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bstract

The vaporization of Cr-rich volatile species from interconnector materials is a major source of degradation that limits the lifetime of planar
OFC systems with metallic interconnects. In this study, the vaporization of Cr species of a variety high chromium alloys was studied at 800 ◦C

n air using the transpiration method. The measured release of Cr species of the different alloys was correlated with the formed outer oxide scales.
quantitative estimation showed that all the investigated alloys failed to meet the requirements concerning the Cr release from interconnector

aterials for SOFCs or formed oxide scales which possessed too high electrical resistances. Sputtered ceramic coatings of LSM and LSC and
etallic coatings of Co, Ni and Cu were tested with regard to their suitability for Cr retention. The sputtered perovskite coatings turned out to
e ineffective in reducing the Cr release to the desired levels. With metallic coatings of Co, Ni or Cu the Cr release could be reduced by more
han 99%. The metallic coatings and their oxides effectively reduced the growth of the oxide scale on the steel substrate and showed negligible
aporization rates for Co, Cu and Ni, respectively. Therefore, Co, Ni or Cu were identified as promising and cheap coating materials for metallic
nterconnectors.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Metallic interconnectors play a key role in the development
f planar solid oxide fuel cells (SOFCs) [1]. They act as a physi-
al separation between anode and cathode gases and provide the
lectronic connection between the single cells of the stack. The
echnical requirements for these materials comprise a high resis-
ance against oxidation and creep at temperatures between 700
nd 900 ◦C in oxidizing and reducing atmospheres, a high elec-
rical conductivity of the surface oxide scales, gas tightness and a
hermal expansion coefficient (CTE) similar to those of the elec-
rolyte and the electrodes. Ferritic steels with chromium contents
20 wt.% and Cr based alloys were identified as the best suited

aterials for this purpose [2]. Commercial alloys of these type

re, for example, the ferritic stainless steel E-Brite (Allegheny
udlum, Pittsburgh, USA) or the Cr-based ODS-alloy Ducrolloy

∗ Corresponding author. Tel.: +49 2461 615896; fax: +49 2461 613699.
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Plansee AG, Reutte, Austria). At high temperatures these alloys
orm an oxide scale of Cr2O3 that protects the material from
apid oxidation while simultaneously retaining a comparatively
igh electrical conductivity.

During operation of planar SOFCs with metallic intercon-
ects rapid degradations of the cell performance occurred which
ere caused by the release of gaseous Cr species from these
aterials, which is in the following designated as “Cr vaporiza-

ion” [3–6]. The volatile Cr species are reduced at the triple phase
oints of cathode, electrolyte and air and form solid Cr2O3 and
ther Cr-rich phases [5,7,8] thereby inhibiting the electrochem-
cal processes of the cell. This effect is often called “poisoning”
f the cathode by gaseous Cr species. Corresponding degrada-
ion mechanisms were proposed by Hilpert et al. [9,10] and Jiang
t al. [11,12].

It was further observed, that Cr2O3 and volatile Cr species

ay react with Ba-containing glass ceramic sealing materials

hereby forming solid BaCrO4 [13]. During long term service
his can lead to an embrittlement of the sealing and to a
eterioration of the gas tightness of the stack.

mailto:m.stanislowski@fz-juelich.de
dx.doi.org/10.1016/j.jpowsour.2006.08.013
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Different strategies were used to solve the problem of the Cr
elease from metallic interconnector materials and other SOFC
omponents. They include a decrease of the operation temper-
ture of the SOFC, the application of less Cr-sensitive cathode
aterials [6,14], the design of alternative multi-layer intercon-

ects [15–17], the development of interconnect alloys with a
ower Cr release and the use of Cr barrier coatings. Among
hese measures the last two are the most relevant in recent SOFC
evelopment.

It has been observed that the Cr vaporization can be reduced
y the formation of outer spinel layers [2,18,19]. Generally,
pinel phases possess comparatively high electronic conduc-
ivities which are for example utilized in electrical engineering
or high-temperature conductors or NTC thermistors [20].
ased on this finding ferritic interconnect steels with defined
ontents of Mn, Ti and reactive elements (REs), such as Y, Ce,
r or La, that form well-adherent outer (Cr,Mn)-spinel layers
ere developed recently. The most notable of these alloys are
rofer 22 APU (ThyssenKrupp VDM, Werdohl, Germany)

21], ZMG 232 (Hitachi Metals, Tokyo, Japan) [22] and the
emi-commercial ODS-alloys IT-10, IT-11 and IT-14 (Plansee,
eutte, Austria) [23,24]. A number of studies of Cr vaporization
f some of these steels is available (see e.g. [19,25]), however,
nly little is known about the actual Cr retention capability of
Cr,Mn)3O4 layers or other oxide scales. One aim of this work
s to study systematically the Cr vaporization from alloys with
ifferent types of oxide layers on the outer surface.

For electrically insulating SOFC components alumina-
orming alloys are sometimes considered. At high temperatures
hese alloys form slow-growing alumina scales at the surface that
osses far better protective properties than chromia [2]. Due to
he high electrical resistance of alumina these materials seem
ot suitable as construction materials for interconnectors [15].
ypical representatives of this material class are ferritic alloys
f the Fecralloy type, that contain 15–23% Cr, 4.0–5.5% Al and
.05–0.5% Y and/or other reactive elements [26]. The Cr release
f alumina-forming alloys was investigated in a previous study
27].

