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Interest in solid oxide fuel cells (SOFC) stems from their higher efficiencies and lower levels of emitted pollu-
tants, compared to traditional power production methods. Interconnects are a critical part in SOFC stacks,
which connect cells in series electrically, and also separate air or oxygen at the cathode side from fuel at the
anode side. Therefore, the requirements of interconnects are the most demanding, i.e., to maintain high elec-
trical conductivity, good stability in both reducing and oxidizing atmospheres, and close coefficient of thermal
expansion (CTE) match and good compatibility with other SOFC ceramic components. The paper reviewed
the interconnect materials, and coatings for metallic interconnect materials.
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1. Introduction

Fuel cells are energy conversion devices that pro-
duce electricity directly from a gaseous fuel by elec-
trochemical combination of the fuel with an oxidant.
Solid oxide fuel cell (SOFC) technology has become
increasingly attractive as a power generation method
due to its low emissions, flexible fuel and high ef-
ficiency over traditional energy-conversion systems.
The principal applications of SOFCs include: station-
ary power generation, auxiliary power unit (APU),
and military applications. The high operating tem-
perature, relative to other types of fuel cells, makes
them ideal for combined cycle SOFC/gas turbine
(GT) applications, and efficiency may approach 70—
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The fundamental mechanism of SOFC operation
is the oxidation of hydrogen and other fuels at an an-
ode and reduction of oxygen at a cathode to create a
potential difference between two electrodes. The re-
action products are water and CO,, and the chemical
energy of the reaction is liberated as electricity, as well
as heat because of polarizations and ohmic losses!?.
A single SOFC is composed of electrolyte, anode and
cathode. The electrolyte of SOFC is a solid, non-
porous ceramic, usually YoOgs-stabilized ZrOy (YSZ).
The SOFC operates at 600-1000°C where the ceramic
electrolyte becomes conductive to oxygen ions, 0%~
but nonconductive to electrons. The high operat-
ing temperature has some advantages for minimiza-
tion of polarization losses and fuel impurity tolerance
effects®4. Typically, the anode is made of nickel/
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Fig. 1 Planar design for a solid oxide fuel cell (exploded
view)

yttria-stabilized zirconia (Ni/YSZ) cermet and the
cathode is electronically conductive perovskite Sr-
doped LaMnOg3 (LSM) or other perovskite materials.

2. SOFC Interconnect

Single SOFC could only produce around 1 V open
circuit potential (OCV). To generate a reasonable
voltage, SOFCs are not operated as single units but as
an array of units or “stack”, with interconnects join-
ing the anodes and cathodes of adjacent units. The
flat-plate or planar type of SOFC, as shown in Fig. 1,
has been the subject of intense research due to its po-
tential for becoming an efficient, high energy-density
power generation devicel®).

Interconnects serve some vital functions in the
SOFC stacks. They provide electrical connection be-
tween anode of one individual cell to the cathode of
the neighboring one, and acts as physical barrier to
avoid any contact between the reducing and the oxi-
dizing atmospheres. The criteria for the interconnect
materials are the most stringent of all cell compo-
nents. In general terms, the interconnect has to meet
the following demands(®78!:

e Excellent electrical conductivity. The accept-
able area-specific resistance (ASR) level is considered
to be below 0.1 Qcm?;

e Adequate stability in terms of dimensions, mi-
crostructure, chemistry and phases at operating tem-
perature around 800°C in both oxidizing and reducing
atmospheres during 40000 h (service lifetime);

e Excellent imperviousness for oxygen and hydro-
gen to prevent direct combination of oxidant and fuel
during operation;

e Thermal expansion coefficient (TEC) match-
ing those of electrodes and electrolyte, around
10.5x107% K~!, so that the thermal stresses devel-
oped during start-up and shut down could be mini-
mized;

e No reaction or interdiffusion between intercon-
nect and its adjoining components;

e Excellent oxidation, sulfidation and carbon ce-
mentation resistance;

e Adequate strength and creep resistance at ele-
vated temperatures;

e Low cost, as well as easy to fabrication and
shaping.

There are, in general, two approaches in develop-
ing interconnect materials for SOFCs, i.e. ceramics
and metallic alloys.

3. Lanthanum Chromites as Interconnect

The traditional material used for the SOFC in-
terconnect is lanthanum chromite (LaCrOgz) for high
temperature applications (~1000°C). Firstly, this ma-
terial exhibits a remarkable high electric conductiv-
ity under SOFC operating conditions compared with
typical ceramics(®, and the conductivity could be im-
proved significantly by doping with Mg, Sr, or Ca.
Secondly, the melting point of LaCrOg is 2783420 K,
and the material could remain stable at both the cath-
ode and anode environment'%. Thirdly, average co-
efficient of thermal expansion (CTE) of LaCrOs is
9.5x107% K~ which is quite close to CTE of YSZ
(10.5x10~6 K—1)[11],

By means of doping at A or B site, many proper-
ties of LaCrOs will be improved accordingly, which
has been summarized in literature [12]. In terms
of mechanical strength, magnesium doping is less ef-
fective than that of calcium and strontium, and the
strengths of strontium-doped lanthanum chromite are
generally better than those of calcium-doped lan-
thanum chromite. In terms of CTE, at the same
dopant level, Sr doped LaCrOsz (LSC) has higher
CTE than Ca doped LaCrOgs, which makes LSC
closer to YSZ. In conductivity, Ca doped LaCrOgs
is higher than doped by Sr; nevertheless, both of
them are much higher than un-doped LaCrOgs. Re-
garding Cr evaporation, the activity of chromium ox-
ide in Lag g4Srg.16CrO3 (55)( 1076) is lower than that
for Lag.79Cag.21 CrO3 (3x107%), indicating that stron-
tium is more effective in reducing the chromium oxide
activity.

