.7 1.3 0.3 2.3 2
MnCuFe01 70.6 17.2 9.5 1.9 0.3 1.8 19
MnCuFe03 68.9 16.5 10.0 4.2 0.3 1.7 1.7
3000 h

o Mn Cu/Co Fe Cr Mn/Cu Mn/Cu
MCO 70.6 9.5 16.4 2.6 0.9
MnCuFe0O 71.7 20.3 5.8 1.8 0.4 3.5 2
MnCuFe0O1 68.9 21.6 6.3 3.0 0.3 3.4 1.9
MnCuFe03 69.6 16.6 9.5 4.0 0.4 1.7 1.7
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Fig. 4 — Weight gain of the samples plotted on linear a) and parabolic b) scales; c) mass gain shifted by mass increase caused

by coatings' sintering process.

coatings is lower than in the raw powder stoichiometry, indi-
catingalarger concentration of copper on the top of the coating.
This observation may be related to the low melting point of
metallic copper and the subsequent high vapour pressure. It is
worth pointing out that metallic copper particles are present
after the first sintering phase, and copper vaporisation to the
upper section of the coating s feasible during this stage. Further
evidence that there is a larger concentration of copper near the
surfacerather than aloss of manganese from the sample comes
from the fact that a similar effect is not visible for the MCO
coating. Each coating contains only trace amounts of Cr.

Oxidation kinetics

The mass change of all coated samples caused by the long-
term oxidation is shown in Fig. 4 in linear (a) and parabolic
(b) plots (mass change caused by the sintering process is not
included in this plot). According to the data collected in Table
1,3000 h is the longest evaluated time of oxidation for coatings
based on Mn—Cu oxide until now.

With a good linear approximation in Fig. 4b, the mass
change can be described by the parabolic kinetics, indicating
that oxide scale growth is controlled by the solid-state
diffusion.

The uncoated steel samples (reference with no pre-
sintering treatment) showed the highest parabolic rate con-
stant, and the samples coated with the MCO coating showed
the lowest one (Table 4). It is worth pointing out that for this
type of samples, the parabolic oxidation rate constant is
calculated for time ranges from 0 h up to 500 h and from 500 h
to 3000 h, since there is an evident change in the slope of the
line in Fig. 4b, and this phenomenon was already observed for
uncoated FSS [46]. The values of mass weight gain for samples
coated with Mn,_,CuFe,O, are intermediate, and among these
samples, the highest weight gain was observed for the sam-
ples coated with the MnCuFeO spinel.

In addition to the reference, uncoated and untreated steel
samples, pre-oxidised steel samples (without coatings) were
also used in the oxidation experiment, which were marked as
reference-preoxidised. This was performed to evaluate the
potential influence of the initial heat treatment (coating sin-
tering steps) of the alloys on their apparent weight gain during
the long-term oxidation. Thus, the reference-preoxidised
samples were subjected to the same heat treatment as the
coated samples.

According to Fig. 4a, the reference-preoxidised samples
showed the lowest weight gain among the tested samples;
lower even than the coated ones. This result is, however,
deceptive, as these values do not include the initially formed
oxide scale, which increased the weight gain. Similar effects
also influence the weight gain data of the other samples.

The corrected weight gains of the coated and reference
samples, including their initial weight gain, are presented in
Fig. 4c. Also, the mass gain of the reference-preoxidised
sample during heat treatment is shown in Fig. S5. After
1000 h, all the curves seem to converge and the differences
between them become smaller. The lowest total weight gain
was achieved for the MCO-coated samples. The weight gain of
the MnCuFex samples was similar to the weight gain of the
uncoated alloys. According to the literature and previous ex-
periments, it must be taken into account the mass gain error
for uncoated samples associated with chromium evaporation.
H. Falk-Windish et al. [47] have reported chromium evapora-
tion data for ferritic stainless steel Crofer 22H at 750 °C and
after 500 h of oxidation obtain value of ~0.07 mg/cm?. There is
not experimental data for particular one alloy and condition of
oxidation used in this study. Chromium evaporation for
Crofer 22 APU was examined at 850 °C and at 800 °C, after 500 h
achieved 0.078 mg/cm? and 0.054 mg/cm? respectively
[48,49].Taking into account possible Cr-evaporation from the
reference and the reference-preoxidised sample, the weight
gain for the latter would be approaching the MnCuFe0 sample
weight gain. Thus, the preoxidised-reference and MnCuFex
showed virtually the same weight gain. This leads us to an
important conclusion, that the MnCuFe0 spinel do not reduce
the corrosion rate (oxide scale growth), which to some degree
is observed for the MnCuFe03 and which apparently is the
case for the MCO spinel.

