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a  b  s  t  r  a  c  t

High  temperature  properties  of  Sandvik  Sanergy  HT  have  been  studied  to evaluate  the  alloy’s  suitability
as  an  interconnect  material  for LaNbO4 based  proton  ceramic  fuel  cells  (PCFCs).  The  thermal  expansion
behavior  of the  alloy  deviates  from  LaNbO4 at higher  temperatures  which  may  be unfavorable,  however
the average  values  for  the  two  materials  over  the  whole  temperature  region  are  rather  similar.  The  oxida-
tion  kinetics  was  parabolic  and  the  rate  constants  were  low  at temperatures  below  1000 ◦C.  Accelerated
oxidation  was  encountered  after  300  h  at 1000 ◦C revealing  that  the  material  may  undergo  severe  degra-
eywords:
roton ceramic fuel cell
nterconnect
andvik Sanergy HT
xidation kinetics
hermal expansion

dation at  sufficiently  high  temperatures.  A  complex  oxide  scale  containing  an  inner  layer  of  chromium
oxide  and  an  outer  layer  of  various  spinel  phases  containing  chromium,  manganese  and  iron  was  formed
at all  temperatures.  As  a consequence  of high  oxidation  resistance  and  an oxide  with  relatively  high elec-
tronic conductivity,  the  area  specific  resistance  (ASR)  of Sandvik  Sanergy  HT  measured  at  700 ◦C  proved
to  be low.
rea specific resistance

. Introduction

High temperature proton ceramic fuel cells (PCFCs) are promis-
ng for future clean energy conversion systems [1,2]. PCFCs have
he advantage of potentially high fuel efficiencies and diverse fuel
tilization. In principle one may  apply reduced operating tem-
eratures (600–700 ◦C) compared to YSZ-based solid oxide fuel
ells (SOFCs) (750–900 ◦C) which facilitates less complex and costly
aterials in the assembly, in particular for the interconnect mate-

ial. Acceptor doped lanthanum niobate (e.g. La0.995Ca0.005NbO4) is
ne of the high temperature ceramic proton conductors currently
nder investigation as electrolyte in PCFCs [1,3]. With its good
hemical stability this material is an interesting electrolyte alter-
ative, although the proton conductivity is more than one order of
agnitude lower than for the chemically less stable alkaline earth

ased perovskite structured cerates.
With a new electrolyte material the entire fuel cell assembly has

o be adapted, including the interconnect material. The main pur-
ose of the interconnect is to provide electrical contact between
he anode and cathode, besides separating the fuel and the air.
his requires a gas tight material with high electronic conductivity

nd mechanical strength, even after long term high temperature
peration facing oxidizing and reducing atmospheres.

∗ Corresponding author. Tel.: +47 22840659; fax: +47 22840651.
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Some ferritic stainless steels are regarded as the best candi-
dates for metallic interconnects in SOFCs [4–6]. This is due to the
relatively high oxidation resistance and formation of electrically
conducting oxide scales, combined with acceptable thermal expan-
sion compatibility. Sandvik Sanergy HT is a relatively new stainless
steel developed specifically to meet the requirements of SOFC inter-
connects [7,8]. The aim of this study was  to investigate further
the high temperature properties of the Sandvik Sanergy HT alloy,
including thermal expansion behavior, the oxidation mechanism
and the area specific resistance (ASR) of oxide scales. Based on
the results the material’s applicability as interconnect for LaNbO4-
based PCFCs was evaluated.

2. Experimental

The Sandvik Sanergy HT alloy, with composition as listed
in Table 1, was  cut into samples of dimension ∼20 mm  ×
15 mm  × 0.5 mm  and ground with SiC paper grade 1200 before
being ultrasonically cleaned for 10 min  in ethanol.

Thermal expansion behavior was  determined in the tempera-
ture range 25–1000 ◦C in dry nitrogen atmosphere using a Netzsch
DIL 402C.

