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A B S T R A C T

Manganese cobalt spinel oxides are promising coating materials for the protection of ferritic stainless steel
interconnects in solid oxide fuel cell (SOFC) stacks. The interaction between such coatings and the steel is here
studied using diffusion couples as a model system. The interaction between MnCo2O4, MnCo1.7Fe0.3O4 and
MnCo1.7Cu0.3O4 spinels and Cr2O3 was studied in air at 900 °C. In all cases, a reaction layer rich in Co and Cr
formed at the interfaces. Using Pt-particles to mark the original interface reveals that the reaction layers grow by
diffusion of Co (and Mn) from the spinel oxides to the Cr2O3/reaction layer interface. The growth of the reaction
layers followed parabolic kinetics with rate constants of 1.3× 10−5 μm2 s−1 for the MnCo2O4/Cr2O3 couple,
8.6× 10−6 μm2 s−1 for the MnCo1.7Fe0.3O4/Cr2O3 couple, and finally 1.2× 10−4 μm2 s−1 for the
MnCo1.7Cu0.3O4/Cr2O3 couple.

1. Introduction

One of the factors currently limiting the lifetime and performance of
solid oxide fuel cell (SOFC) and electrolysis stacks is degradation of the
ferritic stainless steel (FSS) used as the interconnect material. When FSS
is exposed to the typical SOFC operating conditions (650–900 °C in air
and H2-H2O atmospheres) an oxide scale consisting of Cr2O3 and
(Mn,Cr)3O4 is formed. Because of the modest electrical conductivity of
these oxides, the resistance across the stack increases with time as the
scale grows thicker, leading to a decrease in the stack power output
[1,2]. Furthermore, the evaporation of Cr(VI)-species from the oxide
scale causes degradation of the SOFC cathode [3–5]. A promising way
to mitigate these issues is to coat the FSS with (Mn,Co)3O4 [6–14].
When oxidizing FSS coated with (Mn,Co)3O4 a Cr-rich

(Mn,Co,Cr)3O4 reaction layer forms at the oxide scale/coating interface
[7,9,10,15,16]. Formation of this reaction layer is beneficial as it limits
the outward transport of Cr to the coating surface, where it could
evaporate. Furthermore, diffusion of oxygen has been shown the be
slower through the (Mn,Co,Cr)3O4 reaction layer than through both the
MnCo2O4 coating and the thermally grown Cr2O3 scale [12]. This in-
dicates that the reaction layer might be responsible for the reduced
oxidation rate of (Mn,Co)3O4 coated FSS. However, the electrical con-
ductivity of (Mn,Co,Cr)3O4 is known to decrease with increasing Cr
content, from 89 S cm−1 for MnCo2O4 to only 0.007 S cm−1 for

Mn0.5Co0.5Cr2O4 (800 °C) [17,18]. Thus, unless the thickness and Cr
content of the (Mn,Co,Cr)3O4 layer is limited, it may contribute sig-
nificantly to the area specific resistance (ASR) of the interconnect.
Furthermore, as formation of (Mn,Co,Cr)3O4 consumes the coating, the
growth rate of this layer will influence the lifetime of (Mn,Co)3O4
coated FSS interconnects.
The interaction between a Mn1.5Co1.5O4 coating and the FSS Crofer

22 APU has been investigated in detail using transmission electron
microscopy (TEM) [15]. The Mn1.5Co1.5O4 coating was applied in slurry
form and sintered by a two-step reduction and re-oxidation procedure
before long-term oxidation in air. The diffusion of Cr in this system was
reported to follow a complicated sequence of fluxes, involving outward
diffusion of Cr from the alloy during coating sintering, inward diffusion
of Cr during initial 250 h exposure in air, and finally again outward
diffusion during long term exposure. A ca. 4 μm thick
Mn1.38Co0.84Cr0.54Fe0.24O4 layer had formed after 1000 h at 800 °C
[15]. The steel-spinel coating interaction has also been studied using
diffusion couples comprising sintered Mn1.5Co1.5O4 and Cr2O3 pellets as
a model system [19]. By applying Pt markers at the original interface, it
was concluded that a (Mn,Co)Cr2O4 layer grows by diffusion of Co and
Mn towards the Cr2O3/(Mn,Co)Cr2O4 interface. The growth could be
described by a parabolic rate law (l∝ (kt)1/2, where l is the thickness, k
is the rate constant and t is the time) with a rate constant of
6.9× 10−5 μm2 s−1 at 900 °C.
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We have previously reported on the oxidation rate and time de-
pendence of the cross scale area specific resistance (ASR) for Crofer 22
APU coated with MnCo2O4, MnCo1.7Cu0.3O4 and MnCo1.7Fe0.3O4 [20].
All three coatings were equally effective in reducing the oxidation rate
of Crofer 22 APU in air at 900 °C. However, while a continuous and ca.
5.1 μm thick (Mn,Co,Cr)3O4 reaction layer was formed after 2000 h of
oxidation with the MnCo2O4 coating, the reaction layers formed with
the Fe and Cu doped coatings were not continuous and significantly
thinner (their average thickness could not be accurately determined due
to large variations). To investigate possible reasons for these differ-
ences, we have here studied the interaction between the coating ma-
terials and Cr2O3 using diffusion couples. More knowledge about the
growth rate of the reaction layers and how it is influenced by doping of
the coating is important for a more reliable prediction of the lifetime of
spinel coated interconnects and for identifying routes for further im-
provement.