Based on the weight gain data, the oxide scale thickness,
including the initial thickness and the long-term oxidation-
formed thickness, could be calculated. These results are
summarised in Table 5. After the 3000-h-long oxidation at
750 °C, the total oxide thickness of the MnCuFex samples is
similar to the reference-preoxidised. The reference sample
shows the highest oxide scale thickness, possibly due to the
effect of the oxide scale microstructure. Chromia oxide
formed at a higher temperature (in the case of the
preoxidised-reference) will have larger crystallites and fewer
grain boundaries, resulting in a lower weight gain/oxide
thickness. These effects were studied, e.g., by Talic et al. [50].
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Fig. 5 — SEM images of coating after 3000 h of oxidation at 750 °C including results of EDX line scans through the entire
coating thickness for a) MCO, b) MnCuFeO0, c¢) MnCuFe01, and d) MnCuFe03.

Based on the weight gain results and the calculated oxide
scale thickness, it can be assumed that the MnCuFex mate-
rials do not slow down the corrosion process to the same
extent as the currently used MnCo,0,4. There is a clear dif-
ference in the oxidation kinetics between the samples coated
with materials containing manganese-copper-iron and
manganese-cobalt. The parabolic oxidation rate constants
were calculated from the plot presented in Fig. 4b and are
collected in Table 4. The K, and the ratio of the k;, of a specific
sample to the reference samples is the lowest for the MCO
coating and is 10 times lower than for the MnCuFex coating.
Based on these results, it can be concluded that the corrosion
rate for samples with Mn—Cu—Fe is reduced by a factor of 5,
and for samples with Mn—Co by a factor of 50.

The chromia scale thickness calculated from the weight
gains can be compared with the thickness from the SEM im-
aging, presented on Fig. 5. The calculated values assume that
mass gain is caused only by formation of pure Cr,03. According
to EDX line scan, the chromia thickness for the MCO coated
samples is 1.5 ym and is in good agreement with weight gain
data.

For MnCuFe0 and MnCuFe01 samples, the Cr-profiles are
more complicated due to more complex reaction layer. In the
first layer, the Cr,O; with thickness of ~1.5 pm can be

observed, where chromium content is up to ~25%. Beyond, the
Cr content drops to a level of 15% and 8% for MnCuFe0O and
MnCuFe01 respectively and remains at that level for the next
~6 um.

The MnCuFe03 sample exhibits different distribution of
chromium: maximum concentration is in line with pres-
ence of Cr,03, increases to ~25% and then declines expo-
nentially, which points that addition of iron can effectively
slow down diffusion of chromium to the external Mn—Cu
oxide layer.

Postmortem characterisation after oxidation for 3000 h at
750 °C

Electron microscopy characterisation

Fig. 5 shows SEM images combined with the line scan EDX
analysis of a cross-section after 3000 h of oxidation. All the
samples exhibited good adhesion of the coating to the steel. A
dense reaction layer structure has been observed next to the
chromia scale for MnCuFe0 and MnCuFe0l. For samples
coated with MnCuFeO and MnCuFe01, lighter and darker re-
gions could be observed in the BSE-SEM images in the outer
part of the coating. The MnCuFe03-coated sample seems to
have a uniform structure with no reaction layer.
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Linear EDX scan confirms the increase in thickness of the
corrosion product-chromia scale compared to the as-prepared
samples. They reached a thickness of about 2 um for the
MnCuFe0 layer, and about 1.5 um for the MnCuFe03 layer. An
important finding is the absence of a thick reaction layer be-
tween the coating and chromium scale for the MnCuFe03
coating. In contrast, for the MnCuFe0 samples, a 2-um-thick
reaction layer with a high chromium content of about 15%
atomic is observed.

