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a  b  s  t  r  a  c  t

Six  different  coatings  consisting  of  fluorite-,  corundum-,  spinel-  or perovskite-type  oxides  were  deposited
on a Fe22Cr  alloy  (Crofer  22APU)  and  oxidized  at 900 ◦C  in  moisturized  air.

Five  of  the  coatings  prevented  break-away  oxidation  otherwise  observed  for  the  uncoated  alloy,  and
the  parabolic  oxidation  rate  constant  was  reduced  with  50–90%  of  that  for  uncoated  alloy.  One  coat-
ing  consisting  of  MnCo2O4 did  not  significantly  affect  the  oxidation  rate  of  the  alloy,  and  just  as  for
uncoated  samples  break-away  oxidation  occurred  for  MnCo2O4 coated  samples.  The  interaction  mecha-
nisms  between  the  growing  oxide  scales  and  applied  coatings  can  be  classified  according  to three  types.
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. Introduction

In a solid oxide fuel cell (SOFC)-stack the interconnect is the
omponent in-between the cathode of one fuel cell and the anode
f the next fuel cell. The interconnect also separates the air from
he fuel in adjoining cells of a stack. The interconnect material has
o be chemically and thermally compatible with the other cell com-
onents from room temperature up to operational temperature of
he fuel cells, approximately 750–850 ◦C [1].  Ferrous Cr2O3 (chro-

ia) forming alloys have shown promising results as interconnect
aterials. They are cheap, easy to shape and handle and they meet
any of the requirements on interconnect plates including high

lectrical conductivity, gas tightness, and matching thermal expan-
ion with the cell. Chromia-forming alloys present a good balance
etween a slow growth rate of the oxide scale and electrical con-

uctivity of the oxide scale in comparison to alumina and silica
orming alloys, which have a significantly higher electrical resis-
ance in the forming oxide scale [1–4]. However, for the SOFC-stack
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to present satisfying operational efficiency the growth rates and the
electrical resistance of the oxide scale have to be decreased even
further. It would further be beneficial if the chromium content in
the protecting oxide scale would be decreased, since chromium
species evaporating or diffusing via surfaces from the chromia scale,
have a detrimental poisonous effect on the fuel cell. The chromium
species tend to diffuse into the cathode/electrolyte interface, where
the chromium species block the catalytic reactive sites [1,2,5–7].
Alloys forming a duplex scale consisting of an inner Cr2O3 phase
and an outer MnCr2O4 phase have been developed in the last
years and have shown promising results in decreasing chromium
evaporation [2,5,8,9]. However, the oxidation rate, the electrical
resistivity and the amount of the chromium in the outmost of the
oxide scale on the interconnect alloys has still not been decreased
enough for use in a commercial SOFC-stacks [1,5,9,10].  Applica-
tion of coatings to improve the suitability of Crofer, and other
chromia-forming alloys, has previously been demonstrated to be
a promising route for further advancement [8,11–16]. Utilizing
coatings has shown to decrease the oxidation rate of the alloys,
and to decrease the electrical resistance of the formed oxides as
well as to reduce the chromium evaporation and diffusion from
the oxide surface [11,17–20].  To get a more detailed understand-

ing of how coatings and steel interact, oxidation experiments of
slurry coated Crofer 22APU were carried out. Coatings consisting of
oxides belonging to different structure classes, fluorite, corundum,
spinel and perovskite, and with very different chemical properties

dx.doi.org/10.1016/j.jallcom.2011.12.095
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http://www.elsevier.com/locate/jallcom
mailto:aase@risoe.dtu.dk
mailto:larm@risoe.dtu.dk
mailto:pvhe@risoe.dtu.dk
mailto:somers@mek.dtu.dk
dx.doi.org/10.1016/j.jallcom.2011.12.095


Å.H. Persson et al. / Journal of Alloys and Compounds 521 (2012) 16– 29 17

.b.a

0.0E+00

1.0E-04

2.0E-04

3.0E-04

4.0E-04

5.0E -04

6.0E -04

7.0E -04

1.5E+071.0E+075.0E+060.0E+00

[(
Δ
W
/A
)2
[(
kg
/m

2 )
2 ]

Time [s]

Uncoated
15 µm LSM
30 µm LSM
15 µm LSC
7 µm Co  O
15 µm

15
15

µm
µm

15µm

Co O
MnCo O
ZrO

Al O

0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

2.5E-04

1.5E+071.0E+075.0E+060.0E+00

[(
Δ
W
/A
)2
[(
kg
/m

2 )
2 ]

Time [s]

F e lon
v e key i

w
(
M
a
o
o
c
o
A
9
t
p
r
v
c
n
p
a
t
t
�
n
r
p

2

e
a
c
a
p
c
i
o
s
s
c
u

m
A
a
a
T
p
f

w

ig. 1. The (�W/A)2–time plots for uncoated and coated Crofer 22APU samples in th
apour, (a) overview, (b) enlargement of (a) for relatively small weight increase, th

ere applied. The coatings included in the study were Al2O3, ZrO2,
La0.85Sr0.15)1 − xMn1 + xO3 + (0.1 − x)Mn2O3 (referred to as LSM),

nCo2O4, 90 wt.% (La0.85Sr0.15)CoO3 + 10 wt.% Co3O4) (referred to
s LSC), and Co3O4. None of the applied coatings contain Cr as one
f the roles of the coating is to reduce the Cr activity on the surface
f the coated steel to reduce the Cr evaporation rate. The chemi-
al stability of the coating materials varies strongly over the series
f materials (listed above in order of reducing stability). Whereas
l2O3 and ZrO2 are extremely stable compounds (reduction pO2 at
00 ◦C for Al2O3 = 1.4 × 10−39 atm and ZrO2 = 9.6 × 10−40 atm [21])
he most unstable compounds used Co3O4 and LSC would decom-
ose already during heating in air or under mild reduction (e.g.
eduction pO2 at 900 ◦C for CoO = 3.2 × 10−14 atm [21]), and hence
ery different interaction mechanisms between coating and steel
ould be anticipated over this series of materials. It should be
oted that a technologically viable SOFC interconnect coating must
rovide good conductivity in the interface between interconnect
nd electrode. Whereas the four latter materials are good elec-
ronic conductors (e.g. �LSC > 1000 S/cm in air at 900 ◦C [22]) the
wo former (Al2O3 and ZrO2) are poor electronic conductors (e.g.
Al2O3

< 10−7.5 S/cm in air at 1200 ◦C [23]). These materials are thus
ot directly applicable as single phase coatings in SOFC-stacks. The
esults allowed classifications of interaction mechanisms that can
ave the road towards optimal coating designs.

. Experimental

Crofer 22APU samples with the dimension 20 mm × 20 mm × 0.3 mm were
tched for 30 min  in a mixture of 75 vol.% H2O + 5 vol.% HF + 20 vol.% HNO3, to remove
ny native oxides formed during alloy processing. A series of samples was slurry
oated on both sides using a hand held spray-gun, so that oxide thicknesses of
pproximately 7, 15 or 30 �m were applied. Simultaneously as the corrosion sam-
les were sprayed a reference sample was  sprayed, and the thickness of the applied
oating on this reference sample was measured with a caliper. The coatings included
n  this study were ZrO2, Al2O3, Co3O4, MnCo2O4, LSM, and LSC. The slurries consisted
f  approximately 33 wt.% powder of the coating material dissolved in ethanol with a
mall amount of polyvinyl pyrrolidone, (PVP)-binder. Before spraying onto the alloy
ubstrates, the LSM, LSC, Co3O4 and MnCo2O4 slurries were ball-milled until a parti-
le  size of Ømedian = 1–2 �m was achieved and the ZrO2, Al2O3 slurry was ball-milled
ntil a particle size of approximately Ømedian = 3 �m was achieved.

