
D
o

P
E

a

A
R
R
A
A

K
A
B
B
C

1

f
c
a
m
p
[
p
e
r
s
t
e
b
[
i
a
o
p

l
p
d

(

h
0

Corrosion Science 110 (2016) 200–212

Contents lists available at ScienceDirect

Corrosion  Science

j ourna l h o mepa ge: www.elsev ier .com/ locate /corsc i

egradation  of  ferritic  stainless  steels  under  conditions  used  for  solid
xide  fuel  cells  and  electrolyzers  at  varying  oxygen  pressures

.  Alnegren ∗, M.  Sattari,  J.  Froitzheim,  J-E.  Svensson
nvironmental Inorganic Chemistry, Chalmers University of Technology, Kemivägen 10, SE-41296 Gothenburg, Sweden

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 11 December 2015
eceived in revised form 18 April 2016
ccepted 20 April 2016

a  b  s  t  r  a  c  t

Four  commercial  ferritic  stainless  steels  were  tested  at 850 ◦C in oxygen  pressures  ranging  from  10−4 to
1  atm,  in  order  to  investigate  the  isolated  effect  of oxygen  pressure  on  corrosion,  in the  context  of  solid
oxide  electrolysis  cells.  The  oxidation  rates  of  all steels  were  essentially  independent  of  oxygen  partial
pressure,  which  indicates  n-type  behavior.  FIB/SEM  analysis  revealed  that  the  grain  size  of the  oxides
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eywords:
. stainless steel
. SEM

was  found  to  decrease  at lower  oxygen  pressures.  Volatile  Cr  species  evaporation  in pure oxygen  was
significantly  lower  than  what  has  been  reported  for simulated  solid  oxide  fuel  cell  environments  with
humid  air.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. XRD

. high temperature corrosion

. Introduction

Solid oxide fuel cells (SOFCs) are able to convert chemical energy
rom fuels directly into electricity with high efficiency and without
ombustion. Due to the high operating temperature other fuels in
ddition to pure hydrogen, such as natural gas, can be used. This
akes them suitable for applications such as combined heat and

ower units in households [1] and auxiliary power units in trucks
2], but they are also considered for power plant scale electricity
roduction [3,4]. Moreover, SOFCs can run in reverse mode, i.e. to
lectrolyze steam into hydrogen by feeding water and electric cur-
ent to produce hydrogen and oxygen, and are then referred to as
olid oxide electrolysis cells (SOEC). The high operating tempera-
ure gives SOECs exceptionally high efficiencies and the ability to
lectrolyze carbon dioxide into carbon monoxide, which in com-
ination with water electrolysis makes syngas production possible
5,6]. But a common challenge for both SOFC and SOEC technology
s to increase operating lifetime with sufficiently low cost materi-
ls. The cost of material degradation have been pointed out as one
f the main contributors to the hydrogen price for electrolyzed H2
roduction [7].

In order to increase power density, individual cells are inter-

inked to form a stack of cells. Interconnects are components that
rovide electrical contact between adjacent cells and separate and
istribute the fuel and oxidant gases [8,9]. In planar stacks, the
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interconnects make up a large part of the total material used and
are thus a considerable cost [10]. The most commonly consid-
ered materials for interconnects are ferritic stainless steels due
to their desirable properties, such as matching thermal expansion
coeffient (TEC) with other cell components, ease of fabrication,
high thermal and electrical conductivity and the formation of oxide
products with an acceptably low electrical resistance, i.e. chromium
oxide [11]. The buildup of oxide products, or corrosion, is one of
the main material issues with metallic interconnects. Both anode
and cathode environments in SOFC and SOEC stacks causes ferritic
stainless steels to oxidize. During operation a Cr2O3 scale continu-
ously grows on the substrate surface, resulting in a steady increase
in electrical resistance [12–14]. Eventually, the increased oxide
thickness will lead to spalling of the oxide scale and consequently
lost electrical contact between electrodes and interconnects [15].
Another challenge with chromia-forming interconnects is to reduce
chromium evaporation and the consequent poisoning of electrodes
[16,17]. Several coating solutions have been developed that mini-
mize chromium evaporation and slow down oxidation [13]. These
include different spinel and perovskite cap layers as well as the
addition of reactive elements such as yttrium, cerium or hafnium
[13,18,19].

Studies that have investigated degradation in simulated fuel
electrode and oxygen/air electrode environments have led to dis-
crepancies in whether oxidation is slower, faster or unchanged
[11,20]. The oxidation mechanisms in fuel and oxygen environ-

ments are often discussed in terms of oxygen partial pressure since
the concentration of oxygen at the fuel electrode is several orders of
magnitude lower than at the oxygen electrode. Palcut et al. studied
ferritic stainless steels with chromium contents of 20–29% in dry

dx.doi.org/10.1016/j.corsci.2016.04.030
http://www.sciencedirect.com/science/journal/0010938X
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2016.04.030&domain=pdf
mailto:alnegren@chalmers.se
mailto:patrik.alnegren@gmail.com
dx.doi.org/10.1016/j.corsci.2016.04.030


P. Alnegren et al. / Corrosion Science 110 (2016) 200–212 201

(a) (b)

(c) (d)
Crofer 22 H ATI 441 H P Sane rgy H T E- brite

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2
500 h

M
as

s 
ch

an
ge

 [m
g 

cm
-2
]

 100 % O2

 1 % O2

 0.01 % O2

0 10 0 200 30 0 40 0 500
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1

Crofer 22H
ATI 441 HP
Sanergy HT
E-brite

M
as

s 
ch

an
ge

 [m
g  

cm
-2
]

Time [h]

100 % O2

0 10 0 200 30 0 40 0 500
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1

1 % O2

M
as

s 
ch

an
ge

 [m
g  

cm
-2
]

Time [h]

Crofer 22H
ATI 441 HP
Sanergy HT
E-brite

0 10 0 200 30 0 40 0 500
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1

0.01 % O2

M
as

s 
ch

an
ge

 [m
g 

cm
-2
]

Time [h]

