Zhu et al. / J Zhejiang Univ SCI 2004 5(12):1471-1503 1471

Journal of Zhejiang University SCIENCE
ISSN 1009-3095
http://www.zju.edu.cn/jzus

E-mail: jzus@zju.edu.cn

Review:

ZUS

Perspectives on the metallic interconnects for solid oxide fuel cells

ZHU Wei-zhong'?, YAN Mi'

(!State Key Lab of Silicon Materials, Zhejiang University, Hangzhou 310027, China)
(ZResearch & Development Division, Nanoolynamics Inc. Buffolo, NY, 14203, USA)
E-mail: zhuwzus@yahoo.com; mse_yanmi@dial.zju.edu.cn

Received Sept. 1, 2004; revision accepted Sept. 20, 2004

Abstract: The various stages and progress in the development of interconnect materials for solid oxide fuel cells (SOFCs)
over the last two decades are reviewed. The criteria for the application of materials as interconnects are highlighted. In-
terconnects based on lanthanum chromite ceramics demonstrate many inherent drawbacks and therefore are only useful for
SOFCs operating around 1000 °C. The advance in the research of anode-supported flat SOFCs facilitates the replacement of
ceramic interconnects with metallic ones due to their significantly lowered working temperature. Besides, interconnects
made of metals or alloys offer many advantages as compared to their ceramic counterpart. The oxidation response and
thermal expansion behaviors of various prospective metallic interconnects are examined and evaluated. The minimization of
contact resistance to achieve desired and reliable stack performance during their projected lifetime still remains a highly
challenging issue with metallic interconnects. Inexpensive coating materials and techniques may play a key role in pro-
moting the commercialization of SOFC stack whose interconnects are constructed of some current commercially available
alloys. Alternatively, development of new metallic materials that are capable of forming stable oxide scales with sluggish
growth rate and sufficient electrical conductivity is called for.
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INTRODUCTION

Last two decades have witnessed significant
progress in the research and development of solid
oxide fuel cells (SOFCs), driving them closer to the
ultimate goal of commercialization (Kabs et al.,
1997; Foger et al., 1999; deHaart et al., 2001;
Yasuda et al., 2001a; Mukerjee et al., 2001). SOFC
is a solid electrochemical device to convert
chemical reaction energy directly into electrical
energy without combustion process. It offers a
clean, pollution-free technology to generate elec-
tricity at efficiencies considerably higher than any
other types of fuel cells. In addition to being highly
efficient, SOFCs have advantages over conven-
tional energy-generating systems in terms of reli-
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ability, fuel flexibility, modularity, low emission of
NO, and SO, pollutants, as well as environmental
friendliness. They also show relatively high toler-
ance to trace levels of impurities in the gas stream.
Since they are comprised of entirely solid compo-
nents, there is no issue of materials management
encountered in molten carbonate fuel cells. Fur-
thermore, due to their high operating temperatures
typically in the range of 800 °C~1000 °C, hydro-
carbon fuels such as methane and natural gas can be
reformed within the stack, eliminating the need for
an expensive external reformer system (Hirschen-
hofer et al., 1998; Singhal, 2000). More advanta-
geously, the high-quality byproduct heat generated
in pressurized SOFCs can replace combustors in
gas turbines, allowing the realization of cogener-
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ated hybrid power systems. System efficiencies
approaching 70% in such hybrid SOFC/gas-turbine
have been demonstrated (Lunghi and Ubertini,
2001).

The operating principle of SOFCs is sche-
matically illustrated in Fig.1. SOFCs are literally
made up of two porous electrodes separated by a
gas impermeable ion-conducting electrolyte. In
operation, oxygen transported in the form of either
air or pure oxygen electrochemically reacts with
incoming electrons from the external circuit to form
an oxygen ion at the cathode (air electrode). The
oxygen ion migrates through the electrolyte to the
electrode/anode interface where the fuel gas si-
multaneously fed at the anode (fuel electrode) is
electrochemically oxidized to release electrons.
The external electron current from anode to cathode
is balanced by the internal oxygen ion current
across the electrolyte. The overall area as well as
electrochemical activity of three phase boundaries
(TPBs), where gas, electrolyte, and electrode con-
verge at both sides of the electrolyte, are crucial in
determining the performance of SOFCs.
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Fig.1 Schematic drawing showing the working princi-
ple of a solid oxide fuel cell operating on hydrogen

The actual cell voltage is always lower than
the theoretical cell voltage because of the presence
of activation polarization, concentration polariza-
tion, and ohmic polarization. Activation polariza-
tion is related to the charge transfer process in-
volved in the electrochemical reactions. By making
the electrode/electrolyte interfaces functionally
diffuse, the region over which the charge transfer
occurs can be enlarged, and the activation polari-

zation can thus be considerably reduced. The
concentration polarization is associated with the
transport of both reactant and exhaust gases through
the porous electrodes and is primarily governed by
the microstructure of the electrode, specifically, the
porosity, pore size, and pore geometry. The ohmic
polarization arises from the resistance to the flow of
ions in the electrolyte as well as resistance to the
flow of electrons in the electrodes. Therefore, the
useful voltage of an operating cell can be expressed
as

E"=E-IR—~(n,+1c) (1)

where E is open circuit voltage dictated by the
operating temperature and type of fuel employed,
IR; is the ohmic polarization (7 is the cell current, R;
is the internal resistance of cell encompassing the
contributions of both electrolyte and electrodes),
and 7, and 7, are the anode and cathode overpo-
tentials, respectively. Overpotential at each elec-
trode comprises activation and concentration po-
larizations. It is obvious from above formula that
ohmic loss is a linear function of current providing
the cell resistance remains essentially constant
throughout the operation process. Activation po-
larization is a dominant loss mechanism at low
level of current density. Concentration polarization
occurs over an entire range of current density, but
becomes prevalent at high current density where the
supply of reactant species to the cell reaction sites
becomes increasingly insufficient. Depending on
the operating temperatures, the polarization losses
usually account for 30%~60% voltage loss at peak
power density. This is the primary reason why
minimization of polarization losses has been a
major goal in the research and development of
SOFCs.

To accumulate the voltage output for practical
applications, single cell is rarely utilized, instead,
multiple cells are stacked in either electrical series
or parallel or both where an interconnect is required
for connecting the cells. Tubular and flat-plate
stack designs are currently two most favored SOFC
concepts under development (Minh, 1993; Singhal,
1999; Godfrey et al., 1999; Khandkar et al., 1999;
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Kuroishi et al., 2001; Elangovan et al., 2001).
Tubular design enjoys the status of the most ad-
vanced SOFC technology, and therefore holds the
promise of first entering the stage of commer-
cialization. It features the utilization of a thick and
porous ceramic tube as support structure upon
which cathode, electrolyte, anode, and interconnect
are successively deposited. One salient feature of
this design is that no seals are needed, hence issues
associated with the gas-tight seals at elevated
temperatures can be mitigated. Additionally, the
individual cell is constructed as a fundamental unit
structure that is subsequently connected in electri-
cal series or parallel to enhance power-generating
capacity. This allows the thermal stresses to be
somewhat tolerated and concerns of thermal
cracking to be greatly alleviated. However, due to
the long current path along the plane of electrodes,
the ohmic losses are unfavorably large. Moreover,
since the ceramic support underneath the cathode is
significantly thicker than the cathode itself, the
oxidant must diffuse along a long pathway to reach
the cathode/electrolyte interface to initiate the
electrochemical reactions. This leads to the fact that
the concentration polarization of the cathode con-
stitutes the major portion of overall polarization
losses (concentration polarization plus activation
polarization). Both large ohmic losses and con-
centration polarization contribute to the less desired
cell performance as well as the low power density
characteristic of the tubular design. Besides, the
highly complex and prohibitively costly fabrication
and manufacture process inherent in this design is a
dominant limiting factor for its mass production.
In comparison, the fabrication and stack as-
sembly are much simpler for the flat-plate design
where individual cell components are configured as
thin, flat plates. This configuration provides con-
siderable flexibility in the design of manifolds for
transporting the gases in and out of the cells. It also
offers the advantage of better quality control by
evaluating the cell components individually. More
importantly, flat-plate design demonstrates much
improved cell performance and appreciably en-
hanced power density compared to the tubular one.
This is largely attributed to the substantially reduced

ohmic losses along the direction parallel to the
thickness of the cell components. This design is
amenable to a variety of processing techniques for
making cell components. Some states-of-the-art
techniques are capable of fabricating flat compo-
nents on micrometer scale, offering the possibility
of further reducing ohmic losses and lowering of
operating temperatures. However, one distinct
drawback of this type of design is that high tem-
perature sealing is required to prevent the mixing of
oxidant and fuel gases. Further, the nature of this
design places stringent constraint on the thermal
expansion match among cell components. Unac-
ceptably large thermal stresses arising from the
mismatch of thermal expansion coefficients can
cause cracking and warping of the stack, leading to
a rapid deterioration of SOFC performance. Re-
garding the flat-plate design, there is a growing
trend in the SOFC community that electro-
lyte-supported configuration (where the electrolyte
is the thickest component) is being increasingly
replaced by anode-supported one (where the anode
is the thickest component). The advent of an-
ode-supported planar SOFC design, in principle,
allows a ceramic interconnect to be replaced by a
metallic interconnect due to the reduction of oper-
ating temperatures. Although the metallic inter-
connect was originally envisioned for electro-
lyte-supported planar SOFC, current interest in the
development of metallic interconnects is mainly
aimed at applications for anode-supported one. The
present review is primarily concerned with the
status of metallic interconnects by identifying some
technical hurdles that must be addressed. The re-
view is organized as follows: the roles of the in-
terconnect in SOFC stack are first described, fol-
lowed immediately by detailed explanations of
demands for the interconnect to fulfil its required
functions. Then outstanding issues in connection
with the application of ceramics as interconnects
are subsequently identified, and the shift toward the
metallic interconnects in the SOFC community is
rationalized in a separate section. The long-term
oxidation behaviors of presently developed and
some potential metallic interconnects are assessed
with emphasis placed on promising alternatives to
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extend their lifetime in SOFC environments.
Closely associated with the oxidation performance
of metallic interconnects is their contact resistance
that is pivotal in determining their usefulness in
practical SOFC stack. This topic is extensively
covered and discussed in more detail. In tandem
with the emergence of metallic interconnects is the
intensive effort expended toward the development
of viable coating materials as well as inexpensive
coating techniques. This issue of critical impor-
tance is equally addressed in this review. Finally,
the processing and fabrication of metallic inter-
connects directly related to their potential com-
mercialization are dealt with.

