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High toughness well conducting contact layers for solid oxide cell stacks by
reactive oxidative bonding
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The increasing demand for large scale electrochemical conversion technologies, suppose a scale-up of the solid
oxide cell (SOC) technologies. SOCs offer high conversion efficiency compared to competing technologies, but
the brittleness of the ceramic components makes up-scaling a challenge, as these challenges grows with the size
of the stack. Here, we present a new type of contact layer to be used between the oxygen electrode and the
interconnect, which can be applied by a scalable, low-cost processing routes. The microstructural and compo
sitional development of the contact layers was studied by X-ray diffraction and electron microscopy and the
performance was evaluated by measuring the fracture toughness and area specific resistance. Five times higher
toughness compared to conventional contact layers is achieved by reactive oxidative bonding at moderate
temperatures. In this process metal particles (Cu, Co, Mn) are in-situ oxidized to well conductive spinels with low
area specific resistance (<23 mΩcm2, 750 ◦ C).

1. Introduction
Solid oxide fuel cells (SOFC) are electrochemical devices that can
convert fuels such as hydrogen, ammonia or hydrocarbons into elec
tricity with a high efficiency [1–3]. When operated in reversed mode as
a solid oxide electrolysis cell (SOEC), the same device can be used to
produce hydrogen or syngas. These gasses can be stored or converted
into higher value chemicals [4–7]. In order for the solid oxide cell (SOC)
technology to reach commercialization, their long-term stability and
reliability must be successfully demonstrated [8].
Establishing a robust contact between the oxygen electrode and the
metallic interconnect is among the major durability challenges for stateof-the-art SOC stacks [9–11]. To improve the bonding between these
two layers, a contact layer may be used. The contact layer material
should ideally be chemically compatible with both the oxygen electrode
and the coated interconnect, have a high electrical conductivity and
high strength, as well as having a thermal expansion coefficient
matching the other cell components.
Ceramic perovskite oxides such as (La,Sr)MnO3 (LSM), (La,Sr)CoO3
(LSC), (La,Sr)FeO3 (LSF), and (La,Sr)(Co,Fe)O3 (LSCF) are currently the
most common choice for this application [12–14]. The perovskite oxides
offer a high electrical conductivity and a thermal expansion coefficient
matching the other cell components [12,15]. The main drawback with

using perovskite oxides as the contact layer is the high temperature
(around 1100 ◦ C) required to sinter these materials well [16]. The
contact layer is typically applied in the “green state” on the manufac
tured cell and sintered during stack assembly/sealing. Due to the use of
steel interconnects and glass(-ceramic) seals, the typical stack assem
bly/sealing temperature is limited to approximately 900 ◦ C [17]. This
results in insufficient sintering of the contact layer and, as a conse
quence, a weaker bonding at the interface with an increased risk of
contact loss during operation and thermal cycling.
Several suggestions to improve the perovskite oxide contact layer
have been put forth. Sintering aids such as CuO have been added to
enhance densification at a lower temperature [18] and glasses or inor
ganic binders have been mixed with the perovskite oxide to make a
composite contact layer [13,19]. However, these solutions have been
shown to have some drawbacks, such as limited long-term stability or
poor compatibility with the oxygen electrode [18].
A promising method to achieve high density at a low sintering
temperature is through the concept of “reactive oxidative bonding”,
illustrated in Fig. 1. In this approach, the contact layer is applied in the
form of metal particles that oxidize during stack assembly/sealing. Due
to the high enthalpy of the oxidation reaction, the driving force for
sintering is greatly enhanced compared to the driving force during
conventional sintering of oxide particles. This approach was previously
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size of 0.02◦ , a collection time of 1 s per step and a v6 mm divergence
slit.
2.3. Area specific resistance measurements
The electrical performance of the contact layers was evaluated by
measuring the area specific resistance (ASR) in air at 750 ◦ C. The set-up
for the ASR measurement was explained in detail in ref. [27]. The
contact layers were screen printed onto 20 × 40 mm2 plates of un
treated AISI441steel (0.3 mm thick) in a central area of 20 × 20 mm2.
The samples were dried at 90 ◦ C for 1 h to allow for handling. Pt wires
were spot welded along the shorter edge of the steel plates to serve as
voltage probes. Bisque-sintered 20 × 20 mm2 La1-xSrxMnO3 (LSM) pel
lets spray coated with a mixture of LSM (90 wt.%) and Co3O4 (10 wt.%)
were used as current collecting plates to mimic the contact the contact
layer would have with an SOC air electrode. The screen-printed steel
samples and LSM pellets were stacked on top of each other as illustrated
in Fig. 5.
Gold foils were connected to gold wires and placed on top and bot
tom of the stack for a chemically inactive current supply. A load of 7 kg
was applied on top of the stack, corresponding to 17.5 N/cm2. The stack
was heated up to 800 ◦ C following the sintering profile described in
Section 2.2. A 2 A current was applied, corresponding to 0.5 A/cm2,
considering the nominal contact area of 20 × 20 mm2 between the steel
plates and the LSM pellets. The stack was subsequently cooled down to
750 ◦ C at 120 ◦ C/h and the temperature was kept constant for 2000 h.
The ASR was calculated from the voltage drop measured between the Pt
wires placed between the different components: 1) contact layer/LSM,
2) LSM/LSM and 3) AISI441/LSM (see Fig. 5).

