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bstract

To further understand the suitability of Ni–Cr-base alloys for solid oxide fuel cell (SOFC) interconnect applications, three commercial Ni–Cr-
ase alloys, Haynes 230, Hastelloy S and Haynes 242 were selected and evaluated for oxidation behavior under different exposure conditions, scale
onductivity and thermal expansion. Haynes 230 and Hastelloy S, which have a relatively high Cr content, formed a thin scale mainly comprised
f Cr2O3 and (Mn,Cr,Ni)3O4 spinels under SOFC operating conditions, demonstrating excellent oxidation resistance and a high scale electrical
onductivity. In contrast, a thick double-layer scale with a NiO outer layer above a chromia-rich substrate was grown on Haynes 242 in moist air
r at the air side of dual exposure samples, indicating limited oxidation resistance for the interconnect application. With a face-centered-cubic

FCC) substrate, all three alloys possess a coefficient of thermal expansion (CTE) that is higher than that of candidate ferritic stainless steels, e.g.
rofer22 APU. Among the three alloys, Haynes 242, which is heavily alloyed with W and Mo and contains a low Cr content, demonstrated the

owest average CTE at 13.1 × 10−6 K−1 from room temperature to 800 ◦C, but it was also observed that the CTE behavior of Haynes 242 was very
on-linear.

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

Over the past years, advances in materials and cell fabrica-
ion technology have led to a steady reduction in SOFC operating
emperatures to the intermediate range of 650–800 ◦C. Conse-
uently it has become possible to consider high temperature
xidation-resistant alloys as the stack interconnect materials,
nstead of lanthanum chromites [1–5]. Compared to doped lan-
hanum chromites, alloys offer several advantages, including
ignificantly lower raw material and fabrication costs. However,
he SOFC operating conditions present significant challenges
or alloy-based interconnects, as the interconnects are exposed
imultaneously to an oxidant gas (air) at the cathode side and a
educing gas (e.g. H2) at the anode side during operation.

At high temperatures, oxidation-resistant alloys rely on ther-
al growth of an oxide scale on their surfaces to protect the metal
ubstrates from further environmental attack. In terms of compo-
ition, the scale can be either a semi-conducting chromia layer,
r an electrically insulating alumina or silica layer, depending

∗ Corresponding author. Tel.: +1 509 375 3756; fax: +1 509 375 2186.
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n the concentration of the scale forming elements in the metal
ubstrate. Only the chromia-forming alloys are generally consid-
red for interconnect applications, as low electrical resistivity is
equired to minimize ohmic losses within the stacks. Among the
hromia-forming oxidation-resistant alloys, the body-centered-
ubic (BCC) ferritic stainless steels (FSS) demonstrate good oxi-
ation resistance and the ability to match the coefficient of ther-
al expansion (CTE) of adjacent cell/stack components [6–10].
owever, FSS face several challenges including long-term sur-

ace stability, increasing electrical resistance due to scale growth
uring prolonged stack operation, and low high temperature
echanical strength. In comparison, the face-centered-cubic

FCC) Ni–Cr- or Ni–Fe–Cr-base alloys (or in particular superal-
oys) are generally much stronger and more oxidation resistant
i.e. lower scale growth rate) in the SOFC interconnect operat-
ng environment [8,11–13]. However, the FCC Ni-base alloys
ith sufficient Cr to provide oxidation resistance often exhibit
high CTE, typically in the range of 15.0–20.0 × 10−6 K−1

rom room temperature to 800 ◦C [7,8]. There are Ni-base

lloys with lower CTE, notably the Invar type Ni–Fe-base
∼64% Fe) alloys and some Ni–W–Mo–Cr-base compositions
14–16]. To obtain a relatively low CTE, these alloys must con-
ain low (or zero) levels of chromium, and therefore may not

mailto:zgary.yang@pnl.gov
dx.doi.org/10.1016/j.jpowsour.2006.02.099
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Table 1
Chemical compositions of Ni–Cr-base alloys

Alloys Nominal composition (wt.%)