Crofer 22H
ATI 441 HP
Sanergy HT
E-brite

Fig. 1. Oxidation kinetics for Sanergy HT, Crofer 22 H, E-Brite and 441HP in (a) 100% O2 (b) 1% O2 and (c) 0.01 % O2. The mass gain after 500 h for all four ferritic stainless steels
is  summarized in (d) but the negative mass change for E-brite has been omitted. The average mass from repeated exposures is plotted for the respective test atmospheres
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nd  the standard deviation is represented by the error bars.

xygen, humidified air and humidified hydrogen [21]. They found
hat the oxidation rate was faster in air and oxygen than in wet
ydrogen and concluded that this was due to the increase in oxygen
ressure. In contrast, in a study by Ardigo et al., a higher oxidation
ate was observed in a simulated fuel electrode environment than
n an oxygen electrode environment for the 18% Cr steel AISI 441
22]. When a higher alloyed steel, Alloy 230, was  exposed in the
ame environments the opposite relation was found in Ref. [23]. In
ddition, Kurokawa et al. exposed SUS430, a 16% Cr steel, in humid
ydrogen and air and did not see any difference in oxidation rate
s a function of oxygen pressure [24].

When oxygen partial pressure is discussed, the environments
sed for low oxygen partial pressures are often generated by mix-
ures of H2/H2O or CO/CO2. Yet, water, as a reactant itself, has
een shown to affect the oxidation behavior of chromia-forming

lloys [25–28]. Hydrogen has also been shown to have effects
n oxidation [29]. Therefore, the aim of this study is to examine
he isolated effect of oxygen pressure on the corrosion of fer-
ritic chromia-forming interconnect steels. The goal was also to
obtain fundamental insights into the potential consequences if
SOFC stacks are run in SOEC mode. Furthermore, some studies
have also shown that operation at elevated pressures, which means
higher oxygen concentration, could lead to overall system benefits
[30–32]. In this study, the degradation of four commercial ferritic
stainless steels was investigated in oxygen pressures ranging from
10−4 to 1 atm at 850 ◦C. Oxidation kinetics, oxide scale evolution
and microstructure were investigated and additionally measure-
ments of the evaporation of volatile chromium species were carried
out.

2. Experimental
2.1. Sample preparation

The materials studied were Sanergy HT (Sandvik), Crofer® 22 H
(ThyssenKrupp), E-Brite® (ATI) and ATI 441HPTM (ATI), all of them
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Fig. 2. Parabolic oxidation graphs for the tested ferritic stainless in (a) 100% O2 (b) 1% O2 and (c) 0.01 % O2. The data for E-brite in (b) and (c) has been omitted since the mass
gain  was  negative due to severe spalling of the oxide.

Table 1
Composition of the investigated steels in weight%. The compositions were given by the respective manufactures for the received batches.

Material Thickness (mm)  Fe Cr Mn Si Al Ti W/Mo  Nb Zr La C P S

Sanergy HT 0.2 Bal 21.2 0.30 0.12 0.02 0.09 0.96Mo 0.71 0.21 0.044 0.013 0.001
®
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Crofer 22 H 0.2 Bal 22.9 0.40 0.20 0.02
ATI  E-Brite® 0.5 Bal 26.2 0.07 0.17 0.02
ATI  441HPTM 0.5 Bal 17.8 0.29 0.38 0.03

erritic stainless steels. Their compositions can be found in Table 1.
he materials were received in the form steel sheets and were cut
nto 15 × 15 mm2 samples with a shearing machine. The samples

ere then washed using ultra-sonic agitation in acetone for ten
inutes followed by a wash in ethanol for the same amount of

ime. The respective surface finish of the material, as stated by the
anufacturers, were: Sanergy HT—cold rolled and bright annealed

2R), Crofer 22 H—cold rolled, annealed, quenched and pickled and
or E-brite and 441 HP—cold rolled, heat treated, pickled with bright

nish (2B). The samples were not ground or polished before expo-
ure.
n/a 1.9W 0.50 0.024 0.049 0.013 0.02 0.002
n/a 1.02Mo 0.12 0.0015 0.011 0.010
0.22 0.50 0.013 0.024 0.000

2.2. Exposures

Exposures of the materials were carried out in horizontal tubular
furnaces with an inner diameter of 46 mm.  The samples were placed
standing in an alumina sample holder parallel to the gas stream.
A porous SiC plug was  placed upstream of the samples to obtain
a more even temperature profile and to limit self-convection of
evaporated chromium species. A more detailed description about
the exposure setup can be found in Ref. [33]. The concentration of

oxygen was  varied by mixing different proportions of dry O2 and
Ar, and the total gas flow rate was 1 sL min−1 in all experiments,
which corresponds to a mean flow velocity of 3.8 cm s−1 inside the
furnace tube. The exposures were carried out at 850 ◦C.
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Fig. 3. X-ray diffractograms for all the tested ferritic stainless steels 

Exposures in atmospheres of Ar–0.01% O2, Ar–1% O2 and 100%
2 were carried out for 500 h. In each experiment, one sample of
ach test material was exposed. Experiments were repeated three
imes for every atmosphere composition. Mass gain was measured
t regular intervals to monitor the oxidation rate, and thus the sam-
les were thermally cycled each time the samples were weighed.
he samples were flushed with the desired gas composition 1 h
efore heating was initiated in order to avoid contact with air at
igh temperature.