Fig. 1. Illustration of the cell-interconnect interface and the reactive oxidative
bonding process. Cu and Mn are used here as an example. CL = contact layer.

used for fabricating contact layers based on Ni-Co [20], Co-Mn [21] and
Ni-Fe [22].
In this study, we investigate the possibility of using mixtures of
metallic Cu-Mn or Co-Mn particles deposited by screen printing to form
the contact layer. The metallic particles are mixed in stoichiometric
amounts to in-situ form the spinels Cu1.2Mn1.8O4 [23] and MnCo2O4
[23,24] during a relatively mild heat treatment / sintering similar to that
used in the assembly procedure of an SOC stack. The contact layers are
characterized by measuring the area specific resistance and fracture
toughness. The microstructural and compositional development of the
contact layers is characterized by X-ray diffraction and electron
microscopy.

2.4. Fracture energy characterization

2. Experimental

The adhesion of the contact layer to the steel interconnect was
evaluated by measuring the critical energy release rate (Gc), here also
referred to as fracture energy, of the interface between the contact layer
and Crofer 22 H (VDM metals, Germany [28]). A detailed description of
the measurement method and set-up can be found in the literature
[29–32]. Here, the contact layer pastes were screen printed onto two
29 × 3 mm2 Crofer 22 H bars (0.5 mm thick) and dried at 90 ◦ C for 1 h
to allow for handling. The screenprinting resulted in a 70 μm thick
contact layer. The two bars were placed on top of a 60 × 3 mm2 Crofer
22 H bar (0.5 mm thick), and bonded by heat treatment as described in
Section 2.2. A load of 16.7 N/cm2 was applied during the heat
treatment.
Testing of the samples took place in air at room temperature using a
four-point bending rig built at DTU Energy [30,33]. This test enables the
measurement of the critical energy release rate for crack propagation at
the interface of two layers [32,34,35]. It has previously been used to test
the adherence between steel and a glass-ceramic sealant [36,37].
The sample was placed between two inner pins, 25 mm distant, and
two outer pins, 50 mm distant. Bending was induced by a movement of
the inner pins with a fixed displacement rate of 0.01 mm/s. During the
measurement, both load and displacement were recorded. The fracture
energy Gc was evaluated following the method derived by Char
alambides et al. and later modified by Hofinger [32,34]. The maximum
load, P, which is achieved at the crack propagation, was used to calcu
late the bending moment, Mb, between the inner pins in the four-point
bending rig:

2.1. Contact layer preparation
Contact layer pastes for screen printing were prepared by mixing
metallic powders with a solvent and organic binders to achieve a solid
load of 70–72 wt.%. The CuMn contact layer was made with a mixture of
43 wt.% Cu (2 μm, Alfa Aesar) and 57 wt.% Mn (2 μm, American Ele
ments), while the CoMn contact layer was made with a mixture of 66 wt.
% Co (1.6 μm, Alfa Aesar) and 34 wt.% Mn (2 μm, American Elements).
The specific Cu/Mn and Co/Mn ratios were chosen in order to form the
spinel phases Cu1.2Mn1.8O4 and MnCo2O4 after oxidation.
2.2. Chemical and microstructural characterization
For chemical and microstructural characterization, the contact layers
were screen printed on top of 2 × 2 cm2 coupons of untreated Crofer 22
APU (VDM metals, Germany, [25]). The coupons were subsequently
sintered in air following a representative SOC stack assembly/sealing
procedure developed for a glass-ceramic sealant [26]. This procedure
involved heating to 200 ◦ C at 15 ◦ C/h, holding for 2 h and heating to
400 ◦ C at 15 ◦ C/h, holding for 2 h (debindering), heating at 600 ◦ C at
100 ◦ C/h, holding for 1 h, heating to 700 ◦ C at 100 ◦ C/h, heating to
800 ◦ C at 50 ◦ C/h, holding for 1 h and finally cooling down to room
temperature at 120 ◦ C/h. After this sintering procedure, some of the
samples were subsequently aged in air at 750 ◦ C for 250 h.
Chemical and microstructural analyses were performed by Scanning
Electron Microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) (Hitachi TM3000 and ZEISS Merlin) either on the sample surface
or on the sample embedded in epoxy resin (Epofix, Struers) to investi
gate the cross-section. X-ray diffraction (XRD) analyses were performed
on the samples surface using an XRD Bruker D8 diffractometer with Cu
Kα radiation. The spectra were collected from 15◦ to 75◦ 2θ with a step