2. Experimental

MnCo2O4 (MC), MnCo1.7Fe0.3O4 (MCFe) and MnCo1.7Cu0.3O4
(MCCu) spinel powders were prepared by spray pyrolysis of aqueous-
based nitrate solutions as described in detail elsewhere [18]. After
calcination at 650 °C for 10 h, the powders were ball milled overnight in
100% ethanol (250ml PE-bottle, Ø 10mm YSZ balls), dried in a rota-
vapor and sieved at 250 μm. The particle size after milling was bimodal
with the median (d50) equal to 0.70 μm for MC, 0.63 μm for MCFe and
1.22 μm for MCCu [20]. Pellets of the spinel powders were prepared by
uniaxial pressing in a Ø=20mm steel die at 40MPa. The spinel pellets
were sintered in flowing air at 1100 °C for 5 h and subsequently an-
nealed at 800 °C for 12 h (2 °Cmin−1 heating and cooling rate). The
annealing step was included to re-oxidize the spinel, which is partially
decomposed when heated above 1050 °C in air [21,22]. Cr2O3 powder
(Alfa Aesar, purity: 99% on basis of metals, BET surface area:
3.4 m2 g−1) was used in the as-received state. Cr2O3 pellets were pre-
pared by uniaxial pressing in a Ø=20mm steel die at 40MPa. The
pressed pellets were sintered in flowing Ar-5%H2 at 1500 °C for 2 h
(3.3 °Cmin−1 heating and cooling rate). The sintered spinel and Cr2O3
pellets were ground with #500 SiC paper to make the faces parallel.
One face was subsequently polished with diamond abrasive in succes-
sive steps down to 1 μm.
The density of the sintered pellets was determined by the

Archimedes method according to ISO 5017:1998(E) using isopropanol
as the immersion liquid. The phase purity of the sintered, polished
pellets was checked on a Bruker D8 X-ray diffractometer (XRD) with
Cu-Kα radiation. Diffractograms were recorded on rotating samples
from 15 to 75° 2θ using a step size of 0.02° and a collection time of 1 s
per step. The lattice parameters were determined by refinement of the
XRD patterns in TOPAS (Bruker).
The interaction between the spinel oxides and Cr2O3 was studied by

placing the polished faces of the pellets against each other to form a
diffusion couple. The original interface was marked by a thin layer of
colloidal Pt paint (particle size< 0.1 μm). The diffusion couple was
placed between two alumina plates and a load of ca. 0.1MPa was ap-
plied. Annealing was performed in a vertical tube furnace at 900 °C in
stagnant air for 20–1000 h (heating and cooling rate 120 °C h−1). The
annealing temperature (900 °C) is slightly higher than the typical op-
erating temperature of solid oxide fuel cell stacks today and was chosen
in order to decrease the time necessary to form the reaction layers.
Three diffusion couples (one of each spinel oxide material) were placed
in the furnace simultaneously, separated by alumina plates. After an-
nealing for 20, 150, 300, 500 or 1000 h continuously, the diffusion
couples were mounted in epoxy resin, cut by a diamond saw perpen-
dicular to the reaction interface and polished with diamond abrasive in
successive steps down to 1 μm.
The thickness and composition of the reaction zone was character-

ized by scanning electron microscopy (SEM, Zeiss Supra 35 Field

Emission SEM) and energy dispersive X-ray spectroscopy (EDX, Noran
System SIX X-ray microanalysis system). EDX data were collected at an
acceleration voltage of 15 kV and analyzed using the Noran System SIX
software (Thermo Scientific, ver. 2.3). The collected spectra were
analyzed without using a standard and the results in terms of compo-
sition must therefore be considered semi-quantitative. To avoid errors
due to overlapping peaks, quantification was based on the K-lines for
Cr, Mn, Co, Cu and Fe. The interaction volume for EDX was estimated
by Monte Carlo simulations using the CASINO v2.42 software [23].
According to these simulations the majority of characteristic X-rays (Kα
photons) will be emitted from a depth of ~1.0 μm, with a radial dis-
tribution of ~0.3 μm in MnCo2O4, and from a depth of ~1.4 μm with a
radial distribution of ~0.5 μm in Cr2O3.

3. Results

3.1. Characterization of starting materials

Fig. 1 shows XRD patterns of all pellets after sintering and polishing.
The diffractogram of the Cr2O3 pellet matches the database file for
Cr2O3 (JCPDS 38-1479). XRD patterns of the MC, MCFe and MCCu
pellets can be indexed to the cubic spinel structure, with peak positions
close to the database file of MnCo2O4 (JCPDS 84-0482). In the pattern
for the MCCu pellet, three additional peaks are visible at ~36.5°,
~42.5° and ~61.5°. These peaks can be indexed to the cubic CuO
structure (JCPDS 78-0428). The semi-quantitative weight percentage of
the CuO phase is 3.4% (calculated using the Bruker DIFFRAC.EVA
software).
The lattice parameters of the spinel materials after sintering were

determined by a structure fit of the XRD patterns to the cubic Fd3m¯
space group with the cation distribution1 set to (Co2+)[Co3+Mn3+]O42.
Both iron (as Fe3+) and copper (as Cu2+) were added to the octahedral
position in place of cobalt. The determined lattice parameters were:
8.298 Å for MC, 8.346 Å for MCFe, and 8.310 Å for MCCu. Assuming the

Fig. 1. X-ray diffractograms of sintered spinel (air, 1100 °C+800 °C) and
Cr2O3 (Ar-5%H2, 1500 °C) pellets. Arrows highlight peaks belonging to CuO
(JCPDS 78-0428).