.3. Chromium evaporation measurement

Separate chromium evaporation measurements were per-
ormed for Crofer 22 H samples in Ar–25% O2, Ar–50% O2, Ar–75%
2 and 100% O2 using a denuder technique in which a 6 mm inner
iameter tube coated with Na2CO3 is placed downstream of the
amples. The Na2CO3 reacts with gaseous CrO3 to form Na2CrO4,
ccording to Eq. (1), which is then dissolved in water and analyzed
sing a Thermo Scientific Evolution 60s UV–vis spectrophotometer.
etails about this technique can be found in Ref. [33]. The accumu-

ated chromium was measured after 168 h exposure time, and the
otal flow rate was 1 sL min−1 in all exposures.

rO3 (g) + Na2CO3 (s) = Na2CrO4 (s) + CO2 (g) (1)

.4. Sample analysis

Plan view and cross section images of the samples, as well as
ompositional information, were obtained using scanning electron

icroscopy with a FEI Quanta FEG 200 ESEM and a Zeiss LEO ULTRA

5 FEG-SEM equipped with an Inca energy-dispersive X-ray analy-
is (EDX) system. Cross sections of samples were prepared both by
olishing epoxy mounted samples as well as by focused ion beam
00 h of exposure in 100% O2, and also in 1% and 0.01% O2 for 441HP.

milling (FIB). Before mounting the samples, a protective layer of
metallic Ni was applied by electroplating. The FIB cross sections
were prepared with a FEI Versa 3D DualBeam (FIB/SEM). X-ray
diffraction was  performed on the oxide scales of the exposed sam-
ples in a Siemens D5000 diffractometer with a grazing incidence
angle of 5–10.

3. Results

3.1. Oxide growth kinetics

The mass change over time is plotted for up to 500 h for all the
discontinuous exposures in Fig. 1, and the mass change after 500 h
of exposure is summarized in Fig. 1(d). An increase in mass should
be directly proportional to the oxygen uptake of an alloy and thus
also to the thickness of the oxide, given that no mass losses by,
e.g. spalling of the oxide or evaporation is taking place and that
the oxide density stays constant. Since the solubility of oxygen in
ferritic stainless steels is very low, all the oxygen uptake can be
considered to result in the formation of an oxide scale. In general,
the rate of oxidation for the tested ferritic stainless steels followed
the parabolic rate law according to Eq. (2) where �m is the change
in mass, A is the total sample area, t is the exposure time, kp is
the parabolic oxide rate constant and C is the integration constant
which is dependent on the starting conditions [34]. If �m = 0 at
t = 0 then C = 0. The mass gain squared for the tested materials is
plotted against time in Fig. 2. The corresponding kp values are given
for the tested ferritic stainless steels in their respective exposure

atmospheres in Table 2.

(
�m

A

)2

= kpt + C (2)
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Fig. 4. SEM backscattered micrographs from plan views of Sanergy HT, Crofer 22 H, E-brite and 441HP exposed for 500 h at 850 ◦C in 100%, 1% and 0.01% O2.  The number (i)
represents areas where the oxide has spalled off.
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Table  2
Rate constants (kp) for the studied ferritic stainless steels. Some values have been
omitted due to non-parabolic growth rate.

kp x 1014 [g2 cm−4 s−1]

Crofer 22 H 441 HP Sanergy HT E-brite

100% O 38 35 15 8
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1%  O2 59 47 22 –
0.01% O2 49 30 18 –

A deviation from parabolic oxidation kinetics was observed for
-brite which spalled severely after only 48 h of exposure in 0.01%
nd after 168 h in 1% O2. In 100% O2 E-brite exhibited parabolic oxi-
ation kinetics and a mass gain of only 0.37 mg  cm−2, which was
he lowest of all tested steels, however, after 500 h exposure some
xide spalling was detected using SEM analysis. This indicates that
he oxide growth rate for E-brite was slow, but the adhesion of the
xide scale to the metal substrate was poor. Some spalling of the
xide was also detected on some of the 441HP samples exposed in
.01% O2. This should result in a small underestimation of the oxi-
ation rate when considering only the mass gain, but the fact that
nly minor spalling could be detected this is considered to have

 very little effect on the measured mass gain. The two materials,
anergy HT and Crofer 22 H, did not show any signs of spalling of
he oxide. Excluding E-brite, Sanergy HT oxidized the slowest in all
tmospheres with mass gains ranging from 0.53 to 0.63 mg  cm−2.
rofer 22 H had the highest mass gain of the tested steels in all
xygen pressures, ranging from 0.83 to 1.03 mg  cm−2 after 500 h.
he oxidation rate of 441HP was very similar to that of Crofer 22 H,
nly slightly lower. Considering Fig. 1d, it becomes apparent that
he oxidation rate was slightly higher after exposure in 1% O2 for
ll materials. In 100% and 0.01% O2 the oxidation rate was slightly
ower, but no significant difference could be observed between
hese two environments. Thus, there was no clear trend between
xidation rate and oxygen pressure but rather a small maximum
n oxidation rate when a sample was exposed to 1% O2. Since this
bservation was consistent for all the materials, and since the same
est setups were used for all the investigated oxygen pressures, this

ight be seen as an actual effect of the test atmosphere and not just
 statistical coincidence.

.2. Microstructure

The top surfaces and cross sections of the exposed ferritic stain-
ess steels after 500 h were analyzed with electron microscopy and
ompositional information was gathered using EDX. Gracing inci-
ence X-ray diffraction analysis was used to analyze the crystal
hases of the formed oxides (see Fig. 3). It was found that a spinel
hase and a corundum phase were present on all samples, although
he spinel signal of E-brite was very weak. EDX analyses in combina-
ion with X-ray diffraction of cross sections of the oxides confirmed
hat all the steels formed an inner layer of Cr2O3 (corundum) and
n outer layer of (Cr,Mn)3O4 (spinel), which is in agreement with
hat has been observed for manganese-containing steels before

11,35–37]. Due to spalling of the oxide and a very thin oxide top
ayer, it was not possible to analyze the composition of the spinel
n the E-brite samples. For Sanergy HT, Crofer 22 H and 441 HP, the
pinel composition followed the formula of Cr2−xMn1+xO4 where

 varied between 0.0–0.2. No correlation between spinel compo-
ition and oxygen pressure was noted. In general, an almost pure
hromia subscale was formed with manganese and iron contents
n the range of ≤1 atomic% according to the EDX measurements.
Representative plan view micrographs for Sanergy HT, Crofer
2 H, E-brite and 441HP are shown in Fig. 4. The shape of the crys-
allites on the surface of Sanergy HT, Crofer 22 H and 441 HP was
ctahedral which is in agreement with a cubic spinel structure. This
Fig. 5. Elemental EDX maps from a plan view of 441HP exposed for 500 h at 850 ◦C
in  0.01% O2, showing the presence of ilmenite on the surface of the sample.