On the other hand, certain weaknesses of LaCrOs3
are evident: (1) LaCrOgz is a p-type semiconductor,
and its conductivity decreases with decreasing oxy-
gen partial pressure as lanthanum chromite becomes
oxygen deficient!®; (2) compared with typical engi-
neering materials, lanthanum, being a rare-earth ele-
ment, is expensive; (3) LaCrOg is a ceramic material,
and processing methods are limited which results in
limitations as to the geometry of interconnect that
can be fabricated; (4) LaCrOg is difficult to sinter to
a high relative density, so the processing of a hermetic
LaCrOg layer is quite difficult, which is the most sig-
nificant drawback.

To achieve full densification, several options can
be considered: 1) conventional liquid-phase sintering
process can be used to promote densification; 2) fir-
ing LaCrO3 between CryOj3 plates (sandwich config-
uration) in conjunction with fast heating and cool-
ing schedule improves the densification process!”. No
doubt that added manufacturing complexity and cost
are inevitably incurred. Because of these weaknesses
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of LaCrQg, significant research efforts have been made
to find an alternative material.

4. Matallic Alloys as Interconnect

With the reduction of SOFC operation tempera-
ture to 600-800°C, metallic materials can be used to
replace LaCrOg as interconnects because of its supe-
rior advantages compared with its high temperature
counterpart%13] (1) Metallic materials have high
mechanical strength. The interconnect in anode sup-
ported SOFC, also acts as a mechanical support for
ceramic parts, and constructional connection to the
external inlets and outlets. In some case, interconnect
has been designed with extra channels for distributing
the gas in co-, cross- and/or counter-flow configura-
tions. Traditional LaCrOs could not fulfill the re-
quirement. (2) Metallic materials have high thermal
conductivity, which could eliminate the presence of
thermal gradient both along the interconnect plane
and across the components. (3) Metallic materials
have high electronic conductivity, therefore giving de-
crease in resistance of the cell increased output. (4)
Ease of fabrication, low cost and readily available.

It should be pointed out that almost all the can-
didate alloys typically contain Cr and/or Al (Si is a
third possibility, but much less used) to provide oxida-
tion resistance by forming oxide scales of CryO3 and
Al;Og3, respectively. For the chromia formers, there
should be enough chromium in the alloys to form a
continuous oxide scale and to effectively provide ox-
idation resistance under SOFC operating conditions.
The aluminum content in these alloys should be con-
trolled at a minimum to avoid formation of a contin-
uous alumina layer, considering the insulating nature

of alumina scales!3l.

4.1 Chromium based alloys

At temperature as high as 900-1000°C, chromium
based oxide dispersion strengthened (ODS) alloys
was specially used to replace LaCrOs. A represen-
tative alloy is Ducrolloy (Cr-5Fe-1Y203) that was
specifically designed by Plansee Company to match
the thermal expansion coefficients of other SOFC
components!”. Some other chromium based ODS al-
loys include: Cr-5Fe-1.3Las03, Cr-5Fe-0.5CeOs2, Cr-
5Fe-0.3Ti-0.5Y503 and others.

The reason to choose chromium based (chromia
formation) alloys is because chromia has high con-
ductivity compared to other oxides®!2. However,
due to its high chromium content, the chromium poi-
soning for cathode and excessive chromia growth are
inevitable. Excessive grown chromia layer will cause
spallation after thermal cycles. Apart from that, ODS
alloys is more difficult and costly to fabricate. Since
melting can affect the dispersion of the oxides, these
techniques are powder metallurgy based and designed
to produce near-net-shape components. For example,
a powder metallurgy technique for directly producing
sheets of interconnects has been reported, however,

the cost of the alloy was still very high!*4.
4.2 Fe-Cr-based alloys

To get a continuous chromia layer, the substrate
alloy should have enough Cr content. The critical
Cr content has been summarized in literature [13]
that critical minimum Cr content is approximately
20%-25% in order to ensure the formation of a pro-
tective, continuous CryO3 scale. Note that low Cr
content (5% and 10%) has also been used as intercon-
nect, but the oxidation resistance was reduced sig-
nificantly when lowering the Cr content['516, Low
Cr steels (<5% Cr) consist of nearly pure Fe oxide
accompanied by internal oxide precipitates of CryO3
and/or FeCraOy4 spinels. With increasing Cr content
the scales become richer in spinel and chromia, which
is accompanied by a decrease of the scale growth rate.
Nominal composition of Fe-Cr-based alloys is shown
in Table 1014,

Stainless steels are usually divided into four
groups: (i) ferritic steels; (ii) austenitic steels; (iii)
martensitic steels; and (vi) precipitation harden-
ing steels!™®.  Among them, usually the ferritic
stainless steels are the most promising candidates
for SOFC interconnect applications because of their
body-centered cubic structure which makes the CTE
quite close to that of other SOFC materials. In ad-
dition, the processing methods of this type of al-
loys are quite simple[!”18:19] However, effect of sub-
strate impurities, Si and Al, on the performance
of the interconnect could not be neglected, espe-
cially silicon, which could form a continuous layer
between substrate and scale. Pacific Northwest Na-
tional Lab (PNNL) has systematically investigated
the (Mn,Co)304 coated SUS430 alloy (~0.5 wt pct
Si), showing ASR will increase sharply at 4000 h due
to the formation of continuous silica layer. Accord-
ingly, SUS 441, with the addition of Nb and Ti based
on SUS430, has also been tested. The results dis-
played that ASR is quite low even for bare metal, be-
cause Nb tied up Si to prevent formation SiOs layer
at the scale/metal interfacel2°).