1 The round brackets () designate cations in tetrahedral positions, the square
brackets [] designate cations in octahedral positions.
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compositions are according to target, i.e. MnCo2O4, MnCo1.7Fe0.3O4
and MnCo1.7Cu0.3O4, the theoretical densities are 5.51 g cm−3,
5.39 g cm−3 and 5.51 g cm−3, respectively. Using these densities as a
reference, the density of the sintered pellets used in the diffusion cou-
ples are 91% for MC, and 95% for MCFe and MCCu according to the
Archimedes measurement. The density of the sintered Cr2O3 pellet is
95% (using 5.21 g cm−3 as the theoretical density [24]). The high
density determined by the Archimedes method is confirmed by mea-
surement of the geometric density, which was 90% for MC, 92% for
MCFe, 94% for MCCu and 93% for Cr2O3 (average of three samples).
SEM images of the polished surfaces of the sintered spinel oxide and

Cr2O3 pellets, confirming the high density, are included in the
Supplementary Material (Fig. S1). The spinel samples were thermally
etched (10min, 1000 °C, air) after polishing to reveal the grain
boundaries. The grain size is generally in the range of 1–3 μm, with the
MC sample displaying slightly larger grains than the MCFe and MCCu
samples.

3.2. Characterization of reaction layers

3.2.1. MC/Cr2O3 and MCFe/Cr2O3 diffusion couples
Fig. 2 shows representative cross sectional SEM backscatter electron

(BSE) images and EDX line-scans of the MC/Cr2O3 and MCFe/Cr2O3
diffusion couples after 300 h at 900 °C. The results are normalized to the
total cation fraction based on atomic % since analysis of oxygen content
by EDX is inaccurate. The original EDX line-scan did nevertheless in-
dicate a decreasing oxygen content from Cr2O3 (ca. 64 at.%) to the MC/
MCFe spinel oxides (ca. 57 at.%). A single reaction layer (in the fol-
lowing abbreviated: RL) is formed at the MC/Cr2O3 (Fig. 2a) and MCFe/
Cr2O3 (Fig. 2b) interfaces; visible in the SEM-BSE images as a medium
contrast phase between the lighter MC/MCFe phases and the darker
Cr2O3 phase. There is a significant difference in width of the two re-
action layers. The composition of the RL is approximately
Co0.9Mn0.2Cr1.9O4 for the MC/Cr2O3 diffusion couple and
Co0.88Mn0.17Fe0.05Cr1.9O4 for the MCFe/Cr2O3 diffusion couple ac-
cording to the EDX analysis. The compositions are nearly constant
across the RLs (± 0.1 for fraction of the different cations), as evident
from the flatness of the EDX profiles. The relatively steep gradient in Cr
concentration across the RL/MC and RL/MCFe interfaces indicates

minimal diffusion of Cr into the MC and MCFe spinels. The Cr cation
fraction in MC and MCFe is< 0.03 ca. 1 μm from the respective in-
terfaces. Although the RL grew thicker with time (see Section 3.3), the
RL composition was not noticeably different for diffusion couples an-
nealed 20, 300, 500 and 1000 h at 900 °C.
The majority of the Pt markers were observed at the spinel/RL in-

terface, consistent with growth of the RL at the Cr2O3/RL interface. In a
few places, Pt makers were observed at both interfaces and at various
locations within the RL, as seen in Fig. 2b. Markers observed at the
MCFe/RL interface and within the RL have probably become displaced
by the reaction front due to plastic flow of the oxide [25]. There was no
apparent correlation between the composition and thickness of the RL
and the position of the Pt markers, hence, the Pt markers do not seem to
have influenced the reaction. Growth of the RL at the Cr2O3/RL inter-
face is supported by the observation that this interface is wavy, while
the MC/RL and MCFe/RL interfaces are typically much more smooth
(see Fig. 2).
For the diffusion couples annealed for 20 h at 900 °C there was poor

adherence between the spinel and Cr2O3 pellets after cooling to room
temperature and release of the load. The reaction layer was in this case
exclusively observed on the spinel oxide pellets. No Co, Mn or Fe could
be detected on the Cr2O3 pellets by EDX. The adherence between dif-
fusion couples annealed for 150 h at 900 °C was sufficient to allow for
mounting in epoxy. Diffusion couples annealed for 500 and 1000 h were
partially cracked, particularly in the MC/MCFe pellets. The MC pellets
were overall more severely damaged compared to the MCFe pellets.