Mb =

Pl
2b

(1)

where b is the sample width, 3.0 mm, and l is the distance between the
outer and inner pins, 12.5 mm.
Gc , was estimated, using the analysis made by Charalambides and
later modified by Hofinger:
2
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(

Gc =

Mb2 (1 − ν22 ) 1 1
−
2 E2
I2 Ic

)
(2)

where E2 , ν2 and I2 , are the Young’s modulus, Poisson’s ratio and
second moment of area of the through-going substrate of Crofer 22 H,
respectively. Ic is the combined second moment of area of the stiffeners
(metal bars) and the contact layer. The indexes 2 and d here refer to the
contact layer and the substrate (long metal bar), respectively.
The second moments of areas are calculated as:
I2 =

h32
12

(3)

where h2 is the thickness of the substrate.
Ic is given by:
]2
( 3
) [ 2
h2 − κ h21 − μ (h2d + 2 h1 hd )
h32
h31
hd
3
2
Ic = + κ
+μ
+ hd h1 + h1 hd −
3
3
3
4 (h2 + κ h1 + μ hd )
(4)
where the index 1 refers to the stiffener (the short metal bars). κ is the
ratio between the stiffness of the substrate and the stiffener:
κ=

E1 (1 − v22 )
E2 (1 − v21 )

(5)

And μ is the ratio between the stiffness of the substrate and the
contact layer:

μ=

Ed (1 − v22 )
E2 (1 − v2d )

Fig. 2. XRD patterns for the two contact layer compositions studied, CuMn-CL
and CoMn-CL, after sintering at 800 ◦ C (black) and after ageing at 750 ◦ C for
01-071-1144,
CuO = PDF
01-089-2530,
250 h.
Cu1.2Mn1.8O4=PDF
Mn2O3=PDF 01-076-0150, Co2MnO4 = PDF00-023-1237, Co3O4 =PDF 00043-1003.

(6)

where ν are the Poisson’s ratios and E the Young’s moduli. All Possion’s
ratio was assumed to be 0.3, as no precise measurement was available
and they do not influence the final estimated fracture energy (<0.1%).
The Young’s moduli was taken from the literature: E1 = 124 GPa [38],
E2 = Ed = 208 GPa [28]. In this specific case, stiffener and substrate
were identical (Crofer 22 H).
To ensure reproducibility and account for variations in sample
preparation, four samples of each type were prepared and tested.

latter corresponds to the composition Cu1.3Mn1.6O4.1. Considering the
XRD results (Section 3.1) the light grey phase likely corresponds to CuO,
while the dark grey phase corresponds to the spinel phase. The Mn2O3
phase could not be detected on the surface based on the EDS results.
From the cross-section micrograph of the same sample (Fig. 3b), it
can be seen that the CuO phase (light grey) is manly present on the
surface of the sample, in addition to the spinel phase. Based on the
difference in contrast in the BSE image, the bulk of the contact layer
consists also of two phases. According to quantitative EDS point anal
ysis, the composition of the lighter grey phase is Mn 43.3 wt %, Cu
32.2 wt % and O 24.5 wt %, while the composition of the darker grey
phase is Mn 69.8 wt %, O 28.6 wt % and Cu 1.5 wt %. Based on this and
the XRD results, the former is likely the spinel phase, while the latter is
the Mn2O3.
Fig. 3c and d show a SEM micrograph and EDS maps of the CuMn
contact layer surface after ageing for 250 h at 750 ◦ C. The surface
(Fig. 3c) is now homogenous and composed of Cu (45 wt.%), Mn (34 wt.
%) and O (21 wt.%). No other phases can be detected. Inspection of the
cross section (Fig. 3d) confirms that the light grey layer of CuO has
disappeared from the surface. The majority of the contact layer consists
of a homogenous mixture of Cu (between 31− 28 wt.%), Mn (between
44–48 wt.%) and O (25− 24 wt.%). A single CuO particle (Cu 83 wt %
and O 17 wt %) was detected in the middle of the contact layer. This is
likely due to insufficient mixing of the green powders in the screenprinting paste.
SEM micrographs and EDS maps of the CoMn contact layer on Crofer
22 APU after sintering at 800 ◦ C are shown in Fig. 4a and b. The surface
analysis (Fig. 4a) indicates the presence of two phases. According to
quantitative EDS point analysis, one phase is composed mainly of Co
(75 wt.%), O (19 wt %) and a small fraction of Mn (6 wt %), while the
other phase is composed of Co (39 wt %), Mn (39 wt %) and O (22 wt
%). Taking into account the XRD results presented in Section 3.1, the
two phases are likely Co3O4 and (Mn,Co)3O4 spinel, respectively.
The cross section of the same sample (Fig. 4b) shows that the CoMn