The etched uncoated samples and the coated samples were weighed before
ounting in the oxidation furnace with a volume of approximately 4.32 × 10−3 m3.
ir  containing 1% water vapour was lead through the furnace with a flow rate of
pproximately 72 × 10−3 m3/h. The samples were oxidized in 250-h cycles at 900 ◦C,
fter which they were weighed. The heating and cooling ramps were set to 120 ◦C/h.

he  total accumulated oxidation time was 4000 h. With a few exceptions, six sam-
les of each corrosion sample type were prepared, corroded and removed from the
urnace for further investigation after 500, 1000, 2000, and 4000 h of oxidation.

On  one of the epoxy mounted Al2O3 coated samples, Focused Ion Beam (FIB)
as used to prepare a Transmission Electron Microscope (TEM) sample for more
g-term, cyclic oxidation experiment carried out at 900 ◦C in air containing 1% water
s the same for both plots.

detailed analysis of the alloy/oxide and oxide/coating interfaces and the oxide scale
itself.

3. Results

3.1. Weight gain and microstructure

The weight gain data collected for the uncoated and coated Cro-
fer samples during the cyclic oxidation experiment are presented
as a weight increase2–time plot in Fig. 1.

The plots of the uncoated Crofer sample and the Crofer samples
coated with LSM, LSC, Co3O4, and MnCo2O4 are linear in Fig. 1 up
to 1000 h oxidation, where break-away oxidation takes place for
the uncoated and MnCo2O4 coated samples. The weight gain of the
uncoated and MnCo2O4 coated samples was  immense and since
break-away oxidation was detected at an early stage the weight
gain of these samples were ignored when zooming in on the weight
gain of the rest of the samples in the study. Note, that the LSM, LSC,
and Co3O4 coated samples continue to present linear behaviour up
to 4000 h oxidation. The linearity in the weight increase2–time plot
indicates parabolic oxidation kinetics, as described by the expres-
sion in Eq. (1):

�w2 = kptt+C, (1)

�w  is the weight gain, while kp and tt are the parabolic rate con-
stant and oxidation time, respectively. C is an integration constant
correcting for transient oxidation, and here also for binder burn off
from the coatings, which governs the initial weight measurements.
Accordingly the first 250 h of oxidation is neglected. Parabolic oxi-
dation indicates that the oxidation rate is determined by a diffusion
process with constant diffusion coefficient resulting in a growth
rate that decreases inversely proportionally to the oxide layer thick-
ness [24].

The weight increase2-time curves of the Al2O3 and ZrO2 coated
Crofer samples in Fig. 1 suggest deviations from parabolic oxida-
tion, reflecting alternative reaction mechanisms in the system, i.e.
the protective action of the scale effectively increases over time.
The weight gain curves of the Al2O3 and ZrO2 coated samples are
deflected downwards, while the weight gain curves of all the other
samples in this study are either linear or deflecting ever so slightly
upwards.

Apart from MnCo2O4 all the coatings lowered the weight gain

compared to the uncoated Crofer 22APU. The parabolic oxidation
constants for the uncoated and the coated Crofer 22APU samples
are summarized in Tables 1a and 1b.  For the Co3O4 coated sample
a slight increase in the parabolic oxidation constant was observed
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Table 1a
Parabolic rate constants for the coated and uncoated Crofer samples estimated from
the 4000 h oxidation, the weight gain from the first 250 h is neglected.

kp [kg2 m−4 s−1] Time [h] Remark

15 �m LSC (0.6 ± 0.2) × 10−11 4000

15  �m Al2O3 (1.6 ± 0.08) × 10−11 1000 Deviation from
parabolic ox.

(0.9 ± 0.2) × 10−11 1000–4000

15  �m ZrO2 (1.1 ± 0.09) × 10−11 1500 Deviation from
parabolic ox.

(0.9 ± 0.07) × 10−11 1500–4000

15  �m LSM (1.4 ± 0.2) × 10−11 4000
30  �m LSM (1.4 ± 0.2) × 10−11 4000
15  �m Co3O4 (1.7 ± 0.6) × 10−11 2750

4.4 × 10−11 3000–4000
7  �m Co3O4 (3.6 ± 1.2) × 10−11 4000
15  �m MnCo2O4 (9.4 ± 1.5) × 10−11 1250
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Uncoated (8.2 ± 2.5) × 10−11 1000

uring the last 1000 h of oxidation. For the Al2O3 and ZrO2 coated
amples a significantly lower parabolic oxidation constant was
bserved after 1000 h of oxidation.

Also included in Tables 1a and 1b are the thicknesses of the
ormed oxide scales on the oxidized samples as determined from
he SEM micrographs of the sample cross-sections. Figs. 2–4 show
xamples of such cross-sections for the samples oxidized for 500,
000, 2000, and 4000 h. The thickness of the scale varies over the

nterface as indicated by the standard deviation, deduced from
easuring the scale thickness at ∼40–60 different positions, also

ncluded in the table. The samples are ordered in Tables 1a and 1b
ccording to their total weight gain observed, i.e. the protective
ction of the coating decreases as one moves down in the table.

The duplex character of the oxide scale on uncoated Crofer [8,25]
s visible in the micrographs in Fig. 2, where the outer (Mn,Cr)-
pinel phase is lighter grey than the inner Cr2O3 phase. Metallic
nclusions (light) are observed in the oxide scale as well as internal
xides (black) in the metallic bulk just under the oxide scale. The
nternal oxides consist of TiO2 and Al2O3 and are observed on all
he coated samples [8].

In the case of the Al2O3 and ZrO2 coated samples the coating
articles are incorporated into the growing oxide scale (Fig. 2). The
lack Al2O3 particles are easier to identify in the growing oxide
cale due to their size, and maybe also due to their larger tendency
o become incorporated.

In the growing oxide scale on the LSC coated samples, bright La-

nd Sr-rich particles appear to be incorporated. These areas prob-
bly consist of LaCrO3 and/or SrCrO4 and are formed by a reaction
etween chromium and the coating. The LSC coated samples also
resent a thinner oxide scale than the uncoated samples, but the

able 1b
easured oxide scale thicknesses, t, on the BSE micrographs.

t [�m]  500 h t [�m]  1000 h t [�m] 2000 h 

15 �m LSC 4.1 ± 1.2 4.3 ± 1.6 5.4 ± 1.5 

15 �m Al2O3 10.0 ± 1.5 

15 �m ZrO2 8.3 ± 1.7 9.8 ± 1.8 

15 �m LSM 4.7 ± 1.6 6.5 ± 1.7 7.3 ± 1.3 

15 �m Co3O4 5.6 ± 1.6 (10.6 ± 2.0) 6.8 ± 2.0 (13.3 ± 3.8) 9.2 ± 1.9 (16.2 ± 2

7 �m Co3O4 7.1 ± 1.4 (10.5 ± 2.0) 8.4 ± 1.7 (10.3 ± 1.8) 15.2 ± 3.0 (19.2 ±

15 �m MnCo2O4 8.5 ± 1.0 (15.5 ± 1.4) 13.3 ± 1.5 (21.2 ± 3.1) 19.1 ± 1.8 (26.4 ±

Uncoated 9.8 ± 3.2 11.9 ± 2.9 15.3 ± 2.0 

a Tot. Ox. Scale = Total Newly formed Oxide Scale.
b Formed oxide + sintered/reacted coating = Newly formed oxide + the sintered/reacted 
d Compounds 521 (2012) 16– 29

oxide/alloy and oxide/coating interfaces are not as smooth and well
defined as on the LSM coated samples. The micrographs of the LSM
coated samples in Fig. 3 show a thinner oxide scale and fewer metal
inclusions than on the uncoated samples. The heavier, bright LSM
particles appear to be pushed ahead of the outwardly growing oxide
scale and are not incorporated into the oxide scale.