Besides these efforts, coating systems were developed
n order to reduce the Cr vaporization from stainless steels
sed as interconnectors [19,28–31]. They mostly consisted of
erovskite layers on the basis of (La,Sr)MnO3 [29,30,32,33],
La,Sr)CoO3 [29,30,32–35], and (La,Sr)CrO3 [19,36–39] or
ombinations of these [40]. Only few data are available on the
r retention capabilities of these coatings (see e.g. [19]). There
ere also attempts with reactive coatings of La2O3 and SrO that

orm protective (La,Sr)CrO3 layers in contact with Cr [38]. Due
o the high inherent porosity the resulting Cr retention of these
eactively formed layers was far below the expectations. More
ecently tests were performed with spinel coatings, especially
f (Co,Mn)3O4 and (Mn,Cr)3O4 [41–44]. The results of Chen et
l. [44] showed that Mn-Co-spinels are very promising coating
aterials with regard to suppresion of the sub-scale growth of

r2O3 and increase of the electronic conductivity of the oxide

cale. However, their actual Cr retention is unknown.
The most common coating techniques are vacuum plasma

praying (VPS) [19,29,45], wet powder spraying [38], slurry dip

(
o
c
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oating [46], and magnetron sputtering (MS) [34,36,37,39]. The
im of the second part of this study is to develop coating systems
or reducing the Cr vaporization from stainless steels used as
nterconnectors and the increase of the electronic conductivity of
he interconnector by reducing the growth of sublayered chromia
cales.

. Experimental

.1. Alloys and coatings

The investigations were carried out with different Cr-based,
i-based, and Co-based alloys, chromia-forming ferritic and

ustenitic steels and alumina-forming ferritic steels. The fol-
owing alloys were selected for the experiments: Crofer 22 APU
batch KMT) (Mat. No. 1.4760, ThyssenKrupp VDM, Werdohl,
ermany), E-Brite (UNS44627 Allegheny Ludlum, Pittsburgh,
SA), Aluchrom YHf (Mat. No. 1.4767, ThyssenKrupp VDM,
erdohl, Germany), JS-3 (batch KDB) (Mannesmann Research

nstitute, Duisburg, Germany), IT-10 (batch KEX), IT-11 (batch
EZ), IT-14 (batch KGA), Ducrolloy (all Plansee AG, Reutte,
ustria), Nicrofer 7520 (Mat. No. 2.4951), Nicrofer 45 TM

Mat. No. 2.4889), Nicrofer 6025 HT (Mat. No. 2.4633),
onicro 5010 W (Mat. No. 2.4964) (all ThyssenKrupp VDM,
erdohl, Germany) and Ferrotherm 4828 (Mat. No. 1.4828,

hyssenKrupp Schulte GmbH, Dortmund, Germany). The
lloys contained different concentrations of alloying elements
hich are of importance for oxide scale formation, most notably
l, Si, Ti, Mn, Co, Ni, W, Mo and REs, such as (Y, La, Zr, Hf).
he chemical compositions of the alloys determined by optical
mission spectroscopy using an inductively coupled plasma
ICP-OES, IRIS-advantage, Thermo Jarrell Ash, Franklin,
SA) are given in Table 1.
Various types of ceramic and metallic coatings were

eposited by magnetron sputtering. For the ceramic coatings
tandard perovskite materials were selected which are used in
OFC technology as materials for ceramic interconnects and/or
athodes and which possess high electrical conductivities. These
omprised the compositions La0.8Sr0.2CrO3 (LSC-80, H.C.
tarck GmbH, Goslar, Germany), La0.99(Cr0.77Mg0.05Al0.18)O3
LMAC-DLR, DLR/Siemens, Stuttgart, Germany), La0.80Sr0.20

nO3 (LSM-80, EMPA, Dübendorf, Switzerland) and
a0.65Sr0.30MnO3 (LSM-65, FZJ, Jülich, Germany). The
lectrical conductivities and the CTEs of these materials taken
rom the literature are given in Table 2. The sputtering targets
ere prepared from as-received powders by uniaxial pressing

nd subsequent sintering at 1400 ◦C for 5 h in air.
For the metallic coatings the transition metals Co (99.95%

urity), Ni (99.99% purity) und Cu (99.99% purity) were
elected. The sputtering targets were supplied by MaTeck
mbH, Jülich, Germany. The electrical conductivities and CTEs
f these metals as well as their oxides from the literature are
iven in Table 2.
As substrate materials the ferritic steels Crofer 22 APU
KMT) and E-Brite were used. Before the sputtering the surfaces
f the samples were ground with SiC-paper up to 1200 grit and
leaned in acetone and ethanol.
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Table 1
Chemical compositions of the investigated alloys in wt.%, determined by ICP-OES

Grade Fe Cr Ni Co Al Si Mn Ti Y C N Others

Aluchrom YHf 74.7 20.2 0.18 – 5.7 0.3 0.2 – 0.04 0.024 0.005 Hf: 0.04
Conicro 5010 W 2.3 19.4 10.4 48.9 0.07 – 1.5 – 0.02 0.069 0.019 W: 15.7
Crofer 22 APU 76.5 22.7 0.02 – 0.02 0.02 0.38 0.07 – 0.002 0.004 La: 0.06
Ducrolloy 5.5 92.9 – – – – – – 0.48 0.010 0.014 –
E-Brite 73.2 24.1 0.11 – 0.02 0.19 0.04 0.01 – 0.010 0.004 Mo: 0.96
Ferrotherm 4828 65.8 19.2 11.3 – – 1.7 1.3 0.05 – 0.048 0.046 Mo: 0.96
IT-10 73.4 25.5 0.03 – – 0.02 N/A N/A 0.07 0.008 0.031 Mo: N/A
IT-11 71.8 26.4 0.03 – 0.02 0.01 N/A N/A 0.08 0.009 0.020 Mo: N/A
IT-14 70.4 26.3 0.17 – 0.02 0.02 N/A N/A 0.06 0.005 0.019 Mo: N/A
JS-3 76.1 22.7 – – 0.02 – 0.40 0.05 – 0.016 – La: 0.09
Nicrofer 45 TM 23.9 27.3 45.9 – 0.10 2.7 0.14 0.06 0.08 0.053 0.104 Ce : 0.05
N 0
N 0
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icrofer 6025 HT 9.3 25.0 62.6 – 2.30
icrofer 7520 4.00 19.3 75.4 – 0.12