The oxidation behavior was  monitored with a CI Robal MK1
microbalance attached to a vertical resistance heated tube fur-

nace, under constant flow (0.45 l h−1) of either wet (∼2.5% H2O)
or dry (∼30 ppm H2O) air at temperatures of 700, 800, 850, 900
and 1000 ◦C. The samples were suspended into the hot zone of
the furnace at the respective exposure temperature, and after

dx.doi.org/10.1016/j.jpowsour.2012.01.101
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:reidar.haugsrud@smn.uio.no
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Table  1
Chemical composition, wt.  %, of Sandvik Sanergy HT [8].

Cr Mn  Si C Mo  Nb Add. Fe

22 ≤0.5 ≤0.30 ≤0.05 1.0 0.75 Ti Bal.

F
c

o
c
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o
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t

Fig. 3. Parabolic rate constants plotted as a function of inverse temperature. The
ig. 1. Thermal expansion behavior of Sandvik Sanergy HT compared to LaNbO4, a
andidate electrolyte material for PCFCs.

xidation, the samples were retracted from the furnace and air
ooled.

For ASR measurements two samples were pre-oxidized for

4 h at 700 ◦C in wet air, and two gold wires were spot welded
n each sample for contacting purposes. The samples were then
andwiched together with a contact layer of Pt ink and Pt grid

ig. 2. Oxygen uptake recorded during oxidation of Sandvik Sanergy HT at various
emperatures in wet  air.
graph also includes calculated activation energies of oxidation representing the two
slopes.

in a ProboStat (NorECs AS) measurement cell. The assembly was
held together with a spring load. A constant current was  applied
and the resulting voltage drop over the interface between the
two  samples was measured using an Agilent 35210 data acqui-
sition unit with a voltmeter switch module. Contributions to
the resistivity from the alloy itself and the platinum contact
layer were considered negligible. The setup was  tested for sev-

eral currents and the resulting voltage behaved according to
Ohm’s law.

Fig. 4. Oxygen uptake of Sandvik Sanergy HT measured by thermogravimetry at
800 ◦C in wet and dry air atmosphere.
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The microstructure and composition of the oxide scale and the
lloy were characterized after the experiments by means of a FEI
uanta 200F scanning electron microscope (SEM) equipped with an
nergy dispersive spectrometer (EDS) and operated with an accel-
ration voltage of 20 kV. In order to assess the phase composition
n the oxide scales, X-ray diffraction (XRD) was carried out using a
iemens D5000 with CuK�1 radiation (45 kV, 40 mA).

. Results

As we saw in the previous section, experimental approaches

ere utilized in this study to characterize the Sandvik Sanergy HT
ith respect to the thermal expansion behavior, area specific resis-

ance and the corrosion resistance – essential material properties
or an interconnect candidate material.

ig. 5. Secondary electron SEM surface images of Sandvik Sanergy HT oxidized for 500 h i
ir  at 800 ◦C.
 Power Sources 206 (2012) 70– 76

3.1. Thermal expansion

The thermal expansion behavior of the Sandvik Sanergy HT and
LaNbO4 from room temperature up to 1000 ◦C is displayed in Fig. 1.
The average linear thermal expansion coefficient (TEC) for the alloy
over the whole temperature interval is 12.9 × 10−6 ◦C−1. As for most
iron-based alloys the slope of the curve increases steadily, reveal-
ing that the TEC gradually increases with increasing temperature.
For LaNbO4, a break in the curve is encountered at ∼510 ◦C as
a consequence of the phase transformation from the monoclinic
low temperature phase to the tetragonal high temperature phase
[9,10].  Comparing the two  materials there are large differences

in TEC values for both the low and the high temperature region,
meanwhile the average values across the whole temperature win-
dow are rather similar (cf. Table 2).

n wet  air atmosphere at (a) 700 ◦C, (b) 800 ◦C, (c) 900 ◦C and (d) 1000 ◦C, and (e) dry
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Table  2
Thermal expansion coefficients (TECs) for Sandvik Sanergy HT and LaNbO4 at dif-
ferent temperature intervals.

