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acterization of the coatings disclosed a severe microstructural and phase evo-

© The Author(s) 2020 lution. A self-healing of micro-cracks, the formation and agglomeration of small

pores, the occurrence of a dense spinel layer at the surface and a strong ele-
mental de-mixing were reported in ex situ experiments. In the present publi-
cation, we prove for the first time these mechanisms by tracking the
microstructure in situ at a single APS coating using synchrotron X-ray nano-
tomography at the European Synchrotron Radiation Facility. Therefore, a
100-um-long cylindrical sample with a diameter of 123 ym was cut from an
APS-MCEF free-standing layer and measured within a high-temperature furnace.
All microstructural changes mentioned above could be verified. Porosity mea-
surements reveal a decrease in the porosity from 9 to 3% during the annealing,
which is in good accordance with the literature. Additionally, a partial
detachment of an approximately 5-pm-thick layer at the sample surface is
observed. The layer is dense and does not exhibit any cracks which are pene-
trating the layer. This kind of shell is assumed to be gastight and thus protecting
the bulk from further oxidation.
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Introduction

Chromium-containing steels are widely used as
interconnector material in solid oxide fuel cells
(SOFCs) [1, 2]. They provide sufficient electronic
conductivity and chemical stability in reducing and
oxidizing atmospheres at temperatures between 600
and 900 °C [3, 4]. Additionally, these materials are
easy to manufacture and exhibit a high toughness
compared to previously used ceramics. The major
disadvantage of chromium-containing steels arises
from the evaporation of chromium-containing oxides
at the high operation temperatures of SOFCs [5, 6].
The reaction of these gaseous chromium species with
commonly used cathode materials like (La,Sr)MnOj3
(LSM) or La;_,Sr,Fe;_,Co,O3 (LSCF) leads to a
strong voltage degradation of SOFC stacks [7-9]. The
amount of evaporating chromium is highly depen-
dent on the oxide scale that is formed on the surface
of the steels during operation and on the existing
atmosphere [10]. In case of oxidizing pure chromium
or chromium base alloys, a Cr,O;3 layer is formed
exhibiting a high chromium evaporation rate. By
adjusting the steel composition, the oxide scale can be
optimized to reduce the evaporation rate of chro-
mium species. Adding manganese as dopant leads to
the formation of a double oxide layer [3, 11]. A
chromium manganese spinel is covering the Cr,O3
layer which reduces the evaporation of gaseous
chromium species [5, 12] and minimizes the oxida-
tion rate in addition.

Applying chromium protection layers on already
optimized interconnector steels can further decrease
the amount of evaporating chromium species [13, 14].
They can be categorized into two groups according to
their protection mechanism. Firstly, porous layers can
be adapted to chemically bind volatile chromium
species [15-17]. Although these protective layers
cannot completely retain gaseous chromium species
and have only a limited absorption capacity, which
leads to a limited stack lifetime, they are often
applied in industry due to low manufacturing costs.
Coatings of the second group protect the cathode by
acting as a physical barrier. As these coatings are
dense and gastight, gaseous chromium species can-
not reach the cathode via the gas phase [16]. Addi-
tionally, the oxidation of the interconnector is
reduced.
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The efficient reduction in degradation using dense
protective layers induced a broad research on a large
number of different materials and manufacturing
techniques [18, 19]. Due to the high operation tem-
perature of SOFCs, a thermal expansion coefficient
that is matching to the adjacent functional layers and
the interconnect is as essential for protective coatings
as their chemical stability in oxidizing atmosphere
and a high electronic conductivity. Fulfilling these
demands, Mn; ¢Co,oFe;04 (MCF) was tested as
material in combination with various application
techniques, as there are atmospheric plasma spraying
(APS) [20-26], wet powder spraying [27, 28], aerosol
deposition [18], physical vapor deposition [29] and
electrophoretic deposition [14]. Compared to the
others, APS combines the advantageous of achieving
high density without sintering steps and relatively
low manufacturing costs. SOFC stacks operated with
atmospheric plasma-sprayed Mn; (Co; oFep 10,4 (APS-
MCEF) protection layers revealed a low degradation
rate, which could be related to a negligible chromium
poisoning of the cathode material in post-test analy-
ses [30].