During SOFC stack operation, interconnect will
face reducing environment on anode side and oxidiz-
ing one on cathode side. Therefore, exposure tests in
air, to an HoO+Hy gas mixture simulating the anode
side service gas, and to air/Hs gas dual atmosphere
simulating real operation condition have been carried
out in various reports. In Ho+H5O gas mixture, the
chromia morphology is slightly modified and the ad-
hesion of the scale is improved. In dual atmosphere,
the scales formed in air contained iron-rich spinel or
Fe;O3 nodules, which were not present in the alloys
exposed to air on both sides. This suggests that the
mobility of iron is accelerated by hydrogen at the an-
ode sidel'*21],

4.3 Ni-Cr-based alloys

Compared with Fe-Cr-based alloys, Ni-Cr-base al-
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Table 1 Nominal composition of Fe-based alloys
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[14]

Concentration/wt pct

Alloy

Fe Cr Mn Mo W Si Al Ti Y Zr La
Fe-10Cr Bal. 10 <0.02 <0.1
1.4724 Bal. 13 1
SUS 430 Bal. 16-17 0.2-1.0 0.4-1.0 <0.2
Fe-17Cr-0.2Y Bal. 17 90.2
1.4016 Bal. 17
Ferrotherm (1.4742) Bal. 17-18 0.3-0.7 0.8-0.9 0.9-1.0
Fe-18Cr-9W Bal. 18 9
Fe-20Cr-TW Bal. 20 7 0.3 0.6 0.3
Fe-20Cr Bal. 20 <0.02 <0.1 0.2 0.04
AL 453 Bal. 22 0.3 0.3 0.6 0.02 0.1
1.4763(446) Bal. 24-26 0.7-1.5 <0.05 0.4-1 <0.05
FeCRMn(LaTi) Bal. 16-25  ? ? ?
Fe-Cr-Mn Bal. 16-25 ?
Fe-25Cr-DIN 50049 Bal. 25 0.3 0.7 0.01
Fe-25Cr-0.1Y-2.5T1 Bal. 25 2.5 0.1
Fe-25Cr-0.2Y-1.6Mn Bal. 25 1.6 0.2
Fe-25Cr-0.4La Bal. 25 0.4
Fe-25Cr-0.3Zr Bal. 25 0.3
Fe26CrTiY Bal. 26 0.1 <0.02 <0.05 <0.05 03 04
Fe26CrTiNbY Bal. 26 Composition not provided, but presumably same as Fe26CrTiY with Nb
Fe26CrMoTiY Bal. 26 0.1 2 <0.05 <005 0.3 0.3
E-Brite BAIL 26-27 <0.1 1 0.03-0.2 <0.05 <0.05 <0.01
Al29-4C Bal. 27 0.3 4 0.3 ?
Fe-30Cr BAL. 30 <0.02 <0.1

Table 2 Nominal composition of Ni-base alloys™* for SOFC interconnect applications

Concentration/wt pct

Alloy Ni  Cr Fe Co Mn Mo Nb  Ti Si Al
Inconel 600 Bal. 14-16 6-9 0.4-1 0.2-0.4 0.2-0.5 0.2
ASL 528 Bal. 16 7.1 0.3 0.3 0.2
Haynes R-41(Rene 14) Bal. 19 5 11 0.1 10 3.1 0.5 1.5
Inconel 718 Bal. 22 18 1 0.4 1.9
Haynes 230 Bal. 22-26 3 5 0.5-0.7 1-2 0.3
Hastelloy X Bal. 24 19 1.5 1.0 5.3
Inconel 625 Bal. 25 54 1.0 0.6 5.7
Nicrofer 6025HT Bal. 25 9.5 0.1 0.5 0.5 0.15
Hastelloy G-30 Bal. 30 1.5 5 1.5 55 1.5 1.8 1

loys always demonstrate better oxidation resistance
and satisfactory scale electrical conductivity. To get a
continuous chromia layer, only 15% Cr was needed to
establish reasonable resistance to hot corrosion, which
is lower than Fe-Cr-based alloys, and the optimum
content was 18%-19%. Also, Ni based alloys are me-
chanically stronger. Nominal compositions of Ni-base
alloy are shown in Table 2014,

Most Ni-Cr-base alloys exhibited excellent oxida-
tion resistance in moist hydrogen, growing a thin scale
that was dominated with CroO3 and (Mn,Cr,Ni)304
spinels or Cry05[22]; therefore, it could be used as clad
metal or plated layer in the anode sidel?324. In air
oxidation, high Cr containing alloys, such as Haynes
230 and Hastelloy S, formed a thin scale mainly com-
prised of CryO3 and (Mn,Cr,Ni)304 spinel during
high temperature exposure; on the other hand, low
Cr containing alloys, such as Haynes 242, developed
a thick double-layer scale consisting of a NiO out-

side layer above a chromia-rich substrate, raising con-
cern over its oxidation resistance for the interconnect
applications?2.