Ni Cr Fe Co C Mn Si Mo W Al B Others

Haynes 230a Bal 22.0 3.0b 5.0b 0.10b 0.5 0.4 2.0 14.0 0.30 0.015b 0.5Cub

Hastelloy Sa Bal 16.0 3.0b 2.0b 0.02b 0.5 0.4 15.0 1.0b 0.25 0.015b 0.02La
H a b b b 0.8b b b b

es In

e
a

fi
i
n
c
r
F
s
h
a
F
b
t
t
r
e
r

2

l
t
K
A
s

m
o
t
i
i
f
a
t
fl
m
w
a
a
w
p
w
s

A
b
w
t
t

u
a
e
d
a
m
S
(
S

f
f
p
w
b
i
P
d
P
t
T
s
w
t
w

w

3

3

d
c
a

aynes 242 Bal 12.0 2.0 2.5 0.03

a Haynes 230, Hastelloy S and Haynes 242 are registered trademarks of Hayn
b m, maximum.

xhibit sufficient oxidation resistance for SOFC interconnect
pplications.

Even with a relatively high CTE, the Ni–Cr-base alloys could
nd application as interconnect materials through the use of

nnovative SOFC stack and seal designs and/or novel intercon-
ect structures. For example, recent proof-of-concept work has
onfirmed the potential viability of a cladding approach to fab-
icate a stable composite interconnect structure consisting of the
CC Ni–Cr-base alloy claddings over a BCC ferritic stainless
teel substrate [17]. The cladding approach not only potentially
elps solve the high CTE issue of Ni–Cr-base alloys, but can
lso offset the higher cost of the Ni–Cr-base alloys compared to
SS compositions. Thus, there is a need to further understand the
ehavior of Ni-base alloys and to identify suitable compositions
o provide another option for SOFC developers in their efforts
o design and fabricate stable metallic interconnects. With this
egard, three commercial Ni–Cr-base alloys-containing differ-
nt Cr contents were selected and evaluated against properties
elevant for SOFC interconnection applications.

. Experimental

Three commercial alloys were studied: Haynes 230, Hastel-
oy S, and Haynes 242 [18–20]. The alloys were provided in
he form of 1.0 mm thick sheets by Haynes International Inc. in
okomo, Indiana. The alloy compositions are listed in Table 1.
bout 25.4 mm × 12.7 mm coupons were cut from the sheet

tock and polished with 600 grid SiC sand papers.
The alloys were evaluated via isothermal oxidation tests in

oist air, moist hydrogen, and dual exposure conditions typical
f SOFC interconnects, i.e. they were exposed simultaneously
o moist air at one side and moist hydrogen at the other side. The
sothermal oxidation testing in air was performed by suspend-
ng polished, cleaned coupons from an alumina rod in a tube
urnace. The coupons were heated to 800 ◦C at 5 ◦C min−1, held
t this temperature for 300 h, and then cooled to room tempera-
ure. A steady flow of moist air (∼3% H2O was introduced by
owing the air through a room temperature water bubbler) was
aintained throughout the oxidation tests. The oxidized coupons
ere then weighed prior to structure and microstructure char-

cterization. The study on oxidation behavior of the Ni-base
lloys in moist hydrogen and under dual exposure conditions

as carried out in a specifically designed apparatus described in
revious publications [21,22]. The dual atmosphere specimen
as prepared by sealing a 25.0 mm diameter circular disk of a

elected alloy to the end of an E-brite tube using BNi-2 braze.

d
c
N
w

0.8 25.0 – 0.5 0.015

ternational.

fter verification of hermetic sealing by a helium leak test, the E-
rite tube and the alloy disk were placed in the test-stand, along
ith a coupon which was exposed to moist hydrogen only. After

he test, the sample was removed by cutting out the inner area of
he circular disk, and then ultrasonicated in acetone for 5 min.

XRD analysis on the oxidized alloy coupons was performed
sing a Philips XRG-3100 X-ray Generator with Cu K� radi-
tion. SEM analysis was performed using a JEOL scanning
lectron microscope (model 5900LV) equipped with energy-
ispersive spectroscopic (EDS) capability at an operating volt-
ge of 20 kV. After surface analysis, the coupons were epoxy-
ounted, sectioned, polished, and further examined under the
EM. The coupons from the electrical resistance measurements
described below) were also sectioned and analyzed under the
EM.