Further investigations of APS-MCF coatings before
and after annealing in air simulating the cathodic
SOFC  operation conditions revealed several
microstructural and phase changes. Focusing on the
microstructure, the healing of micro-cracks after
short annealing in air above 350 °C was observed
[22, 31]. The formation of a dense layer of material at
the surface was documented, when the annealing is
continued and the annealing temperature is
increased [31]. An increase in porosity can be detec-
ted after long-term annealing at 850 °C. Phase anal-
yses by X-ray diffraction (XRD) showed that a phase
transformation from the spinel-type raw powder to a
rock salt phase in the deposited state of the MCF
coating occurs [22, 23, 32]. Annealing the APS-MCF
samples in air lead to a phase transformation back to
the spinel phase, which can be identified as the low-
temperature stable configuration by the phase dia-
gram given in [33]. The phase transformation induces
diffusion processes, which are described in detail in
[31]. All microstructural investigations that are
described in the cited articles have been performed ex
situ on different samples. Thus, all observations are
based on the assumption that the microstructure of
the investigated samples was similar in the initial
state after APS.
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In the present work, these microstructural changes
of APS-MCEF are verified by 3D in situ imaging. For
this purpose, synchrotron X-ray nano-tomography
(SXNT) measurements were performed at the beam-
line ID16B at the European Synchrotron Radiation
Facility (ESRF) in Grenoble (France). The device
allows ultra-fast scans with acquisition times less
than a few seconds for small samples [34-36]. In case
of thicker samples (more than 100 pm) which are
necessary for the investigation of APS-MCF, an
acquisition time of less than 10 min and a voxel res-
olution of 75 nm can be achieved. The reported self-
healing of micro-cracks can be monitored in situ and
traced over the annealing procedure within the
recorded tomograms. Due to the high spatial reso-
lution of the device, even nano-structured changes
can be detected during high-temperature annealing.

Experimental

The optimal sample geometry for SXNT measure-
ments of MCF was determined to a cylinder with a
diameter of 125 pm and a length of more than 50 pm
by preliminary tests and calculations. To obtain such
defined sample geometries, a free-standing APS-MCF
layer was used as bulk material, which was pro-
cessed afterward. A spinel-type manganese-cobalt-
iron oxide powder (H.C. Starck, Laufenburg, Ger-
many) with the following chemical composition was
used as raw material for the APS process: 23.5 wt%
Mn, 47.6 wt% Co, 2.4 wt% Fe and 26.5 wt% O. More
information about the spray process is given in
[22, 23, 31]. Free-standing layers were manufactured
by spraying MCF with a thickness of 150 pm on a
salt-coated steel substrate and subsequent dissolution
of the salt in water. A micro-drill (Medenbach,
Bochum, Germany) was used to cut the layer to a
truncated cone-shaped geometry with a length of
150 pm, an upper diameter of 191 pm and a lower
diameter of 275 pm. After this pre-preparation, the
sample was placed on the tip of a 50-mm-long alu-
mina stick with a diameter of 1.5 mm (Friatek,
Mannheim, Germany) using the ceramic glue
Ceramabond 685 N (Kager GmbH, Dietzenbach,
Germany) (Supplementary 1). Subsequent fine-tun-
ing of the sample geometry was performed with
focused ion beam (FIB) technology (Helios NanoLab
DualBeam FIB from Material & Structural Analysis
Division, Oregon, USA). The processed sample is
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Figure 1 Scanning electron microscopic image of the APS-MCF
sample for the synchrotron measurements after FIB preparation.

almost cylindrical in shape and has a diameter of
123 pm as shown in Fig. 1. The surface of the top of
the cylinder is the surface of the free-standing APS-
MCF coating the sample was extracted from.