3.2.2. MCCu/Cr2O3 diffusion couple
Fig. 3 shows a representative cross sectional SEM-BSE image and

EDX analysis results of the MCCu/Cr2O3 diffusion couple after 300 h at
900 °C. The contrast in the SEM-BSE image indicates a RL consisting of
two phases. EDX analysis of the MCCu/Cr2O3 interface reveal that the
brighter contrast phase of the RL contains more Mn and less Cr com-
pared to the darker contrast phase. The “bands” of the brighter Mn-rich
phase extend nearly all the way to the Cr2O3/RL interface, becoming
more narrow towards this interface. This morphology is reflected in the
EDX line-scan as an increase in Cr content across the RL when going
from the MCCu/RL interface to the Cr2O3/RL interface (i.e. a larger
fraction of the Cr-rich darker contrast phase towards the interface with

Fig. 2. SEM-BSE image and EDX line-scan of the interface of the a) MC/Cr2O3 and b) MCFe/Cr2O3 diffusion couple annealed 300 h at 900 °C. The white line in the
SEM image marks the position of the EDX line-scan. The results are normalized according to the total cation content.
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Cr2O3). Compared to the RLs formed with the MC/Cr2O3 and MCFe/
Cr2O3 diffusion couples (cf. Fig. 2), the RL formed with the MCCu/
Cr2O3 diffusion couple has an overall lower Cr fraction and an overall
higher Mn fraction. The RL additionally contains some Cu.
The Pt marker positions and EDX results indicate diffusion of Co, Mn

and Cu from MCCu towards the RL/Cr2O3 interface, as well as some
diffusion of Cr from the RL into MCCu. This is visible in the EDX line-
scan as the “shoulder” in the Cr concentration profile at 2–4 μm dis-
tance.
The MCCu material sintered to the alumina plate during annealing

and CuO precipitates were found close to the MCCu/alumina plate in-
terface. A SEM image of the MCCu/alumina plate interface after 500 h
at 900 °C is shown in the Supplementary Material (Fig. S2).
Furthermore, a Cr and Cu rich phase (23 at.% Cr, 21 at.% Cu, 55 at.%
O,< 1 at.% Co, Mn) was detected close to the outer edges of the dif-
fusion couple and as isolated 1–3 μm sized particles along the Cr2O3/RL
interface in the center of the diffusion couple (Fig. S3 in the
Supplementary Material). No CuO was detected in proximity of the
reaction layer formed between MCCu and Cr2O3.
All Cr2O3 pellets contained some 5–20 μm sized particles rich in Fe

and Cr after annealing. These were typically observed in large clusters
relatively far away (> 50 μm) from the spinel pellet interface. Since
these secondary phases also were observed in Cr2O3 pellets annealed
with Fe-free spinels (MC, MCCu), they are likely formed due to iron
(oxide) impurities in the as-received Cr2O3 powder. This secondary
phase has not affected the reactivity between Cr2O3 and the spinel
oxides as no Fe was detected in the reaction layer formed between
Cr2O3 and the MC and MCCu materials.

3.3. Kinetics of the reaction layer formation

The reaction layer thickness as a function of annealing time at
900 °C is shown in Fig. 4. The thickness of the RL was measured in areas

where all layers were in contact after mounting in epoxy.2 The MC/
Cr2O3 diffusion couple annealed for 1000 h could not be analyzed due
to extensive cracking of the sample. For the MCCu/Cr2O3 diffusion
couples, only the thickness of the Cr-rich RL was measured.
For all three materials, the development of the reaction layer

thickness with time can be described as approximately parabolic
(l∝ (kt)1/2). The parabolic growth rate constants of the RL were de-
termined to 1.2× 10−4 μm2 s−1 for MCCu, 1.3×10−5 μm2 s−1 for
MC, and 8.6×10−6 μm2 s−1 for MCFe (see Fig. S4 in the
Supplementary Material). Based on the standard deviation of the RL
thickness measurement, the uncertainty of the rate constant can be
estimated to ca. 40% for MC, 20% for MCFe and 10% for MCCu.

4. Discussion

4.1. Interaction between MC/MCFe and Cr2O3

The RL formed at the interface of the MC/Cr2O3 and MCFe/Cr2O3
diffusion couples after annealing at 900 °C was essentially the same,
consisting of a single layer with a composition approximately equal to
Co0.9Mn0.2Cr1.9O4 for the MC/Cr2O3 diffusion couple and
Co0.88Mn0.17Fe0.05Cr1.9O4 for the MCFe/Cr2O3 diffusion couple (Fig. 2).
The AB2O4 spinel structure can be described as a nearly cubic close
packed arrangement of oxygen ions with 1/8 of the available tetra-
hedral sites occupied by the A cations and 1/2 of the available octa-
hedral sites occupied by the B cations. Cr3+ is known to have a very
strong preference for the octahedral (B) sites in this structure and is
rarely found at the tetrahedral (A) sites under normal conditions

Fig. 3. SEM-BSE image and EDX linescan across interface of the MCCu/Cr2O3 diffusion couple annealed 300 h at 900 °C. The white line in the SEM image marks the
position of the EDX line-scan. The results are normalized according to the total cation content.