The electrical resistance of the scales was measured using a
our-probe dc technique. Details of the test arrangement can be
ound in a previous publication [10]. Before the tests, Pt contact
aste was applied between two symmetrical alloy coupons and Pt
ires were spot-welded to the coupons. To avoid interdiffusion
etween the alloys and Pt paste, the alloy coupons were preox-
dized in air at 800 ◦C for 100 h prior to the application of the
t paste. After heating the samples to 800 ◦C, a constant current
ensity of 500 mA cm−2 was applied to the coupons through two
t leads, while the voltage drop across the interfaces between

he two alloy coupons was measured with the other two Pt leads.
he area specific resistance (ASR, expressed in � cm2) of the
cales was then calculated according to Ohm’s Law, ASR = V/2i,
here V is the voltage drop and i is the current density. The fac-

or of 2 was included to account for the fact that the voltage drop
as measured across two scales connected in series.
The CTE of the selected Ni–Cr-base alloys was determined

ith a Linseis L75 dual push-rod dilatometer.

. Results and discussion

.1. Oxidation, scale composition and structure

Fig. 1 shows the XRD results on the alloy samples after oxi-
ation, indicating that the scales grown on these alloys were
omprised of Cr2O3 and M3O4 (M = Mn, Ni, Cr) spinel, as well
s NiO for Haynes 242 and Hastelloy S. Cr2O3 appeared to be the

ominant component in the scale grown on Haynes 230, which
ontains the highest Cr content among the three. In contrast,
iO became a major phases in the scale grown on Haynes 242,
hich has the lowest Cr content. Due to penetration of X-rays
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ig. 1. Surface X-ray diffraction patterns of Haynes 230, Hastelloy S and Haynes
42 alloys after isothermal oxidation in moist air (3% H2O) at 800 ◦C for 300 h.

hrough the scales or scale chipping (observed on Haynes 242),
iffraction peaks of the FCC metal substrate and second phases
r precipitates in the alloy are also visible in the patterns. Fig. 2
hows SEM cross-sections of the three selected alloys after the
xidation. The scale grown on Haynes 242 was much thicker
han the other two, and demonstrated a double-layer structure
ith a NiO layer atop a chromia-rich sub-layer. Cracks were
bserved at the interface of the double layers. In comparison,
nly a thin scale was grown on Haynes 230 or Hastelloy S, and
he scales appeared to be well-bonded to the metal substrates.
DS point analysis on the scales grown on these two alloys

evealed a substantial amount of Mn in the scales, indicating
ormation of Mn-containing spinels during the high temperature
xposure. Thus, similar to ferritic compositions [6,10], residual
n or the addition of a small amount of Mn into Ni–Cr-base

lloys can lead to formation of Mn-containing spinels in the
cales grown on the alloys during high temperature exposures.
he spinel formation in the scale grown on Haynes 230 was also
onfirmed by previously published works [11,12,23]. Also, the
DS analysis revealed a small amount of NiO in the scale grown
n Hastelloy S, while no noticeable NiO was found in the scale
n Haynes 230.

Overall it appears that, due to the presence of sufficient Cr
n the metal substrate, Haynes 230 and Hastelloy S formed a
hin scale that was dominated with Cr2O3 and spinels, and thus
emonstrated excellent oxidation resistance in moist air. In con-
rast, a thick, defective double-layer scale was grown on Haynes
42, which contains only 8% Cr, raising concern over its oxida-
ion resistance for SOFC interconnect applications.

.2. Oxidation behavior in air, hydrogen, and dual
tmospheres

To further examine and understand their oxidation resistance

nder SOFC operating conditions, the selected alloys were fur-
her tested in moist hydrogen and in moist air-moist hydrogen
ual atmospheres. Fig. 3 shows XRD patterns from the alloy
amples after 300 h oxidation at 800 ◦C in moist hydrogen. The

t
m
�
t

ig. 2. SEM cross-sections of Haynes 242, Hastelloy S and Haynes 230 alloys
fter oxidation at 800 ◦C in moist air (3% H2O) for 300 h.

RD analysis indicates that the scales grown on these three
lloys were mainly of Cr2O3 and M3O4 (M = Mn, Ni, Cr) spinel,
ut not NiO. This is not surprising, since formation of NiO is

hermodynamically unfavorable in the moist hydrogen environ-

ent. Again, due to penetration of X-ray through the scales, the
-metal substrate and other phases in the substrate are visible in

he patterns. SEM analysis on the cross-sections of the oxidized
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3.3. Scale electrical conductivity
ig. 3. Surface X-ray diffraction patterns of Haynes 230, Hastelloy S and Haynes
42 alloys after isothermal oxidation in moist hydrogen (3% H2O) at 800 ◦C for
00 h.

amples, as shown in Fig. 4, found a similar thickness of scales
rown on these three alloys; all scales were well-bonded to the
etal substrates. Thus, all three alloys demonstrated an excel-

ent oxidation resistance in the moist hydrogen environment,
ndependent of Cr content in the metal substrate.