ROLES OF INTERCONNECT IN SOFC STACK

As just mentioned, the interconnect in SOFC
serves to multiply the voltage output by connecting
individual cells in electrical series, which is sche-
matically illustrated in Fig.2 for flat-plate design.
In the anode-supported configuration, the inter-
connect serves also as a structural support since it is
the bulkiest part among four components (anode,
cathode, electrolyte, and interconnect). Note that,
in comparison with single cell, two additional in-
terfaces, i.e., interconnect/anode and intercon-
nect/cathode, are introduced due to the incorporation
of interconnect into the SOFC stack. In many cir-
cumstances, it is the unusually large contact resis-
tance of these inter-phase boundaries that accounts
for the greatly reduced power density of the stack as
compared to the individual cell. Regardless of
configurations, interconnect in essence physically
separates yet electrically connects the anode of one
cell to the cathode of the other. Specifically, it
provides electrical connection between anode of
one individual cell to the cathode of the neighbor-
ing one. It also acts as a physical barrier to protect
the air electrode materials from being exposed to
the reducing environment of the fuel on the fuel
electrode side and prevents the fuel electrode ma-
terials from being attacked by the oxidizing at-
mosphere at the oxidant electrode side. Through the

built-in ribs on both sides of the interconnect during
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fabrication, it commonly contains gas channels to
provide fuel to the anode and oxidant to the cathode.
Despite the fact that flow gas passages have also
been built on the porous structure of the electrode
layers, interconnect with built-in gas channels is
preferred due to its cost-effective manufacture. The
flat-plate design offers the advantage of multiple
configurations of transporting gases in and out of
the fuel cell. In the most common flow geometry,
fuel flows in one face of the fuel cell stack and its
reaction product flows out of the opposite face.
Likewise, oxidant is introduced from one face of
the fuel cell stack and its waste gases are removed
from the opposite face. The gas channels on both
sides of the interconnect can be constructed in the
shape of either co-flow or counter-flow or
cross-flow. Other conceived gas flow patterns in-
clude parallel flow and radial or axial flow with gas
inlet and outlet situated inside the fuel cell stack.
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Electrolyte

Cathode

Interconnect

l Anode

Electrolyte

Repeating unit

Cathode

T Interconnect

Anode

Electrolyte

Cathode

Interconnect

Fig.2 Schematics of stack of three individual fuel cells for
flat SOFC design

REQUIREMENTS FOR SOFC INTERCONNECT

As the interconnect is required to serve mul-
tiple roles in the SOFC stack, the material re-
quirements for the SOFC interconnect are the most
demanding among all cell components. In particu-
lar, the chemical potential gradient arising from
considerable oxygen partial pressure differences
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between the oxidant and fuel places severe con-
straints on the choice of materials for the inter-
connect. In order to perform their intended func-
tions, interconnects should have the following
characteristics:

1. Under the SOFC operating temperatures and
atmospheres (oxidizing at cathode and reducing at
anode), interconnect must exhibit excellent elec-
trical conductivity with preferably nearly 100%
electronic conduction. This implies that not only
the electronic transference number should be high,
but also the absolute magnitude of the electrical
conductivity should be reasonably large. Ideally,
the ohmic loss generated as a result of the intro-
duction of interconnects is so small that the power
density of a stack does not suffer a prominent drop
as compared to an individual cell. A value of 1 S/cm
is a well-accepted minimum electrical conductivity
for the usefulness of interconnects in SOFC com-
munity (Minh et al., 1990). This value is almost one
to two orders of magnitude larger than the electrical
conductivity of yttria-stabilized zirconia (YSZ)
which is typically 0.1 S/cm at 1000 °C and 0.02
S/cm at 800 °C. YSZ is by far the most widely used
solid electrolyte due to its excellent stability in both
reducing and oxidizing atmospheres (Minh, 1993).

2. Interconnect should demonstrate adequate
stability in terms of dimension, microstructure,
chemistry, and phase at operating temperature
around 800 °C in both reducing and oxidizing at-
mospheres, considering that they are exposed to
oxidant on one side and fuel on the other. The
oxygen partial pressure on the cathode ranges
roughly from 107 to 10™*7 atm, whereas on the
anode side, it varies from 107" to 107® atm. There-
fore, a significant oxygen partial pressure gradient
builds up on two sides of interconnect. Any
dimensional change in the presence of oxidizing
and reducing atmospheres is likely to cause me-
chanical stresses whose magnitude may be large
enough to initiate cracking or warping to the sealing,
thus drastically degrading the overall stack per-
formance. The microstructure of interconnect
should remain relatively stable throughout the en-
tire range of chemical potential gradient so that no
appreciable variation of electrical conductivity
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develops during its expected lifetime service. From
the viewpoint of environmental friendliness, the
interconnect should ideally not contain any volatile
species that subsequently react with possible con-
taminant gases such as H,S, CO; in fuel. Phase
transformation in the interconnect during operation
inevitably accompanies sudden changes in its per-
tinent properties, and thus ought not to be allowed
(Singhal, 2000).

3. It should have excellent imperviousness for
oxygen and hydrogen to prevent direct combination
of oxidant and fuel during fuel operation. This can
be directly deduced from the following Nernst
equation (Nernst, 1899) on the reaction of oxygen
and hydrogen, that a slight decrease in the partial
pressure of oxygen and hydrogen, resulting from
the leakage of interconnects, may lead to a no-
ticeable decline in the open circuit voltage (E) (Tde,
1989; Khandkar and Elangovan, 1991; Warde et al.,
1976; Dollard and Brown, 1986; Maskalick, 1992).

P Pl/z
E=p o RL Do, )
2F P,

where E° stands for the ideal standard potential, R is
gas constant, P gas pressure, 7 temperature, and F
represents Faraday’s constant. The drop in the open
circuit voltage significantly reduces the electrical
efficiency of the fuel cell. Cell efficiency is defined
as the ratio between operating voltage and ideal
voltage that is constant at the given condition (for
instance, ideal voltage is 1.227 V at 25 °C, 1 atm for
the reaction of pure hydrogen and oxygen gases to
generate water product). It is apparent from Eq.(1)
that a lower open circuit voltage leads to a lower
operating voltage. For ceramic interconnects, the
gas impermeability can only be achieved via full
densification during fabrication. Moreover, the
high density of the interconnect should be pre-
served throughout its service time (Singhal, 1999).

4. Regarding ambient and operating tempera-
tures, the thermal expansion coefficient (TEC) of
the interconnect should match well those of elec-
trodes and electrolyte, so that the thermal stresses
developed during stack startup and shutdown could
be minimized. Since the YSZ electrolyte shows
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TEC of around 10.5x107° per °C, the TEC of an
interconnect should preferably be close to this
value. This constraint is more stringent for ceramic
interconnects than metallic ones as metallic mate-
rials are generally more compliant and flexible
enough to somehow accommodate stresses com-
pared to their ceramic counterpart (Minh, 1993).
The degree to which the match of TECs among cell
components should be achieved also depends upon
the types of seals employed. If the seals are rigid
(e.g. glass seals), thermal expansion match is of
more importance. If the seals are flexible like
compression seals, the requirement for expansion
match can be somewhat relaxed.

5. No reaction or inter diffusion between in-
terconnect and its adjoining components, specifi-
cally, anode and cathode, is allowed to occur under
operation conditions. The desired chemical
compatibility is of extreme importance and
constitutes a challenging task for SOFC stack
development given its considerably higher service
temperature than other fuel cells. Any unexpected
intermediate layers present at the boundaries of the
interconnect and its neighbors tend to not only
substantially increase ohmic loss, but also markedly
promote polarization losses. As a consequence, the
stability of the interconnect with respect to its
contacting materials is vital for ensuring sustained
desirable stack performance (Badwal, 2001).

6. The interconnect should possess fairly good
thermal conductivity. Five W/(m-K) is considered
to be an acceptable lower limit (Tsuneizumi, 1992).
For application in the planar stack configuration,
excellent thermal conductivity is highly desired and
its advantage can be fully demonstrated. Intercon-
nect with high thermal conductivity allows the heat
generated at the cathode to be transported to the
anode where the endothermic fuel reforming reac-
tion takes place. This can greatly favor the re-
placement of external reforming with internal re-
forming. The immediate benefit will be a measur-
able cost decrease of the stack as a whole
(Hirschenhofer ef al., 1998).

7. Excellent oxidation, sulfidation and car-
burization resistances are requisite attributes for
interconnect to qualify for application in SOFC-like

environments. This does not pose any concern as
long as perovskite-type complex ceramic oxides are
utilized since the lattice diffusion coefficients of
sulfur and carbon are negligibly small (Badwal,
2001). The issue does arise when metallic inter-
connects are considered because formation of metal
oxide scales in SOFC gases is a thermodynamically
favored inevitable process (Wright et al., 1997).
Presence of sulfur and carbon-bearing gas species
might aggravate the issue (Natesan, 1998). Com-
paratively, resistance to CO, and CO gas attack is
of more significance since the sulfur-containing
gases can be largely eliminated by prior desulfu-
rization treatment.

8. The interconnect should be easy to fabricate,
which is a key point in determining the feasibility
of large-scale manufacture. The costs of raw ma-
terials as well as fabrication processes for the in-
terconnect are also desired to be as low as possible
so that they will not present major obstacles to
commercialization. Cost reduction of interconnect
is of particular significance for the anode-supported
planar SOFC since it is the bulkiest part of all
components.

9. The interconnect should also exhibit ade-
quate strength and creep resistance at elevated
temperatures. This requirement is of special rele-
vance to the planar SOFC where the interconnect
serves as a structural support.

CHARACTERISTICS
CONNECTS

OF CERAMIC INTER-

Ceramic interconnects based upon complex
ceramic oxides with perovskite structure have been
subject of intensive study over the past several
decades. It was found that only a few such oxide
systems can fulfil the rigorous requirements for the
interconnect materials in SOFC. Lanthanum
chromite (LaCrO;) is currently the most common
candidate material since it demonstrates reasonably
high electronic conductivity in both fuel and oxi-
dant atmospheres, moderate stability in the fuel cell
environments as well as fairly good compatibility
with other cell components in terms of phase, mi-
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crostructure and thermal expansion. In order to
improve the electrical conductivity as well as
modify the TEC, LaCrOs; is often doped at lantha-
num or chromium or both sites of the perovskite
block unit for practical applications. Due to ionic
radius similarity, strontium and calcium tend to
replace La ions whereas magnesium, iron, nickel,
copper and cobalt prefer to take over the site of Cr
ions. As a matter of fact, in tubular SOFC con-
figuration, doped LaCrOj is still the most widely
used interconnect.

A considerable body of literature (Meadow-
croft, 1973; Mizusaki et al., 1984; Karim and
Aldred, 1979; Anderson et al., 1989; Flandermeyer
et al., 1984; 1985a; Webb et al., 1977; Hofer and
Kock, 1993; Yasuda and Hikita, 1993) addressed
the nature of defect chemistry and electrical conduc-
tivity of doped LaCrOs. It is now well-clarified that
under high oxygen activity environment where
oxygen partial pressure is typically larger than 10~
atm, the charge imbalance due to the replacements
of either La ion or Cr ion or both is electronically
compensated by a Cr’*—Cr*" transition (Yasuda er

al.,2001b; Park and Lee, 1997; Simner et al., 1999).

This is
mechanism through which the occurrence of elec-
tron holes is promoted. On the other hand, under

also termed electronic compensation

reducing atmosphere, the charge imbalance caused
by the
achieved via the ionic compensation mechanism

introduction of aliovalent dopants is

where the generation of oxygen vacancies is trig-
gered. In the oxygen activity regime where both
electronic and ionic compensation mechanism are
operative, with the decrease in oxygen partial
pressure, the lattice oxygen transforms into doubly
charged oxygen vacancy of two electron holes si-
multaneously. This can be further illustrated by
Fig.3 which shows variations of both electrical
conductivity and oxygen vacancy concentration as
a function of oxygen partial pressure for Mg-doped
LaCrOs; at two different doping levels at 1200 °C
(Anderson et al., 1985). Above a critical oxygen
partial pressure, the electrical conductivity is in-
dependent of oxygen partial pressure, indicating
that only the electronic compensation mechanism is
present. Increasing dopant content leads to the

generation of a larger number of electron holes,
thus promoting the electrical conductivity. As
oxygen partial pressure falls off below the critical
oxygen partial pressure, the electrical conductivity
drops sharply, implying that the ionic compensa-
tion mechanism starts to be active (Boroomand et
al., 1999; Flandermeyer et al., 1985b). Alterna-
tively, the reduction in electron hole concentration
contributes to the observed drastic drop in the
electrical conductivity with decreasing oxygen
partial pressure. This correlates well with the ex-
ponential increase of the oxygen vacancy concen-
tration. More oxygen vacancies are induced at the
expense of electron holes to compensate for the
charge imbalance. The critical oxygen partial
pressure at which a sudden drop in electrical con-
ductivity occurs becomes lower as dopant concen-
tration is reduced. It appears that improving elec-
trical conductivity by means of raising dopant
concentration can only be accomplished at rela-
tively high oxygen partial pressure where electronic
compensation mechanism is a prevailing player.
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Fig.3 Oxygen vacancy concentration and electrical
conductivity as a function of oxygen partial pressure

and dopant content for LaCr; Mg, O; at 1200 °C
(Anderson et al., 1985)