3. Results
3.1. X-ray diffraction
XRD patterns of the CuMn contact layer after sintering (at 800 ◦ C)
and after ageing for 250 h at 750 ◦ C in air are shown in Fig. 2a and b
respectively. After sintering, three crystalline phases can be detected:
Cu1.2Mn1.8O4 (Fig. 2c, cubic, Fd-3 m), CuO (Fig. 2d, monoclinic, C2c)
and Mn2O3 (Fig. 2e, cubic, Ia3). No additional phases were detected
after ageing, but the intensity of the peaks assigned to Cu1.2Mn1.8O4
increased.
XRD patterns of the CoMn contact layer after sintering (at 800 ◦ C)
and after ageing at 750 ◦ C for 250 h are shown in Fig. 2f and g. Three
crystalline phases were identified after sintering: Co3O4 (Fig. 2j, cubic,
Fd-3 m), Mn2O3 (Fig. 2i, cubic, Ia3), and Co2MnO4 (Fig. 2h, cubic,
Fd3 m). After ageing, no new phases were found, but the intensity of the
MnCo2O4 peaks increased.
3.2. Microscopy
SEM micrographs and EDS maps of the CuMn contact layer on Crofer
22 APU after sintering at 800 ◦ C are shown in Fig. 3a and b. At least two
different phases can be distinguished on the top surface (Fig. 3a), both
from the contrast difference in the backscattered electron (BSE) image
and from the EDS maps of Mn and Cu. According to quantitative EDS
point analysis of the two areas, the lighter grey area is composed of
mainly Cu (81.4 wt.%) and O (18.7 wt.%), while the darker grey area is
composed of Cu (35.9 wt.%), Mn (36.8 wt.%) and O (27.2 wt.%). The
3
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Fig. 3. SEM/EDS micrographs of CuMn CL after sintering, top view (a) and cross-section (b) and after ageing at 750 ◦ C for 250 h, top view (c) and cross-section (d).
The EDS maps in (d) correspond to a small area of the micrograph which is limited by the red dotted frames. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

contact layer after sintering at 800 ◦ C consists of large, dense agglom
erates with finer particles between. According to EDS analysis the larger
agglomerates consist of a Mn-oxide core covered by a shell composed of
32 wt% Co, 37 wt% Mn and 32 wt% O. The finer particles are composed
of 73 wt% Co and 27 wt% O. The CoMn contact layer is clearly more
porous than the CuMn contact layer (cf. Fig. 4).
SEM micrographs and EDS maps of the CoMn contact layer after
ageing for 250 h at 750 ◦ C are shown in Fig. 4c and d. The top view
micrograph (Fig. 4c) shows the that contact layer surface has not
densified further with ageing compared to after sintering. The surface
also remains inhomogeneous after ageing, as some areas with only Co
(73 wt.%) and O (27 wt.%) can be detected in the area with the finer
particles. The cross section of the same sample (Fig. 4d), shows that the
Mn found in the core of the agglomerate after sintering at 800 ◦ C now,
after ageing at 750 ◦ C, has fully inter-diffused with Co and O. The
composition according to EDS point analysis (39 wt% Co, 38 wt% Mn
and 23 wt% O) indicates that the larger particles are the CoMn spinel.
Also, after ageing at 750 ◦ C, the CoMn contact layer is significantly more
porous than the CuMn contact layer after ageing.