The deposition of the coatings was performed by a
agnetron-sputter facility (type Vacuum Classic 500 SP, Pfeif-

er, Asslar, Germany). Before the sputtering process the surfaces
f the samples were cleaned and roughened by pre-sputtering for
5 min at 250 W (RF) and an Ar pressure of 10−5 bar. The com-
lete surfaces of the samples were coated by sputtering including
he sides.

The ceramics were sputtered for 999 min at 100 W (RF).
hereby coating thicknesses of 32–45 �m were obtained. Co
nd Cu were sputtered at 200 W (DC) for 45 and 60 min, respec-
ively. Ni was sputtered for 160 min at 100 W (DC). The resulting
oatings had a thickness between 8 and 10 �m.

.2. Vaporization measurements and characterization

The transpiration method was used for the measurement of

he vaporization of chromium as well as manganese, cobalt, cop-
er and nickel. The method is based on the principle that the
olatile species formed over the heated sample are carried away
y a constant gas flow and collected in a condenser. The masses

s
b
d
s

able 2
iterature data on thermal expansion coefficients (CTEs), α, and electrical conductiv

ame α/10−6 K−1 (�T, ◦C) σ

YSZ 10.8(20–800) [47] (
rofer 22 APU 12.0(20–800) [49] 8
r2O3 9.6(20–1400) [50] 1
nCr2O4 7.2(25–900) [43] 0
n2CrO4 – 1
o 14.0(20–400) [51] 1
o3O4 – 3
oCr2O4 7.4(25–900) [43] 1
i 16.3(20–900) [51] 2
iO 12.6(100–800) [50] 1
iCr2O4 7.6(25–900) [43] 6
u 20.3(20–1000) [51] 1
uO – 2
SC-80 9.8–11.2(20–1000) [53] 1
MAC-DLR – –
SM-80 11.4(50–1000) [54] 1
SM-65 12.3(25–800) [47] 3

he values for other SOFC components are shown for comparison.
.1 0.08 0.20 0.08 0.17 – La: 0.09

.5 0.40 0.40 – 0.09 0.005 –

f the transported elements are determined afterwards by quan-
itative chemical analysis. The gas flow rate has a significant
ffect on the vaporization rate. In the experiments the influence
f the gas flow rate was eliminated by setting the gas flow to
ates which were sufficiently high to ensure that the transported
asses of Cr and Mn, Co, Cu and Ni depended solely on the

inetics of the vaporization reaction at the surface of the sample
see [25,57]).

The vaporization samples had dimensions of 80 mm × 20 mm
nd thicknesses between 1.5 and 3 mm. The edges of the sam-
les were rounded by spark erosion in order to avoid starting
oints for oxide scale spallation during the vaporization experi-
ents. Details on the geometry of the samples are given in [25].
he samples were ground with SiC paper up to 1200 grit and
ltrasonically cleaned in ethanol and acetone.

The transpiration experiments were carried out with a con-

tant flow of humidified air at 800 ◦C. The air flow was controlled
y a flow meter, type 5850TR, supplied by Brooks, Veenen-
aal, The Netherlands. For the experiments the air flow rate was
et to 1500 ml min−1, referred to standard conditions (273 K,

ities, σ, of the used coating materials and their oxides

(S cm−1) T (◦C) Function

5.3–4.5) × 10−2(800) [48] Electrolyte
.70 × 103(800) [49] Interconnect
.28(750) [50] 2.50(1000) [50] Oxide scale
.22(750) [43] 0.05(800) [43] Oxide scale
2.8–30.3(750) [43] Oxide scale
.71 × 104(800) [51] Coating
5.5(800) [52] Coating
.92(750) [43] Coating
.20 × 104(900) [51] Coating
4.9(590) [50] 71.4(1000) [50] Coating
2.5(750) [43] Coating
.23 × 105(977) [51] Coating
× 103 (700) [50] 105(1000) [50] Coating
0–40(1000) [53] Coating/interconnect

Coating/interconnect
75(1000) [55] Coating/cathode
.39(800) [56] Coating/cathode
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Fig. 1. Amount of released Cr per area as a function of time for the alloys,
Ducrolloy, JS-3, IT-10, IT-11, IT-14, Nicrofer 7520, Nicrofer 45 TM, Nicrofer
6025 HT, Conicro 5010 W, Ferrotherm 4828, and Aluchrom YHf at 800 ◦C in
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01,325 Pa). The humidity of the air was adjusted by a bubble
umidifier and a condenser. The temperature of the condenser
as controlled by a thermostat, type C10/K15, supplied by Ther-
oHaake, Karlsruhe, Germany. For the experiments, a water

artial pressure of p(H2O) = 1.88 × 103 Pa was adjusted which
orresponds to a relative humidity of 60% at 25 ◦C and standard
ir pressure. In order to ensure the saturation of the air with water
apour the bubble humidifier was heated to about 50 ◦C. After
he experiments the condensate was dissolved in HCl (Merck,
uprapur®) and quantitatively analyzed by inductively coupled
lasma mass spectrometry (ICP-MS, Perkin–Elmer, Norwalk,
SA). Details on the experimental setup and the analysis are
iven in [58,25].