The structure of the MnCuFe03 does not change signifi-
cantly on oxidation, as it maintains low porosity and no cation
segregation is observed. The EDX point analysis performed in
three locations of the cross-section shows that the coating has
retained its original stoichiometry and confirms that the
chromium concentration in the inner part of the layer is
higher than the outer, which is consistent with the line scan.

The surface chemical composition was also analysed by
EDX (at a low magnification of 1000 from 3 different locations
on the samples) for samples after 0 h, 250 h, 1000 h, 3000 h of
oxidation, which is summarised in Table 6.

EDX Surface analysis of the EPD-coated samples indicates
presence of chromium right at the beginning of the oxidation
experiment (0.2—0.5 wt%, within the limit of detection). For
the MCO sample, an increase of the chromium amount is
observed over time, to reach a maximum of 0.5% after 3000 h
of exposure. All the measured values of Cr content are very
low, and it can be concluded that the surface chromium
concentration in each of the obtained coatings is negligible.

Data about the ratio of manganese to copper in the
MnCuFe0, MnCuFe01, MnCuFe03 was also obtained from the
surface EDX study. After sintering, the ratio of Mn to Cu is
lower than that resulting from the stoichiometry of the
deposited powder, which was discussed earlier in the
subsection-as prepared coating. With oxidation time, the
manganese content increased while the copper content

decreased significantly for the MnCuFeO and MnCuFe0O1l
samples. For the MnCuFe03 sample, these values remained
constant and correspond to the stoichiometry of the powder
from which the coatings were prepared. Thus, the MnCuFe03
coatings appear to be significantly more chemically stable
than the other MnCuFex coatings.

XRD study presented in Fig. S6 showed the presence of
Mn,03 in the MnCuFe0 and MnCuFe01 coatings. In the case of
the MnCuFe0 coating, manganese oxide was present imme-
diately after the sintering step and after 3000 h of testing, the
amount of this phase has further increased. Before the
oxidation process, the MnCuFe01 coating consisted only of
one spinel cubic phase, but during the oxidation, a second,
Mn,05; phase appeared, and similarly to the MnCuFe0, its
amount increased during further processing. The XRD study
of the MnCuFe03 showed the sole presence of the spinel cubic
phase before the start of the oxidation process. After 3000 h of
oxidation, the presence of another phase could be detected,
however due to the low signal-to-noise ratio, it was impos-
sible to identify this phase using traditional XRD measure-
ments performed on the surface of the samples.

Transmission electron microscope observation

To examine the coating microstructure in detail and the dif-
ferences between the coating without iron and with iron
content, a TEM analysis, including (S)TEM imaging and STEM-
EDX mapping, was carried out for the MnCuFe0 and MnCuFe03
samples after 3000 h of oxidation at 750 °C.

Fig. 6a shows a STEM image and EDX elemental maps at the
interface between the substrate and the coating layer in the
MnCuFe0 sample. A corrosion product layer, which predomi-
nantly consists of Cr and O, can be observed at the interface.
This corrosion layer has a thickness of ~0.5 pm. Above this
layer, the chromium elemental distribution in the EDX map
also indicates that there is a thicker interlayer of ~1 ym with a

60-{Profile 1 |—— Chromium Manganese 60 Profile 2| —— Chromium Manganese
— Copper —— Oxygen — Copper —— Oxygen
R 50 X 50
2 o
S 40 5 40
S I,
c 309 = 30
k= \ S
© 201 W © 20
8 104 8 10 A,
c [ =
o o
O oA O o4
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Distance [nm] Distance [nm]

Fig. 6 — a) STEM image of the MnCuFe0-coated coupon and the element distribution map generated for the marked area, b)
EDX line scans performed from the interface between the substrate and coating.
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chromium concentration (30 at. %) slightly lower than that in
the corrosion product layer, according to line scans shown in
Fig. 6b. In addition, Mn and Cu exist in this region, both with
concentrations of ~20 at. %. Further above this layer in the
coating film, the chromium content is significantly deceased,
which is consistent with the SEM measurements shown in
Fig. 5b. It is worth noting that the distribution of Mn and Cu
differs slightly, which may prove the presence of (Mn,Cr);04 as
a second component of the corrosion product.