Thermal expansion coefficients (TEC)

Temperature Sanergy HT LaNbO4

◦ −6 ◦ −1 −6 ◦ −1
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Fig. 6. XRD patterns of Sandvik Sanergy HT after 500 h of oxidation in wet air at 700,
100–510 C 11.7 × 10 C 15.4 × 10 C
550–900 ◦C 14.5 × 10−6 ◦C−1 8.9 × 10−6 ◦C−1

100–900 ◦C 12.9 × 10−6 ◦C−1 12.3 × 10−6 ◦C−1

.2. Thermogravimetry

Fig. 2 presents the weight change of the alloy as a function of
ime during exposure to wet air at 700, 800, 900 and 1000 ◦C as

easured by thermogravimetry. At 700 ◦C the oxidation rate was
ow; a weight gain of only ∼0.05 mg  cm−2 was observed over 500 h.
t 800 and 900 ◦C, parabolic kinetics is encountered throughout

he duration of the experiment. The oxidation behavior at 1000 ◦C
orresponds to a similar parabolic behavior during the first 300 h
fter which the oxidation accelerates. An Arrhenius representa-
ion of the parabolic rate constants, kp, is shown in Fig. 3. Based
n the temperature dependence of kp the activation energy, Ea, for
he oxidation over the whole temperature range was calculated to
e 396 ± 33 kJ mol−1. This value is higher than normally reported
or the formation of oxide scales on chromia forming iron based
lloys [11,12]. However, the calculated activation energy in the
emperature range from 800 to 900 ◦C was 272 ± 20 kJ mol−1, which
orrespond to typical literature values (approx. 250 kJ mol−1) for
imilar alloys [11–14].

Fig. 4 presents the recorded weight change due to oxidation in
et and dry air at 800 ◦C as a function of time. The oxidation rate

s initially higher under humidified conditions followed by similar
inetic behavior as under dry conditions.

.3. Surface characterization

Fig. 5 presents SEM observations of samples oxidized in wet and
ry air for 500 h at various temperatures. The surface morphology
onsisted of small cubes and larger nodules randomly distributed
ver the surface. The average oxide particle size increases with tem-
erature from ∼0.2 �m at 700 ◦C to ∼3.9 �m at 1000 ◦C. The figures
lso compare the surface morphologies of the samples oxidized
t 800 ◦C in dry (Fig. 5e) and wet air (Fig. 5b), indicating a more
xtensive formation of nodules under wet conditions.

From EDS investigations of the surface it became clear that
he overall composition varied with the reaction temperature. The
ron signal, which reflects contribution from the alloy substrate,
ecreased with temperature as a result of thicker oxide scales. One
xception from this was the sample oxidized at 1000 ◦C for 500 h,
here the iron signal was significantly higher compared to the sam-
les exposed to 800 ◦C and 900 ◦C. The chromium content in the
urface goes through a maximum for the samples oxidized at 800 ◦C
nd 900 ◦C, meanwhile the level of manganese increases steadily
ith increasing oxidation temperature. At 1000 ◦C, manganese was

he dominating cation at the surface followed by chromium. When
omparing samples oxidized in dry and wet air at 800 ◦C, it is seen
hat dry atmospheres yield a surface slightly richer in iron.

The most prominent oxide phases for the different temperatures
dentified by XRD were Cr2O3 and (Cr, Mn,  Fe)3O4 spinels (Fig. 6),

hich correspond well to the elemental composition from EDS.
owever, the exact composition of the spinel phases was  difficult

o establish.
.4. Cross sectional analysis

Cross sections of all samples were investigated using SEM and
DS line scan, and the images in Fig. 7 show samples, oxidized for
800,  900 and 1000 ◦C.