The SXNT in situ measurements were performed at
the nano-probe beamline ID16B at the ESRF in
Grenoble (France). Acquisition with a pixel size of
75 nm was recorded at the nano-analysis end station
ID16B [37] during high-temperature annealing using
the furnace available at the beamline [38]. The tem-
perature was controlled via the power of the furnace.
To minimize the temperature error, a calibration was
performed directly before each measurement using a
thermocouple and eutectic samples. The temperature
program for the subsequent measurement was used
for this purpose (Fig. 2).

It was possible to perform 3D magnified phase
contrast imaging during sample annealing within the
furnace thanks to carbon glass apertures. A conic
pink beam (AE/E = 10~2) with an energy of 29.7 keV
and a high flux of 8 x 10'° ph s~ was used. For each
tomographic scan, 1998 projections were acquired on
a PCO edge 5.5 camera (2560 x 2160 pixels) along a
360° rotation with an exposure time of 200 ms per
step. The total acquisition time per scan was around
7 min. The annealing program is depicted in Fig. 2
and was chosen according to microstructural changes
that were observed in ex situ experiments published
earlier [23, 31]. 3D reconstructions were achieved in
two steps: (1) recursive phase retrieval calculation
[39, 40] using an in-house developed octave script
based on a Paganin [41] -like approach with a del-
ta/beta of 112 and (2) filtered back projection recon-
struction using ESRF software PyHST2 [42].
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Figure 2 Temperature profile
of the SXNT measurement in
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Image] [43, 44] and Geodict [45] were applied to
analyze qualitatively the 3D volumes reconstructed
in the very same sample at different annealing times
and temperatures and perform quantitative porosity
measurements.

Results

All reconstructed 3D volumes (indicated with green
crosses in Fig. 2) were investigated to select four of
them as representatives to summarize all observable
microstructural changes during the annealing test.
The annealing time at which these four representa-
tives were acquired are indicated with black arrows
in Fig. 2. From each of these volumes, a section of the
very same cross section, taken at approx. 50 pm from
the top of the sample, is given in Fig. 3 to visualize
the changes. To choose the very same cross sections
of the volumes, pores were used as landmarks. As the
surface on top of the cylinder is the same as the
surface of the APS-MCF coating, where the sample
was extracted from, the images in Fig. 3 are oriented
in plane with the coating. The images in Fig. 3 a, b, c
and d were taken in the initial state, at a temperature
of 693 °C after a total annealing time of 229 min, at a
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temperature of 783 °C after a total annealing time of
328 min and at a temperature of 828 °C after a total
annealing time of 506 min, respectively. The micro-
crack indicated by a white arrow in Fig. 3a has a
width of 300 to 500 nm in the initial state of the
sample. This is a crack opening typically found in
plasma-sprayed ceramic coatings [46]. At a temper-
ature of 693 °C after a total annealing time of
328 min, the width of this crack is reduced to
200-300 nm (Fig. 3b). By increasing the temperature
and extending the annealing time, this crack is heal-
ing completely and cannot be observed in Fig. 3c, d
anymore. The black arrow in Fig. 3a draws attention
to a pore which is located at the edge of the sample in
the initial state. With ongoing annealing, the distance
between this pore and the sample edge is increasing
(Fig. 3b—d). The images suggest that a layer of
material is forming at the surface of the sample,
which is in contact with the air atmosphere.
Observing the changes of the position of pores to
each other during annealing reveals that they do not
move significantly. Measurements of the circumfer-
ence of the sample after different annealing times are
given in Table 1. After subtracting the thermally
induced expansion, a relative growth of 5.18% is
calculated by comparing the initial state and the
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Figure 3 Selection of the very same cross section within the 3D
volumes reconstructed at approx. 50 um from the top of the very
same sample in the initial state (a), at a temperature of 693 °C
after a total annealing time of 229 min (b), at a temperature of
783 °C after a total annealing time of 328 min (c¢) and at a
temperature of 828 °C after a total annealing time of 506 min (d).