Similar oxidation behavior at 800 ◦C was observed on the
oist hydrogen side of samples that were simultaneously

xposed to moist air on the other side during dual atmosphere
xidation tests. However, a difference in oxidation behavior was
bserved between the air side of the dual exposure samples
shown in Fig. 5) and the samples that were exposed to moist
ir at both sides (refer back to Fig. 2). For example, while the
cale that grew on Hastelloy S in moist air only contained a
mall amount of NiO, no NiO was detected in the scale grown
n the air side of the dual exposure sample. The suppression of
he formation of NiO at the air side under the dual exposure was
owever not that drastic for Haynes 242. As shown in Fig. 5(b),
he scale grown on the air side of Haynes 242 during the dual
xposure showed a similar dual-layer structure to the scale grown
n moist air only, though it was slightly thinner, and cracks were
learly noticeable at the interface between the top NiO layer and
he spinel-rich sub-layer. In addition, the interfaces between the
cales and the metal substrates at the air side of the dual expo-
ure samples appeared to be free from defects such as porosity,
hich was observable along the scale and metal substrate inter-

aces of samples exposed to air only. This phenomenon was not
bserved however on Hastelloy S, due to the buckling of scale
rown at the air side during the dual exposure.

In short, the dual atmosphere exposure led to a different oxi-
ation behavior of the Ni-base alloys at the air side of dual
xposure samples, in comparison with the samples exposed to
oist air at both sides. Similarly, an anomalous oxidation behav-

or was also observed on ferritic stainless steels at the airside
f dual exposure samples [21,22]. In comparison, however, for

erritic stainless steels the dual exposures often led to growth of
ematite nodules and localized attack. The anomalous oxidation
ehavior of varied alloys under the dual exposures is tentatively m
ig. 4. SEM cross-section of: (a) Haynes 242, (b) Hastelloy S, and (c) Haynes
30 alloys after oxidation at 800 ◦C in moist hydrogen (97% H2 + 3% H2O) for
00 h.

ttributed to a hydrogen flux through the alloys from the fuel
ide to the air side and the subsequent presence of hydrogen or
rotons at the air side, which likely alters the scale structure and
rowth.
As a bi-polar plate between adjacent cells, the interconnect
ust offer a low resistance electrical path in order to mini-
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Fig. 5. SEM cross-sections at air side of Ni–Cr-base alloys after oxidation at
8 ◦
H
(

m
a
r
t
o

Fig. 6. Area specific resistance (ASR) of Haynes 230, Hastelloy S, and Haynes
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00 C for 300 h under dual atmosphere exposure, i.e. with moist air (air + 3%

2O) at one side (air side) and moist hydrogen (H2 + 3% H2O) at the other
hydrogen side): (a) Haynes 230, (b) Hastelloy S, and (c) Haynes 242.

ize resistive losses within SOFC stacks. For oxidation-resistant

lloys, the electrical resistance is the sum of two parts, bulk alloy
esistance and scale resistance. For high temperature applica-
ions such as the SOFC interconnect, the electrical resistance
f the scale usually dominates the electrical behavior of the

C
t
a
i

42, as a function of time during isothermal oxidation in air at 800 ◦C. The test
oupons were pre-oxidized for 100 h at 800 ◦C in air before the ASR measure-
ent.

xidation-resistant alloys. The measured electrical conductiv-
ty of the selected Ni–Cr-base alloys (including their scales) as
function of time at 800 ◦C in air is shown in Fig. 6. Among

he three alloys, Haynes 230 exhibited a higher ASR that nev-
rtheless only increased slightly over time due to its slow scale
rowth. In comparison, Hastelloy S showed a lower ASR in the
arly stages, but its ASR increased more quickly than that of
aynes 230 due to its higher scale growth rate. For Haynes 242,

ts ASR appeared to increase drastically in early stages, then
ropped slowly over the time and eventually leveled off. It is
oted that there is a spike on the ASR curve of Haynes 242,
hich was likely caused by a power failure occurring during the

est.
Overall the three Ni–Cr-base alloys demonstrated a scale con-

uctivity that was higher than many commercial ferritic stainless
teels, and comparable to that of the newly developed stainless
teel Crofer22 APU [6,10]. In the long term, however, the high
ate of scale growth, and defective nature of the scale, might lead
o excessively high ASR for Haynes 242, especially for SOFC
pplications requiring numerous thermal cycles.