The oxide scale on the Co3O4 coated samples consists of a Cr2O3
layer (darker layer on the SEM images), and a spinel phase layer (the
lighter grey layer) (Figs. 3 and 4). The thicknesses of both layers are
specified in Table 1b for both the 7 �m and 15 �m Co3O4 coated
samples. The spinel phase layer consists of the sintered/reacted
Co3O4 coating.

The micrographs of the MnCo2O4 coated samples in Fig. 4 show
a similar subdivision in a Cr2O3 layer and a spinel phase as found on
the Co3O4 coated samples. After approximately 1000 h of oxidation
the edges of the MnCo2O4 coated samples started to experience
accelerated oxidation. This was not observed on any of the other
coated samples, where the oxide scales on the edges appeared sim-
ilar to the oxide found along the flat surfaces of the samples. The
uncoated samples had some heavy oxidation on the edges as well,
as illustrated in the micrograph of an uncoated sample oxidized
for 3000 h in Fig. 2. The MnCo2O4 coated samples also showed the
thickest oxide scale of all oxidized samples (Table 1b).

3.2. Composition analysis with EDS

The amount of Cr in the outer part of the formed, dense oxide
scale was  determined with point analysis (Table 2). The “outer part”
is effectively the outer 2 �m of the dense part of the oxide layer
(Figs. 2–4).

For the Co3O4 coated samples the outer oxide scale corresponds
to the outer part of the sintered/reacted coating as indicated in
Fig. 4. This means that any Cr detected in the outer oxide scale
on the spinel coated samples must have diffused through both the
forming oxide scale and the sintered/reacted spinel coating thereby
a longer distance compared to the uncoated samples and in the
LSM, LSC, Al2O3 and ZrO2 coated samples. The chromium content is
accordingly observed to be lower (Table 2). The cation compositions
found in the outer oxide scale on all samples fall within a spinel
phase region according to the Cr Co Mn  phase diagram in Fig. 5.
The calculated spinel compositions are listed in Table 2. The spinel
compositions found in the outer oxide scales on the oxidized sam-
ples are determined by the diffusion rates of the various cations;
in the mono-phase cubic spinel in the Co Mn  Cr O system which
has a broad homogeneity range at 900 ◦C (cf. Fig. 5).
As shown in Table 2 a composition close to MnCr2O4 is observed
on the uncoated Crofer samples as expected [8,25].  The composition
of the outer oxide scale for ZrO2 coated samples is the same as the
spinel found on uncoated samples. For the Al2O3 coated samples a

t [�m] 4000 h Remark

9.2 ± 1.9 Tot. ox. scalea

8.5 ± 2.4 Tot. ox. scalea

11.8 ± 2.3 Tot. ox. scalea

10.6 ± 2.8 Tot. ox. scalea

.8) 14.5 ± 1.8 (21.0 ± 2.7) Cr2O3 scale (Formed oxide + sintered/reacted
coating)b

 7.0) 14.9 ± 4.0 (16.6 ± 4.5) Cr2O3 scale (Formed oxide + sintered/reacted
coating)b

 2.7) 25.±3.0 (31.6 ± 3.2) Cr2O3 scale (Formed oxide + sintered/reacted
coating)b

Tot. ox. scalea

coating.
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Fig. 2. BSE micrographs of the oxide scales in the cross-sections of the samples, with the oxidation times indicated left of the pictures, note though that the oxidized uncoated
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ample  in the down left corner only was oxidized for 3000 h.

pinel with about 40/60 Mn-  and Cr-content is found with a slight
ddition of Al after 2000 and 4000 h oxidation. The presence of a LSC
oating reduces the Cr-content, while the Co-content is increased.
he presence of a LSM coating reduces the Cr content in the outer
pinel in favour for Mn  in comparison to the spinel composition
ound on uncoated Crofer samples. This has also been observed in
revious oxidation studies [26]. When studying the spinel com-
osition in the outer oxide scale for the Co3O4 coated samples, it

s found that the samples with the thicker coating have a signifi-
antly lower Mn  content as compared to the thinner coating and
lso a slightly lower Cr-content. The Cr-content in the outer oxide
cale for the MnCo2O4 coated samples is the lowest of all samples
n Table 2.

EDS-mappings were made on the oxide scales to get an overview
f the composition of the scales. On these mappings the relative
reas of the spinel and chromia phases can be measured. The results
re presented in Table 3.

The results in Table 3 clearly show that the presence of a coating

ncreases the spinel ratio of the scale. The Co3O4 and MnCo2O4
oated samples show high spinel ratios, at least initially. However,
t should be noted that the spinel phase on these samples consists of
oth sintered/reacted spinel coating and the forming spinel phase
during the oxidation process. As seen from the SEM micrographs
in Figs. 3 and 4 it is impossible to visually discriminate among the
two spinels.

4. Discussion

The observations and the effect of the six different coatings are
discussed and compared to the oxidation behaviour of the uncoated
sample and each other, in the order of:

Uncoated
Al2O3
ZrO2
LSC
LSM
Co3O4
MnCo2O4
Based on the observations three main types of interaction
mechanisms between the coatings and the forming oxides during
oxidation could be formulated:

(A) Incorporation of coating particles in the growing oxide scale
(B.1) Coatings that sinter/react with the growing oxide scale
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Fig. 3. BSE micrographs of the oxide scales in the cross-sections 

(B.2) Partial incorporation of the coating that reacts with the
rowing oxide scale, while main part of the coating remains porous

(C) Elemental addition into the growing oxide scale from a coat-
ng that remains porous and is pushed in front of the growing oxide
cale

.1. Uncoated samples

In Fig. 6a. the diffusive fluxes during the oxidation and oxide
ayer growth of uncoated Crofer are drawn schematically.

According to literature, the chromia scale on chromia-forming
lloys grows through counter diffusion of Cr-cations and O-anions
ith formation of chromia within the chromia scale[24]. Accord-

ngly local growth stresses develop [24]. It has been shown that
he outward diffusion of Cr-cations is the dominating diffusion
ux during chromia formation, i.e. the faster of the two diffusing
pecies. This means that the oxide phase growth occurs close to the
hromia/spinel interface, i.e. interface II.