was also observed on the E-brite samples exposed in 100% O2, but
elongated crystallites of hexagonal Cr2O3 were also detected on
those samples, which shows that a spinel layer did not cover the
whole sample surface after 500 h of exposure. At exposures in 1%
and 0.01% O2, most of the oxide had spalled off the E-brite sam-
ples during cooling. It seems that oxide adhesion is better in 100%
O2 and decreases as towards more diluted atmospheres. The sur-
face morphology of Crofer 22 H was very similar to that of Sanergy
HT but with larger crystallites. There was  a general trend for all
materials to form smaller oxide crystallites on the sample surfaces
when exposed in lower oxygen pressures. The size difference was
the largest between 100% O2 and 1% O2. Between 1% O2 and 0.01%
O2, the trend towards smaller crystallites was not as clear. In gen-
eral, the samples exposed in 0.01% O2 had more uneven topography
as opposed to samples exposed in 100% O2, which had denser and
more even surfaces.

The surface morphology of 441HP differed in a number of ways.
Some spalling of the oxide was  detected after 500 h of exposure in
0.01% O2. Additionally, titanium-rich oxides were discovered using
EDX analysis on samples exposed in all atmospheres. There was
a trend to form more and larger titanium oxide crystals in lower
oxygen pressures. In Fig. 4, these are visible in the 1% and 0.01% O2
atmospheres as rod shaped crystals which appear darker in color
than the cubic spinel crystals. In 100% and 1% O2, the titanium oxide
phase was identified by XRD analysis (see Fig. 3) to be of rutile
structure (TiO2). In 0.01% O2, there was  a sample to sample variation
between rutile structure and ilmenite structure (MnTiO3). In Fig. 5
an SEM/EDX micrograph of the oxide surface of a 441HP sample
exposed in 0.01% O2, on which ilmenite crystallites had formed, is
shown.

A micrograph summarizing cross sections of 441HP in all atmo-
spheres after 500 h of exposure is presented in Fig. 6. In the figure,
titanium oxide grains are visible for oxides grown in 1% and 0.01%
O2. The total thickness of the oxides varied between 5 and 6 �m.  It
can be seen how the outer spinel is more even and denser in 100%
O2 and becomes less dense and more irregular in 1% and 0.01% O2.
The spinel was  very uneven in thickness in 0.01% O2 and varied
from constituting half of the oxide thickness to being extremely
thin at some locations. An example of the latter is shown in the
micrograph in Fig. 6. Severe internal oxidation of Ti was  detected in
all tested atmospheres for 441HP. The bulk structure of the 441HP

samples did not vary between atmospheres. In all cases, Laves phase
precipitations consisting of mainly Fe-Nb-Si were found mainly
within the grain boundaries. More information about Laves phase
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Fig. 6. SEM backscattered micrographs from cross-sections of 441HP exposed for 500 h at 850 ◦C in 100%, 1% and 0.01% O2. The numbers represents: (i) (Cr, Mn)3O4 (ii) Cr2O3

(iii) internal titanium oxide (iv) surface titanium oxide.
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ig. 7. SEM backscattered micrograph from a cross section of Crofer 22 H exposed
or  500 h at 850 ◦C in 100% O2. The numbers represents: (i) (Cr, Mn)3O4 (ii) Cr2O3.

recipitation can be found in Refs. [35,38,39]. Laves-phase precipi-
ation in the grain boundaries was detected also on samples of the
ther tested ferritic stainless steels, except for E-brite which can be
xplained by its low niobium content.

Fig. 7 shows a cross section of a representative Crofer 22 H sam-
le, which has been exposed in 100% O2 for 500 h. Crofer 22 H
amples had the most Laves phase formation of all the tested steels.
nderneath the top layer of (Cr,Mn)3O4 and Cr2O3 of the Crofer
2 H, patches of manganese-chromium rich oxide were detected,
hich can be presumed to be (Cr,Mn)3O4. The oxide scale/metal

nterface on this sample was very uneven, which was found to be a
esult of the rolling of the steel during manufacturing (the samples
ere not polished before exposure). A 90 cross section of the same
ample was prepared to confirm this, which showed a much flatter
nterface.

Due to weak adhesion of the oxide scale on the E-brite samples
t was difficult to prepare traditional mechanically polished cross
Fig. 8. Micrograph and elemental EDX maps from a FIB cross section of E-brite
exposed for 500 h at 850 ◦C in 0.01% O2. The numbers represents: (i) Cr2O3 (ii) silica
sub-scale.

sections. Instead, one of the E-brite samples, which exhibited severe
spalling of the oxide, was chosen for investigation with FIB/SEM. A
cross section of E-brite exposed in 0.01 % O2 for 500 h was prepared
by FIB milling and is shown in Fig. 8, including elemental maps from
EDX. The cross section stretches from an area where the oxide has
spalled off and only bare metal remains, and into an area where
an oxide flake still remains. On this particular flake, no manganese
was detected. However, it cannot be ruled out that (Cr, Mn)3O4 was
not formed during the first exposure cycle, and the analyzed oxide
was formed by re-oxidation of the surface in a later cycle, which
would be more depleted of manganese. The manganese content is
significantly lower in E-brite than in the other investigated steels
(see Table 1) and has previously been reported to only form a very
thin (Cr, Mn)3O4 layer, with high chromium oxide evaporation rate
as a consequence [40]. Underneath the chromia scale of the investi-
gated E-brite sample, a continuous silica layer was  detected. This is
in agreement with what other authors have reported before [21,40].
Some internal oxidation of titanium was also observed as well as
internally oxidized needle-shaped alumina.
In order to investigate if the grain size in the underlying chromia
scale varied with oxygen pressure, focused ion beam (FIB) milled
cross sections of Sanergy HT were prepared and are shown in Fig. 9.
The general trend was  a smaller grain size with lower oxygen pres-
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ure. Similar to the observation of the outer spinel grain size, the
argest difference in grain sizes for the inner chromia scale was
etween the samples exposed in 100% and 1% O2. In the first quad-
ant of Fig. 9, a micrograph of the double-layered oxide, as well as
he internal titanium oxide formed in 100% O2 for Sanergy HT, is
hown. Spinel thicknesses on the Sanergy HT samples were on aver-
ge around 1.5 �m,  and the total oxide thicknesses were around

 �m.  As with 441HP, the spinel microstructure went from more
ense and even in 100% O2 to more porous in 1% O2 and more
neven in 0.01% O2.