Temperature also exerts pronounced influence
on the electrical conductivity and its underlying
dominant mechanism. Fig.4 plots the oxygen va-
cancy concentration and electrical conductivity as a
function of oxygen partial pressure at two differing
temperatures for LaCrgoMgj 03_s. At sufficiently
large oxygen partial pressure, the electrical con-
ductivity shows little dependence on either tem-
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perature or oxygen partial pressure (Anderson et al.,
1985). This suggests that only electronic compen-
sation occurs so that electron holes are being ex-
clusively created. In other words, little or no oxy-
gen vacancy is expected in such a highly oxidizing
atmosphere. As the oxygen partial pressure is de-
creased below a critical value, the electrical con-
ductivity drops exponentially. This is attributed to
the sharp increase in the oxygen vacancy concen-
tration, which indicates the onset of the ionic
compensation mechanism. The critical oxygen
partial pressure at which the ionic compensation
mechanism is triggered decreases with decreasing
temperature. Furthermore, at a fixed oxygen partial
pressure where both electronic and ionic compen-
sation mechanisms are active players, the electrical
conductivity displays greater value at low tem-
peratures than at high temperatures. This reveals
that high temperature favors the formation of
oxygen vacancies at the expense of electron holes.
The profiles of oxygen concentration vacancy
versus the oxygen partial pressure confirm the
above interpretation. At extremely low oxygen
partial pressure where the electroneutrality is solely
maintained via the generation of oxygen vacancy,
the oxygen vacancy concentrations are identical at
two temperatures. Strong dependence of electrical
conductivity on the oxygen partial pressure is one
of the distinct characteristics of LaCrO;-based ce-
ramic interconnects.
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Fig.4 Oxygen vacancy concentration and electrical
conductivity as a function of oxygen partial pressure
and temperature for LaCry Mg, ;05 (Anderson et al.,
1985)
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The electronic conduction of doped LaCrO;
ceramics is deemed to occur via the thermally ac-
tivated hopping of small polarons. This evident in
the plot of electricity conductivity of Sr-doped
LaCrOs; in air against temperature shown in Fig.5 of
linear plots of Log(oT) vs 1/T. The relationship
between the electrical conductivity of this material
type o and temperature 7, is established based on
the following equation, expressive of typical p-type
conductor behavior (Weber et al., 1987):

0=(A/T)exp(—E./kT) 3)

where A4 is the pre-exponential factor, & the
Boltzmann constant, and £, the activation energy
for conduction. It is evident from Fig.5 that higher
doping level contributes to larger electrical con-
ductivity, owing to the higher concentration of
electron holes.
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Fig.5 LogoT vs 1/T for La,_ Sr,CrO; ceramics (Weber
et al., 1987)

Given a wide spectrum of oxygen partial
pressures the interconnect is exposed to in SOFC
environments, the implications for the dependence
of the compensation mechanism on the oxygen
partial pressure is of particular significance when
doped LaCrOj; is utilized as interconnect. Under
oxidizing atmosphere such as oxygen or air at the
cathode where the oxygen partial pressure is rela-
tively high (1077 to 10 atm), conductivity is
noticeably promoted due to the induced Cr** to Cr**
transition via the electronic compensation mecha-
nism. On the other hand, in reducing environments
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such as fuel gases at the anode where the oxygen
partial pressure is low (1078 to 107'® atm), the
conductivity is considerably retarded because of the
occurrence of oxygen vacancies via the ionic
compensation mechanism (Meadowcroft, 1969). It
naturally turns out that the electrical conductivity
of the doped LaCrO; in reducing atmosphere like
hydrogen is significantly lower than that in oxi-
dizing atmosphere like air (Schmidt, 1981). Under
such condition, a conductivity gradient across the
doped LaCrO; is established that serves as an
interconnect in the SOFC environments, considering
that it is exposed to fuel on one side and oxidant on
the other. Fortunately, the overall conductivity of
the doped LaCrOs; is still sufficient for that the
operating temperature is above 800 °C (Minh and
Takahashi, 1995). As the temperature drops below
800 °C, the electrical conductivity of the doped
LaCrOs is reported to experience a substantial de-
cline (Steele, 1994). This restriction renders it virt-

ually useless for intermediate temperature SOFCs
operating in the temperature range of 600~800 °C.
This is also one of the reasons why the operating
temperature of currently explored SOFC should be
higher than 800 °C.

Study of their effects of many dopants incor-
porated into the LaCrOj; ceramic on both TECs and
electrical conductivities listed in Table 1 showed
that: (1) cobalt doping significantly increases the
electrical conductivity, unfortunately, the TEC also
exhibits considerable increase (Tolochko et al.,
1980; Tolochko and Kononyuk, 1986); (2) iron
doping slightly improves the electrical conductivity
while lowering TEC (Zhuk et al., 1988); (3) nickel
doping results in a drastic increase in electronic
conductivity and a transition to a metallic conduc-
tor typical for LaNiOs_g, but, the stability and solid
solution limit are considerably lower than cobalt
and iron counterparts (Kononyuk et al., 1986); (4)
magnesium doping enhances electrical conductivity,

Table 1 Thermal expansion coefficients and electrical conductivities of LaCrQ;-based solid solutions

Composition Electrical conductivity Composition Average TEC
(S/em) (x107%/°C)
LaCrO; 0.34 at 700 °C, 1 at 1000 °C | LaCrO; 9.5
LaCryoMgy 105 3 at 1000 °C LaCrg¢Nig 05 10.1
Lag oSty CrO; 14 at 1000 °C LaCrggNip,0; 11.2
Lag 95Cag 05CrO; 2.3 at 700 °C LaCrg7Nig 305 11.8
Lag.95Cag 05Cry 5C0g 505 63 at 700 °C LaCry Mg 103 9.5
LaggCay,CrOs 7.1 at 700 °C, 35 at 1000 °C | Lag ¢Sr(;CrO; 10.7
Lag gCag,CrggFeq,03 9.2 at 700 °C Lag5Cag35CrO; 10.8
LaggCag,CrygNig,0; 18 at 700 °C Lag 3Cag,Crg9Coq 103 11.1
Lag ;Cag;CrO; 18 at 700 °C LaCry9Cog 103 13.1
Lag ;Cag3Cry3Cog 7,05 45 at 700 °C LaCrj 3Co0¢,03 14.6
Lagy;Cag;Cr5Co 505 85 at 700 °C LaCr( 6C00403 18.7
Lag 7Sry3CrO; 15 at 700 °C LaCr(,Co00503 20.9
Lag 7Sr3Crg sCog 503 58 at 700 °C Lag 7Srg3Cry,Co 303 19
LaCry ¢Nig 403 26 at 700 °C Lag 7Sty 3Cry5C0g 503 19
Lag g5Srg.15CrO5 21.8 at 1000 °C Lag 7Srg3Cry C0¢ 03 14.5
Lag g7S1g.1Crg.95Cu 9503 23.9 at 1000 °C Lag g7Srg.1Crg.95Cug 9503 9.81
Lag gsSrg 15Crg95Cug g2 32.5at 1000 °C Lag g5Srg 15Crg.9gCug 0203 991
La0 ¢Srg 1Crg 95V 0503 9.7 at 1000 °C Lag ¢Sr(.1Crg.93Mg0.05Cug.0203 9.61
Lag 85S10.15Cr0.95V0.0503 19.9 at 1000 °C Lay 9Sr0.1Cr0.95V0.0503 9.87
Lag 9Sro.1Cro.oMgo.05V0.0503 15.2 at 1000 °C Lay.9Sr0.1Cr0.92V0.05C00.0303 10.4
Lag.95510.05Cro.85Mg0.1V0.0503 12.9 at 1000 °C Lay.35510.15Cr0.95V0.0503 10
La g7510.1Cro.935Cu0.05C00,01503  25.6 at 1000 °C Lag.9Sr0.1Crg.9Mg0.05V0.0503 9.64
Lag 85S10.15Cr0.935V0.05C00.01503  22.9 at 1000 °C La.95510.05Cro.8sMgo.1V0.0503 9.22
Lag Sr¢.1Cr0.02V0.05C00.0303 12.8 at 1000 °C Lay g7S10,1Cr9.935Cu0,05C00, 01503 10.4
Layg 85S10,15C10.935V0.05C00.01503 10.5
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while the TEC is hardly influenced (Anderson et al.,
1978); (5) copper doping promotes both electrical
conductivity and TEC (Armstrong et al., 1999); (6)
strontium and calcium doping remarkably enhance
electrical conductivity, while TEC is also consid-
erably increased (Armstrong et al., 1995; 1996a;
Srilomsak et al., 1989); (7) vanadium increases
donor doping at the chromium site to reduce overall
acceptor concentration. It is not surprising that both
electrical conductivity and TEC decline as a result
of vanadium doping (Armstrong et al., 1999); (8)
double acceptor doping at both lanthanum and
chromium sites generally brings about significant
enhancement in electrical conductivity, but the
concomitant increase in TEC is unfavorably large.
Some drawbacks inherent in doped LaCrOs;
exposed to reducing atmosphere deserve further
attention. There exists so-called chemical coeffi-
cient of expansion that originates from the oxygen
vacancy-triggered lattice expansion (Armstrong et
al., 1995; 1996a; 1996b; Srilomsak et al., 1989;
Hendriksen et al., 1995; Paulik et al., 1998; Hiei et
al., 1999; Sakai et al., 1990a; Mori et al., 2000;
Yakabe et al., 1999; Williford and Armstrong,
1999). As just described above, the concentration
of oxygen vacancies is enhanced via the ionic
compensation mechanism in reducing atmosphere.
The observed lattice expansion with decreasing
oxygen partial pressure shown in Fig.6 for acceptor
doped LaCrO; and YCrO; is attributed to the in-
creased cation size as Cr'" transfers to Cr’
(R > R

.+ ) and/or increased cation-cation re-
pulsion as bridging oxygen ions are removed
(Armstrong et al., 1996b). The dramatic increase in
the thermal expansion upon reduction of the oxygen
partial pressure below a critical value marks the
onset of the ionic compensation mechanism. At the
same oxygen partial pressure, higher doping level
leads to the creation of more oxygen partial pres-
sure, and hence larger thermal expansion is ex-
pected. At the same doping level, Ca-doped LaCrO;
expands more than Sr-doped LaCrO; does, due to
the greater ionic size difference between Ca and La
compared to that between Sr and La. This is one of
the reasons why LSC is favored over LCC for in-
terconnect applications. Doped YCrO; demon-
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strates much lower lattice expansion than doped
LaCrO; when identical dopant is applied. Compo-
sitional optimization is imperative for minimizing
isothermal expansion to avoid structural failure
arising from the internal stresses developed during
operation in SOFC environment. Besides, the ac-
ceptor-doped LaCrO; is more likely to have higher
oxygen permeability in reducing gases as a result of
significantly enhanced oxygen vacancy concentra-
tion. This gives rise to the promoted oxygen mi-
gration from the cathode to the anode via inter-
connect, which is responsible for the deteriorated
fuel cell performance (Sakai et al., 2000). It has
also been recognized that the mechanical properties
of doped LaCrO; ceramics depend on the level of
oxygen partial pressure, which constitutes another
serious concern for their utilization as interconnects
(Paulik and Armstrong, 2000; Meschke et al., 2000).
Fig.7 clearly highlights the profound effect of
oxygen partial pressure on the bending strength of
Ca-doped LaCrO; and YCrO; (Paulik and Arm-
strong, 2000). In the region of relatively high
oxygen activity, the doped chromites are capable of
maintaining reasonable strength, but, as the oxygen
partial pressure drops below 10~ atm, the strength
plummeted with decreasing oxygen partial pressure.
Higher doping level results in greater decrease of
strength. In comparison, Ca-doped YCrOj; exhibits
inherently lower strength than its lanthanum
counterpart at high oxygen partial pressure with the
strength deterioration occurring at much lower
oxygen partial pressure.

One major obstacle to mass production of ce-
ramic interconnects like LaCrO; or doped LaCrO;
is their extremely inferior sintering behavior in air
due to the easy volatilization of Cr (VI) species.
The poor sinterability of LaCrOs-based ceramics
has been attributed primarily to the development of
a thin layer of Cr,Oj; at the interparticle neck at the
initial stages of firing (Yokokawa et al., 1991). It
was also noted that chromium evaporation resulting
in chromium deficient composition impedes sin-
tering. To achieve full densification, several op-
tions can be considered, although added manufac-
turing complexity and cost are inevitably incurred.
The proposed approaches include (1) developing
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Fig.6 Expansion of acceptor substituted lanthanum and
yttrium chromites at 1000 °C as a function of oxygen
partial pressure (Armstrong ef al., 1996b)

LCC-30 and LCC-20 refers to 30 mol% and 20 mol% Ca
doped LaCrOj;, respectively. LSC-30 and LSC-20 repre-
sents 30 mol% and 20 mol% Sr doped LaCrO;, respec-
tively. YCC-30 and YCC-20 represents 30 mol% and 20
mol% Ca doped YCrOs, respectively
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Fig.7 Room temperature bending strength of calcium
substituted lanthanum and yttrium chromites as a
function of P(O,) (Paulik and Armstrong, 2000)
LCC-25 and LCC-30 refers to 25 mol% and 30 mol% Ca
doped LaCrO;, YCC-20 represents 20 mol% Ca doped
YCrO;

new techniques to prepare highly reactive raw
powders (Krogh et al., 1997; Chick et al., 1989), (2)
conducting firing in reducing atmosphere followed
by oxidation treatment to recover its high electrical
conductivity, (3) adjusting the composition delib-
erately to facilitate the formation of non-
stoichiometric perovskite structure (Sakai et al.,
1990b; 1991; Bates, 1990; Mori et al., 1999), (4)
conventional liquid-phase sintering process can be
tried to promote densification (Flandermeyer et al.,

1986), (5) firing LaCrO; between Cr,O; plates
(sandwich configuration) in conjunction with fast
heating and cooling schedule to improve the den-
sification process (Tai and Lessing, 1991).