sample at a temperature of 828 °C after a total
annealing time of 506 min. The thermal expansion
coefficient of MCF between 30 °C and 800 °C, given
with 13.4 x 107° K~ ! in [22], was used in this case.
A closer inspection of images a and d in Fig. 3
revealed an increase in porosity. Small pores with
diameters of up to 500 nm are formed in the bulk of
the sample during annealing. For porosity measure-
ments, sub-volumes of 76.92 x 82.99 x 98.88 pm®
have been cropped into the full 3D reconstructions.
An automated shading correction adjusts the bright-
ness within obtained volumes, and a brightness
threshold was set to each volume by eye to distin-
guish between MCF and cavities (cracks and pores).

These slices were chosen by using pores as landmarks to find the
same sample position. The ring-shaped brightness differences are
artifacts coming from the strong phase shift between the material
and the air. The black and white arrows mark a pore close to the
sample edge and a crack, respectively.

Converting the greyscale 32-bit image stacks to bin-
ary image stacks along the set thresholds enables
quantitative porosity measurements. The porosity
values of ten analyzed volumes are given in Fig. 4.
After exceeding a temperature of 600 °C, a decrease
in the porosity from initially 9% down to 3% can be
observed. Setting the threshold has a strong impact
on the calculated porosity value and despite the use
of a shading correction tool, the images still exhibit a
slight shading so that errors occur. By performing
each measurement three times with different thresh-
old settings, a porosity error of less than 1.5% is
determined and added to the measurement in Fig. 4.

@ Springer
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At several parts of the sample, a detachment of an
outer layer of material close to the surface can be
observed. Figure 5 visualizes this phenomenon with
four cross-sectioned slices taken from the 3D volumes
at the initial state (a), at a temperature of 783 °C after
a total annealing time of 328 min (b), at a temperature
of 783 °C after a total annealing time of 379 min
(c) and at a temperature of 828 °C after a total
annealing time of 506 min (d). The phase transition
from material to air at the edge of the sample leads to
irregularities in the reconstruction process of the
volumes. This is why the material in the center of the
images appears darker. Thus, the contrast of the
images in Fig. 5 should be evaluated locally. Espe-
cially at the edge of the sample, the reconstruction

J Mater Sci (2020) 55:12725-12736

leads to artifacts in the images. One of these artifacts
can be observed as bright, ring-shaped stripes having
the samples cylinder axis as center. The cross section
of the initial state in Fig. 5a shows cracks (marked
with black arrows) at the edge of the sample in the
lower part of the image. The annealing leads to a
healing of these initial cracks. In accordance with the
developments shown in Fig. 3, the formation of a
dense layer of material can be observed at the surface
of the sample during the annealing. On the right side
of images b, c and d in Fig. 5, this layer is detaching
from the bulk and has small pores at the inside which
are facing the sample. A closer inspection of the
tomograms reveals that none of these pores are
penetrating the outer part of the shell. It has to be

Table 1 Measured circumference of the sample at the same position. The last column indicates the relative growth of the circumference
with already subtracted thermal expansion (CTE = 13.4 x 107° K™') [22]

Time (min) Temperature (°C) Measured circumference (pm) Relative growth without thermal expansion (%)
0 20 403.5 0
106 497 405.3 0.05
229 693 408.3 0.30
280 693 411.5 1.08
328 783 414.0 241
379 783 414.1 3.05
445 828 415.1 4.49
506 828 421.7 5.18
Figure 4 Porosity
measurements performed on 1000 r sl 10
the analyzed tomograms are
indicated by blue triangles. A AL w
800 I 8
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Figure 5 Cross-sectioned (a)
slices of the same sample at
the same position of the 3D
volumes in the initial state (a),
at a temperature of 783 °C
after a total annealing time of
328 min (b), at a temperature
of 783 °C after a total
annealing time of 379 min