during the first 500 h, before it reaches a plateau and remains nearly
constant for the next 1500 h. After 2000 h of ageing at 750 ◦ C, the ASR is
23 mΩcm2 for the sample with a CoMn contact layer and 21 mΩ cm2 for
the sample with a CuMn contact layer, i.e. less than half of the ASR
measured for the 441 steel.
During the first 500 h, the ASR measured over a single LSM plate
shows a similar trend as the ASR of the samples with contact layers. With
further ageing, the ASR of LSM continues to decrease, but at a slower
rate. The stack of samples experienced one unplanned thermal cycle
around 450 h. This did not influence the results significantly as the ASR
values followed the same trend before and after the thermal cycle.
3.4. Fracture energy
Fig. 6f shows a representative plot of the load-displacement curve
recorded during the four-point bending test. While bending the samples
at a continuous rate, the load first increased to the point of the first crack
growth and then continued in a saw tooth pattern. The jagged load
response is the result of fast crack growth and arrestment. The fracture
energy is evaluated using the load peaks, which corresponds to the load
where the crack stopped propagating, as discussed further in Section 4.
The fracture energy, Gc for each contact layer after sintering at
800 ◦ C and after ageing at 750 ◦ C for 250 h is reported in Table 1. Note
that the Gc after ageing decreased to 37 % and 65 % of the Gc value after
sintering for the CuMn and the CoMn contact layers, respectively.

3.3. Area specific resistance
The ASR measured during ageing at 750 ◦ C is plotted in Fig. 5. The
ASR of 441 steel increases throughout the whole measurement and
reaches 54.4 mΩ cm2 after 2000 h of ageing due to oxidation. The ASR
increase of the 441 steel is largest during the first 300 h of ageing, after
this, the ASR increases almost linearly with time. With the addition of a
CoMn or CuMn contact layer to the 441 steel, the ASR decreases slightly
4
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Fig. 4. Overview SEM micrographs and EDS maps of CoMn after sintering, top view (a) and cross-section (b) and after ageing 250 h at 750 ◦ C, top view (c) and crosssection (d). The EDS maps in (b) and (d) correspond to a small area of the micrograph which is limited by the red dotted frames. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. a) ASR values of 441, LSM and the contact layers measured at 750 ◦ C in air, b) illustration of the set-up used for the ASR measurements.

3.5. Fractography and microstructural analysis

EDS maps on each side of the fractured sample, the layer or interface
where the crack propagation occurred can be identified. Specifically, the
combination of Cu (green) and Mn (purple) in the same layer identify the
CuMn contact layer, the combination of or Mn (purple) and Co (blue) in
the same layer identify the CoMn contact layer, Fe (orange) identifies
the Crofer 22 H substrate, while Cr (red), without Fe, identifies the oxide
scale of Crofer 22 H.
Fig. 6b to e shows the fracture surface of the CuMn contact layer after
sintering at 800 ◦ C. According to the EDS maps (Fig. 6b) the majority of

After the fracture toughness test, the unbroken part of the sample
sandwiches was manually broken apart to analyse the fracture surfaces
by SEM/EDS. As illustrated by the sketches in Figs. 6a and 7 a the
analysis was made on the area closest to the notch of the sample, cor
responding to the area fractured during the four-point bend test.
The different layers (i.e. steel, oxide scale, contact layer) of each
sample contain elements that are unique to that layer. By comparing the
5
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Fig. 6. SEM micrographs and EDS maps of
CuMn contact layer after sintering at 800 ◦ C (a)
sketch of sample with the analysed area indi
cated by a stippled rectangle. (b) fracture sur
face, top bar and (c) bottom bar. (d) Schematic
of the fracture mechanism (e) higher magnifi
cation SEM and EDS. (f) An example of recor
ded
load-displacement
curves.
SEM
micrographs and EDS maps of CuMn contact
layer after ageing at 750 ◦ C for 250 h, top bar
(g) and bottom bar (h). Schematic of the frac
ture mechanism (i).