DEVELOPMENT OF METALLIC
CONNECTS

INTER-

To address the acute problems associated with
ceramic interconnects, metal materials were ini-
tially envisaged to replace them as interconnects for
electrolyte-supported planar SOFC. The invention
of anode-supported planar SOFC design that has
progressed considerably over the past several years
is a major impetus behind the innovation in inter-
connect. The concept of an anode-supported SOFC,
in principle, allows the doped LaCrOj; interconnect
to be replaced by a metallic one because of sig-
nificant lowering of the operating temperature from
1000 °C to 800 °C. The use of 10~20 pum thick
electrolyte in the anode-supported version leads to
substantial reduction in the electrolyte ohmic po-
larization. In contrast, in the electrolyte-supported
configuration, the electrolyte thickness is typically
around 150 pm. A higher power density and a
cost-effective fabrication process are claimed to be
two main features of an anode-supported SOFC,
and not surprisingly, this configuration is the focus
of current study (Hsu, 1978; 1985). Recent work by
Virkar (Virkar et al., 2000; Kim et al., 1999; Tan-
ner et al., 1997) showed that, with the optimization
of electrode structures to minimize both activation
and concentration polarizations, a maximum power
density in excess of 1.8 W/cm? can be achieved for
an individual cell operating at 800 °C. Recent
emergence of some viable techniques for the
preparation of thin film electrolyte greatly accel-
erates the ultimate mass manufacture of this type of
SOFC (Lindermann et al., 1995; Redd et al., 1996;
Simwonis, 1997; Barthel et al., 2000; Chen et al.,
2000; Okumura et al., 2000; Takenoiri et al., 2000;
Tsukuda et al., 2000).

Table 2 compares ceramic interconnects with
metallic ones. Obviously, there are many advan-
tages in preparing the interconnect from a metallic
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Table 2 Comparison of metallic and doped LaCrO; interconnects

Property

Metallic interconnect

Doped LaCrO; interconnect

Electrical conductivity

Thermal conductivity

Thermal expansion coeffi-
cient (from 25 to 800 °C)

Chemical stability

Dimensional stability

Microstructural stability

Reactivity with other SOFC
components

Mechanical integrity

Contact resistance

n-type electronic conductor

Charge carrier: electron

Conduction mechanism: electron hopping
o=Aexp(E,/kT) (<1100 °C)

Conductivity: very high

Ohmic losses are the least among SOFC
components and can be neglected

Suitable for both intermediate and high
temperature SOFC

High

Heat can transport from air electrode to fuel
electrode where endothermic reforming
reaction occurs (allows for internal reform-
ing)

Generally larger than that of ZrO, (8 mole%
Y,0;) electrolyte, vary considerably from
Cr-based to Ni-based alloys

Spontaneous oxidation in atmosphere of high
oxygen partial pressure, fairly good sulfida-
tion and carburization resistance

Stable

stable

No reactions between interconnect and ad-
jacent components reported

No effect of oxidizing and reducing atmos-
phere on mechanical properties, mechanical
strength at elevated temperatures is drasti-
cally lowered compared to room tempera-
ture, incorporation of oxide dispersoids
improves high temperature mechanical

properties

May be unacceptably large due to the de-
velopment of insulating oxide scale on sur-
faces

Coating is required in application

p-type electronic conductor

Charge carrier: hole

Conduction mechanism: small polaron
hopping oT=Aexp(E,/kT) (<1100 °C)
Conductivity: sufficient for use at
operating temperature >800 °C

Ohmic losses are much larger than those
of electrodes, but smaller than that of
electrolyte, cannot be neglected

Only suitable for high temperature
SOFC

Low
Cooling fluid (normally excess air) is
required at air electrode

Comparable to that of ZrO, (8 mole%
Y,0;) electrolyte

Evaporation of Cr in oxidizing atmos-
phere (Cr** to Cr®"), contaminant tol-
erance is low, Cr®" (g) reacts with H,S,
CO, to form CrS; and Cr,C;

Lattice expansion in reducing atmos-
phere

The number of electrons is increased in
oxidizing atmosphere due to the transi-
tion of Cr'* to Cr*" via electronic
compensation mechanism, appearance
of oxygen vacancies in reducing at-
mosphere ionic compensation
mechanism, electrical conductivity
gradient occurs

via

Reaction with cathode after long-term
service to form spinel phase due to the
volatilization of Cr species

Degradation of mechanical properties in
reducing atmosphere

No issue of contact resistance
No coating is required
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Permeability Impervious to reactant gases

Fabrication approach Melt metallurgy
Powder metallurgy

Tape casting

Sinterability Full densification is readily
melt or powder metallurgy
Workability Excellent (ductility)

Cost of raw materials Low

Impact on environment No pollution

High oxygen diffusivity in reducing
atmosphere leading to enhanced oxygen
transport through interconnect from
cathode to anode, deteriorating the fuel

cell performance

Tape casting

Powder sintering (hot pressing or hot
isostatic pressing)

Electrochemical vapor deposition

Very difficult to sinter, additional
measures must be taken, manufacturing
complexity and added cost are ensued
Poor (brittle)

Very high

Environmentally hazardous

achieved via

material instead of a ceramic material. Since the
electrical conductivity of metallic materials is re-
alized via the migration of valence electrons, their
electrical conductivities are generally several or-
ders of magnitude larger than those of accep-
tor-doped LaCrO; ceramics. Hence, the ohmic
losses in the metallic interconnect are small enough
to be neglected. More importantly, unlike the ce-
ramic interconnect, the electrical conductivity of
metallic interconnect is independent of oxygen
partial pressure that typical stretches over a wide
range for SOFC. In particular, metallic interconnect
is favored over the ceramic one because of their low
cost, easy manufacture, and good workability. It
should be reiterated here that the low cost of raw
materials and fabrication process characteristic of
the metallic materials are of prominent significance,
considering that the interconnect in the an-
ode-supported design is the bulkiest item in the
SOFC, and thus is the major part of the total cost of
the interconnect. In addition to the desired electri-
cal conductivity, the excellent heat conduction
unique to metallic materials, facilitates the easy
transport of heat generated at the air electrode to the
fuel electrode where the endothermal reforming
reaction takes place (internal reforming) and dis-
penses with the use of cooling fluid that is usually
excess air at the cathode (Tiffee et al., 1990). An-
other good feature of the metallic interconnect is
that it offers the possibility of flexible design. For
instance, the envisioned window-frame design allows

the use of relatively small area of electro-
lyte-electrode structures that are in contact with the
large metallic bipolar plate. More advantageously,
this design featuring the buildup of parallel gas
grooves shows less electrical resistance than the
dimple design where the multiple gas manifolds are
constructed perpendicular to the major plane of the
flat SOFC. This presumably arises from the larger
contact area between interconnect and adjoining
electrodes for the dimple design as compared to the
window-frame design.

The most prominent issues associated with the
use of metals as interconnects for SOFC include the
lack of adequate mechanical strength at operating
temperatures, poor oxidation, sulfidation, and
carburization resistance in service environments, as
well as unfavorably larger thermal expansion co-
efficient of metallic interconnect than those of its
contacting components. It is well known that me-
chanical properties of the metallic materials decline
sharply with increasing temperature, although this
problem has been greatly alleviated via some
proved successful means such as refining of grain
size, incorporation of oxides of oxygen reactive
elements, or a combination of both. As will be
elaborated later, the incorporation of nanosize ox-
ides is of particular benefit since it can also sig-
nificantly improve the oxidation resistance and
integrity of the oxide scale of many alloys exposed
to oxidizing atmosphere. Especially noteworthy
among the required attributes for metallic inter-
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connects, perhaps the most stringent, is the excel-
lent oxidation resistance. Considering that an oxide
layer inevitably develops on the surface of metals
exposed for a long time to oxidizing environment, it
is imperative that the prospective metallic inter-
connects display exceptionally slow growth of
scale over the projected service lifetime (40000 h)
of the SOFC. Most importantly, the oxide scale
formed should exhibit sufficiently high electronic
conductivity so that the ohmic losses do not con-
stitute a major source of stack performance deg-
radation. The oxides should also be chemically
stable, dense, free of defects, and strongly adhered
to the metal on the scale/substrate interface. An-
other technical problem to be handled is the thermal
expansion mismatch between metallic interconnect
and the rest of the ceramic SOFC components. In
particular, when it comes to the rapid heating and
cooling frequently encountered in such applications
as auxiliary power unit for automotive and portable
power sources for laptops, the requirement for
thermal compatibility is more rigorous. As metallic
materials usually have inherently higher thermal
expansion coefficients than ceramic ones, any
measure to reduce the thermal expansion and
shrinkage from the alloy design standpoint is ac-
ceptable provided that other critical properties are
not compromised. Also, there is a growing trend to
replace the rigid seal used in ceramic interconnects
with compression flexible seal to accommodate
more thermal stresses confronted in the SOFC stack
with metallic interconnects. All the above problems
of metallic interconnect are due to the high oper-
ating temperature of the SOFC, and can be partially
or entirely mitigated by lowering its working tem-
perature. Therefore, in parallel with the attempt to
replace LaCrO; with metal, there is also a concerted
effort to reduce the operating temperatures of
SOFC, preferably to between 600 °C and 800 °C.
Admittedly, the challenges to maintain the same
power densities as those at elevated temperatures
are tremendous.

Currently, there are no commercially available
alloys that fulfil all the criteria to be viable inter-
connects for SOFC. Most research efforts have
primarily focused on the Cr-forming alloys. Most
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interconnects
based on aluminide alloys and examined their

recently, we developed metallic
viability in SOFC environments. In what follows,
the benefits and limitations of these alloys from the
perspectives of oxidation and thermal expansion
behavior are described. The status of contact re-
sistance of these alloys exposed to oxidizing at-
mosphere is discussed separately in the next sec-
tion.

Chromium-based alloys

Chromium-based alloys were initially devel-
oped as a replacement of ceramic interconnects for
electrolyte-supported planar SOFC. They are fa-
vored because of their moderate oxidation resis-
tance and fairly good corrosion resistance provided
by the formation of Cr,Oj3 scale in the presence of
oxidant. In addition, the binary metal oxide Cr,0;
has comparatively large electronic conductivity
(Samsonovin, 1973). Moreover, the thermal ex-
pansion behaviors of these alloys in the temperature
range of 25 °C to 1000 °C, as indicated in Fig.8,
exhibit considerable resemblance to that of ceramic
component like YSZ (Quadakkers et al., 1994).
Obviously, Cr-0.4La,0; and Cr-5Fe-1Y,0; alloys
demonstrate thermal expansion response like that
of YSZ. As a matter of fact, Cr-5Fe-1Y,0; alloy
was intentionally developed to match the TECs of
other ceramic components in planar SOFC. The
decreased TEC mismatch contributes favorably to
the reduction of thermal stresses caused by rapid
heating and cooling processes.

S
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g Cr-0.4La,0,
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Fig.8 Comparison of thermal expansion of chro-
mium-based alloys with that of ZrO, (8 mol% Y,03)
electrolyte (Quadakkers et al., 1994)
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The major drawback of chromium-based al-
loys as metallic interconnects is their unacceptably
high oxidation rate. The advantage of large elec-
tronic conductivity of Cr,Os3, however, is in part
offset by its rapid growth rate which is usually four
orders of magnitude larger than that of AL,Os. In
particular, the diffusivity of Cr is more significantly
promoted than that of Al at temperatures higher
than 700 °C.