The most significant problem to Ni-Cr-base alloys
is potential CTE mismatch to cell components. To
take fully advantages of the Ni-base alloys, novel de-
signs of interconnects or stacks are necessary. The
CTEs of Ni-Cr-based alloys containing W, Mo, Al, Ti
were calculated using Eq. (1), a formulation derived
for the CTE of Fe-free Ni alloys from room to 700°C:

CTE = 13.9 + 7.3 x 107?[Cr] — 8.0 x 107 2[W] —

8.2 x 107%[Mo] — 1.8 x 1072[Al] — 1.6 x 10~ *[Ti] (1)

The bracketed terms in this equation represent the
concentration (in weight percent, wt pct) of the spe-
cific alloying element. According to Eq. (1), most of
the Ni-base alloys have higher CTE than that of other
fuel cell components.
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Table 3 Comparison of key properties of different alloy groups for SOFC applications

Alloys Matrix CTEx10%/K Oxidation = Mechanical ~Manufactur-ability Cost
structure resistance strength
CrBA BCC 11.0-12.5 (RT-800°C) Good High Difficult Very expensive
FSS BCC 11.5-14.0 (RT-800°C) Good Low Fairly readily Inexpensive
ASS FCC 18.0-20.0 (RT-800°C) Good Fairly high Readily Inexpensive
FeBSA FCC 15.0-20.0 (RT-800°C) Good High Readily Fairly expensive
NiBSA FCC 14.0-19.0 (RT-800°C) Good High Readily Expensive
Jablonski and Alman from National Energy Tech-
nology Laboratory (NETL) have developed a new se- Fe  Austenitic
ries of Ni-Cr-based alloys containing W, Mo, Al, Ti, stainless steels
ete, that potentially can be used as SOFC intercon- Fe-Ni-base
. . . superalloys
nect. After the test in moist air at room and elevated —

temperature for more than thousand hours, it was
found that properties of alloy J5 were comparable to
that of the commercial alloy Haynes 230. The nom-
inal composition of J5 is Cr-12.5%, Ti-1%, Al-0.1%,
Mo-22.5%, Mn-0.5%, Y-0.1%, Ni-balance[?"!.

4.4 Selection of metallic materials

To further define the alloy’s applicability as a
SOFC interconnect, it was necessary to assess these
alloys using relevant properties that correlate di-
rectly with the functional requirements of intercon-
nect. These properties include: (i) CTE; (ii) oxida-
tion and corrosion resistance; (iii) cost!*3.

The coefficient of thermal expansion, was calcu-
lated from the displacement vs temperature data and
is given in Eq. (2).

_ iy

1 dl
aT = —

a7~ 1o dT (2)

where T is temperature in °C, [y is the length at
room temperature, and [ is the length at a given tem-
perature. CTE has a strong relationship with the
structure!’26], Body-centered cubic (BCC) struc-
ture has a lower CTE than face-centered cubic (FCC)
structure3].  The structures of metallic alloys are
shown in Fig. 2[27],

In Wagner’s theory of oxidation, it is assumed that
during the oxide growth, the transport of oxygen ions
and/or metallic cations through the oxide scale takes
place by lattice diffusion*328]. Thus the growth of the
surface oxide scale follows the well-known parabolic
law:

X? = Kt+ X} (3)

where X and Xy is the thickness of the scale at time ¢
and t=0, respectively; K is rate constant. It has been
experimentally proved that the parabolic law of the
growth of scale is valid for essentially all cases in which
the scale is adequately thick and homogeneous!?®].

Compared with all these results, ferritic stainless
steel is the most promising candidate due to its low
cost, good CTE match with YSZ, and good oxidation
resistance. Comparison of key properties of different
alloy groups!'®27 is displayed in Table 3.

stainless steels Ni-Fe-base

superalloys

Cr-base
alloys
i
Cr Ni
Fig. 2 Schematic of alloy design for SOFC
applications[13’27]

4.5 Problems for metallic materials as interconnect

The application of ferritic stainless steel still poses
many challenges even at reduced temperatures!”
which includes: (1) unacceptably high oxidation rate;
(2) occurrence of buckling and spallation of the ox-
ide scale when subjected to thermal cycling; (3)
volatilization of high valence Cr-species in the form

of CrOs, or Cr(OH),0s.

4.5.1 Excessive growth and spallation of oxide scale

Evaluation of oxidation behavior indicates that
chromia scales on ferritic stainless steels can grow to
micrometers or even tens of micrometers after thou-
sands of hours’ exposure in the SOFC environment
in the intermediate temperature range. Even without
considering spalling and cracking, which are likely to
occur, this scale growth would lead to an ASR in-
crease and accompanying degradation in stack per-
formance which are likely to be unacceptable. Use of
optimized contact materials, such as a highly conduc-
tive oxide paste that is applied between the intercon-
nect and cathode, can decrease the overall interfacial
resistance29. However, as the thickness of scale keeps
increasing, spallation will occur due to the increased
thermal stress between coatings and substrate, or, in
a severe case, loss of hermeticity of the interconnect
layer. Figure 3 shows the SUS 430 scale spallation
after 1900 h oxidation?.

4.5.2 Chromium poisoning
The vaporization of chromium from the metal-
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Fig. 3 SEM cross-section micrograph of uncoated
UNS430 stainless steel rods after 1900 h oxidation
in air at 800°CB%

Cr{s) :Cr,0(s) 800°C air jt
pH,0=3 x 10°Pa p0,=2.1x10* Pa'.'