(c) and at a temperature of
828 °C after a total annealing
time of 506 min (d). The black
arrows mark cracks which are
penetrating the surface of the
sample in the initial state.

considered that also no cracks can be observed pen-
etrating the detached layer (video in supplementary
2). The layer is a kind of shell which protects the
surface of the bulk (underneath the shell) from oxy-
gen. It should be mentioned here that the circum-
ference measurements in Table 1 were performed at a
sample position, where the layer detachment did not
occur. Comparing the images in Fig. 5 reveals an
increase in the length and thickness of this shell
during annealing: The circumference increases by
10% comparing the initial state and the image at
828 °C after 506 min. The thickness of the detached
layer increases by 23% comparing the sample at
783 °C after 328 min of annealing and at 828 °C after
506 min. A Video showing the microstructural
changes during the annealing within transverse
cross-section slices is given in Supplementary 3.
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Discussion

Each sample produced by APS has a unique
microstructure, even though the spray process is
reproducible. Due to this uniqueness, ex situ obser-
vations of microstructural changes by comparing
different samples can lead to considerable scatter in
the results. The SXNT allows the observation of the
microstructural evolution of the same sample. Thus,
it can track the changes in situ and is not based on the
assumption of similarity. Hypotheses based on ex
situ experiments can be proven by this measuring
technique.

The crack-healing phenomenon observed in Fig. 3
is consistent with the literature [22, 23, 31]. Due to the
limited measuring time at the synchrotron, the
annealing time at lower temperatures is shorter
compared to the ex situ annealing tests in [23, 31]. A
beginning of crack-healing was observed in [23] after
an ex situ 180 min annealing at 500 °C. Within the
SXNT measurements, a crack-healing was observed

@ Springer
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at 693 °C after a total annealing time of 229 min,
compared to Fig. 3a, b. The later occurrence of the
crack-healing is most likely due to the shorter
annealing time at lower temperatures and the lower
spatial resolution of the SXNT (compared to a scan-
ning electron microscope). In [23], the mechanism of
crack-healing is described by a volume expansion
which is induced by a phase transformation from a
metastable rock salt configuration (Mn,Co,Fe);O; to
the  low-temperature  stable spinel phase
(Mn,Co,Fe);0,4. Since oxygen is required for the
phase transformation, this is an oxidation process.
The emergence of the metastable rock salt phase is
based on quenching of the MCF during the spray
process [23].

Ex situ annealing tests of APS-MCF coatings pre-
sented in [31] revealed an elemental de-mixing and
the formation of a Co-rich spinel oxide layer at the
sample surface. Due to this cobalt enrichment, it was
assumed that the oxidation proceeds by the outward
diffusion of cations via vacancies. Within the SXNT
measurements, a further proof of this hypothesis is
given by the formation of a layer of material above
pores that are located at the edge of the sample. One
example is given in Fig. 3, where the pore is indicated
with a black arrow. The outward diffusion of cations
is accompanied by the inward diffusion of vacancies,
which agglomerate and build nano-pores within the
bulk. Following the Ostwald ripening process, these
nano-pores accumulate to bigger pores, which can be
resolved within the 3D volumes in Fig. 3d.