It should be reiterated that an enhancement in
the electrical conductivity and a drop in the growth
rate of the oxide scale are contradicting goals so an
acceptable compromise should be sought. One
effective and straightforward approach to promote
the oxidation resistance and adherence of scale to
the metallic substrate involves the incorporation of
the oxides of reactive elements like Y and La. The
addition of these oxide dispersoids is well docu-
mented to improve the oxidation resistance by re-
tarding the kinetics of the scaling process. The
grain size of the oxide layer is also reported to be
refined via the dragging mechanism due to the
presence of the exotic additives (Quadakkers et al.,
1994; Kofstad, 1996). More favorably, the integrity
of the scale can be substantially strengthened owing
to the greatly suppressed scale spallation tendency
caused by the added oxides. Fig.9 shows the cor-
rosion behavior of Cr-5Fe-1Y,0; (in weight per-
centage) and Cr;Co alloys exposed to varying at-
mospheres. By comparison, the role of yttria is
rather pronounced. Significant mass gain is ob-
served for Cr;Co alloy exposed to air at 950 °C,
when the scale starts to spall off after 1500 h ex-
posure, as indicated by the weight loss. In contrast,
the mass gain of the Y,0;-bearing alloy after being
exposed to air is sharply reduced, and scale de-
lamination is virtually eliminated. Of particular
relevance to SOFC application is the observation
that the scale grows faster in the presence of water
plus hydrogen than in the presence of pure air for
chromium-based alloys, since the humidified hy-
drogen is a preferred fuel gas for accelerating the
kinetics of the electrochemical reaction. It was also
noted that the addition of CO into the fuel atmos-
phere worsens the corrosion process, thus leading
to more noticeable weight gain. Another attendant

benefit for the interconnect resulting from the Y,0;3
addition application is the improved mechanical
properties at elevated temperatures as evidenced by
Cr-5Fe-1Y,0; alloy compared to pure chromium
alloy. The direction of mass transport in the
chromia scales is found to be predominantly out-
ward chromium diffusion for alloys without oxides
as opposed to mainly inward oxygen diffusion for
alloys containing oxide additives. The morphology
of the growing Cr scales is also improved by the
presence of oxide dispersoids as these scales have
fewer cavities, are denser, and more homogene-
ously distributed. The underlying mechanism is
revealed to be the segregation of these oxides to the
grain boundaries of the chromia scales (Bredesen
and Kofstad, 1996).
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Fig.9 Corrosion response of Cr;Co and Cr-5Fe-1Y,0;
alloys at 950 °C in different atmospheres (Quadakkers
et al.,2000; Ueda and Taimatsu, 2000)

Although the envisaged chromium-based alloys
typical of Cr-5Fe-1Y,0; are originally intended to
be replacements for ceramic interconnects of elec-
trolyte-supported planar SOFC, their long-term
oxidation performance at operating temperatures is
still far from satisfactory. Despite the incorporation
of oxides of reactive elements, the growth rate of
the scale above 800 °C is excessively large. For
instance, the oxide scale thickness on
Cr-5Fe-1Y,0; alloy is estimated to be around 10
pm after 1 year and 23 um after 5 years operation at
900 °C. Such layer is considered to be too thick for
reliable operation (Kofstad, 1996).

One of the distinctive problems with the
and

chromium-based alloys, in general, all
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chromia-forming alloys, has been identified to be
the formation of volatile gaseous Cr (VI) species at
the fuel cell operating temperatures (Urbanek ef al.,
2000; Dulieu et al., 1998). These high valence Cr
species such as CrO; (g) and Cr(OH),0; (g) de-
velop literally simultaneously with the formation of
Cr,05 scale at the cathode side of the interconnect.
Further oxidation of Cr,03 scale usually takes place
at the higher oxygen partial pressure end of the
cathode prior to the electrochemical reduction of
oxygen. Due to their unusually large vapor pres-
sures, these species have been shown to diffuse into
and interact with the LaMnQOs; based air electrodes,
leading to a change in the air electrode composition
and formation of new phases such as the (CrMn);04
spinel (Dulieu et al., 1998). The electrochemical
performance of SOFCs is severely damaged due to
the generation of volatile Cr species at the cathode of
the fuel cell. Additionally, these species can interfere
adversely with the oxygen reduction reaction by
taking up electrons at the cathode, especially at the
low end of oxygen partial pressure, resulting in the
deposition of Cr,O5 at the electrode/electrolyte in-
terface. The deposition of Cr,O; has been revealed to
proceed via one of the following reactions, de-
pending on the specific type of Cr species (Hilpert et
al., 1996; Badwal et al., 1997) (For the sake of un-
derstanding, the electrochemical reactions occurring
at the cathode and anode, using oxygen as oxidant
and hydrogen as fuel, can be written respectively as:
0,+2e=0""; Hy+O”"=H,0+ 2e):

2Cr0s (g)+6e=Cr,05+30%" (4)
2Cr(OH),0, (g)+6e=Cr,03+2H,0+30>  (5)

The reduction of volatile species to the solid
Cr,0; at the cathode/electrolyte interface consti-
tutes another major cause for the rapid performance
deterioration of the cathode as observed in the case
of Cr-5Fe-1Y,05; metallic interconnect. The un-
derlying factors of the performance degradation are
determined to be the diminished three phases
(electrode/electrolyte/gas) area, suppressed surface
electrochemistry of the cathode, and reduced active
sites for the oxygen reduction reaction (Batawi et
al., 1996).
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Iron-based alloys

Iron-based alloys have some apparent advan-
tages over chromium-based ones in terms of high
ductility, easy machinability and low cost. Since
the currently developed iron-based interconnects
contain at least 17 wt% Cr, the role of which is to
beep formation of corrosion-resistant Cr,O; scale,
the issue of cathode contamination by volatile
chromium species encountered in the chro-
mium-based interconnects also occurs. The mass
gain as a function of time for various Fe-Cr-based
alloys exposed to air at 800 °C is presented in
Fig.10 (Quadakkers et al., 2000). It was found that
in the case of Fe-17Cr-0.4Y-2Ni, addition of nickel
virtually eliminates the chromia scale despite the
presence of reactive elements, and hence causes a
significant weight gain after exposure for less than
100 h. For Fe-Cr alloys containing neither reactive
nor alloying element, the growth rate of the oxide
scale is exceedingly high, effectively making these
alloys useless for interconnect application. Incor-
poration of Mo moderately suppresses the growth
kinetics of Cr,0O;5 scale as illustrated by the oxida-
tion behavior of Fe-26Cr-1Mo alloy. Apparently,
the weight gain is still too large for the alloy to
qualify as SOFC interconnect. Addition of either Ti
or Mn promotes the oxidation rate, which explains
the unusually large mass gain observed for the Ti-
or Mn-bearing alloys. It is noteworthy that man-
ganese addition is designed to develop surface
scales comprising the spinel Cr,MnQy4 or a spinel
layer on the top of an inner Cr,03 layer. Although
the overall thickness of surface scales is increased,
the electrical resistance can be discernibly lowered,
which is attributed to the relatively low electrical
resistivity of Cr/Mn-spinel phase involved. Ad-
vantageously, incorporation of oxygen-reactive
elements such as Y can significantly retard the
oxidation kinetics of iron-based alloys. This can
account for the least weight gains obtained for
Fe-25Cr-0.2Y and Fe-16Cr-0.2Y alloys even after
exposure at 800 °C for up to 1000 h. Therefore, like
the chromium-based alloys, presence of reactive
elements, though in trace amounts, is equally
beneficial in providing desired oxidation resistance
to the iron-based alloys. However, it is premature to
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recommend the above two alloys as prospective
interconnect candidates since other pertinent pa-
rameters such as the thermal expansion coefficients
and contact resistance of the alloys exposed to
SOFC environments for long time are currently
unavailable.
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Fig.10 Oxidation behavior of various Fe-Cr-based

alloys at 800 °C in air (Montealegre ef al., 2001)

Thermal expansion characteristics of some
iron-based alloys examined for possible utilization
as interconnect materials are given in Fig.11

(Quadakkers et al., 2000; Ueda and Taimatsu, 2000).

For comparison, thermal expansion behaviors of
Zr0; (8 mol% Y,0;) electrolyte and Sr-doped La-
CrOj; ceramics are also presented. All alloys display
larger thermal expansion than YSZ electrolyte to
varying degrees. Addition of nickel into the
Fe-18Cr alloy substantially promotes the thermal
expansion, while tungsten addition into the same
matrix alloy considerably suppresses the thermal
expansion. Fe-26Cr-1Mo and Fe-18Cr alloys ex-
hibit comparable thermal expansion behavior at
temperatures below 800 °C, implying that Cr and
Mo play opposite roles in affecting the thermal
expansion of pure iron. The thermal expansion of
Inconel X-750 upon heating to 1000 °C is some-
where between those of Fe-18Cr-8Ni and Fe-18Cr
alloys. It appears that, to satisfy the requirement of
thermal match among SOFC components,
Fe-18Cr-9W alloy is a promising metallic inter-
connect as its thermal expansion coefficient is the
closest to that of YSZ electrolyte. Further studies
on the oxidation performance at 800 °C in SOFC
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atmospheres for extended time, in particular, the
contact resistance of the alloy subjected to
long-term oxidation must be studied and known in
order to achieve a meaningful assessment of its

applicability as interconnect.

15 1: Fe-18Cr-8Ni 2: Inconel X-750
~— | 3:Fe-18Cr 4: Fe-26Cr-1Mo
|
= [ 5:Fe-18Cr-9W 6: La, ,Sr, ,CrO, 3/)K
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Fig.11 Comparison of thermal expansion of some
Fe-Cr-based alloys with that of ZrO, (8 mol% Y,03)
electrolyte (Quadakkers et al.,, 2000; Ueda and Tai-
matsu, 2000)

Thermal expansion characteristic of Lag ¢Sty ;CrO; is also
given for comparison

Nickel-based alloys

Nickel-based alloys have been evaluated for
their suitability as metallic interconnects in both
fuel and oxidant atmospheres. These alloys are
resistant to high temperature and typically include
nickel, chromium, iron and manganese. They are also
attractive because of their slower oxidation kinetics
than their stainless steel counterparts. The apparent
disadvantage in their application as interconnect is
their larger thermal expansion coefficients as
compared to iron-based alloys. To remedy this, the
proposed interconnect constructed of this type of
alloy is preferably in the form of a thick foil that is
typically around 0.1 mm. Obviously, gas channels
interconnecting the oxidant and fuels must be
incorporated into the cathode and anode, respectively.
On the other hand, the enhanced deformability
inherent in nickel-based alloys in relation to the
iron-based ones, and the flexibility of a metallic foil
allow for the accommodation of strain caused by
the mismatch in the thermal expansion coefficients
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of the mating parts. England and Virkar (1999;
2001) examined oxidation behaviors of four types
of commercially available alloys, i.e., Inconel 625,
Inconel 718, Hastelloy X, and Haynes 230 in both
air and wet hydrogen. Their results are presented in
Fig.12 showing that oxidation event takes place not
only in air but also in wet hydrogen where the par-
tial oxygen pressure is relatively low. Moreover,
the oxidation kinetics in wet hydrogen are faster
than that in air. Since chromia is identified as the
dominant oxide phase formed in all the alloys
examined, the above results indicate that chromia is
a thermodynamically stable phase throughout the
entire range of oxygen partial pressure in the fuel
cell. The slower oxidation rate of Haynes 230 as
compared to the other three alloys studied may be
due to the formation of a two-phase composite
oxide (Mn+sCr,_s04_; and Cr,03) scale and/or the
nature of the oxide defect chemistry. As will be
described latter, it appears that the presence of
manganese in adequate amounts in nickel-based
alloys not only effectively reduces oxidation re-
sistance, but considerably reduces the contact re-
sistance as well.
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Fig.12 Oxidation behaviors of four Ni-based superal-
loys considered as possible interconnects during their
exposure to two kinds of atmosphere at 800 °C. Note
that alloys exposed to humidified hydrogen exhibit
significantly larger mass gain than exposed to air
(England and Virkar, 1999; 2001)