2 An exception to this was for the MC and MCFe diffusion couples annealed
for 20 h, where the two pellets were detached after removal from the furnace.
For these pellets, the thickness of the RL in contact with the spinel was mea-
sured.
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[26–28]. The maximum cationic fraction of Cr in spinel oxides is
therefore 2/3, which is close to the fraction measured in the RL (1.9/3).
These results are reasonable considering that the solubility of both Co
and Mn in Cr2O3 is negligible [28,29] and within the solid solution of
CoxCr3-xO4 (1 < x < 3), CoCr2O4 is the composition that is thermo-
dynamically stable over the widest range of temperature and pO2 [30].
That is, CoCr2O4 is effectively the most stable composition.
The growth rate of the RL followed parabolic kinetics, which in-

dicates that the rate is controlled by solid state diffusion across the
growing RL. Since a majority of the Pt markers were observed at the
MC/RL and MCFe/RL interfaces it may be inferred that the RL grows at
the interface with Cr2O3 by diffusion of Co (and Mn) to this interface.
When reviewing literature on diffusion in CoCr2O4 and related spinel
oxides this indeed seems more probable than a mechanism involving Cr
diffusion in the opposite direction. The tracer diffusion coefficients of
Cr, Co, Fe and Mn have been measured at 1200 °C in (Mn,Co)3O4 and
(Mn,Co,Fe)3O4 by Lu and Dieckmann [31–33], and in (Cr,Fe)3O4 by
Töpfer et al. [34]. In all of these materials, Cr has a diffusion coefficient
three orders of magnitude lower than that of Mn, Co and Fe. Sun [35]
reported that the activation energy for Co2+ diffusion (51 kJ/mol) in
CoCr2O4 was lower than the activation energy for Cr3+ diffusion
(70 kJ/mol) in the temperature range of 1400–1600 °C in air. The tracer
diffusion coefficients of Co, Mn, and Fe in (Mn,Co)3O4, (Mn,Co,Fe)3O4
and (Cr,Fe)3O4 are within the same order of magnitude at 1200 °C, but
the diffusivity of Co is slightly higher, particularly at lower pO2
[31–34]. The nearly flat concentration profile of Co and Cr in the RL
and the waviness of the RL/Cr2O3 interface (Fig. 2) points to that the
transport of Co through the RL is dominated by grain boundary diffu-
sion.
The Co-to-Mn fraction in the RL is considerably higher compared to

the Co-to-Mn fraction in the original MC and MCFe spinels. This is
consistent with calculations by Persson et al. [36] showing that the
Gibbs energy change for a mixture of Cr2O3, Mn3O4 and CoO to the
equilibrium state at 900 °C becomes more negative with decreasing Mn
content in the mixture. I.e. a reaction between the three components
becomes thermodynamically more favorable with lower concentrations
of Mn.
The RL growth rate was ca. 50% lower for the MCFe/Cr2O3 diffusion

couple compared to the MC-Cr2O3 diffusion couple and the reaction
layer formed in case of the MCFe/Cr2O3 diffusion couple contained a
small, but non-negligible amount of Fe (~1 at.%). Considering grain
boundary diffusion as the dominant transport mechanism, a likely ex-
planation for the slower growth of the RL in case of the MCFe/Cr2O3
diffusion couple is that Fe in the grain boundaries impedes diffusion.
Assuming that the effective diffusion coefficient of Co in the RL is

invariant of time and RL thickness, the diffusion coefficient may be
expressed through the flux equation:

=J D c c
xCo Co

Co
Cr O

Co
spinel2 3

(1)

where DCo is the effective diffusion coefficient of Co in the RL, x is the
RL thickness, and cCospinel and cCoCr2O3 are the molar concentrations of Co
at the RL/MC(Fe) and RL/Cr2O3 interfaces, respectively. Assuming that
cCoCr2O3 − cCospinel is constant (thermodynamic equilibrium at both in-
terfaces):

=J
V

dx
dt

1
Co

RL (2)

where VRL is the molar volume of the RL. Combining Eqs. (1) and (2),
and noting that x= 0 at t=0, it may be shown by integration that:

= =
=

x D c c V t kt k
D c V
2 ( ) 2 , where

( c )
Co Co

Cr O
Co
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m
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Cr O

Co
spinel
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The relationship x2= 2kt is the common parabolic rate law [25]. By
rearranging Eq. (3), the effective diffusion coefficient of Co in the RL
can be estimated from the parabolic growth rate:

=D k
c c V( )

Co
Co
Cr O

Co
spinel

m2 3 (4)

According to Eq. (4), the effective diffusion coefficient of Co is
1.2× 10−13 cm2 s−1 in the RL formed with the MC/Cr2O3 diffusion
couple and 1.0×10−13 cm2 s−1 in the RL formed with the MCFe/
Cr2O3 diffusion couple.
The tracer diffusion of 60Co in CoCr2O4 was previously studied by

Sun [35] and Morkel and Schmalzried [37], in both cases at tempera-
tures> 1200 °C. Extrapolation by using the reported pre-exponential
factor and activation energy for Co diffusion in CoCr2O4 gives DCo
(900 °C)= 3×10−13 cm2 s−1 according to data from Sun [35], which
is comparable to the diffusion coefficients calculated here. The data
from Morkel and Schmalzried [37] predicts a much lower diffusion
coefficient of DCo (900 °C)= 1×10−15 cm2 s−1. To the best of the
authors' knowledge, the only report of the diffusion coefficient in spinel
oxides at 900 °C is by Gilewicz-Wolter et al. [38], measuring the tracer
diffusion of 51Cr (7.2×10−11 cm2 s−1), 54Mn (2.9×10−10 cm2 s−1)
and 59Fe (4.8× 10−12 cm2 s−1) in MnCr2O4 [38]. In this case, diffusion
along grain boundaries was found to be larger than the volume diffu-
sion. Accordingly, the scatter in the determined diffusion coefficient
may, among other factors, be attributed to differences in sample grain
size and density.
Wang et al. [19] studied the interaction between Cr2O3 and