A wavy oxide–alloy interface is observed with metallic pro-
rusions and inclusions in the oxide. This may  be explained by
ompressive stresses within the alloy as a result of internal oxi-

ation [27]. Another explanation for the convoluted interface may
e the formation of compressive growth stresses in the oxide scale
28]. The oxygen lattice in a spinel is presumed to be fully occupied,
nd no significant inward oxygen diffusion takes place [29]. Crofer
 samples, with the oxidation times indicated left of the pictures.

naturally forms a duplex oxide scale consisting of a (Mn,Cr)-spinel
on top of a chromia layer [30]. The effect of this outer spinel phase is
a drop of the oxygen potential in local equilibrium within the chro-
mia  layer, and thereby lowering of the inward diffusion of oxygen
ion through the chromia phase. The presence of the outer spinel
layer on uncoated Crofer therefore shifts the growth of the chromia
scale further towards the chromia/spinel interface. The presence of
inclusions in uncoated Crofer may  be partly caused by inward anion
diffusion in the Cr2O3 phase, as discussed above. The presence and
growth of (Cr, Mn)-spinel on uncoated samples can be explained
by diffusion of Mn  species through the chromia layer as indicated
in the diffusion model in Fig. 6a. Mn-diffusion through Cr2O3 pro-
ceeds faster than Cr-diffusion [31]. Possible interface reactions at
the chromia/alloy interface, interface I, are listed as reactions Ia
and Ib in Table 4 The outward diffusing Cr3+ and Mn2+/3+ ions are
probably diffusing via interstitials along the grain boundaries in the
chromia phase [31–33].  These outward diffusing cations consume
oxygen from the spinel phase to form chromia at the chromia/spinel
interface, interface II, or incorporate oxygen that diffuses into the
chromia layer.

The spinel phase is exposed to atmospheric pressure, which sug-

gests that the available point defects for cation diffusion in the
spinel phase are cation vacancies [34–39].  These vacancies, cre-
ated at the spinel surface during oxygen uptake, diffuse inward
corresponding to an outward diffusive flux of Cr- and Mn-ions. In
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of the samples, with the oxidation times indicated left of the pictures.
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Fig. 4. BSE micrographs of the oxide scales in the cross-sections 

nterface reaction IIIa in Table 4, an interface reaction describing
xygen uptake at the spinel/atmosphere interface, interface III,  is
uggested. The morphology of the scale on the uncoated samples
n Fig. 2 supports the hypothesis that the oxide scale grows mainly
y outward cation diffusion. The presence of SiO2 filled coalesced
irkendall voids at the alloy/chromia interface [40] and Kirkendall
oids at the chromia/spinel interface are consistent with dominant
utward cation diffusion.

Interface reactions describing all these situations are listed in
able 4. These reactions show that when chromia is formed in inter-
ace II according to interface reaction IIa four unit cells of chromia,

(B), are formed at the expense of three unit cells of spinel, �(C). At
he same time it is observed that when spinel is formed in interface
I according to interface reaction IIb three unit cells of spinel, �(C),
re formed at the expense of four unit cells of chromia, �(B). A sec-
nd possible interface reaction where spinel can form in interface
I is listed in interface reaction IIc. This interface reaction does not
esult in any changes in the number of unit cells.

.2. Al2O3 coating
In the micrograph in Fig. 2 incorporation of the Al2O3 coat-
ng particles was observed in both the chromia and the spinel
hase of the oxide scale. Provided that Al2O3 particles continue
 Fig. 5. Co Mn Cr O phase diagram at 900 ◦C [21].
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ig. 6. Diffusion model of ions during oxidation of (a) uncoated Crofer, (b) Al2O3 co

o become incorporated into the growing oxide scale, these parti-
les will give a continuous geometrical protection against oxidation
hroughout the oxidation process, since the outward diffusing Mn-
nd Cr-cations are forced to diffuse an extra distance, x, around
he incorporated coating particles to reach the oxide surface, as
llustrated in Fig. 6b. As the oxide scale grows thicker, more coat-
ng particles will become incorporated, and the extra diffusion
istance, implemented by their presence, will be of the same mag-
itude as the thickness of the oxide scale.

Al2O3 is thermodynamically relatively stable, but aluminium
an be dissolved in both MnCr2O4 and Cr2O3 when the Al2O3 coat-
ng particles are incorporated into the growing oxide scale, albeit
he kinetics are slow. The aluminium signals detected in the outer
pinel phase on the forming oxide scale in Table 2 could origi-
ate from this dissolved aluminium, but most likely originates from
l2O3 coating particles embedded in the oxide scale not visible on
he micrographs. The (Mn,Cr)-spinel composition remaining if the
luminium signal is ignored is similar to the spinel composition
ormed on uncoated Crofer samples, only with a slightly higher Mn

ig. 7. Mapping of the alumina coated sample oxidized for 2000 h (for interpretation of th
f  the article).
rofer, and (c) ZrO2 coated Crofer on micrographs of samples oxidized for 2000 h.

content. The EDS mapping in Fig. 7b. shows that an extra amount of
Mn  is found in close vicinity of the alumina particles. The original
micrograph is presented in Fig. 7a. This can be explained by a rela-
tively slow Cr diffusion on Al2O3 particles [6],  suggesting that the
faster diffusing manganese probably is diffusing around the Al2O3
coating particles faster than chromium, forming a more Mn-rich
oxide phase. The Al2O3 coating leads to increase of the spinel ratio
to approximately 30% compared to 10% for the uncoated Crofer
samples after 2000 h oxidation.

The pale orange area in the EDS map  symbolises a Mn  contain-
ing spinel phase. This phase is found on top of the chromia phase.
However, the spinel phase is also found closer to the alloy/oxide
interface on the outer side of the large Al2O3 coating particle incor-
porated in the oxide scale. The micrographs and EDS mapping in
Fig. 7 is only one example of this phenomenon that was  observed
at several places on the polished cross-section of the oxidized Al2O3

coated sample. Detailed analyses of feasible reactions between
Al2O3 and Cr2O3 or MnCr2O4 as well as the composition around
the Al2O3 particles were investigated by preparing a TEM sample

e references to color in this figure legend, the reader is referred to the web version
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ig. 8. TEM micrographs of polished cross-section of Al2O3 coated Crofer sample oxi
f  alumina particle in (a).

y FIB. A TEM micrograph of an embedded Al2O3-particle is visi-
le in Fig. 8. The analyses of the oxide composition on all sides of
he Al2O3-particle indicate Cr2O3 and only few traces of Mn  and Al.
o Mn  and only minor traces of Cr were detected inside the Al2O3-
article. The alumina particle in this micrograph is smaller than the
ne illustrated in Fig. 7. Since the particle is smaller the chromium
ons have been able to completely incorporate it in a chromia phase

n contrast with the larger particle in Fig. 7. Considering the grains
n the chromia layer in the oxide scale it is also possible to discern
hat the chromia grains specifically around the alumina particle are
maller than further away from the alumina particle (Fig. 8b).

Fig. 9. Diffusive fluxes during oxidation of (a) LSC coated Crofer and (b) 
or 2000 h in air containing 1% water, (a) overview of interface II and (b) enlargement

Deviation from parabolic oxidation behaviour was observed
for the Al2O3 coated sample (cf. Fig. 1). During ideal parabolic
oxidation the oxidation rate decreases with time due to the
oxide scale growing thicker, thus creating longer diffusion dis-
tance for the ions [24]. On the Al2O3 coated samples the above
described and discussed extensive incorporation of coating par-
ticles introduces even longer diffusion distances for the ions as

the scale grows (scale thickness + x), thus resulting in the scale
becoming more and more protective as it grows, which could
lead to the observed deviation from parabolic growth for long
times.