Aluminide alloys
Alumindes have been extensively investigated
for structural applications at elevated temperatures
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because of their unique combination of high
strength, reasonable ductility, and light weight. The
SOFC interconnect simultaneously serves as a
structural and functional unit in the stack at oper-
ating temperatures. Aluminides might be promising
candidates for this specific application. Therefore,
we assessed the suitability of aluminide alloys as
interconnects for SOFC operating at temperatures
ranging from 600 °C to 800 °C, in terms of oxida-
tion resistance and thermal expansion behavior
(Zhu and Deevi, 2003). The driving force behind
the study is that with the emergence of the innova-
tive technology of anode-supported planar SOFC,
the operating temperatures can be decreased below
800 °C. Thus, the formation of a contagious insu-
lating alumina scale might be avoided as these
alloys are exposed to SOFC-like environments.
Presumably, a mixture of metastable alumina and
other transient oxides on the surface of oxidized
alloys still provides desired oxidation, carboniza-
tion, and sulfidation resistance while maintaining
reasonably low electrical resistivity. Oxidation
behaviors of five compositions of iron and nickel
aluminides were examined at 800 °C in air for 1000
h. The experimental results are shown in Fig.13.
For comparison, the mass gain as a function of
exposure time for iron-based stainless steel SS410
was concurrently measured and is shown in the
same figure. As expected, iron aluminides showed
greater oxidation resistance than do SS410 and
nickel aluminide (NizAl). With regard to iron alu-
minides, partial substitution of chromium for alu-
minum influenced little their oxidation perform-
ance. The scales formed exhibit fairly good integ-
rity as no delamination or spallation was observed.
Results of phase identification of scales using XRD
after 1000 h oxidation indicate that preponderance
of phases formed are transient oxides or nitrides
like Fe,03, NiO, FeyN, and AIN along with minor
amounts of Al,Os. Since the oxidation rate of NiO
is well recognized to be significantly larger than
those of Fe,03, Cr,O3, and nitrides, it is not sur-
prising that NizAl shows much more weight gain
than do aluminide and Fe-based alloys after pro-
longed exposure to air at 800 °C. Experiments
seemed to show that iron aluminides are favored
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over nickel alumides for use as metallic intercon-
nects due to their lower oxidation resistance. Fur-
ther tests on the oxidation response of iron alu-
minides in both oxidizing and reducing atmos-
pheres over even longer periods of time are nec-
essary to gain deeper insight into their potential as
interconnects.
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Fig.13 Mass gain as a function of time for some iron
and nickel aluminide alloys exposed to air. The compo-
sitions of the alloys: examined are (in weight percent)
(Zhu and Deevi, 2003)

FeAl-strip: Fe-24A1-0.42Mo-0.05B-0.08C,

FeAl;: Fe-25A1-0.42Mo-0.1Zr-0.05B-0.08C,

FeAl,: Fe-24A1-0.42Mo-0.1Zr-0.05B-0.08C,

FeAl;: Fe-12A1-6Cr-0.42Mo-0.1Zr-0.05B-0.08C,

FeAl,: Fe-18A1-6Cr-0.42Mo-0.1Zr-0.05B-0.08C,

NizAl: Ni-8.1A1-5.23Cr-7.02Mo-0.13Zr-0.005B

For the metallic alloys to be competitive as
promising interconnects for SOFC, their thermal
expansion behaviors ought to resemble that of
electrolyte to prevent stress-induced cracking or
even disintegration of the whole stack. Although
this requirement on the metallic interconnects can
be more or less relaxed, depending on the sealing
material adopted, as compared to the ceramic ones
due to their greater ability to accommodate elastic
deformation, alloys exhibiting thermal expansion
coefficient similar to that of electrolyte (between
ambient temperature and 800 °C) is almost always
preferred. Fig.14 depicts the thermal expansion
versus temperature for iron and nickel aluminide
alloys and SS410 (Zhu and Deevi, 2003). Also
depicted is how much yttria-stabilized zirconia
(YSZ), the most commonly used solid electrolyte,
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expands as it is heated above 800 °C. Among all
compositions studied, alloy Fe-12 wt% Al-6 wt%
Cr-0.42 wt% Mo-0.1 wt% Zr-0.005 wt% B-0.08
wt% C was observed to have thermal expansion
behavior closest to that of YSZ. It turns out that
increasing either Fe or Al or Ni elemental content
promotes thermal expansion with Al showing the
most significant effect. Another conclusion derived
from this study is the preclusion of SS410 as a
prospective interconnect material on account of the
sudden lattice shrinkage as it undergoes ferrite to
austenite phase transformation at around 800 °C.
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Fig.14 Thermal expansion response of various iron and
nickel aluminide alloys (Zhu and Deevi, 2003)

CONTACT RESISTANCE OF METALLIC
INTERCONNECTS

It is understandable that metallic interconnects
are in principle preferred over ceramic intercon-
nects since their bulk electrical resistivities are
smaller.
However, one of the major concerns that is associ-
ated with the use of metallic interconnects is the
development of a semi-conducting, or even insu-

usually several orders of magnitude

lating, oxide scale during their extended exposure
to SOFC-like environment. The contact resistances
between an interconnect and its neighboring com-
ponents become so dominant that the electrical
efficiency of the stack drops sharply, despite a
fairly high efficiency of the individual cells. As a
result, stable operation of a SOFC stack can be
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difficult to sustain at a working current density.
Minimizing the contact resistance is vital to the
development of competitive metallic interconnects,
and holds the key to the successful commerciali-
zation of the anode-supported planar SOFC stack
design for a variety of applications in the power
industry.

Theoretical consideration

Since a layer of protective oxide scale inevi-
tably develops on a metal surface in an oxidizing
environment at elevated temperatures, the ultimate
commercialization of metallic interconnects de-
pends, to a large extent, on success fully dealing
with the increase in the contact resistance due to the
formation of the oxide layer. The large contact
resistance of metallic interconnects is a major
concern due to the drastic drop of the electrical
efficiency and premature failure of the stack over
the projected service lifetime (40000 h). In this
particular application, requirements for the oxide
scale are: (1) the oxide growth rate of oxide in both
cathodic (air) and anodic (fuel gas plus water vapor)
atmospheres should be as sluggish as possible; (2)
the oxide scale should be strongly adhered to the
alloy substrate to withstand thermal cycling without
any spallation or delamination; (3) the oxide scale
should be homogeneous in microstructure and
uniform in thickness, be free of porosity or
anomalous grain growth; and (4) the oxide scale
should be a good electrical conductor at the oper-
ating temperature.

The contact resistance of an oxidized metallic
interconnect is usually characterized by the area
specific resistance (ASR), which is the product of
electrical resistivity of the studied layer and its
thickness. The acceptable ASR level for the metal-
lic interconnect during service is generally con-
sidered to be below 0.1 Q-cm”. For alloys that have
been exposed to air at the operating temperature of
SOFC, e.g. 800 °C, for a period of time, oxide scale
forms on both sides of the sample. The ASR of such
an oxidized alloy can be expressed as:

ASR=1,+2 7, (6)
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where 7, and [ are the resistivity and thickness of
alloy substrate, respectively, and 7, and /, are the
resistivity and thickness of oxide scale, respec-
tively. Compared with the resistivity of the oxide,
the resistivity of the metallic substrate is so small
that the contribution of the first term in the above
equation can be neglected. The ASR of an oxidized
metallic interconnect is overwhelmingly dominated
by that of the oxide layer on both surfaces so that:

ASR=21,1, (7)

It is clear that the occurrence of cracking, ei-
ther within the oxide layer or along the
scale/substrate interface, and the presence of po-
rosity leads to a significant increase in the ASR of
an oxide scale. To facilitate the following deriva-
tion, a metallic interconnect is assumed to be free of
such flaws so its resistance can be represented by
Eq.(7).

The ASR of a metallic interconnect is consid-
erably influenced by the growth kinetics of the
oxide layer upon its long-term exposure to oxidiz-
ing atmospheres. Essentially, the oxidation process
involves the chemical reaction of a metal with
gaseous oxygen in the atmosphere to yield a layer
of protective and thermodynamically stable oxide
through either the inward diffusion of oxygen, or
the outward diffusion of alloying elements, or both.
The thickness of the oxide scale as a function of
time (f) at a constant temperature is well docu-
mented to obey the general form of (Gon-
zalez-Carrasco et al., 1999; Tortorelli and Natesan,
1998; Montealegre et al., 2000; 2001):

' =Kt ®)

where n is an exponent reflecting the oxidation
mechanism, and K|, is the growth rate constant that
depends upon the absolute temperature (7) and the
diffusion (E,) of
rate-limiting species, and can be empirically rep-
resented by the following expression:

activation energy for the

Kp:KoeXP(_on/kT) (9)
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where K, is a pre-exponent constant and &
Bolzmann constant. It has established that in most
cases, oxide scale growth at steady-stage oxidation
follows parabolic law meaning that the exponent n
in Eq.(8) equals 2 and K is often termed as the
parabolic rate constant.

Likewise, the conduction of a metal oxide is a
thermally activated process that involves the
movement of small polarons via the transport of
holes (or vacancies). The electrical resistivity,
which is the inverse of conductivity, can be given
as:

T, 1 r =lexp(ECO 1kT)
o o,exp(-E,/kT) o,

(10)

where oy is a pre-exponent constant, and E,, is the

activation energy barrier for the conduction process.

Therefore, Eq.(7) can be expressed as:

YKt —E E
ASR =237F Texp[ w/nt j (11)

o, kT

In a situation where the oxide scale thickens in
parabolic fashion (Tortorelli and Devan, 1992; Pint,
1996; Devan and Tortorelli, 1993; Pint et al.,
1993):

NI -E /2+E
ASR =2 Texp| Lol 0 | (1)
Lo kT

0

By plotting ASR/T versus 1/T on a logarithmic
scale, the activation energy term encompassing the
contributions of both oxidation and conduction can
be obtained. It can be readily seen that the ASR
changes in parabolic manner with time at a fixed
temperature. In principle, metals that develop
slow-growing oxide scale with high electrical
conductivity are highly desired as interconnects.
However, for most metal oxides, these two attrib-
utes are mutually exclusive (Samsonovin, 1973).
Any approach that is designed to suppress the
oxidation kinetics and promote the electrical con-
ductivity of the oxide scale in a SOFC-like envi-
ronment inevitably lowers the ASR value of the

interconnect. The approaches that have been
demonstrated to be effective in this aspect include:
(1) doping the oxide with an oxygen reactive ele-
ment that alters the overall oxidation mechanism;
(2) doping the oxide with heterovalent metal ions
that increase the hole concentration; and (3) pro-
viding a complex adequately thick oxide coating
that is impermeable to oxygen gas.

Prior to examining and comparing the ASRs of
various metallic interconnects under current de-
velopment, and evaluating the prospects of their
application to the planar anode-supported SOFC, it
is necessary to describe the measurement approach
that is well accepted and widely employed in many
studies, although some minor details may vary. As
shown schematically in Fig.15, basically, the con-
tact resistance of the oxide scale is measured
through a two-point, four-wire probe approach. A
contact current in the order of ten to several hun-
dred mA is introduced and the voltage across the
sample is measured with a multimeter. Different
currents are employed initially to establish the fact
the system exhibits ohmic behavior. Platinum
gauzes are placed onto the test sample using
platinum paste and the measurement wires are spot
welded to the gauzes. To ensure good contact be-
tween the gauze and the surface, an adequate load is
applied in the through-thickness direction. In some
cases, the platinum paste and gauze are replaced by
platinum tab secured through a spring-load of ap-
propriate magnitude.

1

Platinum gauze

Electrode paste

Platinum wire

®

I

® B

Fig.15 Schematic drawing showing the measurement
of contact resistance
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Chromium-based alloys

This type of alloy was initially developed for
interconnects as the replacement of ceramic inter-
connects in a planar electrolyte-supported SOFC
stack that operates typically around 1000 °C. A
representative alloy in this category is Ducrolloy
(Cr-5Fe-1Y,03) that was specifically designed by
Plansee Company to match the thermal expansion
coefficients of other SOFC components, and at the
same time to provide other requisite interconnect
characteristics as well (Tiffee et al., 1990). More
importantly, the reason why the chromia-forming
alloys such as Ducrolloy were chosen as potential
interconnect candidates is that in relation to other
metal oxides, chromia displays relatively high
electrical conductivity and reasonably slow growth
rate at SOFC operating temperatures. Based on
Eq.(7), it is expected that a fairly low ASR could be
achieved with this alloy throughout its lifetime
service. The alloy is preferably prepared by a
powder metallurgy approach to facilitate the mass
production at low cost (Glatz et al., 1999). As
mentioned earlier, the incorporation of oxide into
the base composition (also termed oxide dispersed
alloys, ODS) was intended to provide improved
oxidation resistance, a refined grain size within the
scale, an adherent scale/substrate interface, as well
as enhanced mechanical properties (Quadakkers et
al., 1994).