Fig. 6e. According to the EDS maps, in the fractured area there is a
nucleus of oxidized Mn, covered by a shell of Mn, Cu and O.
The above analysis of the fracture surface indicates that the crack
mainly propagates at the interface between the contact layer and the
oxidized Crofer 22 H substrate, and to only a limited extent within the
contact layer itself. The fracture pattern is schematized in Fig. 6d.
Fig. 6g to i shows the fracture surface of the CuMn contact layer after
ageing at 750 ◦ C for 250 h. EDS analysis of the surface of the top bar
(Fig. 6g) shows that most of this surface is covered by Fe, Cr and Mn. All
of these elements can be assigned to the Crofer 22 H substrate and
thermally grown oxide scale. In addition, a small area of the surface has
a relatively higher concentration of Fe. This area corresponds to the
brightest contrast areas in the SEM-BSE image and may be assigned to
the steel substrate (i.e. no oxide scale). The corresponding area of the
bottom bar has two main compositions present: one rich in Cu and Mn,
and one rich in Cr. The Cr-rich area of the bottom bar corresponds to the
Fe-rich area found on the top bar. Based on these results, as schematized
in Fig. 6i, it is possible to conclude that the crack propagates primarily
through the (Mn, Cr)3O4 oxide scale on the Crofer 22 H substrate, and

Table 1
Measured fracture energies for the two contact layers after sintering at 800 ◦ C
and after ageing at 750 ◦ C for 250 h.CL = contact layer.
GC (J/ m2)
Std. dev. (J/ m 2)

CuMn CL

After ageing

CoMn CL

After ageing

13.5
3.2

5.0
1.6

6.0
1.6

3.9
0.9

the surface of the top bar is composed of Fe, Cr and Mn. These elements
can be assigned to the Crofer 22 H substrate and the oxide scale ther
mally grown on the substrate during the sintering heat treatment (i.e.
Cr2O3 and (Mn,Cr)3)O4). The areas in Fig. 6b highlighted by yellow
dashed ellipses are rich in Cu and Mn and can accordingly be assigned to
the CuMn contact layer. On the equivalent area of the bottom bar
(Fig. 6c), Cu, Mn, and Cr are detected. The Mn and Cr can be assigned to
the oxide scale formed on the Crofer 22 H during the sintering, while the
Cu identifies areas covered by the CuMn contact layer.
A higher magnification image of the fracture surface is shown in
6
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Fig. 7. Overview of SEM micrographs and EDS
maps of CoMn contact layer after sintering at
800 ◦ C. A sample with highlighted analysed
area (a). CoMn on Crofer 22 H (b) top bar SEM
and EDS and (c) bottom bar SEM and EDS. The
sketch of the fracture mechanism in (d). Over
view of SEM micrographs and EDS maps of
CoMn contact layer after ageing at 750 ◦ C for
250 h: CuMn on Crofer 22 H (e) top bar SEM
and EDS and (f) bottom bar SEM and EDS. The
sketch of the fracture mechanism in (g).

partly through the contact layer.
Fig. 7b–d show the fracture surface of the CoMn contact layer after
sintering at 800 ◦ C. EDS maps from the surface of the top bar (Fig. 7b)
show that mainly Mn is present in the lighter contrast areas of the SEMBSE image in addition to Fe and Cr (EDS maps for these are not shown).
These elements can be assigned to the Crofer 22 H substrate. The darker
contrast areas (highlighted by yellow dashed ellipses in Fig. 7b) are rich
in Co and Mn and can accordingly be assigned to the CoMn-contact
layer. EDS maps of the surface of the bottom bar (Fig. 6f), show the
presence of Co, Mn, and O, which can be assigned to the CoMn contact
layer. Based on these results, it may be concluded that the crack prop
agates mainly at the interface between the CoMn contact layer and the
Crofer 22 H substrate, and only to a lower extent within the contact
layer. This is schematically illustrated in Fig. 7d.
Fig. 7e–g show the fracture surface of the CoMn contact layer after
ageing at 750 ◦ C for 250 h. On the central part of the surface of the top
bar (Fig. 7e) mainly Co and Mn are detected, identifying the CoMn
contact layer. The surrounding area is rich in Fe, Cr and Mn, indicating
the presence of the Crofer 22 H substrate and a Cr2O3/(Mn,Cr)3O4 oxide
scale. On the bottom bar (Fig. 7f), the central part of the surface contains
Co, Mn and O, while the surrounding area is Cr-rich. I.e. the central area
corresponds to the contact layer while the surrounding area corresponds
to the Cr2O3/(Mn,Cr)3O4 oxide scale. These observations indicate that
the crack propagates within the CoMn contact layer in the central part of