Fig. 4. Thickness of reaction layer formed between MC, MCFe, and MCCu spinels and Cr2O3 as a function of annealing time at 900 °C in air. The stippled lines show
reaction layer thickness calculated from the derived parabolic rate constant. a) Scaled to results of MCCu/Cr2O3, b) Scaled to result of MC/Cr2O3 and MCFe/Cr2O3.
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Mn1.5Co1.5O4 spinel using an experimental set-up similar to the one
discussed here. Also in their case, a Cr-rich reaction layer with a higher
Co-to-Mn fraction than in Mn1.5Co1.5O4 was observed to form at the
interface with Cr2O3. The parabolic growth rate of this layer was
6.9×10−5 μm2 cm−1 at 900 °C, which is ca. five times larger than the
value we measured for the MC/Cr2O3.diffusion couple
(1.3× 10−5 μm2 s−1). Note that we have studied a more Co-rich spinel
(i.e. MnCo2O4). Wang also found a beneficial effect of Fe-substitution,
reporting that the parabolic growth rate of the Cr-rich RL decreased to
2.9×10−5 μm2 cm−1 for a MnCo1.66Fe0.34O4/Cr2O3 diffusion couple.
This is ca. three times larger than the rate constant we measured for the
MCFe/Cr2O3 diffusion couple (8.6× 10−6 μm2 s−1). In this case, the
spinel oxide we studied has nearly the same composition (i.e.
MnCo1.7Fe0.3O4). The comparison of the reaction rate constants is
summarized in Table 1.

4.2. Reaction layer formation with MCCu

The RL formed with the MCCu/Cr2O3 diffusion couple consisted of
two phases, namely Cr-rich grains surrounded by bands containing a
relatively higher fraction Mn and Cu (Fig. 3). This type of morphology
suggests a miscibility gap in the spinel solid solution [39]. The position
of the Pt-markers indicates that the two-phase RL grows by diffusion of
Co (and Mn/Cu) from the MCCu spinel to Cr2O3, i.e. the same as in the
case of the MC/Cr2O3 and MCFe/Cr2O3 diffusion couples. However,
based on the significantly faster growth, the diffusion rates are clearly
higher in the reaction layer formed with the MCCu/Cr2O3 diffusion
couple. According to Eq. (3), the effective diffusion coefficient of Co in
the RL formed with the MCCu/Cr2O3 diffusion couple is
1.3× 10−12 cm2 s−1.
The position of the Pt markers indicates some diffusion of Cr from

the Cr-rich reaction layer into the MCCu spinel. This suggests that Cu
increases the diffusion rate of Cr in the spinel phase and that applica-
tion of the MCCu material as a coating on stainless steel may not pro-
vide as efficient protection against Cr outwards diffusion as the Cu-free
materials (MC or MCFe). This is in line with reports by Grolig et al.
[40,41] that measured the Cr-evaporation of ferritic stainless steel with
Mn-Cu, Fe-Cu, and Cu-Fe metallic coatings that are transformed to
spinel oxides upon exposure to air above 800 °C. All of these Cu

containing coatings were reported to be less protective than a Co
coating, which is transformed to a (Mn,Co)3O4 spinel by interaction
with Mn diffusing outwards from the alloy.
Small precipitates of CuO were observed both in the as-sintered and

in the annealed samples of MCCu. Furthermore, a Cr-Cu-rich oxide
phase formed at the interface between the (Mn,Co,Cu,Cr)3O4 reaction
layer and Cr2O3, in particular close to the edge of the diffusion couple
(Fig. S3, Supplementary Material). Based on EDX results and thermo-
dynamics of the Cr-Cu-O system, this phase is probably CuCrO4 [42].
The amount of CuCrO4 was significantly higher towards the edges of
the diffusion couple, where the access of oxygen is higher relative to the
center. This suggests a close to atmospheric pO2 is needed for the
CuCrO4 phase to form.
The MCCu/Cr2O3 diffusion couple results in this work are in con-

tradiction with the results presented by Kumar et al. [43] who studied
the interaction between sintered Mn1.5Co0.9Cu0.6O4 pellets and 441
type FSS, which typically forms a scale consisting of Cr2O3 and
(Mn,Cr)3O4. No Cr-rich spinel was observed at the interface after an-
nealing this diffusion couple for 100 h at 900 °C. The reason for these
differences is likely related to the source of Cr (sintered Cr2O3 vs. a
stainless steel containing Mn) and the differences in local pO2 arising in
these two systems. This will be further discussed in Section 4.3.

4.3. Reaction layers formed with diffusion couples vs. spinel coated steel

The diffusion couple experiments here were designed to determine
the reactivity and diffusion constants in the spinel phases typically
found on coated interconnect steel. We have previously reported on the
formation of Cr-rich reaction layers on MC, MCFe and MCCu coated
Crofer 22 APU after 2000 h aging in air at 900 °C [20]. The observations
made on the spinel coated steel will in the following be compared to the
results of the diffusion couple study to propose two different mechan-
isms for growth of the RL, illustrated in Fig. 5.
Based on the parabolic growth rate determined for the MC/Cr2O3