Up to now, considerable studies on the oxida-
tion behavior of Ducrolloy have been performed
mainly at temperatures above 900 °C, which is
plausible from a standpoint of application. In an
oxidizing atmosphere at elevated temperatures,
chromia scale develops on the alloy surfaces and
effectively acts as a protective layer to alleviate or

slow down further Cr dissipation from the substrate.

Limited information on the contact resistance of
oxidized Ducrolloy (Liebert, 1999) indicates that
the ASR of alloy after exposure to air at 1000 °C for
75 h, as shown in Fig.16, is prohibitively large,
leading to poor stack performance. It seems that the
thickness of the chromia scale formed on the sur-
face of Ducrolloy after oxidation at 1000 °C for 75
h is too large so that the resulting ASR is several
orders of magnitude higher than the criterion value.
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that,
Ducrolloy is unsuitable for application as an in-

It can be concluded without coating,
terconnect in electrolyte-supported SOFC. The
authors are unaware of reports of study on the ap-
plicability of Ducrolloy as interconnect for planar
anode-supported SOFC whose operating tempera-
ture is around 800 °C, because Fe-based or
Ni-based chromium-containing alloys are favored
over chromium-based ones due to the substantially

reduced cost and moderately improved ductility.
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Fig.16 Temperature-dependence of area specific resis-
tance (ASR) of Cr-5Fe-1Y,0; alloy (Durcrolloy) oxidized

at 1000 °C for 75 h in air, showing unacceptably large ASR
for practical application as interconnect (Liebert, 1999)

Iron-based alloys

The viability of Fe-based alloys as intercon-
nects also relies on the formation of chromia scale
upon their exposure to SOFC operating atmos-
pheres. Another reason for the selection of
Fe-based alloys is that their coefficients of thermal
expansion can be advantageously matched with
those of other SOFC components at an operating
temperature of around 800 °C (Hou et al., 1999;
Brylewski et al., 2001; Linderoth et al., 1996). The
variation of ASR as a function of temperature for an
Fe-26Cr-1Mo alloy oxidized at 800 °C for 48 h is
shown in Fig.17 (Hou et al., 1999). The ASR value
at 800 °C is around 0.015 Q-cmz, which is well
below the acceptable level. However, as the oxi-
dation time is prolonged to 1000 h, according to
Eq.(12) where the parabolic growth behavior of

chromia scale is assumed, the ARS is predicted to
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reach 0.2 Q-cm”. This value already exceeded the
criterion for practical application, which means that
long-term use of this alloy as the interconnect of
SOFC at 800 °C operating temperature is unsatis-
factory.

LogASR/T (Q-cm*/K)
|
i

T N T S T R S T R
0.9 1 1.1 1.2 1.3
1000/7 (K™

Fig.17 Variation of ASR with temperature for a
Fe-26Cr-1Mo alloy oxidized at 800 °C for 48 h in air
where Pt electrode was used for measurement (Hou et
al., 1999)

It should be stressed that the electrical con-
ductivity of Cr,O; formed on Fe-based alloys is
usually lower than what would be expected for a
Cr,05 crystal that formed on Cr-based alloys. This
is explained by the fact that the electrical conduc-
tivity of the chromia scale is dominated by impu-
rities, in this case Fe, and essentially exhibits ex-
trinsic behavior while that of pure chromia is in-
trinsic in nature.

The compatibility between alumina-forming
FeCrAl alloys and La;_,Sr,MnO; which is a
well-established and widely accepted cathode ma-
terial for SOFC, had been examined (Quadakkers et
al., 1996). It was revealed that a duplex interface
layer consisting of alumina and a mixed oxide of Al,
La, and Mn is formed after the layer’s exposure to
air at elevated temperature. The electrical resis-
tance of the metal/ceramic couple increases by a
factor of 100 after 1000 h exposure at 900 °C,
which suggests that FeCrAl-based alloys are also
highly unsuitable for interconnects at this tem-
perature due to the development of an insulating
alumina scale. Further study on the development of
the oxide scale and its contact resistance at 800 °C
should be carried out.
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The electrode materials used for the conduc-
tivity measurement exert a pronounced effect on the
final results, as illustrated in Fig.18 for an
Fe-26Cr-1Mo alloy (Huang et al., 2000). This is
especially true when one monitors the variation of
ASR with time continuously at an oxidation tem-
perature. With a Pt electrode, the scale shows the
lowest ASR, and this increases nearly parabolically
with time. With a mixed LSM (LaggsSry15sMnO;)+
LSGM (LaolgosroAzoGaolmMgo.170285) electrode, the
scale displays an intermediate ASR value that
moderately deviates from parabolic behavior. With
LSCo (LaggSry4C003), the ASR value was the
largest, and deviates significantly from a parabolic
dependence. The large ASR resulting from using
ceramic electrodes is mainly ascribed to the reac-
tion of the electrodes with the alloy to form porous
spinel phase during measurement. This concern can
be address by depositing the ceramic electrodes
onto pre-oxidized alloy so that the chromia scale
can effectively separate the electrode from the alloy
surface. However, the Pt electrode is still preferred
over ceramic electrodes because the relatively high
resistance of the ceramic electrode itself, along
with a larger interfacial resistance due to poor
bonding between the electrode and oxide scale, can
contribute to a large measured ASR, as can be seen
from Fig.18. Fig.19 further highlights the impact of
different electrodes on the measured ASR (Huang et
al., 2000). Despite the difference in measured
values, the linear dependence of log(ASR/T) on 1/T
is still roughly maintained.

0.12

0.1 LSCo electrode

0.08

0.06

ASR (Q-cm?)

0.04 LSM+LSGM electrode

0.02 Pt electrode

0 50 100 150
t(h)

200 250

Fig.18 Variation of ASR with time measured at 850 °C
in air with three different electrodes on the surfaces
of unoxidized Fe-26Cr-1Mo alloy (Huang et al., 2000)
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Fig.19 Dependence of ASR on temperature for a

Fe-26Cr-1Mo alloy pre-oxidized at 900 °C for 24 h
measured with four different electrodes (Huang et al.,
2000)

Doping with such elements as Y, Zr, La, Hf
and Ce can effectively reduce the ASR of the oxide
scale. The criterion for selecting the doping ele-
ments depends on the type of oxide scale formed on
the oxidized alloy surface. The experimental results
(Hou et al., 1999) for a Fe-26Cr-1Mo alloy, as
shown in Fig.20, indicate that Y-doping decreases
the ASR. This is due to the reduced growth rate of
chromia, as well as a more adherent scale/substrate
interface. The pronounced reduction in ASR associ-
ated with Ni-doping is due to the increased hole
concentration in the scale, which serves as additional
evidence that the conductivity of chromia is extrinsic.
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Fig.20 Temperature-dependence of area specific resis-
tance for undoped and doped Fe-26Cr-1Mo alloy oxidizd
at 800 °C for 24 h in air where Pt electrode was used for
measurement
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Co-doping with Y and Ni combines the beneficial
effect of Ni on conductivity with that of Y on
oxidation, thus leading to further decrease in ASR.
Consequently, it is suggested that Ni-based
Cr-bearing alloys are favored as interconnects from
an ASR point of view, although Fe-based alloys
usually have more compatible thermal expansion
coefficients compared with those of other ceramic
cell components.

Nickel-based superalloys
Applicability of some commercially available

Ni-based superalloys as interconnects was assessed

in both oxidizing and reducing atmospheres (Lin-

deroth et al., 1996; Vazquez-Navarro et al., 1999).

Virkar and Kim (2001) examined the oxidation

kinetics of thin foils and the ASRs of the oxide

scales formed on the surfaces. The justification for

the use of thin foil metallic interconnects is that thin

foil Ni-based alloys are compliant and flexible

enough to withstand the thermal stresses arising

from the mismatch of coefficients of thermal ex-

pansion among cell components. All the composi-

tions studied obey a parabolic rate law of oxidation
at 800 °C, indicating a diffusion-controlled process.

Haynes 230 exhibits the slowest oxidation kinetics,

forming an oxide scale that consists predominantly
of a major Cr,0; phase, and a minor spinel phase
(Mn4+5Cr2-604-,) (England and Virkar, 1999). It is,

therefore, not surprising that oxidized Haynes 230

displays the lowest ASR at 800 °C, as shown in
Fig.21 (England and Virkar, 1999). It is further
inferred that the existence of a complex oxide in the
form of Cr,MnQy is advantageous in reducing the
ASR of the scale. Their experiments demonstrated
that the oxidation occurs not only in the cathodic
atmosphere, but also in the fuel atmosphere. This is
because the typical partial pressure of oxygen in the
fuel used in an SOFC ranges from 10 **to 10™"7 atm,
depending on the temperature and fuel composition.
By contrast, the equilibrium partial pressure of
oxygen for Cr/Cr,0s is several orders of magnitude
lower (10_28 atm at 800 °C), i.e., Cr,0O3 is thermo-
dynamically more stable than the Cr present in the
alloy so that formation of Cr,0; is favored. The
ASR of an oxide scale formed in a typical fuel
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atmosphere is lager than that of an oxide scale
formed in air under identical temperature and time,
which may be seen from comparison of Fig.22 with
Fig.23 (England and Virkar, 1999; 2001). The un-
derlying reason for this phenomenon still remains
to be clearly identified. It is speculated that due to
the presence of water, the oxide scale formed in the
humid fuel is prone to be porous and poorly adhered
to the substrate. Besides, chromia scale might have
larger electrical resistivity in reducing atmosphere
as compared to oxidizing atmosphere.

An Mn-based coating on the anode-facing side
of metallic interconnects made from superalloys
like Haynes 230 was conceived to suppress the for
mation of chromia and reduce the ASR of the scale

0.8

<
=N
T

ASR (Q-cm?)
S
N

0.2

t1/2 (h]/l)

Fig.21 Area-specific resistance vs (oxidation time)"? for
various Ni-based superalloys oxidized at 800 °C (Eng-
land and Virkar, 1999)
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Fig.23 Area specific resistance of Haynes 230 oxidized
at 800 °C in air for various peroids of time as a function
of measuing temperature (from 200 °C to 800 °C)
(England and Virkar, 2001)
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and experimentally tested (Virkar and England,
2000). As demonstrated in Fig.24, after being ex-
posed to wet hydrogen at 800 °C for 100 h, the
Mn-coated Haynes 230 exhibits a significantly
lowered ASR compared to the uncoated sample.
This is attributable to the formation of MnCr,O4
that has a much lower electrical resistivity. The
presence of an oxide comprising predominantly
MnCr,0y is highly favorable for the operation of
metallic interconnects in both reducing and oxi-
dizing gases. However, it is yet to be determined
whether coatings like this can still remain adhered
to the substrate to withstand thermal cycling that is
likely to be frequently encountered in practical
SOFC operation. Another issue that needs to be

5 Haynes 230 oxidzed in 500 h
4 [ wet hydrogen at 800 °C
— 3 200 h
= ; 100 h
~ 2 b
8
a 17
S or
5} 50h
< -1 T
&
= 2T
3 F
_4 1 1 1
0.5 1 1.5 2 2.5
1000/T (K™

Fig.22 Area specific resistance of Haynes 230 oxidized
at 800 °C in wet hydrogen for various periods of time as
a function of measuring temperature(from 200 °C to
800 °C) (England and Virkar, 1999)

7
6 F Uncoated Haynes 230
5 L
% 3L
19)
2
2 -
L Mn-coated Haynes 230
0 L
_1 1 1 1 1
0.5 1 1.5 2 2.5 3

1000/7 (K™
Fig.24 Temperature-dependence of electrical resistance
of Haynes 230 and Mn-coated Haynes 230 after exposure
to wet hydrogen at 800 °C for 100 h (Virkar and England,
2000)



1496

addressed is the long time growth kinetics of the
complex oxides, preferably corresponding to the
service time of the SOFC, which is vital to their
ultimate usefulness. It can be seen from Fig.23 that
the ASR of 1.1 Q-cm® at 800 °C for 10000 h of
oxidation of Haynes 230 in air is still unsatisfactory
for an SOFC where a stable performance over the
expected lifetime (4 years) is required.