Highest partial F
................... pressure at 1000°C CrOZ(OH)T"
"\, // From Figure 8 3

cr(OH), 97% H,3%H,0
pO,=4.6 x 10°7Pa

Iog(pmva/Pa)

CrO(OH), /.-

LI T S S

'_::,-.":ér(OH).: Cr(OH),

=3

-30 -25 -20 -15 -10 -5 0 5
log{p, /Pa)

Fig. 4 Equilibrium vapor pressures of chromium-oxygen-
hydrogen gas species at 800°C with a water vapor
pressure of 3 kPa using thermodynamic data from
Ebbinghaus!'*

lic interconnect can lead to severe degradation of
the electrical properties of SOFC. This has been ob-
served by different groups at the cathode side of
SOFC using CrsOgs-forming alloys as interconnects
with Y50Og3-doped ZrOs as the solid electrolyte and
LSM as the cathodel®* 33, It is based on the va-
porization of CryOj3 from interconnect surface as
CrO3(g) or CrO3(OH)2(g) as major gaseous species
with chromium in the 64 oxidation state. The
equilibrium gas pressures for CrOxHy species as a
function of oxygen partial pressure at 800°C is dis-
played in Fig. 4. The vapor pressure is becoming
higher at higher oxygen partial pressure. Figure 5
presents temperature dependence of vapor pressure
of different volatile chromium species. It is clear
that CrO2(OH)z(g) shows the highest vapor pressure
in the SOFC operation temperature range of 800-
1000°CH4).

CrOy(g) + H20(g) = CrO»(OH)a(g) (2

Chromium-containing vapor species formed from

1.00E-05
b CrO,(OH),
100505 g \
1.00E-07 E
2 [ cro,
=~ 1.00E-08 3
= 3
Q L
1.00E-09 | CrO,0H
1.00E-10 !
1.00E-11 A n L
6 7 8 9 10
T/10*K

Fig. 5 Vapor pressures of different volatile chromium
species as a function of temperature!*¥l

the interconnect material will electrochemically or
chemically be reduced at the three-phase boundary
{electrolyte/cathode/oxidant}. The resulting deposi-
tion can block the active electrode surface and de-
grade cell performance. The vapor pressures are
higher in air so such poisoning is most likely to occur
at the cathode. This degradation can be represented
by a decrease in cell voltage or an increase (i.e. more
negative) in cell overvoltagel'*34, The schematic di-
agram of the Cr poisoning process is displayed in
Fig. 6[3%.

5. Interconnect Coatings

Recently, various coatings have been developed for
metallic SOFC interconnect mainly to mitigate exces-
sive chromia growth and chromium poisoning.

To qualify coating material as a viable, it should
possess the following characteristics: (1) the diffusion
coefficients of Cr and O in the coating should be as
small as possible so that the transport of chromium
and oxygen can be effectively hindered; (2) it should
be chemically compatible and stable with respect
to substrate, electrodes, seal materials and contact
pastes; (3) It should be thermodynamically stable in
both oxidizing and reducing atmospheres over the ap-
plied 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!”.

5.1 Nitride coatings

Nitride coatings have been widely used in tools
coatings due to their superior wear resistance. On
the other hand, this type of coating could supply
an alternative coating for SOFC interconnect applica-
tions due to their low resistance and high temperature
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CrO,(OH),,

g % .73 g ﬁ"l o

Cathode |

Fig. 6 Schematic diagram of CrO2(OH)2 formation and
formation of Cr20O3 at the cathode and electrolyte
interface(®”!

stability[36].

Vacuum deposition, especially physical vapor de-
position (PVD), has been widely used to prepare com-
ponents and protective nitride coatings for SOFCs in-
terconnect, due to the versatility of this technique
as well as the ability to control composition and
morphology®”l.  Gannon et al. applied multilayer
coatings consisting of repeated sections of CrN and a
CrAIN superlatticel®®!. The results showed that thin-
ner bilayer (~1.1 nm) CrN/AIN superlattice coating
are more favorable for the SOFC interconnect applica-
tion than thicker 4.5 nm bilayer. Later, he deposited
Cr-Al-O-NB9. The introduction of oxide into nitride
coatings reduces the Fe and Cr migration from sub-
strate. Both of these results suggest PVD is an ef-
fective method to fabricate high quality coatings for
metallic interconnects.

TiAIN with 30% and 50% Al“% and SmCoNM!
coatings have been investigated in our group. Both
of them revealed that nitride coatings could re-
main stable at 700°C, which is helpful to inhibit
Cr and Fe migration from substrate. In addition,

Oxygen anion

X

Cation B

Cation A

Fig. 7 Unit cell of a perovskite material

quite low ASR has been obtained in the short term
test. However, these methods have limitations, such
as high capital cost, low deposition rate. Most impor-
tantly, nitride is not quite stable at the temperature
higher than 600°C.

5.2 Perovskite coatings

The structure of perovskite may be represented
by the general formula ABO3 where A is a lanthanide
(such as La in most cases but sometimes Ce, Pr or
Nd) and B a transition metal such as Co, Mn, Fe, Cr,
Cu or V. Alkaline earth metals such as Sr, Ca or Ba
can be substituted for sites A and a transition metal
for site B2, The unit cell of perovskite is shown in
Fig. 7431, For instance, the replacement of part of
La3t ions by Sr?T can highly increase the electronic
conductivity of perovskite in LaCrOs, LaMnOgs and
La(Co,Fe)Os3.