The volume expansion that accompanies the phase
transformation at the surface of the APS-MCF layer
can induce high mechanical compressive stresses. In
an earlier publication, these stresses were estimated
by performing curvature measurements of APS-
MCF-coated Crofer22APU substrates during anneal-
ing in air [22]. However, recent experiments indicate
that the actual stress state is a complex interplay of
high-temperature relaxation and thermal expansion
mismatch stresses [2]. In case of the cylindrically
shaped free-standing tomography sample, the miss-
ing substrate will have an effect on the stress evolu-
tion. In this case, the annular geometry of the spinel-
type oxide layer redirects the in-layer oriented com-
pressive stresses partly to tensile stresses between the
layer and the rock salt bulk. Simultaneously, the
vacancy-driven oxidation leads to an increase in the
porosity at the boundary between the rock salt and
the spinel phase. When the tensile stresses are
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exceeding a critical value, the spinel layer is detach-
ing from the bulk. The images in Fig. 5, the videos of
the full tomogram at 783 °C after a total annealing
time of 328 min in Supplementary 2 and the video of
the full tomogram at 828 °C after a full annealing
time of 506 min in Supplementary 4 show that the
detaching spinel layer has a high density and
mechanical stability, as no cracks occur penetrating
the layer.

Measurements of the size evolution of the detach-
ing layer during annealing within the slice depicted
in Fig. 5 reveal a length increase by 5% and a thick-
ness increase by 23% comparing the one at 783 °C
after 328 min of annealing and the tomogram at
828 °C after 506 min. It has to be pointed out that the
length and thickness increase was measured within
the part of the spinel layer that was already detached
at 783 °C after 328 min. The tomogram slices, given
in supplementary 5, support this observation. Thus,
the volume increase cannot be explained by the phase
transformation, as the detaching layer is already
oxidized. An approach to understand the expansion
of the shell is based on the elemental de-mixing
during the oxidation. A cobalt enrichment within the
emerging spinel layer at the surface of annealed APS-
MCF coatings was observed in [31] and could be
explained by the differences of the diffusion veloci-
ties of Mn, Co and Fe within (Mn,Co,Fe);0,. A Co-
rich, cubic spinel layer is formed at the air facing
surface of the sample, and a Mn- and Fe-rich tetrag-
onal layer is built up underneath. The crystal struc-
ture is dependent on the exact elemental composition
and changes over the annealing process. After the full
transition to the spinel phase, a re-mixing of elements
was observed. Thus, in case of the detached shell
within the tomography sample, the re-mixing would
start after the detachment inside the shell. Calculat-
ing the cell volume based on the measured lattice
parameter of the Co-rich spinel at the surface, the
Mn-rich tetragonal spinel phase in the bulk and the
mixed spinel after long-term annealing presented in
[31] lead to no significant change in volume. The
exact volumes are 0.594 nm® for the tetragonal Mn-
rich phase, 0.534 nm® for the Co-rich spinel and
0.570 nm? for the mixed spinel.

Hence, the origin of the length and thickness
expansion of the detached layer remains unclear.
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Conclusion

Coating chromium-containing interconnector steels
with APS-MCF protection layers can efficiently
reduce Cr-poisoning within SOFCs. During opera-
tion, these coatings undergo a phase transformation
which lead to strong microstructural changes and
elemental de-mixing. In former papers, the basic
mechanisms for the observed changes were investi-
gated ex situ after different annealing conditions.
Due to the scattering of the microstructure within
different samples produced by APS, a certain uncer-
tainty exists with regard to the comparability of these
samples. In the present work, the microstructure of
one free-standing APS-MCF sample is investigated
in situ in three dimensions by applying SXNT at the
ID16B beamline at the ESRF. Crack-healing was
traced in 3D within the sample after exceeding a
temperature of 693 °C. At the surface around the
cylindrical sample, the formation of a layer of mate-
rial was observed growing with increasing annealing
time and rising temperature. This underpins the
hypothesis that the oxidation of the initial
metastable rock salt phase to the stable spinel phase
occurs by the outward diffusion of cations, which
was set up in [31]. Due to the cationic diffusion by
vacancies, these vacancies form small pores and
agglomerate to bigger pores. At the sample surface,
the emerging spinel shell induces compressive
stresses within the shell, which lead to radial tensile
stresses between shell and bulk which can lead to the
detachment from the bulk. The detached shell seems
to be dense and gastight. Further investigations have
to be performed to disclose the reason, why the shell
is growing in length and thickness within parts that
are already detached from the bulk.
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