the fractured area, while in the outer part it propagates at the interface
between the oxide scale and the Crofer 22 H, as schematically illustrated
in Fig. 7g.
4. Discussion
4.1. Mechanical properties
For both the CoMn and the CuMn contact layers, high energy release
rates of 6.0 J/m2 and 13.5 J/m2, respectively, were measured on the asprepared samples. Also after 250 h of ageing at 800 ◦ C the fracture en
ergies measured (3.9 J/m2 for CoMn and 5.0 J/m2 for CuMn) are 4–5
times higher compared to state-of-the-art contact materials like LSM and
LSC [14], as illustrated in Fig. 8.
The reason for the decrease in fracture energy during the 250 h of
ageing can be related to the changes in the microstructure with time, and
the associated changes in the crack paths, described in the following. As
seen from the SEM image analysis, the as prepared CuMn contact layer
sample consisted of larger Mn2O3 particles surrounded by more or less
homogenously distributed Cu1.2Mn1.8O4 spinel (Fig. 3a–b). This struc
ture resembles a composite material consisting of Mn2O3 filler material
within a Cu1.2Mn1.8O4 matrix.
After 250 h of ageing, the microstructure is more homogenous and
Cu, Mn and O appear evenly distributed in the elemental maps
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material behind (resulting in the sudden drop in load after each peak).
During real operation, the high toughness areas would stop a propa
gating crack. For this reason, the peaks are used to calculate the critical
fracture energy, Gc, for the contact layer.
4.1.1. Comparison with state-of-the-art described in literature
As seen in Fig. 8, other attempts to increase the interface adherence
of contact layers have been researched in past studies. The highest
fracture energy is 12.3 J/m2, reported by Tucker et al., which was
achieved by mixing glass into the contact layer material to join
Mn1.5Co1.5O4 coated AISI441 steel at 1000 ◦ C. Although the addition of
glass improved the mechanical properties, the insulating properties of
the glass negatively influenced the electrical performance of the contact
layer [35]. A compromise with a lower amount of glass added showed a
sufficiently high conductivity, but the fracture energy was only
5.4 J/m2. It should be pointed out that a high assembly temperature of
1000 ◦ C was used in the preparation of these samples, i.e. 200 ◦ C more
than in this study. As mentioned before, such high temperatures could
be damaging to some components of the SOC stack.
Another study from Han et al. (see Fig. 8 [14]) investigated the
suitability of several materials as contact layers between a LSC/CGO
oxygen electrode and a Co or MnCo2O4 coated metallic interconnect.
The highest fracture energy (8.6 J/m2) reported in this study was ach
ieved with the use of metallic CuMn foam as contact layer. It should be
noticed that all values reported in this study were for as prepared
samples, and the influence of ageing on the interface stability was not
investigated. Han et.al reported that the interconnect coating can
significantly influence the robustness of the interface. This indicates that
the interface stability in the here reported system, i.e. bare steel without
coatings, could possibly be further increased. Also in terms of
up-scalability the here presented route (simple use of metallic Cu and
Mn or Co powder) is more promising because; i) the production cost of
the CuMn foam is expected to be more expensive due to the complex
processing route, ii) and the foam needs to be applied over the complete
cell area while the CuMn powders can be selectively printed at the
contact points between the interconnect and the oxygen electrode.

Fig. 8. Fracture energies for the two cathode contact layers: CuMn contact
layer and CoMn contact layer, after sintering and after 250 h at 750 ◦ C, and as a
reference, the results from Tucker 2013 et al and Han et al 2020.