LaCrOg, traditional interconnect material, have
been deposited by Orlovskaya et al. using r.f.
sputtering!*¥. It was found that two-step phase
transformation occurred from as-deposited amor-
phous phase. The first step is from the X-ray amor-
phous state to a major intermediate phase: mono-
clinic LaCrO4 monazite. A finite amount of LayCrOg
phase was also formed. The second step is the trans-
formation of LaCrO, into the LaCrOgs perovskite
phase. During this transition only nanoporosity ap-
pears. These distinctive nanostructures have excel-
lent potential for use as SOFC interconnect coating.
Another option is to coat these alloys with an ox-
ide layer that subsequently reacts with chromia to
form a chromite (or chromate). Reactive formation of
LaCrOj3 coating on SS-444 alloy via templated growth
from thermally grown CroOjz and sputtered LasOg
layers has been demonstrated by Zhu et al.[*?!. The
results revealed that coated samples show much lower
electrical resistance compared to the uncoated sam-
ples after similar thermal exposure for 100 h at 850°C.
However, this approach suffers the obvious drawback
of difficulty in controlling the composition of the re-
action products. Therefore, coating with perovskite
directly on the surfaces of the metallic interconnects



300 J.W. Wu et al.: J. Mater. Sci. Technol., 2010, 26(4), 293-305

is preferred.

LSM has been widely used as SOFC cathode ma-
terial. Due to its high electrical conductivity and
thermal compatibility and stability in oxidizing en-
vironment, it has also been investigated as intercon-
nect coatings. The presence of an LSM coating is
crucial in maintaining the low level of contact resis-
tance at elevated temperatures over extended peri-
ods of time. Slurry LSM coating was investigated on
SUS430 substratels]. After sintering at 1200°C for
2 h in Njy, followed by heat treatment at 1000°C for
3 h in air, stable LSM-coated SUS 430 showed a low
area-specific resistance (ASR) and maintained almost
a constant value for 2600 h. Additionally, interactions
between LSM coatings and RA446 were explored(*”.
In the early 500 h, LSM could react with Cr dif-
fused from substrate to form LaCrOs, (Cr,Mn)3;O04
and CroO3. The latter two phases have un-negligible
Cr evaporation rates.

The reactions and complicated sintering process
are originated from not fully dense coating and inher-
ent porosity of perovskite, which could supply a path
for Cr migration. It is necessary to deposit fully dense
coatings to inhibit Cr diffusion and increase conduc-
tivity. Recently, perovskite coatings of LSM, LSCF
were deposited by aerosol deposition, which is based
on the impact adhesion of fine particles, and nearly
95% dense coatings could be obtained. After 100 h
of oxidation at 800°C, area-specific resistance of LSM
and Sr and Fe doped LaCoO3 LSCF coated alloys was
20.6 and 11.7 mQ-cm? respectively. And most impor-
tantly, no chromium was spotted in coatings by EDX
line scan!8!.

5.3 Spinels

Compared with perovskite, some spinels show bet-
ter performance in preventing oxygen inward diffusion
and Cr outward diffusion. However, the Cr evap-
oration is still a problem for Cr containing spinels.
MnCry04 has been found as a product of reaction
between chromium oxide and the Mn diffusion from
Crofer 22 substrate, but the Cr evaporation is un-
negligible. CoCry0O4 coatings cause no cell perfor-
mance degradation in 1000 h test!*?], and long term
test is necessary to prove the coatings effectiveness.

Among all Cr-free spinels, (Mn,Co)30,4 spinel
is considered the most promising candidate for
the SOFC interconnect coatings. Previous work
on Plansee Ducrolloy (Cr-5%Fe-1%Y203), indi-
cated that a (Mn,Co)304 spinel layer could reduce
chromium migration significantly, and predicted ASR
at 10000 h is as low as 0.024 mQ-cm? when using
LSM and LSC contact pastel®®. Chen et al. re-
ported MnCosO4 coatings on the ferritic stainless
steel AISI430 via slurry coating followed by mechan-
ical compaction and air-heating(®". Recently, Yang
et al. at PNNL did a systematic study on (Mn,Co)304
spinel from conductivity, microstructure, CTE and

i

Oxygen

L ¢

B-atoms
octahedral sites

A-atoms
@ tetrahedral sites

AB,O, spinel The red cubes are also contained in the
back half of the unit cell.

Fig. 8 Unit cell of spinel

long term ASR measurement of (Mn,Co)304 on fer-
[52]

ritic stainless steell®=).
5.3.1 Microstructure

The spinel structure consists of a close-packed oxy-
gen lattice with cations in tetrahedral and octahe-
dral positions. Half the octahedral sites and 1/8 of
the tetrahedral sites are occupied in an ordered man-
ner. The octahedral sites alternate between empty
and filled. Unit cell of spinel is displayed in Fig. 853,
Lattice parameters lie consistently in the range from
0.805 to 0.850 nm. Cell size depends on the ionic
radius and cation distribution. Spinels containing di-
valent manganese cations always have the largest cell
volume because of its large ionic radius.

Among the various Mnj5Cos_504 spinel com-
positions, Mng 5Co02504 (6=—0.5) and MnCos04
(6=0) exhibited a cubic spinel structure, with Mn
sitting on octahedral interstitial sites and Co on
both tetrahedral and octahedral interstitial sites in
the face-centered cubic oxygen ion lattice. While
Mny 5Co09 504 (6=1.5) and MnyCoQOy4 (6=1.0) demon-
strated a tetragonal spinel structure. When §=0.5,
the Mn; 5Coy.504 spinel was a dual phase material,
containing both the cubic and tetragonal phases[52:54,

During heating and cooling, the spinels
Mn;45Cos_504 with § in the range of 0.3-0.9, thus
exhibiting a dual phase structure at room temper-
ature, undergo a cubic < tetragonal spinel phase
transformation. High temperature XRD analysis on
Mn; 5Co1.504 found that the cubictetragonal spinel
phase transformation occurred around 400°C[52:54],