Fig. 7a shows a TEM lamella obtained by FIB for high-
resolution element distribution analysis, and three element
maps made with different magnifications and from different
areas on the MnCuFe03 sample. The squares on the STEM
image of the lamella illustrate the areas from which the dis-
tribution maps of the selected elements (Cr, Mn, Cu, Fe, O)
were obtained. The map made on the surface between the
coating and substrate confirms the presence of Cr,0; as the
main component of the corrosion product. Above this oxide, a
thinner layer of (Mn, Cr)O4 can be seen, the forming of which
is characteristic for the Crofer 22 APU alloy [45]. The element
distribution from the top part of the coating presented in the
middle row shows an even distribution of elements with a
marked border for the chromium reaction layer, above which
the presence of chromium is not detected. It is worth noting

that the contrast in the Cr map in the first row is due to noise
in the EDX measurements. Based on these observations, it can
be concluded that chromium species are efficiently stopped
from evaporation by reaction with the coating, forming (Mn,
Cu, Cr)30, spinel oxide.

EDX mapping at a higher magnification reveals the uneven
distribution of iron and copper at the nanometre scale. The
cation distribution maps reveal unexpected cation segrega-
tion, which gives rise to needle-like structures in the coating,
as shown in Fig. 7b. EDX maps show a homogeneous distri-
bution of oxygen and manganese, but different copper and
iron contents. In places, where the copper content is lower,
there is more iron, and vice versa (Fig. 7d). This so-called
needle structure is present throughout the whole volume of
the coating.

Fig. 7c presents a selected area electron diffraction pattern
made on a single crystal grain that contains the needle-like
structure (on the area marked on images above the diffrac-
tion pattern). This pattern corresponds to the spinel structure
and shows a single structure phase in the coating in spite of
the Cu and Fe segregation. However, the presence of a second
phase cannot be ruled out and the resulting electron diffrac-
tion pattern could not reveal of presence of the second phase.
According to XRD patterns made from the surface of this

Copper

F 28,

o 24! Copper

5 201 ! /,\‘ Iron ,

s .l / —~— A N

AP AVAVanVVAVAY
2 124 s

o | " "

g 81,

8 44

5 1

0 50 100 150 200 250 300 350
Distance [nm]

Fig. 7 — a) STEM image of a TEM lamella obtained by FIB from the MnCuFe03-coated coupon and STEM images and the
corresponding element distribution maps for the MnCuFe03-coated Crofer 22 APU after 3000 h of oxidation at 750 °C, b)
STEM image showing the needle-like structure, c¢) STEM image and electron diffraction pattern from the marked area in the
image, d) EDX line scan and element distribution maps for Fe and Cu from an area that contains the needle-like structures.
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sample, a needle like structure and nonhomogeneous cation
distribution, there is a presence of second phase and further
evaluation is needed.

Synchrotron multimodal chemical imaging with micro-
focused X-ray beam

To further characterise the structure and chemical composi-
tion of the coated samples, XRD and XRF-contrast microscopy
studies were performed. Due to the date of availability of the
beam line, it was possible to test the samples before the
oxidation process and after 1000 h of the experiment. For the
study, a 50 pm lamella was cut for 2D scanning imaging. Based
on the acquired data, 2D images illustrating the distribution of
crystalline phases and chemical composition were generated.
1D profiles of the crystalline phases and elemental distribu-
tion were evaluated as a function of the distance from the
surface by integrating the 2D images along the dimension
parallel to the coating, which resulted in significantly
improved statistics which made it possible to analyse the
diffraction patterns.

The data presented in Figs. 8 and 9 show the analysis of the
XRF measurements for the MnCuFe0O and MnCuFe03 before
oxidation test (t = 0 h) and after 1000 h of oxidation at 750 °C (4
samples overall). For reference, SEM/EDX data of similar
samples are included in Fig. 8a and d, and 9a and 9d for
MnCuFe0 and MnCuFe03, respectively.