The effect of doping with reactive elements
like La and Hf on the oxidation mechanism and the
ASR of the investigated in
chromia-forming Inconel 600 (Oishi and Yamazaki,

scale was also
1999). It was revealed that in the presence of La, the
Cr in the alloy is oxidized internally, rather than
externally. In both fuel and air atmospheres, the
ASR can be lowered by one order of magnitude by
La doping, as shown in Fig.25. It is suggested that
the electrical conduction mechanism of chromia
might have been modified by La-doping, which is
supported by the observation that the activation
energy for the electrical conduction of the doped
sample is lower than that of undoped one in both

atmospheres.
0
_0'? In 600 in air
I O
- In 600 in H,/H,0
s 2 F
9‘, =25 F /
& L
& -3 D/n/n/ligo;:din air
S 35
=0
19) 4 F
— .
45 F La-doped in H,/H,O
s ey
0.8 0.9 1 1.1 1.2
1000/T (K™")

Fig.25 Temperature-dependence of ASR of oxide scale
grown on the undoped and La-doped In 600 after oxi-
dation at 900 °C in different atmospheres for 200 h
(Oishi and Yamazaki, 1999)

The most severe problems encountered with
Ni-based Cr-containing alloys, and in general, all
chromia-forming alloys proposed as interconnect
candidates are considered: (1) unacceptably high
oxidation rate; (2) occurrence of buckling and
spallation of the oxide scale when subjected to
thermal cycling; and (3) volatization of high va-
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lence Cr-species in the form of CrO;, or Cr(OH),0,.
The first two will detrimentally result in a sig-
nificant increase in the ASR. The last one will
poison the air electrode because of the reduction of
volatile Cr (VI) species to solid Cr (III) oxide at the
cathode/electrolyte interface, as well as along the
pores, and lead to rapid deterioration of cell per-
formance due to the substantial increase in both
concentration and activation polarizations (Badwal
et al., 1997; Matsuzaki and Yasuda, 2000). Addi-
tionally, special precautions must be taken during
the startup of the SOFC stack in which
chromia-forming interconnects are utilized in
combination with Ni anodes. NiO reacts much more
readily with Cr,O; than perovskite chromite to form
Ni-Cr spinels. Although the spinel is reduced dur-
ing anode reduction, the formation seems to result
in the appearance of large Cr,O; crystals. This
could cause alignment problems between adjacent
surfaces in the stack during operation, and hence
increase contact resistance.

Effect of coating

In order to reduce the rate of scale growth on
the surfaces of chromia-forming alloys, as well as
prevent the chromium vaporization on the cathode
side, coating with a perovskite or spinel ceramic
layer by thermal spraying has been suggested and
currently is being extensively investigated
(Brylewski et al., 2001; Quadakkers et al., 1996;
Batawi et al., 1999a; 1999b; Honegger et al., 2002;
Yoo and Daugo, 2002; Janousek et al., 1997). An-
other option is to coat these alloys with an oxide
layer that subsequently reacts with chromia to form
a chromite (or chromate). The resulting compound
should exhibit better electrical conductivity as
compared to chromia and be capable of retarding
further oxidation of chromium and suppressing the
volatilization of chromium. Since this in-situ ap-
proach suffers the obvious drawback of difficulty in
controlling the composition of the reaction product,
coating with perovskite or spinel oxides directly on
the surfaces of the metallic interconnects is pre-
ferred. To qualify as a viable coating material, it
should possess the following attributes: (1) The
diffusion coefficients of Cr and O in the coating
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should be as small as possible so that the transport
of chromium and oxygen can be effectively hin-
dered. The spinel oxide might be a better choice
than the perovskite one because the former is more
effective in preventing the oxygen diffusion; (2) It
should be chemically compatible and stable with
respect to substrate and electrodes; (3) It should be
thermodynamically stable in both oxidizing and
reducing atmospheres over the applied temperature
range; (4) It must have low ohmic resistance to
maximize electrical efficiency; (5) The thermal
expansion coefficient should be well matched to the
substrate so that the coating is resistant to spallation
during thermal cycling. Currently, Sr-doped La-
CrO; (LSC) and LaMnO; (LSM) are the most fa-
vored coating materials, although cheaper substi-
tutes are being sought for.

Presented in Fig.26 is the dependence of con-
tact resistance with respect to time at 920 °C for
various Cr-based ODS alloys coated with LSM
(Batawi et al., 1999b). The presence of an LSM
coating is crucial in maintaining the low level of
contact resistance at elevated temperatures over
extended periods of time. Equally low contact re-
sistance was also reported (Honegger et al., 2002)
on LSM coated Fe-based superalloys at 800 °C for
even longer periods of time, as shown in Fig.27.
Compatibility between the LSM coating layer and
the Cr-5Fe-1Y,0; alloy was also investigated at
elevated temperatures for prolonged times
(Quadakkers et al., 1996). Reaction between the
interconnect alloy and the coating to form spinel
may occur via solid-state diffusion, as well as
volatile of transport oxides and/or hydroxides. This
phenomenon can be tolerated as long as the time for
the diffusion of chromium through the coating is
longer than the required service lifetime. Results by
Quadakkers et al.(1996) as shown in Fig.28 indi-
cates that an LSM coating on MA-956 (an FeCrAlY)
can reduce the contact resistance by roughly three
orders of magnitude, implying that the LSM coat-
ing is very effective in slowing down the oxidation
kinetics of the metallic species in the alloy. In ad-
dition to LSM, coating materials such as LSC,
Sr-doped lanthanum cobalt (LSCo), and Sr-doped
lanthanum iron cobalt (LSFeCo) have been estab-
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lished to be highly advantageous in decreasing the
ASR, as shown in Fig.29 (Yoo and Daugo, 2002).
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Fig.26 Changes of contact resistance as a function of time
at 920 °C for various Cr-based ODS alloys coated with
LSM (Batawi et al., 1996b)
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Fig.27 Variation of ASR of two LSM coated Fe-based
superalloys with time at 800 °C (Quadakkers et al.,
1996)
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Fig.28 Temperature-dependence of contact resistance
of both uncoated and LSM-coated MA-956 alloy after
1000 h exposure to air at 900 °C (Quadakkers et al., 1996)
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Fig.29 Effect of different coatings on ASR of the
Fe-28Cr-3Mo alloy after oxidation at 950 °C for 10 h as
a function of temperature (Yoo and Daugo, 2002)

PROCESSING OF  METALLIC

CONNECTS

INTER-

Metallic interconnects are always utilized in
the form of sheet in flat SOFC design. Although the
use of thin foil Ni-based superalloys has been
proposed and tested, the choice of 4—5 mm thick
sheet is favored from the machining standpoint
since both fuel and oxidant channels can be inte-
grated into the sheet. Preparation of metallic in-
terconnects with desired properties using inexpen-
sive processing approaches is one of the critical
factors determining the successful commerciali-
zation of SOFC technique. For Fe- and Ni-based
superalloys, the well-developed melt metallurgy
techniques for industrial mass production can be
applied to manufacture preformed semifinished
interconnect. The preformed part is subsequently
subject to mechanical machining or advanced
shaping technique such as electrochemical ma-
chining (ECM) to become the finished part. In
this circumstance, the machining cost accounts for a
significant portion of the overall cost of the inter-
connect. When it comes to the Cr-based alloys, due
to the inherent hindrances associated with the
Cr-melt metallurgy such as high melting point, high
reactivity, and high evaporation rate of molten
chromium, powder metallurgy (PM) processing is
a preferred route for sheet
PM-manufacture offers the advantage of easy am-

manufacture.

plification for industrial scale production. It offers

additional flexibility in alloy and interconnect de-
sign. With specific reference to the oxide-dispersed
Cr-based alloys, the distribution of dispersoid like
Y,0; that is purposely incorporated to confer de-
sired oxidation properties can be remarkably im-
proved by PM-processing.

Traditional PM processing involves hot rolling
the pressed and sintered powder precompacts to
sheet materials followed by the gas channel con-
struction and surface polishing using mechanical
machining or ECM (Janousek et al., 1997). This
route is particularly suitable for preparing large
area sheet with thickness ranging from 1.5 mm to
10 mm. Alternately, the consolidation of near-net-
shaped powder preform is accomplished by hot
isostatic pressing (HIP) followed by multi-wire
sawing of plate-shaped material. The finalized
components with grooves for gas transport are
made available by using mechanical machining or
ECM technique. Since the multi-wire sawing
technique is time consuming and costly especially
with regard to large-scale preform, this route is
limited to manufacturing sheet with diameter of
less than 300 mm. In either case, the mixture of
powder raw materials (chromium, iron and yttria in
the instance of Durolloy) is achieved by either
simple mixing or mechanical alloying in a
high-energy ball mill. Mechanical alloying pro-
vides the attendant benefit of reducing the particle
size and improving the distribution of oxides.

A net-shape PM processing technique has been
recently developed in an attempt to reduce the cost
associated with post-sintering/post-rolling ECM in
the classical PM (Glatz et al., 1999; 2000; 2001).
This approach essentially consists of net-shape
pressing of prealloyed raw materials and subse-
quent sintering and brazing of the precompacted
pellets. Depending on the quality of the sintered
interconnects, mechanical machining sometimes is
needed to obtain the required precision. To curtail
or eliminate dependence on ECM for gas channel
buildup in the finished components, the require-
ment for the powder characteristics to achieve a
maximum density of the finished interconnect
along with a homogenous density distribution is
exceptionally stringent, particularly when the flat
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components with complex gas channel configura-
tion are considered. A number of factors are iden-
tified to determine the achievable sintering density
and should be optimized via repeated tests. These in
due include but are not limited to purity of raw
materials, powder morphology, average particle
size and size distribution, alloy composition,
pressing parameters, and sintering parameters. The
net-shape PM technique is proved to be competitive
in manufacturing small or medium-sized metallic
interconnects. The significantly reduced final ma-
chining characteristic of this approach leads to
considerable material saving and a drastic drop of
the machining cost. A projected cost reduction
potential of at least an order of magnitude in the
industrial scale production as compared to con-
ventional PM technique has been demonstrated.
The performance of a 5-cell stack equipped with
metallic interconnects made of Durolloy manu-
factured by net-shape PM was evaluated up to 1000
h as shown in Fig.30 (Glatz et al., 1999). Prior to
being installed, the interconnects were coated with
a protective LSM layer using thermal spray. It is
encouraging to note that stack with net-shape PM
interconnect displays identical electrochemical
performance stability to the one fitted with con-
ventional PM interconnects. No discernible per-
formance degradation was observed during the
entire test.
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Fig.30 Performance of a 5-cell SOFC stack equipped
with an interconnect fabricated using near-net-shaped
powder metallurgy technique, the interconnect is made
from Cr-5Fe-1Y,0; alloy (Glatz et al., 1999)

One proposed technique to fabricate thin foil
Cr- or Fe/Cr-based metallic
tape-casting (Glatz et al., 2000). Tape-casting is a
well-established, low-cost manufacturing approach
widely utilized in the electronic ceramic industry to
manufacture multi-layer ceramic capacitors. The

interconnects is

SOFC electrolyte is presently being fabricated ex-
clusively by using this technique. The selection of
appropriate dispersants and binders and optimiza-
tion of their amounts added for specific material are
of paramount importance in achieving a stable
slurry with desired casting properties. Green tapes
with thickness in the range of 0.4—1 mm are con-
solidated by sintering. Depending on the sintered
density of the sheet material, a post-sintering
compaction treatment by rolling is recommended in
order to achieve further densification and thickness
reduction. Results indicated that some specifically
adapted Cr-based alloy powders show tape-casting
behavior comparable to that of ceramic powders.

CONCLUDING REMARKS

Successful development of interconnect ma-
terials is vital to the large-scale commercialization
of SOFCs technology. The growing trend toward
the anode-supported planar version in the SOFC
community shows great promise for the use of
metallic interconnects. To address the challenge of
excessively large contact resistance on short ex-
posure to SOFC environments, new metallic in-
terconnects should be developed based on a fun-
damental understanding of oxide growth kinetics
and oxide conductivity. This should be the focus of
future study. Other recommended avenues of in-
vestigation include further lowering the operating
temperature of SOFC to 700 °C or even 600 °C
without compromising the fuel cell electrical effi-
ciency. This essentially allows current commer-
cially available stainless steels to be utilized di-
rectly as interconnects. Coating metallic intercon-
nects with oxides of complex structure has proved
to an effective approach to reduce the contact re-
sistance. This practice can be put into widespread
application provided that costs of both coating
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materials and fabrication techniques are substan-
tially curbed.
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