5.3.2 Conductivity

Spinels are generally believed to be conducted by
hopping of charge between octahedral sites. Thus
the presence of different valence states among octa-
hedral cations is beneficial to conduction[®®). Many
Mn;4sCos_504 spinels are good electrical conduc-
tors. For example, the electrical conductivity tests
on the Mn; 5Co;.504 spinel indicated an electrical
conductivity of ~60 S-cm™' at 800°C in air, which
is 2-4 orders of magnitude higher than CroOjz and
MnCr30y4, as shown in Fig. 9. By comparison, the
measured electrical conductivity of MnCosO4 and
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Electrical conductivity vs. temperature
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Fig. 11 Microstructural and compositional analyses on
the Mn; 5Co1.504 protection layer subjected to
a contact ASR measurement for a period of 6
months under thermal cycling[E’Q]

MnyCoOy (not shown here) was lower than that of
Mn; 5Co; 504 at 800°C in air®6l,

5.3.3 CTE

The phase transformation always has appeared to
have negligible effects on the thermal expansion be-
havior of the spinel material. As shown in Fig. 10,
the thermal expansion of Mnj 5Co; 50,4 exhibited a

good linearity with temperature (11.5x1076 K~1,
20-800°C). In addition, the spinel demonstrated a
good thermal expansion match to ferritic stainless
steels such as Crofer 22 APU and AISI 430, as
well as the perovskite cathode compositions such as
Lao‘gsro.gMHOQg and Lao‘gsr0‘2F603~54[54’56].

Moreover, the CTE of MnCo,Qy4 is very close to
that of Mnj 5Co1.504 below 1000°C.

5.3.4 Cr retention capabilities

Recently, long term evaluation of (Mn,Co)3O4
spinel slurry coating has been carried out by Yang
et al.5254 After the 6 months and 125 thermal cy-
cling tests, the coatings still adhere well to the sub-
strate, and no spallation occurred. Further EDS lines-
can analysis of cross section revealed a sharp, thin
Cr profile across the interface between the subscale
and the spinel protection layer, with no chromium
detectable in the spinel protection layer, as shown in
Fig. 11.

Overall, it appears that the (Mn,Co)30, spinels
are promising coating materials to posses high con-
ductivity and CTE match with substrate, to reduce
the scale growth, and to prevent chromium diffusion
from the metal substrates.

6. Electrodeposition of Mn,Co Alloys with
Following Oxidation

(Mn,Co)304 spinel has been applied to metallic in-
terconnects materials by means of slurry coating(®¥,
screen printingl®?, and PVDP7l. Electroplating of al-
loys or individual metals followed by controlled oxi-
dation and/or reaction to the desired phase may be a
cost effective method for the formation of dense coat-
ings. This method may also be more effective of ap-
plying coating on interconnects with complex geome-
tries or even deposition on internal pores of foam ma-

terials.
6.1 Electrdeposition work from Literature

The deposition of alloys by simple elelctrodepo-
sition method can only be accomplished when the
deposition potential for each of the components are
approximately the samel®®9 However, the reduc-
tion potentials of the Co?* /Co is —0.28VscE, whereas
that of Mn?* /Mn is more negative, —1.18Vgcg. This
significant difference makes it impossible to obtain
any Mn from conventional electrodeposition. Lower-
ing the concentration of more noble metal (Co) in the
electrolyte is one possible path, but it is not too prac-
tical for mass production. For instance, estimation of
the concentrations necessary to bring the deposition
potentials to equal levels for Mn?* and Co?* done us-
ing the Nernst equation and assuming dilute solutions
(so that concentration can be used instead of activ-
ity) shows that the Co® concentration would need to
be approximately 30 orders of magnitude more dilute
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than the Mn?* ion concentration.

To overcome this problem, different methods have
been attempted previously. Christopher Johnson
et al.l%% tried the two-step deposition processes of
Mn?* —HMnO; —Mn.

Step 1: Mn** + 2H,0 = HMnO, + 3HT  (4)

Step 2: HMnO; + 3HT + 2e~ = Mn(s) + 2H,0
E° = —0.163 V (5)

The deposition potential of HMnO; is —0.163 V,
much lower than —1.180 V for the Mn?* species. The
solubility product constant (K,) of the step 2 re-
action at 50°C is 6.59x107'?. Thus under typical
conditions of MnSOy4 solution, the HMnO, concen-
tration is very low and despite the lower E° value for
this species the deposition potential remains high be-
cause of the low concentration. The concentration of
HMnO; species can be adjusted at a number of pH
values by using the equilibrium equation.

Anodic deposition of nanocrystalline Mn-Co-O
coatings has been done by Weifeng Wei et all61:62],
Because Mn has higher affinity to oxygen, and the
low dissociation constant (Kq4) of cobalt sulfate hep-
tahydrate in solution, diluted Mn solutions were at-
tempted to get coatings with different Mn/Co ratios.
Eventually in solution of Mn:Co=29:1, it is possi-
ble to obtain coatings with Mn=18.7%, Co=19.0%,
0=62.3%. Additionally, Co and Mn bi-layer deposi-
tion in two baths was done by M. Reza Bateni and
co-workers!%3].

In the past, electrodeposition of Mn/Co alloys
has been carried out by S.S. Abd El Rehim and co-
workersl®¥ as cathodic protective coating. We have
attempted to repeat the experiments, but are not
successful and other literature gave different sum-
mary about the Mn percentage change with current
density!%]. On the other hand, some other researchers
used very dilute more noble metallic salt solutions,
which is only practical for lab experimental.