For the coating without the addition of iron, the highest
concentration of chromium is at the interface between the

thickness of the chromia scale is about 1.5 pm and the amount
of chromium decreases with the distance from the steel. For
comparison, the thickness of the corrosion product observed
in the SEM images is below 1 pm and the thickness calculated
from the mass gain is 2.4 pm. It can also be observed that the
amount of iron is higher near to the steel surface than in the
volume of the coating. The concentration of manganese and
copper is homogenous and declines near the surface of the
substrate in favour of iron and chromium.

The results of the same analysis performed for the
MnCuFe0 sample after 1000 h of oxidation at 750 °C are pre-
sented in Fig. 8e. It should be noted that the coating on this
sample is thinner, at only 7 um. The thickness of the corrosion
product is comparable to that observed on the sample before
the oxidation test. Chromium is present in the spinel coating,
and it can be observed that there is a thick reaction layer be-
tween the chromium and the coating, while beyond this layer,
the chromium content is low, at the level of iron, which is in
agreement with the EDX line scan performed for the MnCuFe0
sample after 1000 h (Fig. 8d) of oxidation. Based on the XRF and
EDX analyses performed for the MnCuFe0 sample after 1000 h
of oxidation testing, a thick reaction layer is present between
the chromia scale and the coating (Fig. 8d and e). Above this
layer, the chromium content is at a low level, comparable to
the iron content.

The manganese and copper distribution is no longer ho-
mogenous, with their content varying over the distance from
the steel surface. Fig. 8c and fillustrate the results of the micro
XRD analysis performed on the same lamella as the XRF re-
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Fig. 9 — Characterisation of MnCuFe03 sample before oxidation a), b), c) and after 1000 h of oxidation test d), e), f); a), d) EDX
line scan performed in the whole depth of the coating/substrate system, b), e) XRF analysis performed on the lamella
prepared by FIB, c), f) micro XRD analysis performed on lamella prepared by FIB.

information that cannot be obtained otherwise. The MnCuFe0
sample at t = 0 h consists of two phases distributed in the
whole volume of the coating, a spinel cubic phase with the Fd-
3m space group, and cubic Mn,05 with an Ia-3 space group, as
determined from the XRD analysis performed using a stan-
dard X-ray diffractometer. The lattice parameters were
calculated for the cubic spinel phase and are presented in the
figures as a function of the distance from the steel substrate
(marked with orange circles). These values increase with the
increasing proximity to the substrate and with the higher
chromium content. For the sample before oxidation, the unit
cell volume for the regular Fd-3m phase (Mn,CuO,) in the
actual coating layer was calculated as 571 A%, In the reaction
layer, an increase to 578 A% was observed. An increase in the
unit volume cell confirms that the spinel oxide from the
coating reacts with the chromium from the substrate mate-
rial, since chromium has a bigger ionic radii than copper and
manganese, and its presence in the cell lattice leads to bigger
values of the lattice parameter. The manganese oxide phase is
closer to the surface of the coating (top part) and the spinel
layer is closer to the substrate, as shown in Fig. 8f.

In Fig. 9, we have presented an analogical result to those
described above for the MnCuFe03 sample at t = 0 h and
t = 1000 h. The MnCuFe03 coating at t = 0 h before the
corrosion test consists of two phases, with one of them cor-
responding to a regular spinel phase with space group Fd-3m,
and the other to tetragonal spinel with space group I4,/amd.
These phases are unevenly distributed in the cross-section of
the coating, as shown in Fig. 9c. By comparing the XRD and
XRF results, it can be seen that one phase contains more
manganese and the other one more copper. The chromium