After the vaporization experiments, the samples were
haracterized by standard X-ray diffraction (XRD, X’Pert
RD, Philips, The Netherlands, Cu K� radiation, 20–70◦)

nd scanning electron microscopy (SEM, LEO 440 and
EO 1530–Gemini, Cambridge, UK) coupled with energy
ispersive X-ray analysis (EDX, ISIS 300, Eynsham, UK).

. Results

.1. Cr vaporization from alloys with different outer oxide
cales

The vaporization experiments were carried out with non-
reoxidized samples at 800 ◦C in air with a humidity of 1.88%.
ccording to thermodynamic calculations with the program
actSage and the SGPS database CrO2(OH)2(g) is under these
onditions the most abundant volatile species of chromium,
ndependent of the substrate material. Each sample was mea-
ured 8 times in succession up to a total time of 500 h. In order
o obtain transported masses of Cr sufficiently large for reliable
uantitative analysis by ICP-MS, the alloy Aluchrom YHf was
easured only 5 times within 500 h. The results of the vaporiza-
ion experiments are shown in Fig. 1 as total mass of vaporized
r per unit area and time.

The type and thickness of the grown outer oxide scales on the
amples, as well as the observed sublayers after the vaporization
xperiments at 800 ◦C for 500 h in air are given in Table 3.

o
p
a
f
s

able 3
ype and thickness of the outer oxide scales formed on the alloys, Ducrolloy, JS-3, IT
010 W, Ferrotherm 4828, and Aluchrom YHf after oxidation of 500 h at 800 ◦C in a

lloy Outer oxide layer Thickness (�m

luchrom YHf �-/�-Al2O3 0.6–1.9
onicro 5010 W Co3O4 5.5
rofer 22 APU (Mn,Cr)3O4 0.7–1.3
ucrolloy Cr2O3 1.2
errotherm 4828 (Mn,Cr)3O4 0.9–4.5
T-10 (Mn,Cr)3O4 0.8–1.2
T-11 (Mn,Cr)3O4 0.3
T-14 (Mn,Cr)3O4 0.6–1.2
S-3 (Mn,Cr)3O4 0.7–1.2
icrofer 45 TM (Cr,Fe)3O4 1.3–3.3
icrofer 6025 HT �-Al2O3 0.2–0.3
icrofer 7520 TiO2 0.5–0.7

he observed sublayers as determined by SEM/EDX are also indicated.
ir with p(H2O) = 1.88 × 103 Pa without pre-oxidation. The compositions of the
uter oxide layers for the various alloys are indicated.

.2. Cr barrier coatings

Fig. 2 shows SEM images of sputtered perovskite coatings
fter the sputter process and after additional annealing treat-
ents at 800 ◦C for 300 h in air. In order to improve the quality

nd the contrast of the cross-section images the surfaces of the
amples were coated by a Au layer and a galvanic Ni layer before
he final cross-section preparation for SEM analysis.

According to XRD analyses the perovskite layers were com-
letely amorphous after sputtering. Full crystallization was
bserved after annealing at 800 ◦C for 10 h in air for all of
he ceramic samples. The crystallized layers were all single-
hase with exception of LSC-80 which contained small amounts
f the secondary phase SrCrO4 according to XRD. The XRD
atterns of the coatings LSM-80 and LSM-65 showed minor

mounts of Cr2O3 and (Cr,Mn)3O4 after oxidation at 800 ◦C
or 10 h in air which was attributed to the oxidation of the
ubstrate.

-10, IT-11, IT-14, Nicrofer 7520, Nicrofer 45 TM, Nicrofer 6025 HT, Conicro
ir with 1.88% humidity

) Comment Sublayer(s)

Metastable �-Al2O3

Gradient scale (Co,Cr)3O4, Co3W, Cr2O3

Gradient scale Cr2O3

Pure scale –
Poor adherence Cr2O3

Gradient scale Cr2O3

Gradient scale Cr2O3

Gradient scale Cr2O3

Gradient scale Cr2O3

Gradient scale (Cr,Fe)2O3, SiO2

Slow growing –
Low density (Cr,Fe)3O4, Cr2O3
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ig. 2. SEM images of cross-sections of Crofer 22 APU (KMT) with coating
MAC-DLR after additional annealing at 800 ◦C for 300 h in humid air and 5 t
nnealing at 800 ◦C for 300 h in humid air.

Fig. 3 shows the Cr vaporization rates of Crofer 22 APU
KMT) with coatings of LSC-80, LMAC-DLR, LSM-65 and
SM-80 measured by the transpiration method. For comparison,

he Cr vaporization rates of uncoated Crofer 22 APU (KMT) are
lso shown.

The coatings with LSM-65 and LSM-80 revealed extensive
pallation after the first transpiration measurements. The vapor-
zation experiments with LSC-80 coated samples were ceased

fter the first measurements as it was observed that the Cr reten-
ion was very low compared to the uncoated material.

Metallic coatings of Co, Cu and Ni on Crofer 22 APU and
-Brite were tested in the transpiration apparatus at 800 ◦C in air

ig. 3. Cr vaporization rates of Crofer 22 APU without coating and with
puttered coatings of La0.8Sr0.2CrO3 (LSC-80), La0.99(Cr0.77Mg0.05Al0.18)O3

LMAC-DLR), La0.80Sr0.20MnO3 (LSM-80) and La0.65Sr0.30MnO3 (LSM-65)
t 800 ◦C in air with a humidity of p(H2O) = 1.88%.
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a) La0.99(Cr0.77Mg0.05Al0.18)O3 (LMAC-DLR) after sputtering; (b) sputtered
l cycles; and (c) and (d) La0.80Sr0.20MnO3 (LSM-80) on Crofer 22 APU after

p to 1200 h. During the vaporization experiments the samples
ere heated up to 800 ◦C and cooled down to room temperature
–4 times. Fig. 4 shows a SEM image of Crofer 22 APU with a
puttered coating of Co after oxidation at 800 ◦C for 1200 h in
ir. The distribution of the elements O, Co, Cr, Fe and Mn in the
xide scale are shown in separate maps.