500 h at various temperatures from 700 ◦C to 1000 ◦C. The figures
also include EDS line scans illustrating the distribution of Fe, Cr, Mn
and O in the alloy and throughout the oxide scale.

The oxide scale formed at 700 ◦C was thin (cf. Fig. 7a), and its
thickness and uniformity could not be determined accurately by
SEM. However, line scan shows a significant peak in the Cr and
Mn signal at the outer surface of the sample accompanied by a
sharp fall in the Fe signal. The limited oxide thickness may  allow
the underlying alloy to strongly influence both surface EDS and XRD
signal.

At 800 ◦C the oxide scale formed in wet and dry air was contin-
uous and dense with similar thicknesses of ∼1.3 �m (Fig. 7b) and
∼1.5 �m (cf. Fig. 7e) respectively. Thermogravimetry, conversely,
shows that dry conditions resulted in lower weight gain (cf. Fig. 4)
which may  indicate a slightly more porous oxide layer. The EDS
line scans showed for both samples that the inner region of the
oxide scale was rich in Cr, while in the outer part the amount of
Mn  increases towards the oxide–gas interface. This observation is
in accordance with the surface EDS and XRD from which Cr2O3 and
(Cr, Mn,  Fe)3O4 spinel phases were identified.

The oxides formed on the samples oxidized at 900 ◦C and 1000 ◦C
in wet  air were dense and continuous (cf. Fig. 7c and d) with thick-
nesses of ∼6 �m and ∼28 �m,  respectively. From the contrast in the
backscatter image, the oxide layer appeared to consist of two  differ-
ent regions. EDS line scans showed again a Cr rich inner oxide layer
while only a small fraction of the outer part of the scale contained
any significant amounts of Mn.

For all temperatures, pores were observed in the outer part of
the alloy (up to ∼20 �m depth). The size and number of these pores
increased with increasing oxidation temperature.

Backscattered electron images of all the samples also showed
some bright precipitates inside the alloy representing so called
Laves phase, in particular close to the oxide–alloy interface. EDS
analyses indicated that these areas contained mostly Nb and Mo.

3.5. Area specific resistance, ASR

Fig. 8 shows that the average ASR of the two forming oxide
scales decreases as a function of time at 700 ◦C on the pre-oxidized
samples. The decrease in ASR represents the gradually improved
contact between the two sandwiched samples during the high

temperature treatment. As seen from the figure, the ASR reaches
a stable value of ∼6 m� cm2 after approximately 350 h.
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Table 3
Parabolic rate constants, kp , for various ferritic stainless interconnect alloys oxidized
in air at 800 ◦C.

Alloy kp(× 10−14 g2 cm−4 s−1) Ref.

Sanergy HT 5.4 This study
ZMG  232 27 [15]

F
a
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. Discussion

Thermogravimetry showed that the oxidation kinetics of Sand-
ik Sanergy HT was parabolic, and that the oxidation resistance
s comparable to similar ferritic stainless steels, Table 3 [15–19].
he oxide scale consisted of a Cr2O3 layer close to the alloy–oxide
nterface while towards the oxide–gas interface the Mn  content
ncreased, revealing formation of (Cr, Mn)3O4 spinel phases.

Parabolic kinetics is generally an evidence of processes rate
imited by diffusion, and high Cr and Mn  contents in the outer
art of the oxide indicate that the scales grow mainly by outward

iffusion of cations. The oxide is relatively dense and adherent, lim-

ting ingress of gaseous oxygen, and since the cation and oxide ion
iffusivities in the oxides formed are low, the scale acts as an effec-
ive barrier towards extensive materials degradation. The level of

ig. 7. Backscattered electron SEM image of cross sectioned Sandvik Sanergy HT oxidized
nd  (e) in dry air at 800 ◦C. The figure also includes EDS line scans showing the elemental
AL453 39 [17]
Crofer 22 APU 2.8–8.0 [15–17]
SUS  430 8.5 [18,19]