LSM coated Crofer on micrographs of samples oxidized for 2000 h.
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Table 3
Spinel ratio (area of spinel phase/total area of oxide scale) of the total oxide scale on
uncoated and coated Crofer samples oxidized at 900 ◦C in air containing 1% water.

500 h 1000 h 2000 h 4000 h

Uncoated 0.15 0.09 0.10
15  �m Al2O3 0.36 <0.20
15  �m ZrO2 0.40 0.30 0.32
15  �m LSC 0.49 0.44 0.40 0.41
15  �m LSM 0.41 0.35 0.43 0.39
7  �m Co3O4 0.33 0.34 0.26 0.09

15  �m Co3O4 0.53 0.53 0.47 0.34
15  �m MnCo2O4 0.51 0.39 0.30 0.30

4.3. ZrO2 coating

As displayed in Fig. 1 the ZrO2 coated samples showed sim-
ilar deviation from parabolic oxidation behaviour as the Al2O3
coated samples. Just as the Al2O3 coating the ZrO2 coating decreases
the oxidation rate of the Crofer 22APU samples compared to the
uncoated samples. The micrographs in Fig. 2 show tendencies of the
incorporation of bright ZrO2 particles in the outer part of the grow-
ing oxide scale. The performed point analyses of the outer oxide
scale presented in Table 2 show a spinel composition similar to the
spinel composition found on uncoated samples. The ZrO2 coating
does not affect the oxide composition; instead it functions simply
as a geometrical protection against oxidation. The possible diffusive
fluxes during oxidation are presented in Fig. 6c.

Just as the Al2O3 coating the ZrO2 coating remains porous
throughout the oxidation experiment, as can be seen in the micro-
graphs in Fig. 2. The interface reactions on the ZrO2 coated samples
are assumed to be similar to the ones for uncoated Crofer listed in
Table 4.

The ZrO2 coating particles do not affect the chemical compo-
sition of the forming oxide, but it does appear to affect the spinel
ratio of the oxide scale. In comparison to the uncoated samples
the ratio has increased from 10% to 30–40%. Like for the alumina
particles the ZrO2 particles seem to block for the Cr-ions more effi-
ciently than for the Mn-ions [6,31],  leading to an increase of the
spinel ratio. The incorporated ZrO2 particles do not dissociate and
do not react with the surrounding Cr2O3 and MnCr2O4 oxide scale,
since ZrO2 is thermodynamically more stable, which agrees with
the observation of an unchanged spinel composition in the oxide

compared to the uncoated sample. All these effects were also listed
for the Al2O3 coated samples. The impact of these effects is appar-
ently larger for the Al2O3 coated samples than for the ZrO2 coated

Table 4
Possible interface reactions on uncoated Crofer with the changes in number of unit
cells in the chromia and spinel phase, �(B/C), where B and C refer to chromia and
spinel phase, respectively.

Interface Reaction equation �(B) �(C)

Uncoated Crofer
Ia Cr → (Cr•••

I + 3e′)B 0
Ib  Mn  → (Mn••

I + 2e′)B 0
IIa  8(Cr•••

I + 3e′)B +
3(2V

′′′
M + V

′′
M + 4Ox

O + 8h•)C → 4Cr2O3

4 −3

IIb  4Cr2O3 + 4(Mn••
I + 2e′)B +

(2V
′′′
M + V

′′
M + 4Ox

O + 8h•)C →
4MnCr2O4

−4 3

IIc  2(Cr•••
I + 3e′ )B + (Mn••

I + 2e′)B +
(2V

′′′
M + V

′′
M + 4Ox

O + 8h•)C →
MnCr2O4

0 0

IIIa 6O2 → 3(2V
′′′
M + V

′′
M + 4Ox

O + 8h•)C 3

Co  containing spinel on coated Crofer
IId 12Cr2O3 + 8Cr0.6Mn1.2Co1.2O4 →

16Cr1.8Mn0.6Co0.6O4 + (2V
′′′
Cr + V

′′
Mn +

4Ox
O + 8h•)

−4 3
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Table  5
The extra interface reaction at interface III on LSC and LSM coated Crofer and the
�G  of the reactions at 900 ◦C in air calculated by FactSage 5.5 [21].

Interface Reaction equation �G [kJ]

LSC coated Crofer
IIIc 40(La0.85Sr0.15)CoO3 + 40MnCr2O4 + 3O2(0.21 atm) →

34LaCrO3 + 6SrCrO4 + 40CrMnCoO4

−1826.4

LSM  coated Crofer
IIIb 6(Mn2O3)D + 12(MnCr2O4)C →

16(Mn1.5Cr1.5O4)C + O2(0.21 atm)
−163.8
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IIId 40(La0.85Sr0.15)MnO3 + 40MnCr2O4 + 3O2(0.21 atm) →
34LaCrO3 + 6SrCrO4 + 40CrMn2O4

436.3

amples. Differences in the particle sizes of the Al2O3 and ZrO2
oatings (the Al2O3 coating has larger particle size) might explain
he larger deviation from parabolic oxidation behaviour for Al2O3
oated samples.

.4. LSC coating

Via applying a LSC coating on the surface of Crofer 22APU sam-
les the oxidation rate was decreased significantly. The LSC coating
emains porous during oxidation and does not provide any hin-
rance for oxygen to reach the surface. In Fig. 9a, the diffusive fluxes
re illustrated.

The interface reactions are assumed to be similar to the ones
isted for uncoated Crofer in Table 4, but a fourth interface reaction
n interface II could be possible when the cobalt containing spinel
hase reacts with chromia. Reaction IId in Table 4 is a suggested
xample of such a reaction.

The (La0.85Sr0.15)CoO3 perovskite is thermodynamically stable
t the oxidation conditions; however, under the interaction with
n-  and Cr-ions from the FeCr-alloy it partly dissociates into

aCrO3, SrCrO4 and (Co,Cr,Mn)-spinel. The LaCrO3 and SrCrO4 con-
aining areas are easily spotted as small bright particles within the
xide scale, mainly in the spinel layer. A possible interface reac-
ion accounting for the decomposition of the LSC at the interface
etween spinel and coating, interface III,  is listed in Table 5 together
ith the Gibbs free energy change for the reaction [21].

The incorporated SrCrO4 and LaCrO3 particles provide a geomet-
ical protection against oxidation, just as the incorporated Al2O3
nd ZrO2 particles on the Al2O3 and ZrO2 coated samples. The effect
s illustrated in Fig. 9a.

It should however be emphasized that there is no complete
eduction reaction of the LSC coating. The outer part of the LSC
oating remains a (La0.85Sr0.15)CoO3 perovskite, and as seen in the
icrographs in Fig. 3 the LSC coating remains porous throughout

xidation, even though small areas of (Co,Cr,Mn)3O4 oxides form
ut in the LSC coating when the outwardly diffusing Mn-  and Cr-
ons originating from the alloy react with the spinel oxides in the
oating (Fig. 3).