Fig. 5 shows a SEM image and distribution maps of the ele-
ents O, Cu, Cr, Fe and Mn of Crofer 22 APU with a sputter

oating of Cu after oxidation at 800 ◦C for 1200 h in humid air
nd 4 thermal cycles.

Fig. 6 shows a SEM image of Crofer 22 APU with a sputter
oating of Ni after oxidation at 800 ◦C for 900 h in air and 3
hermal cycles. The distribution maps of the elements O, Co,
r, Fe and Mn are also shown.

Fig. 7 shows the measured Cr vaporization rates of Crofer
2 APU with and without coatings of Co, Cu and Ni as a
unction of time at 800 ◦C in air with 1.88% humidity. The
r vaporization rates of Co coatings on E-Brite are shown for
omparison. Fig. 8 shows the vaporization rates of the coating
lements Co, Cu and Ni under the same conditions.

. Discussion

The results of the vaporization experiments in Fig. 1 show
hat the Cr retention of grown (Cr,Mn)-spinel layers on Cr2O3
cales, as in the case of JS-3, IT-10, IT-11 and IT-14, was
bout 60–70% compared to pure Cr2O3 scales, as in the case

f Ducrolloy. The Cr vaporization of (Cr,Mn)-spinel-forming
lloys was almost linear with time. A linear time dependence
f the Cr vaporization was also observed for pure chromia
cales and for Cr-rich spinel scales, as in the case of Ducrolloy
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Fig. 4. SEM back scatter electron image of a sputtered Co layer on Crofer 22 APU (KMT) after oxidation at 800 ◦C for 1200 h in humid air and 4 thermal cycles.
The distribution maps of the elements O, Co, Cr, Fe and Mn are also shown.

Fig. 5. SEM back scatter electron image of a sputtered Cu layer on Crofer 22 APU (KMT) next to distribution maps of the elements O, Cu, Cr, Fe and Mn after
oxidation at 800 ◦C for 1200 h in humid air and 4 thermal cycles.
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ig. 6. SEM back scatter electron image of a sputtered Ni layer on Crofer 22
xidation at 800 ◦C for 900 h in humid air and 3 thermal cycles.

nd Nicrofer 45 TM, respectively. The vaporization kinetics in
hese cases are controlled by the vaporization reaction at the
urface of the oxide scale. Different Cr vaporization kinetics are
alid in the case of the alumina and cobalt oxide scales, from
icrofer 6025 HT and Conicro 5010 W, respectively. These
lloys showed a decrease of the Cr release with increasing
ime. The diffusion of Cr from the metal/oxide interface to the
xide surface seems to be the rate-determining step for the Cr
aporization in these two cases. From this it can be concluded

ig. 7. Cr vaporization rates of Crofer 22 APU (KMT) with sputtered coatings
f Co, Cu and Ni and without coating as a function of time at 800 ◦C in air with
humidity of p(H2O) = 1.88%. The Cr vaporization rates of E-Brite with and
ithout Co coating are shown for comparison.
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(KMT) next to distribution maps of the elements O, Ni, Cr, Fe and Mn after

hat (Cr,Mn) spinel layers are not true barrier layers. The Cr
aporization from (Cr,Mn)3O4 layers is reduced due to the lower
artial pressure of Cr over (Cr,Mn)3O4 compared to Cr2O3.
his explains also the similar amounts of vaporized Cr per time
nd area from the different alloys JS-3, IT-10, IT-11 and IT-14 in

pite of the different thicknesses of the formed spinel layers (see
able 3). The Cr transport through the Cr-Mn-spinel layer is fast
nd vaporized Cr can rapidly be replaced by diffusion. The fast
iffusion is a result of the high defect concentration in the spinel

ig. 8. Vaporization rates of the elements Co, Cu and Ni from sputtered Co, Cu
nd Ni coatings on Crofer 22 APU and E-Brite as a function of time at 800 ◦C in
ir with a humidity of p(H2O) = 1.88%. The Cr vaporization rates of uncoated
rofer 22 APU (KMT) are shown for comparison.
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hat becomes also evident by the large homegeinity region of
he spinel phase in the phase diagram [59]. Due to this Al2O3
nd Co3O4 are much more efficient Cr barrier layers. In the case
f Co3O4, that was formed on Conicro 5010 W, the Cr retention
as more than 90% compared to pure Cr2O3 after oxidation
f 500 h at 800 ◦C in humid air. This finding, in combination
ith the fact that Co3O4 possesses a much higher electronic

onductivity than Cr2O3 and (Cr,Mn)3O4 (see Table 2), makes
o3O4-forming alloys very interesting for application as SOFC

nterconnects. The potential of Co-based alloys as interconnec-
or materials for SOFCs was identified by Kofstad and Bredesen
15]. However, the large thermal expansion mismatch between
o-based alloys (CTE Conicro 5010 W: 15.7 × 10−6 K−1 from
0–800 ◦C [60]) and the electrolyte material YSZ (CTE 8YSZ:
0.8 × 10−6 K−1 from 20–800 ◦C [47] and the high cost of Co
re disadvantageous for the use of Co-based alloys as materials
or SOFC interconnectors. Additionally, Co3O4-forming alloys
xhibit high oxidation rates.