(Fig. 3c–d).
The possible crack paths in these two microstructures are expected to
be different. In the as prepared sample, the crack path through the spinel
phase/Mn2O3 particles composite is more tortuous as compared to the
rather straight crack path expected in the aged sample with a more
homogenous microstructure. The longer path induced by the tortuosity
in the as prepared samples would result in a higher effective surface area
and thus a comparatively higher surface energy.
Furthermore, the crack partially propagated through the oxide scale
for both the aged CoMn and CuMn contact layer. The oxide scale, which
is also a brittle ceramic layer, grows during the ageing and is apparently
a weaker layer compared to the contact layer, as the crack prefers to
grow in this layer. Residual stresses from the oxide scale growth could
also play a role, but the scale is situated on a much stiffer substrate, and
insignificant energy is released by the crack growth. The weakening of
the contact layer/interconnect interface could thus possibly be avoided
by a better protection of the steel. The oxide scale layer was not taken
into account in the calculation for the fracture energy. This layer is few
microns thick, and it does not influence significantly the calculations.
These hypotheses could explain the decrease in Gc. and the lower
load measured to initiate and propagate the crack after ageing.
A comparable microstructural development was found for the CoMn
contact layer. As seen in the SEM images of the as prepared sample
(Fig. 4), MnCo2O4 spinel is formed on the surface of the Mn2O3 particles,
resulting in essentially a composite layer. After 250 h of ageing, the
microstructure is significantly homogenized, which again may be the
explanation for the lower fracture energy measured in the aged samples
(in addition to the formation of the oxide scale).
Compared to the CuMn contact layer, the CoMn contact layer has a
significant higher porosity. This is consistent with the higher sintering
temperatures typically needed for the formation of a dense CoMn spinel
(1100 ◦ C) [39]. The higher porosity is most likely the reason for the
lower fracture energy measured for the CoMn contact layer compared to
the CuMn contact layer.
In addition to a higher fracture toughness, the inhomogeneous
microstructure also gives rise to a more uneven crack propagation,
which can be seen on the recorded load-displacement curve in Fig. 6f.
For a homogeneous material, the load would reach a plateau when the
displacement is at a continuous rate due to a continuous crack propa
gation. The load plateau is usually used to determine the Gc (using Eq.
(2)). In this case, the load did not reach a plateau because of the inho
mogeneous microstructure. Instead, the "plateau" consists of several,
clearly distinguishable peaks. A possible explanation for this is that the
crack comes to a halt at irregularities within the sample, where the
fracture energy is built up until it becomes high enough for the crack to
propagates further through these higher toughness areas. Simulta
neously, the crack propagates swiftly through the more homogeneous

4.2. Electrical properties
The ASR measured for the 441 steel contacted to LSM increased
rapidly during ageing at 750 ◦ C and reached 54.4 mΩ cm− 2 after
2000 h. This behaviour is similar to the ASR values previously reported
in literature when using a comparable measurement set-up. For
example, Stevenson et al. [40] reported that the ASR of 441 after 2000 h
at 800 ◦ C was ~ 35 mΩcm-2 while Molin et al. [27] reported that the
ASR of bare Crofer 22 APU was around 45 mΩcm− 2 after 40,000 h of
ageing at 750 ◦ C. The high resistance and increase in ASR with time can
be attributed to the growth of poorly conductive oxide scales on the steel
surface. In case of the 441 steel, formation of Cr2O3 and SiO2 likely
dominate the measured ASR [40]
By applying a CuMn or CoMn contact layer between the 441 steel
and LSM contacting plate, the ASR is decreased to less than half and
remains nearly constant with time. As discussed above, the CuMn and
CoMn contact layers are oxidized during heat-up of the stack to form
well-conductive Cu1.3Mn1.7O4 (225 S/cm at 750 ◦ C [23]) and MnCo2O4
(89 S/cm at 800 ◦ C [24]), respectively. Since the electrical conductivity
of these oxides is much larger than the conductivity of the native oxide
scale formed on the steel (~0.01− 0.1 S/cm for Cr2O3 at 800 ◦ C [41,42])
it may be concluded that the contact layers do not contribute signifi
cantly to the resistance of the interconnect. Instead, the results here
show that the contact layers improve the ASR of the 441 steel contact
layer assembly.
The improvement in ASR achieved with the application of the con
tact layers is similar to the improvements previously observed by
application of protective coatings such as Mn1.5Co1.5O4, MnCo2O4 and
MnCo1.7Cu1.3O4 [24,40,43]. This is not surprising considering that the
8

I. Ritucci et al.

Journal of the European Ceramic Society xxx (xxxx) xxx

composition and structure of the oxidized contact layers is very similar
to that of the protective coatings, i.e. Mn and Co/Cu-based spinel oxides.
An important distinction is that the coatings tested in previous works
were prepared by depositing an oxide power (by spraying or electro
phoretic deposition) and subsequently heat treating the coating in
two-steps in order to densify it [24,40,43]. Here, a comparable protec
tion is achieved by in-situ sintering of the contact layer. An even greater
reduction in ASR may be achieved by combining the contact layers with
a CeCo coating on the 441 steel, as shown in [44].
The CuMn contact layer resulted in a slightly lower ASR than the
CoMn contact layer, but the differences are almost within the uncer
tainty of this type of ASR measurement, where porous LSM is used as the
contacting surface. As seen in Fig. 5, the ASR measured over the LSM
contacting plate alone decreases with time. This can be attributed to
creep and sintering of the contacting plate, resulting in a change in the
effective contacting area with time [43,45,46]. Although this somewhat
masks the changes in ASR of the other samples, the use of lightly sintered
LSM plates provides a more realistic measurement of the contacting
between the cell and the interconnect in a real SOC stack compared to
using Pt or other noble metals [47,48].
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