oxide formed on the surface of the sample has a thickness of
1 pm. The volume cell parameter for one of the cubic spinel
phases near to the top surface is 573 A%, while this value drops
to 571 A% in the area of the sample where there is more
tetragonal spinel phase with a different stoichiometry and
then increases near the surface of the steel up to 576 A2,
Analysis of the sample after 1000 h of oxidation demon-
strates that the coating consists of two phases, one tetragonal
symmetry with space group 141/amd, and the second one a
cubic spinel phase with space group Fd-3m. The distribution
of these phases is uniform throughout the volume of the
sample. The distribution of all elements in the coating is also
uniform, which makes this sample different from the one
before oxidation, where copper, manganese, and iron had
their maxima and minima. The thickness of the corrosion
product calculated from the XRF and XRD data shows thatitis
about 1 um, however, it is necessary to take into account that
1 um is the limit resolution for the technique here (limited by
the beam size used here of 1 um), meaning that this layer is
highly likely to be thinner than this. Chromium is present in
the coating, forming the reaction layer with a thickness of
around 2 pum, but on the surface, its amount decreases
significantly. The presented test's results confirm the pres-
ence of a second phase in the MnCuFe03 coating, which was
also demonstrated by TEM tests on the MnCuFe03 sample
after 3000 h of oxidation (Fig. 7), where no uniform Fe and Cu
cation distributions were observed. It is worth mentioning
that the EDX analysis performed on the MnCuFe03 sample
after 1000 h (Fig. 9d) did not detect the presence of a second
phase, but the EDX resolution was insufficient to observe the
needle-like structure of the material. The lattice volume
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parameter calculated for this sample equals 571 A% on top
surface of the obtained coating, while as it approaches the
surface of the steel, this parameter increases up to 578 A% right
next to the chromium oxide scale.

Comparing the unit cell volume before and after 1000 h of
the experiment, it is worth noting that the values calculated
for the regular spinel phase increased with time. This change
is probably connected with the reaction of the coating with
chromium; this element exhibits the strongest preference to
the octahedral position among all transition metal and its
ionic radius for Cr** in the octahedral position is 0.615 A, and
is higher than for manganese, copper or iron, which clearly
confirms that the reaction of any of the synthetised spinels
with chromium evaporating from the steel surface results in
an increase of the unit cell parameter even if we are not able
to determine the exact position of the elements in the
structure.

Electrical conductivity test-ASR measurement

Fig. 10 shows the Area Specific Resistance (ASR) data recorded
during 3000 h of cycling oxidation of the prepared samples.

The samples were evaluated after O h (as-prepared), 250 h,
1000 h and finally after 3000 h of oxidation at 750 °C. Figs. 10a
and b presents the Arrhenius dependence of the area specific
resistance, measured in air in a temperature range of
300—750 °C for the investigated samples before oxidation
(Fig. 10a) and after 3000 h of oxidation (Fig. 10b).

Consistent with the previously reported conductivity re-
sults for the used materials, the ASR measurement for the
Mn,_,CuFe,0, coating series show lower values (3—5 mQ cm 2
at 750 °C) than the manganese-cobalt spinel (7 mQ cm2 at
750°C) and the preox sample (7.5 mQ cm~2 at 750 °C) subjected
to analogous oxidation as the coated alloy. The lowest ASR
values below 1 mQ cm 2 at 750 °C are measured for steel
without any previous heat treatment, which is described in
this paper as a reference sample. Among the coated samples,
the MnCuFe coating shows promising performance. Applica-
tion of this material results in a slowed-down ASR increase.
For MnCuFe0, the measured values increase from 2.5 mQ cm ™2
to 5 mQ cm 2 after 3000 h of oxidation, which is an impressive
result. The ASR increase for reference and preox-reference
sample is noticeable; from 0.8 mQ cm~? at 750 °C and
1.2 mQ cm~2 at 500 °C to 30 mQ cm 2 and 50 mQ cm ™2 for the
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Fig. 10 — Area specific resistant measurement a), b) temperature dependence of ASR for prepared coating before oxidation
process and after 3000 h of oxidation test, respectively, c), d) change in ASR values as a function of time at 500 °C and 750 °C,

respectively.
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reference sample, and from 8 mQ cm~? at 750 °C and
28 mQ cm ™2 at 500 °C to 20 mQ cm ™~ at 750 °C and 180 mQ cm >
at 500 °C for the preox-reference sample.

These differences may be due to two phenomena, the first
of which is a significantly higher conductivity of MnCuFe
spinel than MCO spinel. A second phenomenon that may
affect the lower ASR values for MnCuFe spinels is that these
materials effectively slow down the formation of chromium
oxide; a thinner chromium oxide layer results in a lower
contact resistance value.