The best Cr retention capabilities were observed for alu-
ina scales (Fig. 1). In the case of the Ni-based alloy, Nicrofer

025 HT a very slow-growing alumina scale was formed. After
xidation of 500 h at 800 ◦C in humid air the alumina scale
eached a thickness of just 200–300 nm and showed a Cr reten-
ion of about 90% compared to that of pure chromia. However,
he formation of the alumina scale on Nicrofer 6025 HT turned
ut to be not fully reproducible and under certain conditions
nternal oxidation of Al beneath an outer chromia base scale
as observed [27]. This can be explained by the relatively low
l content of Nicrofer 6025 HT. A rapid and reliable formation
f alumina is obtained in the case of the ferritic alloy Aluchrom
Hf. After about 100 h of oxidation at 800 ◦C in air the Cr release
f this alloy was about 3 orders of magnitude lower than that of
he chromia-forming alloy Ducrolloy. This corresponds to a Cr
etention of more than 99.9%. As already mentioned, the high
lectrical resistance of alumina, which is about 5 orders of mag-
itude higher than that of to chromia [50], makes that alumina-
orming alloys seemingly unsuitable as interconnect material.

Surface oxide layers of TiO2, as in the case of Nicrofer 7520
urned out to be less effective as they were partially broken up and
vergrown by Cr-Fe-spinel. This might be the result of the poros-
ty and the uneven morphology of the underlying Fe–Cr oxide.
esides, the electrical conductivity of TiO2 is highly uncertain,
arying within 6 orders of magnitude between pure TiO2 and
xygen-deficient TiO2−� [20].

The formation of Ni-containing oxide layers was not
bserved for any of the Ni-based alloys under the oxidation
onditions at 800 ◦C in humid air.

The results in Fig. 1 give a good impression about the Cr reten-
ion capabilities and behaviour of different outer oxide scales
n high chromium alloys. The question arises by which factor
he Cr release of stainless steels used as interconnectors has to
e decreased in order to achieve tolerable degradation rates and
ufficient lifetimes of SOFC systems. Cell tests with uncoated

Cr,Mn)-spinel-forming alloys showed much too high degrada-
ion rates [6]. Tests at Research Center Juelich with cells using
ncoated Crofer 22 APU as interconnector and LaxSryMnO3
athodes showed a performance degradation of about 21% after

i
d
o
s

athodes for the application of these alloys as interconnector materials is shown
n the right axis. The grey sectors mark tolerable degradation for stationary and
obile applications, respectively.

000 h [61]. The degradation is mainly caused by Cr vaporiza-
ion but other effects such as the growth of the oxide scale also
lay an important role. In order to estimate the degradation to be
xpected as a result of Cr vaporization from uncoated intercon-
ector materials, the measured amounts of released Cr per time
rom Crofer 22 APU were compared with the empirical data
rom the cell tests with uncoated Crofer 22 APU as interconnec-
ors. The measured degradation of the cell voltage was almost
inear with time, a finding that was also reported by other authors
62]. It was assumed that the degradation of the cell was caused
olely by Cr poisoning of the cathode. The Cr vaporization tests
ith uncoated alloys showed that after an oxidation time of about
00 h the Cr vaporization rates were nearly constant. Based on
his it could be calculated that a Cr release of 3.96 �g cm−2 in
ur measurements corresponded to a cell voltage degradation of
% for the tested SOFC design at Research Center Juelich. This
alues were used to estimate the expected degradation effects of
he other alloys investigated in this study from their measured
r release values. The results are shown in Fig. 9. A realistic

equirement for commercial SOFC systems is a performance
egradation rate <2% per 1000 h for lifetimes of 5000–10,000 h
or mobile applications and a performance degradation rate
0.25% per 1000 h for stationary applications with lifetimes of
0,000–100,000 h. Fig. 9 shows the total amount of vaporized
r per area as function of time for the alloys Ducrolloy, IT-10,

T-11, IT-14, JS-3, Crofer 22 APU, Conicro 5010 W and
luchrom YHf, and the expected degradation of the cell in
ercent. The targets mentioned above are marked by grey areas.

The curves in Fig. 9 are affected by different parameters

ncluding the flow rate, cathode material, humidity of the air,
eviations in temperature, surface treatments and pre-oxidations
f the stainless steels used as interconnectors. Therefore, slight
hifts in the curves depending on the operation and design
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f the SOFC system can occur. However, the diagram pro-
ides a reasonable estimate of the expected degradation of the
ifferent alloys relative to each other. From Fig. 9 it can be
oncluded that none of the tested alloys fulfils the require-
ents for SOFC interconnectors concerning the maximum Cr

elease per 1000 h. According to the estimation, the Cr release of
Cr,Mn)3O4-forming alloys is more than 10 times too high for
obile applications and more than 100 times too high for sta-

ionary applications. In the case of (Cr,Mn)3O4-forming alloys
re-oxidations have only minor effects as the Cr vaporization of
hese alloys is linear with time and independent of the thickness
f the spinel layer (see text above). A pre-oxidation is useful in
he case of Conicro 5010 W which forms a true Cr retention layer
f Co3O4. This becomes obvious from Fig. 9 in which the calcu-
ated Cr vaporization of Conicro 5010 W is shown after a simu-
ated pre-oxidation at 800 ◦C for 100 h in humid air. In this case
he Cr release comes close to the limit for mobile applications.
he results of Fig. 9 indicate, that the Cr vaporization of stainless
teels cannot sufficiently be decreased by alloying solely.