diffusion couple in the current work, the RL thickness should be ca.
9.7 ± 2.6 μm after 2000 h at 900 °C. This is nearly twice the thickness
of the RL observed with MC coated Crofer 22 APU after 2000 h of
oxidation at 900 °C (5.1 ± 1.5 μm) [20]. There are also other differ-
ences: in the diffusion couple, the composition of the RL is practically
constant across the layer thickness (composition: Co0.9Mn0.2Cr1.9O4). In
case of the MC coated alloy [20], the Cr-content and Co-to-Mn fraction
in the RL gradually decreased from the interface with the thermally
grown Cr2O3 scale towards the coating/air interface. On average, the
RL formed on the coated steel contained four times more Mn compared
to the RL formed with the diffusion couple (average composition:
Co0.9Mn0.8Cr1.2Fe0.1O4).
The differences between the coated alloy and the diffusion couple

are even greater for the MCCu material. The RL formed on MCCu coated
Crofer 22 APU in [20] was too discontinuous along the interface to

Table 1
Parabolic growth rate of spinel reaction layers compared to literature.

Diffusion couple Parabolic growth rate [μm2 s−1] Reference

Cr2O3/MnCo2O4 1.3× 10−5 This work
Cr2O3/Mn1.5Co1.5O4 6.9× 10−5 [19]
Cr2O3/MnCo2O4 8.6× 10−6 This work
Cr2O3/MnCo1.66Fe0.34O4 2.9× 10−5 [19]

Fig. 5. Proposed reaction layer growth mechanism for the system of (a) spinel/Cr2O3 diffusion couples (b) Mn containing alloy coated with a spinel oxide, based on
results in Ref. [20]. Note that the layer thicknesses are not to scale.
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determine an average thickness, however, the RL was clearly thinner
than observed here for the MCCu/Cr2O3 diffusion couple. Furthermore,
the two-phase mixture of a Cr-rich and Cr-lean product and the for-
mation of CuCrO4 and CuO was not observed in the case of the MCCu
coated alloy.
There are a number of possible explanations for the differences in

the growth rate and composition of the RL formed with the diffusion
couples and the RL formed with the spinel coated steel. First of all, the
coating is deposited as a powder from suspension and needs to be
sintered before exposure. In Ref. [20] this was done by heat treating
first in N2-H2 at 900 °C for 2 h and then in air at 800 °C for 2 h. During
the first step, the MC spinel is decomposed to MnO and Co, and during
the second step the spinel phase is re-formed by reaction between these
components [44,45]. After the two-step sintering heat treatment, the
MCCu coating in [20] contained ca. 20 wt% Fe in a 2–3 μm layer closest
to the alloy/oxide scale interface. That is, the coating effectively had a
different composition than the MCCu pellet used in the diffusion couple
study. The absence of any phase separation in the MCCu coating in-
dicates that the spinel phase is stabilized by Fe. Reduction and re-oxi-
dation of the coating may as well have led to changes in the local
composition or defect chemistry of the MC and MCFe materials, af-
fecting their reactivity with the thermally grown oxide scale.
Marker studies of the oxidation of MnCo2O4 coated E-brite have

indicated that the (Mn,Co,Cr)3O4 reaction layer grows by inward dif-
fusion of Co and Mn from the coating to the thermally grown oxide
scale [46], which in line with the observations made here with the
diffusion couples. However, the RL growth in the case of the coated
alloy may be dictated not only by the diffusion rate of Co through the
RL, but also by the diffusion rate of Cr through the thermally grown
Cr2O3 scale. Two-stage oxidation experiments with 16O/18O have
shown that the oxide scale on uncoated Crofer 22 APU mainly grows by
outward transport of cations [47,48]. That is, Cr diffuses from the alloy
to the Cr2O3/coating interface. The driving force for diffusion will de-
pend on the defect chemistry, which is different for the two systems due
to differences in the local oxygen partial pressure. In the case of the
spinel coated steel, the pO2 at the steel/Cr2O3 interface is equal to the
dissociation pressure of Cr2O3, which is ~10−24 atm at 900 °C. The pO2
at the coating/air interface is 0.21 atm. In the chromia scale and re-
action layer the oxygen activity will vary in a complicated manner
between these two values (dictated by the diffusion constants in the
layers). Since oxygen is consumed by the oxidation of Cr, the pO2 at the
RL/Cr2O3 interface of the coated steel is much lower than the pO2 at the
RL/Cr2O3 interface of the diffusion couple. The concentration of Cr
vacancies decreases with decreasing pO2 [49], and accordingly, the
diffusion of Cr to the RL/Cr2O3 interface is slower in case of the spinel
coated steel than in case of the diffusion couple. The slower diffusion of
Cr contributes to decrease the growth rate of the RL in case of the spinel
coated steel.
Another difference is that unlike the spinel pellets, which can be

considered a semi-infinite source of Co and Mn cations, the spinel
coatings are relatively thin (< 20 μm). This means that the coating
composition is subject to continuous change as Co and Mn cations are
consumed to form the RL. The change in composition will decrease the
driving force for diffusion with time for the spinel coated samples.
Finally, it is important to consider that the thermally grown oxide

scale on Crofer 22 APU is not pure Cr2O3. The alloy contains ca. 0.4 wt
% Mn and in the absence of a coating, (Mn,Cr)3O4 is typically formed
on top of Cr2O3 [47,50]. The outward diffusion of Mn from the alloy to
the scale/coating interface is a likely explanation for the relatively
higher fraction of Mn in the reaction layer of spinel coated Crofer 22
APU compared to the reaction layer of the MC/Cr2O3 and MCFe/Cr2O3
diffusion couples. The higher fraction of Mn due to diffusion from the
steel will have influences on the defect chemistry and thus the diffusion
rate through the RL.
Gambino et al. [45] showed that during the first step of coating