.5. LSM coating

The LSM coating is, as can be observed in the micrographs in
ig. 3, porous. An estimation of the porosity of the LSM coating
ased on the micrographs gives a value of approximately 30–40%
ith pore sizes of approximately 1 �m.  This shows that during oxi-
ation unlimited access to oxygen is to be expected at the surface
f the forming oxide scale. A second observation supporting this
tatement is that samples coated with 15 �m LSM had approxi-
ately the same parabolic rate constant as samples coated with
0 �m LSM. This means that the presence of the LSM coating does
ot affect the oxygen access at the surface of the growing oxide
cale. A sketch of the likely diffusive fluxes in the oxide scale on
SM coated Crofer samples is presented in Fig. 9b.
d Compounds 521 (2012) 16– 29 25

The interface reactions taking place on the LSM coated Crofer
samples are assumed to be similar to the interface reactions on the
uncoated Crofer. However, at interface III the growing oxide scale
also reacts with the LSM coating. The LSM coating contains 10%
extra Mn,  which at atmospheric pressure at 900 ◦C exists as Mn2O3.
The (La0.85Sr0.15)MnO3 perovskite is stable under these conditions.
A possible dissociation reaction for LSM is shown in Table 5 together
with the change in Gibbs free energy. The reactions listed in Table 5
show that LSM is more stable than LSC and explain why  the LSM
particles do not decompose. Most likely, it is the Mn2O3 phase in
the coating that reacts with the growing oxide scale, while the ther-
modynamically stable (La0.85Sr0.15)MnO3 perovskite particles are
pushed ahead of the outwardly growing oxide scale (Fig. 3). The
Mn2O3 are present as particles spread out in the LSM coating as
illustrated in Fig. 9. The extra interface reaction in interface III is
listed in Table 5.

The Mn  content is approximately 17% higher in the outer spinel
phase on the LSM coated samples than in the MnCr2O4 spinel phase
found on uncoated Crofer sample. The extra uptake of Mn  from the
LSM coating leads to a decreased chromium content in the outer
spinel phase compared to uncoated Crofer. The chromium content
did however increase as oxidation proceeded, indicating continued
outward chromium diffusion. The presence of the LSM coating also
increased the spinel ratio in the oxide scale to approximately 40%
in comparison to approximately 10% on uncoated Crofer. Further-
more, fewer metallic inclusions in the chromia layer on the LSM
coated samples are observed compared to the uncoated samples.
The increase of the relative thickness of the spinel layer would be
consistent with a net flux of Cr species from spinel into coating
and/or the contribution of Mn  from the coating to spinel develop-
ment. The thicker spinel layer on the LSM coated samples would
reinforce the ability to hinder inward oxygen diffusion in the oxide
scale. This reduces the overall oxidation rate and the oxidation pro-
cess becomes more controlled by outward cation diffusion. The
reduced number of metallic inclusions, which is indicative of the
growth stresses at the chromia/alloy interface, in the coated sam-
ples is consistent with this hypothesis. Since the coating decreases
the oxidation rate and the thickness of the oxide scale the smaller
number of metal inclusions might also be explained by a decreased
stress level in the oxide scale due to a thinner scale. However,
the 4000 h sample of the LSM coated sample presents an oxide
scale with about the same thickness (total oxide scale) as the oxide
scale found on uncoated samples oxidized for 1000 h, but still the
coated sample shows fewer metal inclusions which supports the
first statement regarding a more dominant outward cation diffu-
sion during oxidation.

In Fig. 9 the thermodynamically stable (La0.85Sr0.15)MnO3 par-
ticles are illustrated by black particles in zone D. During the
initial stages of the oxidation these (La0.85Sr0.15)MnO3 particles will
implement a geometrical protection against oxidation. The out-
wardly diffusing cations will be forced to diffuse an extra distance,
x, along the particle to reach accessible gaseous oxygen (Fig. 9).
The effect of the geometrical protection of the coating particles on
the surface will slowly decrease as the thickness of the oxide scale
grows larger and the diffusion through the oxide scale becomes the
limiting diffusion distance, (LB + LC) »x.

4.6. Co3O4 coating

The Co3O4 coated samples showed a reduced oxidation rate
compared to the uncoated samples. The positive effect of a porous
Co3O4 coating on decreasing the oxidation rate of a Fe-22Cr alloy

during oxidation at 900 ◦C has been reported before [41].

For the Co3O4 coated samples the spinel coating reacts with out-
wardly diffusing Cr- and Mn-cations and densifies [42]. In the very
initial stage of oxidation the Co3O4 → CoO phase transition, that
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ig. 10. Diffusive fluxes of ion during oxidation of (a) Co3O4 coated Crofer, (b) M
oating (c) on micrographs of samples oxidized for 2000 h.

ccurs around 900 ◦C [41,43–47],  could probably play a role in the
ormation of a relatively dense structure, CoO does have a larger
ensity than Co3O4 [48]. The coating particles restructure during
he phase transition, which also could increase the reactivity of
he particles towards the outwardly diffusing Cr- and Mn-cations
ue to the increased mobility in the cation-lattice. The oxide scale,
stablished on the alloy surface due to oxidation will be interact-
ng with a spinel phase during most of the oxidation process. This

eans that the interface reactions in the oxide scale for the Co3O4
oated Crofer samples are similar to the interface reactions sum-
arized in Tables 4 and 5. But, in the spinel layer consisting of

he formed spinel and the sintered/reacted residues of the Co3O4
oating EDS analysis shows that a concentration profile of Co is
stablished, as seen in Fig. 10c. This concentration profile could
ndicate inward diffusion of Co in the spinel phase via cation vacan-
ies, but is most likely an effect of dilution by Mn  and Cr. It has been
uggested in previous studies of Co3O4 coatings [13,49],  that Co-
ations might to some degree continue to diffuse into the chromia
hase as illustrated via a dashed line in Fig. 10a, which is a sketch
ver the likely diffusive fluxes on the Co3O4 coated samples.

The 7 �m thick Co3O4 coating did not decrease the oxidation
ate and the Cr-content in the outer oxide scale as much as the
5 �m thick Co3O4 coating (Tables 1a, 1b and 2). Clearly 7 �m is

 too thin layer of Co3O4 coating to provide a durable protective
ffect at 900 ◦C.

.7. MnCo2O4 coating

The MnCo2O4 coated samples show the same rate of parabolic
xidation behaviour as the uncoated samples; after 1000 h of oxida-
ion break-away oxidation occurs. Just as for the Co3O4 coating, the

nCo2O4 coating appears to have sintered/reacted relatively dense
lready after 500 h. The diffusion and interface reaction conditions
n the MnCo2O4 coated sample are the same as for the Co3O4 coated
amples and assumed to be similar to the ones found on uncoated
rofer, albeit with some modifications. In Fig. 10b, a sketch of the

iffusive fluxes in the oxidation process of MnCo2O4 coated sam-
les is presented. The possible interface reactions on the MnCo2O4
oated samples are believed to be the same as those on uncoated
amples supplemented by the IId interface reaction in Table 4.
4 coated Crofer, and Line scan across the oxide scale and sintered/reacted Co3O4

In the micrographs in Fig. 4 a heavy edge oxidation after 2000
and 4000 h oxidation is visible on the MnCo2O4 coated sam-
ples, which explains the break-away oxidation behaviour observed
after 1000 h oxidation in Fig. 1. EDS measurements show that the
chromium content in the alloy next to these heavily oxidized areas
drops well below 16 wt.% indicating depletion of chromium and
oxidization of iron [24]. The observation of this heavy edge oxi-
dation with significant iron content indicates that the accelerated
oxidation is dominated by outward diffusion of iron.