Tests with ceramic coatings showed only moderate Cr reten-
ions (see Fig. 3). The best results were obtained for a coating
f LMAC-DLR, which decreased the Cr vaporization rates of
rofer 22 APU by a factor of 4–5. This is, however, far from the

equired decrease by at least a factor of 10 for mobile applica-
ions (see Fig. 9). The poor performance of perovskite coatings
an be attributed to the high porosity that was observed for all
f these samples. This is also the explanation for the significant
xidation of the substrates (Fig. 2) after 300 h of oxidation at
00 ◦C. The formation of pores can be considered as a result of
he deposition by the sputter process. According to XRD data the
oatings were fully amorphous after sputtering. Similar obser-
ations were reported by Johnson et al. and Orloskaya et al.
36,37]. During annealing at 800 ◦C crystallization took place.
hereby the density of the coating material changed which was
ccompanied by shrinkage and the formation of pores. There-
ore, the occurrence of pores in the ceramic coating seems to be
nherent to the sputter process. Porosity might be avoided to a
ertain extend by the use of alternative deposition techniques.
arring and Norby [40] reported that relatively dense perovskite
oatings could be achieved by plasma spraying. Gindorf et al.
19] made vaporization tests with coatings of La0.9Sr0.1CrO3
hich were deposited on substrates of Ducrolloy by VPS. They
bserved a decrease of the Cr vaporization rates with increasing
nnealing times due to sintering effects in the coating. After sev-
ral hundred hours exposure at 950 ◦C in air they measured Cr
etentions of up to 99% compared to pure chromia scales. Tests
n the present study with sputtered LMAC-DLR coatings which
ere sintered at 1000 ◦C for 100 h did not lead to an elimination
f the pores. The manufacturing of dense perovskite coatings
ith sufficient Cr retention seems from this point of view to
e complicated and expensive. The problems with porosity, the
oor adherence of some of the perovskite coatings, especially
f LSM, the comparatively low electronic conductivities (see

able 2), the inability to self healing or re-growth after spallation
r damaging and the high material costs indicate that perovskites
re not the material of choice for Cr barrier coatings on SOFC
nterconnectors.

t
m
t

er Sources 164 (2007) 578–589

The metallic Co, Cu and Ni coatings showed a reduction of
he Cr release by more than 2 orders of magnitude compared to
he uncoated substrate material Crofer 22 APU or by about 3
rders of magnitude compared to pure chromia scales at 800 ◦C
n humid air (see Fig. 7). The full Cr retention was achieved from
he beginning of the experiments. Even after 900 h or 1200 h of
peration at 800 ◦C in humid air and 3–4 thermal cycles to room
emperature no decrease of the Cr retention was observed. The
esults of Co-coated Crofer 22 APU and E-Brite show that the

n content of the substrate alloy is not decisive for the Cr reten-
ion capability of the coating, as long as good adherence between
teel and oxidized coating prevails. The SEM/EDX analyses in
igs. 4–6 showed, that the metallic coatings were completely
xidized during the annealing at 800 ◦C in humid air. Accord-
ng to XRD and EDX data the coatings consisted of Co3O4,
uO and NiO, respectively. The literature values of the electri-
al conductivities of these oxides are 1–2 orders of magnitude
igher than that of Cr2O3 (see Table 2). The oxidized metal-
ic coatings of Co, Cu and Ni formed effective barriers against
xidation of the substrate material. For the Co-coated sample
he formed Cr-base oxide layer on the substrate had a thickness
f 1.5–4.0 �m after 1200 h at 800 ◦C in humid air (see Fig. 4).
bove the Cr2O3/(Cr,Mn)3O4 layer an interdiffusion zone con-

isting of Mn, Co and Cr spinels with a thickness of about 3 �m
as observed. The oxide scale beneath the Cu coating had a

hickness of about 6 �m after oxidation at 800 ◦C for 1200 h
n humid air, and included a broad interdiffusion zone contain-
ng Cr, Mn and Cu (see Fig. 5). The higher oxidation of the
ubstrate under the Cu coating can be explained by the high
xygen permeation of Cu or Cu-oxide. According to literature
see Table 2) the spinels formed in the interdiffusion zone can be
xpected to possess high electronic conductivities. In the case of
he Ni coating the Cr-base oxide scale on the substrate reached

thickness of about 1 �m after oxidation at 800 ◦C for 900 h
n humid air (see Fig. 6). Almost no interdiffusion of Ni and
r/Mn was observed. According to Huczkowski et al. [63] the

ormed oxide scale on uncoated Crofer 22 APU depends on the
hickness of the substrate. For substrates of 2 mm thickness as
n the present study the oxide scale formed during oxidation at
00 ◦C for 1000 h in humid air reaches a thickness of about 2 �m.
hese results show that the oxidation of the substrate is reduced
onsiderably by coatings of Co, Cu and especially of Ni. The
oatings thereby help to reduce degradation effects of the cell
erformance caused by an increase of the cell resistance due to
xide scale growth, especially of chromia. The suppression of
he oxide growth and the interdiffusion of the coating elements
ith the oxide scale on the substrate, especially in the case of

he Co and Cu coatings, reduces the risk of scale spallation and
rovides an increase of the lifetime of the coating and the cell.
t has to be verified by long term testing whether the external
art of the initial layer of Cu, Ni or Cu remains a single phase
xide or whether it transforms into a Cr-containing spinel phase,
hich then might lead to an enhanced Cr vaporization.