Mn  in the scale increases considerably with increasing tempera-

ture, and especially for the samples oxidized at 900 ◦C and 1000 ◦C
the Mn  content was  pronounced. Accordingly, transport of Mn
through the oxide scales may  be substantial at high temperatures,
as also expected from literature [20–23].  This could be a result of

 for 500 h in wet  air atmosphere at (a) 700 ◦C, (b) 800 ◦C, (c) 900 ◦C and (d) 1000 ◦C,
 distribution of Fe, Cr, Mn  and O.
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in the high temperature region (>510 ◦C) will necessarily induce
ig. 8. Area specific resistance for Sandvik Sanergy HT with Pt contact layer, mea-
ured at 700 ◦C in wet air.

ast Mn  diffusion, compared to the other major alloying elements,
.e. Cr and Fe, enabling the formation of Mn  containing oxide phases
t the outer surface [21]. However, others report that the diffusion
oefficients of Mn  and Cr are similar, and that MnO and Cr2O3 may
lternatively form simultaneously during the initial stage of oxi-
ation [22]. If both cations diffuse with approximately equal rates
hrough the forming oxide, Mn  is, due to its limited amount in the
lloy, only present in the outer part of the scale.

The overall temperature dependence does not follow a straight-
ine Arrhenius behavior; the oxidation is more activated at low
nd high temperatures. On this basis one may  speculate whether
he same oxidation mechanism prevails from 700 ◦C to 1000 ◦C.
rylewski et al. attributed highly activated oxidation for a simi-

ar alloy in the lower temperature region from 750 to 825 ◦C to
nion diffusion in chromia as a consequence of an oxidation process
overned by the counter-current chromium and oxygen diffusion
hrough Cr2O3 grain boundaries [13,24,25].  The activation energy
or the oxidation process estimated from kp between 800 ◦C and
00 ◦C is comparable to the activation energy reported for Cr dif-
usion in Cr2O3 and we, accordingly, consider outward diffusion
f Cr to be the limiting step in the overall oxidation for this tem-
erature region [11–13,26].  At 1000 ◦C accelerated oxidation is
bserved after ∼300 h and since the composition of the scale dif-
ers somewhat compared to the lower temperatures this indicates a
lightly different oxidation mechanism. Overall, these effects result
n a non-linear Arrhenius behavior reflecting the complex situa-
ion in the scales with transport of several cations with different
emperature dependences.

Thermogravimetry (Fig. 4) showed that the initial rate of oxi-
ation is higher in wet than in dry atmosphere, as observed for
any other alloys at high temperatures [24,27].  One may  specu-

ate whether the high initial rate is a result of faster dissociation
f water compared to oxygen or that water effectively catalyzes
xygen dissociation yielding easier nucleation and initial growth
nder wet than dry conditions.

By dissolution of protons in the form of hydroxide species water
ontaining atmospheres may  modify the defect structure [28–30].
hromium oxide is a p-type semi-conductor under oxidizing con-
itions chromium vacancies, the formation of hydroxide species
ay  be charge compensated by metal vacancies [28,31–33].  Since

he oxidation of chromia formers is dominated by outward cation

ransport via metal vacancies, dissolution of protons should, conse-
uently, increase the rate of oxidation. This is observed initially by
G as a relative increase in the rate of the weight gain from dry to
 Power Sources 206 (2012) 70– 76 75

wet  atmospheres. However, after the initial fast parabolic growth,
the constant linear evaporation of chromium containing species
starts to influence the TG data, effectively decreasing the relative
weight gain [34–36].  The fact that the rate of evaporation increases
with increasing water vapor pressures, accordingly, counteracts the
increased oxidation rate due to protons. During operation of a PCFC,
water will be formed on the cathode, and the interconnect will
thereby inevitably be exposed to high partial pressures of water in
the oxidizing cathode gas atmosphere. In this respect it is beneficial
with an outer layer of chromium manganese spinel that reduces
the evaporation of chromium species [34]. To limit the evapora-
tion further, metallic coatings of Co and Ce have been tested with
promising results [37].