Since the protective effects of the Co3O4 coating and the
remarkable lack of protective effect of the MnCo2O4 coating were
not completely understood based on the performed long-term
oxidation experiments at 900 ◦C, additional experiments were
conducted. A set of complementary oxidation experiments for
uncoated, Co3O4 coated, and MnCo2O4 coated Crofer samples and
Co3O4 coated YSZ-plates were performed at 900 ◦C in air containing
1% water for a total duration time of 1 h. The aim was to understand
how fast the spinel coatings start to densify, and to find out whether
the coatings would also densify on non-steel substrate. The results
suggested that the reactivity of the Co3O4 coating with outwardly
diffusing Cr- and Mn-ions from the Crofer alloy is crucial for the
densification, and that the direct effect of the restructuring during
the Co3O4 → CoO phase transition on the densification of the Co3O4
coating is of minor importance. The MnCo2O4 coating has under-
gone a slight densification after 1 h at 900 ◦C, but not to the same
degree as the Co3O4 coating.

To study the effect of the spinel coatings on the oxidation rate of
Crofer samples when all possible effects of the Co3O4 → CoO phase
transition are eliminated, long-term oxidation of Co3O4 coated and
MnCo2O4 coated Crofer sample was  conducted in air containing 1%
water at 850 ◦C. The chosen temperature is well below the phase
transition temperature for Co3O4. The oxidation experiment was
conducted in 250 h cycles and uncoated Crofer samples were also
included. The total duration time for this experiment was 4000 h. In
Fig. 11 the (�W/A)2–time plots for these samples are presented, and
as for the results in Fig. 1 the first 250 h of oxidation was neglected.

The (�W/A)2–time plots of the uncoated, Co3O4 coated, and

MnCo2O4 coated Crofer samples in Fig. 11 are linear indicat-
ing parabolic oxidation behaviour like at 900 ◦C. At 850 ◦C the
uncoated samples do however show parabolic oxidation behaviour
up to 4000 h without showing any break-away tendencies. The



Å.H. Persson et al. / Journal of Alloys and Compounds 521 (2012) 16– 29 27

0.0E+00

1.0E-04

2.0E-04

3.0E-04

4.0E-04

5.0E-04

1.5E+071.0E+075.0E+060.0E+00

(Δ
W
/A
)2
[(
kg
/m

2 )
2 ]

Time [s ]

Uncoated

15µm Co O
15µm MnCo O

Fig. 11. The (�W/A)2–time plots for uncoated, Co3O4 coated and MnCo2O4 coated
C
8

C
a
t
8
c
e
F
a
g
o
T
d
c
s
c
d

c
t
f

a
r
T
t
t
1
M

i

Table 6
Parabolic rate constants for uncoated, Co3O4 coated, and MnCo2O4 coated Crofer
samples estimated from the 4000 h oxidation at 900 ◦C and 850◦ in air containing
1% water, the weight gain from the first 250 h is neglected.

900 ◦C

kp [kg2 m−4 s−1] Time [h]

Uncoated (8.2 ± 2.5) × 10−11 1000

15  �m Co3O4 (1.7 ± 0.6) × 10−11 2750
4.4 × 10−11 3000–4000

15  �m MnCo2O4 (9.4 ± 1.5) × 10−11 1250

850 ◦C
Uncoated (3.4 ± 0.5) × 10−11 4000

F
1

rofer 22APU samples in the long-term, cyclic oxidation experiment carried out at
50 ◦C in air containing 1% water for a total of 4000 h.

o3O4 coating decreases the growth rate of the oxide scale, just
s observed at 900 ◦C (Fig. 1). The MnCo2O4 coating does appear
o decrease the oxidation rate compared to an uncoated sample at
50 ◦C, unlike at 900 ◦C where no protective effect of the MnCo2O4
oating was observed (Fig. 1). The MnCo2O4 coated sample does not
xperience any break-away oxidation during oxidation at 850 ◦C.
rom Figs. 2–4 and Tables 1a and 1b it appears that during oxidation
t 900 ◦C break-away oxidation occurs when the oxide scale has
rown 10–15 �m thick. The Co3O4 coated samples present thicker
xide scales than 10–15 �m (just grown Cr2O3) (Tables 1a and 1b).
his can be explained by the coating being able to change the stress-
istribution in the grown oxide scale, and avoiding break-away
onditions at the detrimental 10–15 �m and even thicker oxide
cales. As seen in Fig. 12,  the oxide scales on the uncoated, Co3O4
oated, and MnCo2O4 coated Crofer samples had not reached the
etrimental 10–15 �m thickness after 2000 h oxidation at 850 ◦C.

In Table 6 the parabolic rate constants for the uncoated, Co3O4
oated, and MnCo2O4 coated samples oxidized at 850 ◦C are listed
ogether with corresponding parabolic rate constants at 900 ◦C
rom Tables 1a and 1b.

Comparing the oxidation rates of the samples oxidized at 850 ◦C
nd 900 ◦C it is found that the Co3O4 coating lowers the parabolic
ate constant with 92% at 850 ◦C and 80% at 900 ◦C (Tables 1a and 6).
hat is, the effect of the Co3O4 coating appears similar at the two
emperatures. The MnCo2O4 coating on the other hand lowered
he parabolic rate constant with 60% at 850 ◦C but increased it with

◦
3% at 900 C. The temperature obviously affects the effect of the
nCo2O4 coating.
Conclusive evidence to explain why a spinel coating is successful

n decreasing the oxidation rate of the scale when the spinel coating

ig. 12. BSE micrographs of the polished cross-sections of uncoated, 15 �m Co3O4 coated
%  water.
15  �m Co3O4 (0.3 ± 0.03) × 10−11 4000
15  �m MnCo2O4 (1.4 ± 0.2) × 10−11 4000

consists of Co3O4, but unsuccessful when it consists of MnCo2O4,
was  not found in this study. The following five factors are important
for the effect of the coating on the corrosion:

1. the chemical potential gradient of Mn  and Cr, ��Mn/Cr, estab-
lished across the Cr2O3 scale;

2. the density, �, of the formed spinel phase;
3. the number of grain boundaries in the formed spinel phase;
4. the effective diffusion coefficients for Mn-, Cr-, Co-, and O-ions

through the formed spinel phase;
5. the reactivity of the spinel coating with the outwardly diffusing

Mn-, and Cr-ions.

Both the Co3O4 and the MnCo2O4 coated sample originally had
the same concentration profile of Cr across the chromia layer, there-
fore is not considered a reliable explanation. The gradient leading
to outward diffusion of Mn  is smaller for the MnCo2O4 coated sam-
ples; however, as this sample oxidizes faster it is apparently not
rate determining for the oxidation rate.

Based on the micrographs in Figs. 3 and 4 it is difficult to observe
any significant difference in relative density of the sintered/reacted
Co3O4 and MnCo2O4 coatings and the number of grain boundaries
in the two reacted/sintered coatings. However, one cannot rule out
that such a difference does exist and is the reason for the very
different protective performances of the two coatings.

It is possible that the Mn-  and Co-cations in the spinel phase on
the MnCo2O4 coated samples have a significantly higher mobility
than Co-cations in Co3O4, or that the number of cation vacancies
is larger in the former. This results in a larger effective inward
oxygen diffusion, as a consequence of the cation vacancy trans-

port (reactions IIa and IIIa, Table 4), and feeds the growth of the
chromia phase underneath. Alternatively, in terms of ionic species,
Mn-  and Co-cations diffuse outwardly towards the oxide surface as
illustrated in Fig. 10.