.3. Chromium evaporation

Chromium evaporation of Crofer 22 H, as a representative
xample, was measured in atmospheres containing 25–100% O2,
nd the accumulated chromium evaporation after 168 h is plot-
ed against oxygen pressure in Fig. 10. It should be noted that
wo measurements were performed at 50% O2 and the values

ere identical, consequently they show as one data point. The

hromium evaporation showed a linear correlation to oxygen pres-
ure under the tested conditions. In 100% O2, an average value
f 5.9 × 10−3 mg  cm−2 evaporated chromium was  measured after

ig. 9. SEM micrographs from cross sections of Sanergy HT exposed for 500 h at 850 ◦C in
ccelerating voltage of 3 kV.
nce 110 (2016) 200–212 207

168 h. This can be compared to a value of 4.8 × 10−2 mg  cm−2 for the
same steel after 168 h of exposure in a simulated SOFC environment
with air −3 % H2O at 850 ◦C [41].

4. Discussion

4.1. Diffusion and defects in chromia

All tested ferritic stainless steels except E-brite exhibited
parabolic oxidation rate over the whole tested oxygen pressure
range. According to Wagner theory, this indicates that the diffu-
sion through the oxide scale is rate controlling for oxidation. Thus
the oxidation rate should be determined by the defect structure of
the oxide [42]. Extensive studies on the mechanisms behind defects
in chromia have been carried out by several authors [43–47]. These
kinds of measurements are carried out on sintered or hot-pressed
pellets or single crystals of Cr2O3. In order to understand the domi-
nant defect chemistry, electrical conductivity is often measured as

a function of oxygen pressure. Common for p-type oxides is that
the number of defects, and consequently the ionic and electric con-
ductivity of the oxide, increases with higher oxygen pressures. For
n-type oxides, the conductivity instead has a negative correlation

 100%, 1% and 0.01% O2. The images were acquired with an In-lens SE detector at an
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i.e. n-type behavior in both atmospheres. However, this model is
f  oxygen concentration in the gas stream at 850 ◦C with a total flow rate of 1 sL
in−1.

o oxygen pressure [48]. At low temperatures (<1200 K), chromia is
ot considered to be an intrinsic semiconductor and its conduction
ehavior is generally determined to be of a p-type nature [44–46].
t lower oxygen pressures, close to the dissociation pressure of
hromia, a change to n-type behavior has been observed [34,45].
agel and Seybolt have shown, using tracer studies that chromium
iffusion is predominant in chromia and that oxygen diffusion can
e neglected [49]. Thus the dominant defects should either be metal
acancies or metal interstitials which corresponds respectively to
- and n-type oxides. Regarding conductivity, very low dependence
n oxygen pressure has been reported in several studies, in order
f being proportional to pO2

1/20 [44,47]. This is smaller than can
e explained by models of predominant point defect structures in
nstoichiometric crystals. Holt and Kofstad have suggested that the

ow measured dependence could be due to the slow equilibration of
he defect structures in the specimen and is consequently a kinetic
ffect [47].

.2. Oxide scale growth

The general trends in oxide growth behavior as a function of oxy-
en pressure observed in this study can be summarized as (i) a low
ependence for oxidation rate, (ii) a reduction in oxide grain size at

ower pressures for both the outer spinel and inner chromia and (iii)
 tendency to spall more with lower oxygen pressure. These points
ill be discussed in this order below. The parabolic rate constant,

p, should be proportional to the number of defects in the oxide
nd consequently, if the dominant defect structure is known, the
ependence of the oxide growth rate should be able to be predicted
s a function of the oxygen pressure. If the diffusion mechanism is
ominated by chromium vacancies (p-type), the rate constant kp

hould be proportional to the oxygen pressure according to Eq. (3)
48,50,51].

p = C1

[
pO2(gas)

1⁄n − pO2(interface)
1⁄n

]
(3)

here C1 is a constant, pO2(gas) the oxygen partial pressure at

he oxide/gas interface and pO2(interface) the oxygen partial pres-
ure at the metal/oxide interface and n depends on the dominant
echanisms by how the defects are created, e.g. the charge of the
nce 110 (2016) 200–212

vacancies in this case. If the dominant diffusion mechanism instead
is through metal interstitials the expression becomes [48,50,51]:

kp = C2

[
pO2(interface)

−1⁄n − pO2(gas)
−1⁄n

]
(4)

In other words, it is negatively proportional to oxygen pres-
sure, as discussed above. But since pO2(gas) can, in most cases,
be considered to be much higher than the dissociation pressure
pO2(interface), the last term in (4) can be omitted and kp becomes
only dependent on the dissociation pressure, which is constant
at constant temperature. Through this reasoning, a metal excess
chromia scale (n-type) should be independent of ambient oxygen
pressure according to Eq. (4). By the same reasoning, the oxidation
rate is expected to be dependent on the ambient pressure if it is
metal deficient (p-type).

Large differences in diffusivity in single crystals compared to
multi-grained chromia pellets have led to the conclusion that dif-
fusion through grain boundaries is several orders of magnitude
faster than bulk diffusion within the temperature ranges where
chromia forming alloys are used [34,51,52]. This makes it most rel-
evant to discuss the diffusivity within grain boundaries, which have
a more complex and less understood structure and chemistry than
the bulk. Chromia scales are generally considered to mainly grow
outwards in dry atmospheres of oxygen, but with some inward
diffusion of oxygen, resulting in lateral growth and compressive
stresses in the outer region of the scale [53,54]. The inward diffu-
sion of oxygen has been suggested to be predominantly transported
through micro pores and channels in the oxide scale [55,56].