The oxidation study presented in this paper shows that Sandvik
Sanergy HT is susceptible to accelerated oxidation at sufficiently
high temperatures. Although this behavior only was  observed at
1000 ◦C, it may  also occur at lower temperatures by increasing
the duration of oxidation [38–40].  By using the critical mass gain
initiating accelerated oxidation at 1000 ◦C (∼3.9 mg  cm−2 after
300 h) and the assumption that the oxidation behavior remains the
same at 800 ◦C, a first approximation of the time to reach accel-
erated oxidation far exceeds the expected life time of a fuel cell
(>50,000 h).

As a consequence of the limited scale growth at 700 ◦C and the
formation of oxides with inherent high electronic conductivity, the
ASR of Sandvik Sanergy HT measured in this study proved to be low.
The decreasing ASR indicates that the resistance due to the initially
poor contact is much higher than the resistance induced by the
growth of the oxide scale, and further that the improved electrical
contact outweighs the negative influence of the increasing oxide
thickness. The oxidation rate measured at this temperature was
low, hence, the time of which the increased oxide scale thickness
would lead to a significant increase in ASR could be long. One  may
argue that the recorded ASR in this study is influenced by the exper-
imental setup, and that the oxide thickness may be reduced due to
the Pt-electrode covering the sample surfaces. However, the inter-
connect will not be allowed to oxidize freely in a fuel cell assembly,
but will operate in contact with other materials (e.g. anode and
cathode). The variety of methods for determining ASR reported in
literature calls for a standardized experimental setup for compari-
son reasons [17,41,42].  Since the expected operation temperature
of a PCFC is 600–700 ◦C the low ASR presented in this study sug-
gests that the Sandvik Sanergy HT may  perform well during the
operation of a PCFC.

At higher temperatures the oxidation rate is increased, hence a
higher overall ASR would be expected despite that also the elec-
trical conductivity of the semiconducting oxide is improved with
increasing temperature (small polaron hopping). By assuming that
the ASR is directly related to the thickness of the oxide, the result-
ing ASR can be calculated based on the parabolic rate constants,
the density of the scale and its conductivity [43]. In a worst case
scenario with Cr2O3 as the predominating oxide it would only take
∼150 h of oxidation at 800 ◦C to form an oxide scale 1 �m thick, and
reach the threshold ASR value of 10 m�  cm2. However, as shown
in this study, the oxide scale also comprises Cr–Mn spinels that will
result in a lower ASR, especially if the spinel phases also contain Fe
[44]. Further improving the oxidation resistance and/or the elec-
trical conductivity of the oxide may  be accomplished by means of
surface coatings.

From Fig. 1 it is obvious that the thermal expansion behav-
ior of the alloy at high temperatures deviates from the candidate
electrolyte, LaNbO4. The discrepancy between these two  materials
mechanical stresses in a fuel cell configuration, particularly criti-
cal during thermal cycling. Whether the stresses are in the range
that can eventually lead to a mechanical breakdown of the fuel cell
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tack is difficult to establish without a complete stress test of the
uel cell.

. Conclusions

Several high temperature properties of Sandvik Sanergy HT
ere investigated under oxidizing (cathode) fuel cell operating

onditions to establish its potential as a metallic interconnect for
CFCs based on LaNbO4 electrolytes. The material holds a high
xidation resistance and forms oxides with relatively high elec-
rical conductivity. However, coatings may  be required to further
mprove the performance of the material for practical applications.
ome concern was also raised regarding the deviation in ther-
al  expansion between the mentioned interconnect material and

he LaNbO4 electrolyte. Sandvik Sanergy HT undergoes accelerated
xidation at 1000 ◦C, but this not expected to occur at lower tem-
eratures within the expected life time of a fuel cell. Overall Sandvik
anergy HT is considered a promising candidate as a metallic inter-
onnect for LaNbO4 based PCFCs.
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