In order to identify possible degradation effects caused by

he coating materials the vaporization of Co, Cu and Ni was
easured by the transpiration method (see Fig. 8). According

o thermodynamic calculations with FactSage and the SGPS
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Fig. 10. Total amount of vaporized Cr per area as a function of time at 800 ◦C
in air with 1.88% humidity for non-oxidized Crofer 22 APU (KMT) without
coating and with coatings of LMAC-DLR, Co, Cu and Ni. The Cr release from
Co-coated E-Brite is shown for comparison. The estimated percentual degra-
dation of the cell performance in combination with LaxSryMnO3 cathodes for
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he application of the coatings on interconnector materials is shown on the right
xis. The grey sectors mark tolerable degradation for stationary and mobile
pplications.

ata base [64] the formed species over Co3O4, CuO and NiO at
00 ◦C in humid air are Cu(OH)2, Cu and Ni(OH)2. The vapor-
zation rates of Co and Ni from Co3O4 and NiO, respectively,
re more than 2 orders of magnitude lower than the Cr vaporiza-
ion from Crofer 22 APU and can most probably be neglected.
n the case of CuO the vaporization rates of Cu are more than 1
rder of magnitude lower than the Cr vaporization from Crofer
2 APU. Whether this might have a detrimental effect on the
erformance of the SOFC requires further investigations.

Fig. 10 shows a diagram similar to Fig. 9 in order to compare
he Cr retention of the sputter coatings with the targets of SOFC
evelopment. It contains the estimated degradation caused by
o, Cu, Ni and LMAC-DLR coated Crofer 22 APU and E-Brite

teel.
Fig. 10 shows that the metallic coatings of Co, Cu and Ni

re suitable as Cr retention layers for SOFC interconnects, for
obile as well as for stationary application, independent of

he substrate material. The perovskite type materials failed to
each the required reduction of the Cr release, which is mainly
ttributed to the high concentration of pores in the ceramic coat-
ngs. The excellent Cr retention, the stability at high temperature
nder oxidizing conditions, the effective decrease of substrate
xidation, the low costs and the possibility to be deposited by
imple, rapid and cheap techniques, such as galvanization or
etal plating makes metallic coatings of Co, Cu and Ni very

romising for application on SOFC interconnectors.

. Conclusion
The Cr vaporization of high chromium alloys with different
uter oxide scales was systematically investigated at 800 ◦C.
he chromium retention capability of steels which form a layer

b
a
n
m
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f Cr-Mn-spinel on top of a chromia scale was about 60–70%,
ompared to pure chromia-forming alloys. The differences
oncerning the Cr vaporization of different grades of these
r-Mn-spinel-forming steels, such as Crofer 22 APU, IT-10,

T-11 or IT-14, were small and hardly depended on the thickness
f the spinel layer. A reduction of the Cr release of about 90%
as observed for Co-based alloys that formed an outer layer
f Co3O4. The lowest Cr vaporizations were found for alumina
orming steels, which also revealed the lowest electronic
onductivity. An estimation of the degradation rates of the cell
oltage as a consequence of the Cr vaporization from different
ncoated interconnector alloys showed that all of the considered
lloys failed to cope with the required maximum tolerable
egradation rates of stationary and mobile SOFC systems.

Tests with sputtered ceramic Cr barrier coatings of
a0.8Sr0.2CrO3 (LSC-80), La0.99(Cr0.77Mg0.05Al0.18)O3

LMAC-DLR), La0.80Sr0.20MnO3 (LSM-80) and
a0.65Sr0.30MnO3 (LSM-65) on substrates of Crofer 22
PU showed only a minor reduction of the Cr release. This can
ainly be explained by the formation of pores due to crystalliza-

ion of the amorphous sputter coatings during high temperatures
xposure. The LSM coatings showed a high tendency to spalla-
ion after thermal cycling which might be improved by a proper
djustment of the fabrication parameters, such as the thickness
f the coating. It also has to be proven whether better results
an be achieved by other deposition techniques, e.g. vacuum
lasma spraying or dip coating. In general the application of
erovskite Cr retention layers seems to be questionable due
o high costs, comparatively low electronic conductivities and
ifficulties with the fabrication of dense coatings.

Metallic coatings of Co, Cu and Ni on Crofer 22 APU with
thickness of about 10 �m showed Cr retentions of more than
9% up to maximum test times of 1200 h at 800 ◦C in humid air.
aporization tests with Co coatings on E-Brite showed similar

esults. From this it can be concluded that the coatings are effec-
ive for a wide range of stainless steels. These coatings fulfil the
equirements for mobile and stationary long-term applications.
he vaporization of Co, Ni and Cu at 800 ◦C in humid air is low
nd at least in case of Co and Ni negligible. The metallic coatings
ere completely oxidized to Co3O4, CuO and NiO, respectively,

nd showed good stability and adherence to the substrate up to
nnealing times of 1200 h at 800 ◦C. They significantly reduced
he oxidation of the substrate and possess electronic conduc-
ivities which are 1–2 orders of magnitude larger than that of
r2O3, according to literature. Coatings of Co, Cu and Ni or

heir oxides, Co3O4, CuO and NiO, respectively, provide high
lectronic conductivities for the interconnector and a decreased
ong-term degradation of the performance of the cell. Advan-
ages of metallic Co, Ni or Cu coatings are their low costs and
asy and rapid fabrication by a wide range of techniques, e.g.
alvanization and plating. Metallic coatings of Co, Cu and Ni
re therefore considered as interesting and promising coating
aterials for metallic SOFC interconnects. However, it has to
e proven in further tests whether the electronic conductivites
nd long-term stabilities of the metallic coatings, also in combi-
ation with the cathode materials, are superior to other coating
aterials such as spinels or perovskites. The results of these tests
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ill also show which of the investigated metallic coatings, Co,
i or Cu, is best suited for SOFC interconnectors.
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