After an extensive review of the literature on electrical proper-
ties and diffusion in chromia, complemented with their own studies
on thermally grown chromia scales on pure chromium at different
temperatures in dry oxygen ranging from 9 × 10−6 to 1 atm Lillerud
and Kofstad suggested a model for transport in chromia scales
[56,57]. This model is based on the observation that chromia has n-
type behavior in oxygen pressures close to its dissociation pressure
and the majority defects are presumed to be chromium interstitials.
It is then assumed that this structure dominates a majority part of
the total oxide scale which should make the oxidation rate inde-
pendent of the oxygen pressure. In the model suggested by Lillerud
and Kofstad bulk diffusion is considered, but as discussed by Polman
et al. [51], if the dominant transport mechanisms in grain bound-
aries is assumed to be the same as in the bulk, the model could still
be applied when oxide growth is dominated by grain boundary dif-
fusion. Their model is in agreement with what has been observed
in the current study, i.e. no pronounced dependence was found
for the oxidation rate on oxygen pressure. Brylewski et al. exposed
SUS 430 in simulated anode and cathode atmospheres and did not
see any difference in oxidation rate [58]. They have suggested that
this n-type behavior is due to the fact that at temperatures lower
than 1100 ◦C the diffusion constant for chromium interstitials far
exceeds that of chromium vacancies even though both are present
in the chromia scale. Thus the diffusion rate is governed by the
chromium interstitial concentration, which is independent of oxy-
gen pressure. Such a model would result in the same independence
for kp as the model suggested by Kofstad and Lillerud. The calcu-
lations for kp as function of oxygen partial pressure by Kurokawa
et al. also show that kp is almost independent of pO2 at tempera-
tures up to 1000 ◦C [24]. This is in agreement with the findings of
those authors for the oxidation of SUS 430 in simulated air and 97%
H2/3% H2O anode gas at 800 ◦C. Thus they concluded that the pre-
dominant defect in the chromia scale was chromium interstitials,
not supported by Palcut et al., who found that the oxidation rate for
a number of ferritic stainless steels increased as a function of oxy-
gen pressure when the exposure atmosphere was changed from 9%



on Scie

H
t
i
s
w
s
m
b
s
g
b
c
c
s
p
F
o
w
C
a
b
f
H
b
t
s
d
s
p
a
s
a
e

s
f
t
t
t
i
o
p
C
o
c
i
S
o
e
f
t
t
o
t
o
e
t
c
p
t
m
m
s
g
t

P. Alnegren et al. / Corrosi

2/11% H2O to air/3% H2O and 100% O2 at 850 ◦C. We  fail to explain
he discrepancy of these results and the results of the current study
n any other way than that different gases were used. In the present
tudy dry O2 and Ar were used, whereas Palcut et al. also included
ater and hydrogen in their exposure environment. It has been

hown that the presence of water vapor and hydrogen affects the
echanisms for oxidation. For instance, water vapor might have

eneficial effects on the adhesion of the oxide scale to the metal
ubstrate and thus improve corrosion resistance [11]. In case of high
as flow, water in the gas stream can also be detrimental in com-
ination with oxygen since the accelerated chromium evaporation
an cause break away oxidation [59]. The presence of water vapor
an also change the transport process in the oxide scale, which was
hown by Essuman et al. [25]. Srisrual et al. have also shown, using
hotoelectrochemical measurements on chromia scales grown on
e23Cr coupons for 60 min  at 850 ◦C in oxygen, that the behavior
f chromia acts as p-type semiconductor, but samples oxidized in
ater vapor showed, in contrast, n-type or insulator behavior [27].
alculations by Polman et al. show that the surface coverage of
dsorbed O2 molecules in H2/H2O-environments at 900 ◦C, resem-
ling simulated fuel electrode atmospheres, is too low to account
or the observed oxidation rate unless H2O acts as an oxidant [55].
ydrogen has also been shown to affect chromia scales. Studies
y Holt and Kofstad have shown that hydrogen affects the elec-
rical conductivity of chromia and consequently the oxide defect
tructure [47]. Tveten et al. have shown that chromium is oxidized
ifferently if the metal contained hydrogen before starting expo-
ures in oxygen [29]. These examples show that the discussion of
O2 dependence on the oxidation behavior, when comparing water
nd hydrogen containing atmospheres with dry oxygen or air expo-
ures, should take into account the fact that many mechanisms are
t play which might give rise to trends that are not an absolute
ffect of oxygen pressure.

In the discussion above, the growth of the chromia scale is con-
idered, but on all samples an outer layer of MnCr2O4 spinel was
ormed as a result of the vastly faster diffusion rate of manganese
han chromium and iron through chromia [52]. Thus it is necessary
o consider if this results in significantly lower oxygen pressure at
he spinel/chromia interface which could in such case explain the
ndependence of the oxidation rate on oxygen pressure. Studies
n the oxidation of pure cobalt have shown that when the oxygen
ressure in the exposure atmosphere is sufficiently high to form
o3O4 on top of CoO the oxidation rate becomes independent of
xygen pressure since the oxygen pressure above CoO will remain
onstant at the dissociation pressure of Co3O4 [48]. However, this
s not the same situation as when MnCr2O4 forms on top of Cr2O3.
ince the dissociation pressure for MnCr2O4 is lower than for Cr2O3,
bviously, the spinel/chromia interface is not in thermodynamic
quilibrium. This means that the pO2 at the spinel/chromia inter-
ace is a function of oxygen diffusivity through the spinel and of
he ambient oxygen pressure. Since the chromia grows underneath
he spinel, it is obvious that there is significant inward diffusion
f oxygen through the spinel scale. Chromium manganese spinel
op-layers on chromia have not proven to offer any reduction in
xidation rate [40], thus it can be assumed that this spinel layer is
ssentially oxygen transparent. Consequently, the discussion about
he oxygen dependence of chromia-forming alloys should be appli-
able also when a top-layer of manganese chromium spinel is
resent, if the growth of the chromia makes up the majority of the
otal scale growth. In this study it was found that, depending on the

anganese content in the investigated ferritic stainless steel, the
anganese chromium spinel constituted around one fourth of the
cale after 500 h of exposure. It is assumed that only very limited
rowth of the spinel phase scale will continue after this point due
o depletion of manganese in the steel bulk, according to previous
nce 110 (2016) 200–212 209

studies [40,60]. In other words, to further study the isolated growth
of chromia longer exposures should be carried out.