, and 15 �m MnCo2O4 coated Crofer oxidized for 2000 h at 850 ◦C in air containing
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ig. 13. Sketch of incorporation process of coating particles, like Al2O3, and the cas

The reactivity of the Co3O4 and MnCo2O4 coatings with the out-
ardly diffusing Mn-, and Cr-ions would affect the microstructure

f the sintered/reacted spinel coating. According to a calculation
f the Gibbs energy change, �G, from a mechanical mixture of
r2O3, Mn3O4 and CoO to the equilibrium state at 900 ◦C, calcu-

ated using the FactSage Thermochemical Software and Databases,
ee Appendix A, the thermodynamic driving force for the reaction
�G) is larger the lower the Mn  content is in the mixture. This may
xplain why the Co3O4 coating is more reactive than the MnCo2O4
oating, and therefore provides a better protection against oxida-
ion.

The significant protective action of the Co3O4 observed also at
50 ◦C shows that the clear difference in protective action between
nCo2O4 and Co3O4 observed at 900 ◦C, see Figs. 1 and 11 and

able 6, does not lie in the phase change Co3O4 → CoO occurring at
00 ◦C, which is absent for MnCo2O4. The difference in protective
bility lies in the reaction occurring between outwardly diffusing
r- and Mn-ions, and the Co3O4 coating results in (a) either a more
as tight microstructure facilitated by the larger reactivity of this
oating, or (b) a spinel phase with significantly slower cation con-
uctivity than for the MnCo2O4 coating.

. Summary and conclusion

Five out of the six included coatings in this study decreased
he oxidation rate of Crofer 22APU. Only the MnCo2O4 coating
id not decrease the weight gain of the oxidized sam-
les oxidized at 900 ◦C. Four out of six of the coatings,
o3O4, MnCo2O4 ((La0.85Sr0.15)1 − xMn1 + xO3 + (0.1 − x)Mn2O3, and
La0.85Sr0.15)CoO3 + 10 wt.% Co3O4, affected the composition of the
uter oxide scale, whereas Al2O3 and ZrO2 did not change the outer
xide scale composition compared to the uncoated samples. How-
ver, the spinel/chromia ratio in the oxide scale increased.

Three different interaction mechanisms between the applied
oatings and the forming oxides were identified:

Al2O3 and ZrO2: Coating particles are incorporated in the growing
oxide scale;
Co3O4 and MnCo2O4: Sinter/react with the growing oxide scale;
LSC: Partially incorporated and reacting with the growing oxide

scale, while main part of the coating remains porous;
LSM: Remains porous and is pushed in front of the growing oxide
scale while simultaneously adding elemental addition to the grow-
ing oxide scale.
re the coating particle is pushed in front of the growing oxide scale, e.g. LSM.

In  Al2O3 and ZrO2 coated samples, coating particles are incor-
porated into the growing oxide scale, see Fig. 13,  and function as
a geometrical cation barrier. There is no chemical change of the
naturally forming MnCr2O4. The spinel ratio in the oxide scale is
however increased in the presence of the Al2O3 and ZrO2 coatings
(Table 3). The incorporation of chemically stable coating particles
in the oxide scale would take place if the interface energy of the
coating particle/oxide scale-interface is lower than the total surface
energy of the growing oxide scale and the coating particle.

In Co3O4 and MnCo2O4 coated Crofer samples the Co3O4 and
MnCo2O4 coatings sinter/react dense at high temperature oxida-
tion when interacting with Crofer 22APU. However, the Co3O4
coating is successful in decreasing the oxidation rate while the
MnCo2O4 coating is not at 900 ◦C. The difference in protective abil-
ity between the MnCo2O4 and Co3O4 coatings could at this stage
best be explained by the spinel phase formed in the presence of the
Co3O4 coating having a more gas tight microstructure or a much
slower Cr/Mn conductivity than the spinel phase formed in the
presence of a MnCo2O4 coating.

The LSC coating is partially dissociated into LaCrO3, SrCrO4 and
(Co,Cr,Mn)-spinel that all three are incorporated into the growing
oxide scale during oxidation. The incorporated LaCrO3 and SrCrO4
particles will function as a geometrical diffusion barrier as in the
case of the interaction mechanism type A (Fig. 13). The LSC coating
will also function as a Co-source for the growing oxide scale, and
increase the Co-content in the spinel phase. The main part of the
LSC coating remains porous.

The LSM coating is a Mn-source for the growing oxide scale and
shifts the naturally forming MnCr2O4 spinel towards a higher Mn
content. The coating remains porous and is pushed ahead of the
growing oxide scale (Fig. 13).

For SOFC applications a bias current will be drawn across the
oxide scales formed on both the cathode side (studied in this paper)
and on the anode side of the interconnect. The externally applied
electrical field increases the outward diffusion of Cr3+-ions on the
anode side and decreases the outward Cr3+ diffusion on the cathode
side. However, since the formed oxide scale in this case has a fairly
good electronic conductivity in comparison to its ionic conductivity
the effect of the bias current is small in this case [24].

Out of the six coatings the LSC coating provided the best corro-
sion protection.

An optimal coating would probably consist of a combination of

all three interaction mechanisms. Out of the six coatings compared
in this study LSC presented the best protection against corrosion,
and as described above LSC also have multiple interaction mecha-
nisms with the growing oxide scale.



Å.H. Persson et al. / Journal of Alloys an

-40.0

-35.0

-30.0

-25.0

-20.0

-15.0

-10.0

-5.0

0.0

0 0.2 0.4 0.6 0.8 1

Δ
G

  [
kJ

/m
ol

 c
at

io
n]

N(Mn)=0.0 mol

N(Mn)=0.1 mol

N(Mn)=0.2 mol

N(Mn)=0.3 mol

N(Mn)=0.4 mol

N(Mn)=0.5 mol

N(Mn)=0.6 mol

N(Mn)=0.7 mol

N(Mn)=0.8 mol

N(Mn)=0.9 mol

N(Mn)=1.0 mol

Co
CoO

Cr
Cr2O3

Fig. A.1. The plots of the Gibbs energy change, �G, from a mechanical mixture
of  Cr2O3, Mn3O4 and CoO to the equilibrium state at 900 ◦C calculated using the
FactSage Thermochemical Software and Databases, where the composition of the
s
m
a

A

2
l
T

A

i
9
D
s
t
o
b
�
b
s
h

i
i

R

[

[
[

[

[

[

[
[
[
[
[

[
[

[
[

[

[

[

[
[

[

[

[
[
[
[

[

[
[
[
[

[

[
[
[
[
[

ystem was  set as x1/2Cr2O3 + (1 − x − N)CoO + N1/3Mn3O4, where the number of
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ppendix A. Calculation of �G

A calculation of the Gibbs energy change, �G, from a mechan-
cal mixture of Cr2O3, Mn3O4 and CoO to the equilibrium state at
00 ◦C, was done using the FactSage Thermochemical Software and
atabases and is presented in Fig. A.1 [21]. The composition of the

ystem was set as x1/2Cr2O3 + (1 − x − N)CoO + N1/3Mn3O4,where
he number of moles Mn-cations, N, can be related to the number
f moles Cr-cations, x, and Co-cations, (1 − x − N) if the total num-
er of mole cations was assumed to be 1.0. The more negative the
G is, the larger is the thermodynamic driving force for a reaction

etween the three species. A large negative �G  does not neces-
arily imply that the reaction to form this oxide proceeds fastest,
owever it is likely.

From the plots in Fig. A.1 it is seen that the thermodynamic driv-
ng force for the reaction (�G) is larger the lower the Mn  content
s in the mixture.
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