6.2 Mn/Co alloys electrodeposition in our greup

Constant current mode has been widely used for
depositing single metal or alloys. For Mn/Co alloys
co-deposition, it is unavoidable to have proton re-
duction and water splitting reactions. The total re-
actions occurring during Mn/Co cathodic deposition

were shown as[®6:
2H" (aq) + 2e — Hy (6)
Co**(aq) + 2e — Co(s) (7)
9H,0 + 2 — Hy + 20H" (8)
Mn; + (aq) + 2e — Mn(s) (9

)
In the deposition, Sodium gluconate (gluconate)
was added to the solution as chelating agent,

50
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f 40 Flake like coatings
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c Crystalline
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Fig. 12 Coatings composition changes with different duty
cycles at 1 ms and 10 ms on time

(NH4)2S04 and Boris acid as pH buffer. All solutions
are prepared by using deionized (DI) water.

Pulse plating has been regarded as better plat-
ing mode than DC plating. Three parameters, the
peak current density, the on-time and the off-time
can be varied independently. Higher peak current
density than DC is applied to get higher over poten-
tial and more nucleation sites, which in dc lead to
rough, powdery deposits. Off time in pulse plating
enables larger currents/voltages to be applied during
the on time, the mass transfer limitation can be alle-
viated and resulting surface morphology and current
efficiency are improved. A review of the theory and
practice of pulse plating is availablels”). By varying
the on and off time, nano-crystalline alloys and multi-
layer coatings have been deposited successfully[63:69,
There are two important parameters concerning pulse
plating, average current density i, (Eq. (10)) and duty

cycle v (Eq. (11))
Iy = (ip X ton)/(ton + toﬂ) (10)

’V:ton/(ton'f'toff) (1].)

Pulse plating was carried out at the on time of
1 ms and 10 ms, with the off-time of 1/10, 1/5 and 1/2
of the corresponding on-timel”™. The flake like and
porous structure of the coatings at 1 ms on, 0.1 ms
off and 0.2 ms off, and 10 ms on 0.1 ms off are demen-
strated. With the increase of off-time, the morphology
turns into compact coatings, which are characterized
by regularly shaped crystalline grains, with apparent
grain size ranging from 1 to 3 um. EDX results shows
stronger substrate peaks than the coatings of crys-
talline structure, which illustrated thinner coatings of
flake like structure (not shown here). The composi-
tion of coatings was exhibited in Fig. 12. The flake
like structure shows higher Mn content than that of
crystalline coatings.

The oxidized coating was exposed to 800°C for
1200 h and ASR was measured. The ASR profile is
shown in Fig. 13. During the initial 165 h, ASR value
is not stable, probably due to the contact problem
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Fig. 14 (a) crosssection SEM morphology and (b) EDX
linescan of Mn/Co coating after 1200 h ASR
test ™!

between platinum paste and sample. Then it remains
stable during the following 1000 h with only a slight
increase. According to the value obtained initially
and at 1200 h, ASR value at 40000 h was predicted
to be 0.0460 -cm?, assuming it follows parabolic law,
which is much lower than the target value of 0.1 Q-cm?
after 40000 h operation!®.

Cross-section of the coating shows dense, compact
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Fig. 15 Cell performances with interconnects as cathode
current collectors

and good adhesion with the substrate, as exhibited
in Fig. 14(a). Also there are some internal oxida-
tion spots along the interface. EDX linescan pro-
file demonstrates clearly that the coatings are com-
posed of ~1.5 pum CryO3 interlayer and ~1.5 pm
(Mn,Co)304 coating, as shown in Fig. 14(b). Note
that Cr peaks remain quite low near the surface,
which means little or no Cr diffuses into the coating
surface.

Overall, the results have shown the possibilities of
Mn/Co co-deposition. With the following oxidation
process, spinels have been produced successfully!61-64],

Figure 15 shows the cell performance variation
with timel™ at a constant current of 375 mA-cm—2.
All cells show similar power densities at the begin-
ning of the long-term tests, but different trends are
evident. The cell with the uncoated interconnect was
tested for 323 h. It shows slight improvement dur-
ing the initial 3 h. The power then degrades rapidly
during the following 100 h, and then slows down and
reaches a plateau at ~200 h. No thermal cycle is con-
ducted during the cell test. Compared with highest
power density of 277 mW-cm ™2, the total degradation
rate is 33% in the initial 200 h.

The cell tested with the MnCo coated interconnect
showed slight degradation from 50 to 735 h. At 735 h,
the voltage suddenly dropped. This sudden decrease
in cell voltage is believed to be the result of a voltage
lead problem. In addition, at 566 h and 650 h, two
thermal cycles occurred unintentionally at the same
cell. After each thermal cycle, no performance drop
was observed, suggesting that the Mn/Co coating ad-
heres well to the steel substrate. The power density
at 50 h is 275 mW-cm ™2 and 258 mW-cm ™2 at 735 h.
The estimated degradation rate is 9% per 1000 h.

7. Summary

In spite of its advantages and large potential
market, today there are two main obstacles to the
commercialization of SOFC: materials costs and life
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time(7273] Currently the materials cost for SOFCs

is still too high for its widespread commercialization.
In recent years, there have been tremendous progress
on the development of both SOFC interconnect sub-
strates and its coatings. However, various coatings
have demonstrated their potential as the interconnect
coatings due to their good oxidation resistance and
chromium retention capability. However, similar to
the other components in SOFC, the coatings are suf-
fering from high cost and low long-term stability. Fur-
ther development of the coating is needed in the fu-
ture.
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