Another factor to take into consideration when comparing mass
gains in different oxygen pressures is the increase in chromium
evaporation at higher oxygen partial pressure, which results in a
lower measured mass gain compared to the actual oxidation rate.
However, the measured chromium evaporation for Crofer 22 H in
100% O2 resulted in a mass loss in the order of 1% of the total mea-
sured mass gain and can thus be neglected when comparing the
oxidation rates in this study.

A difference in the size of the formed surface crystallites was
detected in all the materials (see Fig. 4), and the tendency was  that
smaller grains were formed in lower oxygen pressure. It was also
found that the grain size of the chromia layer of Sanergy HT sam-
ples also decreased in lower oxygen pressure. It can be assumed that
the same trend is followed by the other investigated ferritic stain-
less steels as well. Palcut et al. also observed larger grain sizes with
increasing oxygen pressure [21]. They explained this observation to
be due to a faster oxidation rate. However, the same phenomenon
was observed in the present study even though the oxidation rates
were basically unchanged when the oxygen pressure was  changed.
The trend of increasing grain size with increased oxygen pressure
was also observed by Lillerud and Kofstad for chromia grown on
pure chrome in dry oxygen atmospheres at 800–1000 ◦C [57]. They
also observed that the plasticity of the chromia scale increased in
decreasing oxygen pressure, which, due to the compressive stresses
in growing chromia, resulted in more deformed and uneven scales.
From these observations those authors suggested that the ability
to creep increases with decreasing oxygen pressure due to higher
oxygen vacancy concentration [56]. As discussed by Lillerud and
Kofstad, the oxygen gradient over the scale should thus cause the
inner parts of the scale to be more plastic and the outer parts to
be more rigid. At reduced oxygen pressure in the atmosphere, the
ability for an oxide scale to deform should increase but could yet
cause micro cracks in the outer regions. This should result in new
sites for grain nucleation and consequently smaller grain size. This
does not, however, explain why the grain size of the chromia at
the metal/oxide interface is also reduced at lower oxygen pressure,
as observed for the Sanergy HT samples. In agreement with the
suggested model, Lillerud and Kofstad noted that chromia scales
had a greater tendency to detach from the metal and form gaps
at the interface. Such mechanism could explain the increased ten-
dency for the oxide to detach at lower oxygen pressure which was
observed for the 441HP and E-brite samples. If the ability increases
at lower oxygen pressure, as suggested by Lillerud and Kofstad,
the oxide scale could experience more tension when being cooled
down to room temperature.

Oxide scales formed on Sanergy HT and Crofer 22 H are expected
to have better adherence due to the reactive element effect owing
to the presence of Zr in Sanergy HT and La in Crofer 22 H in the
steels [61]. The severe spalling of the oxide scale seen on the E-brite
samples was likely caused by the formation of a continuous silica
layer at the metal/oxide interface (see Fig. 8), due to the consider-
ably lower thermal expansion coefficient of silica compared to the
steel [11]. Silica precipitation underneath the chromia scale of E-
brite has also been reported by other authors [21,40]. Compared to
the composition of the other tested ferritic stainless steels, E-brite
had the highest ratio of Si/Nb. Niobium is known to tie up silicon
in Laves phases and decrease the tendency for silica formation at
the metal/oxide interface [62]. Thus oxidation properties could be
expected to be improved by a higher amount of niobium in E-brite.

Another observation of microstructural changes as a function of

oxygen pressure was  the tendency for more titanium oxide precip-
itates at the surface of the oxides grown on 441 HP. Compared to
the other tested steels, 441 HP has a considerably higher titanium
content. This also explains the extensive internal oxidation zone on
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Fig. 11. Calculated phase diagram for a Ti–Mn–Cr–O2 system by FactSageTM (FACT
oxide database) [63].
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◦

nant chromium vapor species is CrO2(OH)2. In other words, since
pure oxygen, compared to air, is produced in SOECs, this means
he 441 HP sample compared to the other steels, which is a result
f the extremely low dissociation pressure of titanium oxides. It
as also noted that the titanium oxides that formed on top of the

hromium manganese spinel in 100% and 1% O2 were TiO2 and in
.01% O2 a mix  of TiO2 and TiMnO3. This phase change is supported
y thermodynamic calculations conducted for a Cr-Mn-Ti-O2 sys-
em in the software FactSageTM [63], as can be seen in the phase
iagram in Fig. 11. This phase diagram was calculated for a cation
oncentration for titanium of 1 at% and it can be seen that a phase
ransition from TiO2 to TiMnO3 occurs when the oxygen pressure is
educed and the manganese content is increased. The mixed results
or the formation of TiO2 and TiMnO3 in 0.01% O2 suggests that this
xygen pressure is in a transition region, and that small variations of
anganese in the spinel top oxide could result in either phase. The

rend for higher titanium concentrations at the oxide/gas interface
n lower oxygen pressure was also observed by Essuman et al. for a
iCr base alloy [64]. It is likely that this is caused by higher solubility
f titanium in the chromia and chromium manganese spinel oxide
cales, which allows for faster transport of titanium to the surface
64,65]. More titanium within the chromia scale is suggested to
ause an increase in the oxidation rate due to doping [66,67]. How-
ver, such a model is not supported by the findings in this study
ince there is no pronounced trend that shows an increase in oxi-
ation rate with a decrease in oxygen pressure. Such trend should
lso be more pronounced for 441HP than for the other steels in the
tudy, since it has the highest titanium content, but this was not
bserved.