The resistance of chromium oxide, which mainly forms
corrosion products, is several orders of magnitude higher than
that of the oxides used for coatings. Liu et al. [S1] measured
the conductivity of a spinel oxide with the general formula
Mn; 5.0.5xC01.5.0.5xCrxO4, x=(0—2) at 800 °C, and found that the
values decreased from 60 S cm ™ to 0.007 S cm ™! as x (chro-
mium content) increases from 0 to 2. No experiments specific
to the (Mn,Cu,Fe,Cr);0, oxide have been conducted. However,
based on the electrical measurements obtained, it can be
concluded that chromium reacts more rapidly with the
coating but does not significantly affect the conductivity of the
Mn—Cu—Fe-based oxide.

Consistent with Talic et al. [52], the ASR of the system
substrate-corrosion product-coating does not depend on the
thickness and conductivity of the coating. Similar conclusions
were determined by Goebel et al. [53]. However, our work,
which directly studied MCO and MnCuFex coatings in similar
conditions, shows that the application of higher conductivity
coatings can be beneficial in terms of lower ASR, and thus
MnCuFex is very promising for practical applications.

Conclusions

In this study, the modified Pechini method was used to syn-
thesise powders with the following stoichiometries: Mn,.
xCuFex04 where x = 0, 0.1, 0.3, and MnCo0,0,. The resulting
powders were analysed to determine the phase composition,
TEC, sintering properties and deposited on ferritic stainless
steel (FSS) coupons. All powders were successfully deposited
by electrophoretic deposition (EPD) on Crofer 22 APU coupons
and sintered in a two-step process, which resulted in a dense
and adhesive coating. The prepared samples were oxidised in
air at 750 °C for 3000 h, characterised before and after oxida-
tion treatment and compared to the state-of-the-art MCO
spinel. It was found that replacing cobalt with copper signifi-
cantly alters the properties of the oxides. The conductivity of a
Mn—Cu—Fe mixed oxide is approximately 20 S cm™' and
40 S cm ! higher at 800 °C and 600 °C, respectively, than the
conductivity of an MCO spinel. The results of a dilatometric
investigation show that the TEC is decreased to values that
match the thermal expansion of the substrate alloy, and that
the sintering onset temperature is decreased for the innova-
tive materials. All these properties are beneficial in terms of
the application of those materials as a protective coating on
FSS in an IT-SOFC.

1. The coatings were densified by a two-step sintering pro-
cedure involving 10 h at 1000 °C in H, followed by 2 h of

oxidation in air at 800 °C, resulting in a coating with good
adhesion and no open porosity.

2. The phase composition of the Mn—Cu-Fe coating is
affected by the two-step sintering process. High-
temperature treatment leads to the formation of a single-
phase coating for oxides containing iron: Mn; gCuFep 104
(MnCuFe01) and Mn; ;CuFeq 304 (MnCuFe03).

3. Application of a Mn—Cu—Fe protective coating reduces the
parabolic rate constant of Crofer 22 APU at 750 °C by a
factor of five, while the state-of-the-art MCO coating re-
duces the parabolic rate constant by 50 times compared to
the uncoated steel.

4. The calculated oxide scale thicknesses of MnCuFe0 and
MnCuFe03 are 2.43 pm and 2.18 pm, respectively. These
values differ significantly from the thickness of the chro-
mia scale (about 1 pm) observed in SEM and STEM images,
and when combined with micro XRD analysis, indicate that
chromium reacts with the spinel phase and forms a
(MnCuFeCr);0, spinel.

5. Despite their low ability to reduce oxidation kinetics,
MnCuFe coatings exhibit a low increase in ASR values
during oxidation. For instance, for MnCuFe03 ASR, a gain of
~1 mQ was observed after 3000 h of exposure at 750 °C. The
addition of iron does not appear to affect the electrical
properties of the coatings. During the entire investigated
oxidation time, the ASR for the MnCuFe0 sample likewise
increased by ~1 mQ.

6. A sufficiently high addition of iron to the Mn—Cu system
prevents the formation of manganese oxide Mn,03, how-
ever the Mn; ;CuFeq 304 (MnCuFe03) sample also contains a
second, tetragonal phase.
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