sintering in reducing atmosphere, (Mn,Cr)3O4 is formed as the main

component of the thermally grown oxide scale on Crofer 22 APU.
During subsequent oxidation, the interactions in the alloy-coating
system are therefore primarily between (Mn,Cr)3O4 and the coating
material. This will obviously change the thermodynamic driving force
for reaction. According to Östby and Chen [30], the Gibbs energy
change for the reaction CoO+Cr2O3=CoCr2O4 is −53.4 kJ/mol at
900 °C. For the exchange reaction CoO+MnCr2O4=MnO+CoCr2O4
the Gibbs energy change at 900 °C is −1.3 kJ/mol according to Fact-
Sage calculations [51], using literature data from [52] for MnO and
MnCr2O4, and data from [30] for CoO and CoCr2O4. This means that
there is a much greater thermodynamic driving force for formation of
CoCr2O4 by the first reaction compared to the second.
Stainless steels specially developed for use as SOFC interconnects,

such as Crofer 22 APU and ZMG232, are added small amounts of Mn to
promote the formation of a continuous (Mn,Cr)3O4 scale which reduces
the Cr vaporization relative to a Cr2O3 scale. The results here suggest
that having Mn in the steel is useful also in cases when the steel is
coated, as it reduces the growth rate of the Cr-rich reaction layer.
Persson et al. [53] have previously reported on the importance of the
steel's Mn content for the reactivity towards Co-containing coatings. In
absence of Mn, a Co-containing coating was found to be too reactive
towards the steel.
The proposed mechanisms for RL formation in case of the diffusion

couples and the coated steel are illustrated in Fig. 5a and b, respec-
tively. To summarize, the reaction layer in case of the MC and MCFe
diffusion couples is formed by Co (and Mn) diffusion to the RL/Cr2O3
interface (Fig. 5a). For the MCCu diffusion couple there is additional
diffusion of Cr from the RL into the spinel oxide. In case of the spinel
coated ferritic stainless steel, the reaction layer is also formed by Co
(and Mn) diffusion to the interface between the RL and the thermally
grown oxide scale (Cr2O3 and (Mn,Cr)3O4). However, in this case, there
is also some diffusion of Mn and Cr from the steel to this interface
(Fig. 5b), which likely contributes in dictating the RL growth rate.
The existing results do not allow for an unambiguous conclusion on

the main reason for the difference in reactivity between the diffusion
couple and the coated steel. Nevertheless, from the foregoing discussion
it is clear that an important factor must be the difference in defect
chemistry due to differences in pO2 and Mn concentration in the two
systems. The effect of Mn needs to be more carefully investigated and a
next step could therefore be to study diffusion couples between the MC/
MCFe/MCCu spinel oxides and MnCr2O4. Finally, the effect of tem-
perature should be considered. The annealing temperature used in this
work (900 °C) is higher than the typical operating temperature of most
SOFC stacks today (650–850 °C) [4,54] and was chosen to decrease the
time needed to grow the reaction layers. However, since changes in the
phase equilibria at lower temperatures may influence the reaction
mechanism and kinetics, future work should include tests under more
realistic operating conditions.

5. Conclusion

The interaction between Fe and Cu doped MnCo2O4, and Cr2O3 was
studied at 900 °C using diffusion couples. With the pure and Fe-doped
material a single reaction product with approximate composition
Co0.9Mn0.2Cr1.9O4 was formed during annealing. The growth rate of this
product followed parabolic kinetics, with a rate constant of
1.3× 10−5 μm2 s−1 for the MC/Cr2O3 diffusion couple and
8.6×10−6 μm2 s−1 for the MCFe/Cr2O3 diffusion couple. In case of the
MCCu/Cr2O3 diffusion couple, the reaction resulted in a two-phase
reaction layer. The growth of this layer followed parabolic kinetics with
a rate equal to 1.2× 10−4 μm2 s−1. Cr was observed to diffuse from the
Cr-rich reaction layer into the MCCu spinel. By use of Pt-markers it was
shown that the reaction layer in all three systems grew primarily by
diffusion of Co (and Mn/Fe/Cu) to the reaction layer/Cr2O3 interface.
The thickness and composition of the diffusion couple reaction

layers were significantly different from what we have previously
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observed on spinel coated ferritic stainless steel after oxidation.
Possible explanations for these differences were discussed. The fact that
the outer oxide scale formed on most interconnect alloys is (Mn,Cr)3O4
and not Cr2O3 is believed to be particularly important for the slower
growth of reaction layers in case of the spinel coated steel. Thus, even in
the case of coated interconnects some Mn in the steel is beneficial.
Another difference between the coated steel case and the diffusion
couples is the effective pO2 at the reaction layer/Cr2O3 interface. In the
steel case this is lower than for the diffusion couples, which presumably
affects the defect chemistry and thus transport properties of the phase
(s).
The results of this work suggest that Cu should not be used in the

spinel coating as it allows for faster diffusion of Cr. Adding Fe to the
coating is on the other hand beneficial, as it slightly impedes the growth
of the reaction layer.
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