.3. Chromium evaporation

The evaporation of chromium from interconnect steels has been
easured in humidified air, which resembles the oxygen electrode

nvironment of a SOFC, by several authors, as seen in the review of
ey et al. [17]. The dry oxygen used in this study should more closely
esemble the conditions at the oxygen electrode in a SOEC stack.
hromium evaporation from ferritic stainless steels in simulated
OEC environments are not commonly presented in the literature.
he rate of chromium evaporation in a dry atmosphere is expected

o be significantly lower than in a water containing atmosphere,
ince the formation of gaseous CrO2(OH)2 is not possible [68]. In
850 C in an O2 atmosphere as a function of water vapor contamination. The ther-
modynamic data for CrO3 was taken from Ref. [69] and for CrO2(OH)2 from Ref.
[68].

dry oxygen at 850 ◦C, the major Cr vapor species is CrO3 which is
formed according to Eq. (5) [69].

1
2

Cr2O3 (s) + 3
4

O2 (g) = CrO3 (g) (5)

Thus, according to Eq. (5), the evaporation rate should be pro-
portional to ∝ pO2

0.75 under equilibrium conditions. Since the
dependence of the evaporation rate on the oxygen pressure was
observed to be linear in this study, it can be concluded that the
gas speed of 3.8 cm s−1 represents a flow region which is, at least
partly, kinetically controlled. A separate study on flow rate would
be required in order to determine if the reaction is in a totally kinet-
ically controlled flow region or not, i.e. where the evaporation rate
is independent of flow rate. However, by comparison with flow rate
studied by Froitzheim et al. on the evaporation of CrO2(OH)2, total
flow rate independence seems unlikely, and a significantly higher
flow rate should be required to reach a fully kinetically controlled
region [33].

Moreover, the measured rate of chromium evaporation in dry
oxygen was in the same range as interconnect steels with applied
protective coatings, like Co/Mn spinels, in humid air atmospheres
[17]. Nevertheless, chromium contamination of oxygen electrodes
has been suggested to be a major cause of degradation in SOEC
stacks [70]. It seems unlikely that such severe chromium evapora-
tion could occur in the dry oxygen environment in a SOEC judging
from the low levels measured in this study. Tucker et al. have
claimed that a substantial amount of chromium transport from the
interconnects to the electrode can occur through solid state surface
diffusion [71]. Another possible explanation is that the leakage of
hydrogen between the cathode and anode sides results in an ele-
vation of water concentration on the oxygen side. In such a case,
the chromium evaporation rate will be severely underestimated
if the humidity level is not considered. To illustrate this, the vapor
pressures of CrO2(OH)2 and CrO3 have been plotted against humid-
ity level in oxygen at 850 ◦C in Fig. 12. The thermodynamic data
for CrO2(OH)2 and CrO3 was  taken from Opila et al. and Ebbing-
haus, respectively [68,69]. It can be concluded that above a water
concentration of 0.1% (approx. −20 ◦C frost point), the predomi-
that even very small leakages of hydrogen can lead to significant
chromium evaporation and it cannot be ruled out that barrier coat-
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ngs against chromium migration are necessary in SOEC as well as
n SOFC applications.

.4. Material performance

For an alloy to be suitable as interconnect material in an SOEC
r SOFC, it is crucial that the oxide scale of the alloy remains
ell adherent during the operating life time of the stack since
elamination will result in lost electrical contact. By comparing
he performance of the tested ferritic stainless steels, it can be con-
luded that E-brite has too great a tendency for spalling of the oxide
cale to be suitable as interconnect material in uncoated form in the
ested environments. Signs of spalled oxide were also observed for
41HP after 500 h of exposure, which would be insufficient for long-
erm operation at 850 ◦C. The reactive element-containing steels,
rofer 22 H and Sanergy HT, performed better in terms of scale
dhesion. Nevertheless, the oxidation rate can be assumed to be too
igh for long-term operation. Liu et al. performed a life time predic-
ion study on Crofer 22 APU and concluded that at a scale thickness
f around 11 �m there is high risk of spalling of the oxide scale [15].
sing this thickness and the calculated kp values in Table 2, it is
ossible to qualitatively calculate expected lifetimes for the steels
ested in this study using the density for pure Cr2O3 and assum-
ng a perfectly dense scale. For Crofer 22 H in 100 % O2 at 850 ◦C,
his leads to an estimated life time of 2000 h and for Sanergy HT
000 h. Since relatively short term data has been used for these
xtrapolations, they should only be seen as an indication of the life
ime that can be expected. However, it can be assumed that the
xidation rates for all the steels in this study are too fast if the com-
only mentioned 40 000 h operation is the technical target [72]. It

as been shown that the oxide scale adherence to a steel and the
xidation rate can be significantly improved by applying reactive
lement coatings [13,18,60]. This, in combination with lower oper-
ting temperatures, should significantly increase the lifetimes of
he steels and enable the use of the tested steels [41].

. Conclusions

The effect of changing oxygen pressure in a dry atmosphere at
50 ◦C was investigated for a number of commercial ferritic stain-

ess steels. The oxidation rate was not found to vary substantially
ith oxygen pressure in the range of 10−4 to 1 atm. Oxidation

inetics was parabolic which leads to the conclusion of a diffusion-
ontrolled oxidation process. The oxidation rate for all steels was
oo high for long term operation in SOEC applications. The most
ronounced effect of changing oxygen pressure was found for the
icrostructure of the oxide scales. Both the inner Cr2O3 and the

uter MnCr2O4 spinel consisted of smaller grains when exposed
o lower oxygen pressure. Furthermore, a tendency towards a
ecrease in oxide scale adhesion was also observed when the oxy-
en pressure was reduced. This effect was only observed for E-brite
nd 441HP, which both lack reactive elements. Chromium evapo-
ation was recorded to be significantly lower in a simulated SOEC
tmosphere than in a simulated SOFC atmosphere. At a gas flow
ate of 3.8 cm s−1, the chromium evaporation rate increased lin-
arly with oxygen pressure, which indicates that the gas flow was
oo fast to reach equilibrium concentration in the gas stream.
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