.4. Thermal expansion

Fig. 7 shows the thermal expansion behavior of the selected
i–Cr-base alloys as a function of temperature. As expected,
ith a FCC matrix the selected Ni–Cr-base alloys demonstrate
higher CTE than the BCC ferritic stainless steels, which typ-

cally have a CTE of 12.0–13.0 × 10−6 K−1. Among the three
lloys, Haynes 230 has the highest CTE at 14.9 × 10−6 K−1

rom room temperature to 800 ◦C, which is similar to that of
astelloy S at 14.8 × 10−6 K−1, but much higher than that of
aynes 242 at 13.1 × 10−6 K−1. It is clear that, to some extent,

he CTE of Ni–Cr-base alloys can be modified through alloying.
revious work [14,15] indicated that Cr additions increased the

TE of the Ni–Cr substrate, while Mo, W, Al and Ti decreased

he CTE. Thus, the relatively low CTE of Haynes 242 can be
ttributed to extensive additions of W and Mo, and the lim-
ted amount of Cr. The heavy alloying with refractory metal
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Fig. 7. Thermal expansion of Haynes 230, Hastelloy S and Haynes 242.

lements, however, results in non-linearity of the CTE; also,
he relatively low Cr content can potentially lead to a reduced
xidation-resistance that can be insufficient for SOFC intercon-
ect applications.

. Summary and conclusions

As has been observed, Haynes 230 and Hastelloy S, which
ave a relatively high Cr content, formed a thin scale mainly
omprised of Cr2O3 and (Mn,Cr,Ni)3O4 spinel during high tem-
erature exposure in moist air; this scale provided excellent
xidation resistance. On the other hand, Haynes 242 developed a
hick double-layer scale consisting of a NiO outside layer above
chromia-rich substrate, raising concern over its oxidation resis-

ance for the interconnect applications. All three alloys exhibited
xcellent oxidation resistance in moist hydrogen, growing a thin
cale that was dominated with Cr2O3 and (Mn,Cr,Ni)3O4 spinels
or Haynes 230 and Hastelloy S, and with Cr2O3 as for Haynes
42. Similarly, a thin scale consisting of Cr2O3 the major phase
lso developed on all three alloys at the moist hydrogen side
hen they were exposed to a dual atmosphere (moist air ver-

us moist hydrogen) environment. Somewhat different oxidation
ehavior was, however, observed at the air side of the dual atmo-
phere samples compared to samples exposed to moist air at
oth sides. In particular, it appeared that hydrogen flux from
he fuel side to the air side tended to mitigate formation of
iO and reduce porosity along the scale/metal interfaces. How-

ver, the dual atmosphere exposure did not significantly alter the
xidation behavior of Haynes 242, which still formed a thick,
efective, double-layer scale on its surface.

Due to the formation of Mn-containing spinels in their sur-
ace scales and their excellent oxidation resistance, both Haynes
30 and Hastelloy S demonstrated an ASR that was compara-
le to that of Crofer22 APU. The poor stability of the scale on

aynes 242 would likely result in an unacceptably high scale
SR during typical SOFC stack operating lifetimes.
With a FCC substrate, all three alloys exhibited a CTE that

s higher than that of candidate ferritic stainless steels, e.g.

[
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rofer22 APU. Among the three alloys, Haynes 242, which
s heavily alloyed with W and Mo and has a low Cr content,
emonstrated the lowest average CTE (13.1 × 10−6 K−1) from
oom temperature to 800 ◦C. The reduction in CTE via alloying,
owever, resulted in limited oxidation resistance, as well as a
ecreased linearity in the alloy CTE.

To sum up, the Ni–Cr-base alloys, which are mechanically
tronger than ferritic stainless steels, also demonstrate excellent
xidation resistance and satisfactory scale electrical conductiv-
ty for SOFC interconnect applications if they contain enough
r. To fully make use of the advantages of the Ni-base alloys,
owever, novel designs of interconnects or stacks are needed to
ddress potential CTE mismatch to cell components. Though the
igh CTE of Ni-base alloys can to some extent be modified via
lloying, attention must be paid to the effects of compositional
hanges on their oxidation resistance and other properties such
s CTE linearity.
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